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PREFACE

It was felt that an introduction might help to clarify the objective
of the thesis, and to indicate the continuity between the first topic
on silver and the second topic on zinc. The intent of the project was
to transcend the traditional barriers between Chemical Engineering and
Materials Science and to look for answers to questions which were in the
other's domain. For example, the first project on heterogeneous catalysis
is a conventional topic in Chemical Engineering, but usually the catalyst
is thought of as a solid with immovable surface atoms. Thus, Tittle
interest is developed on changes to the physical properties of the solid
because of the interaction with a gaseous phase. Similarly, only a few
studies have attempted to measure the effect on reaction kinetics when
the surface atoms are moved from their normal crystallographic positions.
These questions are examples of the type of information that was sought
in this project.

Surface chemistry is the common thread which connects both the work
of silver and that of zinc. Both studies investigate changes to the
solid and gaseous phases. A simplified statement of the problems would
be: The first study asks the effects of dislocations on the surface
catalysis, and the second study inquires as to how dislocations can be
generated by a surface reaction.

Although many problems were solved in the work, some questions
remained unanswered because of the diversity of information in both fields.
It did become apparent, however, that more communication will be needed

between chemical engineers and material scientists in order to solve the
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technologically difficult problems in the areas of catalyst design,

corrosion prevention, and chemical effects on the deformation of

materials.
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ABSTRACT

I. Effect of Dislocations in Silver on the Rate of Oxidation of Carbon
Monoxide

An investigation was made to determine the effects of the number of
dislocations in a silver catalyst on the rate of oxidation of carbon
monoxide. The reaction was catalyzed by the (111) face of several silver
crystals which had a dislocation density of either 104 cm'2 or 108 cm'z.
Activation of the catalyst was accomplished by alternate treatments of
hydrogen and oxygen at 800°F.

The reaction was carried out in a pyrex recirculation reactor with
a reactant mixture of 75% carbon monoxide and 25% oxygen. Gas chroma-
tography was utilized to analyze the reactor gases, and about 1% carbon
dioxide was produced at 170°F during the time of reaction. Reactor
composition data were fitted as a function of time to an expression which
was developed from a proposed model of the surface kinetics. The model
used the assumptions that there existed adsorption equilibrium and that
the rate of formation of carbon dioxide was proportional to the number
of carbon monoxide-oxygen sites on the surface.

Results of the study indicated that the greatest change to the rate
of reaction was caused by impurities which adsorbed on the catalyst
surface. During the study the chemical-etch-pit count of silver was
increased after pretreatment with oxygen. However, other measurements
showed the dislocation density had remained the same, so comparison of the
reaction rates was made for crystals with different initial dis]ocation'
densities. This comparison indicated that dislocations did not alter the
rate of reaction, thus dislocations were not considered to be the most

important catalytic sites under the conditions of this study.
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II. A Mechanism for the Formation of Dislocations during the Oxidation

of Zinc

A study was made of the changes which occurred to an oxidized zinc
crystal. It was determined that the normal oxide film was thin and epi-
taxial but this film would form many micro-cracks when exposed to an
aqueous environment. The rate of subsequent oxidation of the crystal
was increased because the cracks formed low energy paths for the zinc
to get to the surface. The increased oxidation rate also increased the
number of the vacancies in the solid and the vacancies in excess of the
thermodynamic value formed dislocations. The dislocations were in the
shape of loops and spirals, and were presumed to result from the coal-
escence of the excess vacancies. Berg-Barrett topography was utilized
to view the dislocations and to investigate the Burgers Vector. The
information from both the experimental data and the calculations of the
configuration with the lowest energy suggested that the Burgers Vector
was a full c.

As an addendem to the work on zinc, a discussion is included of
a chemical etching solution that was developed to reveal dislocations
which intersected the basal plane. The chemical solution worked well
for surfaces whose orientation was within 0.5 of the basal plane.
Evidence was presented which suggested a one-to-one correspondence

between dislocations and etch pits.
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INTRODUCTION

The economic value of catalysts to the chemical industry makes
their study valuable, and catalyst selection can improve with a system-
atic approach in deciding which parameters define the performance of a
catalyst. It is still difficult either to choose a catalyst for a
given reaction or to measure the stability and performance of a catalyst
in use. The intuitive appreciation of the role of the catalyst surface
has given way to a more orderly characterization. The use of modern
instruments has led to prober]y defined catalysts and-to a better under-
standing of the role of defects and impurities on the surface. Experi-
mental measurements by different researchers have not always agreed,
and further work is needed to characterize catalysts, to allow a common
basis for comparison of experimental data. This thesis attempts to
improve the understanding of the role of dislocations in single crystals
of silver on the rate of the catalytic oxidation of carbon monoxide and
to give further insight into the parameters of the catalyst that must be

understood for comparative purposes.

Silver Catalysts

Silver was the catalyst selected for this work because previous
studies indicated that the rate of reaction on silver was related to
the dislocation density. Silver catalysts also have commercial impor-
tance in the manufacture of ethylene oxide. The mechanism of producing
ethylene oxide from a gaseous mixture of ethylene and oxygen is still
not understood, although many attempts (1-8) have been made. It was

generally assumed that silver was a good oxidation catalyst because of
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the formation of a unique and reactive oxygen-silver complex on the
catalyst surface. A goal of the study was to improve the understanding
of the oxygen-silver interactions. The ethylene-oxygen reaction, al-
though attractive, was not selected because of its apparent complica-
tions, and instead, the oxidation of carbon monoxide was studied.
Justification for this choice is discussed after a consideration of

other silver-oxygen interactions.

Silver-Oxygen Interactions

Interactions between silver and oxygen have been observed over a
wide temperature range. For example, the surface tension of molten
silver was three times lower in air than in vacuo. Below the melting tem-
perature, a flat silver surface became etched either on exposure to
oxygen (9,10) or when used as a cathode in a discharge with oxygen (11).
The morphological changes suggested that silver was chemically sensitive
to oxygen molecules and, in fact, stable silver oxide compounds (12,13)
can be formulated. AgZO and Ag0 exist below 200°C at one atmosphere
oxygen pressure (12,13) and presumably can be formed by the diffusion of
oxygen into the silver lattice.

The recent experimental measurements for the diffusion coefficient
and solubility of oxygen in silver give about the same values. Verfurth
(14) established from his studies that diffusion was rapid and that the
activationenergy was 11.0 kcal. The low value suggested that diffusion
of oxygen took place over interstitial sites. He measured the solubility
to be 2 ppm by volume at 400°C and 50 ppm by volume at 800°C. By

comparison with hydrogen (65) at 800°C, diffusion was as rapid but the
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solubility of hydrogen was an order of magnitude Tower. Other changes in
the physical properties of the silver were also related to oxygen diffusion
into the silver lattice.

In 1974, Ehrlich (15) reported that the residual resistivity
ratio in silver increased by three orders of magnitude after a Tow oxy-
gen pressure (10'6torr) anneal. His explanation relied upon the precip-
itation of impurity oxides and the increase in the mean free path of
electrons. He also found the hardness of the silver to increase during
the treatment, but he gave no reason for the change.

In summary, silver does have an affinity for oxygen, and the
diffusion of oxygen into the silver lattice resulted in chemical and
physical changes to the silver. The diffusion of oxygen into silver

was preceded by the adsorption of oxygen on the surface.

Adsorption of Oxygen on Silver

Adsorption of oxygen on silver has generated much interest be-
cause it is recognized as the important precursory step in the formation
of a reactive silver-oxygen complex. The process of adsorption is com-
plicated and experiments that were carried out forty years ago are being
repeated today with more sophisticated equipment. Benton and Drake (16)
made an early study of the interaction between oxygen and silver powder
over a range of temperatures. They concluded that both physical adsorp-
tion and chemisorption took place. A similar conclusion for the high
temperature region was reached by Smeltzer (17).

The silver powder used in the earliest oxygen adsorption meas-

urements was replaced by single crystals as more fundamental criteria
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were sought. Kummer (18) measured the work function of silver crystals
and noticed a change when the silver was exposed to oxygen. He stated
that about 5% of the silver surface was covered with 05 ' Degeilh

(19) also found a change in the work function of silver upbn exposure to
oxygen and he further remarked that oxygen would not adsorb unless the
surface was clean. The exchange of oxygen isotopes was also used to
study the adsorption process.

Sandler and Durigon (20-22) found the isotope exchange reaction
was very slow below 150°C but above that temperature it was reversible.
They noticed residual oxygen was retained by the silver and that the
rate of exchange was faster than the rate of desorption. They were un-
able to detect a paramagnetic species of oxygen on the surface and thus
concluded that its existence would be one of short 1ifetime and Tow

concentration. Other studies (23,24) utilized the isotope exchange
reaction and the investigators found similar results.

Over a period of ten years, Czanderna (25-31) published his
measurements with a micro-balance of the interactions between silver
powder and oxygen. He also investigated the effects of hydrogen,
ethylene, carbon dioxide, and carbon monoxide on a reproducible oxygen-
silver surface. He made reproducible surfaces for adsorption studies
by cyclically oxidizing and reducing the silver. From the studies, he
suggested that there existed five levels of strength of the silver-
oxygen bonds, from physically adsorbed to very tightly chemisorbed. He
noted that the activation energy was a function of the coverage and that
the problem of oxygen adsorption on silver was complicated. The ques-

tion of the level of impurities on the surface during the adsorption was
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attacked in the 1960's by the use of equipment capable of detecting
changes in the surface properties of a specimen under an ultrahigh
vacuum.

Steiger et al. (32) studied single crystals of silver in an
ultrahigh vacuum with low-energy-electron diffraction (LEED) and
elipsometry. They encountered problems with etching of the silver
surface when the oxygen was introduced. A question was Tlater raised
(33) as to whether impurities in the system reached the silver surface
and interfered with the measurements. Wood (64) also used an ultrahigh
vacuum apparatus for his measurements of the change in flux of oxygen
atoms through a chamber with and without a silver film. He found the
silver was quite efficient at adsorbing or occluding the oxygen atoms
on its surface.

Clarkson and Cirrillo (34,35) attempted to identify the chemical
state of the adsorbed oxygen with electron paramagnetic resonance and
found a resonance in the field strength where Oé is expected. Their
signal increased with exposure to oxygen and was partially removed by
reduction with carbon monoxide. Schmidt (36) and Jansen (37) used a
field ion microscope which was another instrument that contained the
specimen in ultrahigh vacuum while the surface was monitored. Schmidt
was not able to detect any silver-oxygen compounds coming from the sur-
face. Jansen studied the interactions of silver and nitrous oxide and
concluded that two forms of oxygen were adsorbed on the surface. Even
containment in ultrahigh vacuum did not assure that the surface was not
contaminated, and so the availability of Auger equipment in the 1970's

gave the impetus for new studies.
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Rovida et al. (38) employed low-energy-electron diffraction,

Auger spectroscopy, and work function measurements during the adsorp-
tion of oxygen on silver single crystals. They observed the surface

to facet with exposure to oxygen, and upon flash desorption peaks were
noted in the pressure of oxygen in a mass spectrometer for specimen
temperature of 280 C and 500 C. The later peak was associated with
diffusion of oxygen from the bulk. Bradshaw et al. (39) used similar
equipment and concluded that adsorption of oxygen was activated. They
correlated a change in the work function of silver to a change in the
Tow-energy-electron diffraction pattern. Oxygen diffusion into the

buTk was not ruled out and, in fact, in their work they considered the
change in work function might be explained by oxygen passing through to
bulk or to immediate sub-burface regions. They proposed a dissociative
chemisorption mechanism for the oxygen. In a Tlater note (40) the authors
demonstrated that even as careful as they were with their initial observ-
ations, interference from residual carbon monoxide in the apparatus could
have caused the measurement of work function to be in error. Dweyari
(41) found a similar change in the work function while studying a different
crystallographic plane of silver.

In summary, the mechanism of the oxygen adsorption on silver is
not well understood, and it is apparent from the large number of studies
that the problem is complicated. As more data were taken, the awareness
of other problems surfaced, and even with systems equipped with the best
modern instruments, not all of the difficulties were removed. In general,
the investigators concluded that the mechanism of adsorption‘went from

physically adsorbed at low temperatures to dissociative
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activated adsorption at higher temperatures. Neither the existence of
the paramagnetic species, 05 » nor the interaction of the adsorbed
oxygen with the bulk was ruled out. Only with a meticulous program of
experiments will the global picture of oxygen adsorption on silver be
understood. That knowledge might still be different from a complete
understanding of how the silver-oxygen complex reacts in the presence

of a reducing gas such as ethylene oxide or carbon monoxide.

Oxidation of Carbon Monoxide over a Silver Catalyst

The oxidation of carbon monoxide allows one to study the silver-
oxygen interactions under reaction conditions which are not as complex
as in the case of ethylene oxide formation. Benton and Bell (42) found
the rate expression to be first order in carbon monoxide and zero order
for carbon dioxide and oxygen. Yamada (43) found the state of reduction
of the silver surface was important. Recently, Keulks and Chang (24)
investigated the kinetics under the same conditions of temperature and
pressure as Benton and Bell, but found the rate was directly propor-
tional to the concentration of the carbon monoxide and inversely pro-
portional to the concentration of carbon dioxide.

Studies of the adsorption of carbon monoxide or carbon dioxide on
silver determined that the silver surface must be covered with oxygen
for adsorption to occur. The reaction of carbon monoxfde on silver
covered with oxygen had a resonant peak in the infrared spectrum (44-
46). It was learned that the observed resonance was due to the C-0
stretching frequency of the carbon monoxide molecule and not to a

stretching frequency involving the oxygen attached to silver. Another
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study (24) with isotopes of carbon dioxide measured the interaction be-

180 16

tween a surface covered with o and C O2 and found no exchange.

However, homonuclear exchange occurred over oxygenated silver surfaces

between C]6O2 and C]802 suggesting the formation of a C.0 complex.

274
Results on silver agreed with the earlier work of Smith (47) on copper.

Dislocations as Active Sites

The existence of active sites has been an important concept
since first hypothesized by H. S. Taylor. Numerous examples of active
sites have been proposed and one of them is the intersection of dislo-
cations at the surface. The intersection of a dislocation with a
surface can usually be revealed with chemical etching (48) because of
the difference in the chemical activity of the atoms at the core of the
dislocation and that of the remaining surface. The difference in
chemical potential of a dislocation and the range in the number of dis-
locations that can intersect a surface (102-1012/cm2) suggested that
their effect on the catalytic activity of a surface be investigated.

Eckell (49) used polycrystalline nickel as a catalyst for the
hydrogenation of ethylene and found the rate increased by two to three
orders of magnitude when the metal was plastically deformed by cold
working. Cratty and Granato (50) Tater attributed the increased cataly-
tic activity to dislocations. Uhara and associates (51-54) studied
several cold-worked metals as catalysts and reached the conclusion that
the active sites were the surface terminations of disTocations. The
result became evident to them when the reaction rate decreased at the

annealing temperature. Criado (55) obtained a similar result with the
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measurement of rate of ortho-para-hydrogen conversion over a nickel-
chromium-iron alloy. Methods other than rolling were employed to change
the dislocation density.

Sosnovsky (56) investigated the catalytic activity of silver
crystals after bombardment with positive jons and decided that the re-
actions occurred at sites where dislocation Tines intersected the syr-
face. It was later related by Thomas (57), however, that it was no
Tonger legitimate to explain the results entirely in terms of disloca-
tions, for there was some doubt as to whether the energies of the jons
were sufficient to introduce dislocations. Bragg et al. (58) and
Jaeger (59) investigated the influence of defects in silver on the
catalytic decomposition of formic acid, but found none and concluded
that dislocations did not function as active sites. Perkins (60) ob-
tained the.same conclusion with bulk crystals of sijver and the same
reaction system.

Robertson (61) presented the results of a series of experiments
where the catalytic decomposition of formic acid was measured over nickel.
Early results gave indications of a superactivity due to trapped
vacancies which were introduced by quenching. However, later experi-
ments did not substantiate that conclusion, and demonstrated the effect
of impurities could easily mask any effect from the vacancies.
Impurities were also found to mask the effects of dislocations introduced
by twisting the wire in a very high vacuum apparatus. Some studies
directly measured the dislocation density, but the different investi-
gators did not reach the same conclusion as to the effect of disloca-

tions.
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Hall and Rase (62) found a considerable increase in the rate of
the dehydrogenation of ethanol with an increased dislocation density in
single crystals of lithium fluoride. They measured the dislocation
density by the chemical-etch-pit technique. Woodward et al. (63) also
used the chemical-etch-pit method, but found the opposite effect of
dislocations in silver crystals on the partial oxidation of ethylene.
They attributed the result to a stronger silver-oxygen bond. Recently
Grenga (67) studied nickel foils in a transmission electron microscope
and found that nucleation sites from the catalytic decomposition of
carbon monoxide did not preferentially correspond to dislocations,
stacking faults or surface imperfections.

There is good reason to suspect that dislocations may have an
effect on surface reaction because of a change in geometric and elec-
tronic factors in the metal. The data collected to date must be
scrutinized to decide whether the results obtained were from contami-
nated dislocations. Contamination effects may prbduce great complica-
tions when experiments are carried out to investigate active sites, but
in many papers they were not considered, and hence any effects found

were ascribed to the various treatments.

Summar

A review of the Titerature indicated that further information was
needed about the role of dislocations in a catalytic reaction, and about
interactions between silver and oxygen. The reported differences in the

chemical rate data and the various oxidation mechanisms for carbon
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monoxide also invited further study. Based on the foregoing, it was
determined that a study should be undertaken with emphasis in the
following areas:

1. Obtain chemical rate data for the oxidation of carbon
monoxide on the (111) surface of a single crystal of silver. The reactor
design should minimize both the effects of heat and mass transfer and
catalyst poisons on the rate data.

2. Observe the physical and chemical interactions of oxygen with
the silver surface.

3. Find the effect on the chemical rate when the density of dis-
locations intersecting the surface is 1ncrea$ed by several orders of

magnitude.
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EXPERIMENTAL APPARATUS

In assembling the apparatus for this project, special attention
was given to the choice of reactor and to the preparation of the
catalyst. This section discusses only the final equipment which was
utilized in the measurement of the reaction data. Details about earlier
designs and the particulars for the final equipment can be found in the

appendices. Figure 1 is a schematic of the experimental apparatus.

Reactor

The choice of reactor was considered a key element in the
project and some preparatory efforts were expended before making the
selection. Preliminary reaction studies indicated the significance
of the effects of transport limitations and catalyst poisons on the
reaction rate. The problem with catalyst poisons was resolved in the
final design by choosing only either metal or glass for materials of
construction. Interconnections between metal tubes were done with
soldering, and Kovar was used to link the glass to the metal. Admit-
tedly, there was difficulty in fabricating some parts, but the efforts
were rewarded with a more reproducible rate constant. The effects of
transport limitations were minimized by the choice of a "gradientless"
reactor (66).

The recirculation reactor system used total internal recycle and
was representative of a well-mixed batch reactor. It was constructed
solely of glass and consisted of a pump and a heated reaction zone.
The pump operated at room temperature and was especially designed for

the reactor (Appendix C). It had an adjustable flow rate and was
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usually operated near the maximum output of 8%/min. The design of the
heated reaction zone was another issue.

The reactor was preceded by a spiral preheater for the reaction
gases, and both were enclosed by a pyrex jécket as shown in Figure 2.
The catalyst, a disk-shaped crystal of silver, was suspended in the
reactor just above the exit of the preheater. The reactor segment which"
contained the catalyst was built with a thin rectangular cross-section
in order to increase the Reynolds Number in the vicinity of the catalyst.
Unfortunately, the catalyst could only be removed by cutting the glass.
The pyrex jacket and reactor-preheater were warmed by positioning them
in a vertical tube furnace.

Heated air with a high mass flow was circulated inside the pyrex
Jacket to make the reaction zone isothermal. The temperature was requ-
Tated with a proportional controller which was backed up by an "on-off"
controller. The second controller was adopted as a safety measure to
prevent possible explosions from a temperature runaway. The temperature
in the jacket and near the catalyst surface was monitored with calibrated
thermocouples of chromel-alumel. An indent was placed in the glass re-
actor to get the thermocouple near the catalyst surface. This couple
activated the temperature controller and its output was continuously
recorded on a strip recorder with a full-scale deflection of 1.0 milli-

volt.

Reactor Gases and Vacuum Systems

The as-supplied cylinders of hydrogen, oxygen and carbon monoxide
were further purified to remove catalyst poisons before going to the

reactor (Appendix B). The gas went from the cylinder to the manifold.
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Installed in the manifold were a mercury manometer and a thermal con-
ductivity gauge to measure pressure at either atmospheric or near
vacuum. The mercury in the manometer was isolated from the manifold
by a valve and a cold trap. Several vacuum pumps were also incor-
porated into the equipment.

A mechanical roughing pump was connected directly to the manifold
and to the reactor after opening a second valve. The pump could reduce
the pressure in either the reactor or manifold to below 10'2torr. The
pressure of the reactor was lowered further to 10°°-10"torr with an oil
diffusion pump. High vacuum valves were necessary to isolate the reac-
tor under vacuo from the manifold and gas sampling section. A cold trap
was situated between each of the vacuum pumps and the reactor to reduce

the backstreaming of pump oil.

Analytical Equipment

Gas chromatography was chosen as the method to measure the change
in concentration of the reactant and product gases. Two areas of con-
cern arose when interfacing the equipment with the planned experiments.
The first centered on getting an accurate measurement of the gas com-
position, and the second was obtaining representative samples from the
reactor. It was decided to base the chemical analysis on carbon
dioxide, since it had the greatest percentage change in concentration.
Several chromatographic columns were tested for sensitivity to carbon
dioxide and Porapak T appeared to be the best (Appendix B). The meas-
urement of the low concentrations of carbon dioxide after reactor
start-up was difficult and so the electrical output of the thermal con-

ductivity detector was amplified before being recorded. The use of the
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amplifier plus the installation of a low noise power supply for the
detector circuit were responsible for an increased sensitivity and
stability in the purchased chromatograph. Placing a representative
sample from the reactor into the gas chromatograph was another topic.

A gas-sampling valve was used to remove a sample from the gas
stream and inject it into the chromatograph. The valve is commonly
placed in-Tine for flow systems, but that scheme was not used in this
project because the materials used to make the valve seals could poison
the catalyst. Instead, the gas sample loop was evacuated and opened to
the reactor when acquiring a sample. In order to obtain a representatiye
sample of the reactor, the dead space in the sample Tine was minimized by
extending the sample line from the valve at the reactor to the main gas
stream. The reactor sample was fed from the sample loop into the chromat-
ograph and analyzed. Calibration curves were prepared from known concen-

trations of carbon dioxide and the curves are presented in Appendix B.

Catalyst Preparation

The preparation and characterization of the catalyst was as im-
portant as assembling the equipment for the reactor. The plan was to
use a single crystal of silver with a controlled dislocation density as
the catalyst. The crystals could not be purchased with a low disloca-
tion density, and so were grown from high-purity silver (99.999+%) in
cylindrical graphite molds. The as-grown single crystals were sawed
and polished into thin disks with special equipment that maintained
the low dislocation density. Before beginning to machine, the crystal
was aligned with a back-reflected Laue so the faces of the discs were

within +.25° of the (111) plane. After the disk was flat, a hole was
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spark-cut into one end so it could be suspended in the reactor. The
disk was then ready for the reactor, but first some physical charac-
teristics were measured.

The dislocation density and the geometric area were two values
that would later be needed when correlating the chemical rate data.
The number of dislocations intersecting the face of the disk was found
by chemically etching the silver and counting the number of etch pits
under an optical microscope. The Berg-Barrett X-ray diffraction method
was used for studying isolated dislocations and the surface topography.
The geometric surface area was obtained by taking a Tow magnification
photograph and mechanically integrating the circumference. Optical
microscopes and metallographs were routinely employed between magnifi-
cations of 10X and 1000X to study the surface of the catalyst.
Equipment that was sparingly used included the microhardness tester,
an electron microprobe, scanning electron microscope, and transmission
electron microscope. Details about the preparation procedures for the

catalyst are found in Appendix D.
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EXPERIMENTAL PROCEDURE

The experimental design called for comparing the rate of oxida-
tion of carbon monoxide over the (111) face of silver with various dis-
Tocation densities. In the final experiments only two densities were
studied, 10* disTocations en™2 and greater than 108 dislocations en”2,
The latter high density was obtained by cold-rolling the specimen until
it was strained by 5%. The experiments began by shaping the single
crystal into a disk as described in the section on apparatus and by

measuring its area and dislocation density. The catalyst was then ready

for reaction studies.

Activation of the Catalyst

The prepared catalyst was connected with a silver "S" hook to a
quartz rod and suspended in the reactor. It was necessary to cut the
pyrex reactor to hang the crystal, and while open, the reactor was rinsed
with a cleaning solution. The reactor was cleaned each time a catalyst
was changed to prevent impurities from accumulating on the glass. After
the catalyst was in the reactor the break in the pyrex pieces was heated
and fused together. The temperature of the furnace was raised to 300°F
in preparation for the activation of the catalyst.

The equipment was evacuated with the diffusion pump until the pres-
sure fell below 10—6torr, and it took overnight if the reactor was opened
to the atmosphere. Once the pressure was reached, the system was as-
sumed to be outgassed and the reactor was isolated from the diffusion
pump. Presumably, the outgassing took a long time because of the multiple

layers of water and hydrocarbons that adsorbed on the glass when it was
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opened to the atmopshere.

The temperature of the furnace was set at 800°F and oxygen at one
atmosphere pressure was recirculated through the system for one hour.
The temperature was lowered below 400°F and the oxygen was removed from
the reactor and replaced with hydrogen. As hefore, the hydrogen was re-
circulated for one hour with the catalyst at 800°F. After several
cycles of oxygen-hydrogen treatments the silver was tested for its

catalytic activity.

Chemical Reactor Studies

After the last hydrogen treatment, the flow of preheated air was
increased to 18 2/min in the glass jacket of the reaction zone, and the
temperature was lowered from 800°F to the reaction temperature. It was
estimated that a reaction temperature of 170°F represented a good
balance between the effects of transport limitations with a high reac-
tion rate and the analytical difficulties with a low reaction rate.
However, the selected temperature was too low for the proportional con-
troller to function properly. To overcome that difficulty, the thermo-
couple output was displayed on a chart with a full scale reading of
1.0 millivolt, and the temperature was manually controlled. Temperature
fluctuations during the experiment were requlated to #2°F, or about 5%
of the full scale reading on the chart. After ‘the temperature was
stabilized and the reactor was evacuated to a pressure of 10'6torr, the
reactants were admitted.

Carbon monoxide was added to the reactor until the pressure

reached 570 torr. It was then evacuated from the manifold and replaced
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by oxygen. The oxygen was forced into the reactor to raise the pres-
sure to atmospheric and the pump was initiated to recirculate the gases
through the reactor at 8 2/min. A clock which displayed the extent of
reaction time was also started and read each time a sample was with-
drawn from the reactor for analysis. The sahp]es were periodically
pulled from the reactor and analyzed with a gas chromatograph for the
concentration of carbon dioxide. FEach analysis took less than three
minutes.

After a reaction time of about one hour, the reactor was evacu-
ated and prepared for another run. If the reactor was not opened to
the atmosphere before the second experiment, then only one oxygen-
hydrogen cycle was sufficient to prepare the catalyst. After several
determinations of the chemical rate data under similar experimental
conditions, the silver catalyst was removed from the reactor by cutting

the pyrex and withdrawing the quartz rod.

Inspection of the Used Catalyst

The surface of the catalyst was examined with an optical micro-
scope and photographs were taken with a metallograph of any changes to
the morphology from the reaction. Berg-Barrett X-ray diffraction
topographs were sometimes used to search for changes. The silver crys-
tals were given a light electropolish and chemically etched to check
the dislocation density to see if it had remained constant during the
reaction. Some specimens were further probed by measuring the Vickers
Hardness; others had their distributions of defects investigated with a

transmission electron microscope. The measured physical properties of
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the silver crystals were saved for later correlation with the rate of

the chemical reaction.

Analysis of Data

A chemical model was needed to calculate a rate constant that could
be correlated with the different properties of the catalyst. Several
nonlinear expressions from the assumed models were tested for the fft on
a computer using the composition data from the reactor. The composition
data were extracted from the chromatograms. Both the height of the carbon
monoxide-oxygen peak and the carbon dioxide peak were stored on punched
cards with other measurements from the experiment. The height of carbon
monoxide at 750 mm pressure served as a standard for all experiments and
was used to correct the value of the height of the carbon dioxide peak.

An average temperature was obtained by integrating the thermalgram and
dividing by the reaction time. The calculated rate constant from this
work was Tater compared with the results of other investigators who

studied the same reaction.
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RESULTS AND INTERPRETATION

Independent Variables in the System

A rigorous interpretation of the results from the reaction studies
was preceded by an understanding of the many parameters on which the rate
constant depended. It was not possible to precisely control the para-
meters, so the effect which each of them had on the rate constant had to
be known. For most parameters it was possible to estimate the sensiti-
vity of the rate constant for a deviation of the parameter from its set

point. The parameters of interest in this study were:

—
°

Temperature of the reactor and catalyst.

2. Flow rate through the reactor and catalyst.

3. Composition of the initial gas mixture.

4. Analysis of the products with gas chromatography.

5. Limitations of both heat and mass transfer in the reactor
region.

6. Rate of the homogeneous reaction.

7. Purity of the materials of construction.

8. Purity of the reactant gases.

9. Effects related to the silver crystal:

a) Surface morphology.

b) Crystallographic plane exposed to the reactant gases.

c) Number of dislocations intersecting the surface.

d) Purity level of the silver surface.
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It was ascertained for most parameters by either a calculation or
experiment that the error in the measurement of the rate constant was
less than three percent, thus little time was spent in refining the con-
trol of this group. From earlier trials it became evident that the silver
catalyst was being rapidly poisoned by unknown impurities in the system
and a search was made for them in both the supply gas and the materials
of construction.

Hydrocarbons were suspected as being the most likely poison, since
they could form a carbonaceous deposit on the silver. Methane and n-
butane were found in the supply carbon monoxide, but only the butane was
removed since the calculated rate of carbon formation from methane was too
slow to affect the kinetics. The importance of removing the butane was
once demonstrated when the molecular sieve column became saturated and the
rate of reaction went to zero. Anxiety over the purity of the construc-
tion materials for the reaction was also warranted. It was shown that the
use of either silicone grease on glass joints or plastics in the system
would poison the catalyst in a matter of minutes. Only when the last
Viton o-ring was removed from the apparatus did the reaction rate become
reproducibly high.

7 torr at room

Considering that Viton has a vapor pressure of 10~
temperature and will poison the catalyst in a matter of minutes, it is
apparent that the small area of the catalyst (10 sz) amplified the
effect of impurities. Since the surface areas that are normally employed
in catalytic studies are larger by factors of 103—105 times, the

problem might not be observed, as the available working time would be

multiplied by the same factor. It was interesting to notice that as
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the poisons were removed the rate of reaction was increased by five

orders of magnitude. Unfortunately, the experimental design afforded
little opportunity to measure the purity of the catalyst surface, and
only a high chemical rate constant assured one that the catalyst was

not poisoned.

Catalyst Activation

Alternate treatments of hydrogen and oxygen were adopted to ob-
tain a reproducible catalyst surface because of the success found by
earlier researchers (3,24,25). Presumably, the high temperature
treatments with hydrogen reduced both the oxides and sulfides on the
catalyzed surface. The treatment with oxygen combusted the hydrocar-
bons and residual silver cyanide (from the electropolish), however,
the silver was not catalytically active after an oxygen treatment.
Kummer (3) had also noted a loss in catalyst activity after heating a
silver catalyst in oxygen.

It was demonstrated that each time the pyrex system was opened
to the atmosphere, a minimum number of cycles was necessary to clean
the catalyst surface. Figure 3 presents a plot of chemical rate con-
stant as a function of the oxidation-reduction cycle. Seven oxidation-
reduction cycles were needed to remove impurities from the catalyst

and reactor.

Reaction on First Single Crystal

Polycrystalline foils of silver were used during early trials as
they were easier to handle and prepare. The results indicated that

several data sets were required because the magnitude of the standard
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error was about 20%. With some control over the problem of poisoning,
a single crystal of silver with a low dislocation density (5 x104cm‘2)
was prepared and carefui]y inserted into the reactor. Several experi-
ments were carried out following the procedure already described. The
crystal was removed from the reactor and it appeared shiny and clean
to the eye. However, upon further examination it was evident that the
surface was etched, the etch-pit density had increased four orders of
magnitude, and the Vickers Hardness went from 18 to 24. Figure 4 shows
a comparison between a polished crystal ready for use in the reactor
and an etched surface after reaction. An etched surface was expected,
as others (4,10) had noted the effect. The increase in the etch pit
density was not anticipated, and several possible explanations were
examined:

1. It was a surface effect and would disappear with polishing
and etching in depth.

2. The pretreatment at high temperature had created thermal
stresses which generated dislocations.

3. The single crystal was damaged by an applied stress.

4. Either there was no Tonger a one-to-one correspondence between
the etch pits and the dislocations, or the dislocation density

had increased by another mechanism.

The crystal was polished and etched in depth, but no change in
etch pit density was found. A calculation of the thermal gradient was
made and it indicated that thermal stresses were not the cause. Next,
it was considered that dislocations were introduced while handling the

soft crystal. Berg-Barrett X-ray topographs were taken to look for
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s1ip bands near the edge of the crystal, but none were found. Thus it
appeared that a change had occurred between the correspondence of etch
pits and dislocations. The specimen was thinned and examined with a

transmission electron microscope, and the dislocation density was less

than 10°

-2
cm . The result suggested the initial etch pit density was
accurate and that there was no longer a correspondence between etch pits
and dislocations after being in the reactor. Experiments were planned

to investigate the effects of the pretreatment on the crystal.

Effects of Pretreatment

A second single crystal with a low dislocation density was heated
in hydrogen, but the treatment changed neither the morphology nor the
etch-pit density of the crystal. However, the results were different
after the crystal was repolished and set in the furnace for one hour
with an oxygen atmosphere. Upon removal of the crystal it was noted
that the surface was etched and the etch pit density had increased by
an amount similar to that of the first crystal from the reactor. It
was now evident that the etch pit density did not correspond to the
dislocation density after the oxygen treatment.

The second crystal was thicker than the first and was exposed to
oxygen for a shorter time. Chemical etching was repeated in depth to
measure the etch pit density and results are presented in Figure 5.
The figures showed that the density of etch pits was reduced in depth
and approached that of the initial dislocation density. The etch pits
appeared Targer than those of fresh dislocations and the variations are

seen in Figure 5e.



-26-

Transmission electron micrographs were taken of the crystal that
was heated in oxygen, and again the dislocation density was lower than
the etch-pit count. The electron micrographs, Figures 6 and 7, were from
two different treated crystals, and both exhibited many small black dots
whose number per unit area was about the same as the number of chemical
etch pits. It appeared as though the chemical solution was actually

etching an inclusion in the silver matrix.

Justification for the Etch Pit Change

The following explanation was proposed to account for the obser-
vations after a crystal was heated in oxygen. While at 800°F, a
gradient of oxygen was established in the crystal based on the solubil-
ity and diffusion coefficient. Then the silver was cooled rapidly as
compared with the rate of oxygen diffusion out of the silver, and be-
cause the lattice had an excess of oxygen, a silver-oxide phase was
nucleated. The second phase grew in the silver lattice with a different
crystallographic structure and generated misfit dislocations on the
interface of the oxide-silver matrix. The oxidized crystal was next
heated in hydrogen, and the silver oxide particles were reduced. Even
though the oxide was reduced, the silver lattice did not completely anneal,
and interfacial dislocations remained where the particles were previously
located. These dislocations were responsible for the observed increase
in Vickers Hardness and were also probably the sites of the etch pits
when the crystal was chemically etched after the oxygen pretreatment step.

As previously noted, the etch figures of the treated crystal were

not the same as those of fresh dislocations, in fact, it appeared
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as though the treated dislocations did not etch. When heated with

oxygen, the dislocations in the crystal quickly became saturated with
oxygen since they were paths for pipe diffusion. Upon cooling, the

cores of the dislocations acted as one of the nucleation sites for the
growth of an oxide particle, thus the pit revealed by the chemical dis-
solution was that of the oxide and not that of an undecorated dislocation.
An indication that this process occurred was that the density of etch

pits in an oxidized crystal was reduced to the original dislocation den-
sity when the crystal was etched in depth. Further tests were made to
find support for the proposed growth of a silver-oxide phase.

A thin film X-ray diffraction camera was utilized to examine the
changes in the diffraction pattern of silver before and after oxygen
treatment. No oxides were indicated on the diffraction patterns even
for an exposure to the CuKa source of four times the normal rate. The
result was interpreted to mean that the particles were too small to
provide coherent scattering. In another experiment with an electron
microprobe, an oxidized specimen was examined for the presénce of the
0 Ka wavelength and a shift in wave]éhgth for the silver M band. No
new information was gained, however, since the resolution of the instru-
ment was poor for wavelengths around ZOX. Thus, the observed increase
in Vickers Hardness and the black dots on the transmission electron
micrographs were the best available physical evidence to justify that
the growth of an oxide phase caused the change in the chemical etch.

The photomicrographs of the etch figures as a function of depth

(Figure 5) were examined for additional information. A plot was



-28-
prepared of the relative concentration of oxygen in depth and of the
relative etch pit density. The oxygen curve was calculated with the
data of Verfurth (14) and plotted in Figure 8. The curves of Figure 8
were in the expected order, as they indicated that oxygen diffused
faster than the oxide particles grew. No attempt was made to model the

growth of the oxide phase because of the Timited data.

Oxidation of Carbon Monoxide

The question of why the density of etch pits changed during the
reaction seemed answered by the discovered interactions between the
silver catalyst and the oXygen atmosphere during pretreatment. However,
1t was not possible to achieve the highest catalytic activity from the
silver without oxygen pretreatment. Thus the dislocation density was
measured before the catalyst was treated with»oxygen.

Catalysts with a dislocation density of either 104-105 cm-2 or
108-109 cm™2 were used in the experiments. Figure 9 is a photomicrograph
showing both densities for comparison. A catalyst which was cold rolled
prior to its use in the reactor is illustrated in a Berg-Barrett
topograph (Figure 10) and the expected high number of slip bands was
found in the figure. After the disTocation density of the silver crystal
was established, the rate of oxidation of carbon monoxide was measured
over the catalyst. Detailed results of the experiments were tabulated
in Appendix E.

An attempt was next made to relate plausible kinetic mechanisms of
the surface catalysis with the data from the reactor. A goal of the
project was to elucidate the surface catalysis and to develop the role

of the oxygen-silver bonds in the catalytic activity. The following
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mechanism was proposed after a thorough review of the adsorption and

kinetic behavior of the silver-oxygen system:

0,(9) + Ag(s) = Ag-0;(s) (1a)
05(9) + Ag(s) + e = Ag-05(s) (possible) (1b)
Ag-05(s) = Ag-0"(s) + 0 (diffusing atom) (2)
Ag-0, (s) + CO(g) = Ag-03-C0(s) (3)
Ag-0,-C0 (s) = Ag-0*-C0, (s) (4)

"

Ag-0"-C0y(s) = Ag-0"(s) + 0, (g) (5)

The mechanism presumed that both the carbon dioxide and carbon monoxide
adsorbed on a silver surface already covered with oxygen, as had been
observed in all previously reported adsorption studies. This set of
chemical expressions were mathematically formulated so the rate of
formation of carbon dioxide was calculated as being proportional to the
fraction of the surface that was covered by the intermediate Ag—OE—CO(s).
The fraction was calculated with the assumptions that the adsorbents did
not interact and that equilibrium existed between the adsorbed and
gaseous phases. The total fractional coverage was.unity and equal to

the sum of the individual coverages.

= *
] Ong-03-co * OAg-0*-c0, (&)

The individual coverages were calculated with the mentioned assumptions

and for the coverage of interest:
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In equation (7), K; was defined as the ratio of the adsorption rate
constant to the desorption rate constant. The expression for the rate

of formation of the carbon dioxide was:

dt2 = ksOg-03-C0 = (T+K.n__+ KCOZnCOZ) (8)

The three adjustable parameters in equation (8) were fitted to
the experimental data with a computer program which used a non-linear
least squares routine. The best-fit parameters indicated that the
contribution of the term Kpgneg in the denominator was less than 1% of
the total sum. Since an additional degree of freedom did not seem

Jjustified, the term KCOnCO was omitted in further calculations. The

modified expression was:

dn K
CO2 nco

dt -~ T+K_n (9)
€0, €O,

Equation (9) was integrated over the 1imits of the first measured
concentration of carbon dioxide to the final value. The total conversion
of carbon monoxide was less than 1%, so its concentration was assumed to
remain constant in the integration. The integrated expression that was

utilized in further curve fits was:

L - )+ KnZy -5 ) = u (10)



-31-

Composition and time data were entered into a computer, and the
parameters (k,K) of equation (10) were calculated from the experimental
data using a non-linear least squares analysis. When examining the
best-fit parameters, it became apparent that the adsorption constant, K,
was different for crystals with dissimilar areas. From a physical
viewpoint, however, the adsorption constant should have been independent
of area. The dependence of the adsorption constant on the area of the
crystal occurred because the basis of the initial regression was the
minimization of the 1ikelihood function and not the physical situation.
Thus, an average value of the adsorption constant was figured from the
calculated values on the various crystals. The average value for the
adsorption constant was substituted into equation (10) and values of
the surface constant, k, were recomputed from the experimental data and
are presented in Table 1.

In the calculations, the concentration of carbon monoxide was
adjusted for a constant sample size by employing the peak height of the
carbon monoxide-oxygen peak as a standard. Corrections to the surface
rate constant, k, were made in order to account for the initial concen-
tration of carbon monoxide and the area of the catalyst. No correction
for the homogeneous reaction was required because its rate was negligible

for the conditions of the study.

Effect of Oxygen and Temperature on the Chemical Rate

The effect of oxygen of the rate of reaction was tested by using
a concentration of oxygen at 10.5% (molar) instead of the usual 25%. No
change was found in the rate constant, thus the omission of oxygen in

the rate expression appeared correct for the conditions of this study.
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Results of the oxygen test are presented in Table 2.

The temperature of the reactor was difficult to set and it was
established by allowing the reactor to cool after the hydrogen treatment
to an equilibrium temperature for a fixed manual setting on the po