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ABSTRACT

A study of the effects of dislocation density and crystal orienta-
tion on the kinetics of the catalyzed oxidation of ethylene over a single
crystal of silver was carried out in a continuous-flow microreactor.
The reactor was constructed so the reacting gas stream contacted only
gold surfaces and the surface of the silver crystal. A high-sensitivity
gas chromatograph was developed and calibrated for the analysis of
the exhaust gas from the reactor. The effect of diffusion to and from
the catalyst surface on the observed kinetics was determined by solution
of the partial differential equations which described diffusion and flow
in the reactor geometry.

Tests of the reactor indicated ethylene oxide was oxidized on
the gold surfaces. The rate was independent of the ethylene oxide con-
centration and had an apparent activation energy of 9.0 * 1. 3 Kcal./ gm.
mole. The rate of production of carbon dioxide from the oxidation of
ethylene oxide at 260°C with 80% oxygen in feed gas and a pressure of
740 mm was 2.1 X 10_8 gm. moles/min. cm.

The gold surface was also active for the oxidation of ethylene.
With a feed of 20% ethylene and 80% oxygen at 260°C and a pressure of
740 mm, the rate of production of carbon dioxide was 2. 8 X 1.0_8 gm.
moles/min.cm. 2 with an apparent activation energy of 26.0 + 4.0

Kcal./gm. mole.
A feed composition of approximately 20% ethylene and 80%
oxygen was used for all reactor runs with silver crystals, and the tem-

perature was varied from 250 to 350°C to determine the effects of
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dislocation density and crystal orientation on the temperature depen-
dence of the reaction rate. No significant differences were observed
in the ratés of production of carbon dioxide on non-strained crystals
with (100), (110), and (111} crystal planes parallel to the surface. In
addition no significant differences were observed in the rates of pro-
duction of carbon dioxide on crystals with (100), (110), and (111) planes
parallel to the surface which had been strained 0. 8% by rolling
parallel to the axis at 45° increments around the circumference of the
crystals. An apparent activation energy of 23.1 £ 1, 8 Kcal. /gm. mole
was obtained for the strained and non-strained crystals, but the rate
decreased from 6.3 X 10—8 gm. moles/min. cm. 2 for the non-strained

8 gm. moles/min. cm. % for the strained crystals,

crystals to 3.2 X10
with a feed of 20% ethylene and 80% oxygen at 260°C and 740 mm
pressure.

The results of chemical etching of the crystal surfaces to reveal
dislocations were not considered conclusive, but if a one-to-one cor-
respondence between etch pits and dislocations is assumed, then the
dislocation density increased about 40% with the 0. 8% strain. As a
result it was concluded that the dislocations did not act as active sites
for the oxidation of ethylene to carbon dioxide but interfered with the
oxidation reaction in some manner,.

Photographic materials on pp. 79-87 are essential and will not

reproduce clearly on Xerox copies. Photographic copies should be

ordered.
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INTRODUCTION

Ethylene oxide is an important organic chemical used in the
manufacture of ethylene glycol, polyethylene glycols, ethanolamines,
plastics, surface-active agents, and other products (11, 16). Two
processes are used in the commercial production of ethylene oxide:
1.) the ethylene chlorohydrin process and 2.) the catalytic partial
oxidation process (11, 12). The oxidation of ethylene to ethylene oxide
on a silver catalyst was first patented by Lefort (18). The commercial
application of this process surpassed the chlorohydrin process
capacity in 1954 (11).

The catalytic oxidation of ethylene on silver proceeds by two

main overall reactions:

Ag
1
+ 5 = - . .
Ag
H + 30 — 0 +2H.O, , AH. .. =-316.2 Kcal. 2
2 4(g) 3 2(g) 2C 2(g) 27(g) T77298 ca (2)

These reactions have been studied by various authors at temperatures
from 150 to 400°C, pressures from 0, 2 to 20 atmospheres, oxygen
concentrations from 1.5 to 90%, ethylene concentrations from 0. 6 to
60%, carbon dioxide concentrations from 0.1 to 90%, and ethylene
oxide concentrations from 0.3 to 3%. Nitrogen was usually used as a
diluent. A typical set of operating conditions would be a temperature
of 274°C, an oxygen concentration of 20%, an ethylene concentration

of 4. 7%, and a total conversion of 68% of the ethylene with 52% of the
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reacted ethylene converted to ethylene oxide (25). A typical catalyst
would be 12% by weight of silver supported on an alundum support (3).

Much work has been done on the study of the overall rates of
reactions (1) and (2) and the properties of various combinations of
silver and catalyst supports. There has been little study of the
kinetics and mechanism of the reactions, and much of the work
reported in the literature is inconclusive because the effects of the
products of the reactions and the effects of the nature of the surface
of the catalyst on the kinetics and mechanisms of the reactions were
not studied in sufficient detail.

Most of the work reported in the literature was concerned
with studies of the overall rates of reactions (1) and (2) and the opti-
mum operating conditions for a particular combination of silver and
catalyst support prepared in a specific manner (7, 22, 23). McBee,
Hass, and Wiseman (20) reported the activity, selectivity, and
optimum operating conditions may vary from batch to batch of
catalyst prepared in the same manner. Variation in the catalyst
properties with time was a problem encountered by Orzechowski
and MacCormack {25) and Buntin (3).

The work of Twigg (32) is an early study of the kinetics and
mechanisms of these reactions. He used silver, plated on glass
fibers, for the catalyst in both flow and static experiments. Twigg
proposed the following reaction scheme on the basis of his results:

20

©2g) (a) (3)



{(7) Acetaldehyde

\.

“2Hag) T ©a)

(9) (4)

Ethylene Oxide (

g)
/5> (10\

(12)

»Adsorbed Deposit

ﬂl

(8)

Z(g) Hy (g)

He found reaction (3) was the rate controlling step; reactions (4), (5),

(6), and (7) were fast steps of the overall reactions; and the other

reactions were much slower.

volatile residue of varying composition.

The adsorbed deposit was a non-

Twigg proposed the following

mechanism for the oxidation of ethylene to either ethylene oxide or to

carbon dioxide and water:

CH, = Hz(g) —
\
Aé Ag
d /c; e, -
/ 2,7\ 2(g) \
{ \ \
/ )
{ \ )
\NO \_O.
AN 7
Ag Ag Ag Ag

- CH

CH
{ / 2(g)
© (12)
Ag Ag
CHZO(g) + CHZO(g)
(13)
Ag Ag Ag Ag

The formaldehyde formed by reaction (13} is then rapidly oxidized by

the following reactions:



CH, O, = GO, +2H (14)
2H(,) + Oy — H,0( (15)
GOy * O CO,pq) (16)

Twigg found the concentration of ethylene oxide reached a maximum
and then decreased. He proposed the oxideation of the ethylene oxide
proceeded by isomerization to acetaldehyde which was rapidly
oxidized.

A study of Burgoyne and Kapur (4) indicated the rate of homo-
geneous oxidation of ethylene oxide was large enough to produce errors
in the results of Twigg's static experiments. Extrapolation of the
data of Heckert and Mack (15) and Fletcher and Rollefson (9) for the
rate of thermal decompositionof ethylene oxide to the temperatures
used by Twigg showed the homogeneous rate of isomerization of
ethylene oxide to acetaldehyde was very slow. The isomeriz atilon
reaction was assumed the rate controlling step for the thermal decom-
position of ethylene oxide. This would indicate the more rapid isomeri-
zation reaction observed by Twigg occurred on the catalyst surface.

Orzechowski and MacCormack (25) made a detailed study of
the kinetics and mechanism of reactions (1) and (2) in a flow reactor.
Their catalyst was prepared from a silver alloy containing 8. 5% by
weight of calcium which was removed by leaching with acetic acid.
They observed slow changes in the activity and selectivity of the
catalyst for periods of over 60 hours after changes in operating con-

ditions. Their studies on the rate of oxidation of ethylene oxide in the
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presence of the silver catalyst compared to the rate of isomerization
of ethylene oxide on the catalyst indicated the rate controlling step
was a reaction between gaseous ethylene oxide and adsorbed oxygen
atoms. Their mechanism for the oxidation of ethylene involved the
reaction of gaseous ethylene with a single adsorbed oxygen atom.
The product of this reaction was desorbed as ethylene oxide or an
isomeric compound which was rapidly oxidized to COZ and I—IZO.
They proposed different crystal planes of silver could have different
values for the various rate constants involved in their mechanism and
poisoning of some of these crystal planes would account for the slow
processes which affected the activity and selectivity of the catalyst.
Stable oxygen-silver bonds and organic deposits were suggested as
possible poisons.

Some work has been done on the effects of the crystallo-
graphic orientation of the catalyst surface by Wilson, Voge, Stevenson,
Smith, and Atkins (36). They compared the catalytic activity énd
selectivity of randomly orientated silver films evaporated onto the
inside of a pyrex glass tube to the activity and selectivity of films
which were orientated with the (110) crystal plane parallel to the
surface. No difference in activity or selectivity was observed. They
examined the structure of the film by low angle electron diffraction
and found the (110) orientated film would lose its orientation after
exposure to the reaction gases for a few hours. The large amount of
energy released by the total oxidation of the ethylene was thought to

be large enough to cause the rcorientation of the film.
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Kummer (17) used single silver crystals as the catalyst for
the partial oxidation of ethylene and compared the activity and
selectivity of the single crystals to the activity and selectivity for
a sheet of poly-crystalline silver. These crystals were 0.15 cm.
thick, 1.5 cm. wide, and 10 cm. long. The surfaces of these crystals
were not orientated parallel to any particular crystal plane. Kummer
machined a 5/8 in. sphere to expose only (111) crystal planes as the
catalyst surface. He did not detect any differences in the activity or
selectivity of the single crystals as compared to the poly-crystalline
sheet,

The intersection of line crystal defects, dislocations, with
catalyst surfaces have been suggested as active sites for catalytic
reactions to explain the increase in catalytic activity of copper and
nickel catalysts after cold-working and the decrease in activity of the
cold-worked catalysts with annealing (33). Sosnovsky (29) proposed
dislocations were the active sites for the decomposition of forinic acid
on silver. He based this conclusion on the increase in catalyst activity
after bombardment of the silver surface with argon ions. Ions with
energies above 77 ev., caused the surface of single silver crystals to
break into small crystalline blocks rotated several degrees with
respect to one another. The disturbed region extended 100 A. into
the bulk of the crystal. The low angle boundaries between the blocks
produced an overall increase in dislocation density by a factor of
about 105. The rate constant for the reaction increased by a factor

of about 100, and the activation energy increased from 12. 2 Kcal. /gm.



mole to 20.8 Kcal. /gm. mole.

The development of methods of direct observation of the dis-
locations in crystals lead to further studies of the role of the disloca-
tion in catalytic activity. Hall and Rase (13) found a considerable
increase in the rate of the catalytic dehydrogenation of ethanol on
single crystals of lithium fluoride with increases in the dislocation
densities of the crystal surfaces. Perkins (26) found only a small
increase in the rate of decomposition of formic acid on single silver
crystals with large increases of the dislocation density of the surface.
Perkins' measurements of the actual area of the surface by hydrogen
overvoltage measurements showed a corresponding increase in the
surface area with the increased dislocation density. Perkins concluded
dislocations did not act as the active sites for the catalytic decom-
position of formic acid on silver. The works of Perkins (26) and
Sosnovsky (29) are in direct disagreement on the role of dislocations
in the catalytic decomposition of formic acid on silver.

McCarty (21) studied the adsorption of ethylene, oxygen, and
ethylene oxide on a silver catalyst supported on alundum. A quartz
beam microbalance was used in this study. The catalyst sample was
obtained from a batch of catalyst used by Buntin (3) for kinetic studies
of the partial oxidation of ethylene. The adsorption data indicated
the oxygen was dissociated on the silver surface. McCarty found a
small amount of ethylene was rapidly adsorbed on the catalyst at
350 and 450°F. FEthylene oxide was adsorbed on the catalyst and was

not completely removed by vacuum degassing. The catalyst required
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treatment with oxygen and hydrogen to completely remove the
ethylene oxide adsorbate.
Czanderna (5) made a recent study of the rate of adsorption
and desorption of oxygen on silver powder using a vacuum ultra-
microbalance. Three activation energies, 3, 8, and 22 Kcal. /gm.
mole, were found for different phases of the adsorption process.
These were respectively: dissociative adsorption, molecular ad-
sorption, and surface mobility of oxygen adatoms. Five levels of
strength of the oxygen-silver bond were observed during the de-
sorption studies. These were:
(1) Very weakly adsorbed oxygen probably physically adsorbed.
(2) Weakly chemisorbed oxygen possibly as charged molecules.
(3) Chemisorbed oxygen possibly as charged atoms.
(4) Strongly chemisorbed oxygen.
(5) Very tightly chemisorbed oxygen probably on high index
plane adsorption sites. |
Reactions of ethylene oxide on silver catalysts were found to
be complex. Orzechowski and MacCormack (25) proposed the oxidation
of ethylene oxide involved reactions of the ethylene oxide with ad-
sorbed oxygen. Twigg (32) concluded ethylene oxide isomerized to
acetaldehyde which was rapidly oxidized. Twigg observed the for-
mation of deposits on the catalyst surface when it was exposed to
ethylene oxide. The deposits were composed of carbon and hydrogen
and varied in composition. The formation of ethylene was also observed
when ethylene oxide contacted a silver catalyst.

The effects of heat and mass transfer on the observed kinetics
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of the reactions ha\}e not been carefully considered. These effects
might account for some of the disagreement among the results
obtained by various experimenters.

In summary the results of various studies reported in the
literature did not give definite information concerning the mechanism
of the oxidation of ethylene on silver catalysts. There was general
agreement that the rate of homogeneous oxidation of ethylene was
small compared to the catalytic rate for temperatures lower than
400°C. Most studies concluded oxygen was adsorbed on the silver
s urface, and ethylene in the gas phase reacted with the adsorbed
oxygern, ‘

A study of the kinetics and mechanism of the partial oxidation
of ethylene with a single crystal of silver as catalyst was the goal of
this work., The crystal was mounted in a continuous flow microreactor
and the following four points were emphasized:

1. Analysis of the product gas stream with a high senéitivity

gas chromatograph.

2. Mathematical analysis of the effects of flow and diffusion
in the microreactox; on the observed reaction kinetics.

3. Use of crystal surfaces with specified crystal planes
parallel to the surface of the catalyst to determine effects
of crystal orientation on the kinetics and mechanism of
the reactions.

4. Study of effects of increased dislocation density on kinetics

and mechanism of the reactions.
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APPARATUS

Single silver crystals for use as the catalyst in the micro-
reactor were purchased from the Unimet Company. Each crystal
had been grown in the form of a 1/2 in. cylinder with a particular
crystal plane perpendicular to the axis of the cylinder. Three
crystal planes, (100), (110), and (111), were obtained for use in the
reactor. The cylinders were cut into 1/2 in. lengths by the manu-
facturer with an electric spark cutting device which minimized the
strain introduced into the surfaces. Four slugs of each crystal
orientation were obtained. The orientation of the crystals was con-
firmed by the action of the etching solution on the surface. The dis-
location density of the surface was determined from the etch pit
density. The details of the etching and polishing are discussed in
Appendix C.

The reactor design was selected to provide a symmetric flow
pattern over the catalyst surface to allow the calculation of the effects
of the reactants and products to and from the surface. It was also
preferable to minimize the amount of mechanical preparation of the
crystals for use in the reactor because excessive strain could cause
the crystal to reorient when heated (10), Radial gas flow between
parallel discs with the gas feed at the center was selected as the flow
geometry. This design provided the desired symmetry of flow and
also required only polishing of the cylindrical face of the crystal to
provide a smooth surface for use as the catalyst. The original

reactor design is shown in Figure 1. This was chosen so the only
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metal surface which contacted the gas stream in the reaction zone was
the silver surface. The reactant gas streams entered through con-
centric quartz tubes centered on the axis of the reactor. The two gas
streams mixed just prior to entering the reaction zone through a

0. 010 in. hole in the quartz disc. Quartz tubes were positioned at

the outer radius of the crystal so gas samples could be withdrawn
before the gas stream contacted the metal surfaces in the remainder
of the reactor. The disc spacing could be varied to check the effects
of diffusion to and from the catalyst surface. Viton-A or silicone
rubber O-rings were used to seal the reactor. A cemsznt for sealing
the quartz disc and tubes to the stainless-steel reactor body was diffi-
cult to find. The usual ceramic-type cements used to seal the thermo-
couple protector tubes were porous and also reacted with the quartz

at 300°C to form a structurally weak bond. Several high-temperature,
organic cements were tried including Dow D. E. N. 438 epoxy resin
and Engelhard CA9R cement. The epoxy would not stick to the

quartz. The Engelhard CA9R cement was porous and did not pro-
duce a gas-tight seal. Minnesota Mining and Mfg. Co. EC 1663 A/B
silicone rubber sealer was found to produce a satisfactory bond which
was gas-tight and held attemperatures up to 300°C. A copper-
constantan thermocouple was calibrated at the freezing points of tin
and lead, and then placed in one of the sample tubes which had been
sealed for this purpose. The crystals were placed in crystal holders
which were bored to fit each crystal. The body of the reactor and the

the crystal holders were constructed from Type 304 stainless steel.
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The reactor was rno.unted in an electric oven to provide the necessary
temperature control. This reactor was abandoned when experimental
runs indicated reactions of the ethylene oxide on the quartz were
sufficiently rapid to make representative sampling of the reaction
zone impossible. These reactions combined with diffusion in the
direction of flow significantly affected the concentrations in the
reaction zone. A detailed discussion of the problem of diffusion in
the microreactor is included in Appendix B.

A second reactor was constructed in an attempt to eliminate
the problems encountered with the initial design. A sketch of this
design is shown in Figure 4. A literature search for the activity of
various metals as catalysts for the oxidation of hydrocarbons showed
gold was probably less active than most metals (27, 28). This infor-
mation combined with the relative ease in machining gold as com-
pared to various types of stainless steels provided the basis for the
selection of 99. 99% pure gold for the major construction mateﬁal for
the second reactor., The second reactor design had two main ob-
jectives: 1) to reduce the total reactor volume and surface area to
minimize the magnitude of the side reactions and, 2) to provide a less
reactive surface for the non-catalytic portion of the reactor. The
feed and exhaust tubes were also gold. These were placed in a water-
cooled jacket to reduce the heated length of the tubes to a minimum and
further reduce the total volume of the reactor. The tubes were fused
to the reactor head with pure gold. The inside surface of the support

plate for the reactor was gold plated. An exploded view of the reactor
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is shown in Figure 5, and views of the reactor head are shown in
Figure 6. Gaskets of gold foil were used for the necessary seals in
the reactor. The reactor head and support plate were assembled to
give an 0.005 in. spacing between the upper disc and the catalyst
surface. A crystal holder was fitted with a gold disc for use in
runs to determine the catalytic activity of gold for the oxidation of
ethylene and ethylene oxide.

Estimates of the reaction rate taken from the literature (3, 17)
showed a yield of about 200 ppm of ethylene oxide could be expected
with a flow rate of 1 cc. /min. of reactants. This very low conversion
combined with the low flow rate placed some restrictions on the
amount of sample which was available for analysis and the sensitivity
of the gas chromatograph used for the analysis. The details of the
chromatograph and its calibration are given in Appendix A. A Loenco
gas sampling valve was placed in the reactor exhaust stream and was
used to inject 1 cc. samples into the chromatograph.

A flow chart for the reactor and the feed gas system is given
in Figure 8. Gas could be fed either from the 30 £, stainless steel
storage tanks shown or directly from commercial gas cylinders.
Matheson Model 8 two-stage regulators were used to reduce the gas
pressure from the high pressure of the gas cylinders to a constant
feed pressure. Matheson Model 70 low-pressure regulators were
used to control the pressure of gas taken from the 30 L. storage tanks.
The low-pressure (3 psig.) gas was filtered through Nupro Inline

Filters with 7 micron filter elements. Nupro Very Fine 1/16 in.
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needle valves were used to set the gas flow. Gas flow rates of less
than 1 cc. /min. were maintained within 2% for up to three days with-
out adjustment with this flow system. The gas flow rate was
measured with a soap-film flow meter which was placed downstream
from the gas sample valve.

The electric oven used with the first reactor was constructed
with a large thermal mass which was to maintain a constant tempera-
ture in the oven without using a temperature controller. Temperature
variations in the laboratory were large, and the oven temperature
varied several degrees over a twenty-four hour period. The oven
also required a long period of time to reach its operating temperature.
Attempts to control the oven temperature with a simple on-off type
controller were not successful because of the large thermal mass.

A fluidized-bed temperature bath was constructed for use with the
second reactor. The design shown in Figure 7 was developed from
designs given by Hall and Rase (13) and Sutcliffe (31). The bath was
4.0 in. in diameter and 7 in. deep. A 750 watt Calrod heating element
was used in a double-pipe he at exchanger for preheating the air which
was used to fluidize the bed. A 1000 watt Calrod heating element was
used to supply heat to the walls of the bed. The bed was filled with
60--80 mesh glass beads purchased from Minnesota and MiningManu-
facturing Co. The output from a thermocouple placed about 1/2 in.
above the distributor plate in the bed was subtracted from a reference

voltage and the difference was amplified with a D. C. amplifier,

The amplified difference signal was fed to a Barber-Coleman
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Potentiometric Recorder with an on-off controller. The use of the
reference voltage and D. C. amplifier increased the sensitivity of

the controller. The total power input to the heating elements was

set with Variacs. About 25% of the power to the main heating element
was varied by the controller by switching a resistor into and out of
series with the main heating element. Overheating of the bath was
prevented with a second on-off switch controlling the total power input
to the bath. .This switch was set about 20°C above the control point,
The bath could be controlled to = 0.5°C with this arrangement. The
bath had very rapid response and the temperature could be raised
100°C in less than 1 hour. The bath was used at temperatures above
400°C without any difficulties. The value of 60 BTU/(hr.)(°F.)(sq. in.)
was obtained as a heat transfer coefficient for the bath. The bath,
reactor, and preheated air temperatures were recorded on a 4-point
Brown potentiometric recorder to give a continuous indication of the
bath performance. The EMF produced by the thermocouple mdunted
in the reactor was measured on a Leeds and Nérthrup K-3 potenti-
ometer for use in data calculations. The rate of heat transfer within
the bath was sufficiently great that the reactor remained only about
3°C below the bath temperaure in spite of the heat losses due to con-

duction along the feed tubes, exhaust tube, and reactor supports.,



-16-
EXPERIMENTAL

A program of experimental work was selected to determine
the effects of crystal orientation and changes in density of the dis-
locations on the temperature dependence of the rate constants for the
reactions involved in the partial oxidation of ethylene on silver. This
program consisted of a series of reactor runs with constant feed com-
position at four temperatures: 250, 280, 320, and 350°C. One crystal
of the three.crystallographic orientations, (100), (110), and (111), was
used in the non-strained state and one each of the three orientations
was used as the catalyst after being strained 0.8%. The crystals
were strained by deforming the cylindrical crystals 0.004 in. on the
0.5 in. diameter by rolling parallel to the axis of the crystal with a
3 in. hand roll. This was repeated at 45° increments around the
circumference of the crystal. This method of straining produced
some visible deformation over most of the face of the crystal and did
not destroy the general cylindrical shape of the crystal. The three
non-strained crystals and the three strained crystals were chemically
polished, etched to show the dislocation density of the polished
surface, photographed to record the dislocation densities, and re-
polished to remove the etch pits. These operations were performed
on the six crystals at the same time to try to produce surfaces in the
same condition for use as catalysts. The six crystals were stored in
a desiccator until needed for use in the reactor. Details of the chem-
ical polishing and etching procedure are given in Appendix C.

- C. P. grade ethylene, minimum purity 99. 0%, was purchased
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from the.Matheson. Co. for use as reactor feed gas. This ethylene
was analyzed by gas chromatography and found to contain at least
10 hydrocarbon impurities. These hydrocarbon impurities were
removed by passing the ethylene through two columns, 1.25 in. L D.
and 4 ft. long, filled with Linde Type 5A and Type 13X Molecular
Sieve. The columns were activated by heating at 250°C under
vacuum for several days and were placed in a dry ice-acetone slurry
during the purification operation. Purified ethylene was condensed
in a liquid nitrogen trap and later boiled into a stainless-steel
storage tank at about 80 psig. Ethylene obtained in this manner
contained only about 1 ppm of an unsaturated C-4 hydrocarbon and
about 1% nitrogen.

A feed-gas mixture of about 0.5% ethylene oxide in helium
was stored in another stainless-steel tank. Matheson ethylene oxide
of 99. 7% minimum purity was used in this mixture. No impurities
were detected by gas chromatographic analysis of the ethylene oxide
used in this work. Linde helium, 99.99% minimum purity, was used
for the balance of this mixture.

Oxygen, 99. 5% minimum purity, for the reactor feed was
used directly from Linde cylinders with no further treatment.

A constant flow rate of about 1 cc./min. measured at room
conditions was used for the reactor runs. A feed composition of
about 25% ethylene and 75% oxygen was selected from the results given
by Buntin (3) and Wan (35) to give a reasonable reaction rate. The

flow system described in the Apparatus Section maintained this com-
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position and total flow rate very well, The total flow would change
‘about 1% with changes in reactor temperature from 250°C to 350°C.
This change of flow rate was probably due to the increased pressure
drop through the reactor due to the increase in gas viscosity with
temperature and the increase in the velocity of the gas in the reactor
due to the increase in the specific volume of the gas with increased
temperature. The total flow rate of gas through the reactor was
measured at the exhaust side of the Loenco gas sample valve with a
soap‘—film flow meter. This flow meter was calibrated by filling
with me rcury and weighing the amount of mercury contained between
marks on the scale of the meter. The volume of the tube was deter-
mined to £ 0, 45% in this manner. The time required for 1.5 cc. of
ga.s to flow through the meter could be measured to the nearest 0,01
min. ; so a flow rate of 1 cc./min. could be determined to within % 1. 2%.
At the beginning of a run a crystal in its holder or the gold
blank was installed in the reactor which was then tested at 3 Psig. for
possible leaks. Usually a sample of the reactor exhaust was analyzed
with the reactor at room temperature to check the feed composition.
No reaction was ever observed during the room temperature com-~
position checks. The reactor was lowered into the fluidized tempera-
ture bath which was set at about 320°C. The reactor would reach the
bath temperature in less than 15 min., but no samples were taken for
at least one hour after placing the reactor in the bath. Atmospheric
pressure, room temperature, the EMF of the reactor thermocouple,

and the gas flow rate were measured each time a sample of the
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reactor exhaust was analyzed, Usually three samples of the reactor
exhaust were taken at each reactor temperature. Each sample
required about 30 min. to anaiyze so the reactor remained at one
temperature for at least 2.5 hr.

Two runs with the gold disc installed in place of a silver
crystal were made to determine the effects of the gold surfaces on
the experimental results. One run was made with approximately the
same feed conditions as used with the silver crystals. The second
run was made with a feed of 80% oxygen, 0.03% ethylene oxide, and
the balance helium.

The usual sequence of temperature points was 320, 350, 250,
and 280°C. This sequence was used after the first crystal run because
an increase in the activity of the crystal surface was observed during
this run. The activity increase occurred slowly at 250°C and more
rapidly at 280°C. The data taken with this sequence of temperatures
were reasonably reproducible so any activity changes were rapid
enough at 320°C to not be observed in the data. The reactor was re-
moved from the temperature bath at the completion of the series of
temperature runs and allowed to cool. About one hour was required
for the reactor to cool enough to allow removal of the crystal. The
crystal was removed from the reactor and stored in a dessicator. A
chromatograph calibration sample was usually run during the time the
temperature of the bath was being changed. The bath required about
15 min. to reach the new set point and the reactor was left at the new

temperature for about ! hr. before more samples were taken.
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The gas ﬂov;z rate, thermocouple EMF, room temperature,
aﬁ:mospheric pressure, and peak areas with the necessary identifica-
tion and attenuation data from the chromatograph analysis were
recorded on data sheets and punched on IBM data cards. The
calculations necessary to convert the data to the analysis of the
gas samples and the reactor operating conditions were made using
an IBM 7094 Digital Computer. The sample analysis and reactor
operating conditions were printed out by the computer and punched
onto data cards for further use in the correlation of the results. The
use of the digital computer for these rather routine calculations had
several advantages such as reducing the time required for the calcu-
lation of the results of the chromatograph analysis. Small corrections
such as use of experimentally-determined values for the attenuation
factors of the bridge circuits for the chromatograph detectors were
included in the calculations with no increase in the amount of work or
time required for the calculations. The possibility of human érrors
in punching the calculated results for use in the rate correlations was
avoided by using the computer to punch the results.

The surfaces of the cr-}/;stals used as catalyst surfaces were
examined with a microscope to determine any similarities among the
deposits on the surfaces after the completion of the six crystal runs.
Photomicrographs of possibly interesting deposits were made, and the
crystals were lightly polished to remove the deposits and then etched

to reveal the dislocation arrays. It was not possible to remove the
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surface deposits wifh solvents such as methyl alcohol, ethyl alcohol,
acetone, hexane, or ethylene dichloride.

These deposits were not removed when one of the crystals
was placed in an ultra~sonic cleaning bath with hexane as the solvent.
No attempt was made to analyze the deposits. The decomposition
pressure of silver oxide is 1 atm, at 190°C so it could not be formed
at the reactor operating conditions (1, 2). Twigg (32) had observed the
formation of an organic deposit on the catalyst when ethylene oxide or
acetaldehyde was exposed to the silver surface. Organic deposits
were proposed as possible catalyst poisons by Orzechowski and
MacCormack (25). Based on these observations reported in the litera-
ture the deposits observed during this work were assumed to be
organic in nature.

Photomicrographs of the etch pit patterns in the same location
as the photomicrographs of the surface deposits were made for com-
parison purposes. These are discussed in the Discussion of Results

Section.
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INTERPRETATION AND CORRELATION OF DATA

Temperature

The temperature indicated by the thermocouple mounted in the
gold head of the reactor was assumed to be the temperature of the
reacting gas stream and the catalyst surface. Energy requirements
to heat the feed gas stream were negligible because the total flow rate
was on the order of 5X 10—5gm. moles/min.; the specific heat of
ethylene was 0.430 cal. /(cm. )(OC); the specific heat of oxygen was
0. 2213 cal. /{gm. )(OC) (14); and the temperature rise of the feed gas
was less than 400°C which gave an energy requirement of 0, 245
cal. /min. to heat the feed gas. Energy released by the exothermic
reaction of the total oxidation of the ethylene was also neglected
because the oxidation rate was on the order of 1 X 10_6 gm. moles/min.
and the heat of combustion of ethylene was on the order of - 316
Kcal. /gm. moles which gave 0.34 cal. /min. for the rate of energy

release by the reaction.

Pressure

Atmospheric pressure was measured on a mercury manometer
which was read to + 0,05 in. or + 0.2%. The pressure drop calculated
for the flow of the exhaust gases from the reactor through the sample
valve and exhausting to the atmosphere through the soap-film flow
meter was on the order of 0.05 psi or about 0. 35% of an atmosphere.
Calculations of the flow pattern in the reactor discussed in Appendix B

included the calculation of the pressure drop for flow between the
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parallei disc sectibn of the reactor. This pressure drop was in the
range of 1 X 10—6 psi. Correcj:ions for the pressure drop between

the reactor and the end of the sxhaust tube were only slightly larger
than the expected experimental uncertainty in the measurement of
atmospheric pressure so they were neglected. Atmospheric pressure

was used as the pressure in the reactor.,

Dislocation Density

The crystal surfaces were chemically etched to produce etch
pits which were supposed to correspond to intersections of dislocation
lines with the surface. The details of this etching procedure are
given in Appendix C. Photomicrographs of the etched surfaces were
made and the etch-pit densities of the surface determined by counting
the pits in 5-1/4 in. square areas selected at random. The counts
obtained were averaged and converted to etch-pit densities. The
values of the etch-pit densities for the crystals used in the reactor

are given in Table 22.

Volumetric Flow Rate

A soap-film flow meter was used to measure the volumetric
flow rate of the reactor exhaust gas with an estimated uncertainty
of 1, 2%. The flow rate was corrected to a dry basis because the feed
gases were dry and only small amounts of water were produced in the
reactor. The gas in the flow meter was assumed saturated with

water at the temperature of the laboratory due to the contact with the
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wet walls of the tube. A molar flow rate was calculated from the

volumetric flow rate with the equation of state of an ideal gas.

-Analysis of Reactor Exhaust

A ILoenco gas sampling valve was placed in the reactor exhaust
stream between the reactor and the soap-film flow meter. The sample
valve was placed in the sample pick-up position for at least 10 minutes
before injecting the sample into the chromatograph. Development
and calibration of the chromatograph used in this work is presented
in Appendix A. The sample loop was flushed about 10 times during
the waiting period by the flow of the exhaust gas through loop. Analysis
of a sample required about 30 minutes. The sample valve was left in
the inject position until after compounds which were measured on the
hydrogen flame detector were eluted. A very small amount of sample
was injected into the chromatograph when the sample valve was moved
from the inject position back to the sample pick-up position. This
procedure prevented any possible interference between the small
sample peak and the sample analysis., This small peak was easily
distinguished from the other corhponents present in the exhaust gas
samples by its sharp, symmetric shape. There was no possibility of
confusing this peak with higher molecular weight compounds in the
sample. Three compounds were detected during the analysis of the
reactor exhaust which had not been considered during the development
and calibration of the chromatograph. These were identified by com-~-

parison of their retention times with retention times determined for
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27 saturatéd, unsatlirated, and oxygenated hydrocarbon compounds.
The unknown compound with a retention time of about 6.8 min. on
Column IIT was identified as l-butene. The other two compounds

‘with retention times of 9.8 and 14. 5 min. were identified as C-6
hydrocarbons. The column labeled C-4 in Tables 1-8 refers to the
component with a retention time of 6, 8 min.; column C-6,1 refers to
the component with retention time of 9.8 min.; and column C-6, 2
refers to the. component with retention time of 14. 5 min. These identi-
fications can not be considered as absolute because it is possible for
other compounds to have the same approximate retention times on a
particular chromatograph column. The retention times varied a little
with the amount of material injected into the column, and this variation
added to the uncertainty of the identification. Relative response factors
were estimated for the se compounds on the hydrogen flame detector
from data given by Sternberg (30) and Ettre (8). The results of the
chromatograph calculations indicated these compounds were pr'e sent

in the reactor exhaust in quantities of about 1 part per million.

Concentrations of Reactants and Products in Reactor

The molar concentration of gas was calculated from the equation
of state for an ideal gas at atmospheric pressure and the temperature
observed with the reactor thermocouple. The conversion was very
low compared to the amount of reactants in the runs with ethylene-
oxygen feed., The concentrations of the reactants were assumed

uniform over the surface of the catalyst, and the values obtained from
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the analysis of the exhaust gas were used in the correlation of the
rate data. The volumetric flow rate measured at reactor conditions
was in the range of 2,0-2.5 cc./min. for this run, and the diffusion
coefficient of ethylene oxide was estimated to be on the order of

0.5 cm. 2/sec, Under these conditions the parameter $ used in
evaluating the effects of diffusion in the direction of flow in Appendix B
ranged from 0,84 to 1. 05, Figure B-6, Appendix B, gave the ratio
of the area average concentration change to the total concentration
change as about 0,85 for f =1. This indicated diffusion in the
direction of flow was sufficiently rapid under these conditions that
the concentration of reactants in the reactor was nearly uniform over
the surface independent of the degree of conversion., As a result of
the analysis of diffusion effects, all reactant concentrations were
considered to be uniform over the surface of the reactor with the

value indicated by analysis of the exhaust gas stream.

Rate Constants

The experimental results for the six silver crystal runs and
two gold blank runs are given in Tables 1-8. Exzmination of this data
showed the total conversion of ethylene on the silver crystals was
in the range expected on the basis of other kinetic studies (3, 17). The
yield of ethylene oxide, less than 1% of the ethylene which reacted,
was much smaller than the 30-70% yield which was expected for the
silver crystals. The oxidation rate of ethylene oxide on the gold was
larger than was expected from the limited data available on the

catalytic activity of gold (27, 28). The rate of oxidation of ethylene



-27-

observed on the goid surfaces was about one-tenth of the rate observed
on the silver surfaces. Acetaldehyde, l1-butene, and two C-6 hydro-
carbons were detected in small amounts in the reactor exhaust.

The goal of this series of experimental runs was to determine
the effects of dislocation density and crystal orientation of the catalyst
surface on the temperature dependence of the reaction rates., Since
some variation in the reactant concentrations did occur even though
they were maintained as constant as possible, the possibility of
obtaining some information on the dependence of the reaction rate on
the reactant concentrations was investigated. The preliminary exami-
nation of the data showed only the rate of production of carbon dioxide
was large enough to be measured with a reasonable degree of accuracy.
An error analysis of the data is discussed later. The first step in the
correlation of the rate data on the silver crystals was to determine

the effects of the gold surface on the experimental results.,

Oxidation of Ethylene Oxide on Gold

The oxidation of ethylene oxide on the gold surface was con-
sidered first. Since the variaﬁon in reactant concentrations were
reasonably small, only simple rate expressions were fit to the
experimental data. A multi-dimensional least-squares method
described by Deming (6) was used to fit the experimental data to the

following rate equation:

17)

The reaction rate constant was assumed to have the Arrhenius form
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of temperature dependence
-E_/RT
k= Ae ° (18)

where Ea is an apparent activation energy. Reéction orders of 0, 1/2,
and 1 were tried for the order of the rate with respect to the oxygen
concentration, and 0 and 1 were tried for the order of the reaction
rate with respect to the ethylene oxide concentration., The constants
obtained from the least-squares analysis of the data obtained for the
oxidation of ethylene oxide on the gold surface are shown in Table 9.
The variance of the fit shown in Table 9 is a measure of how well the
data fit the particular rate expression. A large increase in the vari-
ance was noted for rate equations which were first-order with respect
to the ethylene oxide concentration as compared to the variance of zero-
order rate equations, Plots of the logarithm of the rate constant ver-
sus the reciprocal of the absolute temperature for the zero-order rate
equations W.ere reasonably linear with some experimental scattver.
The ploté of the rate constants for rate equations which were first-
order with respect to the ethylene oxide concentration showed definite
curvature. Figure 16 shows the temperature dependence of the rate
constant of the rate expression which was zero-order with respect to
the ethylene oxide concentration and half-order with respect to the
oxygen concentration.

Attempts were made to determine the form of the rate expres-
sion for formation of acetaldehyde and ethylene from the data for
ethylene oxide-oxygen feed. A first-order rate equation for pro-

duction of either acetaldehyde or ethylene from the ethylene oxide
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was assumed and thé acetaldehyde or ethylene was assumed to react
with oxygen to form carbon dioxide. Satisfactory fits of the experi-
mental data were not obtained in this manner. Failure of simple rate
‘expressions to fit the data was not surprising., Fletcher and
Rollefson (9) found ethylene oxide was a good source of free radicals
in the temperature range from 400-450°C. These were assumed to be

produced by the following reactions:

C,H,0 —~ HCHO + CH, (19)
C,H,0 — CH,CHO (20)
CH, + C,H,0 26H3 +CO (21)
¢H, + CH,CHO — éH3 + CH, + GO (22)

It is possible that amounts of free radicals were produced in the range
of tempe ratures used in this work and were responsible for the for-
mation of the ethylene or ethane, and higher hydrocarbons which
were detected in small amounts. The isomerization of ethylene oxide
to acetaldehyde and the rapid decomposition of the acetaldehyde by

the catalytic action of the free radicals was proposed by Fletcher and
Rollefson {9) as the mechanism for the thermal decomposition of
ethylene oxide. The small amounts of acetaldehyde found in the

exhaust stream could have been produced in this manner.

Oxidation of Ethylene on Gold

"The analysis of the data obtained for the oxidation of ethylene
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on the gold surface was carried out in thé same manner as the analysis
of the ethylenc oxide data. The results of this analysis are shown in
Table 10. An "F"-test on the ratio of the variances for the different

- rate equations showed the differences in the variances were not statis-
tically significant, Therefore no conclusions on the reactant concen-
tration dependence on the rate of oxidation of ethylene on gold could be
made from the results. Correction of the data for the oxidation of
ethylene on silver for the contribution of the gold surface to the total
rate of oxidation was made using the rate expression which was 1/2
order with respect to oxygen and lst order with respect to ethylene.
Figure 17 shows the temperature dependence of the rate constant for
this rate equation. The choice of rate equation to use to correct for the
reaction on the gold surface was arbitrarily made and was not critical

since the correction was only about20%.

Oxidation of Ethylene on Silver

A calculation of the rate of oxidation of ethylene oxide on the
gold surfaces which were exposed to the reactant gases when the silver
crystals were mounted in the reactor indicated about 100 times the
amount of ethylene oxide detected in the exhaust could have been oxidized
on the gold surface if it were present in the reactor. Therefore, cor-
rection of the observed rate of formation of ethylene oxide for the
effects of the gold surfaces would have been about 100 times larger
than the observed value. Since corrections of this magnitude were un-
reasonable, no attempts were made to correlate the data for the rate

of production of ethylene oxide on the silver crystals.
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The data for the production of carbon dioxide from ethylene
was treated as if there were only two reactions producing carbon
dioxide, a reaction betwecen ethylene and oxygen on the gold surface
and a reaction of ethylene and oxygen on the silver surface. The
resu_lts of the analysis of the oxidation of ethylene on the gold surface
showed the reaction on the gold surface would account for about 20%
of the observed total rate of carbon dioxide production. The following
equation was used as the form of the rate expression in the least

squares calculations:

QC s k, c% c™ t5, k

_ 1/2
COZ— Ag Ag~O," c=c A uC c© (23)

O, “c=c

A 2

A multi-dimensional least-squares method described by Deming (6)

was used in all of the calculations. This method considered all of the
experimental variables to have possible errors and weighted the points
according to the magnitudes of the estimated experimental errors.

A derivation of the least-squares equations used in this method is

given in Appendix D. The results of the least-squares analysis of the
rate data obtained from the runs with ethylene-oxygen feed on silver
crystals are shown in Tables 11 through 16. These results are cor-
rected for the contribution of the gold surface to the total reaction
rate. Figures 18 through 23 show the temperature dependence of the
rate constant for the rate equation with first-order ethylene dependence
and 1/2 order oxygen dependence. Analysis of the variance of the fits
of the data with equations with different ethylene and oxygen dependence

did not show any significant differences in the fits so therefore no
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information was obtained on the apparent order of the overall reaction
éfethylene and oxygen to produce carbon dioxide.

Comparison of the curves and their 95% confidence bands in
Figures 18 through 23 showed there was almost complete overlapping
of the confidence bands for the three non-strained crystals as a
group and the three strained crystals as a group. The combined data
for the non-strained crystals and the combined data for the strained
crystals was analyzed for ethylene and oxygen rate dependence in the
same manner as the data for the individual crystals. The same
analysis was performed on the combined data for the six runs. The
results of the least squares calculations for the combined data are
given in Tables 17, 18, and 19. The increase in the variance for the
combined fit of the non-strained crystals as compared to the variances
for the individual fits was not significant at the 5% level of the "F"
test. The same result was obtained for the combined fit of the three
strained crystals. The variance of the combined fit of all six crystals
was significantly larger than the variances of the individual fits or the
combined fits of the non-strained and strained groups of crystals.
Figures 24 and 25 show the temperature dependence for the combined
fits of the two groups. Figure 26 compares the two curves and their
95% confidence bands. Two rate expressions had a slight bit of overlap
of the 95% confidence bands at the extremes of the range of tempera-
tures, but none had any overlap at the 90% level., These results
indicate there was a statistically significant difference in the reaction

rate constant for the non-strained and strained crystals. The ratio of
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the rate constant for the non-strained crystals to the rate constant for
the strained crystals was about 1. 4 for rate expressions which were
zero-order with respect to ethylene and 1. 9 for rate expressions
which were first-order with respect to ethylene. No significant
difference was observed between the activity of different crystal
planes with the same amount of strain. The difference in the activa-
tion energy for the rate constants of the non-strained and strained
crystals was not significantly different. The value of the activation
energy obtained from this work is compared to the values reported by
other authors in Table 21. The magnitude of the reaction rate for the
disappearance of ethylene calculated from the results of this work are

compared with the reaction rates of other authors in Table 20.

Etch-Pit Density and Suriace Deposits

Figure 9 shows a typical deposit on the surface of the crystal
where the incoming feed gases impinged on the surface. Each.
crystal had a similar deposit in this region. The diameter of the
region is about 0. 040 inch. The differences between deposits formed
in the entrance region as compared to the deposits on the overall
surface werc probably the result of the cooler feed gas following
different reactions until it reached the temperature of the reactor.

The area affected in this manner was only about 1% of the total catalyst
area so this should have little effect on the overall results obtained
from the reactor. There was some similarity between the pattern

of heavier deposits outside of the entrance region in Figure 9 for the
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non-strained (110) crystal and the pattern shown in Figure 15- A for
the strained (110) crystal.

Figures 10 and 11 compare the appcarance of the etch pits
before and after the reaction with the surface deposits formed at the
same location for the non-strained and str‘ained (111) crystals. The
etch-pit density in Figure 10-A is 2.9 ><106 pits /cm. 2 and the etch-
pit density of the same surface in Figure 10-C is 7.2 X 106 pits /cm., 2
This corresponds to a 114% increase in the etch-pit density of the
surface after the use of the surface as a catalyst., The etchpit density
of the surface of a strained (111) crystal shown in Figure 11-A is
4.2 ><1O6 pits/cm. 2. Figure 11-C shows this same surface after
the surface was used as the catalyst. Very few pits of definite shape
are seen. These are very distorted when compared to the almost
perfect equilateral triangular pits formed on the surface shown in
Figure 11-A. These photographs show definite changes in the manner
the surface of the (111) crystals respond to the chemical etchinvg
solution after the surfaces were used as catalysts,

Figures 12-A and 12-B show the increase in etch-pit density
of the non-strained (100) crystal surface with use as the catalyst. The
pit density before reaction was 5.1 X 106 pits/cm. 2 and was 2.1 X 10'7
pits/cm. 2 after use in the reactor. This was 300% increase in pit
density. Figures 13-A and 13-B compare the surface deposits on
the non-strained (100) crystal with the etch-pit pattern in the same
location. A longer etching time was used to clearly etch the low-

angle boundary in Figure 13-B. A comparison of the surface deposits
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and the etch-pit patterns on the strained (100) crystal is shown in
Figures 14-A and 14~-B. There is no correlation between the surface
deposits and the low-angle boundaries.

Figure 15-A shows the deposits on the surface of the strained
(110) crystal after use as the catalyst. Figure 15-B shows the same
location after etching. Neither of the (110) crystals were attacked
by the etching solution before use in the reactor. The non-strained
(110) crystal did not etch after use in the reactor, but the strained
(110) crystal etched slightly as seen in Figure 15-B.

The non-strained (110) crystal was used as the catalyst for two
days and the non-strained (100). crystal was used as the catalyst for
three days. The remaining four crystals were used in the reactor for
less than one day. There did not appear to be any relationship
between the amount of deposit on the surface and the length of time
the crystal remained in the reactor. The activity of the surface as
a catalyst did not have any correlation with the amount of depdsit on
the surface.

Cleaning with hexane, methyl alcohol, ethyl alcohol, acetone,
and cthylene dichloride did not remove the deposits from the surfaces.
The deposits on the surfaces prevented microscopic examination of
the surfaces to determine if the reacting gas stream att‘acked the
silver. A light polish lasting about 1 min. was used to remove the
deposits. This amount of polishing removed about 0.001 in. of metal
from the surface. Microscopic examination of the surface after the

light polish did not show any differences from the polished surfaces
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obtained on the crystals before use in the reactor as the catalyst.

Error Analysis

The experimental uncertainty estimated for the measurement
of the flow rate was 1. 2%. The uncertainty estimated for the gas
chromatography analysis of the product stream was 2% of the quantity
plus the minimum detection limit. Temperature variations in the
reactor were of the order of 0.5°C so this was used for the uncer-
tainty in the temperature measurement. A temperature error of
0.5°C contributed about 2% error in the value of the rate constants.
Combination of the estimated errors in all of the variables used in
the calculation of the experimental values of the rate constants gave
an expected error of 10% for samples with high COZ concentrations
and the error could be as high as 40% for samples with very low CO2
concentrations. The scatter in the experimental values of the rate
constants was approximately equal to the expected uncertainty éalcu—
lated from this error analysis.

The standard deviation of the etch-pit density was calculated
from the data used to calculate the average value for the etch-pit
densities. Values of about 25% of the average were obtained. The
etch-pit densities were not uniform over the face of the crystal so the
error in the value for the average density could be larger than the
standard deviation of the counts from a particular area of the surface.

An error of 50% would not seem unreasonable.
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DISCUSSION OF RESULTS AND CONCLUSIONS

The results obtained from this study of the kinetics of the
oxidation of ethylene on a single crystal of silver were somewhat
limited by the effects of reactions occurring on reactor surfaces
other than the silver surface. One of the products of interest,
ethylene oxide, was rapidly oxidized on the gold surfaces of the
reactcr. The rate was fast enough to oxidize almost completely

any ethylene oxide formed on the silver surface.

Oxidation of Ethylene Oxide on Gold

A run with a feed of about 0,03% ethylene oxide, 80% oxygen,
and about 20% helium was made with a gold disc installed in place
of a silver crystal to determine the reactions of ethylene oxide on
the gold surfaces. Carbon dioxide, acetaldehyde, and ethylene or
ethane were detected in the reactor exhaust in addition to the .
reactants. Least-squares fits of various rate expressions to the
experimental data showed the rate of formation of carbon dioxide
was independent of the ethylene oxide concentration. No conclusions
could be drawn from the experimental data on the dependence of the
rate of formation of carbon dioxide on the oxygen concentration
because only one oxygen concentration was used during the run.
These results indicated the rate controlling step of the oxidation of
ethylene oxide on gold could be the absorption of oxygen on the surface,
and the ethylene oxide reacted rapidly with the adsorbed oxygen.

Another possibility which would explain the zero-order dependence
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of the rate on the ethylene oxide concentration would involve rapid
adsorpt'ion of the ethylene oxide on the gold surface and a slower,
rate controlling step of oxygen reacting with the adsorbed ethylene
oxide. The second reaction scheme would seem more reasonable.
The activation energy for the production of carbon dioxide from
ethylene oxide on gold was 9.0 £ 1.3 Kcal. /gm. mole. The stated
uncertainty is the 95% confidence limit for the activation energy
evaluated from the least-squares calculations.,

Attempts to fit the rate of production of the acetaldehyde and
ethylene or ethane found in the reactor exhaust were not successful,
The failure of the attempts at fitting the rates of production of
acetaldehyde and ethylene or ethane was assumed to be the result of
a complex series of reactions being involved in the formation of these
compounds. Fletcher and Rollefson (9) proposed the‘reactions shown
in equations (19), (20), (21), and (22) to explain the thermal decom-
position of ethylene oxide and the increase in the rate of decomposition
of acetaldehyde produced by the addition of small amounts of ethylene
oxide. Ethylene could be formed by the combination of two CH2
radicals produced by reaction (19} and ethane could be formed by
combination of two CH3 radicals produced by reaction (21). Reaction
(20), the isomerization of ethylene oxide to acetaldehyde, would

account for the presence of acetaldehyde in the reactor exhaust.

Oxidation of Ethylene on Gold

Very small amounts of ethylene oxide and acetaldehyde, and

traces of a C~4 and a C-6 hydrocarbon were detected in the reactor
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exhaust in addition to carbon dioxide and the reactants during the
run with 80% oxygen and 20% ethylene on the gold blank. Lehner (19)
reported the formation of acetaldehyde, ethylene oxide, and some
polymerization products of ethylene in addition to carbon monoxide
and carbon dioxide in the homogeneous oxidation of ethylene. Lehner
found the rate of homogeneous oxidation of ethylene was greatly
reduced by short distances between surfaces in the reactor and con-
cluded the homogeneous oxidation of ethylene proceeded by a chain
reaction. No reaction was detected by Lehner below 450°C in
reactors with less than 2 mm. distances between surfaces, The
small amounts of ethylene oxide, acetaldehyde, C-4, and C-6 hydro-
carbons formed in the experimental run could be explained by
assuming some homogeneous oxidation was occurring in the reactor.
Analysis- of the data for the production of carbon dioxide with
ethylene-oxygen feed on the gold surfaces by least-squares methods
did not produce any significant information on the effects of thé
oxygen and ethylene concentrations on the reaction rate because of
the constant feed concentrations. The activation energy for the
formation of carbon dioxide on fhe gold surface was 26,0 = 4.0

Kcal./ gm. mole.

Oxidation of Ethylene on Silver

The series of experimental runs on silver crystals was made
with essentially constant feed composition of about 20% ethylene and
80% oxygen at four different temperatures, 250, 280, 320, and 350°C

to determine the effects of dislocation density and crystal orientation
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on the temperature dependence of the reaction rate. The data for the
rate of production of carbon dioxide was fit to various rate expres-
sions by the method of least squares. There was no significant differ-
ences in the variance of the fits so no conclusions on the order of the
rate equation with respect to the reactants could be made. Examina-
tion of the curves and their 95% confidence bands, Figures 18 through
23, showed there was no statistically significant difference in the
results obtained for the three orientations of the surface, (100), (110),
and (111). A comparison of the combined fit of the data for the three
non-strained crystals with the combined fit of the data for the three
strained crystals showed a significant decrease of the reaction rate

for the crystals which had been strained. The activation energy for the
production of carbon dioxide from ethylene and oxygen on silver was
not affected by the 0. 8% strain used in this work, An activation energy
of 23.0 * 1.8 Kcal./ gm. mole was obtained.

An excellent agreement between the rate of conve rsion.of
ethylene calculated from the results of this work and the rates ob-
tained by other authors is apparent in Table 20. This would indicate
that the crystal surfaces used as the catalyst in this work were not
poisoned. The agreement of the results for the three non-strained
crystals and for the three strained crystals is an indication of the
reproducibility of the surface conditions of the silver crystals. Com-
parison of the value obtained for the activation energy for the pro-
duction of CO2 from ethylene on silver crystals by this work with

values obtained by other authors is shown in Table 21. The value of
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the activation energy agrees very closely with the values obtained by

Kummer (17), Orzechowski and MacCormack (25}, and Wan (36).

FEtch Pits on Silver

The changes in the manner in which the etching solution
attacked the crystal surfaces after use in the reactor are seen in the
appearance of the etch pits shown in Figures 10-A, 10-C, 11-A, 11-C,
12-A, and 12-B. Some change in the etch-pit densities of the crystals
was observed. The values obtained for the etch-pit densities are
given in Table 22. The assumption of a one~to-—one correspondence of
etch pits to intersections of dislocations with the crystal surface,
particularly for the crystals after use in the reactor, was considered
somewhat questionable by Vreeland (34). Difficulties in distinguishing
etch pits from the background pattern on the surface in Figure 10-C
and changes in the shape of the etch pits produced on the surface after
use in the reactor were the basis for his conclusion. Regardless of
the relationship between the etch pits and dislocations, a definite
change in the manner in which the etching solution attacked the crystal

surfaces was observed after the crystal was used in the reactor.

Conclusions

1. The orientation of the crystal planes parallel to the catalyst
surface did not significantly affect the rate of production of carbon
dioxide from ethylene and oxygen on silver as shown in Figures 24

and 25. This conclusion was also reached by Kummer (17) and Wilson,
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Voge, Stevenson, Smith and Atkins (36).

2. The rate of oxidation of ethylene on silver was significantly
reduced by straining the crystal prior to use as the catalyst. The
activation energy, 23.0 Kcal. /gm. mole, was not affected by 0.8%
strain in the crystal. The rate of production of carbon dioxide at
reactor conditions of 260°C, 740 mm., 20% ethylene, and 80% oxygen
feed was reduced from 6. 34 X 10_8 gm. moles/(min. ){(cm. 2') for the

8 gm. moles/(min. ){cm. 2) for the

non-strained crystals to 3.28 X 10~
strained crystals. If a one-to-one correspondence of etch pits to
dislocations is assumed for the crystal surfaces before use in the

6

reactor, the dislocation densities were increased from 2.9 X 10~ to
4,2 X 10° pits /cm. 2 for the (111) crystals and from 5.1 X 10° to
6.8 X 10° pits /cm. 2 for the (100) crystals by the strain of 0.8%. This
would indicate dislocations do not act as active sites for the oxidation
of ethylene on silver but interfere with the reaction in some manner.

3. The deposits which formed on the catalyst surface during
use in the reactor did not affect the activity of the catalyst. The
results of the rate data shown in Figure 24 agree very well even
though the deposits on the surfaces in Figures 11-B, 14-A, and 15-A
show considerable difference in amount and type of pattern formed on
the surface. The lack of similarities between the patterns formed by
the deposits and the patterns produced by the etch pits shows the
regions of the surface which produce etch pits are not the same as the
regions which produce the deposits on the surface.

4, Some changes in the nature of the pitting of the crystal

surfaces by the etching solution were observed after the crystal was
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used in the reactor. This could have been caused by physical changes
of the surface of the crystal or by introduction of impurities into the
crystals during use in the reactor., Wilson, Voge, Stevenson, Smith,
and Atkins (36) found evaporated films of silver which were oriented
with a (110) crystal plane parallel to the surface changed to randomly
oriented films after use as the catalyst for the oxidation of ethylene.
The polishing step which was necessary to prepare the crystals for
etching after use in the reactor removed about 0. 001 inch of metal.

It seems improbable that physical changes produced by reaction could
have extended so deep into the crystal when 77 ev argon ions used by
Sosnovsky (29) only produced physical changes to a depth of 100 A,
Vreeland (34) considered that introduction of impurities into the
crystals during use in the reactor was a more probable explanation

of the change in the way the etching solution attacked the surfaces than
physical changes in the crystal surface,

5. One possible explanation for the decrease in reaction rate
on the strained crystals is that the strain produced more sites where
oxygen could be strongly adsorbed and the increase of strongly ad-
sorbed oxygen reduced the amount of adsorbed oxygen which is

available to react with ethylene.
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RECOMMENDATIONS FOR FURTHER WORK

1. The results of the present work indicate a definite decrease of

~at least 30% in the rate of oxidation of ethylene to carbon dioxide is
produced by 0. 8% strain in the crystals used as the catalyst. Further
work should be undertaken to extend these results to larger amounts
of strain. Studies with crystals which were strained and then annealed

to relieve the strain would also be of interest.

2. Low-energy electron diffraction studies of the adsorption of oxygen
on the surface of single crystals of silver could produce more infor-
mation on the behavior of the adsorbed oxygen. Comparison of the
behavior of the adsorbed oxygen on strained and non-strained crystals
of silver could give some insight into the manner in which the strain
of the crystal affects the rate of catalytic oxidation of ethylene. Since
the selectivity of the silver catalysts for the production of ethylene
oxide was thought to depend upon gaseous ethylene reacting with
different forms of adsorbed oxygen (25, 32), studies of the behavior

of the adsorbed oxygen by low-energy electron diffraction could be
very useful in the further development of the mechanism of the oxidation

of ethylene on silver.

3. The studies of the homogeneous thermal decomposition of ethylene
oxide, the homogeneous oxidation of ethylene oxide, and the homo-
geneous oxidation of ethylene found in the literature (9, 15, 19) were
made before the development of gas chromatography. Further study

of these reactions utilizing gas chromatography could give more
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information on the kinetics and me chanisms of the reactions, parti-

cularly at low conversions.

4. Only semi-quantitative studies of the catalytic activity of gold for
the oxidation of hydrocarbons was found in the literature (27, 28).
Quantitative studies of the catalytic activity of gold for oxidation

reactions could produce some interesting and useful information.,
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A - Frequency factor of Arnhenius equation, gm. moles
(gm. rnoles/cc.)—prnin.~1cn1.—2
- Concentration, gm. moles/cc.
E, - Activation energy, Kcal. /gm. mole
< - Rate constant, gm. moles (gm. nnoles/cc.)_pInino_ cm.
m - Order of reaction rate, dimensionless
o - Order of reaction rate, dimensionless
P - Sum of orders of reaction rate, dimensionlcss
Q - Volumetric flow rate, cc. /min.
R - Universal gas constant, kcal. /(gm. mole)(°K)
S - Surface area, crn.2
T - Absolute temperature, °K
Subscripts
Ag - Refers to silver
Au - Refers to gold
C = C - Refers to ethylene
CO‘2 - Refers to carbon dioxide
EO - Refers to ethylene oxide
T - Refers to total reactor
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Table 9
Results from Least Squares Fits of Data for Rate of Production

of Carbon Dioxide with Ethylene Oxide-Oxygen Feed on Gold

FEthylene : Activation Variance

Oxygen Oxide Energy of
Order Order In A% (Kcal, /gm. mole) Fit
0.5 - 0.0 - 6.0 £1.1° 9.01 +1,3" 0.83
0.0 0.0 -12.0 £1.1 8.42 1.3 0. 86
1.0 - 0.0 | 0.03 1.1 9.60 £1.3 0.81
1.0 1.0 36.8 = 3.9 28.2 4.5 9.2
0.5 1.0 30.8 *=3.9 27.6 £ 4.5 9.3
0.0 1.0 24,8 = 3.9 27.4 £ 4,6 9.5

#Units of A are [ gm. moles (gm. moles/cc.) P min. Lem. —2]

where p is the sum of the orders for the oxygen and ethylene oxide
concentrations.

The uncertainties shown are 95% confidence limits for the constant
calculated from the least squares fit,
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Table 10

Results from Least Squafes Fits of Data for Rate of Production
of Carbon Dioxide with Ethylene-Oxygen Feed on Gold

Activation Variance
Oxygen Ethylene a Energy of
Order Order In A (Kcal. /gm. mole) Fit
0.5 1.0 23.9 = 3,6° 27.3 % 4,3° 17.0
0.0 0.0 3.42 + 4,2 24.3£5,0 25.0
1.0 0.0 15,5 £4,4 25.5 £ 5,2 27.0
1.0 1.0 30.0 =+ 3.8 27.9 £ 4,4 18.0
0.0 1.0 17.9 £ 3.6 26,7+ 4,2 16,0

%Units of A are [ gm. moles(gm. moles /cc. ) Pmin. Lem. —2']

where p is the sum of the orders for the oxygen and ethylene
concentrations.

bThe uncertainties shown are 95% confidence limits for the constant
calculated from the least squares fit.
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Table 11

Results from Least Squares Fit of Data for Rate of Production
of Carbon Dioxide with Ethylene-Oxygen Feed
on Siiver Crystal #1, (111), Non-strained

Activated Variance
Oxygen Ethylene a Energy of
Order Order In A (Kcal. /gm. mole) Fit
0.5 1.0 21.8 il.6b Zl.7=tl.9b 8.9
0.0 0.0 2.32+1.4 20,0+ 1.6 7.5
1.0 0.0 14.2 1.7 20.9 2.0 11.0
1.0 1.0 27.8 £1,8 22.2+ 2,1 10.9
0.0 1.0 15,9 =1.4 21.3 1.7 7.3

%Units of A are [ gm.moles {gm. moles/cc.) Pmin. Lem. -2]
where p is the sum of the orders for the oxygen and ethylene

concentrations.

b

The uncertainties shown are 95% confidence limits for the constant
calculated from the least squares fit.
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Table 12
Results from Least Squares Fit of Data for Rate of Production

of Carbon Dioxide with Ethylene-Oxygen Feed
on Silver Crystal #2, (100), Non-strained

Activation Variance
Oxygen Ethylene a Energy of
Order . Order In A (Kcal. /gm. mole) Fit
0.5 1.0 22.8 £ 2. 3b 23.0 £ 2, 7b 23.
0.0 0.0 2.28 2.6 20.8 £ 3,1 33.
1.0 0.0 14,9 £ 2,5 22.0x 2,9 28.
1.0 1.0 29.8 2,2 23.6 £ 2.6 21,
0.0 1.0 16,7 £ 2.4 22.4 £ 2.8 26.

%Units of A are [ gm.moles (gm.moles/cc.) Pmin. Lem. _2]
where p 1is the sum of the orders for the oxygen and ethylene

concentrations.

b’I‘he uncertainties shown are 95% confidence limits for the constant

calculated from the least squares fit.
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Table 13

Results from IL.east Squéres Fit of Data for Rate of Production
of Carbon Dioxide with Ethylene-Oxygen Feed
on Silver Crystal #3, (111), Strained 0.8%

Activation Variahce
Oxygen Ethylene a Energy of
Order Order In A (Kcal./gm. mole) Fit
0.5 1.0 22.7 =|:1.6b ?.3.5:l:1.8b _ 7.0
0.0 0.0 3.09+1.8 21.2+£ 2,0 9.4
1.0 0.0 15,1 *1.,8 22.5 = 2.1 9.8
1.0 1.0 28,9 1.6 24,1 £1,9 7.2
0.0 1.0 16,6 =1.6 22.8+1.8 6.9

4Units of A are [ gm.moles (gm. moles/cc.) Pmin. Lem. _Z]
where p is the sum of the orders for the oxygen and ethylene

concentrations.

The uncertainties shown are 95% confidence limits for the constant
calculated from the least squares fit.
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Table 14

Results from Least Squai‘es Fit of Data for Rate of Production
of Carbon Dioxide with Ethylene-Oxygen Feed
on Silver Crystal #4, {100), Strained 0.8%

Activation Variation
Oxygen Ethylene Q Energy of
Order Order In A {Kcal./gm. mole) Fit
0.5 1.0 23.2 +1.6" 24,3 % 1, 8" 5.0
0.0 0.0 3.71 £ 1,5 22.3 1,8 5.0
1.0 0.0 16,5 £ 2,0 24,1 2,4 8.7
1.0 1.0 29.6 £1.9 25.3 2,2 7.0
0.0 1.0 16.7 *+1,4 23.5 1.7 4,3

a

b

Units of A are [ gm.moles {gm.moles/cc.) Pmin. “lem. _2]
where p 1is the sum of the orders for the oxygen and ethylene

concentrations. ’

The uncertainties shown are 95% confidence limits for the constant
calculated from the least squares fit.
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Table 15

Results from lL.east Squares Fits of Data for Rate of Production
of Carbon Dioxide with Ethylene-Oxygen Feed
on Silver Crystal #5, (110}, Strained 0.8%

Activation Variance
Oxygen Ethylene a Energy of
Order Order. 1n A (Kcal./gm.mole) Fit
0.5 1.0 21.0 il.lb 21.8:|:1.3b 3.0
0.0 0.0 1.34+1.3 19.5+ 1.5 4.1
1.0 0.0 13.4 =£1.3 20.5 1.6 4,3
1.0 1.0 27.0 =1,2 22,3%x1.,4 3.1
0.0 1.0 14.0 =1.1 21.2+1.3 2.9
arr . -p . -1 -2
Units of A are [ gm.moles (gm.moles/cc.) *© min. ~ cm. 7]

where p is the sum of the orders for the oxygen and ethylene
concentrations.

b'I‘he uncertainties shown are 95% confidence limits for the constant

calculated from the least squares fit,
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Table 16
Results from Least Squares Fit of Data for Rate of Production

of Carbon Dioxide with Ethylene-Oxygen Feed
on Silver Crystal #6, (110), Non-strained

Activation Variance
Oxygen Ethylene a Energy of
Order Order in A (Kcal. /gm. mole) Fit
b b

0.5 1.0 24.7 * 2,3 25,2 = 2.7 19.0

0.0 0.0 4,10+ 1.4 22.1 21,6 7.6

1.0 0.0 15,9 +1.0 22.9x 1,1 3.7

1.0 1.0 30,6 =2.1 25.7 £ 2.4 15,0

0.0 1.0 18,8 2.6 24.8 £ 3,0 24.0
Arr . -p . =1 -2
Units of A are [ gm.moles (gm. moles/cc.) * min. " cm. ~“]

where p is the sum of the orders for the oxygen and ethylene
concentrations.

bThe uncertainties shown are 95% confidence limits for the constant
calculated from the least squares fit.
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Table 17

Results from Least Squares Fit of Data for Rate of Production

of Carbon Dioxide with Ethylene- Oxy%en Feed,
Silver Crystals #1, #2, and #6

Activation Variance
Oxygen Ethylene a Energy of
Order Oxide In A (Kcal/gm. mole) Fit
0.5 1.0 23.1 =1,2P 23.3x1.1P 27.0
0.0 0.0 3.02 £ 1.1 20.9x1,.3 24.0
1.0 0.0 14,0 %1.1 21.9+1,3 21.0
1,0 1.0 29.0 £1.2 23.8x1,4 24,0
0.0 1.0 17.1 £1.3 22.8 % 1.5 30.0

%Units of A are | gm. moles (gm. moles/cc. ) P min. L em. —2]

where p is the sum of the orders for the oxygen and ethylene
concentrations,

The uncertainties shown are 95% confidence limits for the constant
calculated from the least squares fit.
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Table 18
Results from Least Squares Fit of Data for Rate of Production

of Carbon Dioxide with Ethylene - Oxygen Feed,
Silver Crystals #3, #4, and #5

Activation Variance
Oxygen Ethylene a Energy of
Order Order ln A (Kcal./gm. mole) Fit
b b

0.5 1.0 22.1 +1.1 23.0=x1,3 15,0
0.0 0.0 2.49 £ 1.2 20, 7x1.4 17.0
1.0 0.0 14,8 £1.3 22.1 1.5 19.0
1.0 1.0 28.2 x=1.2 23.6 1,4 16.0
0.0 1.0 15,9 x1,1 22.2 1.3 15.0

%Units of A are [ gm.moles (gm. moles/cc. )-p min. -1 cm. _2]

where p is the sum of the orders for the oxygen and ethylene
concentrations.

bThe uncertainties shown are 95% confidence limits for the constant
calculated from the least squares fit.
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Table 19
Results from Least Squares Fit of Data for Rate of Production

of Carbon Dioxide with Ethylene-Oxygen Feed,
All Six Silver Crystals

Activation Variance
Oxygen Ethylene a Energy of
Order Order In A (Kcal/gm. mole) Fit
. b b

0.5 1.0 22,6 £1.6 23.1 1.8 77.0

0.0 0.0 2.28 1.1 20.8 1.3 43.0

1.0 0.0 14.9 +£1,0 21.9+1,2 33.0

1,0 1.0 28.6 *£1.5 23.7 1,7 68.0

0.0 1.0 16,5 x=1,7 22,5%+1.9 87.0
Arr . -Pp .. -1 -2
Units of A are [ gm. moles (gm.moles/cc.) P min. ~ cm. ]

where p is the sum of the orders for the oxygen and ethylene
concentrations,

bThe uncertainties shown are 95% confidence limits for the constant
calculated from the least squares fit,
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Table 20

Comparison of Reaction Rates

Reactor Conditions

20% Ethylene

80% Oxygen

Tempe rature - 260°C
Pressure - 740 mm.

Rate of Disappearance
of Ethylene

(gm. moles /min. cm. 2)
Buntin (3) 1.3 x1078
Kummer (17) 1.1x10°% 2
Orzechowski and MacCormack (25) 6.5 X 10_8
Wan (35) 1.0x1078 P
This work, Non-strained crystals . 3.2 X 10"8
This work, Strained crystals 1.6 X 10_8

&Total reactor pressure 165 mm., 33% ethylene, and 67% oxygen.

Based on an assumed value of specific surface area of 1 m. 2/grn.
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Table 21

Comparison of Activation Energies
for Production of Carbon Dioxide

Activation Energy
(Kcal. /gm.mole)

Buntin (3) 15,0
Kummer (17) 22.9
Orzechowski and MacCormack {25) 20.3
Twigg (32) 10.0
Wan (35) 19.3

This work 23.0



Crystal
#1

#2
#3

#4
#5
#6
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Table 22

Etch Pit Densities of the Crystals

(111), Non-strained

(100), Non-strained

(111), Strained 0. 8%

(100), Strained 0.8%
(110), Strained 0. 8%

(110), Non-strained

Etch Pit Density

(pits/cm. 2)

Before Reaction

After Reaction

6

2.9 X10

6

5.1 X10

6

4,2 X10

6.81 X 10

6

Did not etch

Did not etch

7.2 ><106

2.1x10°

Few definite
pits

6.1 x10°

Slight pitting

Did not etch
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Figure 3. View of Lower Section of Original Reactor
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Figure 12-A. Crystal #f2, Surfaece after Etching
(100) , Non-stralned, Before Use in
Heactor
Magnlfication - xh00O

Figure 12-3. Same lLocatlion as Flgure 12-A
Surface Polished and Etched
After Use in BReacior
Maznification - #300
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Figure 1h-A. Crystal #4, {(100) , Strained 0.8%,
Burrace Deposlts from Use in Reacior
Megrnitleation - x300

Figure 14-B, Same location as Figure 1h-A
Suriace Pollshed and Biched
After Use in Reactor
Magnification - %300
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APPENDIX A. DEVELOPMENT OF GAS CHROMATOGRAPH

Abstract

A gas chromatograph of high sensitivity was developed for use
in a study of the kinetics of the partial oxidation of ethylene on a
silver catalyst. The unit consisted of three columns and three
detectors. A hydrogen-flame detector of high sensitivity was used
for the detection of the oxygenated products of the partial oxidation
reaction and a minimum detection limit of 5 ppm for ethylene oxide
and acetaldehyde was obtained with a sample size of 1 cc. The mini-
mum detection limit for carbon dioxide was 60 ppm, and the detection

limit for carbon monoxide was 200 ppm.

Introduction

Several of the recent studies of the kinetics of the partial
oxidation of ethylene on silver catalysts used gas chromatography
as the method of analysis of the product gas stream {A-2, A-3, A-10).
These applications of gas chromatography had three major disad-
vantages for the proposed study of the partial oxidation of ethylene on
single crystals of silver. They were:

1. Only the main products of the reaction, carbon dioxide
and ethylene oxide, were determined in addition to
ethylene.

2. Relatively large samples (10 cc.) were required.

3. Sensitivity was only moderate with detection limits of

0. 2% by volume.
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Estimatés of the expected conversion for a flow reactor using a
single crystal of silver as a catalyst were calculated from rate

data taken from the literature (A-3, A-8). These ranged from

200 ppm to 0. 5% of ethylene oxide and 400 ppm to 1.0% of carbon
dioxide. Therefore it was necessary to develop a more sensitive
gas chromatograph, preferably one using a smaller amount of sample
and separating and detecting other possible reaction products such as

carbon monoxide, methyl alcohol, ethyl alcohol, and acetaldehyde.

Column Development

Wang (A-12) showed that thermal-conductivity cells in
chromatography had minimum detection limits of 50 ppm for com-
pounds such as oxygen, nitrogen, carbon monoxide, and carbon
dioxide in a 1 cc. sample. Other authors (A-1) reported the hydrogen-
flame-ionization detector could detect quantities of hydrocarbons as
low as 0.1 ppm of ethane in a 1 cc. sample. The major problem, then,
in developing a gas chromatograph which would meet the requirements
for use in the studies of the kinetics of partial oxidation of ethylene
on a single crystal of silver was developing columns which gave the
desired separation.

The reactants and products of the partial oxidation of ethylene
may be divided into the following three categories:

1. Light hydrocarbons and carbon dioxide.

2. Oxygenated hydrocarbon compounds.

3. Light gases - oxygen, nitrogen, methane, and carbon

monoxide.
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Different types of éoiumn packings are required to separate the
members of these three groups. A multiple-column arrangement was
necessary to obtain the desired results. The group of light gases
presented no particular problem since these are easily separated on
columns of either Type 5A or Type 13X Linde Molecular Sieve.

Several column packings were qualitatively evaluated for the
separation of the group of light gases, ethylene, and carbon dioxide.

- These were activated charcoal, silica gel, benzyl nitrate saturated
with silver nitrate, ethylene glycol saturated with silver nitrate,

DC 200-500 silicone oil, and the dimethyl sulfolane, didecyl phthalate-
di-n-butyl maleate combination used by Wang (A-12). The solid
absorption packings did not give reprodﬁcible results for samples
with low concentrations, The partition liquids gave various degrees
of separation. The column combination developed by Wang gave very
good separations with sharp peaks and good reproducibility at low
concentrations; so it was used for the separation of the group of light
gases, ethylene, and carbon dioxide. This column was also used to
check the purity of the ethylene used in the reactor studies.

Tests with various columns showed it was relatively easy to
separate ethylene oxide from ethylene when the ethylene oxide con-
centration was in the range of 1%, but tailing of the ethylene oxide
peak became a problem at lower concentrations. The use of an inert
support such as Fluoropak 80 or Teflon 6 minimized the tailing of the
oxygenated hydrocarbon peaks. Columns of various lengths with
packings of DC 200-500 silicone oil, polyethylene glycol 400,

Carbowax 20, 000, DC 703 silicone oil, XF1150 silicone oil, didecyl
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phthalate, and UCON 50 HB 2000 were tried. A compromise was
necessary in the selection of a column packing for the separation of
ethylene oxide, acetaldehyde, methyl alcohol, and ethyl alcohol
because columns which gave good separation of ethylene oxide and
acetaldehyde had very long retention times for the alcohols. The long
retention times caused spreading of the alcohol peaks. Columns
which gave sharp peaks and good separations for the alcohols did not
separate the ethylene oxide and acetaldehyde peaks. A 25-foot
column packed with 40-60 me sh Teflon 6 coated with 13% of UCON

50 HB 2000 prepared in the manner described by Kirkland (A-7)

gave a reasonable compromise for this separation. The performance
of this column was much better at 70°C than near room temperature.
Several configurations of series, parallel, and switched columns
were tried, and the series-parallel arrangement shown in Figure A-1

gave good performance combined with ease of operation.

Apparatus

The gas chromatograph was constructed around a Loenco
Model 70 gas chromatograph unit which was purchased from Loe
Engineering Co. The original unit was equipped with a single thermis-
tor thermal conductivity-detector and a dual hydrogen-flame-ionization
detector. A Cary Model 31 electrometer was used with the hydrogen
flame detector. The basic unit was modified by the addition of a fan
in the detector oven to improve the temperature control and uniformity
and the replacement of the thermistor detector with a thermal con-

ductivity-cell equipped with tungsten filaments. An additional
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tungsten filament détéctor was added, and a second column oven was
constructed. The hydrogen-flame detector was placed in the separate
column oven. A stream splitter was constructed from stainless steel
tubing and Swagelok fittings. A sketch of this splitter is shown in
Figure A-3. The replacement of the thermistor detector with the
filament detector resulted in a decrease in sensitivity of about one
half, but the improvement in the baseline stability helped offset the
loss of sensitivity. The additional column oven allowed the operation
of the columns at different temperatures. A flow chart showing the
arrangement of the columns and detectors is given in Figure A-l.
This arrangement was selected from several trial systems with
parallel, series, and switched column configurations. The operating
conditions for the system are tabulated in Table A-1.

A Wilkins Electrolytic Hydrogen Generator was used as the
source of hydrogen for the hydrogen-flame detectors. A column, 1 in.
’I.' D. and 12 in. long, of molecular sieve was used to dry the Hydrogen
stream from the generator to prevent condensation of water in the line
to the flame detector. Helium for the carrier gas and compressed
air for the hydrogen-flame detectors were obtained from commercial
cylinders. Columns, 1in. I.D. and 6 in. long, of molecular sieve
were placed in the helium and compressed air lines.

The restrictors furnished by Loenco to control the flow of
air and hydrogen did not perform satisfactory and were replaced
by 1/8 in. Nupro Fine Needle valves. Fischer-Porter rotameters

were placed in the hydrogen and air lines to measure the flow rates
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to the hydrogen-ﬂaine detectors. The addition of the rotameters to
the inlet gas streams leading to the flame detectors greatly simpli-
fied the problem of matching the gas flows to the two detectors.

Temperature programming of the columns was not necessary
for this work so use of the dual-hydrogen-flame detector system was
not necessary. However tests of the dual-flame detector with tem-
perature programming showed it was very effective in canceling the
baseline shift due to increased column bleed with increased tempera-
ture.

Gas samples were introduced into the unit through a Loenco
linear gas-sample-valve. A vacuum pump and manometer were con-
nected to the sample inlet system to allow introduction of samples
from sample bombs at or below atmospheric pressure. A second gas
sample valve was used to introduce samples from the exhaust stream
of the reactor. A flow diagram of the sample introduction system is
shown in Figure A-2.

The stability of the columns used in the unit was very good.
Column I was performing satisfactory after 18 months of continuous
use, and column III showed no appreciable change after 6 months of
service. The section of column II packed with Type 13X Molecular
Sieve served as a trap to protect the more efficient column of Type 5A
Sieve from moisture and bleed of partition liquid from column I,
Column II without the trap section required reactivation after about
six weeks of service, but the same column with the trap section did

not require activation after nine months of service.
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The output of the thermal-conductivity detectors was recorded
on potentiémetric recorders with full scale sensitivities of 1 mv. The
output of the hydrogen-flame detector was recorded on a potenti-
ometric recorder with a full scale sensitivity of 10 mv. FEach
recorder was equipped with an integrator.

Retention times for the various compounds are given in
Tables A-4. Retention times for twenty-seven compounds on
Column III are included as the results of an attempt to identify un-
known compounds which were found in the exhaust gas from the

reactor experiments.

Calibration

Use of a gas chromatograph as a quantitative analytical
instrument requires the knowledge of the sensitivity of the detectors
to the various compounds in the sample. In some cases where the
results can be normalized, it is only necessary to know the reiative
response for the compounds, but in cases where normalization is not
possible, knowledge of the absolute response of the detector is re-
quired. In cases where more than one detector is used it is necessary
to either use absolute response factors or to know the ratio of the
sensitivities of the detectors if normalization is possible. Wang (A-12)
found that the absolute response of a thermistor detector could vary
as much as a factor of three with changes in operating conditions, but
relative response factors were constant within limits of expe rimental

error over the same range. Thus, it was necessary only to deter-
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mine the absolute response of the detector for one component and
calculate the absolute response for the others from the relative
response factors. Wang used a mixture of 5% nitrogen in helium
for the calibration for his work. A mixture of 5% methane in helium
was selected as the calibration standard for this work because
methane was the only compound eluted from each column which gave
a response on each detector.

Messner (A-9) determined relative response factors for a
large number of compounds relative to benzene in both thermistor
and filament detectors and concluded the relative response factor
was independent of type or design of thermal-conductivity detector.
Wang (A-12) determined relative response factors for oxygen,
methane, carbon monoxide, carbon dioxide, ethylene, and other
saturated and unsaturated hydrocarbons of four or less carbon atoms
relative to nitrogen in a thermistor type of the rmal-conductivity cell.
His results agreed reasonably with the Messner's values when con-
verted to the same reference gas.

Mixtures of helium containing about 5% methane as an internal
standard and various amounts of oxygen, nitorgen, carbon dioxide,
carbon monoxide, ethylene, or ethylene oxide were made in 30 £,
stainless steel tanks by evacuating the tanks and measuring the pres-
sure change in the tanks after each addition of each gas. Matheson's
C. P. grade methane, carbon monoxide, carbon dioxide, ethylene,
Bone Dry grade carbon dioxide, 99.7% minimum purity ethylene

oxide, Linde's 99. 7% minimum purity nitrogen, 99. 5% minimum
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purity oxygen, and‘99. 99% minimum purity helium were used in the
calibration mixtures.

The changes of absolute pressure in the tanks were measured
on either a manometer filled with silicone oil or mercury. DC 200-50
gilicone 0il was used in the 0il manometer. The height of the fluid in
the manometers was measured to * 0.05 cm. with a cathetometer.
Manometers which indicated the absolute pressure in the system were
necessary because atmospheric pressure in the lab varied considerably
during the time required to mix a sample. The oil-manometer design
developed by Hayward (A-6) was used to allow complete outgassing of
the manometer fluid. Very erratic behavior of the manometer con-
taining silicone oil was observed when the fluid was not completely
outgassed.

The composition of the resulting gas mixture was calculated
from the series of total pressure changes during the mixing process
by four different methods of handling the equation of state of a multi-
component gas mixture. These were:

1. Ideal gas.

2. Dalton's Law of Additive Pressures and Compressability
Factors.

3. Amagat's Law of Additive Volumes and Compressability
Factors.

4. Kay's Pseudocritical Constant Method.
The compositions of the mixtures calculated from each of these four
methods agreed to three significant figures which was better than the

expected experimental accuracy so the value obtained from the ideal
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gas calculation was used as the composition of the mixture.

Wang (A-12) defined the absolute response of a detector as:
K, = n,/A, (A-1)
The relative response of a component was defined as:

N. = Ki/K

. (A-2)

Therefore the number of moles of a component that passed through

the detector was given by:
Ay
P = Kora™ihs = N\ A7 7 Psta (A-3)

Wang's results showed the relative response factor Ni was a linear
function of AiKstd for hydrogen and various C-4 hydrocarbons and
was a constant for the light gases and hydrocarbons up to C-4's,
The experimental results from this work were fit to a second
order equation with the multi-variable, least-squares method des-

cribed by Deming (A-4). The equation had the form:

jn]
1]

( A, \ ( A, )2
=L, +N, |l =—— n ) +M.\ ——n (A-4)
i i i Astd std i Astd std

B
H

PVy,/RT (A-5)

where the peak areas, sample temperature, and sample pressure
were considered to have possible experimental errors. This least

squarés method is discussed in more detail in Appendix D, The
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constant term in th‘e equation allows for the possible loss of a com-
ponent on the column, and the second order term corresponds to the
non-linear behavior of the relative response factor. Only the linear
coefficient was found to be statistically significantly different from
zero at the 95% confidence level for the compounds studied in this
work. The values of the relative response factor of a given com-
ponent for different calibration mixtures were averaged using
Deming's least-squares method with the relative response factor

and the mole fraction of the component and of methane considered to
have possible errors. Experimental uncertainties of the mole
fractions were calculated from estimates of the accuracy of the

pressure measurements, and the standard deviation of the relative
response factors was obtained from the first least-squares fit.
These were used to weight the average so the earlier calibration data
where the experimental accuracy of the composition of the gas mixture
was lower could be combined with data taken later when the aécuracy
had been increased by the use of the manometers which indicated the
absolute pressure of the system and the increased sensitivity of the
manometer filled with silicone oil. The values of the relative
response factors with their 95% confidence limits are given in

Table A-3., Values of relative response factors for acetaldehyde,

an unsaturated four carbon hydrocarbon, and a six carbon hydro-
carbon which were found in small amounts in the exhaust gas from
the reactor experiments were estimated for the hydrogen-flame

detector from data given by Sternberg (A-11) and Ettre (A-5). These
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estimated values are also given in Table A-~2.

Results and Conclusions

The main result of this work in chromatography was the
development and calibration of a gas chromatograph unit for use in
a study of the kinetics of the partial oxidation of ethylene on silver.
The major requirements imposed by the proposed kinetic study on
the performance of the unit were satisfied. These requirements
were:

1. High sensitivity.

2. Small sample size.

3. Analysis for possible reaction products in addition to the

main products and reactants.
The unit has the minimum detectable limits shown in Table A-5 for
a gas sample of 1 cc. measured at room conditions. Retention
times for various hydrocarbon compounds are given in Table A—4.
Relative response factors for the unit are given in Table A-2.

In addition to the main objectives of the study, the indepen-
dence of the relative response factor on the type and design of thermal
conductivity cell proposed by Messner (A-9) and confirmed by Wang
(A-12) was further substantiated. The values of the relative response
factor determined in this study are compared with the values of
Wang and messner in Table A-3. These agree within the experi-
mental error for most of the compounds studied. The linearity of
the relative response factors for oxygen, nitrogen, carbon monoxide,

carbon dioxide, and ethylene over a wide range of concentrations
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which Wang reported for the thermistor, the rmal -conductivity
detector was also observed for the tungsten-filament, thermal-

conductivity detector.

Recommendations

The gas chromatograph described in this report worked very
satisfactorily during the kinetic studies of the partial oxidation of
ethylepe on silver, but certain changes could be made to improve its
performance.

(1) The signal to noise ratio of Detectors I and II was suffi-
ciently high to allow the output signal from these detectors to be
amplified as much as a factor of 10 and still give a reasonably stable
baseline. DC amplifiers have been obtained for this purpose
and should be added to the output circuits of these detectors.

(2) Three unknown compounds in the reactor exhaust stream
were observed on Detector III in low concentrations (about 1 ppm.).
These were tentatively identified as an unsaturated four carbon
hydrocarbon and two six carbon hydrocarbons. The addition of
anothe r flow splitter and hydrogen-flame detector at the end of
Column I could probably detect the low concentrations of these un-
known compounds, This additional detector would give retention
times on another column which should give a more definite identifi-
cation of the se compounds.

(3) The separation of acetaldehyde and ethylene oxide on

Column III was adequate for the concentrations of acetaldehyde
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encountered in the experimental phase of this project, but could be
inadequate for large concentrations. Further work on a column for

this separation could be very beneficial.
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NOMENCLATURE

A - Chromatogram peak area, ‘integrator units

K - Absolute detector response, gm. moles /integrator unit
L - Constant in equation A-4, gm. moles

M - Constant in equation A-4, 1/gm. moles

N - Relative response factor, dimensionless

n - Amount of component in sample, gm. mole

P

Sample pressure, cm. of mercury
R - Gas constant, 62, 361 cm. 4r/grn. mole °K

T - Temperature of sample, °K

i

V - Volume of sample, cc.

v - Mole fraction

Subscripts
i - refers to component i

std - refers to standard component
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Table A-1

DESCRIPTION OF COLUMNS AND CHR OMA TOGRAPH
OPERATING CONDITIONS

Carrier gas - Helium

Sample size -~ 1 cc.

Total carrier gas flow rate - 60 cc. /min., 27°C, 1 atm.

Carrier splitting ratio - 5:1 parts by volume, Columns I &II:Column III

Column I - 8 ft. of1/4 in. copper tubing packed with 30% di-n-butyl
maleate on 30-60 mesh Chromosorb P followed by 35 ft.
of 1/4 in. copper tubing packed with 3. 5% didecyl
phthalate, 33% dimethyl sulfolane on 30-60 mesh

Chromosorb P; Column temperature - 30°C.

Column II - 4 ft. of 1/4 in. copper tubing packed with 30-60 mesh
Linde Molecular Sieve Type 13X followed by 5 ft. of
1/4 in. copper tubing packed with 30-60 mesh Type 5A

Mpolecular Sieve; Column temperature - 30°cC.

Column III - 25 ft. of 1/8 in. stainless steel tubing packed with 13%
UCON 50 HP 2000 on 40-60 mesh Teflon 6 Molding

Powder; Column temperature - 65°C,

Detector I - Tungsten filament,thermal-conductivity cell, 120 ma.

bridge current, temperature - 55°C.

Detector II -~ Tungsten-filament, thermal-conductivity cell, 120 ma.

bridge current, temperature - 55°C,

Detector IIT - Hydrogen-flame-ionization detector
Hydrogen flow rate - 12 cc. /min. ; 27°C, 1 atm.
Air flow rate - 250 cc. /min; 270C, 1 atm.
Collection voltage - 300 volts
Electrometer input resistor - 1010 ohms

Tempe rature - 65°C
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Table A-3

COMPARISON OF RELATIVE RESPONSE FACTORS

Component | This Work Wanga Messnerb
Nitrogen 0.852 - 0.899 0.855
Oxygen : 0.927 0.963 0.897
Carbon monoxide 0. 829 0.914 0.855
Carbon dioxide 0.773 0.763 0.752
Ethylene 0.720 0.724 0.752

®Wang, Y. L., Ph.D. thesis, Calif. Inst. Tech., Pasadena, Calif.
(1963).

bMessner, A. E., Rosie, D. M., and Argabright, ¥, A., Anal. _Chem.,
31, 230 (1959).
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Table A-4

(Column Operating Conditions Given in Table A-1)

Column I

Column I

Oxygen, Nitrogen, Methane,
Carbon Monoxide?@ .

Ethane, ethylenea .

Carbon dioxide .
Acetylene
Methyl acetylene

Butadiene

I

Oxygen .
Nitrogen .
Methane .

Carbon monoxide .

Column III

Hydrocarbons

Methane .

Ethane, ethylene 2.

Acetylene
Propane .
Methyl acetylene
Isobutane
Normal butane
1-Butene .
Trans~2-butene .
Cis-2-butene .
Isobutylene .

Butadiene

aComponents eluted as one peak.

Hydrogen

7. 96 minutes
9.29

10. 65

18.0

38.0

45,0

9. 6
11. 4
12.9
23.5

3.90
4,24
5.19
4.83
11.0
5. 64
6.19
6. 68
7.30
7.97
6.48
8. 34
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Table A-4 (Continued)

Normal pentane . . . . . . . . . . .. 9.6
2, 2 dimethyl butane . . . . . . . . . . 11.3
Normal hexane . . . . . . . . . . ... 16.1
Hexene . . . . « . « « « « o « o & .. 17.7

3-hexyne . . . . . .+ « .+ v 40 . 38.7

Oxygenated hydrocarbons

Methyl alcohol . . . . . . . . . . . . 20.1
Ethyl alcohol . . . . . . . . . . . .. 34.1
Acetic acid e e e e e e e e e e 43.1
Ethylene oxide . . . . . . . . . . . . 13.2
Acetone. . . . . . . . o 0 .00 .. 25.3
Methyl-ethyl ketone . . . . . . . . . . 52.0
Diethyl ketone . . . . . . . . . . . . 81.4
Acetaldehyde . . . . . . . . . L . L. 11.9

Ethyl ether . . . . . . . . o . o o L. 13.3
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Table A-5
ESTIMATED MINIMUM DETECTION LIMITS
(1 cc. Sample)
Detec‘tor I
Ethylene - 60 ppm

Carbon dioxide - 60 ppm

Detector II
Oxygen - 80 ppm
Nitrogen - 80 ppm
Methane - 120 ppm

Carbon monoxide - 200 ppm

Detector III
C-4 hydrocarbons - 0.3 ppm
C-6 hydrocarbons - 0. 5 ppm
Acetaldehyde - 5 ppm

Ethylene oxide - 5 ppm



-121-

 sog

i

L 1030938

Ir uwinjo) |

T 1019918Q

T _cEscu

ﬂ&mnmoﬁmﬁo,nsu JO jaeyD MOTJ -V oand1a

s+ uabouphAH

T J0309j9q
TT uwnjo) .
OA[OA BpoaN
auly 1o -
oidnN ydu-gI/1 N wajsig
. uoHonNpoLU|
9jdwog
~ Japids

D 4911109

181110
90Ud19)9Y

$49]]0HUOD MO| 4




-122-

" Loenco Gas Sample Valve

Sample Loop

-Carrier Gas —» —>Columns

By-PassLoop

Three-Way Stopcock [ Stopcock

Vacuum -12-5 O-Ring jo.in'r

\_/ Mercury Manometer

Figure A-Z. Flow Chart of Sample Introduction System
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COLUMN II

/BORED THROUGH 1/8 TO /16 =inch

SWAGELOK REDUCER

A

SAMPLE VALVE

Figure A-3, Sketch of Flow Splitter
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APPENDIX B, EFFECTS OF DIFFUSION IN A RADIAL FLOW
REACTOR

One of the major objectives in the design of the reactor for
use in the kinetic studies of the partial oxidation of ethylene on a
single silver crystal was to provide a flow geometry with sufficient
symmetry to allow a detailed mathematical study of the effects of the
flow pattern and diffusion on the results of the kinetic experiments.
The reactor design selected had a parallel disc geometry with the
reactant gas feed at the center of one disc and flow in the radial
direction to the edges of the discs. Single silver crystals for use
in the reactor were obtained in the form of cylinders with a diameter
of 1/2 in. and a length of 1/2 in. They had been grown with a parti-
cular crystal plane parallel to the cylindrical face of the crystal.
This surface was polished and used as the catalyst. The crystal was
mounted in the reactor with its axis coinciding with the axis of the
pérallel disc geometry and the other disc was constructed of quartz
in the original reactor design and of gold in the second reactor design
in attempts to obtain a non-catalytic surface. In the original design
the total disc diameter was twice the diameter of the silver crystal
and in the second design it was only slightly larger than the crystal
diameter. The effects of flow and diffusion in this reactor geometry
are discussed in this appendix. As a result of these calculations a
change in reactor size in addition to a change in construction material

was made in the design of the second reactor.
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Velocity Profile

Bird, Stewart, and Lightfoot (B-1) have discussed the following
differential equation which describes the steady, laminar, incom-
pressible, radial flow of a Newtonian fluid between parallel discs

neglecting entrance effects:

2
1 2 (1 1\ T2\ d“
z PP (—2 ol R L 1”(?) 2 (B-1)
r, g 1/ d=z
¢=rv, (B-2)
Boundary Conditions
- - d¢ _ - <
¢ =0, z-:tzo, dZ—O, z =0 rl_<_1~__r2

They presented the solution of this differential equation for the
"creeping flow" case where the non-linear term representing the

inertia of the fluid is neglected:
5 :
Zo(Pl - PZ) 5\ 2
q>cf - 2pin v/t L- z_ (B-3)
2’71 o]

Equation B-1 was solved nume rically by an iterative procedure based
on the method described by Fox (B-3) for solution of two-point boundary
value problems. The results for a representative case are shown in
Figure B-1. The per cent error introduced by the use of the creeping
flow solution and the error introduced if the exact solution is approxi-
mated by a parabolic profile with the same average value are showr in
Figure B-2. The results show that in the range of flow rates used in

the microreactor about 0. 6% error is introduced by the use of the
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creeping-flow approximation for radial flow between parallel discs,
aﬁd only about 0.1% error is introduced by the use of a parabolic
approximation with the same average value as the exact solution.
‘Since the average velocify could be calculated directly from measure-
ments of the volumetric flow rate, the parabolic approximation was
the most convenient for use in estimation of the flow pattern in the
reactor as well as a very good approximation to the exact solution.
This approximation was used in the calculation of the effects of
diffusion of the reactants and products to and from the catalyst sur-
face. An estimate of the distance required to establish a velocity
profilethat was fully developed was obtained from Schlichting (B-5)
for the entrance region for linear flow between flat plates. This
value of 7 X 10-7 in. shows the entrance effects to be very small for
parallel plates under these conditions so it seems reasonable to
assume the entrance effects may be neglected in the radial—ﬂoyv,

parallel disc geometry.

Diffusion
The following assumptions were made about the conditions in
the parallel-disc microreactor for the consideration of the effects of
diffusion on the observed kinetic results:
1. No entrance effects.
2. Laminar flow.
3. Uniform temperature,.
- 4. Steady state.

5. Symmetry about the axis of the reactor.
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6. Low conversion and therefore uniform viscosity,
specific volume, and diffusion coefficients.

7. No effect of diffusion on the velocity profile.
The partial differential equation describing a material balance on

‘component i is given by:

. BO‘i
“V‘mi'l'Ri:—a—E— (B—4)

which reduces to the following equation for steady state:

-V m +R; =0 (B-5)

The mass flux of component i expressed in terms of the Fick

diffusion coefficient is:

m, =0,V - DF, iv o, (B-6)

Equations B-5 and B-6 can be combined with the assumptions to give:

D_ . oo, 9 o,
F,i o i)_ i, 19 L _
ST Br (r 5t ) Pri o2 Trar o) =Ry (BT

with the boundary conditions:

.= 0. = -y S =gz
crl o ,0 at r r1 s o °
Bo‘i
—— = - >0

5% 0 at =z Z, > r
80‘i RS
— = = > >

P D) at z =2z, r.>r 0

When diffusion in the direction of flow is neglected, the homogeneous

reaction is zero, and the velocity profile is assumed to be flat the
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following definitions of dimensionless variables may be made, which
reduce equation B-7 to the following differential equation and

accompanying boundary conditions:

21TDF irz
Rl o (B-8)
’”'SDF if% %, 0 |
b= z Q g. -0, (B-9)
o) i,oo "i,o0 -
- 2 -
w = z (B-10)
8%y
i) (B-11)
: w
=0 atM=0, -1=w=1
g—:E = 0 at w = 'l ’ 112 0
2
ZTrDF,irO

oy -1,0=n=___E,i o
5u, 1 at w=1, n ZOQ

Equation B-11 with its boundary conditions was solved with the use of

Laplace transforms to give:.

n _ [1+0\? 1 400'(-1)n 1+ w n%nln
LA "3‘—72 z ©°° n“( 2) S|
T

n=1 ©
- (B-12)

Figure B-3 shows the dimensionless concentration profiles obtained
from this solution.
When the parabolic velocity profile was substituted into

equation B-7 and the same dimensionless variables we re defined, the
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following partial differential equation was obtained with the same

boundary conditions as equation B-11:

2
S0-0?) g - -z-:-g (B-13)

This equation was solved numerically on the IBM 7094 Digital Com-
puter using a method described by Longwell (B-4). The dimensionless
concentration profiles obtained from the numerical solution are shown
in Figures B-4. Figures B-3 and B-4 show the concentration profile is
fully developed for mn greater than 8 and the variation in § across
the slit is from 4.67 to 5. 67 for the flat veloéity profile and from
4. 76 to 5. 76 for the parabolic velocity profile. The value of 1 at
the outer radius of the silver crystal was in the range of 2400 so the
variation in y was a change in the fifth place which indicated diffusion
across the slit was sufficiently rapid to not affect the kinetic results
obtained from the reactor.

In the casss considered above, it was assumed that diffusion
in the radial direction, the direction of flow, could be neglected and
diffusion across the slit was considered. The other extreme case for
flow between parallel discs will be considered now: If it is assumed
that diffusion in the axial direction is very rapid so that gradients
in the axial direction may be neglected and the velocity profile is flat,
then equation B-7 reduces to:

_DF,iclo.__i<d°-i)+ Q dr;

r dr T dr 41'rzor dr

= - Ri (B-14)

where the volumetric rate term now includes any catalytic reactions
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on the surfaces of the discs expressed in volumetric units. In the

exhaust region where Ri = 0 equation B-5 gives:
(rm. )=c¢ (B-15)

Therefore the combination of equation B-15 and B-6 gives:

do.
c

1 = e (B—lé)

o - DF,i dr T

Equation B-16 can be integrated by the use of an integrating factor to
give:
(75577)
. c147rz0DF e 4TrZoDF,i (B-17)
i Q 2
Since the concentration must be finite as the radius goes to infinity,
c, = 0; therefore the concentration must be uniform from the region
where the reaction rate drops to zero to the exhaust of the reactor.
A material balance across the interface between the reacting region
and the non-reaction region shows that the derivative of the concen-
tration is zero at this point in the reacting region if the diffusion
coefficient is non-zero. Studies of the partial oxidation of ethylene
on silver reported in the literature have indicated that in the range
of conditions of interest the reactions other than the ones occurring
on the silver surface were negligible, So equation B-14 was solved
for the case where the reaction rate was uniform in the catalytic
region and was zero in the remainder of the reactor. The reaction
rate was considered uniform because planned experimental work

would use excess amounts of reactants and the expected conversion
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was low. Equation B-14 can be rearranged into the form:

d%,  , do, R,
- = = - (B-18)
er r dr DF,i
where
Q
Az _1 =p-1
41rzODF

This equation can be integrated by the use of an integrating factor to

give:
2
c—vy as A — oo (B-19)
c=vy%1-21lny) A=1 (B-20)
2 1+A _ 1+A 2 i}
c= Y T & Y A+ 1 (B-21)
where:
c = " Yi,0 _ T
o - 0. S A
i,oo "i,o0 c

The average change in the concentration in the reactor can be based
on either an area average or a radial average which can be determined

from the radial concentration profiles. These average values are

given by:
_ At 4 _
€avg, radial - 3(A + 2) (B-22)
A+5 (B-23)

Cavg, area 2(A T3

Radial concentration profiles calculated from equations B-19, B-20,

B-21 are shown in Figure B-5. Average values of the concentration
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change :c\s a function of. m are shown in Figure B-6. The expected
‘operating conditions of the reactor gave a value of f of about 0.5
which shows diffusion in the radial direction could be important in
the interpretation of the kinetic results obtained from fhis reactor.

Preliminary experimental runs in the microreactor indicated
that there were unexpected side reactions of the ethylene oxide in the
reactor so the combined effects of the side reactions removing com-
ponent i am‘i diffusion in the direction of flow were investigated. A
first-order reaction was assumed for the side reaction, and the cataly-
tic reaction rate was assumed to be uniform over the surface of the
crystal. The analytic solution equation B-18 for this case consisted
of some rather unusual Bessel's functions which would be difficult to
evaluate; so solutions were obtained numerically on the IBM 7094 Digi-
tal Computer using the method of solving two-point, boundary-value,
differential equations described by Fox (B-3). Results of the numeri-
cal solution with a catalytic rate of production estimated from the re-
sults for the partial oxidation of ethylene given by Buntin (B-2) and a
first-order rate constant estimated from the preliminary experimental
runs for the rate of disappearance of ethylene oxide are given in
Figure B-7.

These results showed the concentration profile over the catalyst
was greatly affected by the side reaction in the remainder of the reactor
when the effects of diffusion were taken into consideration. Continuation
of the solution out to the exhaust of the reactor and from the outer
radius of the crystal to the end of the sample tubes showed with this

rate of disappearance of ethylene oxide the amount which would appear
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in a sample or in the exhaust stream would be only 1 to 3% of the
amount which would be obtained with no side reactions. These results
indicated the reactor design would have to be changed if ethylene oxide
‘was to be detected in the reactor. Two changes were made to try to
reduce the undesired reactions of the ethylene oxide. The first was a
change of material for use in the construction of the new reactor. A
literature search showed gold was probably less active as an oxidation
catalyst than most metals so gold was selected for the material for
use in the head of the reactor and the feed and exhaust tubes. The
second change was to reduce the total area in the reactor so there
would be a larger fraction of the reactor area used as the catalyst for
the desired reactions and a smaller fraction available for undesired,
side reactions. Calculations of the concentration profile with the new
design showed that if gold had the same catalytic activity as quartz
for the reactions causing the disappearance of ethylene oxide then the
concentration at the outer radius of the catalyst would be reduéed
only 2% and the value obtained at the exhaust of the reactor would be
92% of the value at the edge of the catalyst. This concentration profile
is shown in Figure B-8., Later experiments showed the rate of
ethylene oxide oxidation on gold was greater than on quartz and
ethylene oxide could only be detected in very small amounts in the
exhaust of the second reactor.

Nume rical solution of equation B-7 for the combined case with
diffusion in the axial direction and in the radial direction was attempted

but no results were achieved due to instabilities in the methods used.
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Discussion of Results and Conclusions

| The results of the solution of the non-linear, differential
equation which describes the steady, laminar, incompressible,
radial flow of a Newtonian fluid between parallel discs neglecting
entrance effects showed a parabolic velocity profile gave a very good
approximation to the exact solution when the average velocity of the
parabolic profile was the same as the average of the exact profile.
An estimate of the distance required to establish a fully developed
flow profile for the expected reactor conditions showed entrance
effects were negligible.

Consideration of diffusion in the axial direction to and from
the catalyst surface showed that for the geometry of the reactor and
the expected range of experimental conditions, diffusion in the axial
direction was sufficiently rapid so that there should have been no
effect on the rate of the surface reactions.
| Diffusion in the direction of flow was found to have a significant
effect on the radial concentration profile for the expected range of
operating conditions. Side reactions of the products of the reaction
downstream from the catalyst were neglected in this calculation, and
correction curves for converting the total concentration change to the
average concentration over the surface of the catalyst were calculated.

The effects of diffusion in the direction of flow combined with
reactions of the desired products on surfaces downstream from the
catalyst were considered in the reactor geometry used in the original

design when preliminary experimental reactor runs indicated these
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reactions were 1argé enough to seriously affect the amount of product
in the reactor exhaust stream. ~These calculations showed the side
reactions were large enough to almost completely remove the desired
product of the reaction. ‘Calculations based on the same operating
conditions and rates of reaction showed the new reactor design should
have greatlsr reduced this effect.

Results were not obtained for attempted numerical solutions
of the case of diffusion in the axial and radial directions because of
instabilities in the methods used to obtain the solutions. The results
of the studies of diffusion in the axial and radial directions separately
indicated that the reactor would be operating in a range where axial
diffusion effects were very small and radial diffusion effects were
large. Therefore radial concentration profiles obtained neglecting

axial diffusion were considered adequate for use in making any neces-

sary corrections to the kinetic results obtained from the new reactor.




~136-

REFERENCES

Bird, R. B., Stewart, W. E., and Lightfoot, E. N.,
"Transport Phenomena, " p. 114, John Wiley & Sons, Inc.,

- New York, New York (1960).

Buntin, R. R., Ph.D. thesis, Purdue University (1961).
Fox, L., "The Nume rical Solution of Two Point Boundary
Problems in Ordinary Differential Equations, " Oxford Univ.
Press, London (1957).

Longwell, P.A., A. I Ch. E. Journal, 3, #3, 353 (1957).

Schlichting, H., "Boundary Layer Theory, " p. 147, McGraw-
Hill Book Co., Inc., New York (1955). ‘




H

oo™ R

[ad

~137=
NOMENCLATURE
dimensionless parameter defined in eq. B-18

dimensionless concentration

differential operatd r, dimensionless

- Fick diffusion coefficient, cm. 2/rnin.

natufal logaritm, dimensionless
material flux, 1b. /ft. 2 sec.
pressure, 1b. /ft. 2

volumetric flow rate, ft. 3/sec.

radius, ft.

- radius of catalyst,  ft.

specific volumetric reaction rate, 1b. /ft. 3 sec.

specific surface reaction rate, 1b. /ft. 2 sec.
time, sec.

velocity, ft./sec.
dimensionless velocity, V/Vmax
dimensionless radius, r/rC

axial distance, ft.

one half of distance between discs, ft.
radial flow Peclet Number, Q/4:TrZODF
partial differential operator

dimensionless radial distance, ZTrDEirZ/on
viscosity, 1b. sec. /ft. 2

density, 1lb. sec. 2/ft.4

concentration, 1b. /ft. 3
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¢ - flow variable, v/r, ft..z/séc.

4 ¢ - dimensionless concentration, (wr(Z:DF’i/on){(o-i—o-io)/(o-ioo-o-io)}
w - dimensionless disc spacing, Z/Zo
- Subscripts
1 - at the inner radius of the discs
2 - at the outer radius of the discs
i =~ refers to compdnent i
r - component of vector in radial direction

cf - creeping flow case

0 - initial value
00 - refers to value at the exhaust of the reactor
Superscripts

~> - denotes a vector
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AREA AVERAGE

<—RADIAL AVERAGE

_ Figure B-6.

“PECLET NUMBER, B8

Effect of Peclet Number on Average Radial
Concentration Change
No Side Reactions
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APPENDIX C. POLISHING AND ETCHING OF SILVER CRYSTALS

Int roduction

The étudy of the partial oxidation of silver on ‘single crystals
with particular emphasis on the effects of the crystallographic
orientation of the surface of the silver crystal exposed as the catalyst
and the dislocation density of the exposed surface required careful
preparation of the silver surface. The method used to prepare the
surface of the crystal for etching or for use in the reactor and

etching technique is discussed in this Appendix,

Source of Crystals

The crystals used in this work were purchased from the Unimet
Company, Arlington, Massachusetts. They had been grown as 1/2 in.
cylinders from silver with a minimum purity of 99. 99%. The
crystals were reported by the manufacturer to be oriented with a
specified crystal plane within #* 2° of normal to the axis of the cylin-
der. The crystals were cut into half-inch lengths by the manufacturer
with an electric-spark; cutting device to minimize the amount of
strain introduced into the surfaces. Three crystallographic orienta-
tions, (100), (110), and (111), were purchased for use in the study.

| The reactor design was selected so that a crystal only required

polishing of the end of the cylinder prior to use in the reactor.
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Polishing of Crystais
- A chemical polish had been developed by Levinstein and
Robinson (C-3) for use on single silver crystals prior to etching
for measurement of dislocation density. Their application of the
chemical pblish required mechanical preparation of the surface
before polishing. Gilpiﬁ and Worzala (C-2) developed a method for
chemical polishing silver crystals which produced a flat, strain-free
surface with rapid removal of silver. A nylon-covered polishing
wheel was used to circulate a modified version of the Levinstein
polishing solution over the surface of the crystal. The crystal was
held in light contact with the wheel by a spring-loaded shaft., The
specimen was rotated slowly. They suggested the use of a solution

of 100 ml. of saturated CrQO,, 800 ml. of water, and 45 ml. of 10%

3
HC1 for the rapid rate of removal of metal with minimum attéck of

the polishing cloth. This method of polishing silver crystals re-
moved the metal at a rate of 0, 001 in, /min. No other preparation

of the surface was necessary to produce a polished surface for either
use in the reactor or for etching purposes. The crystals were washed
in concentrated NH4OH after thé polishing step to remove silver

chromate and silver chloride which might have remained on the

surface., Both compounds are soluble in concentrated NH4OH (C-1).

Etching of Crystals

Levinstein and Robinson (C-3) had described a method of

etching to reveal dislocations in additon to a chemical polishing method.
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Their basic etching s‘olubtionvcontained 5 parts by volume of concen-
trated NH,OH and 2 parts of 39% H,0,. Samples were etched for 5
to 45 seconds in this solution. A modified solution for producing

" smaller etch pits on crystal surfaces with high dislocation densities
was also suggested and contained 5 parts concentrated NH4OH, 1 part
30% HZOZ; and 0. 08 part by volume of a solution containing 5 gm.
Cr03, 25 ml. of Water, and 0.5 ml. of concentrated HC1l. Levinstein
and Robinson investigated the relationship between etch pits produced
by these solutions and dislocations and reported a one—to-onev corre-
spondence.

Only the (100) and (111) crystal planes were mentioned in the
paper by Levinstein and Robinson. Attempts to etch the (110) crystal
plane with these solutions were made during this work, and apparently
the (110) plane was not attacked by these solutions. The polishing
solufions did work on the (110) plane as well as on the other two
planes. The etching solution produced pits with shapes chara'cte ristic
of the crystal plane; square pits were produced on the (100) plane and
equilateral triangles were produced on the (111) surface. The etching
solution was also sensitive to angular deviations from the (111) crystal
plane. A maximum of 2.5 degrees deviation from the (111) plane was
allowable for the pits to still have a distinguishable shape was reported

by Levenstein and Robinson,

Photomicrographs

Photomicrographs of the etched silver crystals were made

using a Bausch and Lomb Model DM metallurgical microscope and a
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Bausch and Lomb Mddel L camera. The camera was equipped with a
4 X 5 in, Polaroid Land film holder. Polaroid Type 55 P/N film was
used with this holder to produce both a Polaroid print and a negative.
The microscope was eqbuipped with a micrometer stage to allow
positioning of the silver crystal for photomicrographs of the same

area before and after an operation.

Dislocation Density

Five areas of 0.0625 in. 2 each were selected at random on
the photomicrographs. The average of the number of etch pits in
these areas was converted to a value for the density of etch pits by
multiplying by the square of the magnification of the photomicrograph
and div;iding by the area in sq. cm. If a one-to-one correspondence
of etch pits to dislocations is assumed, then the dislocation density

is equal to the etch-pit density.

Results

The chemical-polishing apparatus described by Gilpin and
Worzala (C-2) was found to work satisfactorily on the single silver
crystals used in this work. The rate of removal of metal was suffi-
ciently rapid that mechanical preparation of the crystals was un-
necessary to produce a polished surface on the face of the cylindrical
crystal.

The etching solution developed by Levinstein and Robinson was
not found to etch the (110) crystal plane of silver. The (100) and (111)

crystals obtained from the Unimet Company responded to the etching

I ‘ o ’ | : . o
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solution and gave pits of the appropriate shapes indicating that the
crystals were oriented within 2. 5° of the specified planes. Etch-pit

densities ranged from 3 X 106 to 5 X 106 pits /sq. cm. for the crystals

6 to 7 x10° pits/sq.

' as obtained from the manufacturer and from 4 X 10
cm, for crystals which had been strained 0.8% by rolling 0. 004 in.
parallel td the a_xi.s of the cylinder at 45° angles. If a one-to-one
correspondence of etch pits to dislocations is assumed then the se
values of dislocation density and of increase of dislocation density
with strain agree reasonably well with the values reported by

6 to 2 %107

Levinstein and Robinson (C-4) which were from 5 X 10
dislocations/sq. cm. for unstrained crystals and from 2 X 107 to
6 X 107 dislocations/sq. cm. for crystals which were strained 0.8%
in shear.

Vreeland (C-5) had some doubts, however, about assuming
a one-to-one correspondence of etch pits to dislocations. His
doubts were based on difficulties in distinguishing etch pits frém
the background of the photomicrographs obtained by the author and
the lack of certain patterns of etch pits which he felt should be

present. A change in the manner the surfaces etched after the

crystals were used in the reactor was also used as a basis for his

doubts,
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APPENDIX D. DERIVATION OF LEAST SQUARES EQUATIONS

The problem of fitting a function to experimental data arises
frequently, ahd the methoﬂ of least-squares is one approach. This
method mimizes the value of Chi>-square for the fit of the function to
the data and therefore gives the highe.st probability on the Chi-square
test (D-1).

The usual treatment of the application of the least-squares
principle cbnsiders functions which are linear with respect to the
parameters which are to b’e determined and assumes only one of the
variables has experimental errors which are uniformly distributed
over the range Qf variables (D-2, D-3, D-4). Many situations arise
where several variables have experimental errors, or the errors of
the frariables are not uniformly distributed over the range of the
variables or the function is non-linear with respect to the parameters,
Deming (D-1) presented a method of applying the principle of least
squares to these situations. A derivation of the equations used in this

method is presented in this Appendix.

Derivation of Least Squares‘ Equations

Derﬁin;g (D-1) developed a method for the application of the
ieast—squares principle to the problem of fitting a function to experi-
mental data for the general case of a function which is non-linear with
respect to the parameters and several of the experimental variables

have errors which are not distributed uniformly over the range of
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the variables. Additional constraints on the values of the parameters

were also included. This method reduces to the usual least-squares

method for the case of a function which is linear with respect to the

. parameters and only one experimental variable has errors which are

uniformly distributed over the range of the variable.

Assume H experimental values of N related variables

. ox(1,N)

x(1,1). . . x(1,n).

x(h,1) . . . x(hyn). . . x(h,N)

. °

<(H,1) . . . x(H,n). . . x(H,N)

and the values ofthe standard deviation of each of the variables at

each experimental point

o(1,1). . . o(l,n). . . ol,N)

eh,1) . . . o(hn). . . ofh N)

c(H,1) . . . o(H,n). . . o(H,N)

are given and a function of the N wvariables and M parameters:

FX,C)=0 (D-1)
is to be fitted to the experimental data with L additional constraints

on the values of the parameters:
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G(C)=0
(D-2)
G;(C)=0
Deming (D-1) defined the objective of the least-squares method
as finding values of the parameters so that the weighted sum of the

squares of the deviations of the variables is a minimum. The weighted

sum of the squares of the deviations is defined as

HE Ng (h, n) (h,n) ] °
h,n) - X(h,n \
S = , [X (b, o) - _] (D-3)
h=1 n=1 h

Equation (D-1) taken at each experimental point and equations (D-2)

for each constraint on the values of the parameters are considered

as constraints on the possible values of the X s and C s, and the
problem of minimizing the sum of the squares of the deviations is
attacked by the method of Lagrange's undetermine‘d multipliers. First

a new function, which is to be minimized, is defined:
L
| — -
S'=5+2 z_)\hFh+2 ngiGz (D-4)
h=1 £=1

At a minimum or maximum of S' the partial derivative of S' with
respect to each X, C, and Lagrange multiplier is equal to zero.

This gives:

8s! ' OF
X, h a‘x’h' ,‘“n

==-2 Ax + 2\

h, n°%h, n =0 (D-5)

h,n
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1 988" .
3 F, =0 (D-6)
1 8s'
_——_— =G, =0 (D-7)
20N,
I L

1 98 25 OFy j; 8G, !
z2dc. " Lwee Y/, Myee =0 (D-8)

m h=1 m 1=1 m

This gives a total of HXN +H + L + M equations, which in the general
case are noﬁ-linear, to be solved for the H X N predicted values of
the variables, the M wvalues of the parameters, the H wvalues of \,
and the L values of Ag. Deming's approach to this problem was to
expand the function F in a Taylor's series about the value of =

. at each experimental point and about an estimate of the values of the

parameters. This gives:

n=1 ?

N 2

Z AXh,n <82F>
+ 2 '——"‘2 = . .

n=1 98X h,

M M 2

[ OF ACm,e azF o

"/ ACI:n,e‘SC h * 2 :acz oo
m=1 m-Aa,e m=1 m h,e

(D-9)

A Taylor's series expansion of the constraint equations G about the

estimate of the parameters gives:

- I
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M

| <8G1
¢ =O:G12,e-z ACm,e 5C_
m'e

m=1}

2\ -
> ) ~ s (D-10)

If the Taylor's series expansions for the functions F and the
constraint equations are used in equation (D-4) and the second and
higher orde.r partial derivative terms are neglected; then equations
(D-5), (D-6), (D-7), and (D-8) reduce: to the following set of

equations which ~are - linear with respect to'the Ax's and AC's:

K 9F _
20y Ax - th(———axn>h T 0 (D-11)
% , M
oF oF - -
Fh’e -/ Axh’n(———aX ) -/, ACm’e(———a ) =0 (D-12)
n/ h,e m7h,e
n=1 m=1 -
M 8G, )
Gz,e -Z ACm,e S—G;n e =0 (D-13)
m=1
L
%x §E> -Zx(iﬂ>—o (D-14)
-/, "h\5C n gzlacme“
h=1 moe g

Equation (D-11) can be rearranged to give :

OF
"h(ax >h
Ax, = 2 3¢ (D-15)

w
h,n
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Combination of equation (D-12) and equation (D-15) gives:

oF
F -; AC — )
[ B rr‘;I m’e\acm b, e:l

A = (D-16)
h Dh
N or \2
D, = Z (‘"’axn) . (D-17)
n=]1
Substitution of equation (D-16) into equation (D-14) gives:
M
' oF
H \ {Fh,e_zAcm,e(BC >h ]
\ (aF ) m=1 m-h,e
Z,\8C__ ). D
ho m7’h, e h
& 3G,
+ S )\gﬁ FC_- =0 (D—].S)
[:"1 m'e

The set of equations (D-13) and (D-18) may be written in matrix form

as:

Az =B (D-19)

N \) (aF ) /
a.= » (2L oF D (D-20)
ij ‘,,__,(8 i'n, e BCJ. h. e h
_ OF
5= ) (Ta'c':') F, e/Dh (D-21)
i’h,e
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z, = AC, (D-22)

i i, e

for 1=i=M, m=j=M+1L

£ =35-M
() |
35 = - \3C, (D-23)

for M<i=M+L, I=j=M

L =1i-M

aij = - aji (D-24)

b= Gy, (D-25)

2z, = \g, (D-26)
for M<i=M+L, M<j=M+L

a..=0 (D-27)

1)

These linear equations are called the normal equations. FEquation
(D-19) can be solved by matrix inversion methods and the calculated
values of the variables obtained from equations (D-15) and (D-16). The

sum of the squares is obtained from:

2
H N H N ( Ly ) 3
S:> z Ax? =§>\ZZ n :z Ax. (2E )
Land wh: n h: n b h wh n khl_/ h, oX h
h=1n=] h=1 n=1 ! h=1 n=1
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An estimate of the variance of the fit and the variance of the param-

eters is given by the following equations (D-1):

% =8/(H-M - L) (D-29)
o‘é = alIn’m(rZ - (D-30)
m

The confidence limits for the values of the parameters are given by:

CL¢

m

= t(P, H-M-L) ‘/aé (D-31)
m

Confidence bands for function f, of the parameters may be calculated

from the following equation:
CL, = t(P, H-M-L) Vcrz F TalF (D-32)

The only assumption in this method of applying the least-
squares principle to curve fitting is that the second and higher order
partial derivative terms of the Taylor's series expansions of the
function F and the constraint equations may be neglected. A case
whe re this assumption is valid is the one usually considered in least-
squares data fitting; the case of fitting a function which is linear with
respect to the parameters and a single variable with errors uniformly
distributed over its range. The validity of this assumption for the
general case will depend on the functions F and G, the magnitudes
of the experimental errors, and the original estimate of the param-
eters. A check should be made to determine if the matrix solution

is actually a minimum or maximum because equations (D-11), (D-12),
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(D-13), and (D-14) are satisfied in either case., The evaluation of the
'conf_idence limits for the parameters or the confidence bands for
functions of the parameters assumes the errors in the variables were
independent and were distributed with a normal frequency distribution,
A general-purpose subroutine based on this method was written
for use oﬁ the IBM 7094 Digital Computer. The method has been used
for fitting various functions to experimental data. No particular
difficulties have been e;lcountered for functions which are linear with
respect to the parameters and several variables were considered to
have possible experimental errors. The application of the method
to functions which were non-linear with respect to the parameters

has had a very limited amount of success.
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NOMENCLATURE

Matrix defired in equations (D-19) through (D-27)

Vector defined in equations (D-19) through (D-27)

Parameter of the function F

Difference between estimated value of C and true value of C
Confidence Limit

Defined in equation (D-17)

A function of the parameters

Vector of partial derivatives of f with respect to the parameters
Function which is fitted to the experimental data

Constraint function on values of parameters

Probability

Weighted sum of the squares of the derivatives of the experi-
mental variables defined by equation (D-3)

Weighted sum of squares defined by equation (D-4)
Student's t

Experimental value of variable

Adjusted value of variable

x - X

Vector defined in equations (D-19) through (D-27)
Lagrange multiplier

Lagrange multiplier

Standard deviation

Variance
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Supe rscript

—+ - Denotes vector

Subscripts

8 - Refers to value obtained with estimated values of parameters
h - Index refering to expe rimental points

1 - Index refering to constraints

m - Index refering to parameters

n - Index refering to variables
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APPENDIX E

PROPOSITIONS
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PROPOSITION

A new design for a hydrogen-flame-ionization detector is
proposed. This design should have a higher sensitivity than the
flame detectors in use at the present time. The increase in sensi-
tivity would result from an increase in flame temperature and a

reduction in the volume of the reaction zone of the flame.

The hydrogen-flame-ionization detector measures the ions
formed by the combustion or a carbon compound in a hydrogen flame.
The sensitivity of the present flame detector design is in the parts per
billion range for hydrocarbons (1,5). The present design is based
on the use of a stable, laminar, diffusion flame of hydrogen. This
design of flame detector was studied in detail by Desty, Geach, and
Goldup (3). Their results indicated the sensitivity of the flame
ionization detector was a strong function of the flame temperature,
and the ionization efficiency was low with one ion formed per 2, 000
carbon atoms. Sternberg, Gallaway, and Jones (4) concluded the
ionization was dependent on the rate of energy release per mole of
flame gas rather than on the flame tempe rature. On the basis of
these studies, the sensitivity of the flame detector could be increased
by reducing the energy losses from the flame and reducing the volume
of the reaction zone.

Three large sources of energy loss from the laminar, diffusion
flame used in the present flame detector designs exist. One is due

to the large excess of air required to provide oxygen for the flame
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and to keep the water vapor. concentration in the detector cell low. A
second large energy loss from the flame is due to conduction along the
hydrogen jet.. Radiation from the flame to its cooler surroundings is
the third large loss of energy from the flame. Reduction of these energy
losses would raise the flame temperature and should increase the sen-
sitivity of the detector. |

The flame-detector design shown in Figure 1 is based on the
design of the free turbulence, vortex burner discussed by Berty (2).
Berty reported complete combustion of the fuel in the vortex burner
was possible with only a slight excess of air., The vortex burner
operated with the flame detached from the fuel jet and concentrated in
a small region in the center of the vortex, and the incoming air acted
as an insulator between the flame and the burner wall reducing heat
losses to the wall. These facts indicate that the flame temperature
and the density of energy release in the vortex burner flame would be
higher than in the laminar, diffusion type of flame detector.

In conclusion, a design for an increased sensitivity hydrogen
flame detector is presented. Arguments for the increased sensitivity
are based on an increase in flame temperature due to low heat losses
from the flame and a reduction in the volume of the reaction zone of
the flame., This design should be considered as a possible way of

increasing the sensitivity of hydrogen flame detectors.
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PROPOSITION

A statistical model of the pore structure of porous solids is
proposed. This model is used to calculate the tortuosity factor for

effective diffusion coefficients in porous solids.

The problem of evaluating an effective diffusion coefficient for
diffusion in a porous solid from the Fick diffusivity, the Knudsen
diffusivity, or some combination of the two occurs frequently in
studies of heterogeneous catalysis. An empirical correction factor,
the tortuosity factor, is used to account for the winding, crooked nature
of the pore structure.

Wheeler (3) proposed a model of a porous solid where the pores
were visualized as randomly oriented cylinders of one fixed diameter
which intersected any plane at an average angle of 45°, The path length
for diffusion was 1/1/’2 longer than the distance normal to the plane, and
the cross~-sectional area of the pore was 1/\/—2 of the projected area
of the pore onto the plane. Therefore Wheeler's model gave a tortuosity
factor of 1/2. Deryaguin (1) studied the effects of elastic and inelastic
collisions of the gas molecules with the wall of the pore on the effective
diffusion coefficient. He found the ratio of the diffusion coefficient for
elastic collisions to the coefficient for inelastic collisions was 13/9 for
a completely random pore structure. Satterfield and Sherwood (2) com-
bined the tortuosity factor and a geometric factor into a single factor
for use in empirical correlations of experimentally determined values
of effective diffusion coefficients. This factor ranged from 0.1 to 0.9.

 The effects of the tortuosity of the pore structure on the
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effecti\{é diffusion coefficient are more clearly defined if the angle
" between the axis of a pore and a particular coordinate direction is
assumed to have a statistical frequency distribution. .A sketch of a
pore in spherical coordinates is shown in Figure 1. The diffusional
mass flux of component i through the pore in the direction of the axis
of the pore expressed in terms of the Fick diffusion c.oefficient is:

dC,

m_ = - D.A

i
P Y (1)
The radial component of the mass flux through the pore is given by:

°

m = rhp cos ¢ (2)

The following equations are obtained from the geometry of the system

shown in Figure 1.
dr = dL cos ¢ (3)

Ap = A_ cos ¢ | (4)

Therefore the component of the mass flux through the pore in the
radial direction is related to the gradient of the concentration of
component i in the radial direction and the area of the pore normal
to the radial direction by:

dC.

n o= - —L
m = DiAs pe cos ¢ (5)

If the frequency distribution, f(¢), of the pore angle is independent
of the size and shape of the pores, an average value of n"lr may be

obtained from the following equation:
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. dCi w/2 3
m. T DiAs i S‘O cos™ ¢ £(¢) d.¢ (6)

The total flux of component i crossing the spherical surface at r is
given by:

2 4y

M :Zmr,m = - dmr Di,e dr ‘ (7)

The porosity of the solid, 0, is related to the sum of the projected

pore areas by the following equation:
2
4mr©0O =Z AS {8)

Substitution of equations (6) and (8) into equation (7) gives the following

relationship for the effective diffusion coefficient:

/2
D, = eD.STr cos o £(4) dé (9)
*Jo

i, e

The following results were obtained by evaluating the integral in

equation (9) for two assumed frequency distributions:

Frequency Average Tortuosity Factor
Distribution Pore Angle Wheeler's Model This Model
£(¢) = 2/7 | 45° 0.50 0.424
£(4) = 4/ - 8/n° 30° 0.75 0. 630

The differences in the values obtained for the tortuosity factor by use

of the two models are about 15%.

A model of the pore structure for porous solids has been
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proposed in terms of a statistical frequency distribution function for
the angle between the axis of the pore and a coordinate direction of
the solid. The value of the model was demonstrated by using it to

calculate the effects of the tortuosity of the pores on the effective

diffusion coefficient.
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Nomenclature
Ap ~ Normal cross-sectional area of pore, cm. 2
AS - Projected cross-sectional area of pore, cm. 2
C, - Concentration of component i, gm. /cm. 3
Di - Pore diffusivity of component i, cm. 2/sec.
D - Effective radial diffusivity for component i, cm. 2/sec.
d - Differential operator, dimensionless
L - Distance measured along axis of pore, cm.
n:1p - Diffusion flux of component i through pore, gm. /sec.
n'rlr - Radial component of n.qp, gm. /sec.
rflr’m- Average of IT.lr, gm. /sec.
n'qt - Total diffusion flux of i1 through spherical surface at

radius r, gm. /sec.
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- Radius of spherical surface, cm.
- Porosity of particle

- Angle between pore axis and radial coordinate direction
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PROPOSITION

The conversionfor a zero-order chemical reaction in a back-
mixed, flow reactor with a macrofluid feed may be increased by the

addition of a recycle loop to the reactor.

Levenspiel (1) discussed a statistical model for the residence
time in a chemical reactor. He developed analytic expressions for
the conversion of a macrofluid in a flow reactor with complete back-
mixing. A macrofluid was defined as a fluid which separated into
aggregates which maintained their identity during their stay in the
reactor. The following expressions were developed for zero, first,

and second-order reactions with no volume change associated with

the reaction.

Zero-order

C _1_Rr+re /R 1)
C
O
First order
% = 1/(1 + R) (2)
Q
Second-order
R
& = a/metFeiq/r) (3)
o]
R = ﬂcn’l (4)
v o]

.If a recycle loop is added to the reactor as shown in Figure 1,
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and the volume of the loop is negligible compared to the reactor

.volume; the following equations may be used to describe the system:
v/vy =1/ - B) (5)
CO = BC + Cf(l - B) (6)

For a first-order reaction combination of equations (2), (4), (5), and

(6) gives
C/szl/u~+kV/vﬁ::1/ﬂ-fRB (7)

Equation {7) shows the conversion for a first-order reaction is not
affected by the fraction of the total flow which is recycled. An
iterative procedure was used to solve the equations for the zero and
second~-order cases. The conversion for the second-order case
decreased with increased recycle rate. The zero-order case showed
an increase in conversion with increased recycle rate. The results for
the zero-order case are shown in Figure 2. A large increasé in
conversion was obtained for Rf =1 and B greater than 0.5. This
method of increasing conversion could have application to specific

industrial problems.
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Nomenclature

B - Fraction of total reactor flow recycled, dimensionless

C - Concentration of reactant, gm. moles/£.

e - Base of natural logarithms, dimensionless
ei - Exponential integral
k - Reaction rate constant, gm. moles (gm. mollas/ﬂ. )_n/min.
n - Reaction order, dimensionless
R - Parameter defined in equation (4), dimensionless
\% - Volumetric flow rate, £./min.,
V - Reactor volume, £.
Subscripts
f - Refers to feed

o - Refers to inlet of reactor
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PROPOSITION

The problem of obtaining a solution of the differential equations
describing a general set of first-order chemical reactions in a
closed, constant volume system can be simplified by use of the law

of conservation of matter.

Matsen and Franklin (2) and Frost and Pearson (1) have dis-
cussed in detail the application of matrix methods to the problem of
obtaining the solution of the differential equations for a general set
of first-order reactions in a closed, constant volume system. They
have shown the simultaneous differential equations describing the
behavior of the concentrations of n components in such a system as

a function of time can be written in matrix form as follows:

c=Ac, t>0 1

T =¢% t=0 (2)
o

TR ij 1#) (3)
j=1

ag; = Ky (4)

The solution of the problem in matrix form is straightforward,
theoretically, but is often very difficult in practice. Calculation of
the n eigenvalues of the matrix A is required for the solution.

This calculation becomes more difficult as n increases.
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The law of conservation of matter for this system may be
written as:
A &,
_ o
Z c; = Z ¢y (5)
i i=1

=1

e

This equation may be used to reduce the number of equations in the

original system by one. The resulting system of equations in matrix

form is:
¢ =Bec+d , t>0 (6)
c=¢c, t=o0 (7)

n
- o -
cp= ) . (®)

i=1 i=1
n
by=- ) kij -k, Q%] (9)
j=1
b,.=k.. - k_, (10)
ij ij ni
n
d. = k . zg c? (11)
i ni h]
=1

The solution of this matrix equation requires the calculation of n-1
eigenvalues. Thus application of the law of conservation of matter
reduced the dimension of the matrix and the corresponding number
of eigenvalues by one. This reduction could greatly simplify the

calculations necessary to use this method.



=183~

References

l. Frost, A. A., and Pearson, R. G., "Kinetics and Mechanism, "
p. 173, John Wiley and Sons, Inc., New York (1961).

‘2. Matsen, F. A., and Franklin, J. L., J. Am. Chem. Soc., 72,
3337 (1950).

Nomenclature
A - Matrix with elements defined in equations (3) and (4)
a - Elements of A matrix

B - Matrix with elements defined in equations (9) and (10)

b - Elements of B matrix

c - Concentration, gm. moles/cc.

d - Vector defined in equation (11)

kij - First order rate constant for component i reacting to

produce component j, l/sec.‘
t - Time, sec.

Superscripts
. - Denotes derivative with respect to time
o) - Denotes initial conditions

-+ =~ Denotes vector
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PROPOSITION

A method for numerically differentiating experimental data is
proposed. This method fits a polynomial of degree two by the method
of least squares to seven data points and evaluates the derivative at

" the central point.

In the analysis of experimental data, numerical differentiation
is often necessary, but only a brief discussion of the problems which
are involved is found in the literature (2). However numerical differ-
entiation of smooth, tabulated functions is discussed in detail (1, 2).

The numerical methods for differentiating smooth data or tabulated
values of functions generally reduce to fitting a polynomial of degree
N-1 to N points and calculating the derivative from this polynomial.
Such a procedure is of limited value when applied to data which has
errors because the errors in the data tend to be magnified by Othe
differentiation process and produce large errors in the values of the
derivative. This can be seen in the lfesults shown in Tables 1 and 2

for the cases where the number of points equals the number of constants
in the polynomial.

A method for numerically differentiating experimental data was
proposed by the author and used by Nebeker (4) and Morrison (3). This
procedure fitted a polynomial of degree two.by the method of least
squares to seven data points and evaluated the derivative from the poly-
nomial. The choice of the use of a second-degree polynomial and seven

data points was based on the semi-quantitative argument which follows:
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1. A second—degree polynomial should fit short segments of a -
‘curve reasonably well,

2. The value of Student's "t", a measure of the statistical un-
certainty associated with a given fit because of the amount of data used,
decreases rapidly as the number of degrees of freedom increase from
zero to four and decreases much slower as the 'nurnbe!r of degrees of
freedom increase above four. This indicates there is little statistical
advantage gained by increasing the number of degrees of freedom
above four and in practice the fit might be worse since a larger
segment of the data would be involved. Therefore it was reasoned
that a second-degree polynomial fitted to seven data points should
give a reasonably good value for the derivative.

To obtain further evidence to support the use of this procedure
for differentiating experimental data two sets of "experimental” data
were generated by adding random normal deviates with ¢ = 0.1 to
values of an algebraic function. The "experimental" data wefe
numerically differentiated using the least-squares procedure, and the
value of the derivative which was obtained was compared to the value
of the derivative of the algebraic function. The root-mean=square
(RMS) errors of the derivative obtained by the use of several different
combinations of the number of data points and the degree of the poly'—
nomial are shown in Tables 1 and 2. These results show little differ-
ence in the errors of the derivatives using either first or second-degree
polynomials, but a decrease of about 50% in the value of the RMS

error is obtained when the number of degrees of freedom are increased
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from 2 to 4. The RMS erro:f of the derivative was 0. 016 for a first-
‘degree polynomial and 0, 0013 for a second-degree polynomial when

the procedure was applied to smooth values of the function y = exp (-x).
This would indicate the use of the second-‘degree polynomial is more
desirable since it gave a much better result for the case of smooth
data.

These calculations gave further evidence of the value of the
use of a least-squares fit of a second‘-degree polynomial to seven
experimental data points for calculating the derivative of the experi-
mental data at the central point. When the data points are equally
spaced with respect to the independent variable, the procedure gives

the following equation for the calculation of the derivative:

j=3

- 1 .
Vi T 28 A= Z 354 (1)
j=-3

In cases where the data are not equally spaced, the usual 1ea§t-squares
calculations are made and the derivative calculated from the resulting
fit.

In conclusion a semi-quantitative argument and results of a
numerical study are presented to support this proposal that a second-
degree polynomial fitted to seven experimental data points by the
method of least squares is a satisfactory procedure for differentiating
experimental data. For the case of equally spaced values of the inde-
pendent variable the procedure reduces to a simple algebraic expres-

- gsion for the derivative.
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Table 1

Comparison of Root-mean-square Error of Derivative

2
1.00

2.98

1.

1.

1.

00
48

65

y=1-x
o=0.1

Number of Points

4
1.00
0.91
1.58

2.88

5
1.00

0.63

1.85

3.45

6
.00
.53
.90
.77
.83
. 26

7
1.00 1
0.41 0
0.81 0.
1.35 1
1.69 1
2.74 1
7.74 4

12,

.00

.39

74

.17
.75
.49

.07

1
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Table 2

Comparison of Root-mean-~-square Error of Derivative

Number
of
Constants

1

2

0.

2.

66

32

0.

66

. 50

.70

0.

L.

2.

y
T

66

50

23

exp (-x)
0.1

Number of Points

5
0. 66
0.82
0.98
1.93

2. 22

6

. 66
.72
.74
.82
.84

.91

. 66
. 64
.51
.35
. 96
.10

. 28

0.66

1.09
1.78

1.92

0.

13.

66

.45
. 65
. 89
.13
. 61
. 62

.15



