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ABSTRACT

A stirred flow reactor has been used to study the kinetics of
the oxidation of emmonia with oxygen over 0.5 welght percent ruthenium
supported on 1/8 inch cylindrical alumina pellets. The experimental
system featured rapid recycling of 98% or more of the reactor effluent
and concurrent product withdrawel and fresh feed mekeup. This experi-
mental aepproach facilitated close temperature control, rapid mass trens-
port to the catalyst surface and uniform reaction conditions over the
whole length of the catalyst bed.

Experimentation was conducted at six temperatures in the range
246 - 345°C, Reaction pressures from 176 to 280 cm Hg (2.3 - 3.7 atmos-
pheres) were used. Feed composition during mbst of the work was 5.3,
9.6 and 16.5 mole percent ammonia, the balance in each case being oxygen.
The reactor effluent was analyzed by gas chromatography. Products of
reaction were nitrogen, nitrous oxide and water.

Rates of formation of both nitrogen and nitrous oxide were
found to depend on the partial pressures of ammonia, oxygen and water
and to be independent of nitrogen and nitrous oxide. Increasing water
pressure inhibited both retes to the same extent. Increasing ammonia
pressure favéred the relative rate of formation of nitrous oxide. In-
creasing temperature also favored nitrous oxide formation. The maximum
nitrous oxide yield realized in this work was about 45%. It was shown
experimentally that mass transport did not influence product distribution

and was not the slow step controlling the reaction rate,.

xii



Rate equations were developed to express the rates of formation
of nitrogen and nitrous oxide. Constants appearing in these equations
were calculated as a function of temperature and were found to fit the
experimental data within 115.2%. Temperature dependence of the constants
was used to calculate apparent activation energies and heats and entro-
pies of adsorption. The heats of adsorption were compared with values
predicted theoretically on the basis of an adsorption mechanism and use
of Pauling's equation for single bond energies. The entropies of adsorp-
tion were compared with the theoretical values which result when the
adsorbed species has lost three degrees of translational freedom during
the adsorption process. A power rate law data fit was used to compare
the observed reaction rates with those predicted by absolute rate theory
and order-of-magnitude agreement resulted. A reaction mechanism which is
consistent with all the experimentsasl observations in this study was

developed.

The rate equations corresponding to the rate of formation

of nitrogen and nitrous oxide, respectively, are:

K
NP0 PNH,

(L +vY/2p/2 4+ v
02 "0

Il

T
N2 )2

b
H20 H20

and

1.35
D
fx.0 0P
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Op 02

rNgO = ) 2

b
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I INTRODUCTION

The science of chemical kinetics concerns itself with the rates of
chemical reactions and with those factors upon which reaction rates depend.
It addresses itself also to the problem of explaining observed rates and
their dependencies in terms of postulated models, known as reaction mechan-
isms. These mechanisms propose to indicate the stages through which mole-
cules and the various intermediate species move in passing from reactants
to products. Fundamentally, then, chemical kinetics involves the details
of transition from one state to another and the time required for the transi-
tion.

One can easily appreciate that kinetics will be of interest both
to chemical engineers and to chemists. The chemical engineer must have at
his disposal knowledge both of reaction rates and of their environmental de-
pendency before he can satisfactorily design the equipment in which reac-
tions are conducted on a commercial scale. The details of a particular
reaction mechanism can facilitate this goal by suggesting how to optimize
reaction conditions relative to such important factors as product yield and
degree of conversion.

Whereas the chemical engineer might use a proposed reaction mech-
anism as an aid in reactor design, the chemist is more directly concerned
with the mechanism itself. The chemist is often interested in measuring
reaction rates and rate dependencies chiefly because such measurements pro-
vide the most general method of determining the mechanism of a reaction.
This is not to say that reaction mechanisms can be uniquely specified solely

on the basis of rate measurements. Experimental results can in general be
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interpreted on the basis of several conceivable mechanisms. More experi-
mentation or even a basically different experimental approach may sometimes
then be conceived and conducted to test the hypotheses, eliminating several
of them or possibly all but one.

Whichever ultimate purpose rate measurements are intended to
serve, great pains must be taken to insure that the measurements are precise,
i.e., that the influence of such variables as temperature and concentration
are carefully distinguished independently of one another. This is particu-
larly true in heterogeneous catalysis, where heat and mass transfer play
important roles and the danger of overlapping effects is especially acﬁte.
Consider the steps that are involved in a gas phase reaction over a solid
catalyst: first there is transport of reactants to the exterior catalyst
surface, followed possibly by diffusion into the catalyst pores; then
adsorption of some or all reactants takes place; adsorption is followed
by reaction of the adsorbed species, either only with other adsorbed species
or possibly with gas-phase species; desorption of products must then occur;
and, finally, the last step is diffusion from the catalyst interior and
surface back to the bulk gas stream. A further complication is that while
this series of steps takes place, the necessary heat requirements must be
supplied to or removed from the catalyst.

In the simplified approach taken to this complex phenomenon, one
of the steps other than heat transfer is assumed to be so relatively slow
that all other steps may be considered to be in a state of equilibrium.
Measuring the reaction rate is then equivalent to measuring the rate of the

slow step. It is clear that if the measured rates are to be related to a
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reaction mechanism, then the slow step must be a chemical step, i.e.,
adsorption, reaction on the surface, or desorption. The condition of
turbulence that the required rapid mass transport implies may also result
in interfacial partial pressures being approximately equal to those in the
bulk phase, simplifying later calculations; the turbulence comes, however,
at the expense of pressure drop in the catalyst bed. It will be further
appreciated that, since the slow chemical step requires an energy of acti-
vation and will be temperature sensitive, fine temperature control is also
a requirement for taking precise rate data.

The research being reported here made use of a laboratory-scale,
gas-solids contacting scheme designed to provide conditions of rapid mass
transport and good temperature control during catalytic rate studies. The
experimental apparatus, a recirculation reactor with a fresh feed and pro-
duct withdrawal provision, lends itself readily to the investigation of many
solid-catalyzed reactions under differential rate conditions. Whereas reac-
tor effluent was recycled at about fifty liters per minute, the fresh feed
rate never exceeded one liter per minute. Hence maximum conversion across
the catalyst bed, which was 5.1 cm in depth, was limited to about 2%, that
is, the criterion for different conditions was 2%. Limited reaction per
pass does not encumber the computation of conversions, however, which are
based on the difference between fresh feed composition and reactor effluent
composition. A further advantage of near-differential conversions is that
temperature control is not the serious problem it might otherwise be for
strongly exothermic reactions. And because of the high recycle rates, mass
transfer rates are high even though the fresh feed rate is low. An addition-

al aspect of the system is that the withdrawal product can be repeatedly
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analyzed over any arbitrary length of time until steady state conditions
have been reached. A final advantage of the apparatus is that rates are
measured directly, eliminating the use of conversion vs. time curves to
establish rates or, alternatively, eliminating the need to integrate pro-
posed rate equations before using conversion vs. time data to evaluate them.

The reaction chosen for this study was the oxidation of ammonis
with oxygen over 0.5 weight percent ruthenium supported on 1/8 inch cylin-
drical alumina pellets. The oxidation of ammonia was selected for the
investigation because it poses experimental problems which are difficult to
overcome by use of the more-conventional one-pass reactor. The reaction
proceeds rapidly and is strongly exothermic, liberating 303 kcal per mole
of ammonia converted to nitrogen and making it difficult both to maintain
near-differential reaction conditions along the length of the catalyst bed
and to operate the reactor isothermally. These are experimental problems
which the stirred-flow reactor is especially well adapted to minimize. The
commercial supported ruthenium catalyst was chosen for the reaction becsguse
a previous investigation using the same catalyst had shown that it induces
decomposition of ammonia at temperatures as low as 540°C.(2) At these low
temperatures nitrous oxide becomes a significant product of the ammonia
oxidation and with the right combination of catalyst and reaction conditions
might be formed in sufficiently high yields to make the reaction attractive
commercially.

The reactions studied are represented in simplified fashion in
Figure 1.1 and the stoichiometric equations describing the overall changes

appear in Equations (1.1) and (1.2).



Figure 1.1. Oxidation of Ammonia to Nitrous Oxide
and Nitrogen.

2 NH5 +20,= N0+ 3HED (1.1)

]

L NH; + 3 Op = 2 N, + 6 Hy0 (1.2)

It is clear that if k5 in Figure 1.1 is small relative to k, , then the
oxidation of ammonia with oxygen can be regarded as consisting of parallel
reactions. If ky, 1s small relative to kz , on the other hand, the ammo-
nia oxidation may be viewed as composed of consecutive reactions. Results
of this work show that for the ruthenium catalyst k5 is negligible com-
pared to k, over the experimental temperature range of 246 - 345°C,
Nitrogen, nitrous oxide and water were the only reaction products
found during the investigation. Partial pressures of ammonia, oxygen,
nitrogen, nitrous oxide and water ranged from 1.1 to 4k.1; 67.2 to 269.8;
0.1 to 13.5; 0.1 to 5.4; and 0.47 to 56.8 cm Hg, respectively. The total
reaction pressure varied from 176 to 280 cm Hg (2.3 - 3.7 atmospheres).
Ammonia, oxygen and water were found to influence the rates of formation
of nitrogen and nitrous oxide, whereas neither nitrogen nor nitrous oxide

affected the rates of reaction. Both rates were inhibited to the same
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degree by increasing the water partial pressure, whereas both rates were
promoted to the same extent by increasing the partial pressure of oxygen.
Increasing the ammonia pressure favored the relative rate of formation of
nitrous oxide. Nitrous oxide formation was more favorable at high temper-
atures than at low temperatures. The maximum nitrous oxide yield realized
in the work was about 45%.

The experimentally measured pressure dependencies were used to
develop rate equations for the oxidation of ammonia to nitrous oxide and
nitrogen and to calculate the constants appearing in these equations. Tem-
perature dependence of the constants was in turn used to evaluate apparent
activation energies, heats of adsorption and entropies of adsorption. The
heats of adsorption and entropies of adsorption were compared with theore-
tically-predicted values, giving some indication of the nature of the
adsorbed species. The observed reaction rates were compared with those
predicted by use of absolute rate theory and order-of-magnitude agreement
resulted. Finally, a reaction mechanism consistent with the experimental

observations was developed.



IT SURVEY OF THE LITERATURE

This chapter first makes limited reference to the various major

types of laboratory-scale reactors which have been applied to the study
of gas-solid reaction systems. Then a review of previous work carried out
on the ammonia oxidation reaction is presented, together with a summary of
the major points of interest. Finally the use of ruthenium as a catalyst

is summarized.

A. Laboratory-Scale Reactors for Gas-Solid Systems

1. Recirculation Reactors

The distinguishing characteristic of recirculation reactors is
that some or all of the reactor effluent is recycled to the reactor sec-
tion. When all of the effluent is recirculated, the degree of conversion
is time dependent, meaning that a single run.may be continued until very
high conversions are attained. A series of measurements can usually be made
before equilibrium is reached. If only a portion of the effluent is recir-
culated, the remainder is continuously withdrawn and fresh feed is added
to the recycling portion to maintain the mass balance. In this case, a
steady state is eventually reached so that the degree of conversion is
independent of time. The fresh feed and effluent withdrawsl
rates can then be altered to obtain various degrees of conversion.

Butt(lY) used a batch-type recirculation reactor to study the
dehydration of ethanol and diethyl ether over alumina. He varied the pres-
sure from several hundred mm Hg to atmospheric, used molten salt to main-

tain reaction temperatures near 300°C and recirculated the reactants at

=7~
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thirty liters per minute. Gas chromatography was used for rapid sample
analysis, Butt concluded that the rate of reaction was‘controlled by sur-
face steps. Wicke and Hedden(57) used a closed recirculation system in
the study of the Boudouard reaction (CO2 + C =2 C0) and the oxidation
of carbon to carbon dioxide. The extent of the Boudouard reaction was
followed by recording the pressure increase in the system. In order to
follow the second reaction, product carbon dioxide was frozen out of the
recycle stream and the resulting pressure decrease was proportional to the
rate of carbon oxidation.

Perking (1)

used an open recirculation system to study the pro-
pylene hydrogenation reaction over nickel-kieselguhr pellets. By keeping
the fresh feed rate small relative to the recycle rate, he was able to
obtain near-differential conditions with consequent fine temperature con-
trol. The recirculation pump was a self-constructed four-cylinder dia-
phragm type with a capacity from twenty eight to eighty four liters per
minute. At the high recirculation rates used, mass transfer to the

catalyst surface was shown not to be rate-controlling.

2. Mechanically Stirred Reactor with Powdered Catalyst

Trotter(Sg) used a thoroughly stirred, mechanically fluidized
catalyst to study the kinetics of a solid-catalyzed, vapor phase reaction.
His catalyst was held against a revolving porous cylindrical wall by
centrifugal force. Rotating on the axis of the cylinder was an agitator
fitted with wire tips extending into the catalyst bed. The purpose of
this arrangement was to minimize thermal and concentration gradients in

the catalyst bed. Reactants flowed inward radially through the porous

cylinder wall and were removed along the axis of rotation.



3. Pulse Reactor

Kokes, Tobin and Emmett(28) suggested a micro-catalytic-
chromatographic technique making use of a reactor unit attached to the
top of a chromatographic column. They injected small amounts of various
hydrocarbons into a hydrogen carrier gas, passed the mixture over the
catalyst and thence directly into the chromatographic column for analy-
sis. Limited data is presented in the source cited to demonstrate the
potential of this pulse-reactor approach for exploratory catalytic work
and for mechanism studies. The pulse-reactor approach was later applied
by Giordano, Cavaterra and Zema(zo) to study the oxidation of ammonia over
a8 series of eighteen oxide catalysts. These workers determined the temper-
atures corresponding to 1% and 5% conversion of the pulse feed over each
of the catalysts tested. They also determined the temperature at which

maximum nitrous oxide yield was reached for each catalyst.

L., Coated-Wall Reactors

Smith(ug) used a coated-wall reactor to determine the recombina-
tion coefficients of atoms as a function of temperature. Atoms formed by
low-pressure discharge diffused through a sidearm coated with the catalytic
material of interest toward a probe coated with a highly catalytic material.
The temperature rise of the probe was then a measure of the extent to which
atoms traversed the coated tube without recombining. Baron, Manning and
Johnstone(8§ used a tubular reactor coated with V205 to study the oxida-
tion of SO, , citing as the advantages a simple flow pattern, accurate
control of catalyst temperature and catalyst surface concentration and

equal accessibility of reactants to all parts of the catalyst surface.
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5. Single Pass Reactors

Wynkoop(59) used a single pass reactor to study the hydrogenation
of ethylene over a copper-magnésia catalyst, working with’integrated rate
equations but limiting conversions to about l% and thereby approaching
differential conditions. Hulburt and Srini Vasan(zu) also used a one pass
reactor to study the water-gas shift reaction. They worked with changes
of conversion from 20% to 30% but were able to approximate differential
conditions by adding product spécies to the feed stream. Schwab and
Theophlides(46) studied the decomposition of methanol, ethanol, propanol,
pentanol and other hydrocarbons under differential reaction conditions.

The reactions studied involved a liquid reactent and at least one gaseous
product. Reactent was then fed to the catalyst at a rate greater than

100 times the reaction rate, hence holding the reactant concentration with-
in 1% of its input value. The reaction rate was determined by measuring
the flow rate of gaseous product. Weisz and Prater(58) modified the above
scheme to study the cracking of cumene to propylene and benzene over a
silica-alumina catalyst, working at a conversion level less than 1% so that

product adsorption competition and reverse reaction could be neglected.

B. Previous Studies of the Heterogeneous Catalytic Oxidation of Ammonia

Although the oxidation of ammonia to nitric oxide over platinum
was observed by Kuhlmann(33) as early as 1839, it was not until the period
1910-1913 that Ostwald first became aware of the reaction's potential
industrial significance. Until the early 1926'5, research conducted on
the system involved no systematic variation of temperature, feed com-

position and flow rate; rather, the best temperature for optimum nitric
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oxide yield was randomly sought. Furthermore, the results were often con-
tradictory and were masked by gas phase reactions believed to be occurring
downgtream of the catalyst bed. Andrussow,(B) working in Bodenstein's
laboratory, remedied this situation by conducting experimental studies over
platinum covering a temperature range from 160 - 950°C, varying flow rates
by a factor of 100 and using cylinders of pre-mixed feed to insure reliable
feed compositions. In attempts to establish the intermediate reaction
products, Andrussow failed to find either hydrazine (NEHA) or hydro-
xylamine (NH,OH) and therefore proposed that nitroxyl (HNO) was the pri-
mary reaction product. In further work, Andlrussow(‘)"L> extended the range

of experimental conditions and interpreted the results as favoring his
nitroxyl hypothesis. Bodenstein(IB) also analyzed Andrussow's results and
proposed a reaction mechanism based on nitroxyl as the primary reaction

product. Raschig,(hu)

however, claimed that nitroxyl, if formed, would
dimerize to yield nitrous oxide; this constituted an argument against the
nitroxyl theory since no nitrous oxide had at that time been identified in
the reaction products. Furthermore, Raschig had found trace amounts of
hydrazine while freely burning ammonia in an atmosphere of oxygen and
therefore suggested that imide (NH) was the first product of reaction.
Reaction of the imide with ammonia was postulated as the source of the
hydrazine.

Thence followed debate concerning the merits of the two proposed

(S’AA) Some weight was lent the nitroxyl theory when von Nagel(5lJ>

mechanisms.
oxidized ammonia over M’nO2 and found yields of up to 70% N0 at about

300°C. Further progress was made when Bodenstein<15> and Bodenstein and
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Buttner(lu) studied the reaction over platinum under pressures as low as
0.01 mm Hg, using a liquid air trap to condense intermediates before they
suffered significant gas-phase collisions. Condensate was found to contain
- hydroxylamine, which now became regarded as the primary reaction product.
The experimenters last cited observed that stoichiometric excesses of
oxygen and ammonia favored formation of nitric oxide and nitrogen, res-
pectively, further supporting the hydroxylamine mechanism.

Kraussj(29) working with Bodenstein's low-pressure equipment and
modifying it for analysis of non-condensed products, verified and extended
Bodenstein's (15) data over a platinum catalyst, finding both nitrous acid
and hydroxylamine in the reaction condensate. Krauss and Schuleit<50)
later conducted further low-pressure studies on platinum and platinmum
alloyed with small amounts of ruthenium and rhodium, measuring the varia-
tion in yield of nitrous acid and hydroxylamine as a function of the cata-
lyst. Krauss and Neuhausy(5l) noting von Nagel's(55) success in obtaining
nitrous oxide when oxidizing ammonia over an oxide catalyst, studied the
reaction over oxides of Mn, Ba, Fe and Ni and found large yields of nitrous
oxide. They concluded that the relative amount of nitrous oxide formation
is a function of the extent to which loosely-bound dissociated oxygen is
present on the catalyst surface; they also used the mechanism developed
for the reaction on platinum to explain the evidence gathered with oxide
catalysts. Using a titration technique to measure the oxygen in stoichio-
metric excess on the several metallic oxides, they showed experimentally
that the nitrous oxide yield is linearly dependent on the amount of this
excess oxygen. Consistent with this observation, they also noted that as

oxygen in the feed increased, higher nitrous oxide yields resulted.
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In 1950 Krauss(BE) advanced the opinion that the first step in
the oxidation reaction is a collision of gaseous ammonia with adsorbed

(6)

atomic oxygen to form hydrovvlamine. Andrussow, kewever, carried out
experiments demonstrating that mass transfer to the catalyst surface must
be taken into account and concluded that molecular oxygen is the main

60)

oxygen source for the reaction. Meantime Zawadzki( in 1950 reviewed
the experimental evidence and came out in support of Raschig's imide theory.
Hence considerable debate still exists concerning the mechanism of ammonia
oxidation.
The major points of interest concerning the ammonia oxidation
will now be summarized:
1. The leading theory attempting to explain the mechanism of
ammonia oxidation is Bodenstein's hydroxylamine mechanism, which

is a modification of the original Andrussow-Bodenstein nitroxyl

mechanism. The reactions involved are:

NH5 + 0 = NH,OH (2.1)
NH,OH + O = NHO + Hy0 (2.2)
2HNO = N 0 + B0 (2.3)
NH,OH + Op = HNO, + Hy0 (2.4)
HNO, + NH5 =N, + 2 H 0 _ (2.5)
NH,OH + HNO = Ny + 2 Hp0 (2.6)
NH,OH + NHz = Np + Hx0 + 2 Hp (2.7)
2 HNOy = NO + NOp + HpO (2.8)

2 NOg = 2 NO + Oy (2.9)
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The hydroxylamine theory is in agreement with experimental

observations in these respects:

2.

a, Hydroxylamine has been found experimentally to be an inter-
mediate product of ammonia oxidation. This is presumeably not
formed by the reaction NH + HZO = NHEOH because excess water
has no effect on yields. Furthermore, essentially no hydra-
zine, which would be expected to be formed by the reaction

NH + NH5 = NoH) if imide were present, was found in the low-
pressure oxidation studies.

b. Equations (2.5) and (2.7) can account for the experimental
observation that excess ammonia in the feed favors nitrogen
formation,.

c. Equations (2.4), (2.8) and (2.9) and Equations (2.2) and
(2.3) can explain the experimental observation that excess
oxygen in the feed favors formation of nitric oxide and nitrous
oxide.

d. Equations (2.2) and (2.3) are supported by the experimen-
tation showing that oxygen present in stoichiometric excess

in metal oxides increases the nitrous oxide yield.

Competing with the hydroxylamine theory is the imide theory,

proposed by Raschig and supported by Zawadzki:

NH5 +0 = NH + H,0 (2.10)
NH + 0, = HNO, (2.11)
2 HNO, = NO + NO, + HY0 (2.12)

2 NO, = 2 NO + O, (2.13)
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NH + N5 = NH), (2.14)
NH), + 0, =N, + 2 HO (2.15)
NH + 0 = NHO (2.16)
2 NHO = Ny0 + H,0 (2.17)

The experimental cobservations which have been used to support

this theory are:

3.

a. ©Small amounts of hydrazine have been detected in the
products of free combustion of ammonia in air., This hydra-
zine is believed to be formed by reactions (2.10) and (2.14),.
b. The high efficiency of the ammonia oxidation reaction
suggests that the primary step must be exothermic. The pri-
mary step in the imide scheme, as shown in Equation (2.10),
will be exothermic if the imide radical is chemisorbed with
an energy of about 8 kcal per mole or more.

c. Equations (2.10), (2.11), (2.12) and (2.13) account for
the experimental observation that excess oxygen favors nitric
oxide formation.

d. Equation (2.14) explains the experimentation which shows
that excess ammonia favors nitrogen production.

Either of the above schemes, or various combinations of the

steps listed in (2.1) through (2.17), cen satisfactorily explain

the reaction products observed under the various reaction condi-

tions. No critical test has been devised to facilitate the set-

ting down of an unequivocal reaction mechanism.
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4, 1In the temperature range below 500°C, where significant
amounts of nitrous oxide are formed over various oxide cata-
lysts, an increasing proportion of oxygen in the feed favors
the nitrous oxide yield.
5. Experimental investigation of the ammonia oxidation reaction
must be designed to make careful distinction between heterogene-
ous, homogeneous and decomposition reactions.
6. Excluding the research reported in this present work, there
is a lack of experimental observations reported in the litera-
ture for which:
a. The rate of mass transfer to the catalyst surface has
been shown to be without influence on the reaction rates or
product distribution,
b. the reaction conditions have been uniform within 2% over
the whole length of the catalyst bed,
c. the exact dependence of rates of nitrogen and nitrous
oxide formation on ammonia, oxygen, nitrogen and nitrous
oxide partial pressures has been determined, and
d. the catalyst temperature has been closely controlled

despite the strongly exothermic reaction.

C. Ruthenium as a Catalyst

In a recent dissertation on the chemisorption of oxygen on
ruthenium dioxide, Sommerfeld(So) has surveyed the use of ruthenium as a

catalyst. His survey will be drawn upon here.
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Ruthenium metal has found frequent application as a hydrogena-
tion catalyst. Parravano(l) studied the vapor phase hydrogenation of
benzene over ruthenium, and Balandin and co-workers<7> have investigated
liquid-phase hydrogenation of cellulose, starch and wood products using
ruthenium as catalyst. Bond<ll> studied acetylene and diolefin hydrogena-

(10)

tion with a ruthenium catalyst. Rylander hydrogenated olefins and

(16)

ketones in the presence of ruthenium. Parravano(57) has also investi-
gated the dehydrogenation of saturated alcohols over a ruthenium catalyst.
Use of ruthenium in the Fischer-Tropsch synthesis dates back to
the 1920'5.(19) Ruthenium-catalyzed synthesis of lighter hydrocarbons,(25)
alcohols<22) and motor fuels<27) has been studied in this country. Guyer
and co-workers<25) have done recent work along this line in Switzerland.
In addition to hydrogenation reactions, ruthenium has also been
used for other reactions. The aqueous decomposition of formaldehyde(55>
and pyruvic acid,(56) the water gas reaction,(59) and the addition of silane

(42)

compounds to unsaturated organic compounds have all been studied over

ruthenium. Ammonia decomposition over ruthenium has been the subject of
experimentation.(g) Parravano(58> has considered the role of selective
adsorption of CO Dby ruthenium in the polymerization of methyl methacry-
late,

Finally, it shouid be mentioned that Rea and Bebbington(AS) have
published an extensive bibliocgraphy on the use of ruthenium in catalytic

studies. This bibliography should be consulted for a more extensive re-

view of the subject.



ITI EXPERIMENTAL EQUIPMENT

A. Description of Flow Sequence

The experimental scheme consisted of maintaining a stream of
recycling reactants while continuously withdrawing a product stream from
the recycle and adding fresh feed makeup. The path of flow was conse-
quently from feed cylinders through metering devices to the recycle loop,
and then from the recycle loop through a flow controller to analysis.

As depicted in Figure 2.1, provision was made for metering as
many as four separate feed streams into the recycle loop, although in
practice no more than two feeds were in use at one time. Downstream of
the flow meter bank, the feed components entered a common line leading to
the recycle loop. Once inside the loop, thorough mixing of the fresh feed
and recycling effluent took place under the loop conditions of turbulent
flow.

Tmmediately downstream of the feed entry point, the gases entered
a pre-heater coil submerged with the reactor in a well-stirred molten salt
bath. After coming up to the salt temperature in the coil, the gases
flowed into the reactor sequence, through the catalyst bed and finally
on out of the molten salt bath. From this point the bulk of the reactants
then passed through a surge tank to the recycle pump, where their pressure
level was raised before they retraced their path in the recycle loop. The
small portion of the reactor effluent not recycled was automatically with-

drawn through a back pressure regulator and was then sent to a gas bubbler

where a dilute sulfuric acid solution was used to absorb unreacted ammonia

-18-
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and product water. The remaining gas, consisting of oxygen, nitrogen and
nitrous oxide, was then sampled and analyzed quantitatively by means of

gas chromatography.

B. Flow Meter Bank

Flow was metered through Matheson Universal Flowmeters, using
either a sapphire or a stainless steel float. It was found that use of
these floats permitted a range of flow rates satisfaétory for the experi-
mentation. Flow rates were controlled by needle valves positioned down-
stream of the flow meters. Gases were metered through the flow tubes at
386 cm Hg as indicated by a pressure gage placed between each tube and
its flow control valve. The 386 cm Hg pressure level was chosen because
it stabilized the float position, which at lower feed pressures tended to
be sensitive to recycle loop pressure fluctuations. The high feed pressure

also made it possible to neglect ambient pressure variations.

C. Molten Salt Bath

Stainless steel was used in construction of the molten salt bath
to avoid potential corrosion problems. It was insulated with pipe insula-
tion of the appropriate inside diameter. A heat treating salt was chosen
as the bath material. It melted at 285°F and could be used at temperatures
up to 1000°F. The molten salt had a low viscosity which facilitated stir-
ring.

Two immersion heaters were used to hold the salt in a liquid
state during the experimental work. One of these heaters was left on con-

tinuously; the other was used on an "on-off" basis in conjunction with a
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mercury temperature sensing element and a mercury relay. Bath temperature
was controlled within + 0.1°C and did not vary from point to point within

the bath.

D. Reactor

The reactor sequence used for the bulk of the experimental work
consisted of three 3 inch lengths of stainless steel tubing, 3/8 inch 0.D.
X 0.210 inch I.D. These lengths of tubing were connected in series by two
loops of 1/4 inch 0.D. stainless steel tubing. The purpose of the 1/4 inch
loops was to provide heat transfer area for removal of the heat released by
the highly exothermic reaction.

One length of reactor is pictured in Figure %.2. Each length
was fitted at the bottom with a perforated stainless steel disc which served
to support the catalyst pellets. Each disc rested on a shoulder resulting
from counterboring the tubing.

— ~——0.210"

| o

/////-- Perforated Stainless
| Steel Disc

P A,
I R

Figure 3.2. Reactor Section.
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Swagelok stainless steel tube fittings were used to integrate
each reactor length into the reactor sequence and recycle loop. The
Swagelok fittings provided a simple and convenient means of disassembling
and reassembling the tubing. Despite the many times the seals were made
and broken, no leakage resulted. The Swagelok fitting used at the begin-
ning of the reactor sequence is illustrated in Figure 3.3. Figure 3.3

demonstrates how the feed stream and thermocouple probe were introduced

‘////fﬂ——“"“O,IES” 0.D. Tube Housing
Thermocouple Lead

Fj__g
_—_a—:ﬁfi:

Swagelok  —- b
Tube Tee

e 0,125" 0.D. Tube
From Pre-Heater

1]

-——— 0.375" 0.D.
v/ Reactor Tube

/,J
Figure 3.3. Integration of Reactor
Into Recycle lLoop.

to the reactor sequence via one fitting. Using a similar fitting at the
bottom of the first reactor tube, it was also possible to conveniently
provide a thermocouple to measure the exit gas temperature. Pellet dis-
tribution in the three reactor lengths was 17-17-16, except when only 10
pellets were used. Hence, with the partial pressures nearly constant,
temperature rise of the gas stream in each length was the same. This
was established experimentally. Thenceforward the temperature rise in
the first section was taken as the maximum temperature rise suffered by

the reactant stream.
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A second reactor of smaller diameter was used to check the

effect of mass transfer on the rate of reaction. Transfer of the catalyst
charge from the 5/8 inch 0.D. reactor to a reactor of smaller diameter was
found to be the most convenient way to change the mass transfer coefficient
without changing the recycle rate. ©Since the recycling gases removed about
90% of the heat of reaction from the catalyst sections, changing the recycle
rate at a fixed feed rate might have resulted in a reaction temperature
variation sufficient to mask mass transfer effects if such were present.
The smaller reactor was identical to the 3/8 inch 0.D. reactor sections
except that it was 1/L4 inch 0.D. X 0.156 inch I. D. Only one small reactor
section was used since mass transfer was checked using a catalyst charge of
10 pellets; Appropriate Swagelock fittings were also used to integrate the

1/4 inch 0.D. reactor into the recycle loop.,

E. Back Pressure Regulator

A back pressure regulator was used to withdraw reactor effluent
from the recycle loop at such a rate that the pressure in the reactor re-
mained constant. ‘The regulator was designed to operate at pressures from
130 to 2000 cm Hg. Pressure in the isolated upper dome of the regulator
was set using compressed nitrogen. Whenever pressure acting against the
teflon dome diaphragm exceeded set pressure, the diaphragm would rise
slightly, permitting gas to escape until pressure on the diaphragm had
been reduced to set pressure. In practice, since feed was being contin-
uously introduced to the recycle loop, the regulator diaphragm was always

in a raised position. Testing showed that the regulator was able to
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handle the maximum discharge rate encountered, about 900 standard em?
min'l, at back pressures which were but insignificantly higher than set
pressure.,

The minimum total reaction pressure was limited to 176 cm Hg
by the back pressure regulator. For the evaluation of experimental meas-
urements, the reaction pressure was taken equal to the set pressure.
Pressure drop across the reactor sequence did not exceed 1.7% of the total

pressure. The loss in pressure from the reactor outlet to the back pres-

sure regulator was negligible.

F. Recycle Pump

The equipment most fundemental to the operation of a recycle dif-
ferential reactor is the recycie pump. The recycle pump had to satisfy
these conditions for the investigation of the ammonia oxidation reaction:

1. The pumping rate had to be sufficiently high to eliminate

the possibility that mass transfer might control the rate of

reaction,

2, The recycling gases had to move through the pump without

becoming contaminated.

3, The pump had to be leskproof.

L. In event of pump failure, no explosion hazards could be tol-

erated. This requirement was complicated by the presence of

oxygen at partial pressures up to 258 cm Hg/in,the recycling
stream,

5. The pumping head would have to be held at & temperature of

125°C to insure that no. condensation of product water would take

place in the pumping mechanism.
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6. The pumping head would have to withstand the corrosive action
of the wet ammonia recycle stream.
7. High levels of pressure operation and large pressure heads
across the pump should be feasible to permit flexibility of
operation.
These conditions were satisfied by obtaining a custom-made diaphragm com-
pressor from the Lapp Insulator Company. ©Some of the characteristics of

the compressor were:

1. Pumped gases contacted nothing but stainless steel while pass-
ing through the pump.
2. Pressures up to 3000 cm Hg could be exerted on the flexible
stainless steel diaphragm at up to 360 strokes per minute. Oper-
ating pressures of about 40 atmospheres could therefore be reached
if desired. Pressure heads of several hundred cm Hg across the
pump were also possible.
3. A "double diaphragm'" arrangement was used to transmit hydrau-
lic pressure from a reciprocating piston to the flexing diaphragm.
This made it possible to use an oxidation resistant silicone oil
to actuate movement of the pumping diaphragm, reducing the explo-
sion hazard in event of diaphragm rupture.

The compressor was therefore well suited to satisfy the recycle pump require-

ments.

G. Surge Cylinders

At the maximum pumping rate of 360 strokes per minute, severe

pressure fluctuations in the 100 cc recycle loop were encountered. These
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pressure fluctuations resulted in surging of the reactant stream through
the catalyst bed and made it difficult to meter the feed stream into the
recycle loop at a constant rate. Two 500 cmd pressure cylinders were
therefore added to the recycle loop to act as surge tanks for the recycle
pump. These surge tanks were used in combination with valves as shown in
Figure %3.1. By maintaining a 15 cm Hg pressure differential between each
surge cylinder and the reactor side of the recycle loop, pressure varia-
tions in the reactor and at the point of fresh feed entry to the loop were
eliminated.

During the runs in which product water was removed from the re-
cycling reactant gases, the surge cylinders were also used to hold the

alumina pellets which acted as the water absorbent.

H. Sample Valve

After water and unreacted ammonia had been removed from the pro-
duct stream, it was sent through a sample valve and a sample coil, and was
then vented. Meanwhile a stream of helium, acting as the carrier gas, was
also passing through a separate.leg in the sample valve on its way to the
separating columns in the vapor fractometer. When the sample valve was
turned on the sample coil was taken out of series with the product stream
and was simultaneously put into series with the helium carrier gas. Using
this scheme it was possible to flush reproducible sample volumes into the
fractometer separating column with no denger of contaminating the sample

with air.
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I. Vapor Fractometer

A Perkin-Elmer gas chromatography unit, utilizing a thermal con-
ductivity cell as the sensing element, was used for the separation and
analysis of the oxygen, nitrogen and nitrous oxide portions of the reactor
effluent. Theoretically it is possible to separate and analyze these three
gases in a single operation using one separation material. In practice,
no single column packing could be found which gave a clean and yet rapid
separation of the oxygen, nitrogen and nitrous oxide. A five Angstrom
molecular sieve column could be used at room temperatures to bring about a
satisfactory separation of oxygen and nitrogen, but at this low tempera-
ture nitrous oxide was retained indefinitely in the column. At the high
temperature of 190°C the nitrous oxide remained in the column less than
one minute but no separation of oxygen and nitrogen was possible. The
decision was made to use two molecular sieves in series, one housed inside
the fractometer at 190°C and the other positioned outside the fractometer
at ambient temperature. A special valve was so arranged that the external
column could be eliminated from the path of flow at will. One complete
analysis required that two effluent samples be used. One sample was flushed
into the external column to effect the separation of oxygen and nitrogen.
The separated oxygen and nitrogen then moved through the internal column
to the thermal conductivity cell, where their relative amounts were sensed.
Next, the external column was switched out of the path of flow and a second
sample was flushed directly into the internal column. This time the rela-
tive amounts of nitrous oxide and the unfractionated oxygen-nitrogen por-

tion of the effluent were determined. From these two analyses, then, and
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stoichiometric considerations, the composition of the reactor effluent
could be calculated.

The two-sample approach described above assumes that the com-
position of both samples is the same. This assumption will be valid when
the reaction system reaches steady state operation. The approach to
steady state can, in fact, be measured by successive effluent analyses.
Upon reaching steady state, repeated product analyses will give identical
results. ©Such reproducible analyses were obtained with this system
becsuse feed rate, feed composition and reaction temperature were closely

controlled and non-contaminated effluent samples of reproducible volume

were analyzed.

J. Printing Integrator and Recorder

A recorder connected with the gas chromatography unit recorded
the curves resulting from effluent analyses. A printing integrator was
used for the computation of areas under the various curves. These areas

were in turn used to calculate the concentration of the reactor effluent.

K. The Catalyst

The catalyst selected for this work is available commercially
from Engelhard Industries, Inc. It consisted of 0.5 weight percent
ruthenium supported on 1/8 inch gamma alumina pellets. Physical pro-

perties of the catalyst appear in Table III-1.
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TABLE ITI-1

Physical Properties of Catalyst

Diameter, inChes....covveoeennveesnonss 1/8 Nominal
Tength, inches....ovvvveennneeennnn .... 1/8 Nominal
Bulk Density, 1bs./cu.ft......cevuunnn. 58
Particle Density, 1lbs./cu.ft........... 104

True Density, 1lbs./cu.ft............. .oo212
Internal Void Fraction................. 0.56

External Void Fraction....e.eeeeeeenass 0.54



IV EXPERIMENTAL TECHNIQUES

A, Feed Composition

Most of the experimental work was conducted using a feed stream
consisting of oxygen and ammonia. If these two components had been metered
separately into the recycle loop, separate meter calibrations would have
been required and uncertainties in metering rates would have been compounded
in computation of feed composition. These considerations led to use of
cylinders of pre-mixed oxygen and ammonia. Cylinders containing 5.3, 9.7
and 16.5 volume percent ammonia, the balance oxygen, were prepared. Com-
position of the mixtures was established by mass spectrometry and verified
by a Burrell gas analysis. During the course of the experimentation, the
cylinder contents were periodicaliy analyzed by the Burrell method and it

was ascertained that the compositions did not change with time.

B, Flowmeter Calibration

Rates of flow were measured with flowmeter tubes and were control-
led by individual needle valves positioned downstream of each flow tube.
All flows were metered at 586‘cm Hg, making it possible to neglect ambient

pressure variations.

The moving soap film technique was used to calibrate the flow
tubes. Gas was led from the flowmeter through a water saturator into the
sidearm of a calibrated burette. The gas bubbled through a soap solution
in the base of the burette, forming soap films spanning the burette cross-
section, The timed movement of these films was reproducible within + 1%,

Teking ambient pressure and temperature into account, the rate of flow of

-30-
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the dry gas under standard conditions was easily calculated. Flow rate
calibration curves for the 9.7 volume percent ammonia, balance oxygen,
composition and for nitrogen, nitrous oxide and helium are presented in
Figures A.1 and A.2 in Appendix A.

Float positions in the flow tubes were reproducible within
+ 2%. This figure has not been corrected for the + l% error in timing
the rate of soap film movement. Flow rates were therefore known within
an error range of + 2%. The feed composition was known within a range of
+ 0.5% whenever only the premixed ammonia-oxygen was used as feed.

When the ammonia-oxygen mixtures were used for calibration of
flow tubes, the ammonia portion of the mixture was absorbed in sulfuric
acid downstream of the calibration burette and only the flow rate of the
remaining water-saturated oxygen was measured by the soap film technique.
Measured flow rates were then corrected for the known ammonia content.

The solubility of ammonia in the soap solution made this approach necessary.

C. Pump Calibration

At each of the three reaction pressures, 176, 216 and 280 cm Hg,
the pump capacity was measured with the pump feed surge cylinder set
15 cm Hg below reaction pressufe and the pump discharge surge cylinder
maintained 15 cm Hg above reaction pressure. Dry nitrogen was used to
supply gas to the pump feed cylinder. Nitrogen leaving the cylinder was
then saturated with water and sent through a wet test meter. Dry pumping
rates corrected to standard conditions were 50, 57 and 67 liters per minute

for the reaction pressures 176, 216 and 280 cm Hg, respectively.
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D. Vapor Fractometer Calibration

Two cylinders of pre-mixed oxygen, nitrogen and nitrous oxide
were prepared for calibration of the vapor fractometer., Analysis by mass
spectrometry of the contents of the two cyliﬁders showed thém to contain
3.22 volume percent nitrogen and 3.28 volume percent nitrous oxide, balance
oxygen; and 6.69 volume percent nitrogen and 6.76 volume percent nitrous
oxide, balance oxygen, respectively. These two compositions covered the
composition range of interest in the planned experimental work. Avail-
ability of the mixtures made it possible to easily check the vapor fracto-
meter calibration periodically during the course of the experimentation,
The calibration did not change with time.

Calibration was carried out by establishing a flow of calibrating
gas through the sample valve previously described and flushing samples of
this gas into the fractometer exactly as was done with the reactor effluent.
When gas was flushed into the external column, areas under the resulting
oxygen and nitrogen curves were measured and the percentage of the total
area contributed by the nitrogen peak was computed. The ratio of percent-
age nitrogen in the calibrating mixture to percentage nitrogen curve area
was 1.0l for both calibrsting mixtures.

Similarly, when calibrating samples were flushed directly into
the internal column, areas under the resulting nitrous oxide and oxygen-
nitrogen curves were measured and the percentage of the total area contri-
buted by the nitrous oxide curve was computed. The ratio of nitrous oxide
in the calibrating mixture to percentage nitrous oxide curve area was a

constant, 00716, for both calibrating mixtures. It frequently happens
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that the ratio of the volume percent of a gas component to the percentage
curve area of that component is independent of the volume percent in the
case of dilute mixtures. This linearity in the present work, where oxygen
dilution did not exceed about 15%, eliminated the necessity of construct-
ing calibration curves for the vapor fractometer. Area percentages were
converted directly to volume percentages by multiplication. After comput-
ing the volume percentages of oxygen, nitrogen and nitrous oxide in this
way, the ammonia and water content of the reactant stream was calculated
from stoichiometric considerations as described in Appendix C,

The calibrating mixtures were used to verify that bubbling the
reactor effluent through a dilute solution of sulfuric acid, as was prac-
ticed in effluent sampling, did not affect the nitrogen, nitrous oxide and
oxygen portion of the effluent. Both calibrating mixtures were passed
through the acid solution en route to the fractometer sample valve. The
subsequent fractometer analysis showed that the calibrating mixture com-

positions were not affected by the sulfuric acid solution.

E. Catalytic Activity of Reactor System

Prior to taking experimental measurements, a run was carried out
without adding catalyst to the reactor system. Reaction pressure was set
at 280 cm Hg and a feed composition of 9.7 volume percent ammonia, the

1 and reactor

balance oxygen, was used. At feed rates of 200 cm? min”
temperatures as high as HOO°C, nd product nitrogen or oxides of nitrogen

were found in the reactor effluent after three hours of 6peration. It was
concluded that the reactor system was catalytically inert for the oxygen-

ammonia reactant stream and that no gas phase reaction between oxygen and

ammonia would take place in the reactor.
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F. Catalytic Activity of Alumina Carrier

Alumina pellets identical to those used as the carrier for pro-
duction of the commercial 0.5 weight percent ruthenium catalyst were ob-
tained from the catalyst supplier, Engelhard Industries, Inc. Fifty of
these blank pellets were put in the reactor series at 200°C, other reaction
conditions being identical to those described in the previous paragraph.
Reaction tempersture was then slowly raised and the reactor effluent was
sampled periodically to check for the presence of product nitrogen and/or
nitrous oxide and other oxides of nitrogen. Up to a reaction temperature
of 350°C no reaction products were found. At temperatures exceeding 350°C,
nitrogen began to appear in the reactor effluent. Thie set the upper limit
on the temperature range used in the experimental work.

Using the same 50 blank alumina pellets, reactor temperature was
then lowered to 5H5°C, the reactor system was evacuated and the vapor frac-
tometer calibrating mixture containing 6.69 wvolume percent nitrogen and
6.76 volume percent nitrous oxide, the balance oxygen, was used as feed to
the system under the reaction conditions described abdve. The obJject was
to determine whether decomposition of the nitrous oxide would occur either
thermally or as catalyzed by the alumine carrier or the reactor system.
Effluent analysis showed that no nitrous oxide decomposition occurred under
these conditions. The partial pressure of nitrous oxide corresponding to
this run, 18.9 cm Hg, was not exceeded in any subsequent runs.

The 50 blank alumine pellets were then replaced with 50 pellets
bearing 0.5 weight percent ruthenium and the calibrating mixture described

above was again used as feed to the reactor system at a feed rate of about
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200 cm5 min'l. No nitrous oxide decomposition was found under these condi-

tions. Hence decomposition of nitrous oxide adsorbed from the gas phase on

the ruthenium catalyst was ruled out in mechanism considerations.

G. Experimental Procedure

A fresh catalyst charge was used for each of the six reaction tem-
peratures at which measurements were made. The total number of pellets was
weighed with an analytic balance and the pellets were placed in the reactor
series, No catalyst pre-treatment was followed.

When the catalyst had been loaded, a vacuum pump was used to
exhaust air from the reaction system. This procedure made the initial
approach to steady state operation more rapid. After the system was evacu-
ated, feed was introduced into the recycle loop at a rapid rate until the
pregsure reached the level set in the back pressure regulator. The recycle
pump was then turned on and the feed flow rate was adjusted to the value
desired. Fifteen or more minutes later, depending on the reaction tempera-
ture and feed rate, the system was at or near steady state conditions and
effluent sampling was begun.

Reaction rates at up to eight different feed rates were measured
for each feed composition, reaction temperature and pressure. The order
followed was one of incréasing contact time. Steady state conditions at
each successive flow setting therefore corresponded to an increase in extent
of reaction and product concentration. After completing a series of runs,
the feed valve was closed and the recycle pump was turned off. The vacuum
pump was then used to remove the reactant gas from the reactor system.

Then another series of runs using a different feed composition was started.



H. Reaction Products

The overall reactions which can take place in the ammonia oxida-

tion are:

ANH5+302=2N2+6H20 (4.1)
2 NH5 + 205 = N0 + 3 HyO (4.2)
b WH; +5 0, = 4 NO + 6 HO (4.3)

In the commercial process, at temperatures of about 850°C, nitric oxide
is formed in yields of 95% and higher. 1In general, as temperature is
lowered the nitric oxide yield falls off and increasing quantities of
nitrous oxide and nitrogen are found in the reaction products. At
temperatures below about 500°C, nitrogen and/or nitrous oxide become

significant and nitric oxide yield drops to low values and may even

" vanish.

Reaction products in the present system were investigated on
a preliminary basis by using the reactof in one-pass operation. Recycling
of reactor effluent was eliminated to reduce the possibility that nitric
oxide, if formed, would react in the gas phase with unreacted ammonia
and would therefore not be detecﬁed in the reactor effluent. Test runs
used both 5.3 volume percent ammonia and 16.5 volume percent ammonia, the
balance oxygen, as feed streams and involved feed rates from 50 to 1000 em?
min~l, The catalyst bed contained 50 pellets for this test. No reddish-brown
nitrogen dioxide was detected visually in the effluent until a reaction tem-

perature of 380°C was reached. Reactor effluent was analyzed quantitatively
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during the testing by flushing effluent samples into the internal column
of the vapor fractometer to check for the presence of recorder peaks not
attributable to nitrous oxide or oxygen-nitrogen. Only nitrous oxide

and oxygen-nitrogen peaks were found at temperatures below 370°C. Even

at 38050 and with the recorder operating at maximum sensitivity, only a
slight tendency toward peak formation was observed when the faintly
reddish-brown effluent was sampled. The retention time corresponding to the
slight upward movement of the recorder pen was identical to the retention
time observed when a sample of pure nitrogen dioxide was .sent through the

vapor fractometer.

I. Range of Variables

A temperature range from 246 - 345°C was used in this work. The
upper temperature limit was fixed by the alumina carrier, which was no
longer catalytically inert at temperatures above 350°C. The lower tempera-
ture was selected to provide one set of reaction rate measurements under
conditions of no nitrous oxide formation.

As indicated earlier, pre-mixed feed streams having the composi-
tions 5.3, 9.7 and 16.5 volume percent ammonia, the balance oxygen, were
used for the experimentation. These mixtures allowed for variation of
ammonia partial pressures over a fortyfold range under reaction conditions.
A large excess of oxygen was insured under all circumstances.

Total reaction pressure varied from 176 to 280 cm Hg. The lower
value was set high enough to avoid chatter in the back pressure regulator,
The upper value was set low enough to permit smooth flow of fresh feed

into the recycle loop. Gases were fed through the flow tubes at a constant



-38-

pressure of 386 cm Hg. Even at this pressure, one tube shattered in the
preliminary work, resulting in the decision not to use the tubes at higher
pressures.

In one series of runs an inert gas, helium, was added to the feed.
This technique was used to lower the partial pressure of oxygen, extending
the range over which this variable was studied. The presence of helium in
the reactor effluent made a special vapor fractometer calibration necessary.
This technique was consequently used on a limited basis.

Fresh feed rates from 205 to 925 standard em? min"l were used in
the experimentation. Contact times were varied over a twentyfold range by
using either ten or fifty pellet charges in various combinations with these

fresh feed rates.

J. Stability of Catalyst

Tests were conducted to determine whether the catalytic effect of
the ruthenium would be independent of time under invariant reaction condi-
tions. Two separate catalyst loadings of 50 pellets each were tested for
a period of ebout 24 hours per loading. The first charge was tested at
246°C, using the 9.7 volume percent emmonis, balance oxygen, feed composi-
tion. Twenty four measurements were recorded for this run. The rate of
nitrogen formetion, as shown in Figure 5.15, was essentially constant for
the duration of the test period. The average rate of nitrogen formation
was 1.88 + 0.047 cmd per minute per gram of catalyst. This represents an

average deviation of + 2.5%° The maximum deviation was 9%0
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The second catalyst sample was used for 24 hours at a reaction
temperature of 322°C. The feed contained 16.5 volume percent ammonia,
the balance oxygen. Whereas at 246°C only nitrogen and water appeared
as reaction products, nitrous oxide was also formed at 322.,2°C., Hence
it was possible to check not only the constancy of the total reaction
rate but also the consistency of the product distribution. A total of
10 measurements was recorded. The average rate of nitrogen formation,
in em? min™! gm'l, was 11.1 + 0.2, or 11.1 + 1.8%; average rate of nitrous
oxide formation, in the same units, was 5.7 + 0.17, 5.7 + 3%, The maxi-

mum nitrogen and nitrous oxide deviations were 3.6 and 5.5%, respectively.

Figure 5.16 exhibits the measurements taken at 322.2°C.

K. Check on Differential Conditions

If the differential bed reactor were operating under conditions
approaching differential character, then reactor effluent sampled at points
upstream or downstream of the reactor would have practically the same com-
position. In fact, gases flowing into the reactor sequence were identical
to those leaving the reactor, except that they had been diluted by the
addition of fresh feed. ©Since gas was recycling at about 50 liters per
minute and fresh feed entered fhe loop at a maximum of 925 cm) min‘l, the
maximum dilution suffered by the recycle stream was on the order of 2%,

It was decided to sample the recycle stream between the feed
point and the reactor, and downstream of the reactor, to verify the above
considerations experimentally. This check on the differential conditicns
was combined with the testing of catalyst stability already discussed.

Hence, of the 3L measurements represented in Figures 5.15 and 5.16, 12
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points correspond to upstream recycle sampling and the remaining 2l repre-
sent sampling downstream of the reactor section. The location of the
sampling point is indicated by legend in the figures mentioned. It is
seen that recycle compogition is independent of location of the sampling

point.

L, Data Reproducibility

It has now been established that catalytic activity is indepen-
dent of time and that the reactor system opérates on a differential basis.
These factors must yet be considered:

1. Can data once teken be reproduced after a given catalyst

sample has been used under different reaction conditions?

2. Will arbitrarily selected samples of the supported ruthe-

nium catalyst produce the same reaction rates and the same

product distribution?
The first of these considerations was checked experimentally at 322.2°C,
Catalyst which had been used to teke data at a reaction pressure of
216 cm Hg and a feed composition of 9.7 volume percent ammonia, balance
oxygen, was removed from the reactor and exposed to the atmosphere for one
hour at room temperature. Then the charge was replaced in the reactor and
the 9.7 volume percent ammonia, balance oxygen, feed stream was passed
over it at room temperature for 70 minutes. Finally the reactor section
was resubmerged in the molten salt and runs corresponding to measurements
R37-2 and R37-3 (Table B-1, Appendix B) were repeated. Results, indicated

in Table IV-1, were consistent.
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TABLE IV-1

REPRODUCIBILITY OF MEASUREMENTS WITH USED CATALYST

Measurement Rate*Recorded Rate*Recorded with Percent
With Fresh Same Catalyst After Deviation
Catglyst Extended Use
Ny N0 N2 N0 N2 NQO
R37-2 13.5 6.56 14,0 6.45 +3.7  =1.7
R37-% 9.9 4.69 10.1 4.82 +2.0 +2.8
¥Rates are in cmd min~+t gm'l.

Whether different catalyst samples would yield the same reaction
rates and product distribution was checked at 322°C for measurements
R38-2 and R38-3. Table IV-2 displays the results. Measured rates for the
second catalyst sample were somewhat lower than for the first sample but

the deviation is not excessive.

TABLE IV-2

REPRODUCIBILITY OF MEASUREMENTS WITH TWO CATALYST CHARGES

Rate¥*Recorded Rate*Recorded Percent
Measurement With First With Second Deviation
Catalyst Charge Catalyst Charge

N N,0 N N0 N, W0

2 2 2 2
R38-2 10.2 3.97 9.42 3,71 -5.9 -6.5
R38-3 7.05 2.68 6.84 2.55 -3.0 -4.8

¥Rates are in cm’ min~t gm'l.
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M. Reversibility of Water Adsorption

It has been noted that measurements were made in order of in-
creasing contact time for each feed composition. The partial pressure
of product water and the amount of water adsorbed on the catalyst surface
under steady state conditions therefore increased as each run proceeded.
If this adsorbed water remained on the catalyst surface and had a site-
blocking effect, the next series of measurements might indicate decep-
tively low rates of reaction. This potential problem was investigated
experimentally at 24L6°C. Using the 16.5 volume percent ammonia, balance
oxygen, feed, a flow rate of 208 cm’? per minute resulted in 38.1%
ammonia conversion. Partial pressure of water in the system, as calcu-
lated from vapor fractometer measurements and stdichiometric considera~
tions, was 25.3 cm Hg (Measurement R3-8). The flow rate was then increas-
ed to 925 cm? per minute. About 40 minutes later, the reaction rate pre-
viously recorded at the higher feed rate was again reached as the steady
state value. This higher feed rate corresponded to a water partial pres-
sure of 11.7 cm Hg (Measurement R3-4). Hence at the lowest feaotion
temperature studied, water apparently readily desorbed from the catalyst
surface even under continuing reaction conditions.

An identical test was conducted at 322°C. Water pressure corres-
ponding to a feed rate of 35.5 cm? per minute using the 16.5 volume percent
ammonia, balance oxygen, feed was 56.8 cm Hg (Measurement R39-5). After
recording this measurement, the flow was increased to a value of 290

5

cm min'l, corresponding to a previously recorded steady state water

partial pressure of 21.3 cm Hg (Measurement R39-1). The rate of reaction
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recorded at the lower contact time was again measured as the steady state
value. Product distribution between nitrogen and nitrous oxide was also
the same. This further substantiated the conclusion that water desorbed
readily from catalyst sites contributing to the reaction.

As a final precaution, the high contact time conditions for the
16.5 volume percent ammonia, balance oxygen, feed were re-established and
partial pressure of water was again brought to the steady state, 56.8 cm Hg
level. Then a vacuum was pulled on the system for 10 minutes. Measurement
R38-4 for the 5.3 volume percent ammonia, balance oxygen, feed was next
re-measured. The two measured values for measurement R38-L differed by
3.6%. It is apparent that the relatively high concentrations of water

vapor over the catalyst had not influenced the catalytic activity.

N. Removal of Water from the Recycle Stream

For several series of runs it was desired to remove product water
from the recycle gas stream. Alumina pellets, already shown experimentally
to be catalytically inert below 350°C in terms of ammonia oxidation, were
chosen for this purpose. These pellets were placed in the surge cylinder
downstream of the reactor. During water removal runs, the cylinder was
kept at ambient temperature to increase alumina's water absorptive capa-
city.

It was assumed that water would be formed in the system at the
rete of 150 cm5 min=l., At room temperature, alumina can absorb lO% of its
own weight of water and yet reduce water partial pressure to zero. Hence
43 grems of alumina would be necessary to absorb water under the assumed

condition for 30 minutes. Ten times this weight of alumina was used.
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As the next step, experimentation was conducted to establish
the time required for 500 grams of alumine to become saturated with
ammonia and oxygen at the approximate pressure levels to be used. Condi-
tions for measurement R1-L4 were re-established, with the exception that
500 grams of alumina were introduced into the feed line between the flow
meters and the recycle lcop. The steady state reaction rate expressed by
measurement R1-4 would not be established until the alumina pellets ceased
to absorb gas from the feed. Fifty minutes after the feed was turned on,
the steady state reaction rate previously recorded was again measured as
the steady state value. This indicated that no more than 50 minutes would
be required to saturate the alumina with respect to ammonia and oxygen at
ambient temperature.

Before each series of water absorption runs was started, fresh
feed was introduced to the system at the maximﬁm flow rate and with all
operating conditions satisfied except that the reactor was not immersed
in the molten salt. Purpose of this procedure was to saturate the alumina
pellets with ammonia ana oxygen. One hour after startup, the reactor was
then lowered into the salt bath and the series of data points was measured
in the usual way.

If during a series of water-removal runs the alumina absorbed
an amount of water exceeding about 10% of the weight of the alumina, not
all water would be removed from the recycling stream. In this circumstance,
the assumption of negligible water partial pressure might be violated.

It was therefore necessary to test the recycle for water content on the

downstream side of the absorbent. This was carried out by withdrawing
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reactor effluent on the upstream side of the reactor and passing the
effluent through shielded glass tubing immersed in an ice bath. Obser-
vations were made throughout the course of each series of runs. No
condensate was observed in the glass tubing during the water absorption
runs. The vapor pressure of liquid water at 0°C is 0.47 cm Hg, meaning
that the partial pressure of water in the recycle stream did not exceed
this value. The value of 0.47 cm Hg is sufficiently low so that the
additive term in the denominator of the Langmuir adsorption isotherm
representing competition from water for adsorption sites can be neglected.
It is noted that, unless unchanging values of oxygen, ammonia,
nitrogen and nitrous oxide partial pressures were established in the
recycle stream, analyses of the reactor effluent would not have been
reproducible., The analyses indicated that steady state conditions were
reached. The alumina did not create a problem by acting indefinitely as

either a sink or source for reactants or for nitrogen or nitrous oxide.

0. Presence of Hydrogen

The molecular sieve used for the oxygen-nitrogen separation in
the vapor factometer was also capable of separating hydrogen from air. It
was therefore possible during the standard effluent analysis procedure
to observe whether hydrogen appeared as a reaction product. Hydrogen was
at no time detected during the effluent analyses.

As a further check for hydrogen, the reactor was used on a one-
pass basis at the lowest and highest temperature levels of experimentation.

Agein no hydrogen was found in the effluent.



V EXPERIMENTAL RESULTS

A. Influence of Ammonia Pressure on Total Rate of Ammonia Oxidation

Figures 5.1, 5.2 and 5.3 display most of the measurements which
show the influence of ammonia partial pressure on the total rate of ammonia
reaction. The logarithm of the total reaction rate, em® min-1 gm"l, is
plotted vs. the partial pressure of ammonia in the reactant stream with
temperature as a parameter. For these measurements, only ammonia and oxygen
were used as feed, All products of the reaction were left in the recycle.
The oxygen partial pressure for any given curve is constant within a few
percent because of the relatively low percentages of ammonia in the feed.
The measurements are seen to be consistent ﬁith other measurements made
in each series of runs. The rate decreases regularly with decreasing ammo-
nia partial pressure and increases with rising temperature.

Figure 5.1 shows measurements made at four temperatures. For
each of the four curves shown, the 5.3 volume percent ammonis, balance
oxygen, feed was used. Reaction pressure was also constant for all Figure
5.1 measurements at 280 cm Hg. Adjacent to each curve is the reaction tem-
perature and a reference to the data tables in Appendix B. The uppermost
curve, for example, corresponds to a reaction temperature of 345°C and pre-
sents measurements appearing under R-48 in Appendix B. Considerations

analogous to these for Figure 5.1 also apply to Figures 5.2 and 5.3.

B. Influence of Nitrogen on Rate of Product Formation

At three of the six temperatures investigated, a series of runs

for which nitrogen was added directly to the feed was carried out. It was
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Figure 5.1. Influence of Ammonia on Total Rate of Ammonia Oxidation,
Pressure 280 cm Hg, 5.3 Volume Percent Ammonia in Feed.
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Figure 5.2.

NH; PRESSURE, cm Hg

Influence of Ammonia on Total Rate of Ammonia Oxidation,
Pressure 280 cm Hg, 16.5 Volume Percent Ammonia in Feed.

FEED : 5.3 VOLUME PERCENT NHjz , BALANCE O,
REACTION PRESSURE : 280 cm Hg
L -
0 1015 20 25 30 35 40 45 50 55 60 65

70



RATE OF NH; OXIDATION, STANDARD cm® min' gm™'

-49-

100

70

50 |

40

30

20}

1 Ll L Ll T I

345.5°C R46

O 322.2°C R36

O 310.8°C R28

O 296.1°C RIS

O 273.5°C R9

FEED : 16.5 VOLUME PERCENT NHj; , BALANCE O,
REACTION PRESSURE : 176 cm Hg

e

5 70 5 20 25 30
NH; PRESSURE, cm Hg

Figure 5.3. Influence of Ammonia on Total Rate of Ammonia Oxidation,
Pressure 176 cm Hg, 16.5 Volume Percent Ammonia in Feed.
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taken as a working postulate for these runs that nitrogen would have no
influence on the rate of ammonia oxidation. This postulate was tested by
comparing reaction rates measured under two sets of reaction conditions
which were identical in all respects except that nitrogen was added to the
feed in one case and not in the other. When nitrogen was added to the feed,
the reaction pressure was raised accordingly so that the partial pressure
of the added nitrogen would not change the partial pressures of the other
gases in the reaction system. If the working postulate that the added
nitrogen acts as an inert is valid, then identical rates of reaction will
be measured under both sets of conditions.

Figures 5.4, 5.5 and 5.6 show the results of such measurements
taken at 296, 310 and 545°C} respectively. Measured values of the rates
of formation of nitrogen and nitrous oxide have been plotted separately in
these figures. Three types of points are associated with each of the two
curves shown in each figure: measurements for conditions of no nitrogen
added to the feed; measurements for conditions involving addition of nitro-
gen to the feed;vand measurements for conditions invoiving addition of
nitrous oxide to the feed, to be discussed next. Significance of the data

is indicated for each figure by legend.

C., Influence of Nitrous Oxide on Rate of Product Formation

The experimental scheme just discussed to investigate the influ-
ence of nitrogen on reaction rates and product distribution was also used
to determine whether nitrous oxide affected the rates of reaction. The

working postulate was that nitrous oxide added directly to the feed would
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Figure 5.5. Influence of Nitrogen and Nitrous Oxide on Rate of Product

Formation at 310°C.
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behave as an inert in the reaction system. Presence of the added nitrous
oxide in the reaction system was compensated by raising the reaction pres-
sure an appropriate amount. Measurements taken under these conditions were
then compared with measurements taken under conditions otherwise identical
except that no added nitrous oxide was present in the reactant stream.
Figures 5.4, 5.5 and 5.6 display the results recorded at temperatures of
296, 310 and 345°C, respectively. These are the same figures that were
used to exhibit the measurements for which nitrogen was added to the feed.
The legend on each figure explains the reaction conditions under which each

measurement was made.

D. Influence of Ammonia on Rate of Product Formation

The influence of ammonia on the rates of formation of nitrogen
and nitrous oxide was investigated under conditions of constant oxygen
pertial pressure and constant water partial pressure. It was indicated
earlier that oxygen partial pressure remained nearly constant for any given
feed composition and reaction pressure. Water partial pressure was maintain-
ed at a very low level in the reactant stream by using alumina to remove
product water from the recycle.

Measurements made to study the ammonia influence are displayed
in Figures 5.7 and 5.8. Figure 5.7 shows the effect of ammonia on the rate
of nitrogen formation; Figure 5.8 shows the effect of ammonia on the rate
of nitrous oxide formation. In both figures, the logarithm of the pertin-
ent rate of formation is plotted against the logarithm of the partial pres-
sure of ammonia in the reactant stream. Measurements for all six tempera-

tures studied in the experimental work are included. Appropriate legends
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Figure 5.7. Influence of Ammonia on Rate of Nitrogen Formation.

(Water Removed from Recycle)
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on each figure indicate the various temperatures and reference the measure-

ments as tabulated in Appendix B, The ammonia pressure in this work varied

from 1.1 to 44.1 cm Hg.

E. Influence of Oxygen on Rate of Product Formation

The effect of oxygen on the rate of formation of nitrogen and
nitrous oxide was determined by taking measurements for which water was
eliminated as a variable. The water partial pressure was held at a negli-
gibly low value by absorbing water from the recycle stream with alumina.
Various combinations of reaction pressure and feed composition were used
to vary the oxygen partial preésure from about 70 to 265 cm Hg. The
influence of ammonia on these measurements was taken into account by meking
use of information developed from Figures 5.7 and 5.8. After making quan-
titative allowance for the ammonia partial pressure, rates of product for-
mation under the various reaction conditions were then related directly to
the partial pressure of oxygen in the reactant stream.

Figures 5.9 and 5.10 show the measurements teken to investigate
the oxygen influence. Figure 5.9 shows the effect of oxygen on the rate
of nitrogen formetion; Figure 5.10 indicates the influence of oxygen on
the rate of nitrous oxide formation. In both figures, the logarithm of
a function of reaction rate and ammonia partiesl pressure has been plotted
vs. the logarithm of the partial pressure of oxygen ih the reactant stream.
Measurements for all six temperatures studied in the experimentation are
included. A legend on each figure indicates the various temperatures and

references the measurements as tabulated in Appendix B.
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Figure 5.9.

Oz PRESSURE, cm Hg

Influence of Oxygen on Rate of Nitrogen Formation.
(Water Removed from Recycle)
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Figure 5.10. Influence of Oxygen on Rate of Nitrous Oxide Formation.
(Water Removed from Recycle)
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F. Influence of Water on Rate of Product Formation

Oxygen partial pressure in the reactant stream was approximately
constant for each feed composition and reaction pressure. For a given
temperature, feed composition and reaction pressure, then, the rate of
product formation measured at various feed rates can be related solely to
the partial pressures of ammonia and water in the reactant stream. The
quantitative influence of ammonia on these rates can be taken into account,
however, by using information developed from Figures 5.7 and 5.8. This
is done by normalizing the rate of formation of the pertinent reaction
product with respect to ammonia, i.e., by dividing the rate of formation
by the partial pressure of ammonia raised to the proper power. Suitable
plotting of this normalized rate vs. the partial pressure of water then
indicates the extent to which water influences the rate of product forma-
tion.

Plots of the logarithms of such normalized rates of product
formation vs. the logarithm of water partial pressure are shown in Figures
5.11 and 5.12. Figure 5.11 shows measurements of the rate of formation
of nitrogen; Figure 5.12 shows measurements of the rate of formation of
nitrous oxide. In both cases, iinear relationships result. The measure-
ments used for Figures 5.11 and 5.12 are simply replots of some of the
measurements shown in Figures 5.1, 5.2 and 5.3. One curve has been drawn
in each of the two Figures 5.11 and 5.12 for each of the six temperatures
investigated. Most of the other measurements made during this experimen-
tation could also be replotted in the manner shown. The data displayed

are completely representative. The slopes of the straight lines are

independent of reaction temperature, feed composition and reaction pressure.
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The approach described in the two preceding paragraphs is an
indirect one. The influence of water on the rate of ammonia oxidation was
also investigated directly by establishing reaction conditions for which
the partial pressures of oxygen and ammonia were held approximately con-
stant while the partial pressure of water was varied. Due to experimental
difficulties, however, measurements were made for only two values of water
partial pressure at any given ammonia and oxygen partial pressure. These
measurements are displayed in Figure 5.13. Two curves have been drawn for
each of the three temperatures investigated. The reaction conditions
corresponding to the measured values are described on the figure itself.
Results are in agreement with the results presented in Figures 5.11 and
5.12, i.e., other conditions being equal, an increase in the partial pres-
sure of water in the reactant stream inhibits the rates of formation of

both nitrogen and nitrous oxide.

G. Influence of Mass Transfer on Rate of Product Formation

The influence of mass transfer on the rate of ammonia oxidation
was checked by varying the mass transfer coefficient under otherwise iden-
tical reaction conditions. The mass transfer coefficient was changed by
changing the cross sectional area of the reactor. This procedure was
carried out at a temperature of 345°C. If mass transfer was without in-
fluence on the rate of reaction at this temperature, then it would also
be without influence at the lower reaction rates corresponding to the lower
temperatures of experimentation.

It is shown in Appendix D that the mass transfer coefficient k
is inversely proportiocnal to the diameter of the reactor when other condi-

tions are constant, that is
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k o 1/D (5.1)
The mass transfer coefficient was increased by 35% in this work by sub-
stituting an 0.156 inch diameter reactor for the 0.210 inch diameter
reactor used during most of the experimentation. Figure 5.1L4 shows the
measurements for which the mass transfer coefficient was varied. The total
rate of formation of nitrogen and nitrous oxide is plotted vs. contact time.
Measurements are shown for each of three feed compositions. Three feed
rates were used for each feed composition. The measured rates of product
formation are seen to be independent of the rate of mass transfer to the

catalyst surface.

H. Stability of Catalyst and Check on Differential Conditions

Figures 5.15 and 5.16 display the data taken to determine whether
catalytic activity was a function of time and whether differential condi-
tions existed in the reactor. Under the reaction conditions indicated on
the two figures cited, reaction rates were measured over a time interval
of 24 hours. Effluent was sampled both upstream and downstream of the
catalyst section. The measurements show that composition was independent

of the sampling point and independent of time.

TI. Influence of Ammonia on Relative Rate of Nitrous Oxide Formation

Information derived from Figures 5.9 and 5.10, and from Figures
5.11 and 5.12, indicates that the rates of nitrous oxide and nitrogen for-
mation have identical dependence on the partial pressure of oxygen and
water at all temperatures investigated. This suggests that for any of

the measurements taken in this work, the ratio of the rate of formation
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at 246°C.
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of nitrous oxide to that of nitrogen should depend only on the partial
pressure of ammonia., This dependence should be quantitatively predict-
able from the measurements shown in Figuresi5.7 and 5.8,

Figure 5.17 is a plot of the logarithm of the ratio of nitrous
oxide and nitrogen rates of formation vs. the partial pressure of ammonia
in the reactant stream. Experimental values are shown for each of the
five temperatures at which both nitrous oxide and nitrogen appeared as
reaction products. At each temperature, data from two arbitrarily select-
ed sets of feed composition and reaction pressure have been included.

This is a replotting of a portion of the measurements presented in Figures
5.1, 5.2 and 5.3. The information used is completely representative. It
is evident from the figure that the logarithm of the ratio of rates of
formation of nitrous oxide and nitrogen is approximately linearly dependent

on the partial pressure of ammonia.
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VI DISCUSSION OF RESULTS

A, Influence of Partial Pressures on Reaction Rates

Several conclusions can be drawn immediately from the results
presented in Chapter V. Inspection of Figures 5.4 through 5.6 shows that
the rate of nitrogen formation is independent of nitrogen partial pressure
within experimental error. The rate of nitrous oxide formation is also
seen to be independent of nitrogen partial pressure. Partial pressure of
nitrogen introduced in the feed was as greét as 7.7 cm Hg and in several
instances exceeded the pértial pressure of product nitrogen. These results
Justify the assumption that nitrogen is without influence on nitrogen and
nitrous oxide rates of forﬁation. Inspection of Figures 5.4 through 5.6
also indicates that the rates both of nitrogen and nitrous oxide formation
are independent of nitrous oxide partial pressure, even though the partial
pressure of added nitrous oxide was as high as 9.2 cm Hg.

Figures 5.7 and 5.8 show that the logarithms both of the rates of
formation of nitrogen and nitrous oxide are linearly dependent on the par-
tial pressure of ammonia. The slopes of the straight lines correlating
the measurements are independent of temperature. The slope of the straight
lines corresponding to‘nitrogen formation rates is 1.0. This means that
the rate of nitrogen formation is proportional to the first power of
ammonia partial pressure. The slope of the measurements corresponding to
nitrous oxide formation rates has the value 1.35, indicating that the rate
of nitrous oxide formation is proportional to the 1.35 power of ammonia

partial pressure.

-71-
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It will be shown shortly that the ratio of nitrous oxide to nitro-
gen formed in the reaction is independent of the partial pressures both
of oxygen and water in the reactant stream. This same ratio should, then,
be proportional to the ammonia partial pressure raised to the 0.35 power,
consistent with the slopes of 1.35 and 1.0 Jjust discussed. These state-
ments are tested in Figure 5.17, where the logarithm of the ratio of
measured nitrous oxide and nitrogen rates is plotted versus ammonia par-
tial pressure. The measurements shown have been randomly selected and
are completely representative. The data are reasonably fitted with straight
lines of slope 0.35, substantiating the conclusion regarding the influence
of ammonia partial pressure on the rate of reaction.

The measurements exhibited in Figures 5.9 and 5.10 indicate that
the logarithms of rates of formation of nitrogen and nitrous oxide are
linearly dependent on the partial pressure of oxygen. The straight lines
corresponding to this linear dependence have a slope of 0.7l, independent
of temperature. This value of the slope applies to both nitrogen and
nitrous oxide rate data. Hence the rates of nitrogen and nitrous oxide
formation depend to the same extent on the partial pressure of oxygen. Or,
to express the result in another way, the ratio of nitrous oxide to nitro-
gen formed in the reaction is independent of the oxygen partial pressure in
the reactant stream. Figure 5.17 substantiates this conclusion.

Veriation of the rate of oxidation of ammonia as a function of
water pressure can be displayed by isothermal measurements for which water
pressure is varied while the partial pressures of ammonia and oxygen are

held constant. Limited measurements of this type are shown for temperatures
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of 273.5, 296.1 and 3%22.2°C in Figure 5.13. The upper curve for each
temperature corresponds to a feed of 9.7 volume percent ammonia, balance
oxygen, and a reaction pressure of 216 cm Hg. Oxygen pressure for this
data is 183 + 10 cm Hg. While using a feed containing less oxygen, namely
16.5 volume percent ammonia, balance oxygen, it was possible, by a suit-
able increase in the reaction pressure, to also set the oxygen partial
pressure for this feed at the 183 cm Hg level. Use of appropriately high
contact times for the 16.5 volume percent ammonia feed resulted in a lower-
ing of ammonia pressure to the level encountered in the 9.7 volume percent
ammonia feed case. Data for the two combinations of feed composition and
reaction pressure can then be compared in a manner meking the water effect
explicit.

The lower curve for each temperature in Figure 5.13 shows data
corresponding to the 16.5 volume percent ammonia feed case. For any fixed
value of the abscissa, say 17 cm Hg, the lower curve and upper curve iso-
thermal rates were then measured under essentially identical conditions of
ammoﬁia and oxygen partial pressures. But since the extent of ammonia
reaction in the lower curve case was greater, water pressure in the reactant
stream was also greater. For any given abscissa value in Figure 5.13, the
water pressure for the lower and upper curves differs by 31 cm Hg. This
is true, independent of choice of abscissa, because the difference in
water pressure depends only on the constant values of the ammonia mole
fraction in the two feeds used.

It is evident in Figure 5.13% that water retards the rate of

reaction. In all cases, rate curves corresponding to higher water pressures
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are below those for which water pressure was not as great. The influence
of water, however, becomes less pronounced as temperature increases. This
evidence suggests that water decreases the reaction rate by occupying sur-
face sites which would otherwise participate in the reaction. Such a
conclusion is consistent with the fact that the water effect becomes less
pronounced with increasing temperature.

Figures 5.11 and 5.12 demonstrate that the logarithms of rates
of formation of nitrogen and nitrous oxide are linearly dependent on the
partial pressure of water. Both for nitrogen and nitrous oxide rate meas-
urements, the straight lines correlating the data are independent of tem-
perature and have a slope of -0.15. Hence water retards the rates of
nitrogen and nitrous oxide formation to the same extent. This means that
the ratio of nitrous oxide to nitrogen formed in the reaction is indepen-
dent of the water concentration in the reactant stream. This conclusion

is verified in Figure 5.17.

B. Influence of Mass Transfer on Reaction Rate

Figure 5,14 indicates that the rates of formation of nitrogen and
nitrous oxide are independent of mass transfer effect under the conditions
used for this experimentation. Measurements shown in the figure corres-
pond to widely varying Modified Reynolds Numbers. Rates measured under
the otherwise identical reaction conditions are nonetheless independent

of the Reynolds number within experimental error.
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C. Formulation of Reaction Mechanism

A satisfactory reaction mechanism should account for the experi-
mentally observed pressure dependencies of the reaction rate in terms of
the steps occurring on the catalyst surface. The frequency of oxygen
participation in steps prior to and including the controlling step, for
example, should be consistent with the oxygen pressure dependence shown
in Figures 5.9 and 5.10. ©Suppose the oxygen concentration on the catalyst

surface can be represented by a Langmuir adsorption isotherm:

e g _
6o = & 2 (6.1)
° 1/2 1/2
L bog p02 * bHEO pHQO

Equation (6.1) allows for site competition from water molecules and assumes
dissociative adsorption of oxygen. Terms representing competition of
oxygen with nitrous oxide and nitrogen for adsorption sites are not in-
cluded because experimental measurements showed that these later two
species were without influence on the reaction rate. The denominator term
in Equation (6.1) representing competition from emmonia for sites has been
assumed negligible compared to the other denominator terms; Jjustification
for this simplifying assumption is found in Figures 5.7 and 5.8, where

the measured relationships are approximately linear rather than curved as
they would be if ammonia played a significant role in the denominator of
the oxygen surface concentration expression. Either ammonia adsorption
was wesk relative to that of oxygen and water, or ammonia did not compete

for adsorption on the same sites as those attracting oxygen and water.
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Since water was removed from the recycle stream for the meas-

urements shown in Figures 5.9 and 5.10, Equation (6.1) becomes

1/2 1/2
bO/ pO/ , n
o = e__2 Yp P (6.2)
N VEREVE 02 "0z
02 02 where n < 1/2

Equation (6.2) approximates dissociatively adsorbed oxygen concentration
on the catalyst surface as a constant times the oxygen pressure raised to
a power less than 1/20 It is recalled that the slope in Figures 5.9 and
5.10 is 0.71. This suggests that dissociatively adsorbed oxygen must enter
the reaction mechanism at least twice up to and including the controlling
step.

The role of adsorbed ammonia in the steps leading to nitrogen
formation should be consistent with the above conclusion concerning the
participation of oxygen in the reaction. Consider a scheme in which
atomic oxygen reacts with molecular ammonia to form imide (NH) and water.
The imide in turn can dimerize to form nitrogen and hydrogen. Taking the
dimerization reaction as controlling, the supposition that dissociatively
adsorbed oxygen enters the scheme twice is then satisfied. A Langmuir
adsorption isotherm expressing the concentration of adsorbed ammonia is
shown in Equation (6.3).

byH, PNH
_ 3 3
—_ (6.3)
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Equation (6.3) postulates that oxygen and water do not compete with ammonia
for adsorption on those sites attracting ammonia. Nitrogen and nitrous
oxide have been neglected in the denominator of Equation (6.3) for the

same reason that they were neglected in Equation (6.1). Use of Equation
(6.3) leads to a second order dependence of the nitrogen rate on ammonia
pressure, howe#er, which is inconsistent with the measurements shown in
Figure 5.7. A first order dependence, in agreement with the experimental

results, does occur if this approximation is made:
Sny © g Pmliéz | (6.4)

It is now our task to find a sequence of surface steps which
results in formation of nitrous oxide. Dissociatively adsorbed oxygen
should enter this sequence twice, consistent with Figure 5.10; and ammonia
should enter the sequence in a manner consistent with the ammonia influ-
ence expressed in Figure 5.8. For the first step, it is postulated that
molecularly adsorbed ammonia reacts with two dissociatively adsorbed
oxygens to form nitroxyl (HNO) and water. The double-participation of
oxygen in this step satisfies the oxygen pressure dependence shown in
Figure 5.10. Some nitrogen-containing species which exists independent
of the concentration of dissociatively adsorbed oxygen should now react
with the nitroxyl formed in the first step to yield nitrous oxide and
perhaps other species., It is postulated that this reaction involves colli-
sion of a gas phase ammonia with the nitroxyl. The factor involving ammonia

which then enters the nitrous oxide formation is
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I b 2
NH, “NE NH PNH5 ;
1+be. P NHz © 1 41 (6.5)
NH, PNE, NHz PN

Equation (6.5) indicates a second order dependence of the rate of forma-
tion of nitrous oxide on ammonia, inconsistent with the experimental meag-

urements. Making the approximation shown in Equation (6.6),

b
Wiy PNy 1.35 ey
= Bl\'.‘H PNH ( . )

the dependence of the rate of formation of nitrous oxide is in agreement

with that determined experimentally and shown in Figure 5.8.

D. Rate Equations Corresponding to Proposed Mechanism

Referring to Figure 6.1, the rate of formation of nitrogen, con-

trolled by Reaction 10, is
r =k (0)° (6.7)
2 2
The surface concentration of imide is developed from the reaction

Mz (03s) * O(ags) = M(ads) * H20(gas) (6.8)

which is assumed to proceed by the mechanism shown in Figure 6.1,
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ah 20 (ads) 2 H.O
(ads) @ 2%(ads)

4.

N
(q) zo(ods)

H @ @ | NH, (g)

=—=2H,0(q)

———

—~—— N,0 (g)

2 O(ads) -

[ =NHO 44) + H0 (ads)=—=H,0(g)
NH,(q) ==—=NH, (ads)

L @ =NH 4+ H, O (ads)==—=H,0(g)

O (ads) (ads) 2 -2

“ J NH (ads)
)
172 0, g Nz(ods) + 2H(°ds)
@“ @H O(ads)
H,0 (qg)

Figure 6.1. Tllustration of Steps in Proposed Reaction Mechanism.
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H H H H
H | H | No/”
N’ 0 = N |
I l
site + site site + site
Figure 6.2. Mechanism for Reaction Between Adsorbed

Ammonia and One Dissociatively Adsorbed

Oxygen.

Reaction (6.8) is assumed to be at equilibrium and the reverse reaction

is assumed to proceed independent of the concentration of adsorbed water,

analogous to a pseudo monomolecular reaction.

Ky = ———— ; Or Byy = Ky © e
o o NH NH NH5 0

Substituting Equation (6.9) into Equation (6.7),

2 2 2
re =Ky Kyg © C]
No N, “NH NH5 0

Substituting expressions (6.4) and (6.2) for GNH5

Equation (6.10) becomes

KN2 PO, PNH5

T
N
2 1/2

1/2 2
(1 + bog p02 + )

b D
H,0 *HL0

where

(6.9)

(6.10)

and 6, , respectively,

(6.11)
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The rate of nitrous oxide formation, assumed to be controlled

by reaction 4, Figure 6.1, is

T = k

P. 2
N0 NEO NH

(6.12)
5 NHO

The surface concentration of nitroxyl is determined by the reaction

NHB(adS) + 2o(ads) = NHO(adS) + Heo(gas) (6.13)

which is assumed to proceed by the mechanism shown in Figure 6.3.

]

H H H.

0 i 0 = o~ "y H—O0—H
| | | ! !

site + site + site site + site + site

Figure 6.3. Mechanism for Reaction Between Adsorbed

Ammonia and Two Dissociatively Adsorbed
Oxygens.

Reaction (6.13) is also assumed to be at equilibrium and the reverse
reaction is assumed to proceed independent of the concentration of

adsorbed water, analogous to a pseudo monomolecular reaction.

E 2
NHO . .

Substituting Equation (6.14) into Equation (6.12),
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2
T = k K P o) =) 6.15
N0 = ¥ Kwno Fims Ones ©0 (6.15)

Substitution of expressions (6.3) and (6.2) for QNH5 and @, , respec-

c
tively, in Equation (6.15) gives

Xy,0 Ko Bo, D
N0 im0 B, P PN, 20 (6.16

T =
N0

1/2 1/2 2
1L+0D 1L+b +0b
( NH5 PNH5)( 0% Poa H0 PHEO)

' ll
Equation (6.6) is now used to substitute BNH3 PNHis into Equation

(6.16), ylelding the final rate equation for the rate of nitrous oxide

formation
1.35
KN20 Py “Po,,
Ty o = i (6.17)
2 0 b1/2 1/2 . 2
+ o, o, * PE o PH20>
where

Ky A = Ky o Knmn B '
N0 = 0 Ko Bo, BNH5

E. Evaluation of Constants in Rate Equations

The measurements obtained at each temperature were treated math-
ematically in a series of hand calculations to establish approximate values
for the constants in Equations (6.11) and (6.17). Appendix C contains the
details of the determination of the constants at 273°C. The final data
fit was carried out by writing a computer program which would accept values
of bééa and by
methods. Table E in the Appendix lists the constants as a function of

and find the best KNZ and KNQO by least squares



-83-

temperature and shows the average percentage deviation between calculated

and experimental rates.

F. Theoretical and Experimental Heats of Adsorption

The experimental heats of adsorption A are related to the ad-
sorption equilibrium constant b and absolute temperature T by the

equation:
b =b exp()/RT) (6.18)

where bo is constant. Plotting the logarithm of b against l/T

should give a straight line with slope equal to x/R . Such plots for
1/2

02
for oxygen and water resulting from this figure are:

b and b have been shown in Figure 6.4. The adsorption heats

H0

() = 11.3 keal gn mole 05" (6.19)

o exptl

(kHQO)exptl = 9,17 kcal gm mole H20'l (6.20)

No completely satisfactory method has yet been developed for
estimating theoretically the heat of adsorption. The method commonly
employed is to postulate an adsorption mechanism and then express the heat
effect accompanying the mechanism as a difference of bond energies. Esti-
mation of bond energies involves knowledge of the dipole moments of the
surface bohds, for which few data are available. Dipole moments approxi-
mated from differenceg in electronegativities have shown wide deviation

from known dipole moments. The measured dipole moment for the O-Ni bond,
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for example, is 0.78(51) whereas the dipole moment as estimated from
electronegativity differences is 1.7, or 218% higher than the measured
value. A further objection to using a difference of bond energies to
approximate the heat of adsorption is that this procedure fails to take
into account repulsive forces that may exist between neighboring adsorbed
particles and also makes no allowance for heterogeneity of surface sites.
Theoretically estimated>heats of adsorption should therefore always be
compared at best with differential adsorption heats determined experi-
mentally at very low coverages. Figure 6.5 shows the adsorption mechan-
isms postulated for adsorption of oxygen and water. The notation "(Ru -
Site)" indicates the state of ruthenium as deposited on the alumina

carrier and functioning as an adsorption site.

0 0 0
2 —_—
(Ru-Site) + (Ru-Site) (Ru-site) + (Ru-Site)
(2)
50 H\ /H
+ ? 0
(Ru-Site) (Ru-Site)

(B)

Figure 6.5. Mechanism 1 for Adsorption of Oxygen and
Water on Ruthenium.
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Energy equations corresponding to these mechanisms are:

2 E [(Ru-Site)-0] - E [0 (6.21)

<>‘Og)theo 2]

(ngo)theo = E [(Ru-Site)-OH,] (6.22)

The energy terms represented in (6.21) and (6.22) are estimated by using

(ko)

the Pauling equation for single bond energies. After application of

the Pauling equation as discussed by Trapnell(Sl), (6.21) and (6.22) become

(0 ineo = E [RusRul +46.12 7 (6.23)
2
(AHQO)theo = E [Ru-Ru] + 23.06 ° (6.24)

E [Ru=Ru] is taken as one third the heat of sublimation of ruthenium and
the dipole moment u ’is assumed to be roughly equal to the difference in
electronegativities of ruthenium and the adsorbed species. Electronega-

tivity values are obtained from Pauling's table. Upon substitution of the

appropriate velues into Equations (6.23) and (6.24), there results:

(AOE)theo = 131.3 keal gm mole™t (6.25)

(\ = 65.7 keal gm mole™t (6.26)

H20>theo

A sample calculation of (kog)theo has been included in Appendix C.

An sdsorption mechanism alternate to that in Figure 6.5 could
also be assumed for adsorption on the ruthenium surface. In contrast to
the mechanism depicted in Figure 6.5, the alternate mechanism would assume
rupture of ruthenium surface bonds upon adsorption. This situation is

pictured in Figure 6.6.
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0, 0 0
—> |
(Ru-Site)-(Ru-Site) (Ru-site) + (Ru-Site)
@) |
2H,0 H H H H
— \O/ \O/
(Ru-Site)-(Ru-Site) (Ru-Site) 4+ (Ru-Site)
(B)

Figure 6.6. Mechanism 2 for Adsorption of Oxygen and Water
on Ruthenium.

One surface bond would have to rupture to accomodate two oxygen atoms; the
rupture of one surface bond would accomodate two water molecules. Adsorp-
tion heats corresponding to this alternate mechanism would be less than
those given by Equations (6.25) and (6.26) by an amount equal to the appro-
priate metal bond energy. Using the previous assumption that rupture of
one metal bond requires energy equal to one sixth the heat of sublimation,

the theoretical adsorption heats are:
(>\02)theo = 104.6 kcal gn mole™t (6.27)

(Aﬂgo)theo = 52.3 keal gm mole™t (6.28)

In practice, adsorption might not result in complete bond ruptures as shown
in Figure 6.6 but it would also probably not be completely without effect
on the interaction between adjacent ruthenium surface atoms as supposed in
Figure 6.5. An intermediate effect would lead to a theoretical adsorption
heat between the values listed in Equations (6.25) and (6.26), (6.27) and

(6.28).
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Theoretical adsorption heats corresponding to either assumed
adsorption mechanism are clearly much higher than the experimentally
determined values. There is one order of magnitude discrepancy between
the experimentally calculated and theoretical xoe values; the discrepancy
between experimentel and theoretical LH20 is half an order of magnitude.
The limitations of the method used to estimate the theoretical velues of
the heat of adsorption have already been indicated, including its failure
to account for possible repulsion of adjacent adsorbed molecules and possi-
ble heterogeneity 6f adsorption sites. A sample calculation in Appendix
C shows that for typical reaction conditions encountered in the experimen-
tation, approximately 35% surface coverage by atomic oxygen is in effect.
Hence direct compafison of experimental and theoretical heats of adsorption
is probably not strictly valid. A further point to bear in mind is that
the experimental adsorption heats cealculated here result from experimental
measurements of fates of reactions and not from direct adsorption experi-
mentation.

It is instructive to consider how marked the relationship between
the heat of adsorption and the extent of surface coverage cen be. Measure-
ments taken by Sommerfeld(5o) on the chemisorption of oxygen on ruthenium
dioxide show a marked decrease in adsorption heat with increasing surface
coverage. Sommerfeld found the heat of adsorption at 1% surface coverege
to be 122.2 kcal gnm mole~L, At 11% surface coverage the adsorption heat
hed decreesed to 12.2 kcal gm mole~t. Here is an example, then, of varl-

ation in adsorption heat of one order of magnitude.



-89-

G. Theoretical and Experimental Adsorption Equilibrium Constant by 3
Entropies of Adsorption

Values of the constant b, appearing in Equation (6.18) can be
computed when experimental values of b are known at two temperatures.
The b, value can also be estimated theoretically by two possible routes,
using either a statistical approach or a kinetic approach. Results based
on either approach are in order of magnitude agreement with each other.
The kinetic consideration is the one used here.

At equilibrium, the rates of adsorption and desorption of a gas
from a solid surface are equal. The rate of adsorption is taken equal to
the rate of collision of gas phase molecules with the adsorbing surface.

This rate, expressed as moles colliding per unit surface per unit time,

is readily calculated from the kinetic theory of gases as

dn P
an- _ _ & 6.2
dt J 2MRT (6.29)

At equilibrium, the rate given in Equation (6.29) must equal the number
of moles of adsorbed gas escaping from unit surface in unit time, Before
a molecule can escape from the surface, it must possess a vibrational mode
which involves at least as much energy as the heat of adsorption X . The
term exp(-),RT) gives the fraction of adsorbed molecules which possess
this required energy. The product © exp(-A/RT) then gives the
fraction of surface covered with molecules satisfying the escape energy
requirement., If the frequency of the pertinent vibration is v , the rate
of change of covered surface per unit time due to escape from the surface

is then
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ae ~)/RT
= = vee 6.30
22 (6.30)
The expression
ed
T, (6.31)

relates the thickness 4 of an adsorbed layer and the molecular volume

Vm to the total moles adsorbed per unit surface at fractional coverage

6 . Combination of (6.31) and (6.30) yields

-)/RT
an _ vae e (6.52)
dt Vi '
Equating the rates given in (6.29) and (6.32),
I
P _ vaeo e MET or
J 2nMRT Vo ’
W
2 L B ET (6.33)
P vaJenmr
But from the Langmuir adsorption isotherm.
b
e = 2 , or
1 + bp
A/ RT
bo —8_x 8 o, N (6.34)
p(1-0) p ©

The approximation made in (6.34) is quite good at low surface coverage and
can be justified in this case even for intermediate coverage because an
order of magnitude calculation is our concern here. Comparison of Equa-

tions (6.33) and (6.34) shows that
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v
bO = m (6.35)
va N 20MRT

Evaluation of Equation (6.35) at 300°C for oxygen and water gives the values

listed in Table VIel.

TABIE VI-1

EXPERIMENTAL AND THEORETICAL VALUES OF b

b, Experimental mm Hg'l b, Theoretical mm Hg'l
-8 . 14=8
Oxygen 1.48 - 10 1.73 * 10
Water 3.99 + 1077 1.49 - 1078

The experimental values of b, as calculated from

}\ .
lnb = = + la b, (6.36)

are also listed in Table IV-1l. Appendix C contains sample calculations
of both the experimental and theoretical b, values for oxygen.

The theoretical and experimental b, values for oxygen check
very closely, whereas the experimental value for water is an order of magni-
tude higher than the theoretical value. Such deviation is not unusual.
Kemball(26)vsuggests that in such cases the translational motion perpendi-

cular to the surface is replaced by a vibration of lower frequency than
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would ordinarily be expected. A smaller v appearing in the denominator
of Equation (6.35) would have the effect of increasing the theoretical by
value, tending to bring it into agreement with the experimental value.

The question may be posed, why do the b-values yield adsorption
heats differing widely from theoretically-predicted values and yet give
by's in close agreement with theory. The answer is that adsorption heats
are directly proportional to the slope of the logarithm of b vs. l/T
plot, whereas the b,'s are computed from fhe intercept of this plot.
Theory predicts straight lines having the same intercepts ag found experi-
mentally but‘with slopes greater than those found experimentally.

Experimental  values of the entropy of adsorption are calculated

by means of the thermodynamic relations

AH - AG
AS === T 28 (6.37)
T
and
-AG = RT Lok, (6.38)
whence
AH
AS = == + Rlnk (6.39)
r
where Kp is defined by the relation
K = _9 (6.%0)

p(1-9)

and is identical with. the constant b in Langmuir's equation under the

usual assumptions of monolayer adsorption, homogeneity of surface sites
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and heat of adsorption independent of surface coverage. Application of
Equation (6.39) to the cases for oxygen and water, using the experimental
adsorption heats given by Equations (6.18) and (6.19), gives:

(AS)O exptl = -23.1 e.u. (6.541)
2

(AS)HQO exptl = -13.6 e.u. (6.42)
We have assumed the validity of the Langmuir adsorption isotherm

thus far. This requires, however, that the adsorbed species present

on the surface are immcbile. Postulating that oxygen and water lose three

degrees of translational freedom upon adsorption, the loss in entropy

expected to accompany the adsorption process is given by

+ 8 (6.43)

(a8)

theo _BStrans config

where 5Strans is the translational entropy of a perfect gas of molecular

weight M at atmospheric pressure in three dimensions,

5Strans = R/ 205/2 _ 5.3 (6.1k)

and S is configurational entropy arising because the immobile

config

adsorbed species may be distributed over the surface in a number of differ-

ent ways.(26) For single site adsorption, as postulated for water,

S R(xlnx - (x - 1)ln(x-1)) (6.45)

config ~

and for dissociative adsorption, as postulated in the case of oxygen,
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S = 2R 2(x~-1/4)1n(x-1/4) + 1n2 - xlnx -(x-1)In(x-1) (6.46)

config

where X = l/@ . Applying these equations in the case of oxygen and water
at 600°K, the entropies of adsorption expected if the adsorbed species are
immobile and © 1is taken as 1/2 appear in Table VI-2 together with the

experimental values previously presented.

TABLE VI-2

EXPERIMENTAL AND THEORETICAL VALUES OF ADSORPTION ENTROPY

<As)exptl’ e.u. <As)theof e.u.
Oxygen -23.1 -24.9
Water -13.6 -35.2

A sample calculation is given for the case of oxygen in Appendix C.

The experimental.entropies in Table VI-2 are larger than the
cprresponding theoretical entropies by 1.8 e.u. and 21.6 e.u. for oxygen
and water, respectively. These values can be brought into closer agree-
ment by consideration of Svib , the entropy associated with the vibration-

al mode which has replaced the degree of translation perpendicular to the

adsorbent surface. This Vvibrational entropy is given by

Syip = R [E% (ehv/kT-l) -1n (1_e’hv/kT)] (6.47)
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If the frequency v of the vibrational mode is sufficiently large, the
vibrational entropy approaches zero and is usually neglected. In some
cases of adsorption, however, the translational motion perpendicular to
the surface may be replaced by a vibration of such low frequency that
S,4p &s calculated from (6.47) becomes significant. Kemball(gé) has
calculated values of the vibrational entropy from (6.47). His results
show that at 600°K, if the pertinent vibrational frequency for oxygen is

12 -1

3.1 ° 10 sec —, a value for S of approximately 1.8 e.u. results.

vib
This value makes the thecretical entropy of adsorption for oxygen equal
to the experimental value.

The difference of 21.6 e.u. between the experimental entropy
change for water and the value which is expected to result if immobile
adsorption occurs can also be accounted for by the vibrational frequency
consideration. If the vibrational frequency of the water molecule is
approximately lO9 sec'l, the term Svib amounts to 21 e.u. Hence immobile

adsorption of water could occur in spite of the low experimental value for

the entropy of adsorption.

H. Apparent and True Activation Energies

The energy of activation AE associated with a chemical reaction

is found from the relationship:

_ »d(ln k)
AE = -R ——-——-—d(l/T> (6.48)

where Lk 1is the rate constant corresponding to the reaction. When a series

of steps is involved in a reaction, then the true activation energy is the
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one corresponding to the assumed slow step. If the rate constant involved
in the slow step were known, determination of the activation energy from
Equation (6.48) would pose no problem. This rate constant is not, however,
directly measured; rather all overall rate constant which includes the coﬁ-
trolling rate constant as a factor is computed from the experimental data.
This overall constant is the KN2 and KNQO appearing in rate Equations
(6.16) and (6.17), respectively, and tabulated in Appendix E. When Equa-
tion (6.27) is used with the overall rate K constant in place of k ,

the resulting AE 1is referred to as the apparent activation energy, as
distinguished from the true activation energy. Apparent activation energies

computed from the temperature dependence of KN2 and KNZO are:

(AE)NEJ apparent = 8:83 kcal (mole)~t (6.49)

(AE) 34,9 keal (mole)™t (6.50)

N0, apparent

The factors making up the overall rate constants are exhibited

in Equations (6.51) and (6.52):
2 2 2
K = B ¢ k 6.51
N, = B, Bo, K kv, (6.51)

K BB Kyon K (6.52)
N0 = PNE5 Y0y KNHO N0 -

sz and kN2O are the rate constants corresponding to the assumed slow
steps; KNH and Kygo are the equilibrium constants for Steps 10 and A,
respectively, in the reaction mechanism, Figure 6.1. Taking logarithms

on both sides in Equations (6.51) and (6.52), differentiating with respect
to reciprocal absolute temperature, rearranging and introducing the gas

constant R :
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d1nky,, g nkn, |, ppdlnBymy  ppdliBo, , opdlokyy

a(1/T) i a(L/T) ‘5(17T7 EZE7T7 d(1/T)

(AE)NQ,tI‘ue = -R

(1) (2) (3) () (5) (6:53)
(2E)y0, true = P i RdlnBl{TH5 v o 0p | M IHO
20, a(1/T) a(1/T) a(1/T) a(1/T) a(1/1) o
.5

(1) (2) (3) (k) (5)

Terms in Equations (6.53) and (6.54) have been numbered to facilitate
reference to them. Terms 1 are the desired true activation energies.
Terms 2 are the known apparent activation energies. Terms 3 involve the
unknown heat of adsorption of ammonia on the catalyst surface. Terms L
involve the known heat of adsorption of oxygen. Terms 5 express the un-
known temperature dependence of the equilibrium constants for Steps 4 and
10 in Figure 6.1,

The heat of adsorption of ammonia could be computed theoretically
by the method used to calculate the theoretical adsorption heats of oxygen
and water., In view of the large differences between the theoretical and
experimental values for both oxygen and water, however, the use of such a
calculated value in Equations (6.53) and (6.54) comes into serious question.
Terms 5 must also remain unknown until measurements are available for the
heat effect accompanying formation of imide and water, and nitroxyl and
water, from adsorbed ammonia and atomic oxygen. Hence there is insuffi-
cient information for estimation of the true activation energies of the

reaction.
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I. Absolute Rate Theory

Van Reijen and Schuit(55> have shown how absolute rate theory
can be used in conjunction with a power rate law fit of kinetic data to
predict the pre-exponential factor arising in the power rate law expres-
sion. They start on the basis that all adsorbed species are in equilibrium
with the gas phase and proceed to represent the surface concentrations as
a function of adsorption heats and differences of the free energy functions
of the gaseous and adsorbed species. This representation is taken from
statistical mechanical considerations. Next they assume that the free
energy function of the adsorbed species is negligible and make the approxi-
mation that the temperature dependence of kT/h , gaseous free energy
functions, adsorption heats and surface coverage has negligible effect on

the activation energy of the reaction. From the power rate law data fit,
m n
r = k, py pp exp(-E/RT) (6.55)

they observe that

dlnr

and

dlnr
m = dlnp, ]T,pB constant (6.57)

They finally insert the surface concentration expression and Equations
(6.56) and (6.57) into the rate expression derived by Laidler<5a) in appli-
cation of Eyring's(lB) absolute rate theory, giving the final expression

of interest:
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(ky)tneo = (KT/m)exp(ufly g)exp(sfly o) (6.58)

In the case of ammonia oxidation, Equations (6.55) and (6.58) take the

form

a b ¢
Ty = Koy, PN D9 P o eXP [Byy/RT] (6.59)
o = koo Doy B D [E, /RT] (6.60)
N0 T oy PNH5 po2 Pr0 ©XP g0 :
(ko) tneo = (<T/m)exol (o, + v, + oy )/R] (6.61)
<kO)N20theo = (kT/h)exp[(d¢NH3 + e¢02 + f¢H20)/R] (6.62)

It is observed that a distinction has been made between the oxygen and
water exponents in Equations (6.59) and (6.60), even though Figures 5.9,
5.10, 5.13% and 5.14 demonstrate that both nitrogen and nitrous oxide for-
mation rates are dependent in the same manner on oxygen and water partial
pressures. It would be expected to follow in the rate fit that b = e
and c¢ =1 ,

Equations (6.59) and (6.60) cannot be applied to data for which
water was removed from the recycle stream, since the right hand side of
the equations would then be zero and zero rates would be predicted. Dis-
regarding, then, that portion of the data, the remaining data can be
represented when the terms in the power rate law have these numerical

values as determined by a least squares fit:
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a =1,

d = 1.35

b =e = .458

c=f =-,396

EN2 = 12.6 kecal gm mol~t

EN20 = %5. keal gm mol™t (6.63)

2.01 lO2 molecules site'l sec™t

=1.47 - 109 molecules site™ sec!

(kO)NQ exptl

(ko)Ngo exptl

Eighty six percent of the data for which the partial pressure of water is
not zero are represented within + 7% by the values listed in (6.63). The
other 14% of the measurements correspond to low water partial pressures.
As water pressure approaches zero, the power rafe law becomes less capable
of fitting the data. Only water pressures greater than about 5 cm Hg are
included in the 86% of data predictable from the power rate law.

The activation energy E appearing‘in Equation (6.55) is calcu-
lated from Equation (6.56). A sample calculation of E is included in
Appendix C for the nitrogen rate measurements.

The pre-exponential factors appearing in (6.59) and (6.60) can
be computed from any arbitrarily-chosen rate measurement. A more repre-
sentative value of theée factors is, however, that value corresponding to
a least squares fit of the data to Equations (6.59) and (6.60). The least
squares fit actually determines values of the product of k, and the
exponential term. These values are shown in Table VI-1 as a function of

temperature.
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TABIE VI-3

EXPERIMENTAL PRE-EXPONENTTAL FACTORS IN POWER RATE LAW

Temp°C (ko)NgeXP(-ENQ/RT) (ko) j0exp(~Eyy0/RT)

2462 .03t

273.5 0712 .00177°
296.1 137 .00828
310.8 .191 .0228
322.2 .30 057
345.5 IV 126
Lnits: cmBmin'lgm'lcm Hg-l‘062

2Units: cm3min'lgm'lcm Hg'l'ul2

A sample calculation of (kO)N2 exptl 1S included in Appendix C. The
free energy functions for ammonia, oxygen and water appearing in Equations
(6.61) and (6.62) are listed in Appendix F. Using the values for a, b
and c listed in (6.63) and the free energy function data given in Appen-

dix F, these values result for the theoretical pre-exponential factors:

(ko) = 9.1 © 10° molecules site~l sec™l (6.64)

N2 theo

(kO)NEO theo = 0:97 - 107 molecules site™l sec™? (6.65)

A sample calculation of (ko)Ng theo is presented in Appendix C. The
theoretical ko values are seen to be within an order of magnitude of
the values listed in (6.63). Hence measured rates are in good agreement

with rates predicted by van Reijen and Schuit's application of absolute

rate theory.



VII SUMMARY AND CONCLUSIONS

These results have been obtained in this study:

1. An experimental system facilitating precise rate measure-
ments was built and used to determine the partial pressure and
temperature dependence of the oxidation of ammonia over support-
ed ruthenium. Reaction conditions were essentially uniform over
the whole length of the catalyst bed. Conversion per pass was
at all times under two percent. Pressure drop across the cata-
lyst bed was negligible relative to total reaction pressure.
The drop in ammonia pressure between the bulk gas and the
catalyst surface was calculated to be less than 1.5%. The tem-
perature difference between the catalyst surface and the enter-
ing gas stream did not exceed 3°C in the worst case. At the
highest temperature studied, 3M5°C, measured reaction rates
remained the same even after the mass transfer coefficient was
increased by approximately 55%, demonstrating that mass transfer
was not the rate-determining step.

2. Rates of formation of both nitrogen and nitrous oxide were
found to depend on the partial pressures of ammonia, oxygen and
water and to be independent of niﬁrogen and nitrous oxide.
Increasing water pressure inhibited both rates to the same

extent, whereas increasing oxygen pressure promoted both rates

-102-
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to the same extent. Increasing ammonia pressure favored the
relative rate of formation of nitrous oxide. The maximum nitrous
oxide yield was about L45%.

3. From the observed rate dependencies two rate equations,
expressing formation rates of nitrogen and nitrous oxide, re-
spectively, were developed. The constants appearing in these equa-
tions were evaluated as a function of temperature. Logarithmic
plots of the various constants vs. reciprocal absolute temperature
yielded straight line relationships. The rate equations fit the
data with a deviation of + 3.2%.

4. Apparent activation energies, heats of adsorption and entro-
pies of adsorption were evaluated from the temperature dependence
of the rate equation constants. The two latter effects were com-
pared with theoretically-estimated adsorption heats and entropies.
The adsorption heat of oxygen was low, in line with speculation
that oxidation catalysts hold chemisorbed oxygen loosely. The
entropies of adsorption of oxygen and water correspond to immobille
adsorption of these species if the degree of translation normal to
the solid surface is replaced with a vibrational mode having a low
frequency.

5. A reaction mechanism consistent both with the observed pres-
sure dependencies and with the interrelationship of these depen-
dencies was developed.

6. The data were fit with a power rate law and the resulting pre-
exponential factor was compared with a calculated pre-exponential
factor based on absolute rate theory. Order of magnitude agree-

ment resulted.
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The results of this study are seen as a unigque contribution to
the literature on the subject of ammonia oxidation. The exact dependence
of the rate of ammonia oxidation on the partial pressures of oxygen,
ammonia, water, nitrous oxide and nitrogen had not been previously deter-
mined. Such factors as temperature, partial pressures and mass transfer
were not this carefully controlled to facilitate taking precise rate meas-
urements. Rate equations expressing formation rate of products had also
not been previously presented. Further work on this system should include
studies of the adsorption of the various species on the catalyst surface.
Continued studies over the ruthenium catalyst with a different range of
ammonia and oxygen partial pressures might lead to changed reaction rate
behavior which in turn might be related to the reaction mechanism. Low
pressure studies conducted in conjunction with a mass spectrometer could
conceivably wield useful information concerning reaction intermediates.
Study of the reaction over the various oxides of ruthenium might also
provide informetion with which to speculate with more certitude about the

reaction mechanism,



20 and their calibration has been detailed on page 30.

APPENDICES

APPENDIX A

CALTBRATION OF FLOW METERS

The flow meters used in this work have been described on page

Figure A.1 shows

the results of such calibration for Matheson Tube 203, using both a

stainless steel and a sapphire float and a feed composition of 9.7 volume

percent ammonia, balance oxygen. Data used in the figure, as well as

data for the other two ammonia-oxygen feed compositions used, appear in

Table A-1.

TABLE A-1

FIOWMETER CALIBRATION MEASUREMENTS

Tube Reading/Feed: 18 2P 3C
9d 205 206 208
114 277 281 290
134 355 357 363
154 k3L Lo Lso
17% 503 529 5hh
7¢ 253 o5k 256
9° 367 366 369
11° L1 L5 Loo
13 590 598 610
15°¢ 712 725  7he
17° 889 899 925

a: 5.5 Volume Percent NH5’ Balance O,
b: 9.7 Volume Percent NH5; Balance 0o
ce 16.5 Volume Percent NH5, Balance Op

d: Sapphire Float
e: Stainless Steel Float
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TUBE READING, TUBE 203

Figure A.1. Flowmeter Calibration Curve for 9.7 Volume Percent Ammonia,
Balance Oxygen, Feed.

T 1 1 T 1 1 r 1 L I l
R 9.7 VOLUME PERCENT NH3 » BALANCE 0, 4
O STAINLESS STEEL FLOAT
A SAPPHIRE FLOAT
B METERING PRESSURE: 380 cm Hg 1
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Nitrogen, nitrous oxide and helium were also used as a portion
of the feed stream in a limited number of runs. Calibration data for these
three gases over a range of tube readings is shown in Figure A.2. In
practice, only one feed rate was used for each of these gases: 7.l std.
em® min~t No; 8.75 std. emd min~l N,0; and 275 std. cm? min-1 He,

Conversion of the raw rates to standard conditions is trivial

and will not be shown here.
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TUBE READING, TUBE 202

Figure A.2. Flowmeter Calibration Curves for Helium, Nitrogen
and Nitrous Oxide.



APPENDIX B

EXPERIMENTAL DATA

In this appendix are presented the experimental values of partial
pressures of ammonia, oxygen and water, and the values of the rate of for-
mation of nitrogen and nitrous oxide. The rates of formation of nitrogen
and nitrous oxide as calculated from the constants used to fit the experi-
mental measurements are also listed, together with the percentage devia-

tion between experimental and predicted values.
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TABLE B-1

EXPERIMENTAL VALUES OF PARTIAL PRESSURES
AND RATES OF PRODUCT FORMATION

Measure- Contact Time, PNHB, Fo,»  PHx0, Retey, (Data), Ratey, (Cale), % Ratey,0 (Data), Ratey,o (Cele), %
ment No. min °* 105 cm Hg cm Hg cm Hg cmd min~l gm'l cm? min~Ll gm‘l Dev cmd min~l gm'l emd min™t gm‘l Dev
Run No, RL, T = 246,2°C, P = 176 cm Hg, Feed 9.7 Volume Percent NHz, Balance Op
1 0.112 16.5 158.1 0.7 2,78 2,75 1.1
2 0.212 6.2 158.1 1.2 2,63 2,66 -1.1
E 0.394 15.7 158.1 2.0 2,36 2,52 -6.3
0,560 15,0  157,1 2.9 2,36 2,35 0.4
5 0.952 1h,2 156,00 k4,2 2,00 2.13 -6.1
6 1.h2 13.0 155.5 6.0 1.9 1.86 2.1
7 1.79 12,6 155.0 6.6 1.67 .77 -5.
8 2,4 11.5 1540 8.1 1.50 1.56 -3,8
Run No, R2, T = 246,2°C, P = 216 cm Hg, Feed 5.3 Volume Percent NHs, Balance Op
1 0.0815 11,1 204.6 0.5 2.05 2,09 -1.9
2 0.154 10.7 2041 1.b 1.86 1.96 -5.1
3 0.286 10.0 203.6 2.0 1.91 1.81 5.5
b 0.408 9.7 203.1 2.6 1.68 1.72 -2,3
5 0.695 8.6 202,0 3.7 1.58 1.48 6.6
6 1.02 7.9 201.5 5.2 1.36 1.31 3.8
7 1.31 7.5 200.5 5.7 1.16 1.22 -k.9
8 1.77 6.7 199.9 6.9 1.0% 1.07 -2.8
Run No. R3, T = 246.2°C, P = 280 cm Hg, Feed 16.5 Volume Percent NHz, Balance Op
1 0;0605 bk, 2315 2.9 7:91 8.20 =3.5
2 0,114 k1,9 2351.0 5.3 7.38 7.36 0.3
3 0.218 39.7 227.9 9.1 6.59 6,36 3.6
L 0.302 38.0 226,3 11.7 6,14 5,72 7.3
5 0.515 35,6 2235.2 14,9 L, 64 L,97 -6.6
6 0.772 32,1 2211 20.0 k.19 k01 k2
7 0.965 %0.4 218,6 23.9 3,74 3,49 7.1
8 1.35 28,4 216.0 25,3 3.05 315 ~3.2
Run No, R4, T = 246,2°C, P = 280 cm Hg, Feed 16.5 Volume Percent NHz, Balance Op
1 0.302 38.0 236.1 0.0 7.57 7.67 -1.3
2 0.515 33,0 238,2 0.0 7.01 6.69 4.8
3 0.772 29.5 2b0.3 0.0 5.81 5.99 -3.0
4 0.965 26,6 2%0.3 0.0 5.54 5,40 2,6
5 1.35 22,7 24..8 0.0 4,57 4,63 -1.3
Run No, R5, T = 246,2°C, P = 176 cm Hg, Feed 9.7 Volume Percent NHz, Balance Op
1 0,560 15,3 160.2 0.0 2.55 2,61 -2.,3
Run No. 6, T = 246,2°C, P = 276 cu Hg, Feed 5,5 Volume Percent NHz, Balance Op
1 0.560 9.7 205.7 0.0 1.86 1.8k 1.1
Run No, R7, T = 246,2°C, P = 216 cm Hg, Feed 16.5 Volume Percent NHs, Balance Op
1 0.667 314 1824 0.0 5.7 5.68 ~3.7
Run No. R8, T = 2L6,2°C, P = 74,5 cm Hg, Feed ‘9.7 Volume Percent NHz, Balance Op
1 0.830 7.0 67.2 0.0 0.81 0.78 3.8
Run No, R, T = 273.5°C, P = 176 cm Hg, Feed 16.5 Volume Percent NHB’ Balance Op
1 0.103 27.6 145.7 2.2 9.22 8.67 6.4 0.660 0.656 0.6
2 0.195 26.5 1k, 7 3.9 8.36 8.01 b2 0.577 0.598 ~3.5
3 0.372 2k, 8 142,6 6.4 6.82 7.04 -3.2 0.495 0.513 -3.5
I 0.515 23.4 14,6 8.4 6.52 6.36 2.6 0.461 0.454 1.5
5 0.877 21.2 139.5 11.6 5.29 5.36 -1.3 0.366 0.370 -1.1
6 1.32 19.2 137.5 1k.h k.20 b 54 ~7.5 0.303 0.303 0.0
T 1.65 17.8 135.9 16.5 L.09 4,02 1.7 0.259 0.261 -0.8
8 2.29 16.1  13%.% 19.0 3.36 3,46 -2,9 0.205 2,217 -5.5
Run No. R10, T = 273.5°C, P = 216 cm Hg, Feed 9.7 Volume Percent NH3, Balance Op
1 0.0772 9.4 193.8 2.0 6.9 7.13 -3.2 0.412 0.476 -0.8
2 0.1k46 18.6 192.2 3.4 6.22 6.63 -6.2 0.409 0.437 -6.4
3 0.272 16,7 190.7 6.2 5.40 5.63 -1 0.335 0.357 -6.1
h 0.374 15.6 190.2 7.9 4.87 5.07 -3.9 0.310 0.314 1.3
5 0.655 13.5 188.6 11.3 k.09 4,09 0.0 0.239 0.2 -0.8
6 0.970 1.7 187.1 13.7 3.37 3.39 -0.6 0.193 0.1% 1.6
7 1.2 lo.k 185,5 15.2 3,01 2,90 3.8 0.156 0.156 0.0
8 1.68 9.5 18k.0 16.9 2.4 2,57 -5.0 0.126 0.134 -6.0
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TABLE B-1 (CONT'D)

Measure- Contact Time, PNHB’ Fo,r  PEL Ratey, (Data), Ratey, (Cale), % Ratey (Data), Rateyo (Cele), %
ment No, min * 105 cm Hg cm Hg cm Hg e’ min-1 gn'l emd min=l gm‘l Dev cm min+ gn‘l e’ min~! gm’l Dev
Run No. RIL, T = 273.5°C, P = 280 cm Bg, Feed 5.3 Volume Percent NHg, Balance Op
1 0.0602 13.2  263.6 2.4 5,74 5.62 2,1 0.322 0.327 -1.5
2 0.11k4 12,1 262,0 3.9 k.99 5.02 -0.6 0.277 0.284 -2.4
3 0.212 10.5 261.0 6.3 4,31 L2 4.6 0.231 0.224 3,1
i 0.301 9.5 261.0 7.9 3.82 3.63 5.2 0.195 0.188 3.7
5 0.513 8.0 258.4 10.1 2.89 2,93 ~1.4 0.132 0.143 =T.7
6 0.795 6.8 256.9 12.0 2,29 2,42 -5.4 0.106 0.112 -5.4
7 0.967 5.9 255.8 13.3 1.99 2,04 -2.5 0.0832 0.0896 -3.8
8 1.31 4.8 255,53 1h4.8 1.66 1.63 2.0 0.0637 0.0666 4.3
Run No. R12, T = 273.5°C, P = 280 cm Hg, Feed 16.5 Volume Percent NHz, Balance Op
1 0.0578 41.8 228,9 6.k 15.4 15,4 0.0 1.35 1.3 0.7
2 0.109 38.9 226.9 10.5 13.5 13.% 1.5 1.15 1.13 1.8
3 0.209 35.0 218.1 16,3 10.9 10.5 3.8 0.915 0.866 5.7
I 0.289 32,5 221.2 ‘20,2 9.7 9.3 k.3 0.791 0.740 7.0
5 0.492 28.1 216.0 26.3 7.1 T.1 0.0 0.58L 0.542 7.2
6 0.7%8 25.7 212,9 29.5 5.7 6.1 -6.5 0.431 0.453 -4,6
7 0.925 23,1 211k 33,3 5.2 5.2 0.0 0.362 0.370 -2.1
8 1.28 19.5 208.3 38.4 4.3 k.o 7.5 0.282 0.270 b5
Run No. R13, T = 273.5°C, P = 280 cm Hg, Feed 16.5 Volume Percent NHz, Belence Op
1 0.289 31,6 238,53 0.0 12,4 13.h4 -7,k 1.01 1.06 -7
2 0.492 246  238.3 0.0 10.5 10.5 0.0 0.746 0.762 -2.1
3 0.738 19.2 21,3 0.0 8.59 8.22 k.5 0.559 0.546 2.k
4 0.925 17.5 2%2.9 0.0 7.12 7.5L -5.2 0.461 0.483 -4.5
5 1.28 12,9 2k k0.0 5.89 5.57 5.4 0.322 0.32% 0.3
Run No. Rlk, T = 273.5°C, P = 280 cm Hg, Feed 5.3 Volume Percent NH3, Balence Op
1 0.513 7.33 267.7 0.0 3,28 3.29 -0.3 0.151 0.156 ~3.2
Run No, R15, T = 273.5°C, P = 216 cm Hg, Feed 9.7 Volume Percent _N'H;, Balence Op
1 0.656 12.9+ 199.0 0.0 4,8 5.02 ~h 0.285 0.291 -2.0
Run No. R16, T = 273.5°C, P = 176 cm Hg, Feed 16.5 Volume Percent NHz, Balence Op
1 0.878 20.%  149.9 0.0 6.97 6.85 1.8 0.476 0.465 2.4
Run No, RLl7, T = 273.5°C, P = 251 cm Hg, Feed 16.5 Volume Percent NHz, Balance Op
1 1.0k 20.8 190.7 29.0 5.17 4,68 10.5 0.332 0.320 3.7
2 1.3 19.2 188.6 32.3 4,05 k.08 -0.7 0.259 0.271 ~hh
3 2,92 16.2 185.0 36.3 3.15 3.21 -1.9 0.182 0.201 -9.5
N 8.38 1.k 181.9 b3.2 2,04 2.02 1.0 0.110 0.112 -1.8
Run No. R18, T = 296,1°C, P = 176 cm Hg, Feed 16.5 Volume Percent NHs, Balance Op
1 0.988 26,6 1,7 3.5 13.5 13.5 0.0 2,k 2,39 2.0
2 0.186 24,8 1k2.6 6.3 11.9 12.0 -0.8 2.05 2,07 -0.9
3 0.357 22,3 140.6 9.9 9.86 10.1 -2.3 1.71 1.68 1.8
b 0.495 20.7 139.0 12,3 8.85 8.98 =Lk 1.46 1.45 0.7
5 0.840 18.0 137.0 16.2 7.09 7.31 -3.0 1.16 1.13 2.7
6 1.26 k.9 133.9 20.7 5.96 5.60 6.4 0.862 0.807 6.8
7 1.58 1k.0 132.8 21.7 5.10 5.17 -1.3 0.709 0.730 -2.9
8 2,20 11.7 13%0.7 25.2 4ok k.07 4,2 0.581 0.539 7.8
Run No, R19, T = 296.1°C, P = 216 cm Hg, Feed 9.7 Volume Percent NHz, Balance Op
1 0.074 18.2  192.2 3.7 10.9 10.9 0.0 1.78 1.68 +6.0
2 0.1ko 16.7 190.7 6.3 9.52 9.58 -0.6 1.43 1.4 -0.7
3 0.261 14,6 189.1 9.4 7.91 7.97 -0.8 1.16 1.1% 1.8
L 0.370 13.0 187.6 11.9 6.86 6.79 1.0 0.952 0.934 1.9
5 0.628 10.3 181.9 15.9 5.32 5.0% 5.8 0.716 0.639 11.0
6 0.930 9.0 183.5 17.5 k16 4. 33 -3.9 0.529 0.525 0.8
7 1.18 7.8 182,k 19.k 3.59 3.63 -1.1 0.420 0.418 0.5
8 1.6L 6.5 181.% 21.0 2.92 2.96 -1.h 0.326 0.319 2.2
Run No, R20, T = 296.1°C, P = 280 cm Hg, Feed 5.3 Volume Percent NH:’)’ Balance Op
1 0.0578 12,1  262.5 3.7 8.92 8.58 3.9 1.19 1.15 3.5
2 0.109 10.7 260.5 6.1 7.05 7.32 -3, 0.960 0.942 1.9
3 0.203 9.2 258.% 9.0 5.81 6,04 -3.8 0.724 0.738 -1.9
s 0.289 7.5 257.1 10.8 b,76 4,78 -0.4 0.555 0.542 2.k
5 0.492 6.0 255.8 12.9 3.54 3.70 =43 0.386 0.389 -0.8
6 0.724 4.8 255.6 14,9 2.79 2.89 ~3.4 0.281 0.281 0.0
7 0.928 b2 255.3 15.9 2,39 2,48 -3.6 0.236 0.230 2.6
8 1.25 3.2 252,2 17.3 1.87 1.83 2,2 0.158 0.161 -1.8
Fun No. R21, T = 296.1°C, P = 280 cm Hg, Feed 16.5 Volume Percent NHz, Balance Op
1 0.109 29.8 219.1 23.8 14,6 k7 -0.7 2.80 2,70 3.7
2 0.203 26,9 216.5 28.1 12,6 12.5 0.8 2,29 2,21 3.6
3 0.kg92 22,0 212.F 35.1 9.26 9.27 -0.1 1.67 1.53 9.1
b 0.724 19.1 206.7 39.0 7.09 7.56 -5.9 1.20 1.19 0.8
5 0.927 16.5 205.2 k2.7 6,22 6,24 -0.3 0.915 0.930 -1.6
6 1.25 13,9 203.1 46,7 b, 95 k.97 ~0.b 0.660 0.699 -5.0
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TABIE B-1 (CONT'D)

Measure-

Contact Time,

ment No. min * 103

PNH}, P02:

cm Hg cm Hg cm Hg em? min~l gn

g0, Ratey, (Data), Retey, (Cele), 4 Reteyo (Date), Ratey (Cele), %

-1

em? min'l‘gm'l Dev cm’ min-l sm'l

o’ min! gm"l Dev

Run No. R22, T = 296.1°C, P = 216 cm Hg, Feed 9,7 Volume Percent NHz, Balance Op

1 0.7% 18,5 196.3 0.0 12,1 11.8 2,5 1.89 1.8k 2.7

2 0.140 17.1  198.% 0.0 10.2 10.9 -6.4 1,54 1.66 -7.2

3 0.261 14,3 197.% 0.0 8.81 9.1% ~3.5 1.%0 1.30 0.0

i 0.370 12,9 1984 0.0 7.57 8.29 -8.7 1.03 1.14 -9.6

5 0.93%0 7.7 202.6 0.0 L,o1 5,00 -1.8 0.555 0.573 ~3.2

6 1.18 6.5 203.1 0.0 b,27 4,08 3.7 0.446 0.436 2.3
Run No, R23, T = 296,1°C, P = 176 cm Hg, Feed 16,5 Volume Percent NH3, Belance Op

1 1.58 12,2 1534 0.0 6.34 6.78 -6.5 0.877 0.912 -3.6
Run No. R2k, T = 296,1°C, P = 280 cm Hg Feed 16.5 Volume Percent NHsz, Balance Op

1 0.h72 16.3 2k2.k 0.0 1.7 11.6 +.9 1.78 1.73 2.9
Run No. R25, T = 296.1°C, P = 260 cm Hg, Feed 5.3 Volume Percent NHs, Balance Op

1 0.109 10.5 266,1 0.0 7.91 7.90 +0.1 1,07 1,01 6,0
Run No. R26, T = 296,1°C, P =176 cm Hg, Feed 9,7 Volume Percent NHz, Balance Op

1 0.762 6.9 67.2 0.0 2,24 2,30 -2,6 0.255 0.253 0.8
Run No. R27, T = 296.1°C, P = 251 cm Hg, Feed 16.5 Volume Percent NHz, Balance Op

1 0.985 5.6 185.0 37.3 6.04 5.88 2.7 0.885 0.863 2.5

2 1.37 13.3 183.5 ho.5 4,80 b7 0.6 0.709 0.662 7.1

3 2.80 10.5 180.9 4k.5 3,64 3.57 2,0 0.461 0.467 -0.1

i 4,39 6.9 176.2 49.7 2,24 2,17 3,2 0.251 0.239 5.0

5 8.03 k.8 17h7 52.7 1,55 1.k6 6.1 0.1k4 0.143 0.7
Run No. R28, T = 310.8°C, P = 176 cm Hg, Feed 16,5 Volume Percent NH3, Balance Op

1 0.0965 25.3 143.7 5.5 16.8 16.6 1.2 6.26 6:13 2.1

2 0.183 23,2 141.6 8.7 14,0 14 -2,8 5.17 5.17 0.0

3 0.348 19.7 138.0 13.5 11.7 11.3 3.5 k.01 3.83 b

L 0.822 ik, 133.9 20.7 7.61 7.6L 0.0 2,40 2.3% 3.0

5 1.23 2.k 131.3 24,1 6.19 6.0k 2.5 1.79 1.7h 2.9

6 2,15 9,7 128,2 28,1 4,2k 441 -3.8 1.10 1.17 ~6.0
Run No, R29, T = 310.8°C, P = 216 cm Hg, Feed 9.7 Volume Percent NHz, Balance Op

1 0.072 17.3 192.2 5.1 13.8 13.6 1.5 ku6 Lo 1.k

2 0.136 15.2 190.2 8.5 11.2 11.4 -1.7 3.53 3.54 0.3

3 0.254 12,k 187.1 12,6 9.11 8.79 3.6 2,46 2,5% -2.8

h 0.360 11.» 185.5 14,3 7.42 7.79 b7 2.05 2,17 -5.5

5 0.905 7.2 182.4 20.6 4,35 k.56 -4.6 1.01 1.09 -7.3

6 1.15 6.0 181,0 21.7 3.7% 3,71 0.6 0.836 0.827 1.1

7 1.57 b9 179.3 23.7 2,98 2,95 1.0 0.622 0.613 1.5
Run No. R30, T = 310.8°C, P = 216 cm Hg, Feed 9.7 Volume Percent NH;, Balance Op

1 0.072 17.5 196,35 0.0 14,8 1h.9 -0.7 4,61 4,84 =h,7

2 0.254 1.8 198.4 0.0 10.7 10.2 k.9 2,92 2,88 1.4

3 0.360 10.2  199.%4 0.0 8.77 8.83 -6.8 2,34 2.37 -1.3

n 0.612 8.1 201.0 0.0 5.30 6.99 -9.9 1.62 1.62 0.0

5 0.905 5.9 201.6 0.0 4,99 5.11 -2.3 1.10 1.13 -2.6
Run No. R31, T = 310.8°C, P = 280 cm Hg, Feed 5.3 Volume Percent NHz, Balance Op

1 0.193 6.93 267.7 0.0 6,64 7.06 ~5.9 1.72 1.65 4.2
Run Ne. R32, T = 310.8°C, P = 176 cu Hg, Feed 16,5 Volume Percent NH;, Balance Op

1 0.483 17.7 150.9 0.0 12.6 12.9 -2.3 3.97 L21 =5.7
Run No. R33, T = 310.8°C, P = 280 cm Hg, Feed 16,5 Volume Percent NH;, Balance Op

1 0.102 29.%  240.3 0.0 28.7 28.2 1.8 10.9 11.0 -0.9
Run No, R34, T = 310,8°C, P = 176 cm Hg, Feed 16,5 Volume Percent.l\lﬂj, Balance Op

1 0.725 3.6 70.8 0.0 1.54 1.58 -2,5 0.27h 0.29% -6.8
Run No. R35, T = 310.8°C, P = 251 cm Hg, Feed 16.5 Volume Percent NHz, Bslance Op

1 0.962 12.9 185.0 41.k 6,67 6.51 2,5 2,02 1.90 6.3

2 1.3 10.8  183.5 k4.2 5.25 5.25 0.0 1.4k 1.4 0.0

3 2.73 8.2 180.9 48,0 3,94 3.78 4,2 0.94%9 0.940 1.0

4 4,28 5.3 176.2 52.2 2,34 2,32 0.9 0.517 0.496 b2

5 7.83 3.6 1741 54.3 1.5% 1.53 0.0 +0.270 0.286 -5.6




-11%=-

TABLE B-1 (CONT'D)

Measure- Contact Time, PNHB’ Poy»  PE, Retey, (Data), Ratey, (Calc), % Rateyo (Dete), Rateyo (Celc), %
ment No. min * 105 cm Hg cm Hg om Hg omd min~1l gn'l emd min~t gn'l Dev cm’ min~t gm'l em? min™! gn'l Dev
Run No, R36, T = 322,2°C, P = 176 cm Hg, Feed 16,5 Volume Percent NHz, Balance Op
1 0.0947 25,6 141.6 8,1 20.8 21.3 -2.3 12.6 13,1 -3.8
2 0.179 20.6 139.0 12.0 17.1 17.6 -2,8 9.86 10.2 -1.6
3 0.3k2 16.9 135.% 17.8 13,1 13.3 -1.,5 T.h2 7.23 1.2
4 1.2 9.7 128.2 28.2 6.45 6.59 -2,1 2,83 2,95 -4,1
5 1.51 8.7 1l27:1 29.7 5.59 5.77 ~3.1 2.30 2,48 -7.2
6 2,10 6.8 126.1 32.6 R b3k 2.8 1.71 1.7l 0.0
Run No. R37, T = 322.2°C, P = 216 cm Hg, Feed 9.7 Volume Percent NH;, Balance Op
1 0.0705 15.7 189.7 7.9 16.6 17.2 -3.5 9.07 9.09 -0.2
2 0.133 13.2  187.1 1L.5 13.5 15.8 -2.2 6.56 6.88 -k.6
3 0.248 10.3 182.4 15.5 9.90 10.1 -2.0 4,69 4,61 1.7
i 0.600 6.5 180.9 21.5 6.6h 5.92 2.0 2,29 2.30 -0.h
5 0.885 5.1 179.8 23.6 4,39 4,58 1 1.59 1.64 -3.1
6 1.13 k.3 178.8 2k.7 3.73 3.78 -1.3 1.22 l.27 -4,1
7 1.54 3,5 176.7 25.7 2.99 3.05 -2.0 0.896 0.960 -6.7
Run No. R38, T = 322,2°C, P = 280 cm Hg, Feed 5.3 Volume Percent NHz, Balance Op
1 0.0549 9.8 261.0 7.3 13.0 13.0 0.0 5.92 5.83 0.9
2 0.10% 7.8 255.8 10.2 9.86 9.95 -0.9 3.97 4,13 ~3.9
3 0.193 5.8 256.3 13.5 7.05 7.15 -1k 2,68 2,67 0.h
I 0.275 k9 255.8 1k.9 5.62 5.90 -3.7 1.89 2.07 -8.7
5 0.468 3.3 253,7 17.2 3,86 3.96 -2.5 1.20 1,22 -1.6
6 0.690 2,5 253.2 18.4 2.92 2,90 0.7 0.787 0.808 -2.,6
7 0.883 2,1 253.2 19.1 2,h0 2,40 0.0 0.58L 0.626 -7.1
8 1.19 1.7 252.1 19.6 1.91 1.9 0.5 0.416 0.432 =3.7
Run No, R39, T = 322,2°C, P = 280 em Hg, Feed 16,5 Volume Percent NH5, Balance 0o
1 0.,0528 31.6 219.6 2L.3 33.1 32.9 0.6 22,5 22,3 0.9
2 0.100 25.8 21h,0 29.9 25,1 24,3 3.3 16.3 15.3 6.5
3 0.191 20.2 208.3 38.0 17.8 17.3 2,9 10.1 10.0 1.0
4 0.844 9.0 197.4 54,3 6.37 6,47 -1.5 2,65 2.83 -6.4
5 1.170 7.2 196.% 56.8 4,87 5.00 -2.6 1.9 2.02 -4,
Run No. Rl&o, T = 322.2°C, P = 216 cm Hg, Feed 9.7 Volume Percent N'Hﬁ, Balence Op
1 L0705 15.5 197.4» 0.0 19.3 18.9 2,1 10.5 9.98 5.8
2 0.133 12,5 199.0 0.0 16.1 15.3 5.2 7.91 7.46 6.0
3 0.248 8.17 200.5 0.0 9.49 10.1 -6.0 3.97 L2 -6.h
k 0.352 5.12 202,6 0.0 6,64 6.35 4.5 2,50 2.27 10.1
5 0.600 3.23 202.6 0.0 b, 2k 4,00 6. 1.34 1.22 9.8
6 0.855 2,64 203.1 0.0 3,25 3.27 -0.6 0.952 0.929 2.5
Run No. RMl, T = 322.2°C, P = 176 cm Hg, Feed 16.5 Volume Percent NHz, Balance Op
1 0.4k 13.6  152.5 0.0 14,6 1h,2 2.8 6.86 7.17 -h.6
Run No. R42, T = 322.2°C, P = 280 cm Hg, Feed 5.3 Volume Percent NHz, Balance Op
1 0.275 k2 269.8 0.0 5,96 6.19 -3.7 2.17 2.08 4.3
Run No. RN3, T = 322.2°C, P = 280 cm Hg, Feed 16.5 Volume Percent NHz, Balance Op
1 0.190 7.4 2wk 0.0 23,2 2k.0 ~3.3 12,2 13.1 -6.8
Run No. RM4, T =322.2°C, P =176 cm Hg, Feed 5.3 Volume Percent NHz, Balance Op
1 0.691 3.3 70.8 0.0 2,1k 2,07 3.4 0.675 0.635 6.3
Run Wo. R45, T =322,2°C, P = 251 cm Hg, Feed 16.5 Volume Percent NH3’ Balance Op
1 0,84k 8.7 180.9 U47.5 6.30 6.20 1.6 2,78 2,67 b1
2 1.17 6.8 180.0 50.0 L84 k.75 1.9 1.93 1.88 2.7
3 2,40 5.2 177.8 52.7 3,46 3,48 -0.6 1.33 1.25 6.4
L 3.76 3.5 17h.2 54.8 2.06 2,13 -3.3 0,694 0,650 6.8
5 6.87 2,1 173.6 56.8 1.b1 1.37 2.9 0.373 0.36% 2.8
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TABIE B-1 (CONT'D)

Measure-

Contact Time, Fyg , P°2’

3

PE0, Retey, (Data), Ratey, (Cale),

% Ratey o (Deta), Ratey,p (Cole), %

ment No. min * 103 cm Bg cm Hg cm Hg cw’ min=l gm'l cm? min~t gn'l Dev omd min ™t gm"l em’ min~1 gn'l Dev
Run No. Rk6, T = 345,5°C, P = 176 cm Hg, Feed 16,5 Volume Percent NHs, Belence Op
1 0.0908 21,4 139.0 11.3 25.6 26,2 -2.3 21,4 22,2 -3,6
2 0.171 17.8 135.9 18.6 20.6 20.2 0.2 16.2 16.0 1.2
3 0.328 13.7 132.3 20.5 14,8 15.0 ~1.3 11,1 10.9 1.8
I 1.16 7.0 126.1 32,2 6.71 6.57 -0.9 3,94 3,88 1.5
5 1.h5 6.2 12k,5 33,4 5.77 5.87 1.7 3,09 3,22 -k.0
6 2,02 4,8 123.5 35.4 b,57 bb5 2,7 2,22 2,23 <0.5
Run No. R47, T = 345.5°C, P = 216 cm Hg, Feed 9.7 Volume Percent NH;, Belence Op
1 0.0677 13.7 138.1 10.1 20.5 20.7 -1.0 14,5 1k.9 -2.7
2 0.12 10.7 185.0 13. 15.5 15. 0.0 .0 10. .
3 0.237 8.1 182.k4 1%.7 11.2 ﬁg 0.0 :%.60 6.?2 -1.8
b 0.588 4,8 178.9 2k.7 6.22 6.23 -1.6 3,1k 3.1l 1.0
5 0.837 3.8 178.3 25.k4 L,61 k90 ~5.9 2,05 2,26 -0.9
6 1.05 2,9 177.8 26.8 3.9 3.71 5.1 1.63 1.56 4,5
7 1.46 2,3  177.2 27.k 3,05 2,98 2.3 1.1 1.16 -1.7
Run No. R48, T = 345.5°C, P = 280 cm Hg, Feed 5.3 Volume Percent NHz, Balance 0
1 0.0525 8.3 258.9 9.8 15.3 15.5 9.22 9.4k
2 0.0992 6.0 256,3 12.6 11.0 10.9 6.45 5.90
3 0.185 4,2 255.3 15.8 7.35 7.14 3.97 3.54
& 0.263 3.4 25h.2 17.2 5.96 5.86 2,66 2,59
5 0,448 2,2 253,2 18.8 hoo1 3.83 1.55 1.h7
6 0.658 1.7 251.2 19.6 2,92 2.97 0.99%4 1.05
7 0.843 1,5 2511 19:9 2,38 2.7 0.742 0.813
8 1.14 1.1 - 250.8 20.5 1.87 1.86 0.5Lh4 0.553
Run No, R49, T = 345,5°C, P = 216 cm Hg, Feed 9.7 Volume Percent NH3, Belence Op
1 0.06 13.4  199.0 0.0 23.5 22.8 ' 17.4 16.4
2 0.12 4 10.4  199.5 0.0 17.5 17.8 . 1.7
3 0.237 7.7 201.5 0.0 12.b 13.2 7.27 7.81
4 0.338 5.7 201.6 0.0 10.0 9.87 5.4% 5.27
5 0.588 3.8 202.6 0.0 6.79 6,48 3,30 2,98
6 0.837 2,8 203.1 0.0 5.06 4,78 2.10 1.98
Run No, R50, T = 345.5°C, P = 176 cm Hg, Feed 16.5 Volume Percent NHz, Belance Op
1 0.328 12,6 153.4 0.0 18.6 18.2 12,5 12.8
Run No., R51, T = 345.5°C, P = 280 cm Hg, Feed 5.3 Volume Percent NHs, Balance Op
1 0.185 4o 269.8 0.0 8.17 8.32 3.67 3.93
Run No., R52, T = 345.5°C, P = 176 cm Hg, Feed 5.3 Volume Percent NH5, Balance Op
1 0.691 3.1 70.8 0.0 2,51 2,61 1.06 1.13




APPENDIX C
SAMPLE CALCUILATIONS

1. Calculation of Reaction Rates and Partial Pressures from Raw Data

Measurements from the gas chromatographic analysis of the reactor

effluent are in the form

AreaN
2

AreaNgo + Area02

Dy (C.1)

Area
NBO

- D2
Ares + AreaN
NQO 2 + 02
From these area ratios and the relationship between percentage area and

mole fractions as determined by calibration, mole fractions of nitrogen

and nitrous oxide in the effluent are calculated

(Mole Fraction)N2 = 1.01 Dy = Fy,
(c.2)
(Mole Fraction)yo = 0.716 Dp 3 N 0
Using these mole fractions and taking a basis of 100 standard cm§ of oxygen

in the product stream, the ratios

100 No 100 Fy
0 = 2 = (Wo)out (Cc.3)
2 1 - Fy,
100 N0 o
2 2
0 = = (NEO)out
2 (1-FN20)(1~FN2)

-115_
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are computed. The percent nitrous oxide yield is now defined as that per-

centage of reacted ammonia which has been converted to nitrous oxide, i.e.,

out (c.4)

% N0 Yield =
() g *+ (0] g

Throughout the remaining calculation, a basis of 100 standard emd of oxygen

in the product stream is used. The overall stoichiometric equations are

4 NHz + 3 0, =2 Ny + 6 HO
’ (c.5)

2 NHz + 2 Op = NxO + 3 HyO

Hence the standard cm5 of ammonia reacted to form the nitrogen and nitrous

oxide is
= 5
(NHB)reacted = 2(NE)out + 2(NEO)outJ e (C.6)
The oxygen which reacted with this ammonia is

(OE)reacted = l“S(NE)out + 2(1\120>out’m5 (c.7)

Total oxygen entering the system is
= b
(OE)in =100 + (0p)repcteds °m (c.8)

Since the feed consists of a mole fraction of ammonis FNHB, balance oxygen,

the ammonia accompenying the (05);, is

(N—H5)il’l = 1 - FNHB s CIn (009)

The fraction of ammonia conversion is then
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NH
CNH - ( B)reacted (C.lQ)

5 (NHS)in

The total rate of nitrogen and nitrous oxide formation, equal to twice the
rate of ammonia reaction, is then calculated.

(Feed Rate)(F NH§)(NH3)

(2) (Catalyst Weight)

= 3 . -1 . -1
(r)N2+N20 formation ~ s Cm” min -~ gm (c.11)

Use of Equations (C.4) and (C.1l) now gives the individual rates of nitrogen
and nitrous oxide formation.
The partial pressures of the individual gases in the recycle loop

remain to be calculated. Realizing that

= 5
(NHB)out = (NHB)in - (NHB)reacted’ cm (c.12)
and, from stoichiometry,

(Hx0)out = 3(Mp)gut + 3(N20) oyt (C.13)

a total volumetric product rate (T)out is easily calculated.

(Dout =100 + (MHz)gut + (N2)out + (N20) gyt + (HO)ouy (C.14)

Letting P represent the pressure setting of the back pressure regulator,
taken as equal to the reaction pressure, the partial pressure of ammonia is
then

(P)(NH, )

- 3’ out (c.15)

5 (T)out

The remaining partial pressures are calculated in & similar manner,

Pyy
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2. Evaluation of Constants in Rate Equations

The method used to evaluate the rate equation constants Ky »

1/2 .
bo2 and szo in
1.0 1.0
KN, PNHs PO
N, = : 132 2/ 5 (c.16)
(1 +7 P02 Pg0 P Hy0)

at 273.5°C is here detailed, Rearrangement of Equation (C.16) yields

-1/2 bl/g

- PEs0 P
(-‘%7'2-)9 12, igwog—— PH,O * —1\7— (c.17)
-1/2

0, a plot of (PNH3/rN2) VE. Do,

a straight line with slope equal to KNl/ and intercept equal to

(E§§2)1/2
I‘NE

r4
=

Using data for which PH,0 yields

b%éz Kﬁa/ s Such a plot for nitrogen rate data is presented in Figure C.l.

Using data from the nitrogen plot,

g=l/2 _ 1.705 = 1.475
A .08 - .06

2

= 1ll.5, or KN2 = ,0075 em? min=t gm‘l em Hg”
(c.18)
The intercept of the nitrogen plot is easily calculated to be 0.785. Using

this value and the value of Kﬁé/g from Equation (C.18),

/2 0.785 -1/2
bo2 = ii%%" = 0,068 cm Hg / (c.19)

The term ngO remeins to be evaluated, This term is established from

. 1/2 . .
Equation (C.17) by plotting (pNH5/rN2> vs. Py for data in which
p02 is essentially constant. Such a plot is shown in Figure C.2. The
slope of the straight line is equal to ngO pol/2 1/2 . In Figure C,2

the slope of the curve for the nitrogen rate measurements is easily computed
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Figure C.1. Plot for Evaluation of Rate Constants.
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to be 0.0169, The oxygen partial pressure for the data plotted is 188
cm Hg as seen for R10 data in Appendix B. Using these values and the

1/2

value for K&g determined in Equation (C.18),

ngo = (0,0169)(188)1/2(.0075) = 0.020 cm Hg~t (C.20)

3. Calculation of Experimental Heat of Adsorption

The experimental heat of adsorption A 1is related to the equi-

librium adsorption constant b by the equation
b = b, exp()/RT) (c.21)

The adsorption heat can consequently be evaluated by use of

_ Rdlnb

- a(1/T) (C.22)

A

Values of ln(b%éz) have been plotted vs. 1/T in Figure (6.2). Using

data from the figure,

2
o, = Le8ln (©-%/3-1" _ 11 5 yeal gn mole-l (c.23)

(1.9% - 1.61) 1072

4, Calculation of Theoretical Heat of Adsorption

The theoretical heat of adsorption of oxygen is calculated from

the equat iOl’l(Sl)

7

- - 2 ;
\x)o} theo, 0y = E[Ry = Ryl + 46.12 4 (C.24)

The value of the ruthenium-oxygen polar moment u is estimated as a first

approximation to be equal to the difference in electronegativities of ruthenium
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Lo)

and oxygen, from which(
L =3.5~2.2=1.3 (C.25)

The energy of a single bond between ruthenium atoms supported on the

alumina, E[Ru-Ru] , is estimated to be one sixth the heat of sublimation
of ruthenium metal, and the energy of a double bond, E[RusRu] , is taken
as twice the single bond energy. The heat of sublimation of ruthenium is

160 kcal gm mole”l,(lg) Hence

1 | -
(l)o theo 02 = g <l6o> + u6012<l°5)£ = 131”’5 keal gm mole“’l
J J

(C.26)
5. Calculation of the Experimental b,
The relationship between by , b and temperature is
b = by exp(d/RT) (c.27)
Solving Equation (C.27) for b, gives
bo = b exp(=)/RT) (C.28)

Experimentel values of bO2 have been presented in Teble VI-2 and & plot

of 1n (bOE) VS, l/T appears in Figure 6.2, From the slope of this plot,

1/2

xog = 11.% kcal gm mole“l, Using this value and taking b = ,057

cm Hgml/2 at 296,1°C from Table VI-2, Equation (C.28) becomes

b
o 2
2 - (,057) = :LJL&J_O”7 cm ngl

(bo)exptl,02 - exp(A/RT) exp(11,300/(1.98) (569))
(c.29)
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6. Calculation of the Theoretical by

The theoretical b, value is computed from the equation

v (
(C.30
va (2mvmr)L/2 %)

(®0) theo =

These values hold for oxygen at %00°C: Vi = 28,1 em? gm mole'l; v o= lOl5

sec"l; T =573°K; M =3%2; d =6 Angstroms;(26) R = 6,340 cm’ cm Hg.

Substituting into Equation (C.30),

28,1
(1013) (6-10-8) (2x(32) (6240) (573) )/ &

1.73.1071 cm Hg™T

(b0>theo,02 B
(c.31)

T. Calculation of the Experimental Entropy of Adsorption

Experimental adsorption entropy is calculated from the equation

(AS) = %% + Rlnb (C.32)

exptl

The vglue of adsorption heat A was found to be 11.3 kcal gm mole=l for
, 1/2 -1/2 LG 00
oxygen. Taking the bo2 value of 0.097 cm Hg at 246.2°C from Table

VI-2 and substituting into Equation (C.32),

(As>exptl,02 © 519 + (1598)ln(9097>2(76) = -23.1 e.u, (C.33)

8, Calculation of E for Power Rate Law

The activation energy E appearing in the power rate law equa-
tion

r = kg pz pg exp(-E/RT) (C.3L)

can be evaluated from the expression
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E = -R(dlnr/d(1/T)) (€.35)

pNH5f Poys pH2O constant

The data plotted in Figure 5.3 may be conveniently used for this calcula-
tion. At pNH5 = 20 cm Hg , the rates appearing in Table C-1 are read from

the figure cited.

TABLE C-1

MEASUREMENTS USED TO EVALUATE ACTIVATION
ENERGY IN POWER RATE IAW

) 1 2 1 1
Temp °C  (1/T K)-10 rNH3 e rNEO/rN2 2rN2 2Ty 0

273.5 1.83% 10.2 068 9,55  0.65
296.1 1.76 19.7 .165 15.9 2.78
310.8 1.715 31.5 .35 23,3 8,18
322,2 1.68 52, .58 33, 19.
345.5 1.61 82, .85 bh.3 o 37.7

1l. rates in cm5min“lgm“l
2, data from Figure 5.17

The data appearing in Table C=1 are plotted in Figure C.3. Taking data

from the figure,

_(1.98)In(kk,5/11.0) -1
N, = (185 - L.6L) 105 ° 12.6 kcal gm mole (C.36)
= (1.98)1n(k2.0/0.85) = 35,0 kcal gm mole”l (c.37)

N0 " (1.83 - 1.61) 1073

9. Calculation of Power Rate Law Experimental Pre-Exponentisl Factor

From Table VI-2 at 322,2°C,

(ko)exptl,N2 exp(-EN2/3T) = 0,30 (C.38)
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Using EN2 = 12.6 kcal gnm mole L as computed in Appendix C under 9. and

substituting into Equation (C.38),

= 0.03 exp(12,600/(1.98)(595)) = 1.55o10lF em? min=t gn-1

(ko)

exptl,No
(c.39)
1

This value must now be converted to units of molecules site™l sec-l,

The factor by which the value in Equation (C.39) must be multiplied to
effect this conversion is easily calculated to be 0.0151 under the assump-
tion that each ruthenium atom represents one site. The reasonableness of

this assumption is established quantitatively as Item 12 in this Appendix.

Using this factor, Equation (C.39) becomes

(ko)exptl’N2 = 2001=102 molecules site™l sec™t (c.k0)

10. Calculation of Power Rate Law Theoretical Pre-Exponential Factor

The theoretical value of the power rate law pre-exponential

factor is given by

(ko) tpeo = (KT/h) exp[(a;éNH5 + b¢02 + C¢HEO)/R] (C.h1)

Terms are defined in Nomenclature, At a temperature of 600°K, using the
free energy function values listed in Table VI-3 and the values of a , b,

and c¢ given in Equation (6.63%), we have

-16
kO)th .- (1.38-107) (600) expl
€:N2  (6.62:1072T)

mu59826+(.458)(mmo5968)m(,396)(mu20766)]
1.98

1 1

sec”

(C.k2)

= 9.1«102 molecules site”
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11. Calculation of Percentage Surface Covered by Atomic Oxygen

2 12
6, = 2 = (C.43)
1+ bl/2 pl/g + by o Py
02 0o 20 20
Typical Data at 300°C: bé/g = ,05
2
=196 cm H
P02 9 g
ngO = ,012
pHgO = 30 cm Hg
. 1k
(L05) (14) = 349 (C.LL)

o "14(.05) (14)+(.012) (30)

12, Validity of Assumption that Number of Reaction Sites Equals Number
of Ruthenium Atoms

The relationship between the weight of a catalytic agent and
the weight of carrier required for monolayer distribution of the agent on

the carrier is

weight of catalytic agent _ lOLLSdE/BMl/3 (C.45)
weight of carrier Nl/5 ’

For the present calculation, all quantities in Equation (C.45) are known
except S , the specific area of the catalyst, square meters per gram,
required for monolayer coverage by the agent. Using the values

M

by = 101.1, dpy = 12.2 grams per cubic centimeter and the usual value

for the Avogardo number N , and recalling that the catalyst bears 0.5
weight percent ruthenium, the value for S 1is

_ (0.005/0.995) (6.025 -10%3)1/3

S = =1,71 me/gram (c.h46)
(101.1)Y3(12.2)%/5 (104
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The area given in Equation (C.46) assumes that the catalytic agent is
uniformly distributed over the carrier. In this case, the ruthenium is
deposited on the surface of 1/8 inch cylindrical peilets. If the
ruthenium is estimated to penetrate 5% of the way into the pellet interior,
corresponding to & penetration of 0.0159 cm, then the volume of the carrier
covered by the ruthenium is easily shown to be 27.1% of the total carrier

volume, The 5% penetration would require a specific surface area of
S = 1.71/0.271 = 6.32 m°/gram (C.47)

for deposition of the ruthenium in a monolayer., The actual area of the

alumina pellets used by Engelhard Industries, Inc., in production of the

0.5 weight percent ruthenium catalyst has been given as in the vicinity of

120 mg/gram.(h8> Henge the assumption of monolayer deposition is plausible.
It is of interest to calculate how deeply the ruthenium can be

expected to penetrate the catalyst‘interior under conditions of monclayer

deposition, given that the carrier area is 120 mz/gram, Calculation with

Equation (C.45) shows that under this condition only 1.45% of the pellet

need be contacted by the ruthenium. This corresponds to a penetration of

0.2% of the catalyst pellet, or penetration to a depth of 0.0064 cm,

13. Calculation of Theoretical Entropy of Adsorption of Oxygen

Postulating that oxygen loses three degrees of translational
freedom upon adsorption and is dissociatively adsorbed, the entropy change

expected to accompany this process is given by

AS = “BStranS + Sconfig k) (C,)-l-8)
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where
3/2.5/2
35t rans = RinM / /2 - 2.3 (C.49)
and
Seonrig = R[2(x-1/4)1n(x-1/4)+In2-x1nx- (x-1)1n(x-1) ] (C.50)

Evaluating Equation (C.49) for oxygen at 600°K,
3Strans = (1098>(2-5)log(32-)5/2(6oo)5/2 ='39.5 e.u.  (C.51)

Teking € = 1/2, then x = 2 because x = 1/6 . Evaluation of Equation

(C.50) for oxygen then gives

Sconfig = (2)(1.98)((3.5)(2.3)10g(3.5)+(2.3)10g2-(2) (2.3)10g2]

S = 14.6 e.u. (C.52)

config

Combining the results of Equations (C.51) and (C.52),

S = -39.5 + 14,6 = -24.,9 e.u. (c.53)



APPENDIX D

HEAT AND MASS TRANSFER CONSIDERATIONS

1., Calculation of Pressure Drop Between Bulk Gas and Catalyst Surface

It was shown experimentally that, for the flow rates used in this
work, mass transfer to the catalyst surface is not the slow step in the
oxidation of ammonia over ruthenium. It is of interest, however, to com-
pute the expected pressure drop of reactants due to diffusion from the
bulk gas to the exterior catalyst surface, The mass transfer calculation
has been congidered in detail by Yang and Hougeﬂ(56) and their development
will be used here., The pressure drop between the bulk gas and the catalyst
surface is given by

fon r, Pelap)” ) u)2/5(ﬁ?;f§)m°59 (D.1)

It is observed that A@A/pA is linearly dependent on the ratio of reaction
rate to partial pressure of diffusing species A . The equation thus will
be evaluated at 545,500J where the maximum ratio of reaction rate to ammonia
partial pressure occurred., It is true that the effect of viscosity, increas-
ing with temperature, is to decrease Ap, . The viscosity temperature coef-
ficient is, however, more than offset by the rate temperature coefficient.

Tabie D=1 lists the Equation (Dul) values which obtain at 345°C:

-130-
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TABIE D-1

NUMERICAL VALUES USED IN MASS TRANSFER EQUATION

Comment

Value
w=.082 1 £t71 nrl
My =29
o = .039P 1b ft~3 atm™i
Dpy = 3-71P £t2 atm hr~!
ll
ar/® - 0205 1t
p
ay = 5.35 £t° b1
G = 35,500 1b hr~t £t-2
¢ = 40,800 1b hr-l rg-2
G = 47,600 1b hr-l £t72

The viscosity of O2 is used to approxi-
mate the gas viscosity.

Average molecular weight of the gas is
somewhat less than that of Op.

Density has been left as a function of
reaction pressure P, in atm.

The diffisivity of NH5 in 0o has been
approximated as equal to NH5 diffusivity
in air, and has been left as a function
of reaction pressure P, in atmospheres.

Gas film pressure is taken equal to
reaction pressure.

Pellet area a,, has been taken equal to
the surface area of a 1/8" X 1/8" cylinder.

This figure represents the external surface
area per pound of pellets.

Mass rate at reaction pressure 2.32 atm
Mass rate at reaction pressure 2.84 atm

Mass rate at reaction pressure 3.68 atm

When the values listed in Table D-1 are substituted into Equation (D.1)

and an appropriate correction factor is introduced so that reaction rate

may be expressed in emd min”

these equations result:

1 gm'l and Py may be expressed in cm Hg,
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Opy T

- L0017k 5; (at 2.32 atm rxn pressure) (D.2)
A

A

“PA .00193% %_ (at 2.84 atm rxn pressure) (D.3)
Py A

ApA r

—— = ,00227 == (at 3.68 atm rxn pressure) (D.4)
Pa P

The largest value of r/p, occurs for measurement R48-1 and has a value

1 -1 -1

of 5.88 cm® min™ gm™" cm Using the applicable Equation, (D.L4):

ApA
(«p—A—)

max = 0133 (D.5)
Equation (D.5) shows that the ammonia pressure drop due to diffusion from
the bulk gas to the catalyst surface is less than 105% of the bulk ammonia
pressure for the most rapid rate of ammonia oxidation encountered in this
work. This fact justifies the direct use of recycle stream partial pres-
sures in the rate equations.

No mention was made of catalyst pores in the above considerations.
It is demonstrated quantitatively under Item 12 in Appendix C that mono-
layer deposition of 0.5 weight percent ruthenium’on 1/8 inch alumina pellets

corresponds to a ruthenium penetration of 0.2% into the pellet interior.

Pore diffusion is therefore not considered to be a factor in this case,

2. Calculation of Temperature Drop Between Bulk Gas and Catalyst Surface

The strongly exothermic ammonisa oxidation can easily lead to
severe temperature gradients in a catalyst bed unless experimental condi-

tions are carefully controlled by limiting the rate of reaction, diluting
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the reactants, providing a large heat transfer area, or all three. One
of the advantages in using a recirculation-type differential bed reactor
is that relatively accurate temperature control can be realized. For a
given overall conversion, adiabatic temperature rise is but a fractional
part of the adiabatic temperature rise existing in a once-through reactor.

Temperature rise in the reactant stream is plotted in Figure D.1
as a function of the rate of ammonia reaction, standard emd min~l. Three
curves are shown, one at each of the three major pressure levels of opera-
tion., Since most of the heat released went to increase the sensible heat
of the recycle stream, temperature rise was dependent on recycle rate, which
in turn was dependent on reaction pressure. Temperature of the reactant
stream leaving the first catalyst section was measured by a thermocouple
positioned just below the catalyst charge. Sufficient heat transfer area
was provided between the three catalyst sections so that the reactants
cooled to bath temperature before contacting the next catalyst charge in
sequence., This fact was established experimentally with a thermocouple
positioned ahead of each catalyst section.

Not all temperature increase measurements have been included in
Figure D.1. The data shown, however, are completely representative. Tem-
perature rise depends only on the reaction rate, cm5 min'l, and the recycle
rate. Note that if the total catalyst charge had been used in one catalyst
section rather than three, a temperature rise almost three times as large
would have been experienced. The maximum gas stream temperature rise

occuring in this work was 2.4°C.
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At an overall ammonia conversion level of 56% and at a reaction
pressure of 280 cm Hg, temperature rise using the 16.5 volume percent NH5’
balance Op, feed was 1.1°C. Using“a one pass reactor, an adiabatic temper-
ature rise of 963°C would result at the same level of conversion. This
effectively illustrates the temperature control advantage gained by using
a recirculation-type reactor,

Temperature rises shown in Figure D.1 are about 90% of the cal-
culated adiabatic temperature rise. ©Small heat transfer area contained in
the reactor tubes resulted in this near-adiabatic condition.

In addition to the temperature rise of the reactant stream, the
temperature difference between the reactant stream and the catalyst surface
must be considered. Yang and Hougen(%> have treated this problem. Their
development will be used here.

The temperature difference At between the main gas stream and

the catalyst surface is:

ne e 20 (a2 cpuz/s  (ep) /%, -5
T () (ijgg—ﬁ—ggg;) (=) <_—_—E—_—) (D.6)

Terms used in Equation (D.6) are defined under Nomenclature. Equation
(D.6) will be evaluated at 345°C, where the maximum rate and consequently
the maximum At 1s encountered. Table D-2 lists the values in effect at

3h5°C:
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TABLE D-2

NUMERICAL VALUES USED IN HEAT TRANSFER EQUATION

Value Comment

%p = 0.77 The Prandtl Number is taken as that

k for air.

w=.082 1b £t~1 nrt The viscosity is taken as that of Op.

Cp = 0.45 Btu 101 Op-1 Heat capacity used is that of Op.

Kk = 048 Btu £t~ op~L Thermal conductivity used is that of Op.
M = 136,000 Btu (1ib mol) ™t AH is the heat of reaction when one pound

mole of NH5 is converted to Ngz

a%/g = ,0225 ft ' Pellet area has been taken equal to the
surface area of a 1/8" X 1/8" cylinder,

8y = 5.35 ft2 lb~l ap equals the external pellet surface
area per pound of pellets.

G = 35,500 1b nrl £t72 Mass rate at reaction pressure 2.32 atm

G = 10,800 1b hr-l ££72 Mass rate at reaction pressure 2.84 atm

G = 47,600 1b hr~l £t~2 Mass rate at reaction pressure 3.68 atm

When the values listed in Table D-2 are substituted into Equation (D.6) and

an appropriate correction factor is introduced so that reaction rate may be

expressed in standard emd min~l gm“l, these equations result:

%; = ,115 % (rxn pressure = 2,32 atm) (D.7)
%; = .105 = (rxn pressure = 2.84 atm) (D.8)
NG T

T = .0955 7 (rxn Pressure = 3,68 atm) (D.9)
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The maximum rate of ammonia oxidation is 9k cm5 min~L gm'l at measurement

RU6-1. Using appropriate Equation (D.T7):

&3

= ,0175 (D.10)
T max

Equation (D,10) predicts that at a temperature of 345.5°C, a temperature
differential of some 11°C will exist between the catalyst surface and the
bulk gas stream. Such a temperature increment would be incompatible with
accurate kinetic measurements. Reference to Equation (D.6) shows that At
is inversely proportional to a, , the catalyst surface area per pound.
Table D-2 indicates that the & value used in calculating Equations (D.7)
through (D.9) was 5.35 P2 1v~1, based on the assumption that pellet sur-
face area equals the surface area of 1/8" X 1/8" cylinders. It is clear
that this is a conservative assumption. The actual area of the alumina
pellets used by Engelhard Industries, Inc., in production of the 0.5 weight

percent ruthenium catalyst has been given as in the vicinity of 120 m2

- -1
gm l,(AB) or 5,050 ££° 1b . Teking exterior surface irregularities into
account, it is not unreasonable to suppose that a, 1s at least an order
2 1p7L,

of magnitude greater than 5.35 ft In this event, the maximum At

between the catalyst surface and the bulk gas stream would be a more toler-
able 1.1°C.

The above consideration was confirmed experimentally by measuring
the catalyst pellet temperature at 345.5°C. A small hole was cored in the
bottom of the last pellet contacted by the reactant stream when a 10 pellet
charge was used. A bare chromel-alumel thermocouple was then positioned

in this hole. The ceramically-shielded thermocouple wires were led through
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a Swagelok fitting at the bottom of the reactor and then out of the molten
salt inside 1/4" 0.D. stainless steel tubing. Then the wires were led
from their reaction pressure environment to atmospheric pressure through
a rubber gealing septum. Pellet temperature measurements were made in
this manner for the first three measurements of each of runs R46, R47 and
R48. These measurements correspond to the fastest reaction rates encount-
ered in this work. Measured pellet temperature for all 9 points was never

more than 0.6°C greater than the exit stream temperature.

3, Relationship Between Mass Transfer Coefficient and Reactor Diameter

The relationship between the j-factor for mass transfer and the

mass transfer coefficient is given by

. k ,u . l/2
b= v ) / (D.11)
and has been related to the superficial mass velocity by Gordon<21) as
-1/2
. _ eDG /

Substitution of (D.12) into {D.11) and subsequent solution for k yields

v ,
k = % 51/2 (D.13)

It is seen in (D.13) that the mass transfer coefficient is directly pro-
portional to v , the superficial velocity through the reactor, and in-
versely proportional to the square root of G , the superficial velocity
through the reactor. G and v are both inversely proportional to the

square of the reactor diameter. Hence we see that

2
ar® 1 "

ko (l/D2)1/2 - D



APPENDIX E

VALUES OF CONSTANTS IN RATE EQUATIONS

TABLE E-1

VALUES OF CONSTANTS IN RATE EQUATIONS
AND PERCENTAGE DEVIATIONS OF DATA FIT

Temp °C Ky, Ky, 0 bééz by Npth Dev  NpO+% Dev
2h6.2  .005% 0973 Lot 5.7
27%.5  .0075  .000L77° .068  .020 3.4 3.1
296.1 .01038  .00597 .057 .013 2.5 2.8
310.8 .01239  .00147 .049 .011 2.7 3.1
302,2 .0206 .00598 .039  .0065 2.k L.8

Lonits: cm? min~t gm_l (cm Hg)~°

2Units: cm? min~! gn™l (cm Hg)-2+35
SUnits: (cm Hg,)'l/2
Mnits: (ch Hg)~t
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APPENDIX F

FREE ENERGY FUNCTIONS OF AMMONIA, OXYGEN AND WATER

TABLE F-1

FREE ENERGY FUNCTIONS OF AMMONIA, OXYGEN
AND WATER (cal °C-lmole-1)

Temp °K  -Pims -Po, -Pu0

500 Lo,2kg 45.675 41.29%
600 45;826 46,968 L2, 766
700 45,209 48,071 Lh 024

-1k0-



APPENDIX G

DETERMINATION OF REACTION RATES IN A STIRRED FLOW SYSTEM

Rateg of reaction may in general be measured in two major types

of systems, batch or continuous flow. If the reaction
aA + bB = cC + dD

is carried out batchwise, the rate of disappearance of A 1is expressed

by a differential equation as
dh/at = kA®BP (G.1)

so that integration of the equation

t = l/P dﬁ - (G.2)

kA B

is necessary to obtain the amount of A remaining at any time t . For
many reaction systems, the integration may not be straightforward and
simplifying assumptions may be required. A continuous flow sysfem, on

the other hand, involves mathematics which are quite simple relative to
the differential equation in (G.1). Continuous flow systems may be either
of the stirred flow type or of the tubular variety. In either case, con-
centration is independent of time under steady state conditions. Assuming
efficient stirring occurs in the stirred flow reactor, sometimes referred
to as a capacity flow reactor, the concentration of reactants is uniform
throughout the reaction vessel and equals the concentration in the pro-
duct stream. The concentration in a tubular reactor, however, depends

on position along the length of the reactor tube.

~1k1-
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The mathematics describing the operation of a stirred flow

reactor follow from the mass balance for reactant A |

b )
FiA; - FAg = V(dA/dt) + Vka®B®, (G.»)

o0

written generally in Equation (G.3) as input minus output equals the rate
of change of reactant in the reactor vessel plus the rate of disappear-
ance due to reaction. After enough time has elapsed under conditions of

steady flow, dA/dt approaches zero and the equation

b
FiA; - FoA, = VKA®B (G.4)

results. The reaction rate constant k can therefore be evaluated by
measurement of steady~state concentrations.

For a heterogeneously-catalyzed reaction system operating under
stirred-flow conditions, the variable influencing the reaction rate is
not the reaction vessel volume V but the catalyst weight W . In this

case, Equation (G.4t) becomes

F;A; - FA, = Wr (G.5)

where the rate of reaction r per unit weight of catalyst has been used
to replace‘the term kAaBb . The last-mentioned term usually requires
more complex representation when a solidfcatalyzed ges reaction occurs.
The important advantage of Equation (G.5) is that a differential rate of
reaction can be determined under time-independent conditions. This fact
greatly simplifies the interpretation of rate data, since it eliminates

the need to either integrate proposed rate equations for use with integral
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rate measurements or to difference integral rate data for use with dif-
ferential rate equations.

An obvious requirement of the capacity flow experimental method
is that rapid stirring of the fresh feed be effected as it enters the
system. When the reactants constitute a non-solid, one phase system,
stirring can be satisfactorily accomplished in a simple tank by intro-
duction of a mechanical agitator. For a system in which gas phase reac-
tants are catalyzed by a solid, stirring is more satisfactorily accom-
plished by recirculating the gas phase at high velocities over the
catalyst.

A second requirement for use of the stirred flow method is that
the proper combination of stirrer and inlet and outlet positions be used
so that no bypassing of the fresh feed through the system can occur. An
.additional condition for use of this technique is that it must be possible
to carry out analysis of the steady state composition successfully. Finally,
for solid-catalyzed gas reactions, there must be no homogeneous reactions
which can take place between reactants and products during holdup of the

reactant stream in the recycle loop or in the reaction vessel.
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