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THE CATALYTIC REDUCTION OF NITRIC OXIDE WITH AMMONIA

ABSTRACT

,“JThe reduction of nitric oxide with amménia was studied
over two series of copper-nickel catalyst; supported on silica.
Activities of Raney alloy cat?lys;s are low; the temperature
had to be raised to 350°é to achieve significant conversion at
a space velocity of 500 hr~l, Activities of nitrate-based

! ¥
‘ mixed-oxide catalysts are much higher; these are active enough

to justify further investigation with a view towards possible
commercialization. High conycrsions werc observed at 150°C and
a space vclocity of 3000 hr™l over these catalysts.
The experimental data demonstrate that alloy composition
is an important variable and that alloy formation is an important

technique to preparée catalysts for nitrogen oxide reduction.

by John William Walker
e ‘ Department of Chemical Fngineering
; McGill University

"March 19, 1974

| M. Eng.
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La réduction catalytique de 1l'oxide nitrique par 1'ammoniac
Résumé

La réduction d'oxide nitrique par 1'ammoniac a été -
étudide en utilisant deux groupes de catalyseurs de cuivre
et de nickel sur un support de silice. A cause de la basse
activité catalysante des alliages de Raney, 1la température a
di étre augmentée jusqu'a 350°C pour atteindre une conversion
significative A une vitesse ;paciale de 500 par heure. L'activité
des catalyseurs a base de nitrate est assez haute pour justifier
une enquéte plus approfondig en vue d'un développement commercial
possible. En utilisant ces catalyseurs, de hautes conversions
ont été observées a 150°C et a une vitesse spaciale de 3000 par
heure.

Les données expérimentales montre que la composition de
l'alliage est une variable inortanté et que la formation de

l'alliage est une technique essentielle dans la préparation

des catalyseurs pour la réduction de 1'oxide nitrique. |

par John William Walker
Département de Génie Chimique
y Universite McGill

Le 19 mars, 1974
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A FOREWORD
'

This thesis was written in partial fulfillment of the
reguirements of the Magker of Engineering Degree at McGill
University. It is based on research undertaken by the author
under thg supervision of Prof. 0.M. Fuller’gnd Dr. N.E. Cooke
at‘the Department gf Chemical Engineering. Financial suéport

/
was provided by a National Health Grahé.

The reduction of nitric oxide with ammonia has been
studied by other investigators. However, none has measured the
activities of Raney catalysts for this reaction, although Raney
metals have proven active for other reactions. Neither have
alloy catalysts been tested for nitric oxide reduction wyith
amnoniaz Since alloy formation is a powerful technique in the
preparation of active catzi;;ts, its investigation was undertaken
in conjﬁnction with the Raney procedure. A second set of\gyxed-
oxide metal catalysts were also tested. Activity measurements on
both series of catalysts demonstrated the importance of metal
composition to activity and selectivity.

In the course 6f the investigation, capillary flowmeters
were constructed to meter the reactants. The friction factors
for laminar compressible flow in small diameter capillaries can

significantly exceed the friction factors predicted by standard

correlations for incompressible laminar flow.

-v—



7z

TABLE OF CONTEN?S -
N

\

—
7

Abstradt
Acknowledgments
Foreword ‘
List of Figures
List of Tables
I. Introduction
III. Copper-Nickel Alloy Catalysts
III. Microreactor Construction and Operation
Iv. Flaow Control System
V. Chemical Analyses
JI. Catalyst Support ’
;‘,‘gll. Preparation of Raney Alloy Catalysts
V%@I. Activity of Raney Cat;lysts
IX. Nitrate-Based Mixed-Oxide Catalysts
, X. Discussion of Apparatus and Procedures
XI.’ Discussion of Catalyst Activities
Appendices

A. Capillary Flowmeters

‘ﬁﬂ Chromatographic Analysis

Criﬁreparation of Silica Support for Raney Metals

b4
D. Properties of Cabosil Fumed“Silicon Dioxide

and Ludox Colloidal Silica

L)

Page
5t
iv

viii

13
17
28
42
49
69
92

106

112

125
147
154

156




Appendices
- E. Preparation of Active Raney Alloys '
F. Preparaéion of Nitrate-Based\Mixed-akide
Catalysts ‘
G. Definition of Conversijons
H. Calculation of Raney Catqust Bed Weights
Bibliography ‘
[
' -vii-

157

167
169
171
174

'




Figure

" 10
11
12

13
14
15

16

LIST OF FIGURES

Title
Hardness, Electrical Conductivity, and Thermal
Conductivity of Copper-Nickel Alloys

Activity of Copper-Nickel Alloy Films for
Hydrogenation of Benzene -

Activity of Copper-Nickel Alloy Films for
Hydrogenation of Ethylenc

Activity of Raney Manganese-Nickel Alloys for
Hydrogenation of Heptene-1

Catalytic Microreactor -
Reactant Supply System
Apparent Friction Factor Versus Reynolds Number

Apparent Friction Factor Versus Reynolds Number
for Small Capillaries

Predicted and Actual Flow Rates for Flowmeter
No. H-1-B

Stability of Ludox HS-40
Formation of Active Raney Metal

Dependence of Specific Surface Area on Extent
of Leaching of Raney Nickel

Aluminum Removal and Specific Surface Area of
Raney Copper-Nickel Alloy Eatalysts

Magnetic Susceptibilities and Activities of
Raney Copper-Nickel Alloy Catalysts

Phase Diagram of Slowly Cooled Coppar-Nickel-
Aluminum Alloys

Aluminum Leached grom Copper-Nickel-Aluminum
Alloys -

o

A

-viii-

Py

. -
) 3 ko Ao 4 -~ e .
e e R e A ‘ .

Page

14
18

21

23

26
46
52

55

57

58

62

66




Figure Title \ Page

17 Activity of Silica Support for Reduction of

Nitric Oxide with Ammonia 81
18 Reactor Outlet Gas Composition over Catalyst

R-Cu375 83
19 Activity of Raney Alloy Catalysts f8t Reduction 1

of Nitric Oxide with Ammonia at 350°C and 500 hr~

Space Velocity 86
20 Ef fect of Space Velocity on Nitric Oxide

Destruction over Catalyst R-Cu-A 88
21 Surface Areas of Copper-Mickel AlToy Catalysts 94
22 Conversion over Catalyst G-Cu250 98
23 Activity of Nitrate-Based Catalysts for Reduction

of Nitric Oxide with Ammonia at 200°C and ‘

3000 hr~d space velocity 100
24 Effect of Metal Composition on Product

Distribution Ratio for Nitric Oxide Reduction

over HNitrate-Based Catalysts . 101
25 Effect of Exit Mach Number on Downstream

Temperature for Ideal, Adiabatic Flow 128
26 Exit Pressure Losses for Laminar and Turbulent

Incompressible Flow L0131
27 Capillary Flowmeter Construction 145
28 Chromatograph Sampling System 148
29 Typical Chromatograms of Reactor Inlet and »

Outlet Gases. 151
30 Apparatus to Leach Raney Metal Alloys 158

- x-




Table

10
11

12
13

14
|15

16

LIST OF TABLES v

Title

Flowmeters for Raney Catalyst Tests
Composition of Starting Alloys

Phase Composition of Starting Alloys

Effect of Catalyst Pellet Size on Conversion
Ef fect of Temperature a!d Space Velocity on
Conversion over Commergial Raney Copper

Catalyst #Cl

Ef fect of Temperature and Space Velocity on
Conversion over Silica Support

Effect of Alloy Composition on Conversion over
Raney Copper-Nickel Alloy Catalysts

Activities of Raney Copper-Nickel Alloy Catalysts

Ammonia Decomposition over Rasey Copper-Nickel
Alloy Catalysts »

CompositionYof Nitrate-Based Mixed-Oxide
Catalysts

£ffect of Composition on Conversion over
Nitrate-Based Mixed-Oxide Catalysts

Activities of Nitrate-Based Mixed-Oxide Catalysts

Effect of Temperature on Ammonia Decomposition
over Nitrate-Based Catalyst #N-Mix

Comparison of Catalyst Activities for Reduction
of Nitrogen Oxides with Ammonia

Product Distribution Ratio for Reduction of
Nitric Oxide with Ammonia S

Entrance and Exit Loss Coefficients in (
Incompressible Flow

-x-

Page

25
60
63
73
78

80

84
87

90 ,
95 .

99
103

104
104
120

130



Table

17
18
19
20
21
22

23
24
25

26
27
2g -

29°

)
¢

Title

n o
©

\

Dimensions of Test Capiilaries

Preliminary Capillary Test Data , '
Preliminary Capillary Test Data

besign of Capillary Flowneter No. H-1=B
Summary of(Flowmeter Designs

Resign Parameters for Capillary Flowmeters
Used for the Raney Catalyst Tasts

Chromatograph Operational Variables
Adgsorbent Bed Characteristics

Properties of Cabosil Fumed Silicon Dioxide
Grade M-7

Properties of Ludox Colloidal Silica
Type HS-40 1

-«

Reactivities of Copper-Nickel- Alumxnum Alloys

Towards Alkali folutzon

Gel Times of Ludox Suspensions of 5% Raney
Metals

' Calculations of Raney Metal Catalyst Bed

Weights

L

5 \

-xi-

156

163

165

173




N - \

Section I: Intréductibn

In the manpfacture of nitric acid, nitrogen dioxide is
absorbed by water to form nitric acid and nitric oxide in the :
final absorption tower. The nitric oxide then reacts with oxygen
to formrmore'nitrogen dioxide and the cycle is repeated. At low
contentrations éf nitrogen oxides, the rate of absorption falls
and complete remqval by absorption is impossible. The tail gas
usually contains about 0.3% oxides of nitrogen, 3% oxygen, and
97% nitrogen. To avoid the detrimental health effects. of nitrogen
oxides, the ground level é;ncentrations must be kept low by
venfing the g;s through a tall stack.

A

Processes based on catalytic decompositiqn, on adsorption,

and on absorption have been proposed for nitrogen oxide removal

-

3
(6,8,20,91). With the exception of adsorption on molecular sieves,

Al

none of the sorption processes appear commercially feasible.
However, catalytic reduction is a promising method of emigs&qp'
control. Non-selective processes, such as the reduction ofvtB;
tail gas wiéh naturfl gas, are not ‘entirely sétisfactory; the
,patalfsts are ex ive, generqlly have a short life, and the
oxygen reacts preferentially with tpe fuel. For economic reasons,
the usual practice is to recover&%géxpower to pay for the fuel
used in burning the oxygeﬁ. |

t
Ammonia can reduce both nitric oxide and nitrogen dioxide

»*

to water and either nitrogen or nitrous oxide.




Q0

)

. 6NOzwh 8NHy — TNy + 12H,0 (1)

LI
" 6NO + 4NH3 — 5N; + 6Hy0 2 (2)
‘ 8NO + 2NH3 ~— SN0 + 3H,0 (3)

It can also reduce oxygen with formation of nitrogen and water. -

4NH3 + 30 — 2N5 + 6H,0 T(4)

Since the concentration of oxygen is approximately ten times
that of the nitrogen oxides, a selective catalyst to promote the
reactions with nitrogen oxides father than with oxygen is desired.

o

The selective reaction can be promoted; so catalytic

reduction with ammonia is a promising mefhod. Anderson, Green,
for both the

and Steele (6) investigated catalysts an
selective and non-selective reduction of nitrogen oxides with
ammonia. Effective catalysts include platinum, pallad@gm,
ruthenium, cobalt, and nickel. Supported platinum is superior

to all others in completeness of nitrogen oxide‘}emoval.

' The noble metal catalysts are not suitable for industrial
applications because they are easily poisoned by sulfur and
because the presence of nitrogen dioxide results in a loss of
activity. Non-noble metals and metal oxide catalysts have also
seen tested by other investigators, but none possesses both the
high activity and resistance to poisoning required in a commercial
catalyst. .
Cooke, Fuller, and Pitblado (20) éompleted a preliminary

study of the selective reduction of nitrogen oxides with ammonia

at the Department of Chemical Engineering of McGill University




under a grant fto& the Quebéé Department of Héalth as Project
Number 604-7-695. A series oé canmercial catalysts was tested,
iﬁcluding vanadium oxide and platinum catalysts which were claimed
to be active for the reaction. The reactor feed was 0.8% nitric
oxide, 6.8% ammonia, 4.4% oxygen, and 94% argon. Reactant and
product compositions were measured on a chromatograph. Results
confirm that copper, platinum, and vanadium oxide are among the

A

catalysts active fozvthe selective reaction. However, extensive

testing was hampere8-by difficulties in the chromatographic

analysis. A

The present investigatidn is a continuation ofrthis pre-
liminary work. The overall objective is to define a selective
process to reduce nitrogen oxides with ammonia. A preferred

catalyst must be selected and tested to provide sufficient

information to predict its useful life and design a prototype
o

reactor.

As part of the éverall objecéives, the preparation and
testing of specific catalysts are being studied with emphasis on
non-noble metal catalysts whose activities for the reduction of
nitrogen oxides with ammonia have not yet been measured.

The objectives of the work reported in this thesis are more
limited. Two series of non-noble metal catalysts were prepared
by a novel method for this reaction and their activities for the
reduction of nitric oxide with ammonia were measured. Oxygen
and nitrogen dioxide were not present in the reaction mixture

because of limitations of the chemical analyses.
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Section II: Copper-Nickel Alloy Catalysts

Cooke, Fuller, and Pitblado (20) surveyed catalysts active
for the reduction of nitrogen oxides with ammonia. Both noble
and non-noble metals and some metal oxides_;re active. The study
of metal catalysts was continued in this investigation. The
activity of a supported metal catalyst depends mainly on bulk
chemical composition, surface chemical composition, total amount
of metal present, surface area of metal present, and metal
crystallite size and structure. The prqﬁence of impurities or
adsorbed species on the surface, surface defects, and oxidation
state of the metal on the surface are also important. Each of these
factors can affect the number and type of sites available for
adsorption and chemical reaction. ‘

With the exceptions of bulk chemical composition and metal.
loading, these variables are difficult to measure and control.
Chemical composition of the metal particle surface may di{éér
considerably from that in the bulk phase (15,39,78,79,80,92).
Metal crystallite size, specific surface area, oxidation state,
and presence of adsdrbed species on the surface require relatively
sophisticated equipment tqQ measure. Even then firm conclusions

€

are often difficult to reach.
Y

The most important factor is the nature of the metal

present in the bulk metal phase. One possible investigation

would be comparisqn of the reaction rates over a series of metal

~




catalysts, such as copper, nickel, iron, vanadiugv and manganese.
A more interesting and sometimes more fruitful ;pgroach is the
formation of metal alloy catalysts.

Allpoying metals is used as a method to alter ﬁulk chemical
composition,wphysical characteristics, and electronic structu}e

{

of metal catalysts. Figure 1 shows mechanical and electronic
propgr;ies of annealed‘copper—nickei alloys (94). Alloy
cat&lytic activities can drastically differ from the starting
metals. The following three examples illustrate the dependence
of activity on composition for three different reactions.

Van der Plank and Sachtler (92) measured the activity of
copper-nickel alloy films for hydroéenation of benzene at 150°c.
Their results in Figure 2 show that nickel is more active than

oy,
copper. Alloy activities are close to that of copper, exgept

when the concentration of nickel becomes very large. These
results have been interpreted by‘proposing a miscibility gap
in the copper-nickel system and diffusion of the copper-rich
phase to the surface.

Campbell‘and Emmett (16) observed a different effect for
initial reaction rates in the hydrogenation of ethylene on copper-
nickel films. Their results in Figurg\fjéﬁéQkk ide variation of

catalytic activity with alloy composition; some allo

fifteen times more active than nickel. A-satisfactory th

has not yet been proposed to account for these data.
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Petrov et al. (68) measured the activit;\of Raney manganese-—
nickel alloys for the hydrogenation of heptene—iE\ Their results
in Figure 4 show a definite effect of alloy composihiéhv Petrov
correlated this activity variation with the content of gﬁg\éihl3
phase in the starting alloy. ' \ N

Active alloy catalysts have been reported for many reactions.
Several theories have been proposed to interpret the experimental
data (16,18,27,39,80,83,84,92). Some are based on filling vacant
d-orbitals of one of the alloy components. Others are based on
chemisorption of active species. However, there is no theory
that could be used successfully to predict general alloy activities.

The overall reaction rate observed’'over a catalyst in the
absence of mass transfer limitations depends on the number and
nature of the active sites, the rates of adsorption of reactants
and desorption of products, the strengths of sorption of the
reactants and products, surface dif fusion between sorption sites,
the mechanism of the reaction, and the inherent reaction rate at
an active site. Since the number of pure metals which are active
catalysts is small, the possibilities for independent variation
of these processes are limited. Moreover, it is’unlikely that a
pure metal will possess the optimum characteristics for a given
reaction. Alloying removes this restriction; in some cases,
electronic and physical structures can be varied continuously by
alloy formation.

Metal alloying was the method used to prepare the catalysts

tested in this work. Copper and nickel were used as the base
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metals since they have Soth been pr&Vgn active for the selective
and non-selective VQSS?tion of nitrogen oxides. Copper-nickel
alloy catalysts Eﬁée also given valuable activit; results in a
number of other reactions (18,27,83). The copper-nickel syétem

e

is attrgceige for several other reasons. The lattice spacings
of thé;é two metals are close, so this variable should not be
significant. The elecgronic structure should change as the
alloys are formed. The single 4s electron from copper will fill
the partially vacant 3d band of the nickel.

The preparation method was chosen to result in a large metal
surface area, a small crystallite size, and a known bulk oxidation
state. Copper-nickel alloy catalysts can be prepared by grinding
a copper-nickel alloy, by iﬁpregnating a catalyst support with
copper and nickel salts either simultaneously or successively,
by ion exchange on molecular sieves, by co-precipitation, by the
Raney method, or byﬁgcllinq the metal salts in a coldaidal suspension.

For this investiéation the Raney method was used because it
has produced catalysts active for many other reactions, but has
not yet been tested for thd reduction of nitgoqen oxides with
ammonia.

The Raney method is used to produce catalysts for many
industrial processes. Raney nickel, the most common of the Rangy
metals, is aqgive for hydrogenation, reductive amidation,
saturation of olefinic bond%. reduction of aldehydes té alcohols,

d
and other reactions. Raney copper, although less commonly used,

-10-




is often more selective than Raney nickel. Other commercial

Raney metals available include Raney cobalt and chromium-promoted

Raney nickel. Raney molybdenum-nickel, copper-nickel, cobalt-

nickel, iron-nickel, iron, and mangancse have been used in

laboratory investigations.
Copper, nickel, and three copper-nickel alloy cataiysts

were prepared by the Raney method, dispersed on an inert substrate,

and ground to a suitable particle size. One other catalyst was

prepared by simultaneously dispersing Raney copper and R&ney

nickel on the support. These catalysts were conditioned and tested

*in a fixed bed microreactor. The extent of' reduction of nitric
oxide with ammonia by Reactions (2) and (3) was mcasured at a
. fixed temperature and space velocity.
The experiments were designed to test the following three
rasearch hypotheses.

(A) The Raney method can be used to prepare copper-nickel alloy
catalysts which arce active for the reduction of nitric oxide
with ammonia.

(B) The preparation method used, and in particular, the bulk
oxidation state of the metal, will affect catalyst activities.

(C) The activity of a mechanical mixture of‘Raney copper and
Raney nickel will differ from the activity of a Raney copper-
nickel alloy‘of the same overall composition.

The first hypothesis was tested by comparing the activities
of the Raney catalysts to the activities of known catalysts for

. ‘

-11-
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the reaction. Testing of the second hypothesis was based
primarily upon comparison of the acti&lgies of oxidized and
unoxidized catalysts. The third hypothesis suggests that there
is a difference in the reaction mechanism on copper, nickel,

and alloy catalyst sites. No difference in activity between. the

\ \
alloy and the mechanxcal mixture would suggest no interaction'.

~

between the copper sites and the nickel sites.’ A higher activity
for the mechanical mixture would suggest a gas-phase intermediate.

Otherwise the reactlon on a particle of Raney nickel could not

af fect the reaction on a spatially separated particle of Raney
copper. A higher activity for the alloy would suggest active
copper~nickel alloy sites or surfacé diffusion from a copper
site to an adjacent nickel one.

Although the preparation\and testing of the Raney metals
formed the core of the work reported in this thesis, another
gseries of copper-nickel catalysts was prepared by gelling the «
metal nitrates in a colloidal dispersion. CQmparison of the
Raney catalysts to the nitrate-based catalysts yields an evaluation
of the suitability of the Raney method to prepare catafystsﬂfor
the reduction of nitrogen oxides with ammonia. The dependence
of activities of the nitrate-based catalysts on composition is

another indication of the usefulness of alloy catalysts.

~ -12-




Section III: Microreactor Construction and Operation
LN

Catalyst activities for the reduction of nitric oxide
with ammonia'wgre measured by passing the gaseous reactants
over a stationary catalyst bed inside the % cc microreactor
shown in Figure 5.

The reactor was an 1l ém length of % in type 316 stainless
stecel tubing containing a fine\écreen to hold the catalyst bed
in place. The reactants” flow downward through the catalyst bed
and out the exit to the chromatograph sampling valves.

The reactor dimensions and construction were chosen to
match the rest of the gxperimehtal system. . The relatively sﬁall
reactor volume of 6 cc did not require exc%&sive gas flow rates
even at high space velocities, thus helping to limit consumption
of reactants. Large flow rates would also have resulted in
excessive pressure drops in other parts of the system, especially
in the chrdmatograph sampling valves.

The same rejctor volume could have been constructed from
smaller diameter pipe, such as % in. However, this would have
necessitated grinding the catalyst pellets much smaller and
would have resulted in large pressure drops through the bed.
Pressure drops were estimated from Equation 5-163 in the
Handbook of Chemical Engineering (67) and the constraint that
the pellet size be at least thirty times smaller than the

reactor inside diameter to eliminate radial concentration

-13- F
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3 .
gradients. The resulting calculations showed that for a figed
.mass flow rate, the pressure drop varied inversely as the fourth
power of the reactor diameter and would become excessive at low
‘reactor diameters.

The reactor was inert to both nitrogen oxides and to
ammonia. No evidence of corrosion was found ;fter a year of
operation.

The reactor was leaktight compared to the gas flow fates
through i;. In leak tests, average leak flow rates were less N
thgn 0.003 cc/min at a pressure difference of ten psi. This is
neéligible in comparison to typical reactant flow rates of
100 cc/min at less than one psi pressure difference. .

The reactor was electrically heated by nichrome wire wound
around an alundum refractory core. Reactor and heater were
insulated by a ceramic brick housing inside a metal casing. The
heater was controlled by a temperature controller whose sensing
element was a chromel-alumel thermocouple located in the gas
stream immediately below the catalyst bed. ’

The temperature control loop was first tested by measuring
the response of the contiolle; to known millivolt signals while
the thermocouple was disconnected. Then the thermocouple was
reconnected to tihe controller and placed inside a muffle furnace

at a known temperature. Both tests verified that the temperature

indication and control were accurate within two centigrade degrees.

. =15-




The reactor could be operated up to 400°c. Above this
temperature, seizing of the stainless steel mating surfaces made
leaktight a‘%embly and disassembly difficult. _Even above 300°
care had to be ‘taken to prevent seizing An anti-seize compound
was used on the outside surfaces, but not on the inner onee
since it might have catalytié effects. I

- An integral part of the reactor design was coneideration
of the catalyst pellet siees which would reduce radial concen-
tration gradients and the correspondiné mass transfer limitations.

These factor? will be considered in more detail in later sections.

L]

™
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Section IV: Flow Control System

The microreactor was supplied with a steady stream of
reactant gas whose normal composition was 0.3% nitric oxide and
0.6% ammonia in argon., Typical flow rates ranqgcd from 10 to
2000 cc/min of mixture. The flow system desiqgned to suit these
requirements is shown in Fiqurc 6. Other flow rates and gas
compositions could be supplied by varying the relative flow rates
betwecen the three streams, by changing the capillary flowmeters,
or by changing the concentrations of the gases in the supply
cylinders.

The three gas cylinders containod arqgon, 1.2% nitric oxide
in argon, and 1.2% ammonia in argon. The gases flowed from their
supply cylinders through double-stage pressure requlators into
flowmeters and then into two union crosses where they were well
mixed before reaching the reactor. The downstream pressure was
measured at one of the crosses.

The metering effect was achieved by allowing the gas to
expand through a narrow glass capillary, typically about 0.1 mm
in inside diameter and 20 cm long. Once the meter was calibrated
the mass flow rate could be calculated from the upstream and

"
downstream pressures. The dual function of flow control and
measurement was achieved in one unit of-equipment, thereby
minimizing corrosion and leak problems that can prove especially

troublesome when handling-nitrogen oxides and ammonia.

-17-
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All tubes and fittings were constructed of type 316

stainless steel to resist corrosion by the nitrogen oxides and
ammonia; the non-metal components were also inert. This system
was simple, inexpensive, rugged, and leaktight.

Details of the mathematical modelling,'desiqn, construct%ggi‘ o
and calibration of the capillary flowmeters are presented in \
Appendix A. The results are summarized herec.

The followinq equation for isothermal, compressible, ideal

gas flow in a long pipe was used to correlate the preliminary

flow data and size the flowmeters,

Pi’-PZ C 1 p4

2 RTg

2 _1° “Ge

Q ——2 61 —
le M Py 1 + iTL7D K 10910(P1/P2) 4fL/D

(5)

where Q is the.volumectric flow rate in cc/sec, reduced to the ' |

reference pressure, B of one atmosphere absolute

o’
R is the universal gas constant (8.3l4x107 g cm/gmole 9K)

M is the molecular weight of the gas (hovq/gmole for argon)
T is the gas temperature in °K

9 ig“the gravitational constant (981 cm/sec?)

Pl'is the inlet pressure in atm abs v

P, is the outlet pressure in atm abs

L'is the length of the capillary in cm

D is the internal diameter of the capillary in cm

4
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f is\the apparent friction factor

K is the kinetic energy factor (1.07 for turbulent flow

and 2. for laminar flow).
This equation does not account for end effects, the L/D ratio,
non-isothermal flow and other non-idealities which are discussed
in Appendix A. These can usually be negiected at low Mach
numbers.

The applicability of this equation was determined by
measuring argon flow rates and the corresponding inlet and
outlet pressures for two capillaries with a high length-to-diameter
ratio. Results are given in Tables 18 and 19 of Appendix A.

A computer program was written to analyze these data and calculate
the friction factors and Reynolds numbers. Eguation 5 can be

used without restriction to model the flow only if the apparent
friction factor data points from different flowmeters and different
downstream pressures fall on one curve.

Data for meter number 1 are plotted in Figure 7. Reference
to the original data points in Table 18 will show that the
discharge pressure has a negligible effect on the apparent friction
factor when it is less than 10 psig. When the discharge pressure
is above 10 psig, the flow rate is less than that predicted by
Equation 5 and the corresponding ;pparent friction factors are
higher. For example, Figure 7 shows that at a Reynolds number
of 88, the apparent friction factor for discharge to atmospheric

pressure is 0.26, while that for discharge to 46 psig is 0.29.
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This difference of 10% in the friction factors corresponds to
a 5% difference in the flow rates.

The effect of capillary diameter is shown in Figure 8,
where the apparent friction factor is plotted as a function of
the Reynolds number for discharge to atmospheric pressure through
two capillaries. Note that the apparent friction factor is
approximately 25% less in the larger diameter capillary.

These two sets of data demonstrate that the apparent friction
factor is strongly dependent on the tube diameter and slightly
dependent on downstream pressure. The reasons for this deviation
from the behaviour predicted by the model described by Equation 5
are discussed in"greater detail in Appendix A. These limitations
must be kept in mind when applying Equation 5 to the design of
capillary flowmeters.

Another computer program was then written to use this
preliminary flow data with Equation 5 to design flowmeters for

catalyst testing. The apparent friction factQr was assumed to

have the following dependence on the Reynolds number,

f = 23/Re Re € 2300 (6)

f = 0.01 Re > 2300 (7)

Flow rates for different capillary dimensions and pressure drops
were computed. Mach numbers, end effects, and temperature effects
were also calculated.

Capillaries of different dimensions could be used to

deliver the same gas flow rates. Usually lengths of about 20 cm
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were chosen since this is the ;::éest length that could fit
ingside the piping arrangement from the gas cylinders. Use of
shorter meters would rcquire smaller capillary diameters for the
same pressure drop. This would result in higher Mach numbers

and hence higher end and temperature effects. The meters listed
in Table 1 were constructed and calibrated following the procedure
described in Appendix A. A polynomial interpolation program was
written to interpolate betwecen the calibration points.

Figure 9 shows that actual flow rates were about 15% less
than those predicted by the desiqn progqram for a typical meter,.
This is probably due to the difference in the lengths of the
constructed meter and the lonqg capillaries used to generate the
apparent friction factor data. Subsequent analysis of other
capillary data not included in this report has shown that friction
factors are higher in shorter tubes.

If a higher design accuracy were requircd, the design
calculations would have to be based on friction factor data from
capillaries with dimensions closer to those of the final meters.
In this case a trial and error procedure would be followed; a
crude meter would be constructed using ﬁhc dimensions calculated
from Equations 5, 6, and 7. Then gas flow rates would be measured
at several different pressures and a new plot of apparent
friction factor versus Reynolds number gencrated with the analysis
program. The new cxpression for the friction factor would be

substituted into the design program and the final dimensions of
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Meter No.

H-1-A
H-1-B

H-2-A

o

Table 1: Flowmeters for Raney Catalyst Tests

Supply Gas

argon
1.2% NO in argon

1.2% $H3 in -argon

Capillary Dimensions

lgngth

cm
20
20

20

diameter
cm

-1105
.1105

.13

Maximum Flowrate

cc/ain

91

85
170




CC/MIN ARGON

FLOW RATE,

100

80

60 ~

40

20

. PREDICTED FLOW ———————d~

0

FLOWMETER NO, H-1-B
LENGTII = 19.3 CM
DIAMETER = 0.1105 CM

~c———ACTUAL FLOW

UPSTREAM PRESSURE, PSIG

FIGURE 9: PREDICTED AND ACTUAL FLOW RATES

FOR FLOWMETER NO. H-1-B

Ers




the new meter established. The actual flow rates would probably
be within 2% of the predicted flows. The process could be
repeated to give higher ae¢turacy.

.The capillaries must be operated free from dirt or other
obsgtructions which could interfére with the flow. Teflon
filters were used for this purpose and&proved superior to qlasg
wool. Some problems were encountered with deposition of a solid

"

salt in the nitrogen ¢xide lines. These were sol®ed by scrupulously
flushing the lines with inert gas after cv;}y test.

The capillary flowmeters provided an inexpehsive, accurate,
and simple way to supply the gas flows necded for catalyst testing.
These meters can be operafed in either the sonic or subsonic
range. In this work it was convenient to work in the subsonic
region because it is not possible to construct meters short
enough to achieve sonic flow without excessive pressure drops.

)
As a co;sequence it was neceééary to‘operdté at a low lMach number
to minimize temperature and end effects. 'This ensured that the

flow rates calculated from calibration data were within 1% of

the actdal flows for all the tests reported in this thesis. ‘.

H




Section V: Chemical Analyses

(A) Introduction

The chemical analysis system was originall§ intended to
analyze gaseous samples containing the nitrogen oxides, ammoﬁia,
water, argon, oxygen, and nitrogen which would be present in a
stream of nitric acid plant tail gas which was being reduced with
ammonia.

Quantitative chemical analysis for nitrogen oxides has
always been awkward and results often inaccurate. Analysis for
individual oxides of nitrogen is difficult because the oxidation
state cag change in the course of the analysis (14,29). When
’ammonia is p}esent the difficulties are compounded.

A literature survey of analytical techniques showed that
no single method except mass spectrometry had been dgveloped to
easily and accurately analyze mixtures of nitrogen oxides angh
ammonia. Other method§ are useful only over limited ranges of
concentrations énd 6xidation states. Mass spectrometry was not
available for the present §nvestigation so development of a
cambined chraomatographic and infrared technique was undertaken.
Had 1t pfoven successful, the infrared method would be less
expensive and more convenient than mass spectrometry. :

An initial chromatographic technique to separate all the

components on Chromsorb 104 packing proved unsuccessful despite-

literature claims to the contrary. Another method limited to
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argon, nitrogen, and nitric oxide was adopted and proved
satisfactory. The infrared analyzer gave encéuraqing preliminary
results, but could not be used because ;ts cell windows were
attacked by the nitrogen dioxidae. Theggﬁiimitatioﬂs on the
chemical aﬂalyses restricted the catalyst testing to the non-

selective rcaction between nitric oxide and ammonia.

{B) Analytical Techniques
I

Previously reported methods to determine the components in
the reaction miQture are wet chemical analyses, infrared spectro-
metry, ultraviolet spectrometry, mass spcectrometry, chromatography,:
and specialized methods for individual components. The determination
of nitrogen oxides will be discussed at greater length because it
is the most difficult of the analyses.

Faucett, McRight, and Graham (29) comparcd the Gricss-
Hosvay method, the hydrogen peroxide method, a?d the mixed acid
method for determination of total nitrogen oxides in nitric acid
plant tail gases. Theyvdid not consider the Griess-llosvay method
satisfactory because the nitrite equivalence factor to convert
nitrite formed to total nitrogen oxides varied signhificantly
with the nitric oxide/nitrogen dioxide ratié. They also found
the hydrogen peroxide method unreliable Becausé small differences

in the titration of the sample and the reference blank could

lead to large errors in the nitrogen oxide concentration. The

-

most accurate method was the mixed acid procedure in which the

i

-29-




)
the nitrogen oxides react with a mixture of nitric acid and

sulfuric acid to produce nitrosulfuric acid.

Johnson (47) presented a method for determination of high
concentrations of nitrogen oxides in air. Markvart (55) determined
_total nitrogen oxides after Eemoval of ammonia from the sample
by sorption on anhydrous Mg(Cl0,4), using a modification of
Johnson's procedure.

Fisher and Becknell. (31) improved the Saltzman variation
of the Griess-Hosvay method by oxidizing the nitric oxide with
ozone before using the standard colorimetric technique. Addition-
of 1% boric acid to the Saltzman reagent eliminated the interference
of up to 100 ppm of ammonia in the sample. The boric acid forms
a poorly dissociated salt with ammonia.

Determination of oxygen, nit}oqen, and argon by chemical
methods is more straighéforward. Ammonia can be measured by the
indophenol method (12,13). Standard techniques are available for
oxygen, argon, and nitrogen.

There are other wet chemical methods, but in general a
separate analysis must be made for each component. The presence
of nitrogen oxides will often interfere with the determination
.of ammonia and vice versa. However, sgselective removal of only
one camponent fram a gas mixture is not always possible.

The oxidation state of the nitrogen oxides must be fixed
before total nitrogen oxide concentrations can be calculated.

For best results the nitric oxide is completely. oxidized to
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nitrogen dioxide before measurement. Oxidizing agents used with
varying degrees of success include air, oxygen, Mnoz, CrO?,
H2032, and O03. Fisher and Becknell (31) reported that ozone gave
the most complete and reproducible results.

Each of the methods listed is useful and accurate in
certain ranges of concentration and nitric oxide/nitrogen
dioxide ratios. However development of a wet chemical method to
analyze for all components would be conplex and the analyses too
time-consuming to be useful for repeated catalyst testing.

Infrared spectroscopy is convenient because several
components in one sample can be easily analyzed by scanning at
different wavelengths. Noble gases and homopolar diatomic gases
have no vibrational infrared spectra and cannot be determined.
Taylor ,(90) used infrared spectroscopy to determine hitrogen
oxides in automobile exhaust. Klimish and Taylor (50) used an
infrared analyzer to determine nitric oxide and nitrous oxide
and an ultraviolet analyzer to determine nitrogen dioxide. Nicksic
and Harkins (58) also used ultraviolet spectrometry to measure
nitrogen dioxide after ;11 nitric oxide was oxidized with
oxygen.

The methods based on radiation absorption are not free
from complications./-Butcher and Ruff (l14) reported that liéht
intensity fluctuations prior to sample analysis could introduce

a systematic error by changing oxidation state. This suggests

complete oxidation of the sample before analysis should be

~
. {
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considered. Since the radiation absorption is sensitive to the

nitrogen dioxide/dinitrogen tetroxide equilibrium, the sample
pressure and temperature must be controlled.

Di Martini (24) determined nitrdgen dioxide continuously
in flowing gas mixtures with a nitrate specific electrode after -
ozonation of the sample. Results were accurate over a limited
range of nitrogen oxide concentrations.

Otto and Shelef (61,62,63) used mass spectra analysis to
measure product dustributions in the reaction between nitric
oxide and ammonia. This is probably the most accura&é method to
determine all the components in the reaction mixtpre.

Chromatography has been used &d separatg mixtures of nitrogen
oxides (5,41,43,44,49,53,57,95). It is convenient because other
components such as ammonia, nitroggn, oxygen, and water can be
medsured from the same sample. Porous polymer packings are the
most common. Hollis (44) and Wilhite (95) geparated nitrogen
oxides from arr on Porapak Q columns. Cleemput (19) used a
similar method. Lamb and Tollefson (51) separated nitric oxide,
nitrogen, and hydrogen on a column of Porapak Q and Porapak R in
series. Chromsorb 104 has been used for the separationhof
nitrogen oxides. Available literature data on these porous
polymer packings indicated that they could be used to analyze ‘the
complete reaction mixture.

Ayen and Amirnazmi (7) studied the reaction of nitrogen
dioxide with hydrogen by analyzing for nitrogen, hydrogen, and

nitric oxide on a Molecular Sieve 5A column. )i

S
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The separation of the "permanent gases," i.e., argon,
oxygen, and nitrogen has been reviewed by Littlewood (53).
Nitrogen can easily be separated fraom both argon and oxygen on
several different column packings, but separation of argon and
_oxygen is more difficult. The best results were, achieved on
e Molecular Sieve 5A or 13X at dry-ice temperatures (40,42,46,52,60).

Jamieson (46) developed a reliable, reproducible, and accurate

©

method of analyzing mixtures containing several percent argon

in air. He used a 6 ft column packed with tolecular Sieve S5SA

at dry-ice temperatures. The argon eluted in five minutes, the

oxygen iA seven minutes, and the nitrogen would come off when‘

the column was raised to room temperature. |

‘ . , A chemical analysis system to accurately measure the extent

¢

~3 of reaction of nitrogen oxides with ammonia had to be chosen from

v\}mang these methods. Efficient operation of the reactor would
require rapid sample analysis. The sample size and sampling
technique should be easily Qdapted to the microreactor system.

on the basis of the literature survey a combined chromato-

graphic and infrared spectrometric technique seemed the most
promising. Both methods should be capable of giving accurate

-  results rapidly with relatively small sample volumes. The
chromatograph wguld definitely analyze oxygen, nitrogen, argon,

andrpossibly ammonia and nitrogen oxides. The infrared analyzer

. g8 . .
could be used for nxérogen oxides, ammonia, and water.
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(C) Chromatographic Analysis

{

The gas saméles were analyzed by an F&M Model 700 gas
chromatograph with thermal conductivity detectors. The chromato-
graph column and sampling valves were modified as shown in
Appendix B to improve column’tempefature control and ease and
accuracy of gas sampling.

If nitrogen oxides were reduced by ammonia in any commercial
process, nitrogen would be present to a large excess from the
air used in the process. However it was convenient to use the

| /
appearance of the!nitrogen peak as a measure of the extent of

reaction so another dilhent such as argon or helium was considered.
Helium would' have been a convenient replacement for nitrogen
because it was the carrier gas used in the chromatograph. However,
the volume of gas injected per sample varied with the flow rate
because of an appreéiable pressure drop éhrouqh the sampling
valves. Under these\conditions, the analysis of the sample could
not be determined‘from the chromatogram alone because there would
have been no peak for helium. Accurate calibration to account
for the varying sample size could have been difficult.
The replacement of nitrogen by argon avoided the problem
of the varying sample size because argon could be used as an
internal standard with the sizes of all other peaks measured
relative to the argon peak. The disadvantage of thé use of

argon is that it requires the separation of oxygen and argon

when the selective reaction, containing oxygen, is studied. 1In
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spite of this disadvantage, argon was used instead of helium
in order to obtain more accurate analyses.

Available }iterature suggested that porous polymer
packings were best suited to separate all the components, so
this method was attempted first (19,43;§1). A 10 ft length of
1/8 in outside diameter stainless steel tubing packed with
Chromsorb 104 was tested with ammonia, oxygen, argon, nitric
oxide, and mixtures of these components. Initial results were
satisfactory; peak heights and retention times were reﬁroducible.
But after repeated use, unusual peaks and retention times
appeared. Tests with nitric oxide in the presence of oxygen
demonstrated that the column packing was reacting with the
samples. Probably nitrogen dioxide was nitrating the benzene
ring of the Chromsorb 104 packing. This effect might have been
obderved by other workers had they used their columng over a
longer period of time or had they used the relativel igh
nitrogen oxide concentrations of this test work.

These results indicated that the reactivity of the nitrogen
dioxide would make development of a chromatographic technique to
separate all the components of the reaction mixture difficult.

The analysis was further complicated by tailing of the ammonia
peak on Chromsorb 104 and on other packings. Ammonia can even

be adsorbed on the walls of stainless steel tubing and can exhibit
tailing in the absence of a column packing (38). Becauge of these
difficulties, ‘the final chromatographic analysis was limited to

(
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argon, nitrogen, oxyéen, and nitric oxide. The other components
such as water, ammonia, and nitrogen dioxide were removed from

the sample before it reached the column since they would have
interfered with the analysis. This final method was based on

the work of Jamieson (46) and Ayen (7). Reference to their
retention data shows that a Molecular Sieve 5A column of suitable
length will separate hydrogen, argon, nitrogen, and nitric oxide
when no oxygen is present. When oxygen is present it will probably
react with the nitric oxide to form nitrogen dioxide which will
then be adsorbed. Hence this analytical method was used for nitric
oxide only when the sample contained no oxygen.

A Molecular Sieve 5A column was designed on the data
presented by Jamieson (46). Column construction, conditioning,
and operating variables are described in Appendix B. A 10 ft long
column was used instead of the 6 ft length reported by Jamieson
to ensure complete separation of argon and oxygen. Sample volumes
and thermal conductivity detector current were adjusted to give
a sufficiently large nitrogen peak at nitrogen and nitric oxide
concentrations ranging from 0.01 to 0.3%.

The water produced by the reduction of nitric oxide with
ammonia would have interfered with the chromatographic separation.
It was removed along with the ammonia and nitrous oxide by a
Molecular Sieve 13X adsorbent bed in the helium line ahead of
the chromatograph column. Design of this bed is discussed in

Appendix B. During initial calibration work with pure nitrogen,

(
-36-



oxygen, argon, and nitric oxide the bed was not used so the
samples passed directly from the sampling valve to the chromatograph
column.

Typical chromatograms are shown in Appendix B. Note the
non-symmetrical’shape of the argon and nitric oxide peaks. Nitric
oxide exhibited slight tailing of the peaks at all concentrations.
Argon, oxygen, and nitrogen exhibited slighF tailing when samples
were large. At lower concentrations or smaller sample volumes
of 0.26 cc, th; peaks of these three components were virtually
symmetrical., Retention times also increased slightly with
decreasing sample size or concentration. This behaviour is
consistent with a non-linear sorption isotherm on the column
packing.

The detector was equally sensitive to argon, oxygen, and
nitrogen. Concentrations of these components were calculated from
relative peak areas, where the peak area was defined as the product
of peak height and width at half the height of the peak. Sensitivity
to nitric oxide was considerably less. Nitric oxide concentrations
were calculated from the ratio of peak area in one sample to the
peak area in another sample of known concentration of nitric
oxide. 1In practice, the amount of nitric oxide in the reactor
product stream was found relative to the known concentration in
the reactor inlet stream. Tests with mixtures of argon, nitrogen,
and nitric oxide confirmed that these methods of sample analysis
were accurate within several percent of the absolute amount of

each component present.




This analysis technique for argon, nitrogen, and nitric
oxide proved reliable, accurate, and reproducible during six
months of extensive use. The only maintenance work required was
a routine replacement of the adsorbent bed after every hundred

samples.
(D) Infrared Analysis

Absorption of infrared radiation by water, ammonia, and
nitrogen oxides has been used for quantitative analysis of gas
mixtures. Reference to the spectra of these gases will show that
it is possible to select frequencies where one component absorbs
strongly and the others only weakly (3,9,45,70,81,87). Typlcal
frequencies are 925 cm'1 for ammonia, 2250 cm"1 for nitrous oxide,
1908 ¢ém~1 for nitric oxide, 3000 cm~l for nitrogen dioxide, and
3750 cm~1l for water. At these frequencies corrections for
absorbances of interferéng compounds should be straightforward,

S0 quantitative infrared analysis is feasible.

The analysis of a gas sample containing water, ammonia,
and nitrogen oxides would be complicated by possible chemiéal
reactions between the components. Reaction between nitrogen
oxides and ammonia is unlikely at room temperature, but would have
to be investigated experimentally. Formation of ammonium nitrate
would prove troublesaome. However oxidation of the nitric oxide
to nitrogen dioxide would definitely occur and the nitroéen'
dioxide/dinitrogen tetroxide equilibrium would have to be

accounted for. The oxidation state of the nitrogen oxides might
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have to be fixed by a technique such as exposure to oxygen or
ozone. This method has proven successful for ultraviolet
determination of nitrogen dioxide (58).

To measure ppm concentrations of products and reactants
the infrared analyzer must have a long path length; otherwise
the absorbance would not be measurable. One such instrument,
a Wilks Miran I Infrared Analyzer with long path cell, was
purchased for this project. Stephens (88) has discussed the
theory oY long path cells. Gilby (37) has described this
partigular instrument. A sample of the gas is introduced into
a 5 liter cell with a special mirror at each end. An infrared
beam of known wavelength enters the cell through one window, is
reflected up and down the length of the cell many times by the
mirrors, and finally leaves through another window where its
intensity is measured by a detector. With this particular
instrument it is possible to vary the wavelength and énergy
content of the beam, the path length it travels, and the pressure
of the gas inside the cell. Maximum path length is approximately

‘,41
20 m.

Preliminary calibration data established that the analyzer
could easily measure ppm concentrations of nitric oxide and
ammonia at high path lengths. The samples were admitted into a
previously evacuated cell and the absorbances measured after the

cell had been isolated. At low path lengths concentrations up

to several tenths of a percent could be measured.
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Tests with nitric oxide showed that traces of oxygen in
the sampling system caused gradual oxidation to nitrogen dioxide
over half an hour even when no oxygen was present in the original
sample. The problem is serious because the absorbance by nitrogen
dioxide is much higher than that by nitric oxide, so even a
slight conversion can introduce large errors into quantitative
analysis. Other workers have experienced similar difficulties
with oxidation of nitric oxide by traces of oxygen dyri analysis.
Complete oxidation of nitric oxide to nitrogen_dioézizlti;éw to
absorbance measurements would be one possible solution. The
other approach would be continuous analysis of gas flowing
through the cell at a constant rate. In both cases, the oxidation
state would have to be established. \

During this preliminary work several instrument problems
occurred. The sodium chloride windows of the long path cell
became corroded by moisture in the atmosphere and the nitrogen
oxides in the gas gamples. Some mechanical problems with the
instrument also delayed work. The mechanical problems were
easily resolved, but the cell window corrosion was serious enough
to prevent further use of the instrument. Most standard cell
window materials such as sod?um chloride, potassium bromide, and
cesiun iodide are attacked by nitrogen dioxide (4). Others such
as barium fluoride and calcium fluoride aPe suitable for use with

nitrogen dioxide but are attacked by ammonia. Perhaps a zinc

sulfide or similar material could be used.
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Despite its limitat§ons for this particular analysis the
infrared spectrometer with long path cell should be a valuable
research instrument. Corrosion by agmospheric moisture can
easily be eliminated by use in a dry atmosphere. The instrgment
will became more useful as corrosion resistant cell windows are

developed.
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Section VI: Catalyst Support

x
The Raney metal particles are too fine to be used without

support in a fixed catalysﬁ bed; they must be dispersed on a
substrate to function effectively as catalysts for gas phase
reactions. The catalyst support must have certain mechanical
propertiéﬁ. It must have sufficient strength to hold the Raney
metals in place and to allow convenient grinding, sieving, and
handling of the final catalyst. The Rane; metals must be
uniformly dispersed throughout the bulk of the support to avoid
agglomeration-of active catalyst particles which might lead to ~~
high local reaction rates, overheating, and inaccurate overall
activity measurements. The support must have a fine pore structure
so that reactants and products can diffuse to and from the active
sites Qithout mass transfer limitations to the chemical reactions.
It should not modify or otherwise interfere with the
activities of the active metal alloys. The catalyst support can
affect the apparent reaction rate by adsorbing or interfering
with the transport of reactants, products, or intermediates; it
might even have a significant activity for promoting the reaction
itself. The support can play a more indirect role by chemically
or physically interacting with‘;he active metal during catalyst
prepé&ation. Any such interference should be avoided when
comparing the inherent activities of different alloys, but might

prove useful when trying to improve the activity or selectivity

of a specific catalyst.
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In short, the Raney metals should be uniformly dispersed

throughout the bulk of a strong support which allows diffusion

of reactants and products, which does not modify the Raney metals,

and which has little or no catalytic activity itself.

Typical catalyst supports are alumina, silica, and zeolites;

they are available as commercial products to be used either as
catalysts by themselves or as bases for more active components.
These commercial products would not be acceptable supports for
Raney catalysts because mechanical mixing is the only way that
they could be loaded with the Raney metal particles. This would
coat the outside of the support particles and the resultingrpigh
concentration of metal there could lead to high local reaction
rates and temperatures.

The dispersion of the Raney metals in the support must be

more intimate than that achieved by mechanical mixing of the )
J

separate solid phases. One convenient way of attaining thi#f
- N
mixing is introduction of the Raney metals 1nto a colloidal
dispersion of the support. The dispersion can then bhe gelled,
dried, calcinated, and further treated if necessary.
Silica, alumina, and silica-alumina gels can be prebéred
by this method. However, alumina has been known to chemically
react with nickel to form nickel aluminates in the preparation

of catalysts from nickel oxide. This can significantly change

the catalyst properties (56). Silica should prove more suitable

as a support because it does not interact in this fashion. Hence,

it was chosen as the support for the Raney catalysts.

P
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Silica gels can be prepared by a variety of methods
(1,23;71,85). Sing and Madeley (85,86) studied surface properties
of gels prepared from sodium silicate and sulphuric acid. Acker
(1) reported differences between acid-set and alkali-set silica
gels. Depasse and Watillon (23) prepared silica gels from mon-
osilicic acid. Colloidal silica has also been used to prepare
silica gels.

Reference to these methods will show that strict adherence
to experimental procedures is necessary. Sometimes special care
must be taken to achieve specific objectives. Ranganthan,

Bakhshi, and Mathews (72) had to use very pure sodium meta-
silicate because the reaction they were investigating was sensitive
to impurities in the siljca gel. They also found that rapid drying
resulted in a powdery, opaque gel of variable properties. A more
gradual drying over several days resulted in a more uniform
product. Casey (17) found gellation would sometimes occur at a
high pH after only part of the neutralizing acid had been added.
Plank (71) found that silica gels which had been allowed long
settling times were less sensitive to subsequent treatment than
those which had set for only short times.

~

Several conclusions about the preparation of reproducible

silica catalysts can be drawn from the observations of these
workers. First, strict adherence to experimental procedures is
necessary. Second, gel properties are more easily controlled if

gellation and Settling occur gradually over a period of at least



one day. Finally, the gels should be dried gradually, preferably
over a period of several d@yss

Several methods of preparing the catalyst support were
tried befork the final method was developed. Preliminary tests
in which sodium metasilicate solution was neutralized by hydro-
chloric acid were discontinued because control of gellation
was poor. The next series of tests were based on Cabosil, a
commercial fumed silicon dioxide of very high purity and well-
defined particle size. Properties of Cabosil are given in Appen-
dix D. The Cabosil was dissolved in aqueous sodium hydroxide
solution and then neutralized with hydrochloric acid. Problems
in control of gellation were again encountered. Gel formation
was sometimes rapid and sometimes slow; properties of the gels
varied from batch to batch. The basic problem is instability of
the alkali solutions of the Cabosil. Without stabilization of
the silicon dioxide particles in the liquid, reproducible gel-
lation is difficult.

Fortunately a commercial\stabilized silicon dioxide sus-
pension, Ludox HS-+40, was available for the preparation of the
final catalyst support. Some properties of Ludox are listed in
Appendix D. Ludox Hsgﬁo is an aqueous colloidal’dispersion of
discrete spherical particles of surface hydroxylated silica (26).
The stability of the suspension is shown in Figqure 10, where
the dependence of gel time on pH is illustrated. At pH above 9
or below 3 the suspension is stable.

\
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The Raney metal powders were dispersed in the Ludox
suspension‘and hydrochloric acid added to lower the pH to about 6,
the region of minimum stability. The suspension then gelled and
was allowed to settle and dry. Details of the procedure are
given in Appendix C.

Several items in this procedure should be noted. The
intense mixing of the Waring Blendor is necessary to evenly
disperse the Rapey metal powders in the -Ludox. If a low ihzensity
mixer is used, this dispersion is not achieved; agglomerates of
Raney metal particles can be seen when a powerful light is shone
through the gel. No such agglomerates are visible after dispersion
in the Waring Blendor.

The gels gradually thickened until the liquid started to
climb the shaft of the mixer rotating in it. Agitation was
continued until the gel was sufficiently viscous that the metal
particles would not settle out; usu&lly thirty minutes was satis-
factory. The one-day settling time and four-day drying period
follow the recommendations of Ranganthan (72). Attempts to
shorten the drying time resulted in powdery gels, thus confirming
his observations (72).

The Raney metal catalysts were oxidized by heating over-
night in a muffle furnace in the presence of air. This treatment

generated fines for several of the catalysts, so'all catalysts

were resieved before use.
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Several batches of silica support without Raney metal

ware prepared so that the activity of the support could be

measured. These were prepared by a procedure identical to that

in Appendix C, except that no active metal was added.
}
This method was used successfully over a period of eight

months and proved to be a rapid,.inexpensive, and reproducible

way to prepare silica catalyst supports.
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Section VII: Preparation of Raney Alloy Catalysts
{A) Introduction

Raney metals are frequently used to catalyze reactions
between liquids and between liquids and gases. When catglyzing
gaseous reactions, the Raney powders must be uscd cither in a
fluidized bed or supported on an inert substrate in a fixed bed.

A typical high temperature application was reported by Field

et al. (30) who flame~spra§éd Raney nickel on metal plates to
catalyze the methanation of synthesis gas. Forney (32) used a
fluidized bed of Raney nickel to produce gas from coal via
methanation., For the present investigation, the Raney metals
were supported on silica according to the procedure gescribed in
the previous section.

To prepare a catalyst by the Raney method an aluminum alloy
of the active metal is formed, ground to a fine mesh size, sieved,
and exposed to an alkali solution which leaches out the aluminum
leaving behind a porous structure. It 1is then washed free of
alkali and stored under water or methanol before use.

The physical prope;cies and activity of the final catalyst
are ,determined by the:;hehical composition and physical proper£ics
of the starting aluminum alloy and the leaching, washing, and .

storage methods. Each of these variables can have :a drastic
R

effect on the activity of the final catalyst. !




The effect of alloy composition will be considered first.
The starting alloy typically contains about 50% by weight aluminum;
several discrete phases are present. For example, Anderson,
Pieters, and Freel (34,35) reported that an alloy of 50.8% by
weight nickel in aluminum consisted of N12A13, NiA13, and a
eutectic phase. They found significant differences in the
reactivities of NiAl, NijAlj, and the eutectic phase to alkali
in the preparation of Raney nickel. Petrov et al. (68) suggested
the activity of the Raney metal depended on its original phase
composition in the aluminum alloy. He supported this claim by
correlating the activity of Raney nickel for the hydrogenation of
heptene-1 with the content of the NiAl3 phase in the starting
alloy. The importance of the microstructure of the starting
alloys has been shown by Davtyan et al. (22) who demonstrated
that the lattice parameters of the final Raney nickel can vary
substantially with the rate of crystallization and homogenatibn
of the starting alloy.

The leaching process is believed to occur by the reaction
of the alumi:um in the alloy with alkali solution to yield sodium
aluminate and evolve hydrogen according to the following stoichio-

metry, -
2Al + 2NaOH + 2H20 —_— 2NaA10z + 3H, (8)
The sodium aimﬁnate dissolves in the liquid phase. Residual

aluminum left behind with the active metal is usually locked into
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the crystal structure or loosely bound as aluminum trihydrate.'

The active metal forms crystallites which, in the case of Raney

nickel, range in size from 25 to 150 A, and form a network with

4

pore radii in the range of 30 to 100 8 (2,%9,66). Electron

and x-ray diffraction patterns of Raney nigkel often correspond
to face-centered cubic nickel. The crydtallites are held
together in a sponge-like mass that has ébEran dimensions
similar to the starting alloy. A thorough discussion of the
structure of Raney nickel is given by Anderson, Freel, and
Pieters (34,35,36,75,76) and by Fouilloux et al (33).

The leaching of an aluminum alloy éarticle 1s illustrated
iﬁ Figure 11. The particle is moving relative to the liquid
phase aﬂd alkali is diffusing into the interior. The hydrogen
is diffusing to the surface of the particle from the reaction
s1tes before it bubbles away from the particle. According to
the mechanism postulated by Anderson (34) for Raney nickel, the
alkali attack advances as a front yirelding a sharp boundary
between the Alloy and Fhe activated catalyst.

The maximum reaction rate péggtblg\}s determined primarily

by the alloy reactivity, the concentration a temperature of

the alkali solution, and the surface area availab for reaction.

Particle size is important since it determines the surface area
available and because diffusion resistances into the particle
may be significant for larger sizes, especially if hydrogen

becomes trapped within the pores.

-51-

-



EVOLVED HYDROGEN—ﬁ\
o o
) ° o
(]

LEACHED METAL

ALKALI SOLUTION
Y

UNLEACHED METAL

FIGURE 11: FORMATION OF ACTIVE RANEY METAL




Intensity of agitation can affect the leaching rate in two
distinct ways. Increased agitation will decrecase the diffusion
resistance for mass transfer between the bulk of the liquid
phase and the surface of the metal particles. However, unless
agitation is intense, this effect is probably minor since the
particles are merely swept along with the liquid at high liquid
velocities. A more important effect is prevVention of the
agglomeration of partially leached metal particles. The pronounced
tendency of leached Raney metal particles to agglomerate can
significantly lower the leaching rate unless agitation is intense
enough to prevent it.

In summary, the extent of leaching is determined by the
reactivity of the starting alloy, the temperature, the concen-
tration of the alkali solution, the intensity of agitation and
the extraction time. Raney metals may have from 2% to 60% by
weight residual aluminum in the final catalyst (34).

The washing and storage procedures are less complex than
t‘t:he leaching, but can also affect activity. Usually the active
metals are washed free of excess alkali with distilled water,
but other methods are being introduced. Oxygen is normally
excluded from the system during the washing so that chemisorbed
hydrogen will not be displaced. In some preparations hydrogen
is deliberately bubbled through the liquid in the washing

sequence. Final catalysts are stored under water or ethanol.
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The importance of leaching conditions and subsequent
treatment on catalyst properties was demonstrated by Anderson (34).
For example, his results showed the dependence of surface area
on extent of leaching illustrated in Figure 12. He also found
that exposure to boiling water reduced the specific surface area
of one catalyst by a factor of six. o

This general discussion of Raney metals illustrates the
faétors important to the preparation of the Raney copper-nickel

alloy catalysts.
(B) Preparation of Raney Copper—-Nickel Alloy Catalysts

The preparation of Raney nickel is well described in the
literature (2,22,28,34,59,68,69). Reactivities of nickel-aluminum
alloys and the effects of leaching conditions have been desFribed;
washing and storage procedures have been developed. The works of
Anderson et al. (34,35,36,75,76) and Fouilloux et al. (33) present
thé basic mechanisms involved in the preparation of Raney nickel.
The properties of Raney nickel prepared by most of these standard
methods can be predicted from literature data.

Less data are available féf Raney copper, but several
standard preparation methods are known. A 50% by weight copper
in aluminum alloy will react with alkali to yield an active
catalyst (66). As yet, there has been no extensive study of the

effects of preparation conditions on the proéerties of Raney

copper.
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Reynolds (73) prepared Raney copper-nickel alloy catalysts
by leaching a series of copper-nickel-aluminum alloys in boiling
30% by weight ﬁquecus sodium hydroxide solution. His results in
Figures 13 and 14 show the amounts of aluminum leached from the
starting alloys, the magnetic susceptibilities, surface areas,
the activities of the final catalysts for benzene hydrogenation.
Note the high residual aluminum content in some bf the inter-
mediate alloys. Further extraction of a 20:30:50 nickel-cooper-
aluminum alloy in molten sodium hydroxide did not greatly reduce
its aluminum content. Reynolds suggested that the catalysté with
significant residual aluminum consist of an activated surface
covering an unaltered core.

The decrease in magnetic susceptibility with iqcreasing
copper content reflects the filling of the vacant d-orbitals of
the nickel. The residual aluminum may be significant for some
of the alloys. The original copper-nickel-aluminum alloys have
negligible magnetic susceptibility.

The variation of specific surface area of the final catalysts
reflects differences in crystallite size and structure caused by
variations in the rcactivities of the starting alloys agd the
extent of aluminum removal. Anderson's data in Figure 12 suggest
that high residual aluminum content is associated with lower
specific surface area. In addition, the greater mobility of the
copper -atoms may result in largér crystallite size and hence lower

-

surface area. Mobility of the metal atoms is important. Raney
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nickel prepared at a temperature between 50°C and 70°C will form

larger crystallites when exposed to boiling alkali (34).

The fall in activity for benzene hydrogenation with increasing
copper content may reflect both the decrease in surface area and
a lower inherent activity of copper to promote this reaction. In
théir study of benzene hydrogenation over metal alloy films,

!
van der Plank and Sachtler (92) found nickel was much more active

than copper. \

A compléteinvestigation into the preparation of Raney
copper-nickel alloy catalysts would iAvolve the metallurgical
investigation of the phase structure and physical properties of

::N‘*"‘\‘“‘&:;;~;:;;:;;;*;II;;;‘;;ﬁ‘EﬁE‘Teacheé—alloysﬁha_ggggpliihﬁsﬁﬁ‘xwy% {
. dependence of reactivity on phase composition and structure. Itmww‘“
| would require development of suitable washing and storage procedures
and measurement of the properties of the final activated catalysts. =~
A large number of tests would be necessary because initial phase
composition can have a drastic effect on catalyst properties.
The facilities for such an investigation were not available, so
a more limited study was undertaken.
A series of alloys were selected and a standard method
which had proven successful for Raney nickel was used to leach
them. Table 2 lists the .alloys chosen; note that they all contain
50% by weight aluminum. This aluminum content has been used

successfully in the preparation of Raney nickel and kaney copper.

All these alloys were supplied as -200 mesh powders by W.R. (race

. & Company. & <
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< Table 2: Compositiong of Starting Alloys
Alloy Mo. Composition Composition
Wt ¢ Wt %
Aluminum-free Basis

? Cu Al Cu Ni
R-Hi 0.0 50. .50 ) 0 100
R~Cul2$s 12.5 37. %0 25 75
R-Cu250 25.0 25. 50 : 50 50
R-Cu375 ‘ 37.5 12, 50 75 25 -
R-Cu ] ' 50.0 0. 50 100 ¢ /
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Phase compositions can be predicted from the phase diagram
of slowly cooled copper-nickel-aluminum alloys shown in Figqure 15
(54). Each alloy consists of at least two phases. Table 3 lists
these and presents the relative amounts of each present as
computed from Figure 15. Note that this method illustrates only
the gross chemical features of the system. Reference to the
phase diagrams of the individual copper-aluminum and nickel-
aluminum alloys will show the existence of smaller amounts of
other phases. Some of these have been found in the alloys used
to prepare Raney catalysts. For example, Anderson (34) described
a eutectic phase containing 0.05% by weight of nickel in aluminum
present in the starting alloy for Raney nickel.

The phases in the copper-nickel-aluminum alloys contain
each of the three components. These ternary compounds are not
simple mixtures of the binaryiphaseg present in the copper-
aluminum and nickel-aluminum systems. Their pfépé;tiés should
not be directly related to those of the binary alloys; in fact,
the data presented by Reynolds (73) suggest they are quite
different.

The reactivities of some phases in the binary alloys have
been established since active catalysts have been prepared from
them. But the reactivities of all phases are not the Same.
Anderson reported that the order of reactivity to alkali solution

in a 50% by weight nickel-aluminum alloy is the following,

eutectic > NiAly > NijAlg | (9)
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Alloy

R-Ni

R-Cul25

R-Cu250

R-Cul75s

R-Cu

Table 3:

Phase’

> o o mon

@ %

N,

Cu/,

L

Phase Compositions

Composition
Wt %

Ni

56
42

0
41

0
29

0

-14

0
0

f Starting Alloys

al

44

100
45

100
43

100
41

100
53

58
42

10
90

13
87

16

84

94

/
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The eutectic consists of a solid solution of 0.0%% nickel in
aluminum. Sassoulas (82) reported that NiAl doeé not react

with alkali. The effect of alkali on the indivi&ual copper-

\
nickel-aluminum phases is not known.

Many leaching procedures have been developeb to prepare
|
Raney nickel. Anderson (34) has discussed some qf these and

shown their effect on the pore volume, specific 4urface area,
|
and crystallite properties of the activated catatysts. He

grouped the methods into "low pore volume" and "

i
'

preparations. The low pore volume preparationslare leached at

igh pore volume"
approximately 50°C and have a higher surface area and lower pore
volume than do the high pore volume preparationp which are leached
in boiling alkali. The low pore volume catalydts are more active

|

for several reactions. ;

A low pore volume technique described byﬁAnderson (34) and
Nishimura (59) was chosen to leach the copper-ﬁickel—aluminum
alloys. It involves the stepwise addition of 120 ml of 50% by
weight aqueous sodium hydroxide solution to 30|g of alloy in
180 ml of distilled water at 50°C. Most of the hydrogen is

evolved in dilute alkali with the remainder in| concentrated

alkali. ‘“Complete experimental procedures and results are given

in Appendix E. Several items should 'be noted.
The standard alkali addition procedure had to be made more
gradual for, two of the alloys. Raney copper alloy, R-Cu,

evolves hydrogen so rapidly that temperature control is difficult.




el

Alloy R-Cu250 has a strong foaming tendency when alkali is

added.

The bath temperature was maintained at Sboc, but the

\

temperature of the alloy suspension% rose to about 55-60°C
during the first half hour of leachi!q. The large amounts of
heat generated could not be removed rlapidly enough to maintain
the reaction mixture at 50°C. During the last hour of leaching
the temperature fell to about 50-5204. Anderson (34) reported
that this method of adding alkali res%lted in a fairly constant

solution temperature of 50}5°C, but he had used the 30-50 mesh
i
fraction of the starting alloy. Theialloys used in this study

i

were -200 mesh. The large differencj 1n, particle size and hence

he 'difference in reaction
rates and heat evolution. /

l

Reactivity of the alloys to tqe alkali varied significantly.

surface area probably accounts for t

The fraction of aluminum leached from the alloys was calculated
from the volume of hydrogen evolved,according to the stoichiometry
of Equation 8. Data from Table 27 tn the Appendix is plotted
in Figure/16, which shows the percentage of aluminum removed
for dif ferent compositions of the starting alloy.

Virtually all aluminum was femoved from the Raney copper

alloy; less from the other alloys. | Seventy-seven percent of

the aluminum was leached from a 50% nickel-aluminum alloy.
Anderson (34) reported 90% removal for an alloy of the same

composition. This higher reactivity might be due to a difference
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in the microstructure and phase composition of the starting
metals. Perhaps the -200 mesh particles used in this test work
might have agglamerated more easily than the 35-80 mesh p&rticles
used by Anderson. This could have resulted in a‘diffusion
resi®¥tance to leaching and hence less aluminum leached. Possibly
there was another small, but significant, difference in the
leaching procedures.

The low volumes of hydrogen evolved for the three copper-
nickel-aluminum alloys suggests that leaching conditions might
not have been severe enough to prepare an activated catalyst.

To test this hypothesis a small scale test on one alloy was made
under severe leaching conditions. Three grams of alloy R-Cu250
was leached in boiling concentrated alkali solution at 107°%¢
unt%l all hydrogen evolution ceased; only 42% of the aluminum
was leached out. Within experimental error this is identical
to,the 45% observed in the large scale leaching. This result
confirmms the low reactivity of alloy R-Cu250 and is strong
evidence that the other two copper-nickel-aluminum alloys also
have the low reactivity shown in Figure 16.

The dependence of reactivity on composition is similar to
that observed by Reynolds; however about 15% less aluminum was
removed from all the alloys except Raney copper. These lower “
reactivities are more likely due to differences in the physical
structures of the starting alloys than to the leaching method
since the small scale test confirmed the low reactivity of at

least one of the alloys.
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The leached alloys were washed to a neutral pH following
the procedure described in Appendix E. Oxygen was deliberately
bubbled through the slurry to oxidize the catalyst because
preliminary activity tests indicated that the catalysts would
be oxidized by the reaction mixture.

The activated catalysts were supported on silica according
to the procedure in Appendix C. During gellation and drying,
colors appeared on the surface of the gels, suégesting the
formation of traces of nickel and copper chlorides from the
hydrochloric acid used to neutralize the Ludox. Possible inter-
ference with catalytic activity was tested in preliminary
activity measurements before the final tests.

The presence of some of the Raney metals, especially the
copper-rich alloys, accelerated the gellation of the Ludox
suspensions. This.indicated the presence of nickel and copper
ions and is consistent with the fact that divalent cations are
able to penetrate the surface hydroxyl ion coverage on the
silicon dioxide particles and destabilize the Ludox (26).

The Raney procedure of catalyst preparatioq is relatively
complex since the reactivity of the starting:alloys, the
leaching conditions and the washing and supporé~conditions
must be considered. The results presented in this section
show a significant variation in the reactivity of the alloys
towards the alkali. This is likely to be a source of variation

in catalyst activity.
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Section VIII: Activity of Raney Catalysts
(A) Introduction

The activity measurements reported in this section are the
core of the catalyst tests upon which this thesis is based. The
determinations of the inherent activities of the Raney copper-
nickel alloys were designed to test the three hypotheses presented7
in Section II. /

The reactor feed was composed of nitric oxide and ammonia
in argon. Limitations of thé chemical analysis system precluded

the presence of oxygen and nitrogen dioxide. The main reactions

occurring in a mixture of nitric oxide and ammonia have been

presented in Section I. <
6NO + 4NH3 — 5N2 + 6!120 (2)
BNO + 2NHy ——— 5N,0 + 3H,0 (3)
2NHy ——= N, + 3i " (10)

The reduction of nitric oxide by ammonia can occur at temperatures
as low as 150°C. Decomposition of ammonia usually becomes
significant only at higher temperatures.
Definitions of conversions by these reactions, are given
®
in Appendix G. -Total nitric oxide destruction, Y, by Reactions
2 and 3 can be computed directly from the nitric oxide concen-

trations in the inlet and outlet streams. If ammonia decomposition

is negligible, the conversion, X, of nitric oxide to nitrogen by

\




-

Reaction 2 can be calculated from the amount of nitrogen formed
and nitrous oxide fo&mation‘cah be computed from the difference
between nitric oxide destroyed and the nitric oxide reduced to
nitrogen.

At higher.temperatures, ammonia decomposition becomesq'
significant. Hydrogen cannot be determined with the c@romaén-
graphic system shown in the Appendix because its thermal con- ’
ductivity is close to that of the carrier gas, helium. Hydrogen -,
peaks are very small and only qualitative observations can be
made. When ammonia decomposition occurs it 1s not possible to
compute the extent of each of the three reactions. Total nitric
oxide destruction can still be measured. %n upper limit to Ehe
reduction of nitric oxide to nitrogen can Qe calculated from the

:
nitrogen content of the reactor product by assuming that no
ammonia decomposition has occurred. This hypothetical conversion
can exceed 100% when ammonia decomposition 1s sigﬁificant.

The composition of the reactor inlet gas was figed at .

1
e

0:3% nitric oxide and 0.6% ammonia in argon unless otherwise

stated. If future work is undertakén with nitrogen dioxide, the
same feed composition will be used so that camparison between
the two sets of data will be straightforward.

Preliminary catalyst testing was designed to point out

the ,proper experimental conditions for the Raney alloy activit

tests to follow.
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(B) Preliminary Catalyst Testing . \

The catalyst tests should be designed so that measured
conversions are true 1indications of the inherent activities
of the Raney alloy catalysts. The catalyst support should not
interfere in any waQ with measured activities. Radial concentration

¢ 7
qra@x%nts and mass transfer limitations both inside and outside the
catalyst pellets must be negligiBle. The preliminary test work
should also establish any other relevant variables such as ’
idation state of the catalyst and conditioning time réquired
in the reaction mixture.

The e¥fect of radial concentration gradients will be
negligible if the catalyst pellet dimensions are less than 1/30 thd
of the bed diameter. The reactor internal diameter of 0.4 in
requires a pellét size of about 0.013 in. All the supported
Raney alloy catalysts were ground to a 30-80 mesh size for testing;
this corresponds to a particle size range of from 0.007 1in to
0.0165 in. Somé of the commercial Raney catalysts testéd in the
preliminary- work were larger than,K this size.

The external diffusion resistance to mass transfer between
the bulk of the gas phase and the surface of the catalyst pellet
must be negligible in comparison to the reﬁction rate. This
resistance can be calculated from mass transfer correlations for
typiéalJéperating conditions and is negligible if first order
Kinetics are assumed for the destruction of nitric oxide. This

~N
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calculation ig not included here because actual reaction kinetigs

have not yet been established for the operating conditions of

’

)

these tests.

The effectiveness factor of the catalyst nellets must be
close to unity, i.e., the diffusion resistance to mass transfer
inside the catalz;t pelletﬁ must be small compared to the reaction
rates. This q%?istance cannot be calculated theoretically uniess
the pore si:ze distributi&n and the cffective diffusivities of each
component in the reaction mixture are known. These data are not
available, Sut an indirect test of effectiveness factor was made
by varying the catalyst pellet size.

A reduction in catalyst particle size will decrease the
to%pl mMass transfer resistance between the bulk of th; gas phase
and the surface of the catalyst pellets and increase the effective-
ness factor of~:Re pellet: If a significant reduction in particle
size does not increase the conversion, then mass transéer
resistances both inside and outside the pellet are negligible.

Catalyst #Cl was prepared by dispersing 5% by weight of
W.R. Grace Raney Active Copper Catalyst No. 29 in Ludox using a
procedure 51mllér to the‘standar§‘9ne described i: Appendix Q.

Two different mesh sizes were\separated and the conversion ofi'
nitric oxide by ammonia was determined over eacé. The results in
Table 4 show no significant difference in convérsi&ﬁ‘despite the

large difference in particle size and external surface area. This

shows that both internal and external diffusion resistances are
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Tablel4: Ef fect of Catalyst Pellet Size on Comnversion

' Commercial Raney Copper #Cl

Catalyst: [
Reactor Inlet Gas Composition: 0.3% nitric oxide
0.6% ammonia

] balance Trgon
et . Space Velocity: 2000 hr~
W - Temperature: 300°c
l
! -~
| Pellet desh-Size: . 20-48 §-20
. Pellet Size (in): 0.0117-0.0331 . 0.0331-0.0937
v Conversion of NO ¥ .
to NZ' % - 60 61
¢ -2
PR




negligible at 300°C and a space velocity of 2000 hr_l. The

30-80 mesh particles used for the Raney alloy tests are
significantly smaller than the smallest particles used in these
tests, so diffusion resistance should be negligible for all the
Raney alloy activity measurements.

The possibility of blockage of the Raney metal pores by
silica was investigated. A catalyst was prepared by mechanically
mixing a dry sample of the same commercial Raney copper with dry
silica support to obtain 5% Raney copper on silica. This catalyst
reduced 50% of the nitric oxide in an inietlgas stream of 0.3%
nitric oxide and 0.6% ammonia in argon at 300°C and a space
velocity of 1000 hroi. Comparison with the data in Tables 4
“and 5 shows that this activity is significantly lower than that
of the Raney copper catalyst #Cl produced by the standard method. .
Agélomeration of the metal particles may_ have reduced the
availability of the sites. These data are strong evidence that

a
the silica support is not reducing the activity of the Raney
metal. N
Once the validity of the activity measurements was estab-
lished, preliminary testing of commercial Raney copper catalysg
#Cl and commercial Raney nickel on silica (W.R.Grace Active
Raney Nickel Catalyst No. 28) was started. Each was supported
on silica to give a catalyst with 5% by weight of active metal.
The support procedure was similar to that in Appendix C; however

oxygen was not bubbled through the wash water and the maximum

drying temperatured, was 120°c. These catalysts were not’otidized
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to the same extent as the final copper-nickel alloy catalysts
were,

At first, activity tests with Raney nickel did not yield
consistent results. Initially 100% of the nitric oxide 1n the
inlet gas was reduced by ammonia at 300°C and a space velocity
of 1000 hr~ ¥ over a batch of catadlyst; after scveral days of
intermittent testing, only 15% of the inlet nitric oxide was
destroyéd. In general, activaity slowly UQCﬁeascd over a period
of days at BOOOC. It could be 1ncrecased hy reducing the catalyst
in hydrogen at 400°C for several hours and lowered by exposing
1t to oxygen at 300°Cc.  This suggests that the Raney nickel is
oxidizeduby the reaction mixture and that the oxidized catalyst
has a much lower activity than the reduced catalyst.

Similar results were obtained with Raney copper. The
effect could be observed visually because the supported Raney
copper had a dark grey color when not oxidizedvand a black color
when oxidized 1n air at 400°C. Several batches oé unoxidilzed

‘ -
catalyst were tested 1n the reactor for dutteYpnt lengths of time
at 300°C. Reactor inlet gas composition was 0.3% nitric oxide
and 0.6% a%monla\ln argon. I’xamination of the beds after
testing sho@ed a dark zone at the reactor inlet and a light
zone further into the bed. The boundary between the two zones

moved down through the catalyst bed as testing proceeded. The

zone nearest the inlet appeared identical in color to the catalyst
oxidized in air at 4000C, while that further down the bed appeared
i ° |
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identical to the starting unoxidized catalyst. This is strong

evidence to support the oxidation of Raney copper by nitric

)
‘ ¢

oxide.

Nickel and copper in the bulk are not oxidized by nitric

oxide until higher temperatures (65). However the Raney metals
'

have a large surface area and the heat of reaction between the

nitéﬁc oxide and ammonia might raise the temperature of the

active metal sites above the temperature observed in the bulk

of the gas phase.

Consistent measurements of Raney catalyst activities can
be\made on either the completely oxidized ér completely reduced
metals. The oxidized state was chosen since these catalysts
were being tested for possible use in a commercial process to

~—Yeduce nitrogen oxides. The tail gas from a nitric acid plant
contains oxygen and nitrogen dioxide which will oxidize any
catalysts which are not resistant to oxidation. In addition,
available data indicate that the nitric oxide wil} oxidize the
catalysts even in the absence of oxygen or nitrogen dioxide.

Two batches of commerc%al Raney copper and Raniy nickel
were supported on sllica following the complete procedure described
in Appendix C, except that oxygen was not bubbled through the wash
water. These caEalysts were oxidized overnight at 355°C anl had
mﬁch lower activities than the unoxidized catalysts. Nitric
oxide conversiops gradually decreased duringvthe first twelve

hours of testing and remained constant thereafter. Activities

W
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were reproduciblé from batch to batch and did not change when a
catalyst bed was tested repeatedly at different dates. The
activities of commercial Raney copper catalyst #Cl are given in
Table 5; Raney nickel was less active. ‘

Normally oxygen is excluded from the system when Raney
metals are being leached and washed to prevent; oxidation and
displacement of adsorbed hydrogen. However these preliminary
activity tests indicated that the Raney catalysts would be
ox1dized completely 1n any case. Therefore the common procédure
of excluding oxygen during the washing sequence was SJ;m;eduto
the procedure de;cribed in Appendix C, 1in which é&ygen is bubbled
through the wash water to displace adsorbed hydrogen.

This preliminary work demonstrated that radial concentration
gradients and mass transfer effects can be neglected, that the
Raney catalysts will be oxidized by the nitric oxide, and that
the catalysts will require about twelQe hours of conditioning

1n the reaction mixture before steady state conversions are

observed.

(C) Activities of Raney Alloy Catalysts
The activity of the catalyst support and the walls of the
microreactor for the reaction were measured in the next set of
tests. Silica sypport was prepared by thekmethod described in
- >
Appendix C and 2.5 g loaded into the microreactor. Composition

\
of the inlet gas was fixed at 0.3% nitric oxide and 0.6% ammonia

f

-77-




/\ LY
; —_— -
A \\\\
" Table 5: Effect of Temperature and Space Velocity on Conversion
- over Commercial Raney Copper Catalyst #Cl -
Reactor Inlet Gas Composition: 0.3% nitric oxide
0.6% ammonia
halance argon
Temperaturte . Space V?1001ty Conversion of Nitric Oxide
. - N - C ’ hr™ to Nitrogen, Y, 3§
N ‘ 300 ' 400 - 93
~ ' -
~J - = P
N 300 1000 - 32
300 . 2000 61
. 300 3000 46 -
L \ . -
) 350 1000 96
4 350 3000 70 ’

L.. . -
b .3
3 3
) -




|
@

in argon.

Nitric oxide conversion over the support generally

reached its steady state value after one hour of testing.

|1\he
results presented here were collected aftér at least two hours
of operation at each test point.

Space veloclty and temperature
wdge varied to give the data in Table 6.
- -!%

Activity is measured by the nitroqen concentration at the

outlet from the reactor. Ammonia decomposition is probably
v ; + 3 +
significant at these temperatures so conversions of nitric oxide

to nitrous oxide and nitrogen respectively cannot be calculated.

An upper limit to convaersion of nitric oxide to nitrogen was

calculated for each case according to the convention in Appendix G.

\ These results are plotted in Figure 17. Note that at

\\. ; temperatures of 300°¢ and higher, conversion of nitric oxide over

\ the silica support is significant for spaée ;elocitied less than.
\

\ 3000 hr .

|

The final series of tests measured the activities of the
supported Raney copper-nickel alloy catalysts.
1

‘The amount of

aluminum leached from the starting alloys varied with alloy //ﬁ
composition,

so it was necessary to add different amounts of the

L3

supported catalysts to maintain the same total weiqght of copper
and nickel in the catalyst bed.

Calculations of catalyst |
loadings are presented in Appendix 1.
N
(

.

Catalyst R-Cu-Ni-11x wal prepared by simultaneously dlseersinq

Raney nickel R-Ni-A and Raney copper R-Cu-A on silica to qibcfan

\ 1
overall composition of 2.06% nickel and 2.36% copper_by weight
. ) on silica.
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Temperature
Sc

300 >

300
300

300
300

350
350
350

375

e 2

Table 6: Effect of Temperature and Space Velocity
2 on Conversion over Silica Support
- s

€atalyst: . 2.5 g silica support
Reactor Inlet Gas Composition: 0.3% nitric oxide
: 0.6% ammonia

a

Space Velocity % Nitrogen in
hr-1 , Reactor Outlet Gas
5000 - .004 s
3000 .009
1000 .026
500 .043
200 . .101
3000 . .014
1500 .030
500 .075
- 5000-< .018

balance argon

Maximum Conversion of

NO to NZ' Y', %

l.6
3.5
10.4
17.2
40.5

5.7
12.1
30.0

7.2

~
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The activity measurements were straightforward. The

supported Raney catalysts and Sufficient silica support to bring
the total bed weight uﬁ to 2.5 g were mechanically.mixed and
loaded into the reactor. The heater was turned on and the
reactants set at their proper flow rates. Usually the individual
flow rates were measured at the start of each catalyst test to
confim the accuracy of the flowmeter calibrations. The reactants

were analyzed to verify that no nitrogen was present and that the
&

C:nitric oxide concentration was 0.3%., Then the reactor product gas

was analyzed perrodically to determine the nitrogen and nitric
oxide concentrations. The cliromatograph was used exclusively for
the chemical analyses.

Typical results are shown in Figure 18 where nitrogen and
ritric oxide concentrations are plotted for the testing of catalyst
R-Cu375 at 350°C and 500 hr~1 épace velocity. Final data were
taken after eighteen hours following the étart of the run;
nitrogen concentrations had remained steady for over four hours
prior to the final sample analysis., The other Raney ;lloy
catalysts were tested similarly.

All the Raney alloy catalysts were tested at 350°C and a
space velocity of 500 hr~l. Reactor éroduct compositions are
listed in Table 7. Conversions were calculated according to
the conventions in Appendix H. Note that apparent con§ersions
in excess of 100% over catalysts R-Ni-A and R-Cu-Ni-Mix confirm
ammonia decomposition. fhis reaction is probably occurring over

)
H



N REACTOR PRODUCT GAS

[

$ NITROGEN I

.20 ~. 10
Q
516 - ™ 08
<12 4 . 06
.08 1 .04
.04 - .02
.00 +— — ——— ——— — . 00
"0 4 Y g 12 16 20
° TIME SINCE START OF TEST, HR
FIGURE 18: REACTOR OUTLET GAS COMPOSITION
OVER QATALYST R-CU375 :
N ‘ i ’

r. 12

£ NITRIC OXIDE IN REACTOR PRODUCT GAS




—’8—

‘
ot

Catalyst

Silica Support
R=Ni-A

R-Cul2j3
R-Cu250
. R-Cu375 |
R-Cu-A : v
R-Cu-Ni-Mix

Table 7: Effect of Alloy COmpogition"on Conversion
Over Raney Copper-Nickel Alloy Catalysts

-

Temperature:
Space Velocity:

Reactor Outlet Gas Composition
% Nitric Oxide

$§ Nitrogen

@

.077
.391
.210
.067
.101

+ 270

Reactor Inlet Gas Composition:

.224
.000
.000
171
.122
.104
.000

500 hr-1

0.3% nitric oxide
0.6% ammonia
balance argon

e
of
. & -
Conversions
Nitric Oxide Maximum
Destruction Conversion
X, ¥ of NO to N,
- Y', &
25 31
100 - . 156
100 B4
44 27
59 A
. . 65 T 56
100 108
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the otKer catalysts, but to a lessef extent. Results are
plotted in Figure 19.

‘The next data set was collacted at other space velocities
and temperatures, but under lgss stringent conditions than the
basic catalyst tests listed in Table 7. The same catalyst beds
were used for thig saries of tests. Cbnv;rsions were measured
afiter four hours o;eration at fixed space veloﬁiﬁy and temperature.
Results are given in Table 8. CaEglysts R-Ni-A, R-Cul25, and
RiCu~Ni-Mix were testgd at higher space velocities to confirm the
order of reactivity suggested by the data in Table 7. Under
these conditions, ihe differences betﬁeen the catalysts are
marked; - R-Ni-A is more active than R-Cu-Ni-vix, which in turn
is more active tihan R-Cul25. Runs 4,5, aniﬁ show the effect of
space velocity and temperature on conversion o% nitric o;idz
over Raney copper, R-Cu-~-A. Results are plottéd in Figure 20,

The importance of oxidation state of the Raney metals was
confirmed in runs 7 and 8. Catalyst R-Cu375A was prepared from -~
a batch of R-Cu375 by reduction in hydrogen at 400°C for eight
hours. Thig treatment significantly increased acti¥ity. Catalyst
R~-Cu375B was prepared by qxidizinq R-Cu375A in oxygen at 350°C
for eight hours. 1Its activity is lower than the reduced catalyst.

| Ammonia decomposition was evidentl} occurring over catalyst
R-Ni-A and probably over some of the other catalysts. This

‘ ¢
reaction was studied in greater detail by feeding into the reactor

a gas stream consisting of ammonia in argon. .Analyses were made

i
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Table 8:. Activ§€I;s of Raney Copper-Nickel Alloy Catalysts -

, Reactor Feed Composition: 0.3% nitric oxide : - T
. T 0.6% ammonia i ’
- ) balance argon .

g Catalyst . Space Vg}ocity Temp. Composition of " _Conversions - ° . 3
C : hr °C  PReactor Product Gas. X <X T 7

- %Nz SNO

v - ,
R-Ni-A - 73000" 350 .293 .000 100 117 B

L

R-Cu~Ni-Mix \3000 350 .166 .006 98 6%
R=Cul25 - 2250 350 - .127 .081 . 73 51 s

I,

A

- R=Cu-A 500 . 400 .180 .068 718 72 . oL
- ~—~ . ». -o,. ’Q ,

L I R

N

%4 . © R-Cu~A .- 350 ¢ 350 .139 .082 73 56
“o g%ﬁ’f 6 F~Cu-A 200 .- 350 .251 .000 © 100 100 @ Ja
2 L R-Ca3?5-A - 3000 350 .114 ° .136 55 45 ;
B RCcud?E-B - 3000 350 .040 078 | 26 >16 : . %4
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at each operating condigion. The results listed in Table 9

confirm that ammonia decomposition is significant over catalysts
R-Ni-A and R-Cu-Ni-Mix 'at the standard test conditions of 350°C
and 500 hr‘l‘space velécity. It is less important over catalyst
R-Cul25 and probably negligible over the other three catalysts.
Copéer does not promote this reaction as well as nickel does (50).
The activities of the Raney catalysts are low compared to
other catalysts_ for this reaction. Jaros and Krizek (8} reported
96% nitric oxide conversion at 260°C and a space velocity of
30?00 hr~l qver 0.5% platinum {n alumina. Anderson and Keith (8)
reported 88% nit;ogen oxide cohversion at 215°C fnd a space '

1

velocity of 20000 hr = over 5/5% nickel oﬁ/alumina with 5% silica.

/
The commercial Raney copper catalyst Cl does not promote high

conversions until the temperature is raised to 350°C and the

space velbcity lowered to 1000 hg?l. With the exception of

catalyst\R-Ni-A? the Raney alloys are even less active. In fact,
the activities.of the Raney metals are so low that there is sig-
nifiéant conversion over the silica support at the test conditions
of 350°C and 500 hr-1l space Qelocity. This low‘activity eliminnﬁes
Raney copper-nickel‘alloys from further consideration as ‘commercial
catalysts to promote nitric oxide reduction wﬁth ammonia.

Ailoy compositién has two distinct effects, the first on
overall activity and the second on catalyst selectivity. Figure 19
shows that activity 1s'strohgly heandent 6n alloy composition.

\
It also shows that catalysts with a high fickel content prompte ‘

[
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'aoéive for the reduction of cotton see 511, but.does increase

ammonia docompoﬁition. This reaction becoMos more slgnificant "
on nickel catalysts above 250°C. It is less 1mp0rtant over
caéalysts wigg a low nickel content. The strong effect of alloy
composition suggests that alloy catalysts -warT&nt further investi~
gation. CH%ice of the proper alloy may result in a catalyst with

high actiVihy and.selectivity. Among the Raney alloys. catalyst

R-Cul25 has almost the same activity as Raney nickel for nitric.

oxide quuetion, but does nof strongly promote ammonia decomposition.

Fasman et al. (28) showed that introduction of a further

;

alloyinq component into the ckel-aluminum alloy can change the

act{vity of the Ranef catal ample, molybdenum,is not

the activity of Raney nickel for this reaction; ‘No such promotion
» ‘ « "
of Raney nickel by cobper was observed for the nitric oxide reduction

in the present work. .

Petrov et als (69) éounq th;t the specific activity of a
Raney manganese-nickel catalyst is lséto 20% 1ower than a /
mechanical mixture of Raney nickel and Raney manganese of the
same oxqgall composition. The activity of the nmchani%al mixturo“ -
was found to be the same as the weighted sum of the ace;vitlel ofz

\

the separate catalysts. The results observed here tor)hitrtc ‘

% -

oxide reduction are similar; the alloy catolfst is less accivinvix

than the mechanical mixture. - , -

ﬁ
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Section IX: NLtratefbased Mixed-~-Oxide Catalysts

The Raney alloy catalysts are not suitable for a commercial

process to reduce nitrogen oxides w1th ammonia because their low

"o, f

activities necessitate high temperatures for satisfactory
conversion. Ammonia ‘decomposition makes the process even less

practical. A second series of copper-nickel’ catalysts was .ot
. ] .
prepared by a different method which results in much higher

activity. -

Catalysts to promote the reduction of nitric oxide by

-

ammonia should not be liable to deactivation by oxidation, as
are the Raney catalysts. Ideally, the catalysts should consist

- .
of fine metal crystallites well dispersed over the inert support.

If these crystaf&iteé are separated from each other.loxidation

should not result in agglomeration and a drastic decrease in

surface atéa available for reaction.:
¢

Such catalysts can be produced by several standard methods

(56,62,93). One of the simphest is impregnation of a support

AR}

with the metal nitrates, followed by heating aﬁgrreduction.l

Van Hardeveld and Hartog (93r\galculated crystallite
dinmensions of reducéd nickel catalysts prepared by impregnating
aerosik‘with nickelous nitrate., The typical crystallite dimension
was 48 %, with a corresponding metal surface .area of 150 mz/g.
This surféce area was decreased io 39 mz/q by pyrolizing the

catalyst in air at 450°C prior to reduction. M
! N -

1
3




v

_Raynolds'(73) prepared copper—nickél alloy catalysts by
mixing copper and nickel nittates with kieselguﬂr and precipitating
the metal salts with ammonium hydrogen carbonate. The catalysts
were reduced at 500°c. His results, shown in Figure 71, indicate
a decrease in specific surface area\with increasing coppet
content. This may result from the hxgh mobility of the copper
ptoﬁs at the reduction.temperature of 500° C. The effect may be
dimilar to i@a decrease'in nickel surface area due to pyrolizing
at 450°C observed by Van Hardeveld and Hartog (93). Presumably
cat‘iyéts rich in copper should be reduced at a lower temperature
to‘pr;duce crystallite dimensions as small as those of the
nickel. , }

The data presented by Reynolds and Van Hardeveld suggest
that, at low metal loadings, the metal nitrate procedure agﬁuld
result in cataiy;ts/whose surface area is high and will not %
dec;;ase drastically with oxidation.: This nitrate procedure
was adopted in this investigation as a second means of preparing
~ coppef-nickel catalysts. ‘

The catalysts listed in Table 10 were prapared by adding
colutions of copper and nickel nitrates to Ludox HS-40 to yield
1% metal on gilica. The ludox was then gelled with acetic acid,
dried at 120°C, sieved, and finally oxidized at 400°C. Details
o; the procedure are given in Appendix F. Note that the catalysts
contained copper and nickel n}ttates after df&inq at9120°c. They

‘ v
were thenlleftlovornight in the presence of air’at 400°C. This

/
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P X | temperature is high enough to decompose the metal nitrate; with
evolution'gf_nitroqen oxides and subsequant formation of metal'
’ ‘ oxides. It should also result in sufficient 'surface migration
Sver the silica Bupport for the copper and nickel oxihe crystal-
lites to be in intimate contact. ‘These catalysts are referred
to as "mixed-oxide" cat;IQSts, rather than as alloy catal&sta,
because they were not reduced to produce copper-nickef alloys..
Takasu (89) has showﬁ tH?t exposing copper-nickel alioy plates.
to oxidative-reductive treatment results in proHounced}changes '/'
in the surface composition. Copper-rich allois were enriched on
thé surface by nickel while ;he’surface.of_nickéi—rich alloys
was enriched by copper. Subjecting the mixed—oxidgodatalysts to’
‘ . . an ‘oxidati've-reductive cycle would ‘fox;m copper—ni‘ckel alloys
. "which would then be oxidized, but would introduce the added
complieation of changes in sufface comﬁos%;ion. To.aYPid this,
.the mixe;-oxide catalysts were not reduced.

Catalyst N~Mix‘was prepafed by mixing 87.5% by weight of -~
é;talyst N-Cu withylz.St by weight of catalyst N-Ni. 1Its
‘aétivitf“will bé compared to the mixed-oxide catalyst ;ith the
same overall compositioﬁ of 0,875% copp?r and 0.125% ;Lckel on -

silica.

o .
. ' . This catalyst preparation method is much less complex

]

than the Raney procedure. It 'is more flexible sihce aluminum,
‘ L 3
JQloys do'n?t,have to be formed‘ghd leached. ‘Mixed-oxide

catalysts of a wide range of metals can easily be prepared by |

f ©
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.
v
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’

starting witﬁ the oorrespondinq metal nitrates.; Metal lbadings .
. can bo varied by ohanginq the concentration of the nitrate L
" solution.” At low metal loadings, ‘this method should result in
a fine dispersion of small metal otystallitea on the support.
L These catalysts proved to be much more‘active than the
Raney metal alloys. "The activity determinations lasted only
_ three hours, so data collected are not app}icable to fully
. conditioned‘catalyots. ‘However the effect is small, and since -
all catalysts weto tested under idenptical oonditions; comparisons '
 betweeri catalysts are justified. The space velocity was raised
- to 3000 hr’l and the reactor temperature lowered to 200°C.
Figure 17 shows the actrvity of the: ailioa support is negligible
under these operating conditions. Figure 22 shoWs reactor
product composition over catalyst GTCu2§0; hote'tpat condittonihq
of the mixed-oxyae catalyst is much more rapid than that of the
’bpanoyocatalysts: [Actf;ity datp for all the cataiysts‘ore given
in Table 11 and in Pigures.23‘ano 24, Cdnversions ahd product . )
distributions were calculatéa according to the.oonvontions in
Appendix ﬁ; Ammonia decomposition was later shown to oe negligible
at 200°C so oalcui:tiona'of‘oonvér%ions to nitrous oxide are |
.Justified. '
‘ Agtivity is strongly dépondedt on composition. Nickpl'
hoo virtually no activity while copper }l quite activn.~ The -
sost active catalyst is G-Cu87Ss. Tho mechanical mixture of the

same overall compositiod} G~Mix, is almost as active as this
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" NeNi
. N=-Cu250

N~Cu500
N-Cu750

 N~Cu875

N=-Cu
B~-Mix

.

—. Table 11:

Reactor Feed Composition:

“

4]

A

Ef fect of Composition on Conversion'aver

Nitrate-Based Mixed-Oxide Catalysts

L2

Temperature:
Space Velocity:

Reactor Product

“Composition
- N, tNO
-003 .285
. .122 .048
.043 212, °
- .040 .205
7187 .000
.143 .00Q
~.177 .000

'x' ‘

0
84
29
32
100

100

100

Conversions

Y, %

1
49
17
26
75
58
71

Z2, %

0
35
12
16
25
43
29

0.3% nitric oxide
0.6% ammonia
balance argon
200°%
.3000 hr~1

~

Product
Distribution
Ratio, R, §&

58
58
50

v

75°

‘58 >

71

m[l

e
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mixed-oxide catalyst. The product distribution ratio shown in
Figure 24 is significantly higher for these two éatalystl than\
" it is for all the others; this suggests a difference in mechanism.
The effect of temperature.on conversion was determined in
‘a second series of tests whose results are présénted in Table 12.
_The most active ca?alygta were testad at 150°C. Even at this
low temperature catalysts N-CuB875 and N-Mix convert 95% of the
inlet nitric oxide. There is a shift in the product distribution
ratib with,gfeatar redubéioh to nitrous oxide and less to‘nit;OQen.
The less active catalysts were tested at the higher temperature
of 300°C. There is a definite increase in conversion with
complete eliminat%on of nitric oxid; over two of the mixed-oxide
catalysts. The nickel catalyst, N-Ni, is the least active; its
activity ‘is probably co%ggrable to that of the Raney nickel ’
catalyst R-Ni-A. Product distribution r;tios were not calculated
at this ﬁemperature because of possible ammonia q&compositian.
Ammonia decomposition over catalyst G-Mix was measured
at 200°C and at 300°C; data.are presented in Table 13. The
reaction is insignificant at 200°C and rapid at 300°C. This
confirms the importance of maintaining a low reaction temperature
for the reduction of the nitric oxidQ.‘[
Activities of the nitrate-based catalysts are much higher
than those of the Raney metals. This is illustrated in Table 14
by comparison to catalysts reported by other workers (8). The
activity of catalyst N-Cu per unit weight of metal is prob;bly

close to that of the commercial nickel catalyst.
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AN - Table 12: Activities of Nitrate-
f - - 5';;;. .
sy ;; . ‘Reagtor Feed Composition:
S0 = o space Veloci ty:

‘:fcatglisé Tuupgyature Reactor .Product
i ' - Gas Composition

ise .091  .077
150 .o48 - .169
150 ° .127 015
150 -. .143 . 015
300 .067 .181
300 | .176 000
=470 .- 300 .178 .000

X,%

74

-

44

95 .

‘95
‘40
100
100

Based Mixed-Oxide Catalysts

0.3% nitriec axide

0.6% ammonia
balance" T rgon

3000 hr

Conversions
Y, %
1 2

37
19

31

58
28
70
72

-

.

z,%

37
24
a4
38

4
} : .
Product ,
Distribution
Ratio, R, §& -
51 ”
44 SR
53. '
S
60
. Lo
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A
. 3
. ._31
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' Table 13: Effect of Tamperaturu on Ammonia
' Decomposition over Nitrate-Based
Catalyst #N-Mix ' //

- ‘ Reactor Feed Composition: 1,2% ammonia in argon

Space Velocity: 800 hr-1l “
‘ Temparatur? . %Ammonia 6§composed T
| 200°¢ /.47 '
M 300°C _ o T e L e
/ i - o 'y
; -/ l g ) - //
® . / L
, I, Table 14: g:gparifon ofﬁcatalyst Activities for P ?
) uction of itrogen Oxides with Ammonia :
' atalyst //§~Cu-a . N=Cu Ni on Pt on ,f
: alumi a alumina :
: . . Rafarence No. /// j - u - ., 8 §[ 8 - ﬁ
L ’ ' Wt 8 Metal - /// " 3.3 1.0 5.5 0.5 :
g : / ‘l‘emparature,/dg : 350 200 215 | 260 o
} : Space Vclodity. hr'l 500 3000 30000.. 130000

P / ' - AN A . ‘ ¢
] Nittogcn oxides ) . o ' i
,/destroyad ' ' : CL Ty
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The results of éhnsa preliminary tests aré quite promising.
High activities have been shown at low reaction temperatures’
where ammonia decomposition is negligible. Metal composition
-has a strong effect on activity and selectivity. Further
lnvustigation of this sxstem would proceed by study of more
caéalysts, espécially those with nickel contents between 08 and
258 by w;ight. Catalyst testing over &Qtended periods of time
would be the next lteb. Finally the‘mptal loadings would be
increased to permit oper;tign of the reactor et high space
velocities. This increase in metal lq;dinq should be achieved
w}thout A large increase in metal crystallite dimensions so
that the extra metal added will result in a corresﬁonding -,

increase in surface area available for reaction.
]




| L e :
Section X: Digcuuio:; of Apparatus and Procedures

Dcvclopmont O6f the microreactdr, th- flowmeters, and the
analytical systems was crucial to acqurate measurement of
catalyst activities. The microreactor and flow controllers were
relatively utrai.ghtfcrv.mrd, but the analytical ayst;etps were '
severaely limited by the difficuities previously discussed.

The capillary flowmeters served the dual function of flow
control and measurement. Tﬁay would be particularly useful in
the control of .very small gas and liquid flows, especially at
axtreme temporatur —ranges. For oxample, volumetric flow rates
of 0.33 cc/min argon can be metered through a capillary which is
20 cm long and 0.02 mm internal diameter at a differential
péessure of 100 psi.  Flow rates of several cc/hr can be controlled
with this meter at smaller differential pressures.

) These meters would ,be useful at high temperatures because .
most high temperature commercial valves cannot handle such low ® \
flow rates. For example, flow acontrol at 500°C requires highly

specialized valves, such as bellaws valvel in which the stam
packing is inplated from the procosa fluid. Thes; valves are i

expensive and even with micrometering stems would not be suited-

for control of gas flows of less than 1 c¢c/min. 'rhe temperature

?
: rangc of the capinary tlawmetorl used in this work was limited
by the epoxy resin used to hold the capillary in place inside the
tube. Since then, several other meters have been constructed

!

- : -106~




() . e B |
I z‘ ,.
' with ordinary solder holding the glass in place, They performed
well during tests at room temperature. Use of high temperature

e
solder and glass would probably extend the operating temperature

of these meéérs up to at least 500°c.
Capillary flowmeters could be used for direct metering of
" a gas or liquid into a localized area such as the center of a
catalyét pellet. They would make excellent point sources for
’micro-d,i‘.fiusioln studies. N ‘

‘ ’ . The importance of ‘the flow controllers to the catalyst
tests is their simple and accurate contrql of the reactor inlet
stream composition and flow rate. “

Thghdifficultiés in the chemical analyses of nitrogen

‘ oxides have been encountered by _other workers. Savefal avoided
pari of the problem by simply measuring nitric oxide destruction
without date;mining extents of reduction to nitrous oxide and
nitrogen kG.SS).. The combined infrared angfphromatographic
analysip originally pianned in this project should be capable of
a c:mplete analysis of the reaction mixture. |

o ‘ The chromatpgraphic determination of argon, nitrogen, and
nitric oxide proved satiquctory over a period of many months.
Gas chromatoqrabhy can probably be utilized more éxtensively than
it was:in this project. For example, hydrogen can be determinej
by using argon as the carrier gas in the second chtomatogfaph

column. This wou%? introduce baseline drift during non-isothermal

opsration, but would measure the extent of the ammonia decomposition
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reaction. The analysis might be extended to include nitrous

oxide by adsorbing the ammonia and water on anhydrous Mé(C10452

gather than on Molecular Sieve 13X. Use of cold traps and a |

second analysis column might permit extension of the analysis

to nitrogen dioxide, water, and ammonia. Considerable develop-

ment work wﬁuld be required for any of these alternate analyses.
Infrared analysis of the gas mixture is feasible despite

the Problehs encounéereq with the Miran I Infrared Aﬁaiyzer. The

preliminary results demonstrated that ammonia and nitrogen’dioxide '

can be determined down to the ppm levels. However, the Miran I

Infrared Analyzer with long path cell requires two- important

improvements before ifﬂcan be used for this analysis. The windows

of the long path cell should be constructed of a corrosion resistant

material, even at the expé?se,o( limiting the psable region of the
spectrum. The instrument resolution should be increased from low
to atpleast medium to permit accurate analysis of complex mixtures.

An ultraviolet spectrameter equipped with a long path cell
would allow precise measurement of nitrogen dioxide levels and
perhaps several other components. Quartz windows Fould be used
on the fbng path cell to solve the corrosion problem.

' Iudox HS-40 is a versatile cagalyét support with a finé
pore structure and a high specific surface area. It was used
succeéssfully in this work -to suéport the Raney alloy catalysts
and to prepare the nitrate-based mixed-oxide catalysts. Other
cdtalystsihave been supported on it. ' It can be cogelled with

e
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alumina to yield an aluminosilicate support (26). Alternatively,
active metals can be precipitated as hydroxides o; carbonates
on the Ludox (93). L
Ludox provides a gel stability and'reproduciﬁility’that
other methods of silica gel preparation are unable to. Impurity -
levéls can be minimized by proper choice of preparation conditions.
For example, Ludox AS is stabilized by ammonium ions rather than
by sodium ions; it could be gelled by acetic acid. Both the ﬂ
ammonium and acetate ions wguld leave on drying to produce a high.
puritykgel. l i ’
Proper selection of the drying method is an impoftah; step
in the catalyst preparation progedureu It is not cr%;ical in the
support 6! the Raney me;als because the active catalyst ceﬁtefs ‘
are present before the gel is dried; the silica is merely acting
as a base for the met;l particles. However, this is not the case
for the nitrate-based éatalysts. The metal nitrate 'solution is
drawn to the surface by the surface tension forces developed in
the drying. fhe result is a higher concentration of metalynear,
the surfaqe of the gel. The éffact is not imé;rtant in a prelim-
inary study such as the one undertaken here for the nitrate-based
cdtalysts. However, in any precise work, the metal should be
uniformly deposited throughout the bulk of the catalyst support.
It could be deposited as an insoluble -salt such a; hydroxide or

carbonate before the gel is dried. Alternately, the gel could be

L
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spray-dried so that any non-uniformities would be on the
‘ . n\
microscopic scale. :

There is no evidence that the catalyst support was inter-
'fering with the activity measurements on either the Raney catalysts
or the nitrate-based catalystg. “the Ludox was neutralized with
hydrochléric acid when the Raney metals were supported. The
ch}oriqg ions should not have affected the activity determinations
since they were locked into tﬁe ;ilica support without a means(go
diffuse to and hgglomerate on‘the'Raney metal partiéies; Experi-
mentally, Raney copper was more active when dispersed in the silica
‘according to the standard procedure than when it was mixed with the
uii}ca support mecﬁsﬁically. Pré;umably this effect was due to
improved dispersion. .When the nitrate-based catalysts were pie—

pared, the Ludox was gelled with acetic acid. Since the acetate

ion leaves during the catalyst drying, no interference should be
expected. b
The Rgney‘&etals were prepared by a standard technique which

results in active nickel catalysts. Unfoxtunate}y it can result
in a veriation of phydical and cRemical properties when applied
t& different starting alloys. The results of this investigation
agree with the obsérv;tions of Reynolds (73). The reactivity of
the'copper—nic@el-aluminmm alloy varies strongly wiﬁh compo,ition:

large amounts of residual aluminum remain in th; acéivatedvcopper-

/
nickel catalysts. The higher lgvnln of residual aluminum observed

)
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. ’ in this investigation as compired to that of Re;nolda"may re¢flect .
a difference in the structure of th; starting alloys or thg less ‘
severe leaching conditions employed in this work.
None of the experimental data supported Reynolds' theory
that catalysts with significant residual aluminum conslst of an

L

activated surface covefinq an upaltered core. A better explanation
is that a\fraction of the aluminum atoms are locked in a solid )
solution with the ;:opper and nhickel and are simply not reactive
to alkali.Q The leaching‘ of the starting alloy will :eage after
ali available aluminum has been removed.‘ Micromscopic axamination
of s.ect:ions'of activated catglysts would test 'thes@f?lternate
- explanations. g T / |

. Reynolds observed a large variation “in specific surface(

. area of the activated cata‘ly’stsﬂ ‘with composition of the starting

~N_.alloy. There. is probably a similar variation in this investigation.
- This variabiiity in extent of leaching, surface area, and
poxe size will prééént interpretation of:che conversion data over

. " tl;e Raney alloy.cagalysts‘ in terms of Qimple models of inherel;'t s

activities of the Raney alloys.
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Section XI: Discussion of CatalysteActivities

! . wi

f

/ The aim of this in¢ést1qagioﬂ is to test the three research ’
hypotheses on Raney alloy cata}yst activities presented in
Section 11. As a resulf of this work with the Raney catalyspa.
further experiments we;glundertaken with a series of nitrate-
; .

based copper?yickel catalysts. .

The' results of the experimental work, and in particglar,

the dita ' in Figure 19 and Tables 7 and 8, justify the following
conc sions regarding the research hypotheses.
(A The Raney method can be used to prepare copper-nickel alloy

catalysts active for the reduction of nitric oxide with

. ¢+ ., ammonia. However, all catalysts have low activities and
one catalyst of 50% by weight copper has viftually no activity.
(B) Activity measurements on commercial Raney copper and nickel

and on alloy catalyst R-Cul75 demonstrated that oxidation

of the Raney catalysts decreases activity drastically.
(C) ihe activity of the mechanical mixture of Raney copper and
.Raney nickel differs from that of the corresponding Raney
alloy. Unfortunatgly this difference éannot be interpreted
in terms of reaction mechanism or inherent activities,
?h; low activities of the Raney caéalysts may be due to
low inherent activities of the Raney metals, to low surface areas,
. to deactivation when oxygen was bubbled through the wash waﬁer,

to poisoning of the surface by adsorbed Nii, from ammonia decom-~

2

’ position, or to low a:cti)vities of the oxide form of the Raney metals,
r . L8 -
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anrface'hé%?}ible for reaction, the surface area is reduced td ;

¥ ,
‘the following, )

-

Sevaral of these mechanisms are probably not liqﬁificant.
The nit;aﬁe-basad~cata1ysis were oxidized, but still active.
Similarly, NH, is likely‘to be adsorbed on the nitrate-based
cata}ysts if it is adsorbed'on the ﬁaney éatalysts. The high —
activities of the nitrate-based catalystas show this is unlikely.
Deactivation by the ,oxygen bubbled through the wash water cannot
be the major factor because even the conmercial Raney nickel and
copper had low activities; these catalysts h8d not been exposad
to, oxygen during the leaching of the aluminum alloys.

The surface areas of Raney metals are high. If the surface

—

were active for nitric oxide reduction, signifié&nt conversion
should be ébserved at temperatures much ;;wer than 350°c.

The low activities are most likely duewtd low inherent ,
activities hgﬁuced even further by pore blockage from oxidation,
The following ?alculation illustrates the effect of oxidation in
reducing surface area available for reaction. Consider a typical
Raney metal particle which is assumed to be a cube of 0.01 mm on
each‘si§e. If the specific surface area is 50 m?/q and the
aensity'ia 9 g/cc, then the'total surface area of the cybq is
the following,

) Ap = 9 ;ch x (10°3)3 x s0 n2/g
i

= 4.5 x 10" 'm? |
: . ,

It thgﬁinte}qal pores are blocked, leaving only the external

«113~




r E AL, = 6 x (10" °m)2

ext
/ =6 x 10710 p2 .
The ratio of external to internal surface area is 1.3 x 1073,
Blockage of the pores by oxidation will drastically reduce the
activity.

Pore blockage is likely if'the metal oxide has a siénificantly
larger spe¢ific volume than the metal. The ratio of the ;pecific
volume of CuO to Cu is 1,39, while the ratio of the specific
volume of NiO to Ni is 1.25 (67). Since the porosities of Raney
metals are typically 0.1 cc/g (34), conversion from the pure metal
to ;hé oxide should result in pluggage of the pores.

However, even éhe reduced Raney metals such as R-Cu3l75-A
and the unoxidized commerciil Raney nickel and copper‘have

H

acti%}ties low compared to commercial catalysts and the nitrateﬁ
based mixed-oxide catalysts. This demonstrates that even reduced’
Raney metals have a low inherent activity for the reduction of
‘nitric oxide with ammonia. '

Thea low expetimenéal conversions oJer the oxidized RaAey
metals are probably due to both low inherent activities and low
specific sérfac; area caused by oxidation.

This augé@:ts that aﬁy catalysts to promote reduction of
nitrogen exidea with ammonia should be resistant to pore pluggage

either from oxidation or,adsorption of reactants. The active mctal

- should be well dispersed as small crystallites over an .inert

support of high pore size¢ ané§volumn and low specific surface area. ]

-
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The variation of Jctivity with composition of the starting
alloy may be due to differences-in the microstructure and /'
chemical c¢omposition of the’' starting alloys, to variaéions in
the amount of aluminum leached, to variations in the specific
surface area of the active metals, to changes in oxidatiqp state
with composition, and to variations in the inherent-actiGities
of the alloy catalysts. All of these factors are probably contri-
buting to the observed conversions. h

The starting alloys differ not only in chemical composition,
but also in microstructure. . The cpemical aspect is important

because it determines the elemental composition of the final

catalyst. The physical structure of the initial alloys may be 2

‘I’ equally important. Final catalyst Bréperties will definitely be
' affected~by crystalline microhar@ness, grain structure, and
relative proportions of the aluminum phases in the starting
alloys (21,22). .

!

Variations in the amount of aluminum leached will affect

‘ the chemical composition, ségfac; area, and pore structure of the
; final catalyst. The presence of aluminum in the copper-nickel
| matrix will change the ndmber and nature of the sites available

for reaction. Physical probérties will also be influenced.

Anderson (34) has shown a significant change in the surface area

of Raney nickel as the amount of aluminum leachedﬁis varied from

’ 50% to 98%. Reynolds (73) has/shqwn a strong dependence of alloy

R specific surface area .on composition.

-1158- "~
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There may also be variatiofg:zf the amount of metal
converted to oxide; The pure metals may bé more or less easili
oxidized than the illoys. Also, since the\pore volume of the i
copper-nickel alloys is significantly less than that of Raney
nickel and copper, oxidation is likely to cause more extensive
pore‘blockqge.

All of these factors prevent interpretation of observed

conversions in terms of inherent.metal‘activities and any meaningful

’
i 9

'conclusions from comparison of the activity of alloy catalysgé",‘

R-Cu250 to the mechanical m{xture R-Cu-Ni~-Mix. The Raney nickel

and Raney copper present in R-Cu-Ni-Mix are probably acZing

independgntly since the activity is intermediate between those

of the two Raney metals. Catalyst R-Cu250 has very little activity.
| The nitrate-based catalysts are much more active. They

should consist Qf very fine metal oxide crystallites scattered

over ‘the silica support. The crystallite dimensions are probabl?‘

of the same order of magnitude as the crystallite dimensions of

Raney nickel or the nickel catalfzts deacfibed by Reynolds (73).

If these nitrate-based catalysts were reduced,dthey should be

much less susceptible to deactivation by oxidation than are the

Raney cgtalysts becagge the surface area will not be drasgically

lowered. This method isesuperior to the Raﬁey procedure to

prapire cuéalysts to reduce nitric oxide with ammonia.

The activity could be further increased by both increasing
the metal loading and by producing smaller crystallites. The

A}
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‘metal loading of 1% could easily be increased to above 15%. At

the same time the support procedures could be changed to reduce
the cryétallite size. The calcination ‘temperature could be
lowered to below 400°C or another method used to decompose the
nitrates. High calcinatiop teupg;atures ﬁroduce large crystallite
sizes because of the high mobility of the copper atoms.

The dependencé of activity on composition shown in Figure 23
is, different £ that of the Raney alloy catalysts in Figure 19,
Although no alZ:Znum is present to complicate the interpretation,
there can be sig&ificant variations in specific surface area,’

crystallite size,and oxidation state between catalysts. There’

are similarities between the aééivities'bf the Raney and nitrate-

based catalysts. In,botp cases, tﬁere is ‘a region of low activity
at a composition of 50% copper. The overall shape of the activity-
composition curve of the nitrate-based gatalysts is similar to Bpat
reported by Campbell and Emmett (16) for the hydrogenation of '
ethylene over copper-nickel films.

Since the specific surface areasqof the catalysts were not
meaéured. coanrsions cannot be converted to inherent catalytic
activities per unit surface of metal.” However, the nickel oxide
crystallite; should be no larger than the mixed-oxide crystal-
lites since the gre;ter mobility‘of the copper is likely to
result in larger crystallites at the calcination tempéraéure
of 400°C. Surface areas of all the mixed oxide catalysts are

probably of the same order of magnitude, so activities per unit /
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' presence of relatively small amounts of nickel increéges the

‘matrix, to surface diffusion of reaction intermediates between copper

-

surface areaﬂprobably vary with composition in a fashion similar
to the overall conversion-composition curve in Fighre 23. Note
that Reynolds' daéa in Figure 21 show that the surface areas of
reduced oxide on kieselqﬁhr~cata1yats do not monotonipally decrease
with copper content of the alioy. One of the local peaks in the
surface area-composition curve in Figure 21 falls close to the

L]
peak of the conversion-composition curve in Figure 23.

The most active catalyst is 12.5% nickel in copper. , The

activity of the copper. This promotional effect could be due to
formation of special copper-nickel sites, to changes in surface

structure and area from inclusion of the nickel into the copper

and nickel sites, or to a gas-phase intetme@iate between copper and
nickel sites. The increase in the product distribution ratio at
this compoéition shown in Fiqure 24 suggests that the reaction
chanism being catalyzed is different from that being promoted
ver the other mixed-oxide cata;ysgg. However, the availablg
conversion data are not extensive enougg to allow any conclusions

on} the nature of the promotion mechanism.

and its product distribution ratic is almost as high. The only
interaction between the copper and nickel sites possible in this
mixture of two catalysts is by diffusion of a gas-phase inter-
mediate through the bulk of the reaction mixture. Gas-phase '
interm*diates have been demonstrated for other systems, but

have not been pontulaﬁed in current theories of the reaction

between nitric oxide and ammonia.
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Ootto and Shelef (61,62,63) studied the reduction of nitric

oxide with .ammonia over platinum and copper catalysts; reactants

were alternately labelled by the lsN isotope. They proposed

the following reaction sequences,

»

NO + NHy ~—— N_ig + Hy0 + (H) 40 (11}
NO + NHy —— NNO + 3 (H) a8 (12)
N 2N +2(H) ygg —= N30 + Hy0 : . (13)
N0 + 4(H)pgg —= N; + Hy0 o 14)

where N refers to the nitrogen introduced with the ammonia and
N refers to the nitréqen introduced with the nitric'oxide.
They found (1l1) and (13) to be the major and (12) and (14)
to be th& minor paths over a platinum catal?st at 200°C. On a \5

copper oxide catalyst mixed nitrogen by (11) was the only product.

They also found that the copper oxide catalyﬂt is reduced to

metallic copper after exposure to the reaction mixture. Activity

increases with extent of reduction. The metallic copper catalyst
is four tiies as active as platinum per surface atom. The reaction
mechanism and product distribution are strongly &ependent on the
chqyical coqposition and oxidation staté'ﬁfxggg\figglyst. Table 15
presents the product distribution ratio at 200°c.

_ They found the reaction order is zero, indicating that thé
rate-dqtgamininq stép is in the adsorbed layer. A kinetic ;lotopa
effect results when ND; is substituted for‘NH3. This luppgégs“

~
Py
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\
their theory that the rate-~determining step is the surface

\-’
dissociation of ammonia in Reactions. (11) and (12),
‘NHB)kds — (N"3)ads + g")ads > (15)
Tho‘promotioh;l effact of small amounts of nickel on copper
. v

can be rationalized within this mechanism. Nickel is known to
/
be much more active than copper for ammonia decomposition (11,50).

Klimiséh and Taylor (50) studied the reduction of nitric oxide

-with hydrogen and carbon monoxide over alloy catalysts containing

nickel in combination withvcopper, platinum, and palladium. They

demonstrated that the ammonia decomposition function resides

primarily in the nickel while the reduction activity is deriYad'
\

from the other metal. \
If ammonia decomposition is the rate-determining step, then

addition of small amounts of nickel to copper should increase the

‘rate of ammonia decomposition and hence the overall activity.

The low activity of the nickel catalyst, N-Ni, is in agreement

with the low reduction activity’}eported by Klimish and Taylor (50).
Addition of copper to nickel should increase its activity for
nitric oxide reduction because copper promotes the reduction.

These hypotheses can explain why all mixed-oxide catalysts should

be more active than nickel. They do not explain the decrease in

_activity in the region of 50% copper. However, at this composition

the d-band vacancies of nickel are filled by electrons donated by

copper. Reynolds (73) has shown the magnetic susceptibility of

-121~




A

'coppar-nickel alloys falls to zero at this composition. Figure 1

shows that electrical and themal conductivities are also low.

Jsimilarly, minima in activity-composition curves have heen

observed for other reactions catalyzed by_copper-nickel alloys
of this composition (16,83). The phenomena is a £;ir1y general
one which may be related‘;o the formation of an inactive copper-
niékel alloy. " /

The proposed explahation does not account for the high
activity of the mechanical mixture of the copper and nickel
catalysts because adsorbed.admmonia cannot reach a coppe? site .
from a nickel site by surface diffusion. A gas-phase iné;fmediate

3

is a likely hypothetical explanation.

The difference between ihe product distribution ratios ’
for the nitrate-based‘catalysts and the copper catalysts s?udied
by Otto and Shelef are probably due to differences in catélyst
preparation and crystallite size. Their copper oxide ca}alyat
was a sample of "Specpure" copper oxide of surface area 0,88 mZ/g.
It is probably more chemically pure than the copper-on-silica
prepared for this investigation.' This difference in chemical.
composition may account for the fact that their catalyst produces

only-mixed nitrogen, while catalyst N-Cu produces only 58%

nitrogen when nitric oxide is reduced by ammonia. L .

i
. |
*Another possible explanation ig that the change in product

distribution ratio with catalyst composition shown in Table 15

Ty e

is actually correlated with changes in crystallite size. der

~122- - !
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the ax;egiménéal conditions employed by Otto and Sh‘!;f. |
dimensions of the cataf&st crystallites probably decféase as

the sample is reduced; the platinum catalyst likely has a very
small crystallite size. The decrease in nitrogen formation

with reduction of the catalyst may be correlated with crystallite
dimensions, rather than simply chemical composition. The product
distribution ratio obse?véd over N-Cu may indicate that its
crystallite dimensions aré close to the dimensions of tha

reduced copper oxide te;teé by Otto and Shelef (63).

There is no evidence of reduction of either the Raney dr
nitrate-based catalysts studied in this work. DBoth were oxidized
before use. The slight decrease in activity afte; exposure to |
the reaction mixture may be due to poisoning of the sgrface by
ammonia (61).\ Otto and Shelef reported that their copper oxide
catalyst becomes more active as the reduction proceeds. Figures 18
and 22 show a decrease in activity with time ovér both Ranay and‘
nitrate-based catalysts; this suggests no reductionqis occurring.‘

The overpll results of this investigation are quite promising.
The Raney catalysts are not suitable for any commercial appiication.
However, testing this series of catalysts demonstrated‘the impor-
tance of alloy composition and oxidation state,)and the necessity
to prepare a catalyst which cannot be easily deactivated by
oxidation., The investigation of the nitrate-based mixed-oxide .

catalysts was more fruitful. Activities are hiqgh and both

"activity and proddet distribution are dependent on composition.

<
-
a
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Optimization of activity and aalectiviey by furthar telting in
feasiblé. ~ \ :
Interpretation of convaraion results in terms of inherent
catalyst activity requires knowledge of the Specifxc surface of
the copper and’nickal alloys, of the crystallite'charactariatics,
and of the surface composition of the active metal sites. The
adsorptive charqateristics of the reactive species and the °
reaction mechanisﬁ%are also reqqirqd.] Facilities to undertake
‘these maasukéﬁents were ngt available for’ this investigation.

¥ ¢ N .

However, these limitations do not detract from the demonstration

that formation of copper-nickel alloys and mixed-oxides is a
powerful tool in the preparation of catalysts to reduce nitrogen
oxides. Similar techniques should prove uaeful for studying

-

other reactions. . 0

,
4




‘it.

I 1
estimation of the heat transfer to the gas flowing inside the

Appendix A: Capillary Plowmeters

P The reactants were metered from their supply cylinders
s ’ ’

through capillary glass flowmeters to the microreactor. The
fluid flow in these meters is compressible, subsonic flow in
the laminar, transition, and turbulent régions. It is also

adiabatic, although an isothermal flow model is used to describe

The flow through the capillaries is two-dimensional since
fluid veiocity, temperature[ and pressure are functions of both

radial Lnd axial coordinates. If the flow were turbulent, this

-

might not be imﬁortant. llowever, most of the mcters were designea_
Eor low space velocities which corresponded to the laminar and
transition flow regimes. A onaé-dimensional model might not be
sufficiently accurate when the velocity profile is approximately
parabolic. .

The flow is highly compressible because the inlet pressure
is generally several t%mes the outlet. The reéulting Mach number
increase from inlet'to outlet causes a temperature drop along the
tube. The meters wef? dpegated in the subsonic region to B
minimize the end and ;émparatu£e effects associated with high
Hach‘numﬁe;s.

The two-dimensional nature of the flow complicates .

A

capillaries from‘the surroundings., Since the Mach number is :

-125-
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hiqh&r at the center of the tubé than near the wall}'thc__

temperédture in the center of the tube will be lower. The wall
temperature cannot be calculatad_without knowing th details of

f (
fluid flow inside the capillary. 1If the wall temperature is at

. least several centigrade degrees cooler than the surroundings,

t)

heat transfer may be significant.
The first step in the analysis of the fluid flow is ah
enthalpy balance bgtween‘any two points on a streamline lnside
the capillary. According to tﬁe development of Owczarei (64),
the following relatiZn for adiabaticvone-diyensional flow of an
ideai gas. expresses the temperature drop in terms of the change

V4

in tﬁe Mach npmber,

+ L2y
T, = Ty
2 1

. 1+!-21M

2 g .
%‘ . _ . (16)
2

wh;ré‘Tl and T, are absolute temperatures
M; and M, are the Mach numbers' *
¥ is the ratio of specific heats

This equation can be modified to apply to two-ddmansional

~r

flow by expressing the kinetic energy across a‘section ot the

“capillary in terms of the average velocity at that section as .

follovs, | : K

,ﬁm

3wkmﬁ&mhﬁmﬁmjitd§

8
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i

where v is the fluid velocity at a point

L
dv i8 the. element o voiuma

' /a ‘is the fluid de sity
For laminar flow K is 2.00, while for turbulent flow it is 1.07.
If section l'is at the capillary inlet while section 2 is at

=

the ouélet, it can be assumed that M%(( Mg, and Egquation 17

1

simplified,

- oy,

!

'1‘1 0
T, = : 9)
2 T 1 T‘ \
’ 5

Pigure 25 shows the theotetical downstream temperature cor:::espondifxq |
to an inlet temperatx;;;e. of 25°C for an ideal gas of spec;iﬁ.c heat
ratio 1.668. The temperature drop becomes significant as the

Mach mmber rises.

a

Entrance and exit losses for incomprnstible flowv are

’usually expreased in terms ot tha average fiuid velocity and

density,
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where V is the average fluid velocity <
I
, is the average fluid density

i

K, is the pressure loss coefficient

Pressure loss coefficients presented by Rimberg (74) and Perry (67)

r

are lﬁs;ed in Table 16.
, Typical ¢xit~}osses for the incompressible flow /of argon
at 1 atm ;nd 25°C are shown in Figure 26. Results are for
illustrafive purposeée only because the flow cannot‘remain idgom-
press%ble when the pressure falls. However, the pressure losses
can be large at high Mach numbers. }

The model of orie~dimensional, isothermal, compressible

fluid flow presented by Bennet and Myers {10) was used to correlate

the data. Their Equationl?-47 was modified by the introduction
of the kinetic energy cdrrection factor to y%gld the following,

: 4
L~ vl
2_.2 . 4
2T RTg, P{-P5 : 1 D

16 M P2 1.+ Sl K18 )0 (P1/R) 4£1/D

(5)

'd
where all symbols are defined in Section IV of the text.
The friction factor is a- function of the local Reynolds
number. It is assumed constant despite temperature and dansitf\

variations in the capillary and is calculated assuming isothermal
flow at 25°%. : \
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Table 16: Entrance and Exit Loss Coeffioisnts - Ty
. - : .| in-Incompressible Flow o ) ‘ >
. i / . i
Flow Regime ‘ Laminar Turbulent p s
,' , Entrance Coefficient 1.072 0.5 ,i?
o Exit Coefficient 1.900 . "1.0 ' )
.
| . Reference No. 74 67 '
. . ‘ \ ‘ .
v . X v .
’ ‘ / Y - A . ' )
L3 ! Q
R ' 3 . . ‘ \ -
-, ) _ :
Table 17: Dimensions of '\rest Capillaries
o Capillary No. R

Length, om

Diameter, cm
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i‘ b ' Use of Equation 5 'ronquiros the tube dimensions, the fluid
properties, and the'frictign factor o&rrespoﬁdiwg to the Royndlds
number of the flow. The tube dimensions can be measured and the
£1uid properties are known. The friction factor can be estimated
from standard correlations such as that in Figure 5-25 of Perry (67).
llowev;rer, data are not qi.v'en for the transition reqim, the ralativ’e,
rowhness of the capiliaries is n&t known, and thg applicability
of tpese friction f&ctors to very small capillaries has no; been
established for highly compressible flow.

The dependence of the friction fgctor onxﬁhe R?ynolds'

- number was measured experimentally py flowing argon through two

separate glass capillaries whoge diﬁensions are giv%n‘in'Table 17.

These capillaries were made very long to minimize temperature and

end effects. Volumetric flow rates were measured by displacement
of water; inlet and outlet pressures were measured on gauges,

- ‘Results are given in Tables 18 and 19. Inlet and outlet
pressure losses were computed and appropriaye corrections made
The calculations of the adiabatic temperaiure loss show that this
effect should be small. Results are plotted in Figures 7¢and 8
of the text. | , '

For digcharge pressures less than 10 psig, the data from
Japillary #1 can be represented by the re¢lation,

”~

£ = 23/Re ‘ L (21)
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Table 18: Preliminary Capillary Test Data

- Y
. Test Capillary No. -1 Gas: Argon ‘ .
‘ Capillary Length: 122.5 cm Temperature: 25°C
. R Capillary Diameter: 0.00932 om .
5 Data Point No. 1 ] 2 3 4 s 6 7.
" Inlet Pressure, | | " ' B
Py, psig 4.9 - 9.8 15.0 20.2 30.0 26.3 40.0 E
"Discharge Pressure , ‘ : . ¥
Py, psig’ 0.0 0.0 0.0 0.0 14.8 0.0 20.0
Yolnietricﬂ?i&wrate, ST J I Y
¥ .Q, cc/min argon ’ .
gsg S at. 1 atm , ' 0.10 0.30 - 0.50 0.74 0.84 1.15 1.30 T
-~ (§ - P2), (atm abs)? 0.8 1.8 3.1 4.6 5.2 6.8 8.3 E
= Exit Mach Number .001 . 002 -003 . 005 .003 .008- .004
"_ Inlet Pressure Loss, , . » : ﬂ
£/ .. aPy,, psig .000 .000 .000 .000 . .000 .000 .001 .
34‘;.&: . ] g
.~ Outlet Pressure Loss, , : : .
"""' “Pon e pﬂig s .000 ‘ ‘000 0000 0000 .000 .001 -001 ‘%j
. Reynolds Number 1.9 * 5.6 9.3 13.8 15.6 21.4 = 24.1 E;
- w7 ’ . ’:233%
.- - Priction Pactor 15.35 3.90 2.43 1.65 1.47 -1.01 0.97 .
- - Adfabatic Dimpba:ge )
s ':' . mt‘ [ 4 c 2500 25. 0 25-0 25.0 25»0 250‘0 25.0




R
&
+

Table 18 (Cont'd): Preliminary Capillary Test pata

L3

A

Test Capillary No. 1

Capillary Length:

122.5 cm

Capillary Diameter: 0.00932 cm‘

Data Point No.

Inlet Pressure,

, P117 psig .
bischarge Pressure,
Pz' psig

Volumetric Flowrate,
Q, cc/min argo
at 1 atm .

(2] - P31, (atm abs)?

Exit Mach Number

Inlet Pressure Loss,
8P; PSig

Outlet Pressure Loss,

Reynolds ‘Number

Friction Factor
'.Adiabatic n@scharge
. Temperature, “C

L4
?

0.0

1. 55
2.3

.010

-001

.002

28.8

.768

25.0

9

25.3

l1.84
12.0

. 005
.001

.001
34.2

.698

25.0

10

39.3

6.0

" 2.10

12.5

.014
.001

.003
39.1

.559

25.0

11

59.0

29.8

2.39
16.0

.005

.- 001

.002
44.4

-552

25.0

Gas: Argon

Temperature: 25°C

12

2.55
15.2

- 017
.001

» .00S
47.4

.460

24.9

13
73.5
37.8
3.40

23,2

- 006

.001

.002

63.2-
-« 397

25.0

14 .

52.0

0.0

3.25

19.6

.022

.002

.007
60.4

. 366

24.9

AR - s
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Table 18 (Cont'd): Preliminary Capillary Test Data

24.9 25.0 24.8 24.7 24.5 24.3 23.8

d - Test Capillary No. 1 o Gas: Argon

. Capillary Length: 122.5 cm . Temperature: 25°C

’ Capillary Diameter: 0.00932 cm

Data Point No. 15 * 16 17 o, 18 19 20 21
‘} ‘Inlet Pressure, ST : i ;
. - Py, psig 59,0 89.0 70.0 80.0 - 90.0 100.0 110.0
s Discharge Pressure, : N
L . Py, psig 0.0 45.8 0.0 0.0 0.0 ,0.0 0.0
,’. Volumetric Flowrate, ' - |
. Q, cc/min argon . ) )
e at 1 atm~ .3.90 4.72 5.00 6.30 7.60 9.10 11.70
L : ) L .
3 - pd), Y abs)? 24.1 32.8 32.2 - 40.5 49.7 59.9 71.0
g Exit Mach_ Humbeir .026 .008 .033 .042 .051° .061 .078
; Inlet Pressure L\oss, : k
% ~aP, 7, psig . .002 .002 .003 .005 .006 .008 .012
e~ ~ : -
i R J
‘Outlet Pressure Loss, . . . .0 -
ap___, psig - .011 .003 .018 .028 ~  .041 .059 _  .097
P out g -
" Reynolds Number 72.5 - 87.8. 93.0 117.2 141.3 169.2  217.6
Priction Factor .313 .291 .254  .201 .170 .143 .102
rjf‘ N i '
i _ i . .
¥ Adiabatic Di\schatge _ .
L K Temperature, “C

)
.
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Table 18 (Cont'd): Preliminary Capi}lary Test Data

3 ' - .
- .
H - . —_ -
- - ~

Test Capillary No. 1 Gas: Argon

ce Capillary Length:. 122.5 cm Temperature: 25°C
g . Capillary Diameter: 0.00932 cm
: .- ) o -
v ] _ Data Point No. 22 23 24 25, 26 j
%_ Inlet Pressure, . — ) ) .o
A P;. psig 120.0 130.0 “140.0 150.0 160.0 - :
£ Discharge Pressure, - N ’ :
A , - Py, psig 0.0 0.0 0.0 0.0 . 0.0 » ;
S : : ' E
o w Volumetric Flowrate, ‘ - 5
R + Q. cc/min argon - g ) d
5 ‘ at 1 atm 13.40  .15.64 17.74 20.60 22.60 4 K
e ' .(pf - P§). (atm abs)> . 83.0 1 95.9 109.8 124.5 140.2 B
Lol Exit Mach Number .089 .104 .118 137 .151 ]
c i . 3
Inlet Pressure Loss, - . E
4P . psig »015 .019 .023 .029 .033 ;
Outlet Pressure Loss, - | , ‘
P, ., psig a .127 - 7173 .223 .300 .361
. “Fout .
... Reynolds Number . 249 291 .- 330" . 383 " 420
- - Priction Pactor L0901 .077 . .069 .058 .054
" Adiabatic Dischalye "

Temperature, ' 23.4 22.9 22.2 . 21.3 20.5

o '
B -




e
?Z: ® -
B _
N
G v
£
ia‘:,‘
:
A
i Data Point No.
3 Inlet Pressure, - __
P, Psig
- ‘Discharge Pressure,

s . Volumetric Plowrate,

%%f‘ Q, ec/min argon
& . at 1 atm
2 @2 - pd), (atm abs)?

Bxit Mach Number

Inlet Pressure Loss,
APin' psig

B -Qutlet Pressure loss,
?; 8P5usr PSig
iF Reynolds Number

Priction Factor

‘ldiabnticlnischax%a
Temperature, “C
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Table 19: Preliminary Capillajy Test Data

Test Capillary No. 2

Capillary Length:

82.1 cm

Capillary Diameter: -0.0202 cm

1

1.3

0.0

! 806

1.23

.012

.002

.002
74
.234
25.0

2

10.3

13.4
1.89

.019

. 004

. 006
115
.148
25.0

3

16.2

24.0

3.42,

.034

.009 ©

.018

206
.083
24.8

Gaé: Argon
Temperature.:
4 5
22.0 28.2
0.0 0.0
38.0 54.0
5.23 7.52
.054 .077
.020 .034
. 046 .093 .
326 463
.051 .036
24.4 23.8

" 25%

72.0
1001

.102
.053

.166

618
.057
22.9

)

39.8

o.o

92.0
12.7

L1311

.078
.271

789
.021

21.6
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. ' . Test Capillary No. .2

¢ Capillary Length:
N i ) .Capillary Diameter: 0.0202 cm

Data Point No. ~

Inlet Pressure,

LR ‘?i: psig
. Discharge Pressure,
) P,, psig

o Volumetric Flowrate, .
’ Q, cc/min argon
e at l-atm

Lo A":",‘;"

2

-

gp% - p3), (atm abs)
Ex&ﬁ Mach Number

Inlet Pressure Loss,

8Pin,P8ig
Outlet Pressure .Loss,
% : ° Apvqft', ) pSig —

qugoldsaanbe;

:  Pric Factor
i . i
P atic Discharg

- - .Temperature,

e
C

- 46.8

0.0

117
16.5
.166

112
0.44
1004

.017

'19.6

82.1 cm

53.8
0.0

147
20.7
.209

.159
0.69
1261
-013 2

10
60.0

0.0

175°
24.8

.249
.207

0.98 _
1501

.011 -

11
70.0

0.0

210
32.2
.298

.263

1.41
1802
.010

Table 19 (Cont'd): Preliminary Capillary Test Data

Gas: Argon
Temperature:

12
80.0

0‘0

. 255
“40.5
.362

.347

2.08
2188 .
.008

1.0

259%

[~

13

14 °

90.0 ° 100.0

0‘0

300

49.7
-426

.203

2.89
2574
. 007

6.8

0.0

325
59.9
-462
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Table 19 (Cont'd): Preliminafy Capillary Test Data
- ’ .  "TPest Capilla}y’NOa 2

L . ) Gas: Argon
. ' Capillary Length:  82.1 cm Tempcrature:
< . Capillary Diameter: 0.0202 cm
‘®. pata Point Wo. .15 16 17 18 19
&' ."Inlet Pressure, )
. Py, bsig . 110 120 130 140 160
5 ' Discharge Pressure, ' ) ‘ .
E Pzr p'ig 0‘0 0.0 000 0.0 0.0 :
RIS -
% Volumetric Plowrate,
L Q. ce/min argon
. at 1 atm 338 356 380 400- 456
i+ (P2 - P3), (atm abs)? 1.0 83.0 95.9 109.8 140.2
Exit Mach Number .480 .506 .540 .568 .  .648
. Inlet Pressure Loss, .
P, ., psig .216 .222 .235 244 .280
' .Outlet Pressure Loss, _ _ J
1: ) ,‘" i Q“t' mg 3-66 e 4.06 4. 63= 5- 13 6.67
%éﬁfjﬂbrﬁulﬁs Number 2900 3054 3260 3432 3912
‘f_!‘:#éz’?“ . : .
2 priction Pactor - .008 .009 .009 .009 .009
i) - . .
Bk o " e w
0.0 -3.1 -5.8 -13.9

514
174.4
.730 : o

.320

8.47
4411

. 009

-22.7
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.typica*-output is shown in Table 20 ¥or flowmeter #H-1-B which
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Data from capillary #2 can be represented by the following
tﬂ-lltlon.. \ -

& a

v - . °
’ £ = 16/Re Re < 2300 (22)
£ = 0.009 _2300< ReC 8000  (23) °

.

Data from the larger diamster capillary agree well with the :
correlation presented by Pexry (67). ,
For design purposes, the following dependence of the

friction factor on the Reynolds number was assumed,

£ = 23/Re . Re-& 2300 (24)
£ = 0,01 Re » 2300  (28)

w

laminar regime, data from capillaxy #l1 were used as-the
ba®is because most of the meters to be used in this work will
have diameters closer to 0.1 mm than to 0.2 mm. A computer
program was written to predict the flow proporﬁi’l of capillaries

of known dimensions from Equations 18, 19, 20, 24, and 25. A

was used in catalyst teasting. rigurJ 9 ftcxt) shows a plot of
the !lOQ'ratc versus thoe supply pressure., ‘

A series of capillary dimensions was chosen and the
carresponding flow propcfticl calculated. A survey of some ?!
these preliminary design calculations is given in Table 21, where
capiilary dimensions, pressure Qropa. and Mach numbers at maximum
flow rates are given. Note that a wide range 6! gas fldwl can ba

controlled by these meters. With small diameter capillaries,

/
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Table 20: Design of Capillary Floumeter No. H-1-B

T ¢ . Length: 20 cm .

’ Diameter: 0.01105 cm

Discharge Pressure: atmospheric .
Designed for maximum flow rate of 100 cc/min argon at 25°C

4

Pata Point No. - 1 2 '3 K 5 6 7

. Plow . rate, cc/min ; \ : ‘
;o at 1 atm 10, 20 ) 30 60 70° 80 90

. -Reynolds Number - 158 316 195 ° 950 . 1109 1267 1425

i Exit Mach No. .052 .103 .207 310, -362, .414 .466

k.
¥ - - .
y - Friction Factor .145 ~+073 - " .048 -024 .021 .018 .016"

Inlet pressure, © . . - , *
p"ig' . B 2107 - L4 34.8 45-2 69.7 7606 8302 ‘ 89.‘

,".-_" ’ '2" : ' 2 ; 4 . N
S ‘$1 - le 2 . - .
- (atin ab$) < 5.2 10.4 . 15.6 32.0 37.6 43.3 49.2

Inldet Pressure - o
-"I.‘oss, psi ’ +.014 .043 .079 «224 .282 . .344 .409 -

% Outlet Pressure : ,
w ~ Loss, psi - .038 .153 .345 1.38 1.88 . 2.46 3.10
o= ratare, 'C - 24, 23 17 . 7 1 -5 -12 '

/'

> -
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S : Table 21: Summary of Flowmeter Designs t il
fe . Design No. ) Capillary Dimensions ~ Typical Flow Conditions . .
B diameter length Mach No. Inlet Flowrate B
X - o cm - ' at Exit Pressure, .
o .. : . psig . cc/min - C
e Voo | A\ “
%’“‘:‘ '; - t . 0. 02 2 °o 16 88 - 1 - .’ ;
e 0.02 10 : 6.08 ° 100 0.5 :
g? ? ¢.02 20 0.05 100 0.3
5 0.05 — 2 0.63 75 © 25
%ﬁ 0.05 10 0.21 91 . 8
& 0.05 20 0.11 21 P
: 0.09 ’ 2 , 0.79 51- 100 _
0.09 10 0.66 . 96 ‘84
- 0.09 20 0.39 100 50
4 0.13 - 2 0.86 38 230
0.13 10 0.86. 88 230
0.13 20 0.72 101 191
0.17 - 2 0.79 30 360
. 0.17 10 0.79 68 360
0.17 20 0.79 98 360
0.20 2 0.90 .33 630
£0.20 . 10 0.90 72 630
0.20 20 :0.90 102 630

Rote: Dischirge pressure of 1 atm abs was assun’ed for all desiogns.




flows of several cc/hr are feasible; with larger diameters flows )
of up to several iityrs/min are possible. In practice, high
flow rates would probably be handled by meters operating in the’
sonic rcgion.\

The initial data were screened and the process repeatsd with
new capillary dimensions and flow rates. After several runs of
the program, sgtficient data were available to select the capillary
dimang}}ns needad to construct the flowmeters for c;talyqt‘tolting.
The next step was actual construction of the meters. ] I

The glass capillaries are ;he most critical feature of the
flowmeters. The inside bore must be uniform and free from solid
deposits of any kind. Attempts to produce such a cablllary by
hand drawing a glass tube in a Bunsen burner were not successful,
Fortﬁhately a glasa-dfhwing machine was available and several sets.
of machine~-drawn capillaries were produced. The ipternai diﬁmoters
.of these were measured on a miéfoscope with a érayalling platform
and found to be uniform within 0.002 mm.

ﬂ!bvtcus workers ggfghis”project had experienced difficulties
in handling‘the frégii; glass capillaries., This problem was
- avoided in the current work by using a heavy-walled Pyrex c;;tilgry/
of 1 mm internal diamet&r\as the starting tgbe. Even when this
was Qrawn down to ;n internal diameter of 0.1 mm, it was still
strong enough to be easily handled. . ‘

Once the tubes were drawn, their internal diameters wor@

measured and found to be closs to, b&% not identical with,

- -143-
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" the diameters used in Eﬁo‘original flow calculations, The computer

_ program walaaqain used to predict what lengths should be[cut. The

capillarias were over-designed by 20% so that the required flow
rates could definitely be optaihed. The capillaries were cut to
'length and held inside a sf;inleus steel tube fitting with epoxy
'roain. A wad of Teflon gxlter paper on the inlet side ramoved any
‘dirt particles from the inco;inq gas. The entire assembly is
shown in Figure 27. | '

| The meters were assembled_&nto the flow control system
shown in Figure 6 (text) and calibrated under conditions identical
to those later used in the catalyst testiﬁg. This eliminated any
errors due to inaccuracies in pressure regulators and gaugea.'
Each data point was chacked at least four times to verify that
the calibration was accurate.

Table 22 lists the meters constructed for the cqtal&st tests

and compares design parameters- to actual performance of the meters.

Figure 9 (text) compares actual and predicted flow rates for one

of the meters.

I
¥

. . ' 4
A special spline fit interpolation propram was written to W

. i
‘intofpolate between the data points. It prdved to be more

accurate than aeveral standard polynomgal intetpolation methods.
The output of the program was used exclunivaly for obtaining the
proper flow rates during the experimental work, thereby eliminating

the errors associated with reading data from graphs.
j .
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X Table 22: Desxgn Paramet:ers for Capillary Flowmeters
Used for the Raney Catalyst Tests .
- g , - Composition of Pinal Gas Stream: 0.3% mitric oxide . ) .
-t ) S 0.6% ammoria
- ) balance argon
Space Velocity Range: 30 - 3200 hr-1l " *
Total Flow Rate Range: 3 - 320 cc/min
Meter No. . . H-1-A ’ H-1-B H-2-A -
i daximum Flow Desired ) ’ ' ) s
g at 100 psig Supply, cc/nin 80 80 160 ) R
Gas to be Metered argon '1.2% NO in argon 1.2% RHy in argon - .
Design Parameters ‘ ) - ; .
Max. Plow, cc/min at 1 atm . 100 100 192 A
. Gas Supply Pressure at Max. ~ o
: - 95 95 - o 101 . . % -
- “20° . 20 .~ .20 s -
E? » llos ' - 1195\ - . - 13
X . . ,» ) ,
+ B - . A/ . B l’:
s 19.3 . 20.0‘ ’ - 20-0 :r"‘:‘
-1105 + .001 .1105 ¥ 0010 ! .13 % (o005 S
91 . 85 170 Ll
100 ' 100 94 N
) ’ .




. ' Appendix B: Chromatographic Analysis

A Hewlett-Packard FaM Model 700 cixromtograph wu modified
in the following ways to make analysis of the micrornctor
products and reactants easier and more accurate.

. . To permit isothermal operation at -80°c,~ the columns were
removed from the normal location §nside the chromatograph oven ‘
and wound ’into seven~inch diameter coils held outside the chromat?-
graph and connected to it with 178 in outside diameter stainless
steel tubing. This allowed canplete imersion of the columns ‘in
a dry ice, acetone bath at -80F’C.

. ' Fritted glass filters were placed in the helium lines just
before the detector to prevent particles from reaching it. This

action was taken after a serious noise problem with the detector

, output appeared during the initial tast work. Fines from the

|=

catalyst bed in the microreactor had worked their way through

the system and lodged on the detector filaments where they were
- /
clearly visible under a microscope.

'rhg heliuom supply to one of the columns passed through two
:le.ng valves to allow accurate and reproducible gas sampling.
Ammonia, water, .n:ltrous oxide, aqd nitrogen diox:l.dc‘ were removed
from the gas samples ahead of the columns by an adsorbent bed
‘“.“'“ T :tn the helium line. B

The gas sampling system is shown in more detail in Figure 28.
The reaction mixture passes through one sample valve, the micro-

S
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reactor, anotimr sample vglvg. and finally out to vent into a
fumehood. Simultaneously helium from the chromatogr.aph is
flql:lng through both sampling valves ‘and returning to the
chromatograph. When the plunger of one of the sample valves is
pushed, the c?ntents of the sample volume are flushed into the . e
helium line and flow to the clromatogeaph.

To separate oxygen And argon, the columns were immersed in
a dry ic; acetone bath Qt -80%C. The sample was taken after the
banéline was steady. 7Two minutes after’ the maximum of the oxygen .
peak, the dry ice acetone bath was replaced by an acetone bath at
room temperature to return the colufnn temperature‘ to 25°C for the
nitrogen to elute. ,

During catalyst activity measurements, the re§ctor inlet
gas was analyzed from sam;’wla volume #1 and the reactor products
ftom sample volume #2. Operational variables of the chromatograph
are listed in Table 23. Typical chromatograms are illustrated in
Figure 29.

Peak heights and retention times were very reproducible.
For example, the standard deviations of the peak heights for
repeated analﬂyses of air samples were less than 1.5% of the
mean peak heights.

The design of the adsorbent bed wa's based on the work of
Joithe, Bgll, and Lynn (48) who used Molecular Sieve 13X at
room temperature to remove nitrogen oxides from a gas stream.

They demonstrated that molecular sieves have a high adsorptive \.
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% Table 23: thromatograph Operational Variables ' V
. ) )

N\

Chromatograph: F&M Model 700 ~

3 ' Detector: . : Thermal Conductiwvity Type WX ot
' u Filament Current of 175 ma -
— . . ¢ Detector Temperature of 110°C

§u

Carrier Gas: 50 éc/min helium, reduced Eo 25°C and 1 atm’

. . Columns: 10 £t long x 1/8 od.stainless steel 316 ‘
‘ Molecular Sieve 5A packing
Conditioned at 300°C in helium flow for 24 hxa
. ’ Operating Temperatures:
’ 25°C _normal
-80°C to separate 0, and A

-0§T~

Sagpling Valves: _ varian Aerograph Model 57-000034

e - Sample Volumes: ' 4.5 cc 'normal

B . ] . 0. 26 cc and 0.75 cc used for speczal purpcses

'Retention Times: T For a sample volume of 4.5 cc )

) _ .0, and A: 2.6 min"at 25% - ) ’
N5: 6.4 min at 25°%
03: 16.6 min at -80°C
A: . 12.2 min at -80°9C

NO: : 13 min at 25%% .
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. ‘. capacity for niti'oqon &1coxide‘. but essentially no capacity for
adsorbing nitrip.oxido by itself. However in tﬁp presance of
oxygen, molecular sieves cataiy;e the conversion of nitric oxide
to nitrogen dioxide which is then adsorbed. *

' Molecular sieves also have a gaod capacity to adsorb
) ammonia, nitrous oxide, and water. This indicates that ammonia,
nitrous oxide, and water will be selectively removed from a gas
stream containing ‘argon, nitrogen, nitric oxide, nitrous oxide,
and water. Whenever' oxygen is presént in'the sample, analysis
for nitric oxide will not be possible. This problem might be

avofded by operating the bed‘at a low temperature where the

catalytic conversion of nitric oxide to nitrogen dioxide may not
. occur. |

The adsorbent bed was constructed from % in outside diameter

stainless steel 316 tubing packed with Molecular Sieve 13X, ”It
was designed to have a mass transfer resistanée and residence time

similar to the bed used by Joithe (48). Bed characteristics are
listed in Table 24. - \
The molecular sieve packing was replaced after every hundred |,
samples to prevent bed saturation. Actua; bed capacity is at least

\\

several times larger and depends on the sample size and composition.

In preliminary test work, deliberate saturation of tl;e bed v;aa i

easily 1denti‘tied by distortil;n of th; argon and nitric oxide peaks.
;x‘ho overall chromato‘gt:apliic“ analysis systém perfor/mmd well

over a period of six .months. Analyses were rapid, routine, and '

. ipcurate .
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. . Table 24: Adsorbent Bed Characteristics . . s
« ‘ L - p ) X . R c - - )
‘Length : 6 in . - . ,
- ' Outside Diametér: . 0.25 in T ‘ _ o T
i - Ll
s » ‘ N . Ty B
Inside Diameter: . 0.146 in ) - ) .
Volume: ' 1.46 ml , : T
; " .
Weight of Molecular Sieve - - ’ . . H
; Type 13X Bed: 1.55 ¢g \ . . = A
. ‘Operating Temperature: . 25% . ' . S
T ) ' . e . , T .
Ej; S ‘ Operating Pressure: 10. psig (approximately) - -
A N P ) J . ) ° .x‘ Cy .
e ‘ Carrier Gas Flow Rate: 50 cc/min helium reduced to 1 atm © . :
2t . - N [+] - . A
x.‘,;'. e " ] Lt . - . v md 25 C 4 . .n N L
Sl t Residence Time in Bed: 3 sec ) . Lo
§%“wi—’-.i ':": 1 R t - ’ 5 N * ‘::)
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Appendix C: Preparation 6flsilica Support .For Raney Mei:all°

'Thg fdllcwinq standard method was used to prepare 5% by
weight Raney metal on silica catalysts. The yield is approximately
85 g of cataiyst. all ge&lation. mixing, and settliﬁg are done

o t

at the roam temperature of 25%1%. |

. a) Measure out 5 g of dried active Raney metal and place in the

bottom of a Waring Blendor. o I \
b) Add 182 cc of Ludox HS-40 cglloidal silica. Mix with a N
glass stirring rod to wet the metal with the Ludox.

c) Turn on the blendor. Leave for 1 min at low speed épd for

a
4

1l min at high speed.

Y

d) Turn off the blendor and transfer its contehts to a 400 ml '

]

A

beaker. Ly
e) Place the agitator of a Fisher Dynamix stirrer below the
, liquiq surfacé and turn on the mixer.

f) wWait 2 min; then add 35 cc of 1IN hydrochloric acid to

neutralize the Ludéx. Test with indicator paper to verify

(4
K

that the pH is between 6.and 7. *° .

-

The solution-will thicken as gellation occurs and will start

to climb up the shaft rotating in it. " )

\

g) When the liquid vortex about the rotating shaft has disappearsd
and the liquid suxface is approximately ‘horizontal, turn off .

'Y

the agitator. : _ o

- - =154~
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The gel time is affected by the nature of the Ranay metal presant.
Table 28 lists the gel times for all the Raney metal catalystsa
prepared. After gellation the liquid is sufficiently viscous

that the Raney metal particles will. not settle out.

4

h) Pour out the liquid into a 6 in x 9 in alumigpmlpank °

i) Let settle forﬁl hr and then score the surface into 1 com
~squares with a sharpbknife. ) !

%) Let settle for one day. _

’ k) Dry fox two days at 60°C in a draft oven with air flow.

1) ‘Increase the temperature in the oven to 120°c’ and dry for
two more days. _

m) Remove from the oven. . -

n) Crush the catalyst into small particles and~sep$rate out
the +20, 20-35, 35-80, and -80 fractions ;n Tyler sieves.

o) Oxidize overnight at 350°C in a muff}e furnace in the presence

of air.

i =
p) . Remove from the furnace and cool to room temperature.

q) QPlace in ‘a-vacuum oven andnevacuatengp a pressure of iéss
n thaﬂ 1 torr. \
r) Heat to 200°C for 2 hr and then turn off the heat to allow
the catalyst to cool to room temperature. ) *
s) Fill the oven w;th;afgon.and than remove the catalysts.
t) . Resieve the‘ 35-80 mesh fractidh and stbrg in a sealed jar .

Ebr activity tésts., - , , ' - f




-Aéﬁondix D: Propcrttct of cabquil,runnd SilicOn Diﬂ**d.m

and Ludox Colloidal Silica . - .

\ /

. A i
Table 25: Properties of Cabosil. Fumed Silicon
Dioxide Grade M-7*

,8ilicon Dioxide Content: +99% ' ,
Nominal Particlé Size: - 0,012 microns

‘Spacific Surface Area: 200 m Aa -
Bulk Density: 4 1b/ft

*Manufactured by Cabot cOtporation, Massachusetts

Table 26: Propertips of Ludox Colloidal Silica (
‘ : Type 11S-40 (26)
B Stabilizing Counter Ion: Sodium . L
Particle Size: 13 - l4am
Specific Surface Area: 210 - 230 m2/g
Weight Parcent Silica:
" pH at 25°C 9 1 ,
Titratable Alkali, ) 1
. Calcd., as Na,0, Wt $: . 0.43 i
8i103/Na,0, by Weight: 93
Chloridos, Weight §, ’
Calcd. as NacCl: , 0.01 ]
Sulfates, Weight §, - )
Calcd. as Naaso 4! 0.06 I
Viscosity at 25 ‘ 17.5 op ~ ) -
- Weight/Gallon, at 60°F; 10.8 1b B
. \ 3 S
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Appendix E: Preparation of Active Raney Alloys
(A) Experimental Method

The coQEEf:ﬁickel-aluminué alloys were leached inside a'
1 liter round bottom Pyrex flask partially immersed in a large
water bath as shown in Figureé 30. A temperature controller
maintained the bath at 501.2°C. A three-necked flask was used

to facilitate agitation, temperature measurement, escape of

~

The alkali solution addition was controlled by a valve 6~ ———
the discharge line from the’ supply resevoir. ‘The evoived hydrogen
escaped up one of the necks of the flask to a condenser which
removed the water vapor., It then flowed to displace the water

inside an inverted 20 liter tank. Total hydrogen evolved was

read from the tank level.

THe temperature of the solution was measured by a thermometer
which eﬁtended through one of the necks to below the liquid level.

The 1iquid was kept agitated by a Teflon stirrer at the end of a

Pyrex glass shaft which passed through an o-r;ng seal in the

central neck of the flask. The shaft was driven by a Fisher
Dynamix stirrer. ;
The following procedure Qaq used to leach the Raney alloys:
a) . Turn on the temperature controller and allow the water
?ath to reach §0°C.

f'
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APPARATUS TO LEACH RANEY METAL ALLOYS
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FIGURE 30:




b)
e)

)

£)

g)

h)

i)
3

k)

1)

m)

Measure out 30 g of copper-&iékel—aluminum afloy into a }
clean aluminum pan. ' . :
Pour the metal powder into the three~necked flask. D& not
spill any metal on the sides of the flask. '

‘Rinse all the metal powder down into the bottom of‘ﬁhe ‘
£lask with 180 cc of distilled water.

Lower the flask ihto the water bath until the liquid levael
inside the flask is well below the water level of the bath.
Insert the agitator into the flaék. The flask, agitator,
shaft, and drive must be properly aligned. } Y
Pour 120 g of 50% by weight aqueous sodium hydraxide solution

into the alkali resevoir. Place the resevoir onto one neck

of the flask with the discharge valve closed.

t

Into the rempining neck of the flask insert tﬁe thermometer

and the outlet to the condenser and collection chamber.
{

Turn on the cold water to the condenser.
Check that all glass joints are properly sealed. Apply

vacuum grease to the fittings if necessary.

-

¥

Turn on the agitator. ' ~ . ~

\\

Apply a slight positive air pressure from the discharge line
and inspect the system for 1§mks yit& a soap solution.
Proceed if there ére no leaks. |

Vent the air press&re and place the discharge ‘line from the

- condenser beio&hthe 20 liter collection chamber which is

A +

: hald\full of water in 5'zink. ™~

-
a

l Y, [ .
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n) Allow the temperature of the liquid in the tlg-k to rise to ,
50°C. ,
o) When the tamperaiure is steady at 50°c, add alkali solution
according to the following schedule, ‘
) Time, min Total volume of -
’ ‘ NaOH 50% soln. added, ml
' 0 i 2 .
s : 8 4 '
16 6
24 8
32 o 10 \
40 : 30
42 . 50 ‘ !
44 ) 70
46 ., 90
. 48 ' 120 ) -
. ! N .
.- After each ﬁlition of alkali,‘record the temperature, the
volume of hydfogen evolved, and any other observations of
4 e
\nterest. , 3 ) N

pP)  Allow. the contents of the flask to digest at 50°C until

L

1% hr from the start of the alkali addition.

This concludes the leaching pr&cedyre used to prepare the
Raney metals. The active metals were then immediately washed as
follows, ‘ ‘ 7 i
a) Rinse out the contents ‘of the flask with 1 liter of distilled
water into a 3 liter glass beaker. ’
/ b). Agitate the contents of the beaker with a stirrer whilo
bubbling oxygen through a fine glass nozzle ‘near the bottom
. of the beaker at a rate of 175 cc/min,
o ) 2

-160- . /
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c)

q)

e)

£)

A \

After % min turn off the agitator and the oxygen flow.

Pad

Allow the suspension to decant. S "
After 10 min the Fanéy metal should nave settled to the
bottom of the flask..’Remove the water with a small vacuum
aspirator. ”Tesf the wash water.wiéh pH paper. )
Add 1 liter Sf distilled water to the beaker and repeat
steps b, ¢, and d. .

Wash the catalyst a total of seven times. After the fifth

wash, the wash water should be at neutral pﬁ.

This concludes the washing sequence used for the Raney

métals. The active catalysts were then dried and stored as

follows,

a)

After the final rinse, decant and remove the water as usual..

Then add a small anount of distilled water to the 3 liter

b)

c)

a)

e) .

beaker and rinse the Raney metal particles into the bottom
of a 6 in by 9 in aluminum pan. .

Allow the suspension to decant and remove the excess water
with the vacuum aspirator. .

Place in a draft oven at room temperature and gradually
increase the temperature to reach 140°C at the end of 24 hr.
Remove from, the draft oven and &;y in a vacuum oven at 210°C
for 4 hr at less than ] torr absolute pressure,

Turn off the heaé to -the vacuum oven and allow the Ranay
metal to cool down to room temperature. Then admit argon

)

gradually to proséupize the oven to atmospheric pressure.

~«161~




five percent. The fraction of aluminum leached was calculated

as a perceﬁ% of the total meﬁal_present. The following observations

e

& - . /

f) Remove the Raney metals from the oven and store in sealed

glass bottles until use.
(B) Results

The wolumes‘of hydrogen evolved when the copper-nickel- |,
aluminum alloys were leached are listed in Table 27. Duplicate

determinations on Raney copper and Raney nickel agreed within

from the hydrogen evolution according to the stoichiometry of
/

Equation 8. The fraction of active metal in the final ,catalyst

was calculated as the total weight of ‘copper and nickel expressed
/ . :

of the leaching process are worth noting.

Most of the hyd}ogen evolution occurred during the first

H

40 min of leaching. Reaction was rapid when alkali was added and |

) were evolved in concentrated alkali.

~alloys AR-Ni, R-Cul25, and R-Cul75. .However, alkali addition for

gradually slowed down until the next addition of alkali. This
7
showed that the alkali was quickly consumed when added; most of
. / !
the hydrogen was evolved in dilute alkali while the final amounts

The wide variation in alloy reactivity towards the alkali
necessitated a slight change ia the leachinq procedure. The

standard leaching procedure just described was followed for

\ ¥
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R-Ni
R-Cul25s
R-Cu250
R-Cu375
R-Ca
R~Cu

Table 27:

Alloy

R-Ni-A .
R-Ni-B
R-Cul2s-
R-Cu250

R-Cu375

. R=Cu~-a

R-Cu-B

liters

Reactivities of Coppe

.Volume H evblved,
at 259
and 1 atm

2

16.0
15.2

- 10,0

9.0
11.2
19.0
19.8

. % Aluminum
»Leached

r~Nickel-Aluminum
Alloys Towards Alkali Solution

Catalyst
Produced

-y

79 -

75

50, ..

45

56 ®
94
98

% Active
Metal

.83

80
67
64
69
94
98

-
< ~ 43

]
Ao
X
[

-

.
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‘described in Appendix C. In each case, 5 g of activated Raney

, metal was supported on 95 g of silica. Gel times of the Ludox

R-€u and R-Cu250 was more gradual. The gtandard procedure of
adding 2 cc of alkali every eight minutes at the start of the
keaching was changed to adding 1 cc of alkali‘every four minutes.
\@his\was necessary for alloy R-Cu because it reacted so rapidly
ﬁhat large volumes of hydrogen were generated in a short time )
and the temperature of the suspension rose from the heat generation.
‘Although alloy R-Cu250 did not evolve hydrogen rapidly, it did
have/ a pronounced foaming tendency which became sevére during /
rapid hydrogen fo;mation. The more gradual alkali addition
resulted in better control of tHe process in both cases.

Alloy R-Ni was evolving hydrogen at a rate of less than
1 cc/min even at the end of the ninéty'minute leaching process.
It continued to evolve gas even during the washing sequence.

This phenomena was not observed with any of the other allogys.

In these other cases, the hydrogen evolution ceased after sixty

minutes of leaching, but the alloys were allowed to digest for
the full ninety minutes. ‘

In a small scale test, 3 g of alloy R-Cu250 was leached in
boiling alkali. Only 42% of the aluminum was removed; this
confirmed the low reactivity of this copper-nickel-aluminum alloy.

The leached alloys were supported on silica by the method

suspensions of the activated catalysts are shown in Table 28.
/ :
Note that the presence of copper accelcrated the gellation
process. This indicates tho presenée of at least traces of -

copper ions.
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K . During the gelling and drying processes, slight colors
‘ appeared on the surface Qf some of the gels. Most _at thn; ! - 1 ‘I
! colors disippefxfed/on overnight oxidizing at 300°C. They . ’
‘ indicated .the p,re‘nance of traces of copper and nickel chlorides.
One unusual observation was that alloy R-Cu250 d;d-:‘iot mix ,
wall with Ludox during i:he support procedura. However, it was *, |
effectively dispersed by milxing for an extra ten minutes in .
the Waring Bland;:r and appeared normal’'in further processing. "
This abnormal pehavioux;.' may be relatad to the low activity of ’
the catalyst. ‘ - _‘ ' ]
. /
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Appeﬁdix F: Prephration of Nitrate-Based Mixed-Oxide Catalysts

3

g The following piocedure was followed in the preparation
of all the nitrate-based mixed-oxide catalysts., The yield is
approximately 85 g of supported catalyst with'1s by weight of

o

active matal. < /“‘ !

i
I

a) Prepare the following two metal nitrate standard solutions.

Solution A: 37.2 g of Cu(NO .6H O in 200 cc of distilled

32

> water: 29.65 g of solution contains 1 g copper '

Solution B: 39.84 g of Ni(N93)25H20 in 200 cc of distilled
water; 29.96 g of solution contains 1 g nickel
b) Mix together sufficiegt volumes of solutions A and B to
/contain 1l g of metal with the des{red proportions'of copper,
and nickel.

c) Measure out 190 cc of Ludox HS-40 and pour into the Waring

{
§1endor.

d) Turn on the bilendor; leave for 1 min at low speed end 1 min/
at high speed. -

e) Turn off the blendor and transfer its contents to a 400 mﬁ s
beaker. - . ’ -~ -

£) Place the aqitator of a Fisgher Dynamix stirrer below the
liquid surface and turn on the stirrar.k 5

'é) Wait 2.min; then add 10.5 cc of 20% acetic acid to neutralize

.the Ludox. Test with indicator paper to verify that the

\

pH is between 6 and 7. -

™
/ N /

-
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h)

1)

3)
k)

1)

n)

’o)

P)

Q)

r)

8}

The suspension will thicken as gellation occurs and will
! AN

Wait 1 min, th‘h pour in the mixture of th; metal nitrate

solutions.

!

" start to climb up the rotating shaft. ,

Al

When the liquid voriex about the rotating Shaft has disap;:ared
and the liquid surface is approximately horiszontal, turn off
tﬁe agitator. .  \
Pour. out the 1iquid into a 6 in x 9 1& aluminum pan.

et sattle for 1 hr and thon score the surface into 1 cm
squaras with a shafp knife. ’

Allow to settle for one day.

s at Gobcvin a draft oven with air flow.
Incrgasa Ehe temperature in the dra
dry for'two mére days. Q

Remove from the oven and allow to cool.

‘Crbgh the chtalyst into pieces and separate out the +20,

20-35, }&‘80.’and -80 f;ﬂﬁtions on‘?ylbr.siev 8..

.Oxidize for two days at 400°C in a muffle furnace in the

; '

presance of air. )
Remove from the furnace and coot to room temperaturae.

Place in a vacuum oven and evacuate to a preassure of lgil
than 1 torr ahuoluce. Heat to 200°C-for two hours and then
turn off the heav 'to allow the catalyst to cool to room
toﬁperatu:e. Fill the Gven with argon ahd than remove the

catalync. .

Reliave the 35-80 mesh tragtion and store for éatllylt toytlf

) 6,
|\ t M !

A

. !
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Ap;ondix G: Definition of Conversions

a

The reactor feed gas of nitric oxide and ammonia'in'aréon

may undergo the following reactions,

6NO + 4NH; ——> 5N, + 3H,0

- BZiii 2NHy ———= 5N,0 + 3n20

@
(3)
(10)

\

2NH ————

Nz + 3H2

first two reactions.-

\

—
e CNO)yy, - C(NO)gue . . :
, | Cox(e) = —2 == x 100 (26)
L cNo)ih Ty
“““--_Lmﬁqg~m~_*‘:hu -
c(i) ia\ng concentration o onent in mole percent.,
: Let Y be the fraction of the nitric oxide in the feed that ——
is reduced to nitrogen by Reaction 2. If no ammonia decomposition
is oceurxing, Y can-be calculated directly from the concgfitration
; of nitxogen in the reagtbr product gas. Ty )
AR SRR . ) x
: - C(N,X 6 moles of NO destroyed (
VL p(y) w2 ouE - x 100
. C(NO) 4, 5 moles of N, produced . .
ClNYgut - -
- ( 2)out x 120

oxide concentrations in the reactor feed and product gases.

o /
Let X be the fraction of inlet nitric oxide destroyed by tife

It is calculated directly from the nitric

ctNoYi, —— .
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\ /
| Let 2 be the percent of nitric oxide in the feed which
T ————_ _is converted into/nitrous oxide by pa#ction 3. .Then,
o T Zex-y ' . - (28) ..
: (28) ¢
. let the product distribution ratio, R, be the fraction )
. N §
of nitric oxide destroyed which is reduced«§é nitrogen, Then,
' . et
\ é ) ) oo
R(3) = 100 Y/X : (29)
-\ If ammonia decomposition is ,occurring, then only nitric '

m.

oxide destruction can be computed accurately. However an upper

EA

" Iimit to the conversion of nitric oxide to nitrogen, .Y', can b&’ - :
3

calculated by assuming that all the nitrogen found in the reactor
4y - . ‘.
product was produced by the reduction 6f nitric oxide with ammonia *
) ’ T Py
and using Equation 27. This hypothetical conversion may exceed v
N ’ ) o
100% if ammonia decomposition is significant. . . AL
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. >
.- | Appendix H: Calculation of Raney Catalysf; Bed Weights {,
All the supportéd catalysts ‘cont';ained 5% by weight Raney
metal on silica, but the content ofv aluminum in the Raney metal
\(aried. ) Aluminum is not known to catalyze thé,reaction. To
maintain a constant weight of acti;qé metal in the bed, the amount
- of the supported catalyst was varied and silica support. added
to keep a constant bed weight of’ 2.5 g. Catalyst R-Cu250 was °
chosen as the basis because it contained the mpst aluminum. The,
calculation of activé metal cqnt;ht of the ‘Ranay metals is

~
™y

illustrated below; results are summarized ,in Thble 29,

N

A\ . ! .
(1) Calcul“atuien of weight % active metal in catalyst R-Cu250

. : . ,Basis: 100 g.of alloy R-Cu250 / K .
” " wt of Al presant — - .= 50.g o
wt of Cu present  =25g | -
‘wi mof Ni present ‘ - 25 g

From Table 27, 45% of the aluminum was laached. The weights
- / L
of metal present in the activated catalyata are the follawinq,

wt of Al = 50 g x 55--27.59 :

. - .
~ , wt of Cu © = 25 g o
wt of Ni . | ‘= 25 g | s
total wt pf metal s g 1
we of (Cu + Ni) - - =S0g ) )
.  wt % of active metal in R R
® ) B leached alloy . - = 100 X 80/77.8 ~
- . 2‘ ETH N .
NNNNNNN N - R .
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o
. - '™~ The maximym bed weight which can be conveniently tested in
the microreactor is 2.5‘g. This‘was chosen as the standard béd

weight for all catalyst tests.

] .
(2) Calculation of weight of active metal in 2.5 g of ’ =

catalyét“R—CuZSO
wt § Rane§ R-Cu250 on silica = 5%

. " wt & (Cu +Ni) in activated’

"

/ catalyst R-Cu250 64.3%, ’
. wt % (Cu + Ni) on silica = 5 x .643 \
= 3.22%

¢ R )

: " wt of (Cu + Ni) in 2.5 g catalyst .

‘ : ‘ ' bed = 2.5 x 0.,0322 .

| ® | = 0.0806 g
The bed weight of all other catalysts was varied to give 0.06_06 g
of active metal, (Cu + Ni). The calculation of this famount is ’

E i‘"ii\}ééfated for catalyst R-Ni-A. ' g

— T

(3) CAIculatzon of. bed wedght for catalyst R~ ;-A

_ from Taple 27, wt 3 aduminum leached - 79% /’

as before, wt % | + Ni) in. leached allo = 82/.6! \
[ y m‘*wlﬁaw

/ ?
G

,'r

metal on gilica = 5 x .836

‘e 0,0806 / 0.0413 = 1.95¢g -
[\
wt of silica-support required to increase bed/
T © - wk to 2.5 g = 2,5 - 1,95 "= 0.55 El

'
- s . 4 &
- .
s B
. .. .
.
.
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= Table 29: . Calculatiens of Raney tetal Catalyst Bed Weights
Catalyst - Aluminum Active Metal % Raney % Active Weight , Weight
. "7~ Leached, $ In Raney Metal Metal on Metal on Catalyst Silica
- - s Silica ' Silica Bed, g -
B-Ni-A BN~ - 82.64 - 5 4.132 1.95 \ +55
R-Cul25 50 66. 49 5 3.325 .42 .08 -
' 45 64.31 . T5—- , 3.215° 2.50 .00
> . 69.25 . 5 . 3.462 2.32 .18
“ 94 . 94.34 5 4.717 1.70 .80 °
' - v Ko‘t.e. For a:ll catalysts; the total bed weight was 2.5 g and’ * -
o~ the weight of active metal in the bed was .0806 g.
- -, T. —
,:s . j - t;- .' - ! ‘ : ‘
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1)

2)

3)

4)

5)
6)
7)
8)
'9)
1)

12)

10)
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