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THE CATALYTIC REDUCTION OF NITRIC OX! DE \UTH 1\MMONI1\ 

--
ABSTRl\CT 

".- The rcduction of ni tric oxide wi th ammonia was studied 

over twa series of copper-nickel catalysts supportcd on si1ica. 

1\ctivities of Raney alloy catalysts are low; the tcmperature 
l ' 

had to be raised to 3500 è to achieve significant conversion at 

a space vclocity of 500 hr- 1 • Activities of nltrate-based 

mixed-oxide catalysts are much higher; these are activa enough 

to justify further investigation with a view towards possible 

commercialization. lIigh conversions werc observcd at 1500 C and 

a space votocity of 3000 hr- 1 over these catalysts. 

The experimental data dcmons~rate that alloy composition 

is an importal\t variable and that alloy formation ia an important 

technique to preparè catalysts for nitrogcn oxide reduction. 

by John William Nalker 

Department of Chemica1 Rngineerinq 

MO:;ill Uni versi ty 

'Harch 19, 1974 

M. Enq. 
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• La réduction catalytique de l'oxiqe nitrique par l'ammoniac 

R~sumé 

La réduction d' oxide ni trique par l'ammoniac a étè 1 

~ ~tudi'e en utilisant deux groupes de catalyseurs de cuivre 
i 

et de nickel sur un support de silice. A cause de la basse 

activité catalysante des a11iages de Raney, la température a 

,.. '" '" , '0 ' . du etre augmentee jusqu a 350 C pour attelndre une converSlon 
e 

significative à une vitesse spaciale de 500 par heur~. L'activit~ 

des catalyseurs ~ base de nitrate est aSsez haute pour justifier 

une enqu@te plus approfondie en vue d'un développement commercial 
" 

possible. En utilisant ces catalyseurs, de hautes conversions 

ont été observées à lSOoC et à une vitesse spaciale de 3000 par 

heure. 

Les données expérimentales montre que la composition de 

l'alliage est une variable ~~portante et que la formation de 

l'alliage est une technique essentielle dans la préparation 

des catalyseurs pour la réduction de l'oxide nitrique. 

par John William Wa1ker 

.. d G~' Chimi Département e enle que 

Université McGi1l 
!II 

. ., Le 19 mars, 1974 
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FOREWORD 

This thesis was written in partial fulfillme~t of the 

requirements of the Ma~'ter of Engineering Degree at McGill 

University. It is based on research undcrtaken by the author 

under the supervision of Prof/ O.M. Fuller and Dr. N.E. Cooke 

at the Department 9f Chemical Engineering. Financial support 
t • 

was provided by a National Health Grant. 

The reduction of nitric oxide with ammonia has been 

studied by othEi!r inves tiga tors. However, none has rneasured the 

acti vi ties of Raney ca talys ts for this reaction, al though Raney 

metais have proven active for other reactions. Neither have 

alloy catalysts been test~d for nitric oxide reduction ~ith 
, 

ammonia. Since ailoy formation is a pow~ful technique in the 

prepara~ion of active ca~ts, its investigation was undertaken 

in conjunction with the Raney procedure. A second set of~ed­

oxide metal catalysts were also tested. Activity measu'cements on 

both series of catalysts demonstrated the importance of metal 

composition to activity and selectivity. 

In the course of 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 la~nar flow • 
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Section 1: Introd~ction 

In the m~~facture of nitric acid, nitrogen dioxide i9 

absorbed by water to form nitric acid and nitric oxide in the 

\ ; , 

.. f ina1 absorption tower. The ni t,rIe oxide then reacts wi th oxygen 

to form more nitrogen dioxide and the cycle is repeated. At Low 
" ' 

con~entrations of nitrogen ~xides, the 'rate of absorption falls 

and complete removal by absorption is imposslole. 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 concentrations must be kept low by 

venting the gas through a tall stack. 
" ). 

Processes based on ca~alytic decompositi9n, on adsorption, 

and on absorption- have been proposed "for ni trogen oxide removal 

(6,8,20,91) • l-H th the exception of adsorption on molecu lar sieves, 

none of the sorption processes appear commercially feasible. 

However, catalytic reduction is a promising method of emission . ' 
f :- ~ : 

:ontrol. Non-se2ect-ve processes, such as the reduction of the 

tail gas with n ur ~ gas, are not'entirely satisfactory: the 

b~ata1ysts are ex ve, gener~lly have a short life, and the 

oxygen reacts preferentially with the fuel. For economic reasons, 
~ ) 

the usual practice is to recover:'\~~~l'Power to pay for the fuel 
, ' 

used in burning the oxygene 

Ammonia can reduce both nitric oxide and nitrogen dioxide 

to water and either nitrogen or nitrous oxide. 
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,~ l.) 6N02""+ SNH)" ~ 7N2 + 12H20 (1) 

6NO + 4NH) -.... 5N2 + 6H20 
It 

(2) 

aNO + 2NH3 ---- SN20 + 3H20 (3) 

It can a1so reduce oxygen with fo~ation of ni trogên and water. 

(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 rather than with oxygen is desired. 

The selective reaction can be promotedi so cata1ytic 

reduction with ammonia is a promising me~hod. Anderson, Green, 

and Steele (6) investigated catalysts an~~ for both the 

selective and non-selective reduction of nitrOge) oxides with 

ammonia. Effective catalysts include platinurn, palla~, 

ruthenium, cobalt, and nickel. Supported platinum i5 supe~ior 

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 sul fur and 

because the presencp of nitrogen dioxide results in a 1055 of 

activity. Non-noble metals and metal oxide catalysts have also 

been tested by other investigators, but none possesses both the 

hiqh activity and resistance to poisoning required in a commercial 

catalyst. 
, . 

Cooke, Fuller, and Pitb1ado (20) completed a prelirninary 

study of the selective reduction of nitrogen oxides with ammonia 
1 

at the Department of Chemical Engineering of MeCill University 

-2-
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under a grant from the Quebe'c Departrnent of Health as Project 

Number 604-7-695. A series of commercial catalysts was tested, 

iheluding vanadium oxide and platinum eatalysts whieh were claimed 

to be active f~ the reaetion. The reactor feed was 0.8\ nitric 

oxide, 0.8\ ammonia, 4.4\ oxygen, and 94\ argon. Reactant and 

product compositions were measured on a chromatograph. Results 

eonfirrn that copper, platinum, and vanadium oxide are among the 

catalysts active fOf1the selective rea~j..on. lIowever, extensive 

testing was hampere~bY difficulties in the chromatographie 

analysis. 
. 

The present investigation fs a continuation of tthis pre-

liminary work. The overall objective is to ùefine a selective 

proeess 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 
,.-

reactor. 

As part of the overall objectives, ~he preparation and 

testing of specifie catalysts are being studied with emphasis on 

non-noble metal catalysts whose activities for the reduction of 

nitrogen oxides with arnrnonia have not yet been measured. 

The objectives of the work reported in this thesis are more 

limi ted. 'l'wo series of non-noble metal catalysts \"ere prepared 

by a novel method for this reaction and their activities for the 

reduetion 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. 

-3-
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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 sorne metai oxides .are active. The study 

of metal catalysts was continued in this investigation. The 

activity of a supported metai catalyst depends mainly on bulk 

chemical composition, surface chemical composition, total amount 

of metal present, surface area of metal present, and metai 

crystallite size and structure. The pr,sence 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 parti cIe surface may differ 
1 

considerably from that in the bulk phase (15,39,78,79,80,92). 

~etal crystallite size, specifie surface area, oxidation state, 

and presence of adsdrbed species on the surface require relatively 

sophisticated equipment tq measure. Even then firm conclusions 

are often difficult to reach. 

" The most important factor is the nature of the metai 

present in the bulk metal phase. One possible investigation 

w~uld be comparisqn of the reaction rates over a series of metai 

-4-



catalysts, such as copper, nickel, iron, vanadi~~! and manganese. 
, , 

A more interesting and sometimes more fruitful àpproach is the 

formation of metal alloy catalysts. 
1 

Allpying metals is used as a method to alter bulk chemicai 

composition,~ physical characteristics, and electronic structu~e , 

of metal catalysts. Figure 1 shows mechanical and electronic 

pro~erties of annealed copper-nickel alloys (94). Alloy 

catalytic activities can drastically differ from the starting 

mataIs. The following three examples illustrate the dependence 

of activity on composition for three different reactions. 

Van der Plank and Sachtier (92) measured the activity of 

copper-nickel alloy films for hydrogenation of benzene at lSOoC. 

Their results in Figure 2 show that nickel is more active than 
iIo" .. 

copper. Alloy activities are close to that of copper, exçept 

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. 
Il 

Campbell and Emmett (16) observed a different effect for 

initial reaction rates in the hydrogenatiQn of ethylene on copper-

nickel films. 
~~"'f .. "'-.' ~' ...... 

Their results in Figur~ 3 s~GW ~ ide variation of 

catalytic activity with alloy composition; s~rne al10 are 

f:ifteen times more active than nickel. A--Sà:tisfactory th ry 

has not yet been proposed to account for these data. 

-5-
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Petrov et al. (68) measured the activity~f Raney manganese-

nickel alloys for the hydrogenation of hePtene-l~' T~eir results 
\ 

in Figure 4 show a definite effect of alloy compositio~ Petrov 
\ 

correlated thi. activity var1ation with the content of t~NiA13 

phase in the starting alloy. \ ' 
\ 

Active alloy catalysts h~ve been reported for many reactions. 

Several theories have been proposed to interpret the experimental 

data (l6,18,27,39,80,Bl,B4,92). Sorne 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 diffusion 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. M6reover, it is unlikely that a 

pure metal will possess the optimum characteristics for a given 

reaction. Alloying removes this restriction; in sorne cases, 

electronic and pnysical structures can be varied continuously by 

alloy formation. 

Metal alloying was the method used to prepare the catalys~s 

tested in this work. Copper and nickel were used as the base 

-8-
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metals since they have bath been prô~en active for the selective 

and non-selective ~ction of nitrogen oxides. Copper-nickel 
/ . 

alloy catalysts hlve aiso given valuable activity results in a 

number of oth~eactions (18,27,83). The copper-nickel system 
// 

/ 

is attr;e~ive for several other reasons. The lattice spacings 
\_ .... 

of these two metals are close, 50 this variable should not be . 
significant. Tho electronic structure should change as the 

alloys are forméd. The 9ing le 4s electron f rom copper wi Il fi 11 

the partially vacant 3d band of the nickel. 

The preparat10n method was chosen to result in a large metal 

surface area, a smali crystallite size, and a known bulk oxidation 

state. copper-nickei alloy catalysts can be prepared by grinding 

a copper-nickel alloy, by impregnating a catalyst support with 

copper and nickel salts eithcr simultaneously or successivcly, 

by ion exchange on molecular sieves, by co-precipitation; by the 
~, , 

Raney method, or by '<'l.elling the metal salts in a coUoidal suspension. 

For this investigation the Rancy method was used because it 

has produced catalysts active for rnany other rcactions, but has 

not yet been tested for thd reduction of nitrogen oxides with 

anmonia. 

The Raney method i9 used to produce catalysts for many 

industriai processes. Ranèy nickel, the most common of the Ran~y 

metals, is a~~ive for hydrogenation, reductive arnidation, 

saturation of olefinic bondL, reduction of aldehydes t~ aicohols, 
~ 

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

-10-
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is often more selective than Rancy nickel. Other commercial 

Raney metals available includc Raney cobalt and chromlum-promoted 

Raney nickel. Raney molybdcnum-nickel, copper-nickel, cobalt-

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

laboratory investigations. 

Copper, nickel, and three copper-nickel alloy catalysts 

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

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

prepared by slmultaneously ùispersinq Rancy copper and ~ney 

nickel on the support. Thesc catalysts werc ~onditioned and tested 

'" in a fixed bed microreactor. The extcn t of' rcduction of ni tric 

oxide with ammonia by Reactions (2) and (3) was mcasurcd at a 

fLXed temperaturc and space vclocity. 

The experiments were designed to test the followinq three 

~search hypotheses. 

(A) The Rancy method can be used to prepare copper-nickel alloy 

catalysts which are active for the rcJuction of nitric oxide 

wi th arnmonia. 

(B) The preparation method used, and in particular, the bulk 

oxidation state of the metal, will affect catalyst actlvities. 

(C) The activity of a mechanical mixture of Raney copper and 

Raney nickel will differ fram the act!VitY of a Rancy copper-

nickel alloy of the same overall composition. 

The first hypothesis was testeù by comparing the activities 

of the Raney catalysts to the activities of known ca~alysts for 

-11-



the reaction. Testing of the second hypothesis was based 

primarily upon comparison of the activlties of oxidized and 

unoxidized catalysts. The third hypothesis suggests that there 

-" ls a differehce in the reaction mechanism on copper, nickel, 

and 4lloy catalyst sites. No di~(erence in activity between,~he 
1., 

alloy and the mechanical mixture would suggest no interaction ',- ' 
, 

between the copper sites and the nickel sites.~ A higher aetivity 

for the mechanieal mixture wou Id sugqest a gas-phase intermediate. 

Otherwise the reaction on a partiele of Raney nickel could not 

affect the reaction on a spatially separated partie le of Raney 

copper. A hiqher activity for the alloy wou1d suggest active 

copper-nickel alloy sites or surface diffusion from a copper 

si te to an adjacent ni ckel one'. 

Although the preparation and testing of the Raney metals 
" 

formed the core of the work reported in this thesis, another 

series of copper-nickel catalysts was prepared by ge11ing the 

meta1 nitrates in 4 colloidal dispersion. Comparison of the 

" 

Raney cata1ysts to the nitrate~based catalysts yields an evaluation 
\ of the suitability of the Raney method to prepare cataIysts> for 

the reduction of nitrogen oxides with ammonia. The dependenee 

of activities of the nitrate-based catalysts on composition is 

another indication of the usefulness of alloy catalysts. 

-12-
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Section III: Microreactor Construction and Operation 

Catalyst activities for the reduction of nitric oxide 

with ammonia '~re measured by passing the gaseous reactants 

over a stationary catalyst bed inside the ~ cc microreactor 

shown in Figure 5. 

The reactor was an 11 ~ 1ength of ~ in type 316 stainless 
, , 

steel tubing containing a fine ~creen to hold the catalyst bed 

in place. The reactants" flow downward through the catalyst bed 

and out the exit to the chromatoqraph samplinq valves. 

The reactor dimensions and construction were chosen to 

match the rest Qf the ,experime'ntal system. \ The relatively small 

reactor volume of 6 cc did not require excjfsive gas flow rates 

even at high space ve1ocities, thus helping te limit consumption 

of reactants. Large flow rates would also have resulted in 

excessive pressure drops in other parts of the system, especial1y 

in the ehr~ograph sampling valves. 

The same ~~tor volume could have becn constructed from 

smaller diameter pipe, sueh as .. in. ltowever, this would have 

necessitated grinding the catalyst pellets much smaller and 

wou1d have resulted in large pressure drops throuqh the bed. 

Pressure drops were estimated from Equation 5-163 in the 

Handbook of Chemical Engineering (67) and the constraint thât 

the pellet size be at least thirty times sma1ler than the 

reactor inside diameter to eliminate radial concentration 

-13- l' 
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gradi~nts. The ~esulting calculations showed that for a fixed 

,mass flow rate, the pressure drop varied inversely as the fourth 

p~r of the reactor diameter and would become excessive at low 

'reactor diameteJ;s. , 

The reàctor was inert to both nitrogen oxides and to 

ammonia. No evidence of corrosion was found after a year of 

operation. 

The reac~or was leaktight compared to the gas flow rates 

through i t. In leak tests, average leak flow rates were less 
u, 

than 0.003 cc/min at a pressure difference of ten psi. This is 

negligible in comparison to typical reactant flow rates of 

100 cc/min at less than one psi pressure difference. 

The reactor ~as electrically heated by nichrome wire wound 

around an alundum refractory core. Reactor and heateJ~ere 

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 tempe rature control loop was first tested by measuring 

the response of the cont'rolle~ to known mill'ivolt signals while 

the thermocouple was disconnected. Then the thermocouple was 

reconnected to the control 1er and placed inside a muffle furnace 

at a known temperature. Both tests verified that the temperature 

indication and control ~e accurate within two centigrade degrees • 

. -15-
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The reactor could be operated up to 400°C. Above this 

temperature, seizing of the stainless steel mating surfaces made 
~ 1 

leaktight ~embly and disassembly difficult. Even above 300°C 

care had to be Itaken to prevent seizing An anti-seize compound 

vas used on the outside surfaces, but not on the inner ones 

since it might have catalytic effects. 

• An integral part of the reactor design was consideration 

of the catalyst pellet sizes which would reduce radial concen­

tration gradients and the corresponding mass transfer' limitations. 

These factors will be considered in more detail in later sections. 
1 

. . 

.,.. ~ ~ 
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Section IV: Flow Control System 

'l'he microreactor was suppliüd wi th a stcady stream of 

rcactan t'las whose norma 1 campos i tian \oIas 0.3 % ni,. tric oxide and 

0.6% arnmonia in .lrqon. Typical flow rates ranqod from 10 ta 

2000 cc/min of mixture. The f low system <lesiqned to suit thcse 

requirements i9 shown in l"iqurc 6. ütllUr (low ratü9 and qas 

compositions could be supplietl uy varyinq the rolative flow ratc!s 

b~twcen the three streams, by chanqinq the cdp111ary flowmeters, 

or by chanQ ing the concen trations of the qasc5 in the supply 

cy linders. 

'l'he three 'las cylindcrs containod,arqon, 1.2% nitric oxide 

in argon, and 1.2\ ammonia in arqon. 'l'he qases flowed from thcir 

9upply cylindcrs through double-staqe pressure requlators into 

flowmeters and thon into two union crosses whero thcy were weIl 

rnixed before reaching the reactor. Tho ùownstream prcssur'o was 

measured at one of the crosses. 

The metcring affect was achieved by allowinq the 'las ta 
.-: 

expand throuqh a narrow glass capillary, typically about 0.1 mm 

in inside diameter and 20 cm lonq. Once the mater was calibrated 

the mass flow rate could be calculatGd from the upstream and 

downstream pregs,ures. 'fhe dual function of flow con trol and 

measurement was achieved in one unit of equipment, thcreby 

minimizing corrosion and leak proble~s that can prove espccially 

troublesomc whon handlinq" nitroqen oxidcs and ammonia. 

-17-
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AlI tubes and fittinqs were constructed of type 316 

stainless steel to reslst corrosion by the nitroqen oxides and 

arnmonia; the non-metal camponents were also inert. This system 

was simple, inexpensive, rugged, and leaktight. 

Details of the rnathematical rnodelling, design, construction, 
';.~~~,~ 

and calibration of the capillary flowmeters are presented in 

Appendix A. The results are surnmarized hero. 

The fo1lowing equation for isotherrnal, compressible, ideal 

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

flow data and size the flowmeters, 

'. 

l 

l + 4.61 K lo910(PI/P2) 
4fL/O 

D4 

4fL/D 
(5) 

where Q is the. volumetrie flow rate i~ cc/sec, reduced to the 

reference pressure, ~o' of one atmosphere absolute 

R is the universal gas constant (8.314xl0 7 9 crn/gmole oK) 

1-1 is the molecular weight of the gas (40 g/gmole for argon) 

'P ls the gas tempe rature in oK 

gc i~~e gravitational constant (981 cm/sec2 ) 

Pl is the in let pressure in atm abs " 
P2 is the outlet pressure in atm abs 

L'is the length of the capillary in cm 

o ls the internaI diarneter of the eapillary in cm 
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f i8 the apparent friction factor 

K i8 th 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 neglected at low Mach 

numbers. 

The applicability of this equation was deterrnined by 

measuring argon flow rates and the corresponding inlet and 

outlet pressures for two capillaries with a high length-to-diarneter 

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 numbe~s. Equation 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 wi Il show that the 

dis charge pressure has a negligible effect on the apparent friction 

factor when it is less than 10 psig. When the discha~e pressure 

ia above 10 psig, the flow rate is less than that predicted by 

Equation 5 and the corresponding apparent friction factors are 

higher. For example, Figure 7 shows that at a Reynolds number 

of 8'8, the apparent friction f,actor for discharge to atmospheric 

pressure i8 0.26, while that for discharge to 46 psiq ia 0.29. 

-20-
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This difference of 10\ in tho friction factors corresponds to 

a 5\ difference in the flow rates. 

The effect of capillary diameter is shown in Figure B, 

where the apparent friction factor is plotted as a function of 

the Reynolds number for discharqe ta atmospheric pressure through 

two capillaries. Note that the apparent friction factor is 

approximately 25% less in the laDjer diameter capillary. 

These two sets of data demonstrate that the apparent friction 

factor is strongly dependent on the tube d~ameter and slightly 

dependent on downstream pressure. The reasons for this deviation 

from the behaviour predicted by the modol describcd by Equation 5 

are discussed in" greater detail in Appenclix IL 'l'hese limi tations 

must be kept in mind when applying Equation 5 to the design of 

capillary flowmeters. 

Another computer proqram was then written to use this 

preliminary flow data with Equation 5 to design flowmeters for 

catalyst testing. The apparent friction factQI was assumed to 

have the following dependence on the Reynolds number, 

f = 23/Re 

f :: 0.01 

Re < 2300 

Re > 2300 

(6) 

(7 ) 

Flow rates for different capillary dimensions and pressure drops 

were computed. ~lach nurnbers, end effects, and temperature effects 

were aiso calculated. 

Capillaries of different dimensions could be used ta 

deliver the same gas flow rates. Usually lengths of about 20 cm 
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were cho.en .ince thi. is the l~est lenqth that could fit 

insiùe the pipinq arrangement from the qas cy linders. Use of 

shorter meters would require smaller capillary diameters for the 

same pressure drop. This would resul t 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 ~ppendix A. A polynomial Interpolation prdgram was 

written ta interpolate between the calibration points. 

Figure 9 shows that actual flow rates were about 15% less 

tha" those predicted by the design prCXJram for a typical meter. 

This is prohahl~ due to the difference in the lengths of the 

constructed meter and the long capillaries usrd ta gcnerate the 

apparent friction factor data. Subse~uent analysis of other 

capillary data not includcd in this report has sho\'m that friction 

factors are higher in shorter tubes. 

If a h~qher design accuracy were requlred, the design 

calculations would have ta be based on frlctl0n 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 Le constructed usinq the dimensions calculated 

tram 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 generated with the analysis 

program. The new expression for the frictIon factor would he 

substituted into the design program and the final dimensions of 

-24-
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Table 1: Flowmeters for Raney Catalyst Tests 

Meter No. Supply Gas Capillary Dimensions Maximum FloWrate 

l~gth diameter cc/min .. cm cm w ur . • H-I-A argon 20 .1105 91 

H-1-B 1.2\ NO in argon 20 .1105 85 
t 

H-2-A 1.2% ~H3 in-ar~on 20 .13 170 

t-
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the new meter established. The actual f10w rates would probably 

be wi thin 2~ of the predicteù f Iows. 'l'he process could be 

repeated to give hiqher ~uracy. 

,The capillaries must he operat6d free from dirt or other 
, 

obstructions wluch cou1d interfere with thQ flow. 'l'cflon 

filters were used for th~s purposc and provcd superior to glass 
, ~ 

wool. Sorne prob1ems were encountered wi th dcpasi ti on of a salid 

sa It in the ni trogen dxide lines. '1'hnsc \oJcrc sol\J.ed by scrupu10us ly 
... 

f lushing the 1ines wi th i ne rt <Jas a fter cvery test. 

The capillary flowmeters provlcled an inexpchsive, accurate, 

and simple way to supply the qas flO\"s nccùeù for catalyst, tasting. 

These mctera can be operatcd ln eithcr the sonlC or subsonic 

range. In this wark it was convenient to work in the subsonic 

regian because i t i5 not possible to construct meters short 

enough to achieve sanie f low wi thout excessi ve pressure drops. 
o 1 

\ ' , 
As a consequence i t was necessary to ,oper<.l te at a law Bach number 

to minimize temperature and cnd effGcts. 'l'his ensurcd that the 

flow r~tes calculated from calibratlo~ dala wcrp within 1% of 

the actJaî flows for, aIl the tests reportcù in this theS1S • 
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• Section V: Chemical Analyses 

(A) Introduction 

The chemical analysis system was originally intended to 

analyze gaseous sarnples cantaining the nitrogen oxides, arnmonia, 

water, argon, oxygen, and nitrogen which would be present in a 

stream of ni tric acid plant tail gas which was being reduced with 

ammonia. 

Quantitative chemical analysis for nitrogen oxides has 

L 
always been awkward and results often inaccurate. Analysis for 

individual oxides of nitrogen is difficult because the oxidation 

.~ , 
st~te can change in the course of the analysis (14,29). When 

ammonia is present the diffic~lties are compounded. 

A literature survey of analytical techniques showed that 

no single method except mass _spectrometry had becn peveloped to 

easily and accurately analyze mixtures of nitrogen oxides a~ 

ammonia. Other methods are useful only over limited ranges of 
1 

concentrations and oxidation states. Mass spectrometry was not 

availabl~ for the present investigation sa development of a 

cambined chromatographie and infrared technique was undertaken. 

Had it proven successful, the infrared method would be less 

expensive and more convenient than mass spectrometry. 
. 

An ini~ial chromatographie technique ta separa te aIl the 

components on Chromsorb 104 packing proved unsuecessful despite-

• literature elaims to the contrary. Another method limited to 
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argon, ni troqen, and mi tric oxiùe WéHi adopted anù Pfoved 

satis factory. The infrared analyzer gave encouraqing p·rcliminary 

regul ts, but could not be used bccause i ts ccll windows ware 
l" 

~~;--.. 0 

attackcd by the 11llrogcn dioxide. Thesc-·llmttations on the 

chemical analyses restricte<1 the catalyst testin/) to the non-

selective rcaetion batween ni tric oxidc and arnrnonia. 

(B) J\nalytical Techniques 

Previollsly reported mnthods to detcrmine the components in 
, 

the reaetion mixture are wet chemical analyses, infrared spectro-

mctry, ultrilviolct spcctrometry, mass spcctrornctry, chromatoqraphy,' 

and speeia Il zeù me thOÙG for l.ndi vidu.:d componen ts. 'l'he de te rrnina tion 

of nitrogcn oxides will be discussed at grcatcr lenqth becausc it 

is the rnost difficult of the analyses. 

Faucett, McRight, and ~raharn (29) eompared the Griess-

lI'osvay method, the hyùrogen peroxidc mcthoù, a~d the mixed acid 

method for determination of total nitrogen oxictes in nitric acid 

plant tail gases. They diù not consider the Griess-llosvay methoù 

satisfactory because the nitrite equivalence factor to convcrt 

nitrite formet! to total nitrogen oxides varleù siqniflcantly 

wi th tl)e ni tric oxide/ni trogen dioxide ra tio. They also found 
, , 

the hydrogen peroxide method unreliable because small differences 

in the titration of the sample and the reference blank could 

le ad to large errors in the nitrogen oxide concentration. The 

most accurate me'thod was the mixed acid procedure in which the 
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the nitroqen 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 

ototal nitrogen oxides after removal of ammonia from the sample , 
by sorption on anhydrous Mg(C10 4)2 using a modification of 

Johnson's procedure. 

Fisher and Becknell- (31) irnproved the Saltzman variation 

of the Griess-Hosvay method by oxidizing the nitric oxide with 

ozone before uSing the standard colorimetrie technique. Addition 

of 1% borie acid to the Saltzman reagent elirninated the interference 

of up ta 100 ppm of ammonia in the sample. The borie acid forms 

a poorly dissociated salt with arnrnonia. 

Determination of oxygen, nitrogen, and argon by ehemieal 

methods ia more straightforward. Ammonia can be measured by the 

indophenol method (12,13). Standard techniques are avai1able for 

oxygen, argon, and nitrogen. 

There are other wet chemical methods, but in general a 

separa te analysis must be made for eaeh component. The presence 

of nitrogen oxides will often interfere with the determination 

.of ammonia and vice versa. However, selective removal of only 

one component fram a gas mixture i9 not always possible. 
1 

The oxidation state of the nitrogen oxides must be fixed 

before total nitrogen oxide concentrations can be calculated. 

For best results the nitric oxide i9 completelv.oxidized to 
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nitrogen dioxide before measurement. Oxidizing agents used with 

varying degrees of success include air, oxygen, Mn04' cro?, 

"202' and 03' Fisher and Becknell (31) reported that ozone gave 

the most complete and reproducible results. 

Each of the methods listed is use fuI and accurate in 

certain ranges of concentration and nitric oxide/nitrogen 

dioxide ratios. Ifowever development of a wet chemical method to 

analyze for aIl components would be complex 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 scanninq at 
. 

different wavelengths. Noble gases and homopolar diatomic gases 

have no vibrational infrared spectra and cannot be determined. 

Taylor .(90) use~ 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 aIl nitric oxide was oxidized with 

oxygene 

The methods based on radiation absorption are not free 

fram complications. Butcher and Ruff (14) reported that light 

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 specifie electrode after 

ozonation of the sample. Results were accurate over a limited 

range of nitrogen oX1de concentrations. 

Otto and She1ef (61,62,63) used mass spectra analysis to 

measure product dl~tributions in the reaction between nitric 

oxide and ammonia. This is probably the rnost accura'~e method to 

determine aIL the components in the reaction mixture. 
\ 

Chromatoqraphy has been used ~ separat7 mlxtures of nitrogen 

oxides (5,41,43,44,49,53,57,95). ~ ls convenient because other 

components such as ammonia, nitrog~ oxyqen, and water can be 

meàsu red f rom the sarne sample. Porous polymer packinqs are the 

most common. Hollis (44) and Wilhite (95) ~eparated nitrogen 

oxides from a1r on Porapak Q columns. Cleemput (19) used a 

similar method. Lamb and To11efson (51) separated nitric oxide, 

nitrogen, and hydrogen on a eolumn of Porapak Q and Porapak R in 

serles. Chromsorb 104 has been used for the separation of 

nitrogen oxides. Available literature data on these porous 

polymer pac~ings indicated that they eould be used to analyze 'the 

complete reaction 'mixture. 

Ayen and Arnirnazrni (7) studied the reaction of nitrogen 

dioxide with hydrogen by analyzing for nit,crogen, hydrogen, and 

nitric oxide on a Molecular Sleve SA column • 
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'l'he separation of the "permanent gases," i.e., argon, 

oxygen, and nitrogen has been reviewed by Littlewood (53). 
, f' 

Nitrogen can easily be separated fram both arqon and oxyqen on 

several different column packings, but separation of argon and 

oxygen is more difficult. The best results were, achieved on 

Molecular Sieve SA or 13X at dry-ice temperatures (40,42,46,52,60). 

Jamieson (46) developed' a reliablc, reproducible, and accurate 

~ method of analyzing mixtures containing several percent argon 

f, 

in air. He used a 6 ft column packed wi th 110lecular Sieve SA 

at dry-iee temperatures. The argon eluted in f1ve minutes, the 

oxygen in seven minutes, and the nitrogen would come off when 

-
the column was raised to room temperature. 

A ehemieal analysis system to aeeurately measure the extent 

~ of reaction of nitrogen oxides with arnrnonia had to be chosen from 

" among these methods. Efficient operation of the reactor would 

require rapid sarnple analysis. The sample size and sampling 

technique should ·be easily adapted to the microreactor system. 

On the basis of the literature survey a eombined ehromato-

graphie and infrared spectrometrie technique seerned the most 

prornising. Both methods should be capable of giving accurate 

results rapidly with relatively small sample volumes. The 

chromatograph would definitely analyze oxygen, nitrogen, argon, 
, 

and possibly ammonia and nitrogen oxides. The infrared analyzer 

could be used for nié~ogen oxides, ammonia, and water. 
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(Cl Chromatographie Analysis 

1 
1 

The gas samples 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 tempetature control and ease and 

accuracy of gas sampling. 

If nitrogen oxides were reduced by arnmonia in any commercial 

process, nitroge1 would be present to a large excess from the 

air used in the ~rocess. However it was convenient to use the 
\ 1 

appearance of thel,nitrogen peak as a measure of the extent of 

reaction so anoth~r d~ ~'û..en t such as argon or he li um was conside red. 

Helium would', have ,been a convenl.ent replacement for ni trogen 

because it was the carrier gas used in the chromatograph. However, 

the volume of gas i~jected par sample varied with the flow rate 
\ 

becaus~ of an apprec\j.able pressure drop through 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 

internaI stan~ard with the sizes of all other peaks measured 

relative to the argon peak. The disadvantage of th; use of 

argon is that i t requires the separation of oxygen and argon 

when the selective reaction, containing oxygen, is studied. In 

-34-



• 

• 

• 

spite of thls disadvantage, arqon was used instead of helium 

in order to obtain more accurate analyses. 

Available literature suggested that porous polymer 

packings were best suited to separa,te aIl the eomponents, 50 
, " 

this method was attempted first (l9, 4'3~ §'l). A 10 ft length of 

1/8 in outside diameter stainless steel tubinq packed with 

Chromsorb 104 was tested with ammonia, oxyqcn, arqon, ni tric 

oxide, and mixtures of these components. Initial results were 

sat1sfactoryi peak heights and retention times were reproducible. 

But after repeated use, unusual peaks and rctention times 

appeared. Tests with nitric oxide ln the presence of oxygen 

demonstrated that the column packinq was reaetinq wi th the 

sarnples. Probably nitrogen dioxide was nltratinq the benzene 

ring of the Chromsorb 104 paeking. This effect might have been 

ob~erved by other workers had they used their cOlumn\ over a 

longer period of time or had they used the relativel~h 

nitrogen oxide concentrations of thls test work. 

These resu l ts indicated that the reactl vi ty of the ni trogeJ) 

dioxide would rnake development of a chromatographie technique ta 

separate aIl the eomponents of the reaction mixture difficult. 

The analysis was further complieated by taillng of the ammonia 

peak on Chramsorb 104 and on other packings. Ammonia can even 

be adsorbed on the walls of stainless steel tubing and ean exhibit 
1\ 

tailing in the absence of a column packing (38). Because of these 

difficulties, 'the final chromatographie analysis was limi ted to 
( 
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• argon, nitroqen, oxygcn, and nitric oxidc. The other components 

such as water, ammonia, and nitrogen dioxide were removed from 

the samp1e before it reached the column sinee they would have 

inte~fer~d with the analysis. This final mcthod was based on 

the work of Jamieson (46) and Ayen (7). Reference to their 

retention data shows that a Molecular Sieve SA co1umn of suitable 

length will separate hydroqen, arçon, nitroqcn, and nitric oxide 

when no oxygen is present. When oxyqen is present it will probably 

react with the nitric oxide to form nitrogen dioxide whieh will 

then be adsorbed. Hence this analytieal method was used for nitric 

oxide only when the sample contained no oxygene 

• 
A Moleeular Sieve SA colurnn was designed on the data 

• presented by Jamieson (46). Column construct10n, 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 oxygene Sample volumes 

and thermal conductivity detector current were adjusted to give 

a suffieiently large nitrogen peak at nitrogen and nitric oxide 

concentrations ranging from 0.01 to 0.3%. 

The water produced by the reduction of nitrie oxide with 

ammonia would have interfered with the chromatographie 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 colurnn. Design of this bed is discussed in 

Appendix B. During initial calibration work with pure nitrogen, • ( 
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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 D. Note the 

non-syrnmetrical shape of the argon and nitric oxide peaks. Nitric 
1 

oxide exhibited slight tailing of the peaks at aIl concentrations. 

Argon, oxygen, and nitrogen exhibited slight tailing when samples 
1 

were large. At lower concentrations or smaller sample volumes 

of 0.26 cc, the peaks of these three components wcre virtually 

symmetrical. Retention times also increased sliqhtly with 

decreasinq 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 defincd as the product 

of peak height and width at half thé height of the peak. Sensitivity 

to nitric oxide was considerably less. Nitric oxide concentrations 

were caiculated from the ratio of peak area in one sample to the 

peak area in another sample of known concentration of nitric 

oxide. In 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 confirrned that these methods of sample analysis 

were accurate within several percent of the absolute amount of 

each oomponent present. 
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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. 

(0) 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). Typical 

frequencies are 925 cm- l for ammonia, 2250 cm- 1 for nitrous oxide, 

1908 èm- l for nitric oxide, 3000 cm- 1 for n~trogen dioxide, and 

3750 cm- l for water. At these frequencies corrections for 

absorbances of interfering compounds should be straightforward, 
4 

so quantitative infrared analysis is feasible. 

The analysis of agas sample containing water, ammonia, 
, 

and nitrogen oxides would be complicated by possible chemical 

reactions between the camponents. Reaction between nitrogen 

oxides and ammonia i9 unlikely at room temperature, but would have 

to be .investigated experimentally. Formation of ammonium nitrate 

would prove troublesame. However oxidation of the nitric oxide 

t~ nitrogen dioxide would definitely occur and the nitrogen < 

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 

deterrnination of nitrogen dioxide (58). 

To measure ppm concentrations of products and reactants 

the infrared analyzer must have a long path lengthi otherwise 

the absorbance would not be measurable. One such instrument, 

a Wilks Miran 1 Infrared Analyzer with long path cell, was 

purchased for this project. Stephens (88) has discussed the 

theory o~ long path cells. Gilby (37) has described this 

partipular instrument. A sample of the gas is introduced into 

a 5 liter cell with a special mirror at each enQ. 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 ta vary the wavelength and ênergy 

content of the beam, the path length it travels, and the pressure 

of the gas inside the celle Maximum path length is approximately 
/. 

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 graduaI 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 ni tric oxide, 50 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 ~nalysis. 

Complete oxidation of nitric oxide to nitrogen.dioxide pri<\r to 

absorbance measurements would be one possible solution. The 

other approach would be continuous analysis of gas flowing 

through the cel~ 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 samples. Sorne mechanical problems with the 

instrument also delayep 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 rnaterials such as sodium chloride, potassium bromide, and 

cesium iodide are attacked by nitrogen dioxide (4). Others such 

as barium fluoride and calcium 'fluoride a~e 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 limitations for this particular analysis the 
, . 

infrared spectrometer with long path cell should be a valuable 

research instrument. Corrosion by atmospheric moisture can 

easily be eliminated by use in a dry atmosphere. The inst~ument 
r", 

will became more useful as corrosion resistant cell windows are 

developed. 

,. .. 

.' 

c, 
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J 
.( 
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Section VI: Catalyst Support 

.., 
The Raney metai particles are too fine to be used without 

support in a fixed catalyst bedi they must be dispersed on a 

substrate to function effectively as catalysts for qas phase 

reactions. The catalyst support must have certain mechanical 

propertie's. It must have sufficient strength to hold the Raney 

metals in place and t~_~low convenient grinding, sieving, and 

handling of the final catalyst. The Raney matais must be 

uniformly dispersed throughout the bulk of the support to avoid 

agglomeration 'of active catalyst particles which miqht lead to--' 

high local reaction rates, overheatinq, and inaccurate overall 

activity measurements. The support must have a fine pore structure 

so tha~ reactants and products can diffuse to and from the active 

sites without mass transfer limitations to the chemical reactions. 

It should not modify or otherwisa interfere with the 

activities of the active metal alloys. 'l'he catalyst support can 

affect the apparent reaction rate bX adsorbinq 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 the active metal during catalyst ,. 

preparation. Any such interference should be avoided whén 

comparing the inherent activities of different alloys, but might 

prove useful when trying to improve the activity or selectivity 

of a specifie catalyst. 
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In short, the Raney metals should be uni forml'y 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 avai lable as commercial products to be used ei ther 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 resultingrhigh 

concentration of metal therc could lead ta high local reaction 

rates and temperatures. 

The dispersion of the Raney metals in the support must be 

more intimate than that 

separate selid phases. 
" 

achieved by mechanical mixing of the ) 
/- ) 

One convenient way of attaining thi~ 

" 
mixing is introduction of the Raney metals 1nto a colloidal 

dispersion of the support. The dispersion can then Qe gelled, 

dried, calcinated, and further treated if necessary. 

Silica, alumina, and silica-alumina gels can be prepared 

by this method. However, alumina has been known to chemically 

react with nickel te ferm nickel aluminates in the preparation 

of catalyst~ 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 ~er the Raney catalysts. 

p 
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S1lica gels can be prepared by a var1ety of methoda 

(1,23,71,85). Sinq and ~adeley (85,86) studied surface propèrties 

of gels prepared from sodium silicate and sulphuric acid. Acker 

(1) reported difference~ between acid-set and alkali-set silica~ 
gels. Depasse and Watillon (23) prepared silica gels from mon-

08i1icic acid. Colloidal silica has also been used to prepare 

si1ica gels. 

Reference to these methods will show that strict adherence 

to experimental procedures is necessary. Sometimes special care 

must be taken to achieve specifie objectives. Ranganthan, 

Bakhshi, and Mathews (72) had to use very pure sodium meta-

silicate because the reaction they were investiqating was sensitive 

ta impuri ties in the sil,ica gel. They also found that rapid drying 

resulted in a powdery, opaque gel of variable properties. A more 

graduaI drying over several days resulted in a more uniform 

product. Casey (17) found gel1ation would sornetirnes occur at a 

high pH after only part of the neutxalizing 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 teproducible 

silica" catalysts can be drawn fram the observations of these 

workers. First, strict adherence ta experirnental procedures is 

necessary. Second, gel"properties are more easily controlled if 

gellation and settling occur qradually over a period of at least 
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one day. Finally, the gels should be dried gradually, preferably 

over a period of severai dlys~ , 

Several methods of preparing the catalyst support were 

tried beforb 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 hiqh purity and well-

defined particle size. Properties of Cabosil are given in Appen­

dix D. The Cabosil was dissolve~ 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 fram batch to batch. The basic problem 15 instability of 

the alkali solutions of the Cabosil. Without stabilization of 

the silicon dioxide particles in the liquid, reproducible gel-

lation is difficult. 

Fort~nately a commerciallstabilized silicon dioxide sus-

pension, Ludox HS~40, Was availabl~ for the preparation of th~ 

final catalyst support. Sorne properties of LudoK are listed in 

Appendix D. 
\ J 

Ludox HS~40 ia an aqueous colloidal'dispersion of 

discrete spherical particles of surface hydroxylated silica (26). 

The stability of the suspension is shawn in Figure 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 hydrachloric acid added to lawer the pH ta about 6, 

the region of minimum stability. The suspension th en gel~ed and 

was allowed to settle and dry. Details of the procedure are 

given in Appendix C. 

Several it~ms in this procedure should be noted. The 

intense mixing af the Warin~ Blendor is necessary to evenly 

disperse the Raney Metal powders in the -Ludox. If a low intensity 

mixer is used, this dispersion is not achieved; agglomerates of 

Raney metal particles can be seen when a power fuI light is shane 

through the gel. Nq such agglomerates are visible after dispersion 

in the Waring B lendar. 

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; usually 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 aIl catalysts 

were resieved before use. 
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Several batchea of si1io. support without Raney metal 

were prepared so that the aotivity of the support could be 

measured. These were prepared by a procedure identical ta that 

in Appendix C, except that no active metal was added. 
) 

This method was used 8uccess~ully over a period of eight 

months and proved to be a rapid,~inexpensive, and repraducible 

way to prepare 8i1ioa catalyst supports • 

1 
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Section VII: Preparation of Raney Alloy Catalysts 

(A) Introduction 

Rancy metals arc frcqucntly used to catalyze reactions 

between liquids and between liquids and gases. \-lhen catalyzing 

gaseous reactions, the Raney powders mus t be uscd ci ther in a 

fluidized bed or supported on an inert substrate in a fixed bed. 

A typical h1gh temperature application was reported by Field 

et al. (30) who flame-sprayed Raney nickel pn m~tal plates to 

catalyze the methanation of synthesis gas. Forney (32) used a 

fluidized bed of Raney nickel to produce qas from coal via 

methanation. Por the present investigation, the Raney metals 

were supported on si l1ca accordinq to the procedure described in 

the previous section. 

To prepare a catalyst by the Raney mp.thod an aluminum alloy 

of the active metal is formed, qround to a fine rnesh size, sieved, 

and exposed to an alkali solution which leaches out the aluminum 

leaving behind a porous structure. It 1S thp.n washed free of 

alkali and stored under water or methanol bcfor0 use. 

The physical proper~~es and activ1ty of the final catalyst 
, . 

are,determined by the-chemical composit10n and physical propertics 

of the starting aluminurn alloy and the leachinq, ~ashinq, and 

storage methods. Each of these variables can have~a drastic 
\'>-

effect on the activity of the final catalyst. 
, [, 
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The èffect 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, anù Freel (34,35) reported that an alloy of 50.8% by 

weight nickel in aluminum consisted of Ni 2Al 3 , NiAI 3 , and a 

eutectic phase. They found significant differences in the 

reactivities of NiAl, Ni2Al3' 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 alurninum alloy. He supported this claim by 

correlating the activity of Raney nickel for the hydrogenation of 

heptene-l with the content of the NiAl 3 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 homogenation 

of the starting aIIo~~ 

The leaching process is believed to occur by the reaction 

• of the aluminum in the ailoy with aikali solution to yield sodiu~ 

al~te and evolve hydrogen according to the following stoichio-

metry, J 

2Al + 2NaOH + 2H20 2NaAlO~ + 3H2 (8) 
~ 

The sodium al~te dissolves in the liqui8 phase. Residual 

aluminum left behind with the active metal is usually locked into 
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the crystal structure or loose1y bound as aluminum trihydrate.~ 

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

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

pore radii in the range of 30 to 100 9,66). Electron 

and x-ray diffraction patterns el often correspond 

to face-centered cubic nickel. 'l'he held 

together in a sponqe-like mass that has O~l dimensions 

similar to the starting alloy. A thorouqh discussion of the 

structure of Raney nickel is qiven by Anderson, Freel, and 

Pieters (34,35,36,75,76) and by Fouilloux et al (33). 

The leaching of an alum1num alloy particle 1S illustrated --. 

in Figure Il. The particle is moving relative to the liquid 

phase and alkali is diffusinq into the inter1or. The hydrogen 

is diffusinq 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 y1elding a sharp boundary 

between the ~lloy and the activated catalyst. , 

The maximum reaction rate P~iS determined primarily 

by the alloy reactivity, the concentration a temperature of 

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

Partic1e size is important since it determinès the surt'àce area 

avai1able and because diffusion resistances into the particle 

may be significant for larger sizes, especially if hydrogen 

becomes trapped within the pores • 
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Intensity of agitation can affect the leaching rate in two 

distinct ways. Increased agitation will decrease 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 sinee the 

particles are merely swept along with the liquid at high liquid 

veloeities. A more important effect is prevention of the 

agglomeration of partially leached metal particles. The pronounced 

tendeney of leached Raney metal particles to agqlomerate can 

significantly lower the leaching rate unless ag1tation 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 metais may have from 2% to 60% by 

weight residual aluminum in the final eatalyst (34). 

The washing and stora~e procedures are less complex than 
~ 
'the 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. Oxyqen is normally 

excluded from the system during the wash1ng 50 that chemisorbed 

hydrogen will not be displaced. In sorne preparations hydrogen 

is deliberately bubbled through the liquid in the washinq 

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 exarnple, his results showed the dependence of surface area 

on extent of leaching illustrated in Figure 12. He also found 

that exposure ta boiling water reduced the specifie surface area 

of one catalyst by a factor of six. 

This general discussion of Raney metals illustrates the 

factors important to the preparation of the Raney copper-nickel 

alloy catalysts. 

(B) Preparation of Raney Copper-Nickel Alloy Catalysts 

The preparation of Raney nickel i5 weIl described in the 

literature (2,22,28,\4,59,6B,69). Reactivities of nickel-aluminum 

alloys and the effects of leaching conditions have been described: 
1 

washing and storage procedures have been developed. The works of 

Anderson et al. (34,35,36, 75,76) and Fouilloux et al. (33) present 

the basic mechanisms involved in the preparation of Raney nickel. 

The properties of Raney nickel prepared by most of these sbandard 

methods can be predicted from literature data. 

Less data are available for Raney copper, but several 

standard preparation methods are krtown. A 50\ by weight copper 

in aluminurn alloy will react with alkali to yieJd an aètive 
• 

-
catalyst (66). As yet, there has been no extensive study of the 

. 
effects of preparation conditions on the properties of Raney 

copper. 
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Reynolds (73) prepared Raney copper-nicke1 a110y cata1ysts 

by 1eaching a series of copper-nicke1-a1uminum a110ys in boiling 

30\ by weight aqueous sodium hydroxide soluti"on. His results in 

Figures 13 and 14 show the amounts of a1uminum leached from the 

starting al1oys, the magnetic susceptibilities, surface areas, 

the activities of the final cata1ysts for benzene hydrogenation. 

Note the high residual aluminum content in sorne bf the inter-

mediate alloys. Further extraction of a 20:30:50 nickel-copper-

aluminum alloy in molten sodium hydroxide did not greatly reduce 

i ts aluminum content. Reynolds suggested that the catalys ts ,o/i th 
,', 

significant residual aluminum consist of an activated surface 

covering an unaltered core. 

The decrease in magnetic susceptibility with increasing . 
copper content ref1ects the filling of the vacant d-orbitals of 

the nickel. The residual a1uminum may be significant for sorne 

of the alloys. The original copper-nickel-alurninum alloys have 

negligible magnetic susceptibility. 

The variation of specifie surface area of the final catalysts 

reflects differenccs in crystallite size and structure caused by 

.' variations in the reactivities of the starting alloys and the 

extent of aluminum remova1. And~rson's data in Figure 12 suggest 

that high residua1 a1uminum content is associated wi th 10\'ler 

specific surface area. In addition, the greater mobility of the 

copper·atoms may resu1t in larger crystallite size and hence lower 

surface area. Mobility of the metal atoms i8 important. Raney 
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nickel prepared at a tempe rature between 500 C and 70 0 C will form 

larger crystallites when exposed ta boiling alkali (34). 

The fall in activity for benzene hydroqenation with increasinq 

copper content may refiect both the decrease in surface area and ~ 
a lower' inherent activity of copper to promote this reaction. In 

thèir study of benzene hydroqenation over metai alloy films, 
1 

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

than copper. 

J 

A complete investigation into' the preparation of Raney 

copper-nickel alloy catalysts would involve the metallurgical 

investigation of the phase structure and phys~cal properties of 

the starting alloys and t1C establish the ( 
------

dependence of reactivity on phase compositlon and structure. It 

would require,development of suitable washing and storaqe 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 facilitics for such an investiqûtion 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 n~ckel was used to leach 

them. Table 2 lists the,alloys chosen; note that they aIl contain 

50% by weight aluminum. This aluminum content has been used 

successfully in the preparation of Raney nickel and Raney copper. 
o 

AlI these alloys were supplied as -200 mesh powders by W.R. Grace 

& Company. 
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Table 2: COmpoSition~ of Starting Alloys <1 

Alloy No. Compos~t on Composition 
t"1t % lit % 

Aluminu~free Basis 

Cu Ni) Al Cu Ni 

1 R-Ùi 0.0 50. 50 0 100 
0\., 
0 R-Cu125 12.5 no! 50 25 75 
, 

• > 

R-Cu250 25.0 25. 50 50 sa 
R-CU375 37.5 12. 50 75 25 

, " 
R-Cu 50.0 0./ 50 100 0 

) l " 
\ 

...> \ .. 

'" 
':-



• Phase compositions can be predicted from the phase diagram 

of slowly cooled copper-nickel-aluminum alloys shawn in Figure 15 

(54). Each alloy consists of at least two phases. Table 3 li~ts 

these and presents the relative amounts of each present as 

computed fram figure 15. Note that this method il1ustrates only 

the gross chemical features of the system. Reference to the 

phase diagrams of the individual copper-aluminum and nickél-

aluminum alloys will show the existence of smaller arnounts 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 alurninum 

present in the starting alloy for Raney nickel. 

The phases in the copper-nickel-aluminurn alloys contain 

each of the three componen ts. These ternary compounds are not 

simple mixtu~e~_91 ~he binary phases present in the copper-

alurninum and nickel-aluminurn systems. Their properties should 

not be direct~y related to those of the binary alloysi in fact, 

the data presented by Reynolds (73) suggest they are qui te 

different. 

The reactivities of sorne phases in the binary alloys have 

been established sinee active catalysts have been prepared from 
,-

them. But the reactivities of aIl phases a~e not the same. 

Anderson reported that the order of reactivity to alkali solutioh 

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

eutectic > NiA1 3 > Ni 2A1 3 (9 ) 
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Table 3: Phase-compos~f 5tarting Alloys 

Alloy 
'bc:o 

Phase Conposition Weight , Present 
" ~·lt % 

cu/ ;Ji Al 

R-Ni & J 56 44 58 
E 0 42 <- 58 42 

R-Cu125 ~ 0 0 100 la 
6 

1 
15 41 45 90 ., il). t 

CI\ 
w R-Cu250 ]( a 0 100 13 , , 

28 29 43 87 
. 

R-Cu375 )( 0 0 100 16 
1:- 45 ·14" 41 84 

R-Cu x 0 0 100 6 
e 47 0 -53 94 

~ 

, .J.~ 

",/ 

-« ~~ 
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" 



• 

• 

• 

1 

The eutectic consists of a solid solution of 0.01' nickel in 

aluminum. Sas90ulas (82) reported that NiAl doed not react 

with alkali. The effect of alkali on the individual copper-
1 

nickel-aluminum phases i9 not known. 

~any leaching procedures have been developJd to prepare 
1 

Raney nickel. Anderson (34) has discussed sorne 9f these and 

shown their effect on the pore volume, specifie ~urface area, 
1 

and crystal li te properties of the acti vated cata~ysts. He 

grouped the methods into Il low pore volume" and "high pore volume" 
, 

preparations. The low pore volume preparations (are leached at 

approximately sooe and have a higher surface ar~a and lower pore 

volume than do the hiqh pore vol\..llle preparationis which are leached 

in boiling alkali. The lOt" pore volume catalysts are more active 

for several reactions. 

A low pore volume technique described by Anderson (34) and 

Nishimura (59) was chosen to leach the copper-pickel-aluminum 

alloys. It involves the stepw1se addition of 20 ml of 50% by 

weight aqueous sodium hydroxiùe solution to 9 of alloy in 

180 ml of distilled water at sooe. Most of hydroqen i5 

evolved in d1Iute aikali with the remalnder concentrated 

alkali. '.Çomplete experimental procedures and esults are gi ven 

in Appendix E. Several items should :be not~d.\ 

The standard alkali addition ~rocedurü hàd to he made more 

graduaI for, two of the alloys. Raney copper alloy, R-Cu, 
, 

evolves hydrogen 50 rapidly that temperature control i9 difficult. 
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Alloy R-Cu250 has a strong foarning tendency when alkali ls 

added. 

'rhc bath temperature was malntained at 5boc, but th~ 
\ 

\ 

temperature of the alloy suspensions!, rose to about 55-60°C 
! 
i 

during the first half hour of leachi g. The large amounts of 

heat generated could not be remaved -apidly enough to rnaintain 

the reaction mixture at sooe. Dur!n the last hour of leaching 

the temperature fell to about 50-52o~. Anderson (34) reported 

that this method of adding alkali resulted in a fairly constant 
1 , , 

solution temperature of 50!SOC, but ~e had us cd the 30-50 mesh 
1 
i 

fraction of the starting aIIoy. The ia lloys used in this study 

were -200 mesh. The large differenc1 ~~~particle size and hence 

surfàce area probably accounts for the 'difference in reaction 

rates and heat evolution. 

Reactivity of the alloys to t~e alka11 varied significantly. 

The fraction of 

trom the volume 

of Equation 8. 

aluminum leached frtm t~e alloys was calculated 

of hydroqen evolved/according to the stoichiometry 

Data from Table 27 "n the Appendix la plotted 

in Figure 16, which shows the perce tage of aluminum removed 

for different compositions of the s arting alloy. 

Virtually aIl aluminum was te oved from the RaneY,capper 

alloYi less fram the other alloys. Seventy-seven percent of 

the aluminum was leached from a 50\ nickel-aluminum al1oy. 

Anderson (34) reported 90% removal or an alloy of the same 

composition. This higher reactivit might be due ta a difference 
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in the microstructure and phase composi tian of the start'ing 

metals. Perhaps the -200 mesh particles used in this test work 

might have agglomerated more easily than the 35-80 mesh p~rticles 

used by Anderson. This could have resulted in a'diffusion 

resi~tance ta leaching and hence less alumlnum leached. possibly 

there was another small, but significant, difference in the 

leaching procedures. 

The low volumes of hydrogen evolved for the three capper­

nickel-'aluminum a110ys suqgests that leaclllnq condltions might 

not have been severe enough to prepare an activated cata1yst. 

To test this hypothesis a sma11 scale test on one al10y was made 

under severe leaching conditions. Three grams of alloy R-Cu2S0 

was leached in boiling concentrated alkall solutlon at l070 C 

unt~l aIl hydrogen evolution cea5ed; only 42%, of the aluminum 

was 1eached out. Within experimental error this i5 identical 

to the 45\ observed in the large scale leaching. This result 

confirms the 10w reactivity of a110y R-~250 and i5 strong 

evidence that the other two copper-nickel-aluminum a110ys a1so 

have the low reactivity shown in Figure 16. 

The dependence of reactivity on composition is simi1ar to 

that observed by Reynolds; however about 15% 1ess a1uminum was 

removed from àll the al10ys except Raney copper. These lower 

reactivitics are more likely due to differences in the physical 

structures of the starting a110Y5 than to the leachinq method 

sinee the small seale test eonfirmed the low reaetivity of at 

1east one of the a110ys. 
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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, suggesting the 

formation of traces of nickel and copper chlorides from the 

hydrochloric acid used ta neutralize the Ludox. Poss~ble inter-

ference with catalytic activity was tested in preliminary 

activity measurements bafore the final tests. 

• The presence of sorne of the Raney mctals, 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 ~udox (26). 

The Raney procedure of catalyst preparation is relatively 

complex since the reactivity of the starting.~lloys, the 
. 

leaching conditions and the 'washing and supporn-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 ta be a so~rce of variation 

• in catalyst activity. 
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Section VIII: Activity of Raney Catalysts 

(A) ~ntroduction 

The activity measurements reported in this section are the 

core of the catalyst tests upon which this thesis is based. The 

determinatlons of the inherent activities of the Raney copper-

nickel alloys were designed to test the three hypotheses presented 

in Section II. 

The reactor feed was com~osed of nitrlc oxide and ammonia 

" in argon. Limitations of the chemical analysis system precluded 

the presence of oxyqen and nitrogen dioxide. The main reactions 

occurring in a mixture of nitric oxide and ammonia have been 

presented in Section 1. <:: 

6NO + 4NH 3 • 5N2 + 611 20 

SNO + 2.NH 3 .. 5N20 + 3H 2O 

2NH 3 
... N2 + 3H 2 

(2 ) 

(3 ) 

(la) 

The reduction of nitric oxide by ammonia can occur at temperatures 

as low as l50oC. Decomposition of ammonia usually becomes 

significant only at higher temperatures. 

Definitions of conversions by these reaction~ are given 
'1;) 

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 
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Reaction 2 can be calculated from the amount of nitrogen formed 

and nitrous oxide fo~ation 'cah be computed from the difference 

between nitric oxide destroyed and the nitric oxide reduced to 

ni t"roqen. 

At higher tempe ratures , ammonia decompos~tion becomeB\ 

significant. 
l 

Hydr()}en cannot be determined wi th the chromat;.o-

graphie system shown in the Appendix becausc its thermal con-

ductivi ty is close to that of the carrier gas, heli um. Hydrogen < ,1 

'" peaks are very small and only qualitative observations can be 

made. When ammonia decomposition occurs it lS not possible to 
1 

, 
compute the extent of each of the three reactlons. Total nitric 

: \ 

oxide destruction can still be measured. ~n upper limit to the . 
reduction of nitric oxide to nitrogen can ~ calculated from the 

1 
1 

nitrogen content of the reactor ~roduct by assuming that no 

ammonia decomposition has occurred. ThlS hypothet1cal conversion 

can exceed 100% when ammonia decomposition 16 significant. 
o 

The composition of the reactor inlet gas was fiked at 
\u..- 1 

Oi~tric oxide and 0.6% ammonia in argon unless otherwise 

stated. If future work 19 undertaken w~th nitrogen diox~de,. 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,propér experi~ental conditions for the Raney allo~y~a~c~t~i~v~i~t~ ____ --~ 

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

The catalyst tests should be designed sa that measured 

converslons are truc l.ncllcations of the inherent acti vities 

of the Raney alloy cataiysts. 'l'he ~atalyst support should not 

interfere in any way with measured activlties. Radial càncentration 

qra?ltnts and mass ,transfer limitations both inside ?nd outside the 

catalyst pellets must be negligi~le. The prelimina~y test work 

should also establish any other relevant variables such as 
) 

idation state ,of the catalyst and conditioning time required 

ln 

The e f ect of raùla 1 concentration q radlen ts wi Il be, 

negliglble if the catalyst pellet dimensl0ns are less bhan 1/30 th 

of the bed ~iameter. The reactor internal diameter of 0.4 in 
, 

requires a pellet size of about 0.013 in. 
CI! 

AlI the supported 

Raney a}loy catalysts were ground to a 30-80 mesh size for testing; 

this"corresponds to a partlc1e size ranqe of from 0.007 ln to 

0.0165 in. Somé- of the commercial Rdney catalysts tested in the 

preliminary·work were larger than,thls size. 

The external diffusion reslstance ta mass transfer between 

the bulk of the gas phase and the surface of the catalyst pellet 

must be negligible in comparison to the reaction rate. This 

résistance Can be calculated from mass transfer correlations for 
,-

typiéal'operating conditions and is neg1igible if first order 

kinetics are assamed for the destruction of nltric oxide. This 
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• Jcalculation i5 not included here because actual rea~tion kinetics 

have not yet been established for the operating conditions of 

these tests. 

The effectiveness factor of the catalyst !>ellets must be 

close to unit y, i.e., the diffusion resistance to rnass transfer 

inside the catalyst pellets must be small co~pared to the react~on 
./ \ r-

rates. This {esistanca cannot be calculated t~eoretically unlcss 
...... 

the pore size distribution and the effective diffusivities of eac~ 

cornponen t ~n the reaction mixture are known. These data are not 

available, but an indirect test of effectiveness factor was made 

,/ by varying the catalyst pellet sizé. 
;./ 

A reduction in catalyst particle size will decrease the 

totJal nfass transfer resistance bet' ... een the 'bulk of the gas phase , 

and the surface of the catalyst pellets and increase the effective­

" ness factor of the pellet. If a significant reduction in particle ' 
.' 

size claes nat increase the conversion, then mass transfer 

resistances bdth inside and outside the pellet are negligible. 

Catalyst ~Cl was prepared by dispersing 5% by welght of 

W.R. Grace R~ney Active Copper Catalyst No. 29 in Ludox using a 
D 

procedure slmllar to the standarç one described in Appe~dix c. . ~ "' - , , 
Two diffcrent mesh sizcs were separated and the conversion of" 

J 
nitric oxide by ammonia was determined over each. The results in 

Table 4 show no significant differ~nce in conversi6n' despite the 

large difference in particle size .1:1<.1 external surface area. This 

shows that both internaI and external diffusion resistances are 
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Table 4: Effect of Catalyst Pellet Size on ConverSion 

Catalys~: ~ Commercial Raney Copper #Cl 
Reactor In1et GaJ Cornposit~on: 0.3% nitric ox~de 

0~6~ arnmonia 
balance îrgon 

Space Velocity: 2000 hr-
Temperature: 300°C 

..... 

Pellet ~esh,Size: 
Pellet Size (in): 

20-48 
0.0117-0.0331 

8-20 
0.0331-0.093.7 

Conversion of ~O 
to N2 , % 

, 

60 

.. 

61 

.." 

CI 1 __ .... ~ .. ~_ 
' ~ ... .: l -1 _..~~.. ~~ -1.- _~ .... "._--.... 

• 
~ 

," 

• 

• 
" 

" 
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negligible at 300°C and a space velocity of 2000 hr- 1• The 

30-80 mesh particles used for the Raney alloy tests are 

significantly smaller than the smallest particles used in these 

tests, 50 diffusion resistance should be negligible for all the 

Raney alloy activity measurements. 

The possibility of blockage of the Raney metai pores by 

silica was investigated. A catalyst was prepared by mechanicaIIy 

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 n1tric oxide in an inlet1gas stream of 0.3% 

ni tric oxide and 0.6 % arnmonia in argon a't 300°C and a space 

velocity of 1000 hr- 1 • Comparison with the data in Tables 4 

\and 5 shows tha t this acti vi ty is signi ficantIy lower than that 

of the Rancy copper catalyst #Cl produced by the standard method. 

Agglomeration of the metal particies may.have reducéd the 

availability of the sites. These data are strong evidence that 

the silica support is not reducing the activity of the Raney 

meta!. 

Once the va11dity of the activity measurements was estab-

lished, preliminary testinq of commercial Raney copper catalys~ 

-#CI and commercial Raney nickel on silica 0'1. R.Grace Active 

Raney Nickel Catalyst No. 28) was star.ted. Each was supported 

on silica to give a catalyst with 5% by weight of active metai. 

The support procedure was similar to that in Appendix Ci however 

~xygen was not bubbled through the wash water and the maximum 

drying temperatur~,was l20o C. These catalysts were not~idized 
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to the same extent as the final copper-niekel al10y eatalysts 

were. 

At first, aetiv1ty tests with Raney nlckel diJ not yield 

consistent results. IIUtlall( 100% of the nitric oXl<le 1n the 

inle t gas \-las reduced by ammon\a a t 300°C and d space veloe i ty 

of 1000 hr- 1 over a batch of catdlyst; after several days of 

intermittent test1nq, only 15% of the ln l(~t 111tric oxule was 

destroyed. In qeneral, dètlVlty slowly ,-lecreùsed over a perlot! 
1 

of days at 300°C. It could be Incn~as('d hy rpd\lcinq the ciltalyst 

o in hyùrogen at 400 C for sevcrill hour5 ilnd lowcred by exposinrr 

It to oxyqen at 300°C. 'l'lu s sugqes ts th<l t t Iw !<ancy nicke 1 is 

oxidized by the reaction 'mixture and that lhp OX~dlZ(l'(l catalyst 

~ has a much lowe r actl V1 ty than the reduccd Cil till ys t. 

Simllar results were obtained with H.ln(~y copper. 'l'he 

effect cou ld be observed vlsually becausc the supported Hancy 

copper had a dark grey color when not oXldlz('d~an4l a black color 

when ondi zed 1n Lur at 400°C. Several ualches of unOxltll.led 
' .. 

catalyst were tested 1n thn rpactor for dl,tft;ttfnl lcnqt.hs of time 

o 
at 300 C. Reactor Inlet (Jas composItion \",15 0..3% nitrlc OXldt~ 

and 0.6% anunonla ln argon. t:xamlnation o'f t hl' bL~ds after 

testing showeù a clark zone at the reactor Inlet and il ]lqht 

zone further into th~ bed. The boundary Detween the two 7ônes , . 
moved clown through the catalyst l.wd as testl.ng proc~cded. The 

zone nearest the in-let appeared identical in color to the catalyst 

oxidized in air at 400°C, while that furtHer ùown the bed appe'arcd 
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identical to the starting unoxidized oatalyst. This is strong 

evidence to support the oxidation of Raney copper by nitric 
',' 

oxide. 

Nickel and copper in the bulk are not oxidizcd by nitric 

oxide until higher t~mperatures (65). 
t 

However the Raney metals 

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

nitric oxide and a~~onia might rai se the temperature of the 

active metal sites ab ove the temperature observed in the bulk 

of the 9 as phase. 

Consistent measurements of Raney catalyst activities, can 
" 

be made on either the completely oxidizcd or completely reduced 

metals. The oxidized state was chosen since these catalysts 

were being te~ted for possible use in a commercial process to 

.<7 
~reduce nitrogen oxides. The tail gas fram a nitric ac~d plant 

contains oxygen and nitrogen dioxide which will oxidize any 

cataly~ts which are not resistant to oxidation. In addition, 

available data indicate that the nitric oxide will oxidize the 

catalysts even in the absence of oxygen or nitrQgen dioxide. 

Two uatches of commerci,al Raney copper and Ran1Y nickel 

~ere' supported on sllica following the complete procedure described 

in Appendix C, except that oxygen was not bubbled through the wash 

water. These catalysts were oxidized overnight at 35~oC and had 

mùch lower activities than the unoxidized catalysts. Nitric 

oxide convers~o~s gradually decreased during the first twelve 
tr 

hotlrs of testing and remained constant thereafter. Actiyities 
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were reproducible from batch to batch and did not change when a 

catalyst bed was tested repeatedly at different dates. The 

activities of commercial R~ney copper catalyst 'Cl are given in 
, 

Table 5; Raney nickel was less act1ve. 

Normally oxygen is excluded from the system when Raney 

metals are be1ng leached and washed to preven~ oxidation and 

displacement of adsorbed hydrogen. However these preliminary 

1 activ1ty tests indicated that the Raney catalysts would be 

oXldized completely ln any case. Therefore the 

of exèluding oxyg~n during the washinq sequence 

~ 
common procëdure 

"1 

was Janged \0 
» 

the procedure described in Appendix: C, 1n wh1ch ojcygen is bubbled 

through the wash water to displace adsorbed hydroqen . 

This preliminary work ùemonstrated that radial concentration 

gradients and mass transfer effects can be neqlected, that the 
1 

Raney catalysts will be oXldlzed by the nltric oxide, and that 

the cataly?ts w1l1 require about twelve hours of conditioning 

ln the reaction mixture bcfore steady state conversions ~re 

observed. 

( C) 
• • • fi 

Actlvltles of Raney Alloy Catalysts 

J 
The activity of the catalyst support and the walls of the 

microreactor for the reaction were measured in the next set of 

tests. 5ilica support was prepared by the method described in r- "-,.. 
Appendix C and 2.5 g loaded into the microreactor. Composltion 

of the inlet gas was fixed at 0.3% n~tr1c oXlde and 0.6\ ammonla 
1 
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Table 5: Effect of Temperature and Space Ve1oc~ty on Conversion 
over Commerc~a1 Rancy Copper Catalyst iCI 

.,. 

Reactor InIetlGas Composition: 0.3% n~tEic oxide 
'0.6% arrunonia 
balance argon 

TeInpera ture 
-0 

C 
Spa ce VÏIoc~ty 

hr-
Conversio~ o~ Nitric Oxide 

to Nitrogen, Y, % 

300 400 93 

300 1000 82 

300 2000 61 

300 3000 46 ---350 1000 96 

350 3000 70 

.., 

-

,,~ 

<' ' 

'---=---------- ' ------~----------------------j -
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in argon. Ni tric oxide conversion over the support generally 

reached its steady state value after one hour of testing. The 

resu l ts presen tod here we re collected il ft& rat Inas t tWQ hours 

of operation at each test pOlnt. Space voloclty (\nd temperature 

w~re varied to qive the data ln Table 6. 
,..-,~ 

J\ctivlty is measured by the n1tr0'1en concentration at thn 

out let from the rnactor. J\mmonia decompos ilion 19 probably 

1 

sign1flcant dt these t:.cmp0ratures so converS1ons of ni tric Qxide 

to ni trous' ox i de and nittroqen respecti vcly Cilnnot b0. calcu la ted. 

An upper Ilmit to convorS1on of nilrlc oXl<h~ Lo lulroqen was 

calculatecl for each caGe .:lccordin'1 to·' t.he convention ln J\ppendix r.. 

These results arc plotted in Fiqure 17. Nole that at 

o temperatures of 300 C and hiqher, conversion of n1.tric oxide over 
. \ 

the si1ica support is siqnificant for space ~elocitieD less than. 

-1 3000 hr . 

'l'he fina 1 seri~ of tests measured the acti vi ties of the 

supported Raney copper-nlc~el alloy catalysts. The amount of 

aluminum leached from ~he startinq alloys varicd with alloy ~ 

composltion, so it was necessary to add dilfcrcnl amounts of the 

supportcd catalysts to maintal.n the samc tOlal wel.qht of copper 

and nickel in the catalyst bed. Calculations of catalyst . 

loadings are presen tcd in Appendix Il. 
, '" 

Cata-lyst R-Cu-Ni-'11X \.uî' prepared by 91multaneously dlspersinq 
• 
" . ~ 

Raney nickel R-Ni-A and Raney copper R-Cu-A on sllica to givc )~n 
\ 

overall composition of 2.06% nickel and 2.36% cop~.)y'weight 

on silica. 
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Table 6: 
'" 

€ata1yst: 

• '" 
., 

1 

~ 

Effect 6f Temperature and Space Velocity 
on Conversion over Silica Support 

1-' . 

Reactor Inlet Gas Composition: 
2.5 g si1ica support 
fr.3% nitr~c oxide 
0.6% anvnonia 

" 
balance argon 

SpacE!! Velocity % Nitrogen in ~aximurn Conversion of 
hr- 1 Reactor Out1et Gas NO to N2 , Y', % 

~, 

5000 .004 'CL.. 1.6 
3000 .009 3.5 
1000 .026 10.4 

500 .043 17.2 
200 .101 40.5 

3000 .014 5.7 
1500 .030 12.1 

500 .075 30.0 

50'00 '0 .018 7.2 

fi 

• .. 

'" 

• 
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The activity rneasurements were straightforward. The 

supporteù Raney catalysts and sufficient silica support to bring 

the total bed weight up to 2.5 9 were mechanically mixed and 

loaded into the reactor. The hcater was turned on and the 

reactants set at their proper flow rates. Usually the individual 

flow rates were ~easured at tbe sta,t of each catalyst test to 

confirm the accuracy of the flowmeter calibrations. The reactants 

were analyzcù to verify that no nitrogen was present and that the ,. 
~n~tric oxide concentration was 0.3%. Then the reactor product gas 

was analyzcd per)odically to determ~ne the nitrogen and nitric 

oxide concentrations. The cl.romatog raph was used exclusi vely for 

the chemical analyses. 

Typical results are shown in Figure lB where nitrogen and 

nitric oxide concentrations are plotted for the testing of catalyst 

R-Cu375 at 350°C and 500 hr- l ~pacc velocity. Final data were 

taken after eigl'N:een hours following the start of the run; 

nitrogen concentrations had remaincd steady for over four hours 

prior to the final sarnple analysi&~ The other Raney alloy 

catalysts \'<'ere tested sirnilarly. 

All the Raney alloy catalysts were tested at 3500 C and a 

space velocity of 500 hr- l • Reactor product compositions are ... 

list,ed in Table 7. "-
Conversions were calculated according to 

the conventions in Appendix H. Note that apparent conversions 

in exccss of 100% over catalysts R-Ni-A and R~ÇU-Ni-Mix confirrn 

ammonia decomposition. This reaction i8 probably occurring over 

" -82-
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catalyst 

Sil!qa Support 
R;"loli-A 
R-Cu12~ 

C: 

R-Cu250 
R-Cu375 
R-Cu-A 
R-(!u-Ni-Kix 

" 

t7\ 

;/ 

1 • •• 
=. 

Tatile 7: Effeçt of A110y Cornpo~ition 'on Conversion 
OVer ~ney Copper-Nicke1 Ailoy Cata1ysts 

Reactor InIet.Gas Composition: 0.3% nitric oxide 
0.6% ammonia 

Temperature: 
Space Ve1ocity: 

balance argon 
3500 C / 
500 hr- l ~ 

Reactor Outlet Gas Composition Conversions 

-..J 

... 

'Nitrogen' % Nitric Oxide Nitric Oxide Maximum 

.077 

.391 

.210 

.067 

.101 

.140 
'.270 

6 

." 

~ 

.224 

.000 

.000 

.111 

.122 
~104 
.000 

/" 

" 

Destruction Conve~sion 

(?' 

x, % of NO tO~N2 
Y', % 

25 
100 
100 

44 
59 
65 

100 

31 
156 

84 
27 
An 

-------- 56 
108 , . 
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"" the ottter catalysts, but to a lesser extent. 

plotted in Figure 19. 

Re,ults are 

~ 

. \ 

The next data set vas collected'at other space velocities 
r .. 

and temperatures, but under less stringent conditions than the 

basic catalyst tests listed in Table? The same catalyst beds 

we~e used for ehi, s~ries of tests. conv,rsions were meaaured 
... 

a~ter four hours operation at fixed space velocity and température • . , 
Resulta are given in Table 8. Catalysts R-Ia-~, R-Cul25, and ... 
RlCU-Ni-Mix were teated at higher space velocities to confirm the 

order of reactivity suqgested by the data in Table 7. Under 

these condi~ns, the differences between the catalys~ are 

marked; , R-Ni-A is more -active than R-eu-Ni-~ix, which in turn 
1 ~ 

is more active thaa R-CU12S. Runa 4, S, a~d, 6 show the effect of 
, 

O)'ide space velocity and temperature on conversion of ni tric 

over Raney copper, R-~-A. Results are plotted in Figure 20. 

The importance of oxidation state of the Raney metals was 

confirmed in runs 7 and B. Catalyst R-Cu37S'A was prepared from • 

a batch of R-Cu375 by reduction in hydroqen At, 4000 C for eiqht 

ho"rs. This treatment significantly increased actifity. Catalyst 

R-Cu3758 was prepared by oxidizinq R-Cu31SA in oxygen at l.SOoe 

for eiqht hours. Its activity is lower than the reduced catalyst. 
\ 

Ammonia decomposition vas evidently occurrinq over cataly.t 

R-Ni-A and probably over s~ of the other cataly.ta. This 
c 

reacëion vas studied in greater det.il by"feedin9 into the raactor . . 
a gas stream conaisting, of &JmK)nia in argon. ;Analyae. vere .. de 

o 
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Table 8: Activitre. of Raney Copper-Nickel A110y Catal.ysts 

aeactor Feeâ Composition: 0.31 ni tric' oxide 
~ 0.6' ammonia 

balance arqon 
.... 

• 

! 

C&talyat. Space Velocity Temp. Composi tion of ,Conversions 

__ Hl-A 

a-CU,.,..IJ1-M!.x 

,~CUl25 
• 

. R-Cu-A 

Jt-tOt.A 

·R-Cu-A 

a-0l375-A 

ll-CU375-8\ 

~ 

~ 

hr-

./3000' 

)3000 

2250 

500· 

lS() .' 

200 ,. -

3000 

3000 

r 

Oc P.eaetor Product Gas XI y" 
IN2 INO 

350 .293 .000 100 117 . 
350 .166 .006 98 6"-

350 .127 .081 73 51 

400 .180 .068 78' 72 ..,. 
' . • 

350 .139 .082. 73 56 

350 .251 .000 100 100 

350 .1.14 .136 55 45 

350 .040 .078 26- 16 
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at each operatinq condiltion. 'l'he reaults listad in Table 9 
" 

confirm that ammonia decompoaition ia siqnificant ovar catalYlts 

R-N1-A and R-Cu-Ni-Mix 'At the standard test conditions of 350°C 

and 500 hr-l, space velocity. It is- less important over catalyst 

R-Cu125 and probably neqliqible ovèr the other thr~e catalysts. 

Copper doas not promote this reaction as well as nickel d08a (50). 

The aetivities of the Raney catalysts are low compared to 

other catalysta.for thia reaction. Jaros and Krizek (8) reported 

96\ ni tric oxide convers,ion at 260°C and a space veloei ty of 

30000 hr- 1 Qver 0.5\ platinum ln alumina. Anderson and Keith (8) 
1 

teported 88' nit~OCJen oxide co version at 2l50C ,nd a space 

velocity of 20'000 'hr- l ovel' 5 0..( alumina with S\ ailica. 
f 

The commercial Raney copper c ta1yat Cl doea not promote hiqh 

cçnversions until the temperature 18 raised to 350
0

C and the 

Ipace vel~city lowered to 1000 hr- l • With the exception of 
~ -

catalY8t~R-Ni-A, the Raney al10y8 are even les~ active. In' tact, 

the activities.of t~e Raney matals are 80 10w that there is siq­

nificant conversion o~~r the s~lica support at the test conditions 

of 350°C and 500 hr- l space velocity. This low actlvity eli~n.tes 

Renay copper-nickel al10ys tram further consideration as ~ommercial 

catalyata to promote ni~ric oxide reduction with ammonia. 
. . 

Alloy composition has two distinct effecté" the f1rst on ... 

ovarall activity and the second on catalyat selectivity. Fiqure 19 

shows that activ1ty 18 strongly dePendant on alloy composition. 

" " It alao shows that catalysts vith a hiqh dickel contant p~te 
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!Mmonia d.comp~ition. Thi. reaction beco~a more .~qn1fic.nt 

on nickel cata!y.ta àbove 250°C. It i. le •• ~mportant over 
, ! 

catalyat. wi~ a low nickel content. The 8trong affect of all'oy 

composition 18uqqesta that alloy cataly.ts 'war'rant further invuti-
/ ' 

gation. C~ice' of the proper alloy may result in ~ aatalyst with 
1 

1 

hiqh actiiitly and se'lectiviby. Amonq the Naney alloy., catalyst 
t 

R-Cul2S bas almost the same activity as Raney nickel for nitric, 

oxide r,édu~tion, but does no; It;,ronqly prorilote ammonia dacomposltion. 

FAsman et al. (28) showed that introduction of a further 
1 .. • • J 

alloylnq camponent into the ckel-aluminum alloy can chan~e the 

act~vity of the Raney catai 
1 , 

active for the reduction of 

ample, molyb,denu~. ls not 

oi l, bu.t" doea i'nçreas8 
, ' 

the activity of Raney nieke,l for this reacti?n'. ~'NO auch promotion . . -
of Raney nickel by co~per was observed 'fo.r the nitric ox!de reduct~on 

in the present work. 

Petrov et al •• (69) f6und ttiat the specifie actlvity 9f a 

Raney manqanese-nic~el catalyst is lS·to 20' lower than a 

meOhanical mixtur~ of Raney nlckol and,Raney,manganes. of the' 

._ overall composi tian. The aeti vi ty of the ~chanitai mixture" -, 1 

<" ,,~ 
, • l .. { 

wa. fq,I.Ul,Cl to be the aame as the weiqhted s.um' of the ectivltie. of i 
./ \ l , 

the •• parate catalysts. The ~e.ults obaerved her. for nitric 
.~:' . 

OKide reduction are .imilar, the al~oy cataly8t 1. 1 ••• activ. î 

th.ft the machanieal mixture. 
.. 
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Section IX: N~trate-8ased Mlxed-Oxide Catalysts 

The Raney alloy catalysts are not suitable for a commercial 
, ;!J 

prbcess to requce nitrogen oxidas with ammonia beca~se their low 
t. 1 

activities necessitate hiqh temperatures for satisfactory 
, 

conversion. Ammonia "decomposltion makes the process even,less 

practical. A second series of copper-nickel'catalysts was 
~ . 

prepared by' à different method which resul ta in rnuch h.igher 

activity. 

C~talysts to pro~ote the reduction of nitric oxide by 

ammortia should not be liable to deactivation by oxidation, as 

are the Raney catalysts. Ideally, the catalysts should consiat 

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

" -If these crystallites are separà~ed from each other, oxidation 
1 

should not result in Agglomeration and a draatic decrease in 

surface are a available for reaction., 
• 

Such catalysts can be produced by several standard methods , 

( S6 , 62 , 93 ) • 
1 

One of the simpl~st is impre9na~ion of a support 
, .. 

vith the .metal nitrates, followed by heat+nq any reducti~n. 1 

Van HardeveldJ and Hartog (93~aICulated crystallite 

dimen.i~n. of reducéd nickel catalysta prepared by impregnating 

.ero.il~with nickelous nitrate. 
# • 

The typical crystallite dimension 

va. 48 ~ft, with,a corresponding metal surface ·area of 150 .2/9. 

Thia 811!rce are. wes d~cr.aS.d ta 39 m2/9 by p~roliz~n9 the 

cata1yst ln air at 450°C prior to reductlon. ~ J 
f 

, -' 
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,Reynolds (73) p~epared copper-nic~el alloy catalyats by 
• 

mixinq copper and nickel nitrates with kieselgu~r and preeipitating . ' 

the metal salts with ammonium hydroqen ~arbonate. The catalysts 
« t 

were reduced ~t SOOoc. His results, shown in Figure 11, indicate 
or 

a decrease in specifie surface area\with inèreasing copper . 
f1 

content. Tnis may result f~m the high mobility of the copper 
~ ,.... 0 

~toms at ,the reduct10n,temperature of 500 C. The effect may be 
" , . 

Similar to t~a dacreasé in nickel su~face area due to pyrolizinq 

at 450°C observed by Van Hardeveld and Hartoq (93). Presumably 

ca~lyàt. rieh ~n copper should ba reduced at a lower temperature 
Il< 

to 'produce crystallite dimensions as small as ,those of the 

nickel. 
1 

The data presented by Reynolds and Van Hardeveld suq~est 

that, at low metal loadings, the metal nitrate procedure should 
• 

relult in c.talystsl whose surface area is high and will not 
( 

deerease drastically vi~h oxidation. ~ This nitrate procedure 

vas adopted in thi. invéstigation as a second means of preparinq 

coppe'~nickel cataly.ts. 

The catalysta listed i~ Tab~e 10 verel PF~pared by adding 
, . 

solutions of ~pper and nickel nitrates to Ludox 115-40 to yield 

l' _ta1 on ailiea. Tbe Ludox v.s then qeU!ld "ith acatic aCid~ 

d~1.4 at 1200 er sieved, and finally oxidized at 4.00oC~ Details 

of the proc:edur. a"8 qiyen in Appendix F. Note that the eataly.~a 
, 

cont.in.~ copper and nickel nitrates alter dryinq at.120oC. They 
o 

w.r. th.n
l l.ft,oy.rnlqh~ ln the presence of alr~at 400°C. This 
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tamperatura 1. high enough to decompose the meta1 nitrates wlth 

avo1ution Qf.nitroqen oxides and subsequent formation of mêta1 

oxides. tt shou1d a1so result in sufficient~surface migration 
-1 

over the ~i1ica ~upport for th~ copper, and nickel oxide crystal-
, \ 

lites to be in intimate contact. 'These catà1ys~s are referred . -, , 

to as "mixed-oxide" cata1ysts, rather than as al10y catalyst&, 
, . 

becaus~ they were not reduced to produce copper-nickel alloys. 
, \. . . . . 

Taka~u (89) has shown that exposinq copper-nickel a110y plates 
, Q 

" 

), . 

" 

'" to oxidative-reductive treatment results in prorJounced 'changes , . 
in the surface ~ompo~ition. C~pper-rich a110Y9 were enriched on 

"-the surface by nickel while the 'surface ,of, nickel-rich alloys 

vas enriched by copper. Subjecting the mi~ed-oxideocatalysts to~ 
~ an·oxidative-reductive cycle would'fo~ çopper-nickel alloys . ' 

. '-r 
which wou1d then,be oxidized, but would introduce the added 

complieation of changes in su/face composition. To Avoid t~is, .... , \.. ., 
.~he mixed-oxide catalysts were not reduced. 

J Catalyst N-Mix.was prepared by mi~ing 87.5\ by weight of 
- \ catalyst N-Cu vith 12.5\ by weight of catalyst N-Ni. Its 

a~tivit~wili bê compared to the mixed-oxide catalyst ~ith the 

sa. overail composition of 0.875\ copper aAd 0 .. 125' nLckel on 

sa.lica. 
, 1 .... 

Thi. cata1yst'preparation method is much les8 complex 

than the Ranay procedure. tt'is'more flexible aihce aluminum, 

a\10Y. do'nft/hav~ to be formed~n~, le~ched. Mixed-oxide -

catalysts of a wide range of metal. can eas! Iy he prepared by' 
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~t.rting vith the corr.sponding matal nitrate •• ~ Metal ,lbading. 
~ 

• '11 

can 'be varied by chuqinq the concentra'tion' of the nitrate 
, toi ~ ..... J _ r 

solùtidn.· At lOw meeal loadingl, 'this method ahould reeult in 
,~ . 

a fine .dispersion of 'amall metal crystallite. on the support • 
1 • . . 

These catalysts proved te bè much more'active than the 1 
\ 

Raney metal.alloys~ 'The activity determination. l~lted> only 

three hours, so data c~.ll.cted are not a,p~licable :to ful~y . 
, '. 

conditioned catalysts. (However the effect ia small, apd since 
" ~ 4 . 

aIl catalysts were teated under id~tical ponditiona, compariaons ' 

l , betweeri èatalJ,ts are justified. The apace veiocity waa raised 
• L • 

. to 3000 hr- l and the reactor temperature lowered to 200oC. , 

Figure 17 shows ~e,activity of the'siliea support ia negligible 
'" -

under these operatinq cQnditionl. Fiqur~ 22 shota raactor 

prOduct composit~on over qatalyst G-CU2S01 note, tqat cônditioning 
~ . -

of the mxed-ox'rde catalyat is much more rapid than that of the 
" ...-- . 

.... ~ney" catalysta. /Activity dat, for all the cataly.ta !,-re 9ive~ 
," . 

in Tabla 11 and in Fi9ures 23 and 24. cdnversio~1 and product 
. '-

... 

. 
distributions were calculat'd according to ~he'conventions in 

Appendix G. 
{ 

, 
~onia decompoaitio~ was later ahawn to be neqli~ible 

""'r 
• 1 

at" 200°C 80 calculations' of conversiona to nitroua oxide are 

. jU8tified; 

Activity i. atronqly dependent on composition. Nick~l 
" 

b .. virtually no activity wbile copper is quit. activa.' The 

Dt active cataly8t is a-CUS?5. The m.chanicel mixture of the 
, 

._ ov.rall caIlpOsition .. Q-!4!x, 1. alllOst as actiVa .s th!a 
... 
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lI-CU875 
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• ( 
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F/~ 

4. 
w, 

d 0 

_ Table Il: Effect of Composition on Conversion over 
Nitrate-Based Mixed-Oxide catàlysts 

Reactor Peed Caaposi tion: 0.3' nitric oxide 
O~ 6' ammonia 
balance argon Temperature: 2000 c 

Space Ve1oc::ity: .3000' hr-l , 
" 

Reactor Product Conversions 
-C~ition 

'M2 'NO -X, , Y,' Z.' 
.003 .285 0 1 0 /' 

'.122 .048 84 49 35 
" .043 .212 ,y 29 17 12 

.040 .20S 32 26 16 
-.181 .000 100 75 25 

.143 .OOQ. 100 58 43 .. 
" .177 .000 ,100 71 ~9 

, , 

:., 
\.. 

--

Product 
Distribution 

Ratio, R, , 

58 

58 

50 

·75 " 

58 =-
71 
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e IÙ.x.d-oxide aatalyat. Tb. prod~at distribut.ion ratio ahown in 

Pigure 24 ia ei9nificantly higher for th •• e two aatalyate ehan 

J 

. it is for all the othera, thia sUC1Qeat. a difteranee in meehani-sm. , 

The effect of temperature on converiion waa datermined in 

a .econd series of testa whoae reaulte are pre.ented in Table 12. 

/The moat active cataly.ta were testad at lSOoC. Even at thia 

, low temperature catalyeta N-Cu875 and N-Mix convert 95' of the 

inlat nitric oxide. Thare is a shift in th. product distribution 
\ 

ratio with,qreater reduètion to nitrous oxida and less to nitroqen. , -

The leaa activa catalysts vere teated at the higher temperature 

of. 300°C. Thare is a definite inerease in conversion with 

complete elimination of nitric oxid. over two of the·mi~.d-oxida 
1 

catalysts. The nickel catalyst, N-Ni, i8 the least active; its 

activity"is probably oo~arable to that ~f the Raney nickel 

catalyst R-Ni-A. Product distribution ratioa werè not ~aleulated 
• 

at thia tomperature becausa of po •• ible ammonia ~eomposition. 

Allmonia de compoai tion ovar catalyst G-~~ix wa. measured 

at 2000 c and at JOOoC; data are presented in Table 13. The 
- -

reaetion is in6iqnif1cant at 200~C and, rapid at ioooe. This 

confirma the importance of maintainihc.:J' a low reaction "temp.rature 
. -

. ' r 
for the reduction of the nitric oxide. 

Activiti.s of the nitrate-baeed aataly.ta are much hiqher 

than tho •• of the Raney metals. This is illuatrated 1n' Table 14 

by camparison to catalysta reportea by other worker. (8). Th. 

activity of catalyat N-CU par unit,wei9ht, of metal 1. probably 

0108. to that of the commercial nickel catalyst. 

-
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'J'able 12: Activities of Nirtrate-Based Mixed-ox.i.c:Je catalys,ts 
t.;:f 

< ~. \ ~~~,~ 

~'" ,'. ~(~~ ;~: ';. ~<1 
~r~r".. ".. ~'" ~ 
~~ 
~:" " . ; , . 
~'.; : '.~~y.t ~rat.ure 
~:' ~ ~r \ .. - --~ .. Oc . 
!! ..... ,. . 
~< .. :; 
~,.' " .. ' . 
• 'r •. ..... c., 
~' '. r .. ' .lI-éi.a50 
l ,~1" ~ 
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• ~'l 
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~, .. t' f' l 

~50 . 

·l50' 

158 .. 

1SO " 

300 

lOO 
... 
3QO 

" 

,Re~,~or Peed Composi tion : 
t 

Space VéloCity: 
7 " • -

_acter. Product 
Gu' COmposi ti;OD 

'112 'MO 
X,, 

.091 .0:77 74 

~048 .169 .4 

.127 .015 9S . 

.,143 '. OlS '95 

.067 .181 41) 

.176 .000 100 

.178 .000 .. 100 . 
'-

0.3' niuie Qxide 
0 .. 6" aJIIIIOni a 
ballln.Ce'frqon 
3000 hr-

Conversions 
Y,' • Z,' 

37 . 37 

. 19 24 

51 44 

58 38· 

28 

70 

72 ) 

.# 

J 

( 

" 

« • 

} 

ProdUÇt 
Diitribution 
~tio, R" • 
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Table 131 Effeot af 'TSMperature on AmRohia 
DecOmposition over NitrAte-aased/' 
Catalyat IN-Mix ' '" 

Reactor Feed OOmpoaitioh: 
Space Veloci ty: 

Temperature 
/ 

, ' 

1.2'- ammon!a in argon 
800 hr-1 

'AmmOn!. Oecompased 

/ .47 
... 

y' ...... 
92 

/ 

Table' 14: Campariaon of ~t.ly.t Activitie. for 
Reductr~n O~Nltrogen Oxi~e. with Ammon!a 

.. 
\ . ~ 

.-

1 

Pt on //~-CU-A N-Cu Ni qn 
alwüna allÎlftina 

/ 
/ 

/ . Reference No. 

/ Nt '~tetal . 1 

-
350 

500 

200 

3000, 
. \ 

-, 8 

5.5 

215 

20000 

'~ 8 

0.5 

26O. 

30000 

• 

t 

) 
1 

/ 

1 
'! 

.' 

'1 
~ 'j . 

I~ 
.; 

..;~ 
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The re.ulta ol th ••• pre11minary t •• ts a~è quit. pr~.ln9. 

H1gh' activities have b •• n ahown,at low re.otton temperature.' 

whera aramonia d'ecomposition ia negllgible. Metal composition . 
ha. a stronq affect on activi~y and selectivity. Further 

<-

investigation of thia sy.stem wauld proeead by 8tudy ot more 

cataly.tl, eapecially those w!tn nickel contenta between 01 And 

2St by weight. Catalyst te8t~ng over .xtended periods of tiae 

would be the next atep. rinally the m~tal loadings would be .. 
incre.sed ta pe~t operation of the reactor .t high space 

velocitiea. Tbis increase in metal lO~inq should be .cbieved 

witbOùt a large increase in metal crystallite dimensions 80 . 
that the extra matal added will result in "a èorreapondinq 

incre ••• in'surfaca area available for reaction. 
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"ction XI' Di.cu.aion of Apparatua and Procedure. 
- ~Il-

De~lopment of tbe ndcroritactôr, th. f lowmater., and the 

analytlcal .ystems va. cruclal to ac~urat. measurement ~f 

catalys~ actlvities. The microrea~tor and flow controllera vere 

relatlvely .traightforward, but the- analytical ayatams were . , 
If 

severely limited by the difficultiea previoualy diacu •• ed. 

The capi.llary f lowmeters aervad the dual function of flov 

control and measurement. They would· be particularly useful ln 

the contro.~ of very amali gal and liquid f lowa, eap.c!ally at 

extreme temp.ratu~ang.s. For example, volumetrie flow rate. 

of 0.33 cC/min ~rgon can be meterad throuqh a capillary which i. 

20 cm long and 0.02 mm internal djameter at a differantial 
1 

pres.ure of 100 psi. ,Flow rates of several cc/hr can be controlled 

vith th!a meter at smaller different1al pre.aures. 

These metera would be ua.ful at high temperatur.s becaua. 

" IIlOst hlgh temperatura commercial valvea cannot handl. 8Uc;.h Iow 

flow rates. Por ~xampl., flow control at 500°C requires hiqhly 

_peeializad valves, auah a. bellows val v •• in which the ata. 

packing ia il9lated from the procea8 fluide Thea. valv.s are 

eXpanlive and aven wlth mcrClllat.ring atems would not be suited--' 

for control of gas flowi of 1 ••• than 1 èc/min. The temperatu" 
1 ., \' 

rang8 of the capillary flowmetera u.ed in thi. work·wal I1m1ted 
• 

by the .poxy reain uaee! ~o ho14 ~. capillary in place inaide the 

tube. Sine. then, • .,aral otber .. tera have be.n conatruct.a 
.' 

. . 
; 
1 

, '. 

'. 

'\ 

, 

. . /} .,. , 
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with ordinary ~older holding the glas. in place. 
, , 

They performed 
\ 

well during tests at room temperature. Use of high tempe rature 
,-

.olde~ and glass would probàbly extend the operating temperature 

of these meters up to at least 500oC. 

Capillary flawmetera could b~ uaed for direct metering of 

a g.. or liquid tnto a localized area such as the center of a 
& 

catalyst pellet. They~ould make excellent point sources for 

micro-diffusion studiea. 

The import,nce of 'the flow controllers to the catalyst 
, 

teats ia their simple and accurate control of the reactor inlet 

stream composition and flow rate. 

The difficultiss in the chemical analyses of nitrogen 

oxides have been enoountéred by other workers. Several avoided 

part of the probl~m by simply measuring' nitric oxide destruction 

without determining extents of reduction to nitrous oxide and 

nitroqen (6,55)., Th~ combined infrared an~chromatograPhic 

ana1ysia originally planned in th!s projcct should be capable of 
1 

a complete anaLysis of the reaction mixturé. - The chroma~raPhic detetmination of argon~ nitrogen, and 

nltric oxide pr~~ sati~f~ctory over a periôd of many months. 

Gas chromatography can probably be utilized more èxtensively than 
, 

it wa., in thi. project.. F,or ex&JDple, )\ydrogen can be det~rmine~ 

by using argon as the carrier gaa in the second chromatoqraph 

column. This voult introduce baseline drift durinq non-iaothermal 

op.ration, bUt would measurè the extent of the ammonia,decompoaition 
\ 

-107-

" 

1 , , , 



• 

• 

• 

\ , 

/ 

1 
.' . 

1 

The analyais might he extended to 'include nitroua 

oxide by adsorbing the Ammon!a 4nd vater on anhydroua Mq(CI04;2 

rather than on ~'olecular Sieve llX. Uae of cold trapa and a. 

second analysis column might permit extension of the analysia 

to nitrogen dioxide, vater, and ammonia. Considerable develop­

ment work would be required for any of these alternate analy •••• 

Infrared analysis of the gas mixture is fealible despite 
, , 

the problems encountere~ wi~h the Miran 1 Infrared Analyzer. The 

preliminary ~esults demonstrated that ammonia and nitroqen·dioxide 

can be determined down to the ppm leve~s. How~ver, the Miran l 

":,, Infrared Analyzer with lonq path cell requires two' important 
" -

improvements before it can be used fot th!s analysis. The windows 

of the long path- cell should be conàtructed of a corrosion resiatant 

material, even at the exp_nse ,o~ limitinq the usable region of the . . 
spectrum. The instrument resolutton should be increased from law 
to at least medium to permit accurate analyai. of complex ndxtures. 

An ultraviolet spectrameter equipped with a long path cell 

would allow precise meakurement of nitrogèn dioxide levels and 

perhapa several other components. Ouartz windows Foul~ be uaed 
'" \ on ,the long path cell to solve the corroslon p~oblem. 

tudox HS-40 is a versatile eataly.t support with a tiné e 

pore structure and a hiqh specifie surface area. It va. used 

aucc_ssfully 1n th!s vork ,to support the Raney alloy catalysta 

and to prepare the aitrate-baaed mixed-ox1de catalyats. Other 
1 • 

catalysts have been support.d on it. 1 It can be cogell.d vit.h 
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alumina to yield an Aluminosilicate lupport (26). Altematively, 

active metals can be precipitated &. hydroxides or carbonate. 

on the Ludox (93). l , 

Ludox provides a 9.1 stability and'reproduciHility that 

other methods of silica qel preparation are unable to. Impurity 

levela can be minimized by proper choice of prèparation ,conditions. 

For example, Ludox AS ls stabilized by ammonium ions rather than 

by sodium ionsf it could be qelled by acetic acid. Both the 

ammonium and acetate ion8 would leave on dryinq to produce a hiqh-
1 

purity qel. 

Proper selection of the dryinq method is an importab~ atep 

in the catalyst preparation procedur&. It is not critical in the 
"1' 

support of the Ranay metals because the active catalyst centers 

are present before the g~l ia dried; the s11ica ~s merely actinq 

as a base for the metal particles. However, thls is not the case 

tor the nitrate-based catalysts. The metal n~trate 'solution ls 

drawn to the surface by the surface tension forces d~veloped in 

the dryinq. The result is a hiqhér concentration of me"tal near, 
-\' 

the surface pf the gel. The effect i.s not important in a prelim-

inary study such as the one undertaken here for the nitrate-based 

cataly~ts. However, in any precise work, the meta! ahould be 

uniformly deposited throuqhout the bulk of the catalyst support. 

It could be dep08ited as an -!nsolublehàalt such aa hydroxide or 

carbonate before the qel ia dried. Alternata1y, the gel could be 

" 
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.pray";':4ried 10 that Any non-uniformiti •• would be on the 

" • 
aicroseopic le.le. 

Thare ia no .viden". that the catalyat support va. inter"; 

, ferinq vith the activity m ••• urementl on either the Raney catalYlts 

or the nitrate-base4 catalyst.. ~he Ludox wa. neutralized with 
1 

t 
hydrochloric acid wh.n the Raney metala were .uppo~ted. The 

~ " 

chloride ions shou1d not have affected the aetivity determinations 
• Q 

linea the y ware 1ock.d into the ailiea aupport without a means,to 
, 0' diffuse to and Slq91anerate on the Raney metal particles.' Experi-

me~ta11y, Raney copper wa. more active when di.parsad in the s11ioa 

according to the standard procedure than when it was mixed with the 

li1ica support meckÂnicelly. Preaumably thia effect wa. due to 

improved dlspersion •. When the nitrate-ba.ed catalysts were pre­

pared, the Lutlox waa gelled with acetie acid. Since the acetate 

ion leaves durinq the cat.lyat dryinq, no interference should be 

expect'ed. 

~he Raney' metals were prepared by a standard technique ~hiCh \ 

resulta in active nickel catalyet.~ Unfortuqately it can re.ult , . 
in .• variation of phyaical and cltemieal propertiea when applied 

" .., , 
to different atartinq a110y.. The relults of thi, inveeti9ation 

agree vith the observations of Reynolds (73). The reactivity of 

the copper-nickel-aluminwa alloy varies stronqly with compolition: 
1 • 

~ 1 

large amount8 o~ r.sidual aluminum remain in the 
, 1 

activated copper-

IÛckel cat.lys ta. Tbe higher lavel. of re.idual 
J " 

al~n~ observed 
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in thi. inv~sti9ation as comparad to that of Reynoldt'may 

a difference in the structure of the .tarti~q alloy. 

s.vere leacninq conditions empl~yed in this work. 

les. 

None of the experimental data supported Reynolds' "theory 

\ 

that catalysts with significant residual alum~num consist of an 

activated surface covering an upaltered qpre. A better explanation 

ia that a fraction of the aluminum atoms are locked in a solid 

solution with the copper and nickel and arè simply not r~act1ve 
-:a ' ..J 

to alkali. The leaohing of the atarting"alloy will cea,e after 
~ . . 

all available aluminum has beén removed. Microscopic examination 

of sections of activated catalysts would test "~hes~lternate 

eçl~aUoM~ 1· 

Reynolds ob.erved a large variation in specific surface 

_ area of the activated catalyat.'with composition of t~e atartinq 

'" ,a119 Y. There ia probably a similar variation in thi. investigation. 

Thi. variability i~ extent ~ le.ching, surface area, and 

po~ size will pre~ent in~erpretat\on of,the conv~r.icn data ovér 

the Raney alloy·ca~.ly.ti in ter,ma of .imple mo4els of inherent 

activities of the Raney alloy •• 

" 

J 
\ 

.' ~l~.l" , 
\ ~ '.' J'~~':~-; ~C~!:·&~~1;:~;~~:~::J1~.~~ :~i.~~:~~~#.~ ~ ,~ ~f 
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Section XI: Di8cul!ïillon of Ca talys t..Acti vi ties 

~ 
The aim of this inv'estiqa~ion' is to test the three research 

hypotheses on ~aney a110y cata~yst activities presented in 

Section Il. As a resu1t bf this work with the Raney catalysts, , 

further experiments were .undertaken with a series of nitrate­

based copper-nickel catalysts. 
~ 

The' results of the experi~nta~ work, and in particular, 
" 

t~e d ta'in,Figure 19 and Tables 7 and 8, justify the followinq 

cone sions regardinq the research hypothéses. 
1 

CA The Raney method can be used to prepare eopper-nickel al10y 

catalysts active for the reduction ,of nitric oxide wlth 

ammonia. However, ail catalysts have low activities and 

one eatalyst of 50\ by weight copper has virtua'lly no activity. 

(B) Activity measurements on commercial Raney copper and nickel 

and on alloy catalyst R-Cu375 demonstrated that·oxidation 

of the Raney catalysts' decreases activity drastically. 

CC) The activity of the mechanieal mixture of Raney copper and 

Raney nickel differs from that of the corresponding Rane.Y" . 

al10y. Unfortunately ~s difference cannot be interpreted 

in tenns of reaction mechanisll or inherent activities, • . 
The low activities of the Raney catalysts may be due to .. 

low inherent activ~ties af the Raney me~a18, ta low surface areas, 

ta deactivation when oxyqen vas bubbled throuqh the w~sh water, 

o 

to poi.oning of the,8u~face b~ adsorbed Nlt2 from ammonia deccm­

p08ition, ,!r to low ~etilvities of the oxide fona of the Raney me ta la " .'; 

t 

\ 
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Several of th~.e mechanisms are probably not aiqnifioant. 

The nitrate-baaed'cata1ysta were oxidized, but still active. . . 
, Similarly,. Nlf.

2 
i8 likely, to ,be adsorbed on the nitrate-basad 

catalysta if it ia adsorbed on the Ranay catalysts. The high 
l , 

activities of the nitrate-based catalysts show this is unlikely. 

Deactivatlon by the~xYgen bubbled throuqh the wash water cannot 

be the major factor because even the commercial Reney nickel and 

copper had low activitios1 these·catalys~s hld not been expoaed 

t~ oxygen during the leaching of the aluminum alloys. 

The surface areas of Ranëy metals ara high. If the surface 

were active for ni~ric oxide reduction, significant convetsion 
1 • 

should be observed at temperatures much lower than 350°C. 

The low activities are most likely due~to low inherent , 
activitias '~ducad even.further by pore blockaqo from oxidation. 

The fOlloWing calculation illustrates the effect of oxidation in 
~ 

reducing surface area available for reaction. Consider a typical 

Raney metal particle which is assumed toi be a cube of 0.01 mm on 

aach aide. If the specifie surface area is 50 m2/g and the 
.' 

density' is 9 q/cc,_ then the' total surface area of the é;ub~ ia 

.. the fOllowing, 
,1> 

At:. 9 9{CC x (10- 3 ,3 x 50 rn 2/q 

• 4.5 x IO·7m2 , 
If th~inter~al pores are blocked, iaaving on~y the external 

surface r.~·bla for reaction, the surface are. is reduced tel 
f; 

-the following, 
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r Aàxt • 6 x ClO·Sm) 2' 

• 6 x 10-10 m2 

The ratio of external to internal surface are a i8 1.1 x 10-1• 

Blockage of the pores by o~iàation will dr~8tically reduce the 

activity. 
, 

Pore blockaqe is likely iflthe metal oxlde has a siqnificantlY 

larqer speOific volume than the metal.. The ratio of the specifie 

volume of CuO ta Cu i8 1.39, wqile the ratio ~f the specifie 

volume of Nia to Ni 18 1.2S (67) #' Since ,the poroaitie. of Reney 

metals are typically 0.1 cc/q (34), conversion tram the pure metal 

to thè oxide should result in pluggage of the poras. 

However, even the reduced Raney metals such as R-CU175-A 

and the unoxldized commercial Raney nickef and copper\have 

activities low compared ta commercial catalysta and the nltrate-
~ 

based mixed-oxide catalysts. This demonstrates that even reduc.d' 

Raney metâl. have a low inherent ac~vity for the reduction of 

" ni tric oxide wi th ammonia. 
1 

The low experimental conversions over the oxidized Raney 

metals are probably due to both low inherent activi~ie. and law 
\ c 

specifie surface area cau.ed by oxidation.,-

This 8ug~e.t. that .~y cat.ly.ta to promote r,duction of 
'1 " 

hitrogen axide.
o 
w~th Ammonia ahould be ~e.1~tant to pore pluq9age 

(J 

either trom oxidation or radsorp~ion of re~ctants. The active met.l 

.&bould be well di.parsed a. amal1 cry.tallit •• over an.inert 

aUpj)ort of hiCJh pore aiat anet volu. and low specifie .urface Bru. 
'\ 
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The variation of ~etivity vith compoaition of the .~arting 

alloy may be due ta difference8~in the microstructure and . 
o 

chemical eomposition of the'startinq alloys, to variations in 

the amount of alurninum leachad, ta variations in the specifie 

surface area of the acti~e metals, ta changea in oxidation .tate 
, 

vith composition, and to variations in the inherent activitiea 

of the al10y catalysts. All of these fac~ors are probably contri~ 

buting to the obaerved conversions. 

The starting alloy. differ not only i~ chernical composition, 
~ 

but a180 in microstructure. , The chernical aspect is important 

because it deter.mines the elemental composition of the final 

catalyst. The physical structure of the initial alloys rnay be 
, 

equally importAnt. Final.CAtalyst Properties will definitely Qe 

affected by crystAlline microhardness, 9~in structure, and 
~ 

relative proportions of the Alurninum pn~ses in the starting 

alloys (21,22). 

Variations in the amount of aluminum leached will{Affect . 
the ch~mieal composition, surface Area, And pore structure of the 

~ 

finAl ~atalyst. The presence of aluminum in the copper-niekel 

matrix will change the number and nature of the sites availabl. 

for reaetion. Physical properties will a180 be influenoed. 

Anderson (34) has sh~n a significant change in the surface area 

of Ra~ey nickel as the amount of aluminum leAchad ia varied fram 
.. 1 

50' to 98\. Reynolds (73) ha •• h~ a 8tronq depend.nce of alloy 

specifie surface area.on composition. 
1 
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Thara may a1.0 he variatio~n tha amount of matal . 

convarted ta oxide. The pure metals may be more or l.as a.811y 
~ 

oxidized than the alloy.. Also, sinee the po~e volume of the , 
copper-nickel alloys i8 signlfieantlY less than that of Raney 

nickel and copper, oxidation ia like1y to cause more extensive 

pore \ block~e. 

AlI of these factors prevent interpretation of obaerved 

conversions in terms of inherent metal aetivities and Any meaninqful 
... . ') . 

conclusions fran eompa~ison of the aetiv~ty of alloy catalyst; "' . 
• '!' 

R-Cu250 to the ,meehanical mixture R-Cu-Ni-Mix. The Raney nickel 
ff 

and Raney copper present in R-Cu-Ni-Mix a~e pro~ably acting 

independQntly since the aetivity is intermediate between those 

of the two Raney metals. Catalyst R-Cu25'O, has very little activlty. 

'The nitrate-,based catalysta are much mote active ~ They 

should consist of very fine metal oxide crystallites scattered 
• • over I~he siliea support., The crystall~te dimensions are probably 

of the Isame order of magnitude as the erystallitè dimensfona of 
•• Ranay nickel or the nickel catalyats desc!ibed by Reynolds (73). 

If these nitrate-based catalysts vere reduced, they should be 
w 

much 1e88 ~useeptible to deactivation by oxidation than' are t~. 

Ranay catalyata because the surface area will not be drasttcally 
• " " 1 

lowered. This method is.superior to the Raney procedwra to 

prep~r. a.~alyst. to r~duce nitria oxide vith ammonia. 

The activity could be further inor.a.ed by bOth incre.eing 

the me~~l loadin~ andby prQduci~ .maller cryatal11t ••• The 

. 
" 

. . 

\ -
,\ , 
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metal loading of l' could easily be increased to aboya 15'. At 

the aame time the support procedures could be changed to reducé 

the crystallite size. The calcination ~emperature could be 

lawered to below 400°C or anather method used to decompos~ the 

ni trates. lIigh calcinatiop teup~ratures ~roduèe large crystallite 

sizes because of the high mobili~y of the copper atoms. 

The dependence of activity on composition shawn in Fiqure 23 
1 

i8 1 differ~nt...t~ that of the Raney alloy catalysts in Fiqure 19. 

Although no alum&num is present to complicate the interpretation, 

there can be significant variations in specifie surface area," 

crystallite size,and oxidation state be~ween catalysts. There' 

are simi'lari ties~ between the a'~ti vi ties' 'of the Raney and ~i trate­

based catalysts. In.both cases, there i8 la region of law activity 

at a compos'ition of 50\ copper. The overall shap,e of the activity­

composition curve of the nitrate-based çatalysts ls similar to that ,., 
reported by Campbell and Emmett (16) for the hydrogenation of 

ethylene over copper-nickel films. 

Since the specifie surface areas of the catalysts were not 
, , 

measured, conversions cannat be converted to inherent catalyti~ 
1 

activities per unit surface of meta!.':·- Hwever, the nickel oxide 
1 0 

crystallites anould-be no larqer than the mixed-oxide crystal-

litea sinee the greater mobi.lity of the copper is like1y to " 

reau1t in 1axqer crystallitea At ~he calcination temp.ra~ure 

of 40QoC. Surface areas of al1 the mixed oxide catalyats are 

probably of the 8ama orcier of maqnitude, 80 actifi,ti •• pe~ unit 
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aurface area probably vary vith compo.iti~n in a fashion .imilar­

to the averall converaion-composition curve in Figure 23. Note 

that Reynolds' data in Figure 21 ahow that the aurfac, areas of 

reduced oxide on kieselguhr catalyats do not monotonically decrease 

vith copper content of the alloy. One of the local peaks in the 

surface area-composition curve in Figure 21 falls close to the 

" peak o.f the oonversion-composition curve in Figure 23. 

The most active catalyst is 12.5\ nickel in copper ... The . ' 

presence of relatively small amounts of nickel incre~es the 

\ activity of the copper. This promotional effect could be due to 

• 
. 
';14,,*& ~ d = 

formation of special copper-nickel sites, to changes ~n surface 

structure and area from in,clusion of the nickel into the copper 

'matrix, to surface diffusion of reaction intermediates between copper 

\ and nickel ,sites·, or to a gas-phase intermediate between copper and 

nickel sites. The increase in the product distribution ratio At 

this composition sHOwn in Figure 24 suggeats that the reaction 

chanism being cAtalyzed 18 different from that being promo.ted .. 
~er the other mixed-oxide catalystt. However, the Available , 

c nversion data arenot extensive enough to allow any conclusions 

promotion mechanism. 

The mechanical mixture of the copper and nickel catalysta, 
1 

X, ls just as active aa the mixed~oxide catalyst N-~u875, 
" and ts product distribution ratio is almast as high. The only 

action between the copper and nickel sites possibl. in thi. 

of two catalysts is by diffusion of a gas-pha •• inter-

through the bulk of the reaetion mixture. Ga .... pha.. , 

inte~diates have been demonatrated for other systems, but 
• 

have not been poatulated 1n currant theoriea of the r.ae~1on 

between n1tric oxide and AmMonia • 

. / -11" 
., 
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Otto and Sbelet (61,62,6) studied the reduotion of nitrio 

oxide with ~mmonia ovar platinum and copper oltalysta, reactants 

ware alternately labelled by the ~5N isotope. They pr~po.ed 

the followinq reaction sequences, 

~o + ~U) .. N!! + ",20 + (H) ads 

~O + !!II) ~ NNO + ) (II) ads 

2NO : 2 (H) ads -:-"'" N20 + "20 

2NO + 4(H)ads ~ N2 + H20 

(ll) 

(l2) 

(1) 

(l4) 

1 where N rafers to the nitrogen introduced with the ammon!a and 
. 

N refers to the nitroqen introduc~d with the nitric oxide. 

They found (11) and (13) to be the major and (12) and (14) 

to be th' minor paths over a platinum catalyst at 200oC. On a 
" 

copper oxide catalyat mi~ed nitroqen by (11) was the only product. 
-----~ 

They a180 fo~nd that the copper oxide catalyàt is reduced to 

metallie copper alter exposure ta the reaction mixture. Activity 

increases'with extent of reduction. The metallic cop~er cB~aly.t 

il four times as active as platinum ~r surface atome The reaction 

.achanism and ptoduct distribution are stronqly dependent on the 

chlltlieal composition and oxidation state ô~t~lyst. 'l'able 15 , 

p~ •• ent. the product distribution ratio At 200~C. 

They found the reactio~ arder is zero, 1ndicating that the 

rate-d~~ining .tep ia in the ad.orbed layer. 

effact relults wh.n ND) ia ~ubstitut.d toi NHl • 

\" 
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-­the1r th.ory that the rat.-dete~inin9 .tep i8 the aurfac. 

di •• ooiation of Ammon!a in Rea~tions. (~l) and (12), 

(Nil), ~ a\as ~ (Nit) d + 00 d as· Il S 
(15) 

, 
The'promotional effect of small amounts of nickel on copper ' 

can be rationalized within thia mechanism. Nickel il known to \ 
1 

he much more activa than copper for Ammonia decomposit!on (11,50). 
1 

1 
Klimi.ch and Taylor (50) studied the reduction of nitric oxide 

·with hydrogen and carbon monoxide over a110y catalyats containing 

nickel in combination with copper, platinum, and palladium. They 
,:;-

demonltrated that the Ammonia de9omposition function resides 

pri~arily in the nickel while the reduction activity ia deri~ed 

trom the other metal. 
\ 

\ 
If ammonia decomposition ia the rate-determining step, then 

addition of amall amounts of nickel ta copper should incroaae the 

rate of ammonia decompoaition and hence the ovarall activity. 

The law activity of the nickel cataly.t, N-Ni, la in àgreement 

with th. low reduction activity reported by Klimish and Taylor (50). 
, 1 

Addition of copper to nickell _hourd inc~ea8e its activity for 

nitrlc oxide reduction becauae copper pramotes the reduction. 

The •• hypoth •••• can explain why all mixed-oxide catalyatl ahould 

be more active than nickel. They do n6t explain th. decreaae in 

activity in the raglan of SOt copper. However, at thia composition 

the' d-band v.canci •• of nickel are tilled by electrona donated by 

copper. Reynold. (13) h •• snown' the maqnetic auaceptibility of 
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copper-n~ckel al~ falla to zero at thi. compolitLon. Figure 1 

shows that alectrical and thamal conducti vi tiea are a180, low. 

Similarly, minima in activity-compoaition curves hava been 

ob&erved for other reactions catalyzed by copper-nickel alloys 

of this composition (16,83). The phenomena is a fairly ganeral 

one which may be related to the formation of an inactiva copper-

nickel a110y. 
. 

The proposed explanation does not account for the.hiqh 

activity of the. mechanical mixture of the copper ana nickel 

catalysts because adsorbed,ammonia cannot reach a coppe~ sita 

from a nicke'l site by surface diffusion. A qas-phase intermediate 

is a likely hypothetical explanation. 

The' difference between the product distribution ratios ... 
0; 

for the nitrate-based.catalysts and the copper catalysta studied 

by Otto and Shelef are probably due to differences in catalyst 

preparation and crystal1ite size. Their copper oxida catalyst . 
was a sample of "Specpure" copper oxide of surface area 0.88 m2/q. 

It la probably more chemically pure than the copper-on-8ilica 

prepared for this investigation. \ This difference in chemical. 

compo$ition may account for the fact ~hat their catalyst p~oduce. 

on1v-mi.ad nitrogen, while catalyst N-Cu produces only 58' 

nitrogen when nitric oxide ia reduced by ammonia. 
• 

'Another pos8ible explanation i~ that the change in p 

diatribution ratio wi th catalyst compOsi tion _~h~wn ___ 1JL~l lS 
- ---- --- -

---- - -- ---- --~. ---
ia &ctually correlatad vith chanqea lin crystallit. Ii ••• 

. 
Il 
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tha ex~erlm~n~al conditions employed by Otto and s~et, 
d~mensionl of the catalyst crystallites probably decfease as 

the,sample is reduced~ the platinum catalyst likely has a very , 

small crystalli te size. 'rhe decroase in ni troqen formation 

with reduction of the catalyst may be correlated with crystallite 

dimensions, rather than simply chamical composition. The produet 
1 

distribution ratio obscrvéd over N-Cu may indicate that its 
. 

erystallite dimensions arc close to the dimensions of th~ 

reduced copp'er oxide tested by Otto and Shelef (63). 

There is no evidcnce of reduttion of either the Raney dr 

nitrate-based catalysts studied in this work. Both ware oxidized 

before use. The slight dccrease in activity after exposure to 

tho reaetion mixture may be due to poisoninq of the surface by 

ammonia (61). Otto and Shclef reported that their coppe~ oxide 

catalyst becomes more active as the rcduçtion procaeds. Figures 18 

and 22 show a decrease in actrvi ty wi th time ovèr both Rancy and 

ni trate-based catalysts; this suqgests no reduction is occurring. . 

The over~ll results of this investiqation are quite promising: 

The Raney 

However, 

tance of 

catalysts are not suitable for Any commercial appiication. 
f . 

testing this series of catalysts demonstrated the 1mpor-
) -

alloy composition and oxidation state, anù the necessity 

to prepare a catalyst wnich cannot b~ e~sily deactiv~tad by 

oxidation. ~ The investigation of the nitrate-b4sad mixed-oxide 
. 

catalyats was more fruitf~l. Activities ~re hiqh and both . 
. activity and ,prodœet diatribution are depandent on,compoaition • 
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optt.ization of activity ~nd •• le~tivity ~Y furthar telting ia 

fe.libl •• ~ 
.. 

Interpretation o,f conversion relults in terms ot inherent .. 
catalyst activity requires knowledqe of the specifi~ surface of 

tfi. copper and nickel alloy., of the cry.tallite' characteristic., 
~' 

and of the surface composition of the active metal sites. The 
-: ' 

a~orptiv. char~cteristica of the reactive species and the 0 

'1" 1 
réaction mechanisM\,are also reqqired.' Facilities to undertake 

-
Ua.e meaaurements were n~t available for'this investigation. 

However, these- limitations do not detract from the demonstration 

that formation of copper-nickel alloys, and mixèd-oxides is a 

powerful tool in t~e preparation of catalysts to reduce'nitroqen 

oxidea. Similar ~echnique8 should prove useful for studying 

other reactions. 
\. 
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Appendix A: Capillary Pfowmeters 

/' 
Thebr~actants were me~ered fram their.sûpply cylinders 

throuqh eapillary q1a88 flowmeters to' the microreaetor. The 

fluid flow in these maters ia compressible, subsonic flow in ' 
- -the laminar, transition, and turbulent ragions. It is a180 

adiabatie, although an isothermal flow modol lS used to deseribe 

Oit. 

The f low throuqh the capillaries 1s two-dimens·ional since 
, ' 

fluid velocity, temperature, and pressure are functions of both 
, 

<, ,., ': radial hnd axia 1 coordinates. If the f low were turbulent, this 

1 

-. 
miqht not be important. lIoWever, MOSt of the maters were desiqned 

for low apace velocities which corresponded to the laminar and 
/) 

transition fiow reqimes. A one-dimensional model might not be 

sufficiently accurate when, the velocity profile ia appro~imately 

parabolie. .. 
The flow i8 hiqhly compressible because the inlet pressure 

is qenerally several times the outlet. The resulting Mach number 
~ 

in~reaae.from inlet ta outlet causes a tem~araturo drop along the 

tube. The matera were operated in the lubsonic ragion to 
~ 

minimize the enq and temperature affects associated with hiqh 

Mach' numbers. 1 
The' two-dimensional nature of t fl~ complieates . , , 

estimation of the hea~ transfer to the gal flowinq in.ide the 

çapillar~e~ trom the surroundinqa. Sinea the Mach number 18 

,. 
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higher at the center of the tube tJtan near the ~allf the 

temper'.ture in th~ center of, the tube will 5e lower. The wall 

temperature cannot be calculated without knowing, the detaila of 
, ' ( 0 

fluid flow insidé the'capillary. If the walr temperature ls at 

. least several centigrade degrees cooler than th~ surroundings, 
.~. 

heat transfer rnay be significant. , 

The 'first stëp in the analysis of the fluid flow 1s an 
o ~ 

enthalpy balance between" Any two points ~n a atr~amline in. ide 

the capillary. ~ccording to the development of Owczarek (64), 
( 

the following relation for adiabatic o~e-dimensional flow of an 

ideal gas, expresses the temperaturo drop in terms of tho change 
. 

in thé Hach number, 

. (16) 

• 1> 

" . 
where, Tl and T2 are abaolute ternperaturea 

l-ll and .. 12 are the Mach number81 

y is the ratio of specifie heata 

Tbis equation can be modified to apply to two-dtmenaional 
" 

flov by expre8aing the kinetic enerqy ac~oss a 'section of the 
,.. 

'capillary in terms of the average velocity at that aection as 

follows, 

',.... ~ 

, " 

,1 ~ 

" 
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wh.re v la the fluid v.~ocity at a point 

dv i8 

~ 
lOis 

the.elament 01 volume 

the f~uid ~aity 
\ 

(18) 

.. 

Por laminar flow K ia 2.00, whi1e f'or tu~bu1en~,f1dW it i8 1.07. 

If section l' ia at the capillary inlet while section 2 ia at 

the outlet, it can be assumed that Mf« M!, .nd Equation 17 

simplified, 

'- '. 

l + r-l JCM2 -r, 2 , 

" 

(19) 

, , 

Piqure 2S ahowa tAe theotetioal ~own.tr ... _emperature corresponding 
1 

\ 
a • • 0 

to an inlet te~eratur. of 2S C for an ideal g.a of apecifie heat 

ratio 1.668. The temperature drop be~a .ignifi~ant a. the 

Mach number risea. 
1>. 

Bn~rance and exit io •••• for ineompre •• 1ble flow are 
1 ~ 

'usual1y expres8.d,in ter.ma of the .v.r~. f1uid .. loci~ and 

denaity, ~ 

, . " . 1 .. 1 
1. , 

.p • Ir, (yv2) (20) 

" -: . ' " . 
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o 

whera V te 
1 

the Averag~ flui4 velocity 
/ 

Il ia the avetàge fluid denaity 

Kx. is the pressure loss coefficient 

Presaure loss coefficients presented by Rimberg (74) lmd Perry (67) 
1 

are liated in Table 16. 
" 

Typical .xit losses for the incompressible f10w lof argon 
.... 

at l atm and 250C are shawn in Figure 26. Resulta are for 

illustrative purposas only because the flow cannot remain in9om­

pressible when the pressure falls. However, the pressure losses 
J -

can be large at high Mach numbers. 

The model of one-dimensional, isothe~al, compressible 

fluid flow presented by Bennet and Myers UO) was uaed to correlat.-";­

the data. Their Equation17-47 was modified by the introduction 

of the k~neti~ ~nergy cdrrection factor to yield the following, 
r 

l 
(5) 

". 
wh.re all symbola are defined in Section IV of the texte : 

The friction factor 1. a-funetion of the local Reynolds 
" nulllber. It is aa8U1iled eonstant deapite taR\perature and dena1ty\ 

variations in the capillary and ts clÙculated a •• UllÛng Ùlothemal 

flow at 25°C.' ~ 
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Table 16a ~ntranc. and •• lt LO •• Coeffioients 
in·I"O~pre •• ibl. Flow 0 

Plow Regime 

Entr.nca Coefficient? 

Bxit Co~ficlent 

Raterence No. 

, 
.,. .. 
" 
1 

Laminer Turbulent 

1.072 0.5 

1.000 ',..0 
74 67 

.' 

Table 1,7: Di~n.ion. of reat Capillari_ • 

'C~pillary No. 

f Lenqth, cm 

Diameter, c. 

Llo 

. ' 

\ 

" 

" 

1 

122.5 

0.0932 

13100 

" 

" 

, l 

2 

82.1 1 

0.202 

4060 

( 

" . , 

.' . 

, 

, . , ' 

. -' , 

~ . 

, , , 
f, 
J 

.' 
'~~ 
~, 

, ., 
" 

" 
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u •• of squation 5 . requlre. the tube cUJIlensionl, the fluld 
• 

~rop.rtJ..s, and th. friction factor oOrr •• pmidirici to the Reynchda 

numb.r of the flaw. The tube dimenalona can be me.aured and the 

fluid propertiea are known. The friction factor can be .attmated 

tram atandard correlations auch aa that in Figure 5-25 of Perry (67). 

However, data ~ not given for the transition reqime, the relative. 

rougpne •• of the eapillaries is not ~nown, and th. applieability 
• • 1 

of these friction factors to very small capillaries has not been . 
established for highly compressible flow. 

The dependenee of the friction factor on tAe Reynolds' .. , 
numbar was measured experi~ntal~y by flowinq arqon'through two 

• •• separate glass capillaries whose dimensions are qiven'in Table 17. 

These capillaries were made very long to mlnimize tempe rature and 

end effects. Volumetrie flow rates were meaaured by displacement 

of water; inlet and outlet pressures Were measured on qauges. 

'Results are given in Tables 18 and 19. Inlat and outlet 

pressure losses were computéd and appropriate corrections made 
1 • , " . 

The calculations of the adla~atic tempe rature 10s8 shqw that th!s 

effect should be smal1. Resulta are p10tted in Flqure. 7,and 8 

ot the texte 

For di,charge prelsures 1e8s than 10 psig, the data tram , 
1 

capillary Il can be repr~sent.d ,by the r4Latlon, 

f • 23/Re (21) 
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~1 ' Table 18: Pre1iminary CÀpillary'Test Data 

~ 
!-". 

Teat Capillary No.-l 

• 
Capillary LellCJth: 122.5 cm 
Capilla~ Diameter:- 0.00932 cm • 

:1 , . 
• < " 
~, .. ., ,.. 
.< 
~ ... " 

~~~ ~,. '" 

~! 
~~y 
~ " .. ~ 

~bI Point No. 

InJ.8t Pres.Ure, 
Pl' psiq '1 

"Discharge Pressure, 
P2' psh)" 

[$-. 

il a~, l ab 
~". - ~ . 2 

Volu..tric P lowrate-, 
, . Q,. cc/Iain argon 

"- . - 2 
~(pï - P2)' '(ata abs) 
î _ ,'", 

Bx1 t Ma!:h lfWIber 

lu1.i pr. •• ure Losa-, 
• Piu ' paie} 

oa.t~.t Pressure Loss, 
'-Pout' psi, . . . . , 

':' . __ Ida ..... ter 

:.~' ,.~.~~_ V.ctor 

1 

4.9 

0.0 

0.10 

0.8 

.. 001 

.000 

.000 

1.9 

15.35 

25.0 

, 
3 2 

9.8' 15.0 

0.0 0.0 

0.10 <> 0.50 

1.8· 3.1 

.0"02 .003 

• 
.000 .000 

.000 .000 

5.6 9.3 

3.90 2.43 

25.0 25.0 

\. 

Gas: Argon 
Temperature: 25°C' 

4 5 

20.2 

0.0 

0.74 

4.6 

'.005 

.000 

.000 

13.8 

,1.6S 

25.0 

.. 

30.0 

14-.8 

'" 

0.84 

5.2 
.003 

.000 

.000 

15.6 

1.47 

25.0 

/ 

6 

26.3 

0.0 

1.15 

6.8 

.. 008-

• 00i) 

.001 

21.4 

~1.01 

25.'0 

,. 

':-., , ~ '" l2\. ~. ~3:-~ .' 
.. , 

7 

40.0 

20.0 

,,~, 

1.30 

8.3 

.004 

.001 

.001 

24.1 

0.97 

25.0 

~"". ~.:"' ~-~ ./.-

J 

s 

" ~ 
'" 

, 
--:"1 

.... I~ 

1_3 
,~ 
.~ 

~~ 

'i, 
-:!J 

.~~ 
'Iii 
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'rab1e 18 (Cont 'd): preliainary Capi.11ary Test J>ata 

i~~ , 
.' 

,', . 
:t: '. • 

,. 
\ 

.,;,.,,~ 

Test Capillary No. 1 
cap.i11ary Lenqth: 122. 5 CIIl 

CApl11ary Di.~eter: 0.00932 ail 

Data Point 110. 

JJlle.1: Pressure, 
Pl' psig , 

i 

DischaXge Pressure, 
P2' ~.i9 

Volume~c Flowrate, 
0, cc/min argon 
at 1 a13 

~ 
-- • , ? 

2 2' 2 
(Pl - P2)' (atm abs) 

!bd. 1:. Mach NUlDher 

Xnlet Pressure Loss, 
~Pin' psig 

oatle~ Pressure Loss, 
Ali'out, psig 

~o~dà 'Humber 

PricUon Factor 

.. 

8 

32.6 

0.0 

1.55 

9.3 

.. 010 

• .001 

.002 

28.8 

.768 

9' 

50.0 

25.3 

• 1.84 

12.0 

.. 005 

.001 

.001 

34.2 

.698 

10 

39.3 

0.0 

2.10 

12.5 

.014 

.001 

.003 

39.1 

.559 

. ~abaUe ~.eharge 
:~ ': " ,Tellperature #- C 
~.; .. ~'" 

25.0 25.0 25.0 
. - '-

:;:r~:;~ ~ . 

• 

Il 

-
59.0 

29.8 

2.39 

16.0 

.005 

>.001 

.002 

44.4 

.552 

25.0 

Gas: Arqon 
-T~rature: 25°C 

12 

44.4 

0.0 

2.55 

15 .. 2 

.017 

.001 

.005 

47.4 

.460 

24.9 

r 

13 

73 .. 5 

37.8 

'­• 

3.40 

23.2 

.. 006 

.001 

.002 

63.2' 

·.397 

25.0 

iii' 

~ ... 

•

=:''''';P'''' '\' .... " 

14 . 

52 .. 0 

0.0 

3 .. 25 

19.6 

.022 

.002 

.00'7 

60.· ... 

'.366 

24.9 

, . 

il 
;) 

, 
,~ 
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Table 18 (Cont'd): preliminary Capil1ary Test Data 

Test capi11ary .No. 1 

/ 

Capi.lla.ry Lenqth: 122.5 CIl 
capillary Diameter: 0.00932 cm 

Da~ Point No .. ' lS Jo 16 17 

~lille1: Pressure. 
PJ.' paiq 59.0 89.-0 70.0 

Dischârqe Pressure, 
~ p 2-'. psiq 0.0 45.8 0.0 

Voltaetric F lowrate, 
O. cc/JDin arcJon -
At: 1 atJa-

.' 
,3.90 4.72 5.00 

2 2 2 
\., 

(Pl - P2)' (~tœ abs) 24.1 3~~8 32.2 
-'1\ .. 

Ex! t Mach, Numbat .026 .008 .033 
. 

" %nlet Pressure Loss, 
AP iD' .:.psiCJ .002 .002 .003 

.... .' -OQtlet Pressure Loss, 
AP out' p·siq .011 .003 .018 

- JfeYnolds Uumber 72.5 87.8. 93.0 

Friction Factor .313 • t91 .254 

Adiabatic Di.scbarge 
, 7elaperature, C 24.9 l5.0 24.8 

.. 

, 18 

80.0 

0.0 

,6.30 

40.5 

.042 

.005 

.028 

117.2 

.201 

24.7 

Gas: Ar90n 
Temperature: 250 Ç 

19 2Q 

~ 90.0 100.0 . 

0.0 J O• O 

7.60 9.10 

49.7 59.9 

.051- .061 

.006 .008 
<1# 

.041 .059 

141.3 169.2 

.170 .143 

24.; 24.3 

'''--r~''r ~,';;:; 

e J 

;,: 

21 

110.0 

0.0 

11.70 

71.0 

.. 078 

.012 

.097 

217.6 

.102 

23.8 

..., 

.. , . 

\. 
--;, . 
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• Table 18 (Cent'd): 

( 

Preliminary Capi,llary Test Data 

Test Capi~lary No. 1 
Capill.ary Leng th:· 122. S cm 
capillary Diameter: O.00932,cm .-

Data Point No. 22 23 

Inlet .,ressure, -
Pl' psig 120.0 130.0 

24 

-140.0 

..... .. 

Gas: Argon 
Temperature: 25°C 

"..,. . 

25, 26 

1'50.0 160.0 

• 

Diacharge Pressur" 
, P2. psig 0.0 0 .. 0 0.0 0.0 0.0 • 

Volu.atric F lowrate, 
0, cc/Ddn arqon 
at l atm 

2 2 - 2 
. (Pl - P2)' 'atm aba) 

EXi t Mach Nwlber 

Xnlet. Press.ure Losa., 
.AP1n' .psicJ 

oatlet Pxe •• ure Losa, 
6Poot' psJ.CJ 

• 
ReyDolds 'Rwaber 

'" 

13.40 

83.0 

.089 

.. OlS 

.127 

24' 

:091 

23.4 . 

.15.64 

95.9 

.. 1,04 

." 

.019 

:173 

291 

.077 

22.9 

17.74 

109.8 

.118 

.023 

.223 

330 . 

.069 

22.2 

20.60 

124.'5' 

.137 

.029 

.300 

. 383 

.OS8 

21.3 

22.60 J 

140.2 -

.. 151 

.033 

.361 
, 

420 

.054 

20.-5 

, . 

) 

r' 
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Dota Poi.nt No. 

ralet. _prenurè-;~- ---- __ 
, ~l.~ paie) 

·D18cbaDje Pressu;e, 
. PZ' paig 

Voluaetric P~owrate, 
Q, ccl_Il axgcn 
at 1 am 

% - 2 ~ '2 
(Pl - Pl)' (ata abs) 

J!bd. t. lfach IIWIber 

lalat Pressure Loss, 
AP. , psig 

1ft 

-OUtlat Pre •• ure JAs., 
A~~, psiq 
- . 

Beyaolds ltu.ber 

.r.t.oUc:m F-actoJ:' 

• 
/ 

Tabie- l~: preliminary capillajr Test Data 
Jt 

Test capillary No. 2 Gas: Arqon ;- o . 
capillary Lenqth: 82.1 cm TeIIlperêl'ture-: 25 C 
Capillary Diameter: ·-0.0202 CIl 

1 2 3 4 5 6 

7.3 10.3 16.2 22.0 28.2' 34.3 

0.0 0.0 0.0 0.0 0.0 0.0 

8.6 13.4 24.0 38.0 54.0 72.0 

1.23 1.89 3.42, 5.23 7.52 10.1 

.012 • (>19 .034 .054 .071 .102-

.002 .004 .009 c .020 .034 .053 

.002 ~006 .018 .046 .093 , .166 
. 

14 115 206 326 463 618 

.. 234 .148 .083 .051 .036 .027 
'1; 

25 •. 0 25.0 24.8 24.4 23 •. 8 22.9 

-;,...':;'" 

• 

.. 
7 

39.~ 

0.0 

92.0 

12.7 

.131 

.078 

.211 

789 

.021 

21.6 

7" -~ JO r_"i. 
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. ~~ 
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Table 19 (COnt' d) : Pre1iminary Capi11ary Test Data 

" . (, 

: 

Data ~int Ho.. 
.' 

Inat, Pres$utte, 
~.: " . . 'Pl # pillg 

,... 

Test capillary No. ,2 
cap! llary Lenq th : 82. 1 cm 
.capillary Diameter: 0.0202 cm 

8 

'46.8 

9 

53.8 

10 

60.0 

• D1scbaiqe preasdr~; 
P2' psig 0.0 0.'0 0.0 ' 

Il " VolWletri'c F lowra te, 
". .' 0, cc/min aX'9Oft 
~ '. at 1· ata ' . 

(Pt - P~)~ (a~ ~Sl~ 
~.: 

Ex1,t Mach lIUJIIber 
. . 

I.n~et Pressure Loss, 
-.1>1n'-' psig .-

o' 

~~ r 

OUtle1: Pressurè -Loss, 
• .- c ~œ'=" . ps1g 

;', .. . , 

.... :...::. 
r{"\"'.:: 
:;~ ,~ 

JleyDolds Nlpbex: 
..; .. ' 

\ 'XP' Factor 
;;'" . 

r" .' aUc DiSc.:harge 
, . _ Temperature, C 

~ 

117 - 147 175 
, 

16.5 
0 

20.7 24.8 

.166 •. 209 .249 

.112 .15'9 .201 

. 
0.44 0.69 0.98 , 

1004 1261 1S01 

.017 ' • 01'3 ~ .011 

19.6 16.6 , 13.2 

Il <-

70.0 

,0.0 

210 

32<;. 2 

.298 

.263 

1 .. 41 

1802 

.010 

8.3 

~ 

Gas: Argon 
~empe~ature: 25°C 

13 14 0 12 

"SO.O 90.0 c 100,. Q 

0.0 0.0 0'.0 

" 

255 300 3'25 

"40.5 49.7 59.9 

.362 .426 .462 

.347 .203 .217 

2.08 2.89 3.39 

2188· 2574 . 2=189 

.OOS .007 .008 

1.0 6.8 3.9 

" 

~t. 
.- ~ l 
~ 

, .~ 

... ~ 

.~ . 
" 

-"1 
',,~ ., 
' .. 

, 
,J'_ .. , 
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'. Table 19 (Cont'd): preliDànary Capil1ary Test Data 
.. 

.' 

• ,t 
. , 

-{'< Data fÔint No. 
"' 

.$:-~ 
tIi" 
Ift:-, 
" 
"1" 

~ .,' .... 
~t.· 
'/ 

'" fe -
~-' 
~, , \ 

,,'Intet P~., 
- 1 -Pl' pa'\9 

·Dl.~' Pressure, 
'2'- pa19 

Vol .... tric:: Plowrate" 
, Q. ce/ain argon 

ai:. 1 atm 

, 
~.t Capillarya NO• 2 
Capillaiy Lengtb: - 82.1 an 
Capillary Di_eter: 0.0202 cm 

15 16 17 

.110 120 130 

0.0 0.0 0.0 

338 - 35~ 380 
,. (pi ...: P~). (ab aba) 2 71.0 83.0 95.9 

~, ~,t. Mach MtJllber 

Lè. ' blet Pressure Los., 
e.~;, : .. ia· psig' 

,- ' 

~/ ,0tl~1.1:'r 'P~Urè Loa., 
:~ -,' .......,1 paig-
"~,,-" ~ I~'" 
t',- '\ ' ' '''':'., '.'. ~..,.l4a Haber 

..... . ', 
-/ rQct:ion Pactor ;-
',~ ~ ,,,,,, . 

': .... tic an,seb.a'ftle. 'r' '::' Tellpent:u~~c l 
:'~~~ ... ~~,(' ~, 

. ~.~ 

.480 .506 .540 

.216 .222 .235 

3.66 . 4.06 4.63, 

2900 3054 3260 

.008 .009 .009 
'V 

2.3 0.0 -3.~ 

18 

140 

0.0 

400-

109.8 

.5.,68 

c 

'.244 

5.13 

,3432 

.009 
, '. 

-5.8 

Gas: Argon 
Temperature: 25°C 

19 20 

160 180 

0.0 . 0.0 \ 

456 514 

140.2 174.4 

" 
.648 .730 

.280 .320 

6.67 8.47 

3912 4401.1 

.009 .009 

-13.9 -22.7 
) 

'. 

o 

Q 

or' 

... 

.. ., 

~-~ 

~ 

:} 

If. 

" 

\~ 

'. 

.. ~~ 

, ~ 

{i' ., 

'" ',1 

-: 
"Ci':: 

,~3 

2'~ ., 
- ~ ..... ~ 
,-',il 

-.;~ 
'1 
:;j . ":1 
~] 

... 1:"11 
-~ ~~~ 

\;'t~ 
~~~: 
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IDat. trom C.~111.~ .~ aan be ~p~ ••• nte4 by th. fo~lowln. 

~~ation., \ 
1,/ 

J !. l'1Re 

f • 0.00' 

• (2300 
• 

2300( Re< 5000 

Data frcn the laX'ger cUa.ter capl11ary .. ne wel1 vith the 

correlation pre •• nt.d by Perry (S7) • 

roI' de'19n purpo ••• , th. fO}lowin; depend.ne. of the 

friotion faetor on the Reynold' numb.r wa. a •• umed,_ 

f • J3/Re 

f - 0.01 

" Re·.( 2300 

Re') ,2300 

(22) 

(23) D 

(2-4) 

(25) 

liminal' regime, data !rom oapl1lary '1 were \lIed a.'the 

becau.. mo.t ot th,a meter. to b. \ll.d in thi. work will 

hav. diameter. 010 •• 1' to 0.1 mm than to 0.2 mm.' A oomputer 

. prQ9ram wa. writt.n to prediot th. flow prop.rtie. o,l e.pillari •• - , .". 

" 
of known dimen.ion. (rom Equation. 18, 19, 20, 24, and 25. A 

typical- output ia .,hown in '1'able 20 !or llowmeter IH-1-8 whlch 
-\ 1 

wa. uaed in cataly.t t •• ting. rigure 9 -(text) .howi _ plot ot 
,/ 

the flow' rate ver.u. the .upply pre'lu; ••. 

,A •• ri •• of capillary dimen.lonl wa. cho.en an4 th. 

~rrelponding flow prope~tie. aaleulat.d. A luryoy of .ame of 
1 .. 

th ••• pr.liminary de.19n caleulatlonl 1. 91ven in Table 21, wh.r. 

capillary dlm.n.lon., pr.'I~r. drop., and Mach number. ,t maxlmQm 

flow rat •• are 9i~n. Not. th_t a-vid. rIDV. of 9-1 f10wi can b. 

controlled by th ••• meterl. W1th lmall di.mater cap111arl •• , 
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Table 20: Design of Capil1ary F10waeter No:- 8-1-8 

, . 
1: Length: 20 cm 

~ ..::"" 

-Diameter: 0.01105 cm 
Di.charge Pressure: atmospheric 
Desi9,ned for maximum f low rate of 100, cc/min argon at 25°C 

:-1.-

-" -Data hint No. " 1 2 3 < ..... ~ 5 6 7 

" P1CIII ,r.~ cc/an 
at. 1 ata , 

10 20 JO 60 70" 80 90· . , . . 
':0 

~ Reynol~ NuMer · 158 "--]16 175 950 1109 1267 1425 
", 

r' ; 
~ .. 
j_~,l -

:103 j~ Bxi t Mach HO~ .052 .207 --.310. ' .362 .414: .46~ l"< , . , 
li> • "·rictJ.on Factor .145 _ .073 .048 .024 .021 .018 .016' ,,' • " 

Inlet press\JZ'e, .. ' , 
~i9 21.7 " 34.8 45.2 69.1 76:6 83.2' 89.4 . . . 1>~ . 2 . ~ w. \ .. _~. ~ p ... 

. ' .. ' l - (a~' .. )2 5.2 ~0.4 , . 1.5.·6 32.0 37.6 43.3 49.2 
~ . . 

,'. InUt Pre •• ue .: -' , . \~., psi .014 .043 .079 .224 .282, .. 344 .409 ; ~r, , 
.~ 

~~ 
~f< Oltt1et pr •• ûr. , 
, 4" r - " fL . ..- :; ". Loea" psi .O~8 .153 .345 1.38 1.88 2.46 3.10 :~it .. 

l.~ 
~~'~-..,~~ .! 

1 a \. . "~k: ,,:". Ati~~c DJA~. ~, 

,;-:, . tte.perat:.Q'e. e ' 2-4 23 17 7 1 -5 -12 ',':s;;. 
~-, ~ -1" 

&1' .• 'if; 
\ . • :0 

.J ~. 

r' ~t 
. ":~ - -:~ 

"'-~4 v 
~ ~~ if" . 

. .:. ' ~ -
> - 'r.7; " .. ~ ;-';':~;~..:':;" ... ~ ~ ,..",":-' 

"", .. Y,:,; ~ *).' '- 'l/..~ ~ ~-,,:.." ~ ___ ~tl. , - ... ~ ''ii:k'' },,-,;t' ',&i;<~~,-~' _ .. ~ "J"II.: :..b.:..;!w~-;l:;;Il: .. J~ it _ 
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Table 21: F10wmeter 'oesi9DS t 

. ~ • ;' 
,1 , 

De$J.gn Ro. Capillary Dimensions Typica1 F10w Coudi tians 
di_ter 

.. , .... 

.} ' .. 
''-1 .. 

2:-
3 .. 
5 
6 
7' 
1 , 

10 J 

11. 
~ 
13' 

.1.4 
15 
16 
1.7 

1" 

c 

la 

0.02 
0.02 
0.02 
0 .. 05 #- ' 

0.05 
0.05 
0.09 
0.09 
0.09 
0.13 ' 
O.ll 
0.13 
O.l7 
0.17 
0.17 
0.20 

t; 0.20 
0.20 

1ength 
ca 

2 
10 
20 

2 
10 
20 

2 
10 
20 

2 
1-0 
20 

' 2 
10 
20 

2 
10 
20 

Mach No. Inlet 
at Exit Pressure, 

psig' 

~~16 88 
Q.O& ' 100 
0.05 100 
0.63 75 
0.21 91 . 
0.11 91 
0.79 51' .. 
0.66 96 
0.39 100 
0.86 ~8 
0.86. 88 
,0.72 101 
0.79 30 
0 .. 79 68 
0.79 98 
0.90 .33 
0.90 72 

10.90 102 

... :" D1.~. pres.~ of 1 ata abs vas. ... .ad for all desi9ftS. 

~~'~-~~ ----
• 

Flowrate 

cc/ain 

, 1 
0.5 
0.3 

~ 25 
8 
4 

100 
'84 
50 
230 
230 

" 191 
360 
360 
36O 
6JO 
630" 
6.30 

~ .. \ 

e· 
---...,. 

" 

.... ~ :. 
. " 

".-: 
~~! ., 
f; 

.' , 

, .. J I,.~ 

' - ... '" 

. " ... ;;: 
~ 

- ;;~ 
~ :::. 

: ~ 
~~ 

..;~ 
.... ,JI: 

'" . ., .~ 
". 

'" -; 
~.~ 

.~~:: 

," 
"_.:~ 

"Jo' ~ ... "i 
:~~{ 
"'!if, 

~ ~~1 
j.~,J..~~ 

::J 

.' ", 
!c •. :~·".:. "1'~' -,-~.~;.~:b.lt,t12t~~ 
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• flow. of aeveral cC/hl' are t.a.lble, v1th larger diametera flowa 
" 

of up· to aeveral lit,ra/m1n are po •• ibl.. In pract1ce, hlqh 

flow ratel would probably b. handled by ~ter. operatinq 1n the 1 

aon1c r8910n. 1 

The 1ni tial data were aoreened and ~he proce.. repeated v1 th 

new cap111ary dimenlions ,nd f!ow ratel. After .everal l'un. of 

the progtam, auff1cient data wara available ,ta .elect the capillary 

d1m.n~n. pe.ded tO"don.truct the rlowmeter. to~ cataly~t t •• tinq. 

The next .tep wa. aotual con.truction o~ the meter •• 
. .. 

The q1a •• capillarie. are the mOlt crit1cal fsature ot the 
\ 
t~eter •• The in.ide bore mUlt be uniform and rr.e trom 1011d 

depo.itl of Any kind. At~emptl to'produce .uch' a caplllary by 

hand dravinq a qlal. tube in a Bun.en burner were not luce.a.ful. 

Fortunately a glal.-draw1nq machine wa. available and 'everal .eta, 

of machine-drawn capillarie. were produced. The internaI diameter. 

of the.e were mea.ur~d on a micro8cope with a tra~el11nq platform 

and tound te he u.niform with1n 0.002 mm. 

~evtoui workerl on .. thiaproject had experienced d1fticultie. 
. -

~ in handlinq the fragile qla •• capillarie.. 'l'hi. problem wa. 

, avoided in the current work by u.inq a heavy-walled Pyrex c.~ 
\ 

.t 1 mm internal dieeter a. the Itartinq tube. Even when thi. 
\ 

va. dravn down to an internal dtamater ot 0.1 111ft, it waa atill 
1 

atronq enouqh to be e~.ily,handled. 

Once the tube. were dr~, thei; internal dl.etera •• re 

... ured and found to be clo.~ to, bd not leS.nUcal wit.h, 

-1,43-
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) 
the di.m.t.~. u.ed in th.- original tlow calculation •• 'l'he computer 

1 

program wa. again u.ed to predict what lenqth •• hould be eut. The 

eapillariès were over-d •• igned by 20t ao that the required flow 

rate. could definitely he obtained. The capillarie. were cut to 
" 

'length and held'in.ide a atainle •• steel tube fitting with epoxy 
1 

reain. A wad of Teflon filter paper on the inlet .ide removed Any 

'dirt particles from the incoming ga.. The entire a •• embly i. 

shown in Figure 27. 

The matera were aaaemPled into the flow control .yst~m 
1 • 

ahown in Figure 6 (text) and calibr~ted under conditions identical 

to thoae later uaed in the catalyat testi~g. Thia elimdnated any 

errora due ta inaccuraêies in pre.sure requlator. and qauge8. 

• Each data point wa. chècked at least four time. ta verify that 

the calibration wa. accurate. 

• 

Table 22 lists the metera constructed for the c~taly.t tests 
, ' 

and compares design paramaters- to- actual p-erformance of the ~t~r •• 

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

of the metera. 

A apeciai apl1ne fit interpolation proprAm was written ta 4t 
\ < l ' 

. interpol,te between the data pointa. It prdved ta be more 
" 

ac~urate than aeveral standard polynôm~al interpolation method •• 
, , ( 

Th~ output Of the prcqram waa uaed exclu.ively for obtaininq the 

proper flow rate. du~ing the experimental wot~, thereby eliminating 

the errora a •• ociated with readin~ data from graph •• 
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Table 22: Design Par_tera for capi11ary F1CJ1m8ters 
Uaed for the aanèy catalyst 'lests 
, 

Caillposi tian of Final Gas Streaa: o. 3' ~ tric oxide 
0.6' u.lJÜ.a 
balance àrqon 

space Ve10city Range: 30 - 3200 br-1 
'1'ota1 F l.ow Rate Range: 3 - 320 cc/JD.i.n 

ù 

H-1-A 0-1-8 

~axi.ua Flow ~~red 
80 

~. 

... 

'. 
H-2-A 

160 at ,10C} Psic.J SU pp If , cc/Jlin s-. tG be Met.ered 
80 

argon '1.2' NO in argon 1.2\ NB) in ~ 

OesiCJll p';aet1rs 
Hall. plQl, ~min llt 1 ab 
Gas Supply Pressure at Max. 

l'l'CM te, gsig 
eapJ.l.luy th, cm 

:capill.ary __ ter, al 

Coestructed P CJftM!ters 

lOq 

95 
"'20 -

.1105 

Umgtll, ca -. 19.3 
Di_ter, .1105 ! .001 
Max. Flow, cc/aiD at 1 ata,....,,' 91 
Gu Supply pressue at Max 

Plow te., PSi.9 100 

~ 

:.~~.h~~~ ,_, J" 

• 100 

9S 
-1 

20 
.1lQ5-

20.0" , 

.1105 ! .001 
85 

100 

.r 

" 

\:. 

192 

101 
. 20 
.13 

"'" ;" 
#-

20.0 
\ .13 ! .005 

170 
lJ 

94 

'" , 

.. 
.""'~, .. - .. , 

t., 

" ~ 

·f' 

j '-, 

;;l .. ~ 

'" 
' . 

i: 

?~ 

'" ~ e-~~ • ... ~> 

~ ~.~ 
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• AppencU.x B: Chromatographie Analy.i. 

.. 

• 
,. 

1 

A Hewlett-Paekard F~ Model 700 chromatograph va. modlfièd 

,in the followinq ways to make analyais of the micror.actor 
1 

producta and reactant. aasier and more aecurate. 

'1'0 permit isothermal operation at -SOoC" the éo.lamna wera 

remove4 from the normal location in.ide the chromatoqraph oYen 
-, 

and wound into seven-inch diameter coils held out.ide the chro~to-

grapb and connected to i t with 1}8 in ou'tside diam~~er stainl ••• 

ateel tubinq. 'l'h~s allowed complete immersion of the eolumn.~in 

a dry lce. acetone bath at -80~C. 

Fr~tted glass filtera were placed in the helium linea juat 
, 

halore the detector to prevent partieles trom reaching lt. This 

action was taken alter a aerioua noiae problem wlth the detactor 

output appeared durinq the initial test work. Fines trom the 

'''' catalyst bed in the microréactor had workèd their way throuqh 

the system and 10dged on the datector filaments whera they were 
1 

clearly ~viaible under a aicro.cope. 

'l'he helinm ~upply to one of the column. pa •• ad throuqh two 
#" 

.8milinq valves to allow acourate and reproduclble ga. a~lin9. 
, . 

, Ammonia, water, nitrous oxide, and nitroqen dioxida were ramoved 

from the <Jas samples ahead of the eolumns by an adaorbent bed 

~he ga. sampling ,yatem is .hown in more datail in Figure 28. 

The re.ction mixture pa •• e. th~o\l9h one ._pl~ valve, the ~cr:o-

. ( 
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x.actor, al'lothar ample valve, and finally out ta vent into a 

fumehood. Simultaneou.ly haliu. from the chromatograph ia 

flowing throuqh both samplinq valve. 'and ;eturninq to the 

chromatograph. When the plunger of one of the samp1e valves ia 

pushed, the contents of the s~ple volume are flushed into the . 

helium li ne and flow to the chromat.~ph. 
~ 

Ta aeparate oxygen and argon, the eolumns were immersed·in 
1 

a dry iee Acetone bath ~t -80°C. Thé sample was taken after the 

bas.line was 8teady. Two minutes after' the maxim~ of the oxyqen 

peak, the dry iee acetone bath was~replaced by an acetone bath at 

room temperature to return the column temperature' ta 25°C for the 

nitrogen to elute. 

During catalyst activity measurementa, the reaetor inlet 
1 

gas wa~ analyzed fram sample volume .1 and the reactor producta 

from sample. volume 12. Operational variables of tha-chromatoqraph 

are lilted in Table 23. Typical chromatograms ara illuatrated in 

Figure 29. 

Peak heights and retention times vere very reproducible. 

For example, the stanGiard deviations of the peak heiqhta for 

repeat.ed analyses of air aamp1ea were le.s than 1. St of the 

_an peak heigh ts. 
, 

The design of the adsorbent bed wa. balad on the work of 

Joitha, Bell, and Lynn (C8) who uae~ Mol.cula'r Sieve 13X at 

room temperature to remove nitrogen oxid •• fram ~ ga •• tream. 

Tbey demonat.rated that. molecular .ieves have a hiqh ad.orptive , 
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Table 23: Cbromatograpb Ope~ational Variables 
( 

Chromatoqraph: 

Detector: '----. .. 

Carrier Gas: 

~ COlumns: 

S~l~nq Val~8: 

sapi. Vo1w.s: 

' .. tention Times: 

" 

• 

.. 

\ 

F'M Model 700 

Thermal Conductivi~y Type MX 
Filament Current of 175 ma 
Detector Temperature. -of IIOoC 

, ~ 

J 

50 cc/min helium; reduced ta 25°C and 1 ata 

10 ft long x 1/8 od.stainless steel 316 
Molecular Sieve SA packinq 
Conditioned at 300°C in belium flow for 24 hre 
Operatinq Temperatures: 

250C~nOrJDal 
-80oe te? separa te 02 and A 

Varian Aeroqraph Model 57-000034 

4.5 cc·norul 
0.26 cc and 0.75 cc used for speçial purpoaes 

For a sample volume of 4.5 cc ,°2 and A: 2.6 IlÎ.n" at 25°C 
~2: 6.4 min at 2SoC 
02: 16.6 min at -80o e 
A: 12.2 min at'-SOQC 
HO: . 13 II1n at 25°C 
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capacity for nitrOC)en d1oxide, but .sa.en'tially no capacity for 

adlorbinq nitti~ oxide by itse1f. Howevar in the pre •• nce of . ' , . 
oxyqen, molecular sieves catalyze the conversion of nitric oxide 

to nitrogen dioxide which il 'then adsorbed. 

Molecular sieves also have a gQod capacity to adsorb 

ammonia, nitrous oxide, and water. This indicates thatammoni~, 

nitroua oxide, and water will ~e selectively removed fr~m agas 

atrea,m containinq 'argon, nitroqen, nitric oxide, nitrou8 oxida, 

.and water. / 
Whenever\o~qen is present in the sample, analysis 

tor nitrie oxide will not be possible. This problem miqht be 
.J 

avoided by operatiriq the bed at a low temperature where the . \ 

catalytic conversion of nitric oxide to nitroqen dioxide may not 
/ 

ooeur. 

The adsorbant bed was constructed from ~ in outside diameter 

atainless ateel 316 tUbinq packed with Molecular Sieve 13X. It 
. 

was deligned to have a mass transfer reaistance and reaidence time , 

aimilar to the bed used by Joithe (48). Bed charactaristics' are 

liated in Table 24. 

The molecular sieve packinq was replAced alter every hundred , / , -

samples to prevent bed saturatron. Actuel bed ~apacity is at least 

àeveral time. larger and dependa on the sample size and composition • . 
In preliminary test work, d~liberate saturation of the bed was 

.a.ily identified by distortion of the arqon and nitric oxide peaka. 
o • 

The overall chromato9~aphio"an.ly.is syatém p.rfo~ well 

over a'period of six·mdnths. Analyse. were rapid, routine, and 

aCC\,lrate. " 
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7_le 24: Adeo.rbent:' Bed CbaracterisUes 
'" 

'J.eIHj\h: 

OIltsiae Dia.etër-: 

IJUl1de Diaaet:er: 

VolWl8: 

WeigJit of Mo1ecular Siev~ 
Type ,llX Bad: 

. Oper,ating 

Ope~atiDg pressunt: 

carriez; Gas Flow Rate\: 

RUic:lence Ti.' in Red: 

-. 

t 
-.!. 

/ 

.,6 in 

0.25 in 

0.14' in 

.1.4' ml 
,~ 

1.55 9 

,2S'oC 

.,.. 

• 

1~psi9 (approximately) 

'50 cc/min bel!um reduced to 1 a~ ~ 
and 25°C 

3 sec 

~>"I 

t. .. - -
.} •. _- ...... ,. 
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Appandix Cr Preparation of Silic. Support.For Ranay Metall 

i'h~ following standard methOd was used to prepare St by 

wèight Raney metal on siliea eatalysts. The yield ia approximately , . 
1 

85 9 of catalyst. All gellation, mixing; and s~ttlin<J are done 

at the room tempe rature of 2S!loC. 
Q " 

a) Measure out 5 9 of dried active Raney metàl and plac~ in the 

bot tom of a Waring 
~ ,-R Blendor. 

b) Add 182"cc of Ludox HS-40 cg,lloidal 8iH.ca. Mix with a 

glass stirring rod to wet the metal witn th~ Lqdox. 

e) Tum o~ the ~lendor. Leave for 1 min At, low speed "nd for 

d) 

e) 

l min at h!gh speed. ,'-

Turn off the blendor and transfer its contehts to a 400 ,ml 

beaker. 
1 

Place t~e agitator of a Fisher Dynamix stirrer bélow the 

_liq~ surfac~ and turn on the mixer.\ 

f) Wait 2 min; then add 35 cc of lN hydro~hloric acid to 

neutralize the Ludox. T~st with indicator paper 'to verify 
.~ 

that the pH i_, between 6.and 7. . , 

, 
The .olution~will thicken aa gellation oceur, .nd will atart 

to climb up the shaft rotatinq in it. ,. 

\ 

g) When the liquid. vortex &bout t.he rotating shaft ha. cJisappeared 
"' 

and the liquid surface la approximataly 4horlzontal, turn off --- - ; ,. . \ 

the aqitato'r. 
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The ,el time 1. affected by the nature ot the Raney .etal pr ••• nt. 

Table 28 li_ta the gel timea ~or all the Raney metal catalyatl 
. 

prepared. After gellation the liquld ia aufficiently IVi'cous 

that the Raney metal partiçles will.'not settle out. 

h} 

i) 

Pour out the liquid into a 6 in x 9 in aluminu~ pan~ 
\' 

Let settle for l hr and then score the surface into 1 ~m 

squares wit~ a sharp knife. 

j) Let settle for one day. 
1 

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

1) Incr~ase the temperature 1n t~e oven to 1200 cû
and dry for 

two more days. 

m) Remove from the oven • 

n) Œrush the catalyst into small,particles and'separate out 

the +20, 20-35, 35-80, and -80 fractions on Tyler sieves. 

0) Oxidiae~overni9ht at 350°C in a muffle furnace in the presence 

p) 

q) 

r) 

.) 

t) . 

of air. 
~ 

Remove from the furnace and cool to room tempe~ature. 

Place in'aovacuum oyen And evacuate to a presauré of less 
~ 

than 1 torr. 

HeAt to 200°C for 2 hr and then,/turn off the heat to Al.low 

the catalyst to Qool to room temperature. • , . 
Fill the aven w~thJaxqon and then remove the aatalysta,_ 

Resieve the' 35-80 m&sh 
• Il = 

fracti6b 
1 

and store in a s,ealad jar .. 
for activity t'ats., 

.. 
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.App.ndix DI 'l'opeEt1 •• of C~il JI __ 8iU.QOft .D1 0 •• 4. ' , 
and Lu40x Col1oidal' 81110. ' . 0" 

i 

~ 

-

\ 

J 
'1'able 25; Properti •• of Caba.il, P"meêl SiU.con­

Dioxide Grade ~7* 

\Silicon Dioxide Content: +99' 
NORdnal Particle Siae: 0.012~mioron • 

, 1 

. Specifie SUrfacé At'e~lC :zOO ft\4/q " 
Bult Denlity: 4 lb/ft3- - -~\----' ~-'C ~--

*~anufactur.d by Cabot Corporation, Ma.8achu •• t~1 

Table' 26: properti~1 of Ludox oo1101dal Silica 
Type IIS-40 (26) 

Stabilizing COunter Ion: Sodium 
~article Size:· 1-3 - 1~m 
Specifie Surface Area: 210 - 230 m2/Cl 
Weight Percent Si11ca: 40 

. pH at 2SoC 9.1 
Titratable Altali, 

. Calcd..8 Na20, Wt tl 0.43 
Sio2/Na2o, by ".i9h~1 93 
Chlorid •• , Weight t, 

Calc:d. a. NaCl: ~ .. O~ 
Sulfates, N~iqht t, 

taled. as Naa8041 0.06 
Viacà.ity at 25 C: 17.5 cp 
Weight/Gallon, at 60Op. 10.8 lb 

-J. 

'-1. 
" 

-" 
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Appendix Ea Preparation of Aotive Rlney Alloy. 

(A) E~erimental Method 

The CO~iCk.l-alumin~ alloys were leachad in.ide a 

1 liter round bottom Pyrex flask partially immeraed in a larqe 

water bath as shawn in Figur. 30. A temperature controller 

main~ained the bath at 50±.2oC. A three-necked flask wa. uaed 

to facili-tate aq i tation, temperature measurement, escape of 

hydrogen, and alkali addition •. 
------ ---The alkali solution addition was controlled b~ a valve on---

the discharqc line from the'supply resevoir~ 'The evo1vod hydrogen 

escaped up one of the nècks of the flask to a condenser whicti 

removed the water vapor •. It then flowed to displace the"watèr 
~ 

inside an inverted 20 liter tank. Total hydrogen evolved wa. 

read frqm the tank level. 

THe tempe rature of the solution was measured by a thermometer 
1 • 

,1 1 • 
which e~tended through one of the necKs to belaw the liquid level. 

1 

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

1 

,Pyrex gla8s shaft which passed through an o-ring seal in the . ' \ 

central neck of the flask. The shaft was driven by a Fisher 

Dynamix stirrer. 
. 

The' ~ollowing l>roceciure was used to 1each the Raney a110Y8. 

a) . Turn on the temperature contro11er lnd allow thé,water 

bath to reach saoc. 
1 

/ 
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Me.aure out 30 9 of copper-nickel-.lunainum .iloy ln'to • 1 b) 

clean alumdnum pan. 

1 c) Pour the metal powder into the three-necked fla_ka Do not 

, 

t 
l) 

9) 

h) 

spill Any metal on the sides of the flask. 
t 

Rinse all the metal powdeJ; down intQ the bottom of' the . 

flask with 180 cc of d1stilled water. -

Lower the flask i~to the water bath until the liquid leval 
J 

inside the flask is weIl below the water level of the bath. 

Insert the 8gitator into the flask. The flask, aqitator, 

shaft, and drive must be properly alignad. 
) 

Pour 120 9 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. 

Into the rem~ining neck of the flask insert the the~mometer 

1 and the outlct to the èondenscr and collection chamber. 

il TUrn on the cold water to the' condenser. 

j) Check that aIl glass joints ara propcrly soaled. Apply 

k) 

1) 

vacuum grease ta the fittings if necossary. 

Turn on the agitator. " 

" Apply a slight positive air pressure from- the discharqe lin. 

c 

and inapect the s~stem fqr l~S with a soap solution. ~ 
Proceed if th~re ~re no lea~8. 

m) Vent the air pressure and place the discharge 'line from the 

-, condenser belo\"· the 20 liter collection ch,ambér which i • 
. .. , 

• held\..full of. water in ~ aink. f' 

,1 
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Allow the teqle;ratul'e ol the l1qu1d ',in the fl •• t to' l'i •• to 

sooe. 
, -

0) When the temperature ia Iteady at sooe, add a1kaJi .olution 

,AccorcUng to the foll'owinq Bch.dule, 

" Time, min Total volume ol 
NaOH SOt soIn. addad,· ml 

0 2 
L 8 4 

16 6 
24 8 
32 10 \ 

'Î' 

40 30 
42 , , SÔ 
44 70 
46 -90 
48 120 

Alter each :11 tion of Alka1i, reaord the temperature, the 
.' 1 

observations volU1'l\8 of hyd ogen évolved, and any other of 

\nterest. ----1" ) 

p) Allow, ~he contents of the flask to digest at sooe until 

l~ h~ from the start of the alkali addition. 
. r 

This conc1udes the leaching proced~re used ta prepare the 

Ran.y metals. The active me, t,als ~ere. tien i~diAte~y wa8_hed as 

folloW8, 
/, 

A) Rins. out the contents 'of the tlask with l liter of diati11ed 

water in ta A 3 liter glass beaker. 

b) Aqi~ate the eontents bf the beakar with a stirrer while 

• 
'i 

bubblin9 oXY9én through a fine 91as8 nozzla·near the bot~om 
',. 1 

of the beaker At a rate of 175 cc/min • 

'" 
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c) 

d) 

o 

" Alter the aqitator and the oxyqen flow. 

Allow to decant. ,. 

After 10 min the Raney metal should have settled to the 
1 

bottOm of the flask.·} Remove the water wi th a small vacuum 

aspirator. Test the,wash water,with pH paper • .. 
e) Add 1 liter of distilled water to the beaker and repeat 

.J 

.teps b, c, and à. 

f) Wash the catalyst a total of 'seven tim&9.. Alter the fifth 

wash, the wash water should be at neutral ptt. 
This concludes the washing sequence used for the Raney 

mataIs. The active catalysts were then driad and stored as 

foll.ows, 

a) 
~ 

Alter the final r~nse, decant and remove the water a. usual., 

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

baaker and rinse Raney metal particles into the bottom 

of a 6 in by 9 in aluminum pan. 

b) Allow the suspension to decant and .rémove the exeess water 

with the vacuum aspirator. 

c) Place in a draft oven at room temperature and qradually 

increase the temperature to reach I400C at the,end of 24 hr. 

d) Remove from,the dr~ft oven and dry in a vacuum oven at -210oC 

for 4 br at 1888 than ~ tor~ absolute pras.ure. 

e) . Turn off the heat to-the vacuum oven and allow the Raney 
. 

metai to cool.down to room temperature. 'l'ben admit. arcJon 

qradually to presàu~ize the oven to atmo.pheric presaure • 
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./ 
f) Remove the ,~ney metals fram the oven and ~~ore ln aealad 

gl .. a battlea until uae. 

(a) Results 

The volumes of hydroqen evolved when the ~opper-nickel- / ' 

aluminum alloyl were leached are listed in Table 27. Duplicate 

determinations on Raney copper and Raney nickel agreed within 

five percent. The fraction of aluminum leached was calculated 

trom the hydroqen evolution according to the stoichiometry of 
/ 

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

was calculated as the to~al weight of ·copper and nickel expressed 
, / 

as a percent of the total metal,present. The following observations 

of the leaching p~ocess are'worth noting • , 
Most of the hydrogen evolution occurred during the first 

40 min of leaching. Reactio~~~s rapid wh~n 

. gradually slowed down ~ntil the next addition of alkali. Thia 
/1 

showed that the alkali was quickly consumed when added, most of 
/ / 

the hydrogen was evolved in dilute alkali while the final amounts 

were evolved in concentrated alkali. 

The wide variation in alloy reactivity towards the alkali 

neces8itated a alight change ~ the leaching procedure. The 
~ . 
\' '/ 

standard leaching procedure just described was followed for 

al10ya il-Ni, R-Cu125, and R-CU37S. .Rowever, alkali addition for 
\ 
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~S:~UDg - Alloy 
'-

• 

" 

lt-Bi 

Hi 

a-Cu~25 

R-Cu2S0 

R-Cu375 

R-Cu 

R-Cu 

,.. 

... 

J 

t!.. 

" 

Table 27; Reactivities of Coppe~Nickel-Al~num 
-Alloys Towards Alkal1 Solution 

a. 
-Catalyat . Volmae 82 evolved, , , Aluminum 

Produced liters at 25°C , Leached 
and 1 atm 

, 
\ 

R-Ni-A 16.0 79 . 
R-Ni-B 15.2 75 

R-Cu.l25· 10 .• 0 50 .. 

R-Cu2S0 9.0 45 

R-~375 11.2 56 

R-CU-A 19.0 94 , 
R-Cu-B 19.8 98 

" 

'-. 

• 
.. 

, Active 
Metal 

, 

~ 

- 83 

80 

67 
c 

64 

'" 69 

94 

98 

. 
'. 

. " 

1 

• r 
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1 
R-tu and R-Cu250 vas more gradual. The standard procedure, of 

adding 2 cc of alkali every eiqht minutes at the start of the 

~aching was changed to adding l cc of alkAli every four mi~utes. 
\This, was necessary for al~oy R-Cu because it reacted so rap~dlY 

\ 

~hat large volumes of hydrogen were generated in a short time 
.... 

and the temperature of the suspension rose trom the heat genera$tion. 
, 

Aithough alloy R-Cu250 did not evolve hydrogen rapidly, it did 

havel a pronounced foaming tendency which became severe durinq 

rapid hy4rogen formation. The more graduaI aikali addition 

resulted in better control of the process in both cases. 

AI10y R-ni was evolvinq hydrogen at a rate of 1eS"s th an 

lee/min even at the end of the ninety -minute leaching process. 

rt continued to evolve gas even during the washing sequence. 

This phenomena was not observed with Any of the other al1Qys. 

In these other cases, the hydrogen evolution ceased after sixt Y 
. 

,minutes of leaching, but the alloys were allowed ta digest for 

the full ninety minutes. 

ln a small scale test, 3 9 of ailoy R-Cu250 was leached in 

boiling aikali. Only 42' of the aluminum was removed; this 

canfirmed the low reactivity of this' copper-nickel-aluminum alloy. 

The leached alloys were supported on silica by the method 

'described in Append~x C. In each case, 5 q of aetivated ~ney 

metal was supported on 95 9 of siliea. Gel tirnes of the Ludox 

suspensions of the activated catalysts are'shown in Table 28. 
1 

Note that the presence of copper accelcrated the gellation 
. , . 

proeess. This indicates tho presence of' at least traces of 

copper ions. 
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DÛr1R9 the ·q81U.nq and dry1nq proca •••• , 8light oolOra 

.,p •• red on the .urfac. qf some of the gela. Moat of th ••• 

. 
well vith Ludox during the support procedu~e. Uowever, it vas , 

effectively d1sp.rsed by mixinq for an extra ten minutes in , . , 

the Waring Blendor and appearad normal' in furthar procea'linq. " 

Tbi. ab no nul l ~haviour may be related to tl1e low activity of 

the cetalyet • 
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ApperldilC FI Preparation of Nitrate-Sased Mixed-Oxide Cataly,sta 

The, followinq procedure was followeg in the preparation 

of all .the nitrata-ba.ad mixad-oxide catalysts~ The yield is 

approximately 85 q of supported catalyst with'l' by weight of 

active meta!. 

a) 

b) 

Prepare the following two meta1 nitrate s~andard solutions. 

Solution A: 37.2 9 of CU(NO)'2.6H20 in .200 cc of dil.tille~ 
, 1. " 

'" wator; 29.65 q of solution contains 1 9 ~opper 1 

Solution B: 39.94 9 of Ni (N~3)2.6H20 in 200 cc of distilled 

water; .29.96 9 of solution cQntains l 9 nicktel 
" 

Mix toqether sufficient volumes of solutions A and B to 

• ,contain 1 q of meta"l with the desired proportions of copper, 

and nickel. 

c) Measure out 190 cc of Ludox H5-40 and pour into the '''aring , 
Blendor. 
\l, 

_ d) Turn on the blendor: leava for 1 min at fow speed and 1 min 
\ , 

at hiq,h' speed. 

e) Turn off the blendor and transfer it8 contents to a 4~0 nl1 ~ 

beaker. 

f) Place the aqitator of a Fisher Oynamix atirrér be10w the , 
1iquid sur~aca And turn on thë stirrer • 

, 

. 9) Wait 2,mïn; then add 10.5 cc of 20t aoetie ,acid ta neutralize 
• 

" ,the Ludox. Test with indicator paper ta verity that' the 

pH is between 6 and 1. • 

• 
, - , ................. _! ...... _--~---" ...... _~~-~-"--
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t >, ,U h~,;>, 

h) 

/ 

Co 

Wait 1 min, th an pour in th- mixture of the 'metal nitrate 
• 

lolut1oh •• 

The auapan~lon will thick_n a. q_ll.tion occ~rl .nd will 
\. 

'Itart to olimb up the rotatipq ahaft. . ~ 

When tho liquid vo~t.x about the rotatinq ahaft ha. diaappe.r.d . 
and the l~quid aurtace ia approximately hoti.qntal, turn off 

j) 

k~ 

n) 

Il 

1\ t~e .qit.tQr. '. " 
-. t:J-

Po~r, out the liquid into a 6 in x 9 ia. aluminum pan. 

Let lettle for l hr ,And thon scora tho .urtaco into l cm 

squaro. wi th" Il sharp knit •. 
~ 

1\llow to a~ttl. for one day~ 

s at 60°C' in • draft 

Incr •••• the temperature ïn the·dra 

dry for' two m6re riays. . 

• ; 

oven with air flow~ 

0) Remove trom the aven and allow to cool. 

pl ~rù.h the ~t~lY.~ into ~iec •• 'and ' •• parate o~ th. +~O. 
20-'35, ~80, ahd -80 fr.l.:tiona on '~yler aiev~ •• , 

q) Doxicliz!:, for two day. at 400°C in a muftl. turoace in th. 

pr ••• nce'of air. . . 
r::) ~.mov. trom the ~urnac. and'cooi to rcam temperature. 

,.> \ Place in Il vacuum oven and eVAcuata to a pr •• sûre of la •• 
, ". 

than 1 torr ablolute. Heat ta 200°C-for two hourI and than , 
, ' 

turn off the h •• t 'to lllow the catalyat to 0001 ta room , . 
• <tH 

temperature. Fill the oven vith arqon ahd then remove the 

catJllyat •. 
1 

1 1 

. t) R~a,1.V. ,the 35-80 ~'b f r~ltion and stora, for ~at.ly.~ t~t ••. 
~ t"1' > 
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Appendix G: Definition of Converaions 
~ 

The reactor ,~eed 9 as ,of ni.tric oxide and ammoni a ~ in 1 àrq,on 

rnay under<10 the fo110winq reactions, 
t 

r 

6NO + 4NH 3 
... SN2 + 3H2O ~J) 

8~ 2NH3 
.. SN20 + 3H2O (3) 

2NH, .. N2 + 3H2 (10) 

~ 1 
Le~ X be the frac~ion of inlet nitric oxide deatroy~d by t~ 

firet two 'reactions., It 18 calcu1ated dired'tly from the ni tric 
\ ( 

oxide concentrations in the reactor feeù and product ga.es. 

r c (NO) in C(NO)out 
XC') • ---(.)--~------.--~~ 

C(~O)in 

. 
x 100 (26) 

l ' 

~----~ 
CCi) iS~ concen~t~r~a~t~i~onnlCo~~nr~~~~~o~n~e~n~t~i~n~mo~l=e~p~e~r~cent. 

Let Y be the fraction of the nitric oxi4e in ~he 

ia ,reduc_d 'to nitrQgen by Reaction 2. If no ammonia daco 

is ocçur~ing, Y éan be calculated diractly fram, the 

of ni t!:oqen in th~ rea~tor prbdu'ct cras. 
c 

.. fi ~ , 

,.. , 
C (Nthout 6 moles Of, ~O ae.t~yed 

, y, ( , ) • x x 100 

• 

"\ 

" , , 

" 'c (NO) in, 5' mole. of N2 producad 

(2') 

" 

' .... -
,', ~ 

" 

~ 

" 

--;-

. , 



. ~" -1\ ,.. ~ ,... ~~\\ii~~"'r~ 

\ è • 

, 
\ '. Let Z he the percent of nitric oxide 1n the fead which 

- ~oonverted 1ntG!nitrou~ oxide by ae.ction 3. .Than, 
~______ .. r 

, . 

. v 

• 

'. 

--'--- ------
z'. x - y , (2-8) '~ 

, 
" 

, 
, . ! 

Let the product distribution ratio, R,' be the fraction 

of nitrie oxide destroyed which is reducedid nitrogen, Then, 

\ t", 

R(\) • 100 Y/X (29) 

\ If ammonia decomposition is.occurring, than only nitric 

oxide. ,destruction can be canputed a~curately. However an upper 

. limit to the conversion of nitric ~ide to ni"trogen, .Y', can b'~ 

ealculated by ~8suminq that all the nitrogen found in the reaetor 
~, . 

product was produced by the reduction of nitrio oxide vith ~nia 

and usinq Equation 27. This hypotheticàl conversion may exce.d 
\ 

100' if ammonla decomposition la signifieant. '. 

( 

, . 
.. 

\ , 
" .' .. 

,~ 

" -
7 , 

,.' 
•• n" 
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Appendix H: ,cal~ulation of Raney Catalyst Bed Weiqhta 

AlI the supported catalysts contained 5' by weiqht Raney 

me ta 1 on siliea, but the content of al~num in ,the, Raney metai 
.. 

varied. Aluminum ia not known to catalyze the,reaction. To 

main tain a conatant welght of aeti~ metal in the bed, the amount 

of the supported e.talys't was varied and silica support. added 
\ 

ta ,keep a constant I;>ed weight o~ 2.5 g. Catalyst R-Cu250 was 

chosen as the basis beeause it -~ontained the mpat aluminum. The 

caleulation' of aC,ti vê metal c~nte'nt of tne "Raney metals ls 

illustrated below: resulta are summarized in Table 29. 
• 1 , ' 

,1# 
(1) Caléulation of weight , active metal in catàlyst R-Cu250 

" 

, Basis: 100 9·of 4110y R-Cu250 . . .. 
wt of Al prèsent - .... 50. q 

wt of Cu present • 25 q 

'wf. of Ni, present • 25 9 

From ~able 27, 45. of the alumdnum was leached. The waights 
" { \ . 

of metal pr, ••• nt in the activated aatalysti are the follôwinq, 

.. 

; 

wt of Al • 50 q x .55 . • 21.5 9 

"t of Cu 

wt of Ni 

~tal wt Qf metal . 
wt of (Cu + Ni) .-

1 • 

. • ~s q 

,.' 25 9 

,. 77.5 9 

, . .. 50 9 

-.. 

o 

wt , of active metal in 

l.adh.~ alloy • lPO ri 50/17.5 

" 

'" .. 

, , 

. 
~~.. - '-

.' 

~ - .~'~~-

. '. 
, 
, " 

.. ~ ~. .. ~ .. ' .. 

---._---_.~--
l , 

, . 
_.' 4 

, , 
I! ~ \ , . 



• 

•• 

• 
'. 

~ i • 'i 

- ~ 
~ The maxi~m bed weight whieh ean 'be co~veniently teated in 

~ 
the mlcroraaetor -la 2.5 q. This vas chosan as the standard bed 

weiqht for all eatalyst tests. 

, 
,1 

, 
(2) Calculation of weiqht of active metal in 2.5 9 of 

. 
catalyst -4R-Cu250 

wt , Raney R-Cu2S0 on siliea - ·5' 

wt , (Cu +.Ni) in aétivated' 

catalyst R-CU2S0 J. 64.3\, 

wt , (CU + Ni) on silica • 5 x .643 

:Il 3.22\ 

wt of (cU + t~i) in 2.5 9 eatalyst 

bed • 2.5 x 0./0322 

• 0.0806 9 

The bed weight of all other catalysts was varied ta qive 0.0~06 9 
( . 

of active metal, (CU + Ni). The calculation of this amount ia . '. v.: 
" fii'ftrate~ fO~~_~_~. , - . / (3) cale~lation of bed w~·· ht for -~~tal.yst· Rl~-A 

" 

, ~ 

fram Table uminuft\ leached • 7,9' ! 
•• before, wt , 

c 
+ Ni) in. leached ailoy • 82/." 

. 1 .. n*'~-; 
.. ta! on ailiea • 5 x .82~.. ..:.1*~.,~:,a 

.. . 
~, .",.. 

Md "eight to co tain 0.0806 9 o, aètive metâ1 . 
• '. • ,1 • 

~ • 0.0806 / 0.0413 • 1." 9 . --
1:'-

wt of .ilic~ '-8'Upport r.quired to 1 inor •••• be 

" wt: tG 1.5 9 ~ 2.5, - j:!~5 .~ O.!S 9 
-0 0 - ~ - - - - ~ --~ :"----. ~ -- - --

\),,112-
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~ble 29: . Clilculations of Raney I.fetal Catalyst Bed Weiqhts 

cablyst -~ 1tI..uai~. 
" ' -~ Leacbed, ~ 

1 

'R-!li.-A 

Î\-$Jl2$ 
.\ 

. "R-4a~ 
.~~ ~ 

( . .a-Cu315 
1 

.. , .00000AI , . 
l ' 

0;.,...< J:~ 

1 ~~. \~'~. ,..' l •. 

: ,.;: ,-~':;:i-t 
(-' l-'~:' '::~-:;I': 

~ 

", -
,/i,'~~~~: ~ 

, ,ft' 
!:!~~:~ .. ~ "\ 
, .. ~ .. ~ t ... 

.. '( Ji 
~ -;.. .. 

,~ ..... ~ ~ 

'-"!:~:1</: 
~~ .. , ..... 

'. 

:"::\ 
' SO 

45 

56 
"'. < 

9~ .... 
.",. 

" 

i. Hi»'te: 

...... 

,. ~ -
~ ... 
~ 

". 
:J;' 
'\' . 

Aé'tive Metal " Raney , Active Weiqht 
In Raney Metal 14etal on Metal on Catalyst 

, ~ 5ilica Silica Bed, 9 

82.64 - 5 4.13.2 r0.95 
66.4,9 5 3.325 .42 

,64.31 '-5 3.215 1 2.50 ---
'69.25 ' 5 3~4162 2.32 

94.34 5 4.711 1.}0 

" -. 
For ,11 catalysts, ~e total bed weiqht was 2.5 g and~ 
the wight of acti" metal in the bed vas tr. 0806 g. 

1 ~ 

..... 
" 

• 
. . 

,_ .. .:::;!;: .. 

~ ' • 

~ 

, Weight 
5i1i<:& 

q 

1\0 .55 

.08 

.00 

.18 

.80 
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