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SUMMARY

Thé catelytic reduction of nitric oxide by carbon monoxide
was investijated using kinetic and infrared methods.

Reaction rates were monitored by mass spectrometry in a
static system over a 0.5% w/w palladiun and ruthenium - glumina
catalysts between 250 - 5OOOC at a total pressure of 5 - 18 k

Nmbz.

The kinetics are represented by

~91. 2/RP ~1 2 ’

-2 -
)P molecules. cm. ~ sec.

) 6,
i) Pa, r=2 x 10 (e cotHo

10, “824/yn 0.22 0O _

. s -2
ii) Ru, r=63x 10 (e, )PCO Puo Molecules. cm. “ sec:

These egquations apply for reactions contazining an excess of

.

_u

carbon monoxide; they imply that carbon monoxide irhibits the

reaction over pzlladium but not over ru+nen1un. Zvidence is

~

presented in accord with kinetic data that for palladium ard

‘reduced ruthenium thevreaction proceeds throuch an adsorved
nitrogen aton. Under conditions of excess nitric oxide nitrous
oxide is formed by, SN + ¥0 — S + NZO. In an excess of
carbon monoxide surface isocyznates are formed by, S+ + €O

SNCC. For oxidized ruthenium a reaction scheme wnich precludes

O]
[t}

the formziion of e nitrogen atom is favoured; in this case the
N - R coupling of adjacently adsorbed nitric oxide molecules
is thought to occur.

The reaction between nitrous oxide and carbon mecnoxide was
also investigated. This reaction becomes importent during thne

reduction of an excess of nitric oxide by carbon monoxide. Over




ruthenium the decomposition of nitrous oxide is significant;
this obeys first order kinetics and is inhibited by carbon
monoxide. For equal reactant pressures the kinetics are re~

presented bLy:-

4, 0% Vpp, %3 -2 -1
i) Pd, r=4 x 107 (e P P molecules. cm.” sec.
Co N20
4, 123/ w01 -
ii) Ru, r=2.5 x 10" (e )P, P . molecules. cm “sec.
Co h20

Infrared spectroscopy was used to observe the surface of a

tric oxide ~ carbon mono-

)

1095 w/w Pd—Algo3 catalyst during the n
xide reaction. In reducing conditions the surface gpectra
contained strong absorption bands at 2250, 1640, 1575 and 129Ocm—1.
These bands are interrelated and were assigned to isocyanate
species. Experimental results indicate that an isocyanéte

covered surface still cétalyses>the reaction; the isocyanate

species are relatively stable znd are more likely to be formed

on selected sites than to act as intermediates.
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SECTION 1

CHAPYTER 1
INTRODUCTICN
1.0

The 1970 Amendment of the Clean Air Act1imposed stringent
controls on the levels of emissions permitted from automobiles
for the 1975 mbdel year and beyond. The U.S.'Federal standards
for 1975-1976 of 0.41 g/mile hydrocarbons, 3.4 g/mile carbon mon-
oxide and O.40g/mile oxides of nitrogen represent a reduction of
at least 90% in theblevels of pollutants'from uncontroiled vehicles.
Although the oxides of nitrogen standard has recently been relaxed
to 2.0 g/miie, a considerable effort has been mounted by both
catalyst and molor vehicle manufacturers with the 0.4 g/mile oxides
of nitrogen standard as = farget Table 172, page 26.
1.1 DMNOTOR VEHICLE EMISSIONS; PROPOSED METEODS FOR REMOVAL OF CARECN
MONOXIDE, HYDROCARBONS AND OXIDES OF NITROGEN |

These three pollutants are derived from two main sources in
the internal combust;on engine, the crankcase and the combustion
chamber., Crankcase emissions consist mainly_of hydrocarbons which
are degradation products of the engine oil. In the combustion
chamber hydrocarbons, carbon monoxide and oxides of nitrogen are
forméd, the first two being incomplete combustion products. Oxides
of nitrogen, (mainly nitric oxide) are formed in the combustion
Process, following the passage of the flame front3 and is temper-
ature dependent. Temperatures in this region are above 26OOOK
‘and are considerably higher than those required for oxidétion of

hydrocarbons and carbon monoxide4.




The extent of production of these pollutants depehd% upon the

condition of each individual enginé, for example.carburettor tuning
governs air/fuel ratios which has been shown to effec_t5 the ratios
of these emissions. The spark-ignition system also plays an im-
portant role, controlling the combustion process and can lead to
prefignition and detonation. Figure 1 on page 25 . sths qualitat-
iveiy the effect'of the air/fuel ratio on emissions of hydrocarbons,
carbon monoxide and oxides of nitrogen. The F.igure shows that
hydrocarbons and carbon monoxide levels decrease at first as the
air/fuei rétio increases. At high air/fuel ratios hydfocarbon
emissions may increase again because dilution lowers the flame temp-
erature whereas excess oxygen and high flame temperatures pfomote
more thorough combustion. The formation of the oxides of nitrogen
is at its peak when the fuel mixture is slightly leaner than stoich-
iometric.  Optimum conditions occur at an air/fuel ratio of about
18, corresponding to a level of 2.0g/mile for oxides of nitrogen,
'for an average passenger car. This.level is éonsiderably above the
mandatory 0.4 g/mile originally proposed by Federal law.

- A variety of methods have been proposed to diminish the concen-—
tration of the three main pollﬁtants. These methods fall into two
main categories. The first category réquires the modification of
a conventional internal combustion -engine and the second a complete
re—-design of this engine. Both categories not only have inherent
technicai difficulties but are also restricted to date dead-lines
and capital expenditures. Because of these time restrictions and

cost problems the former category has received the most attention.

Effective reduction of hydrocarbons and carbon nonoxide levels




have been obtained by improved carburetion and spark-ignition

systems and by the incorporation of a thermal and/or a catalyst
afterburner system 56 The thermal afterburner can be regarded
as a secondary combustion chamber in which unburnt or partially
burnt hydrocarbons and carbon monoxide are tieated by injecting
air into a secondary chamber where the géses are still sufficiently
hot to enable complete cémbustion. With regard to the reduction
of oxides of nitrogen levels it is apparent from Figure 1 that
carburetion setfings required for its removal are not consistent‘
with the maximum removal conditions of hydrocarbons and carbon
monoxide. ,The reduc£ion of oxides of nitrogen can be obtained
by lowering the combustion temperature. and by changing the com-
pressién ratio and spark tunings. This also can be achieved by
.diluting the fuel mixtures by recirculating cooled exhaust gases.
A 60% reduction of oxides of nitrogen can be obtained by this
method6.

Unfortunately there is a price to be paid for the reduction
in emissions of these three'pollutants. The systems described
together with their variants generally lead to a reduction in the
performance of the car and in some cases will also reduce fuel
efficiency. A high standard of maintenance is also required for
these systems to achieve maximum efficiency.5

Apart from the mechanical methods the use of catalytic after-—
burners which have been studied extensively7’8 provides a promising
short term method of reducing these three pollutants. The problem
is how to manufacture afterburners of high reliability and long life.

In general)cataiyst and motor vehicle manufacturers have opted for




a dual bed approach. This approach requires the engine to be

tuned rich to create a reducing atmosphere in which oxides of
nitrogen can be removed in the first bed and then with the help
of an air pump a second catalyst bed provides an oxidation pro-
cess for the removal of remaining carbon monoxide or hydrocarbons.
In addition to these methods recent events in the Middle East
together with a general increase in oil prices may provide a
natural restraint to the overall production of these emiSsi&ns.
1.2 CATALYTIC STUDIES FOR THE ELIMINATION OF‘OXIDES OoF NITROGENl
Discussion in this section will be confined to proposed methods
of fhe elimination of nitric oxide, since the oxidation of hydro-
carbons and carbon monoxide can be accomplished with relative ease.
Funda@entally there appears to be two ways in which the removal
of nitric oxide can be accomplishéd catalytically, either 1) By
decomposition or 2) by reaction, for example with carbon monoxide.
Before discussing these methods a brief review éf the general prop-
erties of the nitric oxide molecule has been made in order to assess
its reactivity.
"1.2.1 GENERAL FROPERTIES OF NITRIC OXIDE: STABILITY
Table 2 on‘pagezs represents a brief description of the physi-
cal and thermodynamic properties of nitric oxide9. A prominent
property of nitric oxide is its large thermodynamic instability
with respect to elementalinitrogen and oxygen at ambient coﬁditions.
Despite the pronounced thermodynamic instability nitric oxide is
kinetically extremely stable. Low reaction rates obtained for
the homogeneous thermal decomposition of nitric oxide below 1000°C

accompanied with comparatively high activation energies, 290.7kJ




10 11
mol~ y 266.9 kJ mol"1 reflect this kinetic stability. An

1

experiment carried out by Howard and Daniels12 serves amply as a
further illustration of the kinetic stability of this unstable
species. In 1917 these workers sealed nitric oxide in ‘tubes
together with a random but very wide assortment of solid catalysts.
Inspection in 1958 indicated that the decomposition at room tempera-
ture was below the detectién limit. |
1.2.2 BONDING BEHAVIOUR OF NITRIC OXIDE

The chemisorption and nature of the subsequent bond of nitric
oxide must be considered as an important step in a catalytic reac-
tion. Sinée one could plausibly select metal catalysts which may
prove to be active on this basis.

The nature of the bonding of the nitric oxide molecule arises

from the odd electron in its structure. The molecular orvital

. s L 13
scheme for nitrogen, oxygen and nitric oxide 5 is represented as

follows.
Atomic Orbitals Atomic Orbitals Molecular Orbitals
N ¢ NO
' *
S O
2pz 2py 2px 2px 2py 2pz

@ @ @ @@@ Tﬁ?w@ Qﬁsz

| ®
6 | o |7 ¢
()

g 2s

Coulsonl4'gives the following molecular orbital description

of the bonding in the nitric oxide molecule. The 2s electrons




on both the oxygen and nitrogen do not contribute to the bonding.

Two electrons in both the o 2px and 2py molecular orbitals provide
a o and amr - bond, while the remaining orbitals constitute a three
electron TF -bond. The ﬂ‘*QpZ orbital is antibonding and the remov-
aiﬂof'the electron from this orbital results in increased bond
strength.

The molecule can form ionic or covalent bonds. As indicated
in Table 2 the‘low ionization potential makes for eagy conversion
to the positive nitrosonium [ NO ) + ion and convefsely by acquir-
ing an eléctron it can be converted to the negative nitrosyl [N=0]
ion. Nitric oxide can co-ordinate as a neutral entity by donating
a lone pair of s=-electrons M.-"NO, by donating this pair plus the

+

odd electron M.- N= 0., or hy accepting an electron and forming an
+ 15

electron pair bond M.-N= 0 .
Simplified electronic diagrams13 represent the changes in
electron configuration in the bonding of the nitric oxide group,

for the three modes of bonding.

covalent cation anion
- ¥ o [(NT o ]* (8T g~

On transition metals the bonding is similar to those of
inorganic nitric oxide compounds16 17.

A large amount of information has been gained about the nature
of the molecule on the surface from surface experiments. These
techniques include: surface infrared spectroscopy,-and low energy
electron defraction (LEED).‘ Terenin and co~workers18 have studied
the infrared spectrum of nitric oxide adsorbed on metals, metal
oxides. These authors have assigned the bands at highest frequ~

<4

: - J
ency to ionic species 2100-2400 cm 1, for examplesy §g~ species




having slightly lower frequences 2100- 1800 cm"1 were assigned
to co-ordination type structures for exampley, N= O co-ordina-

tive ionic . —>
o S

. . N

and co~ordinative. o
S

Structures giving rise to bands at lower frequencies were assigned

to species with nitrogen-oxygen doublevbond character

0 0 ,
i ] -
N + , covalent N an@énionic _ NO
I I '
S ' ’ S ‘ S

In a recent review article Shelef and.Kummer19 concluded
that in most cases the bonding of nitric oxide to the surface
the nitrogen-oxygen bond was not weakened substantially and that
the bond to the surface is mostly through the nitrogen end of the
molecule. It was also noted that every transition metal ion has
its.own predominant mode of bonding.

1.2.3 CATALYTIC DECOMPCSITION OF NIVRIC OXIDE -

Interest in the catalytic decomposition of nitric oxlde has
arisen since the possibility of its decomposition in a catalytic
afterburner system. The low free energies of the following de;
compositions and disproportionétion reactions20 again illustrate

the thermodynamic instability, which was discussed in section 1.2.1

(1) 2% —w, + o, 8G° - 172.8 kJ mol”"
(2) 4% — 1§, + M0, 6% - 241.8 kJ mo1”
(3) 4% —~ o0, + 2,0 AG° - 136.8 kJ mol™"
(4) 3N —N,0+ Mo, 26° - 102.9 kJ mo1~"

A comparison of the specific rates of decomposition of nitric




oxide tobsimilar catalytic syétems has been made by Boreskov21.
This comparison emphasized the fact that the rate of nitric oxide
decomposition is by one or two orders of magnitude slower than the
notoriously slow'oxidation of methane.

Much of the early work on the dissociation of nitric oxide
was carried out on platinum. Table 3 on page 26 taken from
Laidler22 indicates clearly that a number of rate laws have been
obtained. These laws were interpreted using Langmuir-Hinshelwood

22324 .14 imply that the reaction is inhibited

kinetic schemes.
in some way by oxygen.

There is also disagreeméﬁt aboutAits mode of decomposition.
Green and Hinshelwood25 have suggested a unimolecular mechanism
whereas Bachﬁan and Taylor26 believed the reaction was bimolecular.
Sakaida et 'a1.28 have also suggested a bimolecular surface reaction.
A third order rate has also been proposed2o, under a homogeneous
low temperatﬁre and high pressure conditions. The results of sub-
sequent work29’-§o’31 on a variety of catalysts have shown that a
number of orders of reaction with respect to nitric oxide have been
obtained. These orders vary from 0,1,2. At constant temperature
the order of reaction mainly deﬁends upon the reactant Pressure,
which governs the degree of surface coverage; upon the affinity
which the reactant has for the substrate and the nature of the
bonding. Thus it is reasonable ngt only to obtain different orders
of reaction between catalysts, but also on the same catalyst, de-
Pending upon reaction conditions. The interpretation of the order
beccmes of prime importance when considering the mechanistic reac~
tion sequence for a reaction under a set of particular conditions.

Copper chromite, cobalt oxide and copper supported on silica

are some of the best catalysts known to catalyse this reaction52.




The order with respect to nitric oxide for these catalysts was close
to 1. It is also noteworthy that these authors obtained orders of
<0.5 fbr comnercial noble metal catalysts. Yuan31 et al. have
observed that the rate.of decomposition is not only affected by
temperaturé and pressure but also upon the diluent gas used. It

was found that the rate is fastest in helium, slowest in carbon

dioxide and intermediate in ihe presence of nitrogen. They31

concluded reasonably that this order was the same as that of the
boiling points of the gases, thus the more condenszable gases
carbon dioxide énd nitrogen are adsorbed more readily on catalytic
surfaces, thereby reducing the effective surfaée and poisoning the
catalyst.

In an attempt to study the feasibility of using a catalyst
for the het;rogenous decomposition of nitric oxide irn an gxhaust
after burner system. Shelef: et al.32 have re-investigated most
of the catalysts known to be active for fhis decomposition. These
authors have concluded that the removal of nitric oxide by this
method is slow and impractical.
o The feagibility of using polymer cgtalysfs33 for the removal
of nitric oxide from exhaust emission has recently been studied

A ;
3‘. Using pyrolysed acrylonitrile co-polymer (PAN P)

by Cooper
nitric oxide interactions were studied over a'temperature range of
250 - YOOOC. Cooper concluded that the fgatures which pfomoted

the Qell known oxidative instability of PAN P were also effective

in causing high nitric oxide removal activity. PAN P hovever

became inactive under dynemic conditions, and

did not promote any reaction with carbon monoxide or
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hydrogen.
1.2.4 CATALYTIC REDUCTION OF NITRIC OXIDE

In the last decade a great deal of researchAhas been carried
out in order to assess catalysts which promote the reduction of
nitric oxide. Logicélly the reducing agents used for this re-
duction are‘those which are alreadylpresent in exhaust emissions,
for example carbon monoxide, hydrocarbons and hydrogen.

Thermodynamic data for the reduction of nitric oxide by
carbon monoxide and hydrogen is given in Table 4 on page 27
The large'negative heats of formation and free energies indicate
that potentially such reductions are very good, provided of course
that the proper conditions exist and that a thermodynamic barrier
is not obtained in ény reaction intermediate stage.

Despite the thermodynamic feasibility of such reactions the
reduction of nitric oxide is not as simple as it Qould first seem.
The ability of the catalyst to be selective to the reaction in
question is one of the major problems. The catalyst may promote
a series of competitive reactionsrin an exhaust atmosphere prod-
ucing undesirable products or act to poison the catalyst. Besides
this catalyst poisons such as lead- lead alkyls are already present
in exhaust emissions. Together5these problems effectively reduce
the catalyst efficiency>and life. A summary of the competitive
desired éﬁd undesired reactions are listed in Table 5 on page 27..
Some of the reactions listed in the Table 5 will be discussed later.
1e245 CATALYTIC REDUCTION OF NITRIC OXIDE BY CARBON MONOXIDE.

Catalyst surveys of Taylor35(1959), Sourirajan and Blumenthal %

(1961), Roth and Doerr37(1961) and Ayen and Ng Yu—Sim»38 (1966)




have demonstrated thét the rémoval of nitric oxide present in

low concentrations by reduction with carbon monoxide and/or
hydrogen can be achie&ed by catalysts such as ziné—copper chromite,
iron~oxide, iron-chromite, barium promoted copperchromite, chromium
Promoted.iron oxide and copper oxide-silica. A comparison sim—
ilar to that made by Boreskov21 (section 1.2.5) has been made by
Shelef ef a1.39. Over transition metal catalysfs, such as those
describedbabove, the carbon monoxide - nitric oxide reaction rates
were compared to the carbon monoxide - oxygen reaction rates. These
authors observed that for 50 removal of carbon monoxide most cat-
alysts with the exception of iron oxide and supported chromieg
showed that the carbon monoxide - oxygen reaction was considerably
faster. They also noted that with the exception of the position
of‘irqn’oxiéethe relative catalyst sequence in the carbon monoxide-
oxygen reaction followed a well established series of the oxides
with respect to oxidation—reduction catalytic reactions. On the
other hand,the sequence for the carbon monoxide - nitric oxide
reaction followed F8203> Cu Cr 4> Cu O;>Cr 03>-h10;>Pt> 00304>
A1203 (5% Silica) mnO:>V203 which is altogether different from the
oxidation - reduction catalytic series. From this result it was
suggested that the limiting stage of the oxidation mechanism with
the participation of nitric oxide differs from that with the
participation of oxygen. |

In the majority of cases the search for a catalyst which will

effectively promote the reduction of nitric oxide by carbon monoxide

has been carried out under a stoichiometric excess of the reducing

agent., These conditions effectively maintain the surface of a
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metal - metal oxide catalyst in a relatively low oxidation state.
The work of Roth and Doerr37 points out the importance of the
oxidation state of the catalyst since this will have a profound
effect on the chemisorption behaviour of nitric oxide. When the
reactioﬁ conditions are reversed, that is, a reaction which takes
Place under a stoichiometric excess of nitric oxide besides the
products carbon dioxide and nitrogen, nitrous oxide is formed%o’41
The formation of nitrous oxide was described by Baker and

40

Doerr’  as involving the partial reduction of nitric oxide by

carbon monoxide for examples:-

o o]
20 + CO = N20 + 002 A Hf298 - 382.2 kJ mol
. o »
— - [
N20 + CO0 = N2 + 002 A Hf298 364.5 kJ mol
overall reaction
oN 2 42  Hf 6.6 kJ mol”
NO + CO = N2 + CO2 A f2 98 ~ T46.6 kJ mo

Thermodynamically these reactions are stillvfeasible_(data taken
from Table 4) although the negative heats of formation are app-
roximately one half that described for the overall reaction.

The formation of nitrous oxide was shown to take place on
a‘wide assortment of catalysts by Shelef  and 0tto41. Iron
oxide, copper oxide, nickel oxide, platinum and oxides of chrom-
iun and cobalt were amcng some of the catalysts tested. These
authors noted that the formation of nitrous oxide not only de-
pended upon reactant stoich;iometry but also upon reaction tem--
perature. In 2ll cases tested nitrous oxide formation péssed

through a peak with temperature rise. For an iron oxide cat-

alyst this peak occumed at ZOOOC, above 35000 no nitrous oxide




was measured. Similarities ﬁetween the temperature - nitrous
oxide curves and catalyst efficiency for the reduction of nitric
oxide by carbon monoxide were also noted. In general ,the greater
the temperature range the catalyst was less effective in the
formation of carbon-dioxide. In conclusion it was suggested4l’19
that nitrous oxide behaves as a true gas intérmediate, in the
sequence of reactions described above.

Relatively little is known about the mechanism of reaction
between nitric oxide and carbon monoxide. The mechanism will
obviously depend upoh the catalyst and the reaction conditions
used. Ayen and Ng38 and Yorce and Ayen42 have reported that the
kinetics of the reaction carried out in the presence of copper chro-
mite can be described by a rate expression derived from a single
mechanism wgich assumes tﬁat the rate limiting step is th; reaction
between adsorbed carbon monoxide and nitric oxide. The equation
which‘describes this mechanism was derived from Langmuir - Hinshelwood
kinetic theoryzz; estimates of the constants involved were obtained
by linear and non-linear least squares analysis43.

r = k °No o Pco Feo

‘ 2
(1 + bNOPNO + bCQPCO)A

wvhere P = pressure of reactant>

b adsorption constants

k surface reaction rate constant ,

19

1

Shelef and Kummer have criticized this mechanism because

it fails to explain the formation of nitrous oxide, and because a

dual site mechanism was proposed for this catalytic system. These




authors were of the opinion that the mechanism may be regérded as
the redqx type involving the alternate reduction and oxidation of
the catalyst surface,i#‘khe reduced surface of supported chromia
kor copper chromite reacting with nitric oxide to produce nitrous
oxide and/or nitrogen. Shelef, 0tto and Gandhi39 were of the same
opinion, nitric oxide serving to re~oxidize the surface, this step
was assumed to be the rate limiting one. Since the overall redox
mechanism is associated with the scission of tﬁe surface-oxygen
bond the decreasing reactivity sequence of the transition metal
oxides to fhis reaction (mentioned earlier in this secfion) was
stated as further evidence for this rate limiting step. This
sequence correlates well with increasing oxygen - surface bond
strengthsz¥.

London and 13e1].44‘45 using simultaneous infrared and kinetic
studies have described a more detailed mech;nism for the reaction
over a copper oxide catalyst. This mechanism consists of nine
elementary steps and includes the participation of nitrous oxide.
The principal: assumptions being that nitric oxide dissociates
upon adsorption,vthat nitrous oxide acts as an intermediate to
the formation of nitrogen, and that carbon monoxide maintains the
catalyst surface in a reduced state as well as competing for sgites
needed for the dissociation of nitric oxide. The expression which
describes nitric oxide consumption, resulted from these nine

elementary steps:-

1 Cu + NO &=Cu - NO
2 Cu = NO + Cut —wCu = N + o
3 "‘Cu-N+NO—~—>-Cu+NO

2
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4 oot o+ 0o ==cut oo
5 Cu + N,0=>Cu - ONN
6 Co - OMN—cuto™ & N,
7 0"+ Co-Cut 4 co,,

- 8 cut 07 + Co-Cu 4 co,,
9 ©CuN + €O == cu' Neo”

Proposed reaction rate expression
“Ino = 2P by Gy
(1 + by Cpy + b3 Ch20)(1 + b4 CCO)

where b, bv, b3 and b4 are constants,

Evidence for the dissociztion of nitric oxide was gained by the

identification of a surface isocyanate sbecies equation 9.
Unlani46’47’48 has also identified the formation of surface

isocyanate species during the reduction of nitric oxide by an excess

of cafbon monoxide on platinum, palladium, rhodium and ruthenium -

alumina catalysts. O0f all the noble metal éatalysts ruthenium

was found to give the weakest isocyanate spectrum. The discovery

of the presenée of a surfacevisocyaﬁate has led to the postulation

of new mechanistic pathways for the nitric oxide - carbon monoxide

46

reaction. Unland has proposed for example that the isocyanate

acts as a true reaction intermediate and offered the following

plausible pathway

Pt/Azzo5

Nads + CO — NCO&dS

Oads + CO —t CO2

NCOads + NO ———— N2 + CO2

2N0 + 200 — N, + 200, Total reaction




This mechanism is compa£ible with that of London and‘Be1145,
each requires the dissociation of nitric oxide as a Prexequisite
to isocyanate formation. It is still not clear if this occurs
through direct dissociation of nitric oxide on the surface or during
thevformatién of a reaction intermediate involving carbon monoxide.
1.2,6 CATALYTIC REDUCTION OF NITROUS OXIDE BY CARBON MONOXIDE

Nitrous oxide formation during the-nitric oxide~carbon monoxide
catalyzed reaction has been described as a reaction intermediate?1’45-
and occurs as a result of the partial reduction of nitric oxide
(section 1.2,5). 3ecause of this it is necessary to consider
separately the reduction of nitrousonide by carbon monoxide re-

Presented by the equation

N0 + CO = Co, - 364 k J mol”]

.

+ N - AHf

2 298
A limited amount of information is available on the catalyzed

reduction of nitrous oxide. wBawh (1935)49 studied this reaction

in a quartz vessel at 55000, and established that the reaction

Proceeded by a dual surface mechanism having a rate law of

2 = k [fggl, carbon monoxide‘being strongly adsorbed on gquartz.

as [col

Diluent inert gases and nitric oxide did not appreciably affect

the reaction rate but carbon dioxide was found to be autc-catalytic.
The explosive limits of the reaction were also established, the
minimum explosive limit for a'l:l~reactant ratio being 106 kNm."2

at 59000. Since . Bawn's workbthe reaction has also been found to
»occur catalytically on charcoa150’51 zine oxide52, and chromium

53,

- .
Promoted iron oxide Tanaka and BlyholderSL have suggested
different reaction mechanisms for the photochemical and the cata-

lytic reaction over zinc oxide. The slow steps of the thermal




.catalytic reaction was desoribed as the reaction between Weakly
adsorbed carbon monoxide and an intermediate 0 species while under
illumination the slow step was thought to be reaction between NéOm
and CO sites produced by illumination. Inﬁerestingly,the cata~
lytic slow step is similar to that described by Shelef et a1?9
(section 1.2.5) a redox process. The reaction rate laws obtained5

are reflected in the following suggested mechanisms:—

i

thermocatalytic rate =r k PCO PNZOO

photocatalytic rate r = X poo*4 PN200'4

More’recently ieach and Pe'ters53 selected a chromium promoted
iron oxide catalyst for a kinetic study into the nitrous oxide -
carbon monoxide reaction. This catalyst was selected because it
showed high activity for the nitric oxide - carbon monoxide reaction
and promot;d nitrous oxide formation as an intermediate." A nmumber
‘of rate expressions were evaluated using the Langmuir -Hinsheiwood
approach22 and the power rate model suggested by Weller54. A gdual
surface reaction was again proposed, which fitted an empirical power
rate model derived on the basis of carbon monoxide adsorbed on a
Lewis acid site and nitrous oxide adsorbed on a Lewis base site.
The reactant was found to be retarded in the presence of carbon
dioxide.
1e2.7 CATALYTIC REDUCTION OF NITRIC OXIDE BY HYDROGEN,ANMONIA AND

HYDROCARBOKS |

The two main sources of hydrogen from exhaust emission inter-

actions arise from 1) hydrogen formation by the water gas shift

‘reaction:~

CO + HQO--“;"—CO2 + H2
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and 2) hydrogen formation from hydrocarbons, and from steam
reforming of hydrocarbons.

C H
n.

¢

(ens2) * 2n 1=12‘o..“~»:n:co2 + (3n+1) H,

In the reaction between nitric oxide and hydrogen three dif-
ferent products can be formed depending upon reactant stoicfvio~
metry, 1) the formation of ammonia 2) the formation of nitfogen
and 3) the formation of nitrous oxide: in each case water is the

other product

Ko + 5/2Hzm HO + NH

2 3
—— J.
NO + H2 — H20 + §N2
N0  + H2 b m—t H20 + NQO
Early observations on the reduction of nitric oxide by hydrogen

56

are given in a review in Gmelen's Handﬁuck55. Recently, Kokes
showed that for a large excess of hydrogen ammonia is alﬁost the
‘sole product of this reduction, (over platinium ) Ammonia
formation has been noted by a numbervof worker§57’58 when sampling
gases from a dual bed catalyst exhaust test systems. Shelef and
Gandhi57 have considered a number of base and noble metal catalysts
for the removal of nitric oxide. For each group of catalysts the
formation of ammonia increased and subsequently decreased with in-
creasing temperature. In the presence of carbon monoxide ammonia
formation decreased for palladium and platinium catalysts but in-
creased for a ruthenium catalyst. This result was confirmed by-
Taylor and Klimish59 in a comparison of noble metal‘catalysts
platinium, palladium and ruthenium for reaction mixtures containing
" nitric oxide, hydrogen and carbbn monoxide.

For reaction mixtures containing nitric oxide and hydrogen a
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relatively low ammonia yield @as noted59 for the ruthenium cata-
lyst in comparison with palladium and platinum catalysts. Thig
result was attributed to the relatively strong chemisorption prop~
erty of niiric oxide on ruthenium and the relative affinity of
ruthenium to promote nitrogen formation rather than ammonia57.
Ayen and Peters6o suggested the mechanism and the rate controlling
step for thé formation of ammonia, was the reaction between diss~
ociated reactant molecules. Other workers59 have also proposed
the dissociétion mechanism whereby a single N-surface site is
formed,thus facilitating the reaction between hydrogen to form
ammonia.

One other mechanism for the' formation of ammonia has been des~

cribed by Unland46~48.

v

can be formed by the hydrolysis of surface isocyanate species, forx

In this case it was proposed that ammonia

example,

- (NCO) + 2H,0 ——a—NH3' + CO

The formation of the isocyanate was described in section 1.2.5.

o * (oH).

It is ihteresting to note the formation of nitrous oxide
becomes apparent in the reaction mixtures containing a stoichiometric
excess of nitric oxide61. These conditions are similar to those
which were required to produce amounts of nitrous>oxide in the
reduction of nitric oxide by carbon monoxide, section 1.2.5. In
the reduction of nitric oxide by cérbon monoxide, nitrous oxide has
been described as a reaction intermediate, it is not unreasonable
to suppose that if this is thé‘case, then nitrous oxide could be
@ reaction intermediate in the reduction of nitric oxide by hydrogen
under these conditions. In either case the reaction mechanisms

are likely to be very similar if not identical.




2,63%. .
The reduction of nitric oxide by ammonia61’6 3°7° ig allied

to the reduction of nitric oxide by hydrogen since it could be
classed as a secondary or intermediate reaction in the overall
mechanism. Again, there seems to be two different reaction
processes depending upon reactant stdichiometry, this is illus-
trated by the following equatiqns:—

4NH5 +  6NO

2NH5 + B8N0

5N

o + 6H20

]

5N20 + 3H20

In general catalysts which are active to the reduction of
nitric oxide by aﬁmonia are active for the above reactions.
Shelef et a1.65 have observéd that in the lower temperature range
t&asurface steps governing the nitric oxide-ammonia reaction are
an importaht path in the "defixation" of nitrogen (i.e. formation
of nitrogen or nitrous oxide) in the reduction of nitric'oxide by
hydrogen. Nitrogen was described as beiﬁg formed predominankly
from the interaction of one molecule of ammonia and one molecule
of nitric oxide, while nitrous oxide in contrast is formed mainly
by the interaction of a pair of nitric oxide molecules.

The formation of ammonia, and its intermediacy as a basis
for catalyst éelection for nitric oxide reduction has recently
been suggested by Klimisch and Taylor64. These authors used
dual functionél catalysts to promote the formation of ammonia
and its subsequent decomposition. For example palladium and
Platinium catalysts are known to produce ammonia in large amounts
under the above reaction conditions, whilst nickel catalysts

actively decompose ammonia. By catalyst combination a major
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path to the formation of elemental nitrogen with ammonia as an
intermediate was suggested

NO‘—"NHB——” N2

Ruthenium posseses the unusual quality in that it performs both
functions effectively under certain conditions.

Apart from the catalytic redﬁction of mitric oxide by carbon
monoxide; hydrogen and ammonia the feasibility of the reaction
with hydrocarbons has also been investigated§8’65ﬁ Once again-
the reaction.products are governed by reactant stoichiometry.
Using methane as an example, catalytic reactions can occur by the
followings—

CH, + 4NO = 2N, + 2H20 + CO

4 2 2

5CH, + 8NO+2H,0 = 5C0, + ONH

4 3

Ammonia formation in the reduction of nitric oxide with sat-
urated hydrocarbons is minimal over a variety of catalysts in the
absence of water vapour (cdppér, nickel, ruthenium). In reactions
between olefins, ammonia formation begins at much higher temperature
thanvthe nitric oxide hydrogen reaction66 but it has a narrow teﬁp—
erature range because of the thermodynamic instability of ammonisg
at this temperature.

Shelef and Gandhi66 are of the opinion that ammonia formation
from hydrocarvons in the bresenoe of steam can be disregarded,

_the reaction being very much slower than the competifive nitric
oxide hydrogen reaction (hydrogen being generated from the water gas
shift réaction).

142.8  CATALYST SELECTIVITY

The question of catalyst selectivity has been mentioned
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briefly in section 1.2.4. A summary of the competitive'reactions
which may occur in an exhaust atmosphere is given in T.able 5. The
water gas reaction, ammonia formation and methanation reactions
are among the major reactions which compete with the reduction
of nitric oxide by carbon monoxide. The choice of catalysts
now becomes one of relative selectivity towards the reaction in
guestion. Iron catalysts for example promote the water gas
reaction in preference to thenitric oxide - carbon monoxide -
reaction. Iron, nickel and ruthenium catalysts show selectivity
for the methanation reaction whereas platinium palladium and
iridium are comparatively inert67. Ammonia production, in the
reaction between nitric oxide and hydrogen increases for the
catalysts‘ruthenium,platinium and palladium59.

The question of dual functional catalysté has been consid-.

64, 66.

ered These'catalysts generally contain futhenium, which
exhibits high activity for the nitric oxide - carbon monoxide
‘reaction as well as prométing the decomposition of ammonia.
Unfortunately,this catalyst exhibits two very different activi-~
ties depending upon its oxidation state68. For example, it
promotes the water gas reaction in its oxidized state, but not
in the réduced state.

The choice of catalysts forluserin an afterburner system
not only>aepends upon selectivity but also upon durability,
poison resistance, mechanical properties and thermal stability8.
1¢3 REASON FOR WORK

The previous sections have indicated that reactions of

nitric oxide are humerous and more complex that would at first



seem.

Kinetic studies of the reduction and decomposition of nitric
oxide have generally been carried out over base metal -~ oxide
catalysts in the presence of diluent gases under dynamic experi~
mental conditions. Diluent gase531’49 can and do effect cata-
lyst activity and thus have a direct influence upon the result-
ant kinetic and mechanistic predictions. The mechanisms prop-~
osed based on kinetic data have not been substantiated by indepf
endent evidence, although the redox approach to some of the
reactions'is useful in explaining the competitive reaétions of
nitric oxide and oxygen with reducing agents.

Other studies have been directed towards finding catalysts
‘which promoté the reduction of nitric oxide in an exhaust atmos-~
Phere. Obviously, there is a need for a study into the reduc-
tion of nitric oxide under fundamental reaction conditions, for
example in a static system without diluent gases.

A number of catalysts have been described which promote the
reduc&ion of nitric oxide. Nitrous oxide, ammonia and surface
isocyanate have been described as reaction intefmediates, depend-
ing upon the reducing agent. The formation of these intermediates
seem to be interrelated mechanistically since they depend for
their formation upon 1) the degree of affinity of nitric oxide
toward the catalyst 2) upon a specific temperature range and 3)
upon the amount of reducing agent present in a reaction mixture.
The choice of catalyst for this investigation was not only gover-
ned by the ability of the catalyst to promote the reduction of
nitric oxide bﬁt upon.the chemical properties of the reactants

towards the catalysts.




Palladium and ruthenium were chosen aé catalyéts since they
represent opposing ends of a "reactivity series". | Nitric oxide
is strongly adsorbed on ruthenium but not on palladium, in con-
trast carbon monoxide is relatively more strongly adsorbed on
palladium but not on ruthenium. In reaction mixtures containing
nitric oxide, carbon monoxide, and hydrogen, ruthenium, platinium,
and palladium catalysts produce ammonia and nitrous oxide in
increasing amounts respectively59, they also produce an increasing
quantity of isocyanate species48. The zbove properties should
be reflected in the rate laws which govern the reduction of nitric
oxide over palladium and ruthenium catalysts.

Alumina was chosen as a supbort for these catalysts because
it is inert to the reduction of nitrié oxide, below SOOOC, and it
has a high surface area.

Unland46 has sﬁggested that the surface isocyanate acts as an
intermediate in the reductién of nitric oxide by an excess of
carbon monoxide over a platinum catalyst. Unland€46’47'48
observations and assignments have not been independently substan-
tiated and related to a kinetic study. For this reason an infr-

ared surface study of this reaction over a palladium catalyst was

initiated.
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TABLE 1

Federal Motor Vehicle emission standards, g/mile‘2

SUBSTAKCE 1971 | 19721 1973 | 1974 | 1975 | 1976
HC 4.1 3.0 3.0 | 0.41 | 0.41 | 0.41
co 34,0 | 28.0 | 28.0| 3.4 3.4 3.4
NO_ - - 3.1 3.1 3,1 0.4

TABLE 2

Showing some of the Physical and ghermodynamic Properties of
Nitric Oxide i

MolecularAProperties ' Thermodynamic Properties
Bond energy 631.8 kJmol melting point 109.49° x
Bond length 0.115 nm boiling point 121.36° K
1st ionization potential 9.5v AIIfO298K + 89.9 kJ mol-'1
) -1
i . 1
Dipole moment 0.16 Debye AG-f298K + 86.4 kJ mo
TABLE 3%

Showing different rate laws obtained for the decomposition of
Nitric Oxide on Platinum

Surface | Temp. Range| Pressure |Rate Law | Activation | Ref.
°c Range Energy
' “kNm—? kJ mol
Pt 882 - 1403 | 13.3-66.6 |r=k (101 | s5g5 25
[0,]
Pt 1210 26.8-63.8 |r =k [§OF | 102.9-112.5 | 26
[0,]
Pt 860 - 1060 - r=k [NO1 | 92,0-104.6 | 27
1+b[02]
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TABLE 4

Listing Thermodynamic data for the reduction of Nitric Oxide by
Hydrogen and Carbon Monoxide.

# calculated.

kJmol™! 298%K | 62%°k

Ref| Reaction AHf |AE® AGY pEE? |ARS AGS

35| 2N0+200=1,,+2C0, ~T46.67| ~685.19| ~687.67 |-748.4 L74%.6 |=750.3
* | 2N0+Co=N,0+C0,, ~382.2 |~38404 |=326.91|~383.88|~389.1|~387.61
* | K,0+00=CO, 4N, ~364.51]~364.51| =360.7 |~364.87|~364.7| ~364.87
26 NO+H2=H20+%N2 | ~332 - ~316 - - -

36 NO+5/2H2=H20+NH_ ~378 - -324

3
PABLE 5

Oxidation and reduction reactions with Catalysts in the presence
of Exhaust Gases

* )
D = Desired reaction UD Undesired reaction TUD as UD but desired if
‘ large amounts of ammonia

are produced.

REACTICN : SELECTIVITY
_ 1
NO + CO' = 2N2 + CO2 . | D
2N0 + CO = NQO + 002 . D
N20 + C0 = N2 + CO2 ‘ ’ D
N0 + o = m.0+ W D
- 2 2 3 .
NO + H2 = HZO + §N2 _ D
COo + Hzo = 002 + H2 D
CH4 + 4NO = 2N2 + 2H20 + 002 , , D
| SCH4 + 8NO + 2H20 = 5CO2 + BNH3 | : D
\ : *
NH . 0 = ; : H
42 3 + 6NO 5N2 + 6HéD . UD
’ *
2NH + BNO = 5N,0 + 3H,0 | | UD
*
2 i T
2NH; + 3N,0= 4N, + 3H,0 D




CHAPTER 2
EXPERIMENTAL
Studies into the reduction and decomposition of nitric oxide
were carried out in a static system with no added diluent gases.
The reaction rates were measured as éither the appearance or dis—
appearance of product or reactant respectively 5y mass spectrometry.
Bu“tler69 has used a similar technique for a study into the kinetics
of the catalytic decomposition of ethanol over alumina.
2,0 APPARATUS FOR MONITCRING REACTION KINETICS: General Desription
‘The épparatus consists of an A.E.I. }S5.10 mass spectrometer
coupled to a thermostatically controlled reaction vessel through a
4F grade Metrosil leak. The reaéiion vessel is:conﬁectea to a pre-
heat chambgr and & mixing chamber, all of which could be evacuated
by a mercury diffusion pump and rotary backing pump: each pump has

the usual cold trap facilities.

The PFigure 2 page 44 (1:10 scale) represents a diagram of the
apparatus described above. The apparatus in the Figure 2 can be divi-

ded into three main sections, .a description of these sections follows.

2.0). MASS SPECTROMETER: Specifications and Operating Conditions
The mass spectrometer an A.E.I. MS.10 operated on the single

focusing principle had_;; a mass range of 2 to 200. Operational

sample pressures in the mass spectrometer were of the ordér of

4 x 10-4 Nm"2. A needle valve which was bolted on to the analyser

tube of the spectrometer enabled the mass spectrometer to be iso-

lated from the leak sampling and reaction vessel systems. Table

6 lists the operating voltages used, and the specification of the

main components (page51 ).



2.02. LEAK PROBE

In order to monitor the reactions continuously in the reaction
vesgsel a leak system was used which effectively reduced the gas press-
ure in the reaction vessel (pressures around 5.3 kNm“Q) to the low
Préssure required for efficient rumming of the mass spectfometer,
around 4.0 x 10~4 w2,

The Figure 3 page 45 1is a scale diagram of the leak probe. The
¥eak probe was made up from a B24/29 Quickfit male ground glaés joint
with a borosilicate 1/16" I.D. glass capillary bube atiached through
its centre. At~thé probe end of the leak a 1/4" length of 1/16"
dia. 4F grade Metrosil was fused into the capillary tube; this length
was found by trial to be the most efficient for the reduction of gas
Pressure f;om the reaction vessel to the mass spectrometer. At the
oppésite end of the capillary and glass joint vas attached a Jencons
Lynx-Seal metal-glass joint. The stainless steel 1/4" metal tube
attached to the glass was connected to a coiled length (BQcm) of 1mm
bore stainless steel tube, which in turn was connected to the needle
valve on the analyser tube of the ‘spectrometer. Vacuum tight joints
were made by Hoke Gyrolok adaptors.

The leak probe attached to the flexible coiled stainless steel
tube could easily be manoeyvred into position; a vacuum tight séal
was obfained when the probe was inserted into the B24 female joint
on the reaction vessel.

2.03. REACTION VESSEL AND GAS MIXING SYSTEMS

The third section of the apparatus was made from borosilicate

glass and consisté of a reaction vessel, pre-heat and gas mixing

chambers. Each of these chambers could be isolated by taps AyB,



and H, figure 2, The volume.of these chambers were determined to
be 450ce, 257cc and 86.3cc respectively.,

The reactioq vessel, provided with a central thermocouple well
was completely enclosed by an electrical furnace. The temperature
of the furnace was controlled by an Ether Transitrol, the thermocouple
(chromel alumel) of which was positioned in the well of the reaction
vessel directly above the catalyst bed.

The pre-~heat chamber was also encl§sed by a furnace, the temper-
ature of which was controlléd by a variac transformer and thermocbuple/
potentiometer meter.

The gas mixing chamber consists of a single length 45cm, 1.8cm
bore glass tubing. Attached to the tube are two mercury manometers,
two gas reservoir bulbs, and a single outlet for an infrared cell; all
of which'coﬁld be individually isolated by ground glass taps CyD,;E,F,G,
A?Egure 2. The manometers consisted of 1) a Griffin and George 100mm
Hg manometer and 2) a calibrated length of graduated tubing‘fOr which
1T unitz 1,165 mm Hgg The second manometer measured £as pressures
of up to 420 mm Hg (56k Nmnz). The gas inlet is controlled by tap H.

The whole system is attached through a three way tap (A) to a
vacuum line. Vacuum was obtained from a mercury diffusion pump and
a rotary backing pump; each pump having the usual cold trap facilities.
Pressures in the system were measured by an Bdwards high vacuum gauge
through a 65B-2 gauge head and were of the order of 0.13% Nmﬁz.

A gas inlet system was connected at tap H to the mixing chamber.
This system ensured that when tava was partially opened a positive
Pressure of reactant gas was always obtained. Each gas was provided

with a separate cold trap.
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2.1 PREPARATION OF éATALfSTS

One of the most common methods employed for the preparation
of supported metal catalysts is by impregnation of a support with
an aqueous solution of a metal salt. After drying the salk- " is
reduced in flowing hydrogen at elevated temperatures. This tech~
nique was adopted for the preparation of the catalysts used for
this work. | |
2.1;1. PREPARATION OF THE SUPPORT BCALUMINA

The support Yaluminium oxide 8/16 mesh (Fisons) contained
suiphur impurities which can act to poison the catalyst. The
sulphur was removed as hydrogen sulphide.

In an oven (v60g) of Yalumina was heated to 450°C, hydrogen
was passed through the oven at 40 ml/min until hydrogen sulphide
was no 1onéer détected in the gas effluent stream. The sample
was then allowed to cool slowly to room temperature. The oven
temperature was controlled by a variac transformer and temperature/
potentiometer meter.

2,1.2 IMPREGNATION OF 0.5% WEIGHT PALLADIUM ON THE SUPPORT

Palladiﬁm chloride 0.33 g (B.D.H. Chemicals) containing 60%
palladium was dissolved in 250 ml distilled water on. a hot plate.
The pretreated support Xélumina 39.7 & was then added to the sol-
ution, and the water evaporated off slowly to ensure even impreg-
nation. After drying at 120°¢ the catalyst was calcined in air
over night at 450°C, then reduced in a stream of hydrogen at 40ml/min
for 4 hours at 45000. The catalyst was then allowéd to cool to room

temperature in a hydrogen atmosphere before bottling.




2¢1.3 TIMPREGNATION QF A 0+5% WEIGHT RUTHENIUM ON THE SUPPORT

Using the method described in the previous section the catalyét
was prepared by adding 20g of pretreated )%alumina to a solution of
ruthenium III chloride (O.257g).. The ruthenium chloride was ob-
tained from B.D.H. chemicals and contained 2% ruthenium.

2.2  ANALYSIS OF THE CATALYST CONTENT

To test the efficiency of the impregnation procedure an analysis
of the catalyst content was made. The palladium catalyst was chosen
for this experiment. | |

One of the most common methods for the determination of palla-
dium is by gravimetric analysis of a suitable palladium complex, for
exampie palladium 1:2 cyclohexanedione dioxime.YO This method is
used for solutions containing 5-30mg of palladium. The presence
of alumina'however complicates the gravimetric analysis.

The method adopted for analyses of palla&ium utilized the
measurement of the energy of emitted X-rays. Using a SCanning
electron microscope coupled to an energy dispersive X~ray analyser,
(Kevex Corporation of America), standards containing known amounts
of Palladium were examined. Characteristic'X—ray energies of the
elements present, for example palladium I, Lg, 2.838 and 2.990kev
Trespectively, were collected and displayed as a series of peaks on
a T.v., monifor.

For a constant counting time the area under the'palladium peak
is proportional té the concentration of palladium in the sample;
(provided the background radiation is first subtracted). This area

was measured electronically and expressed as an integral of the total

number of counts- in the channels under the peak. The number of




channels under the peak could be preselected, 1 channel representing
10 e.v. For standardization nine channels were selected to count
the standards and the samples. The background count under these
channels was subtracted electronically.

Under identical experimental conditions the area under the pall-
adium Ly; peak was determined for a series of standards and gamples.
The palladium content of the samples could then be determined from
a calibration graph of the standards against counts per unit time.

The advantage of using the Kevex system is that unlike.x~raj
wavelength analysis71 the whole spectrum is collected and analysed
instantaneously for elements Z>11 to 298, Provided conditions
are standardized the spectrum can be analyséd quantitatively using
a series of known standards.

2.2.1 METHOD: PREPARATION OF CATALYST STANDARDS, AND ELECTRON
MICROSCCPE SAMPLES

A series of standards containing 1%, 0.&%, 0.5%, 0.3% and 0.2
by weight palladium to 1g. alumina were‘prepared using the impreg-
nation technique described in section 2.1.2, with one exception.
After the water had been evaporated off the impregnated alumina
and residue (if any) was ground in a mortar. Washings from the
beaker were also added to the powder, which was then redried and
ground. This procedure ensured that any palladium residue was mixed
homogeneously in the powdér before hydérogenation.- The five stand~
ards together with two powdered catalyst samples were reduced as
described in section 2.1.2.

From each standard and sample a disc of lem x 3mm was made by

compressing 70-100 mg of the powder at 10 tons/sqg.inch in an infra-
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red KBr die. Making a note of the sample number and position a
2mm2 portion from each disc was mounted (using clear Bostik), on
a electron microscope sample stub, lem dia. To‘ensure a conducting
path for the electrons the stub ang Samples were coated with vapour
deposited carbon, sprayed for 8 sec.
2.2.2 OPERATING CONDITIOKS OF ELECTRON MICROSCOPE AND KEVEX

Table 7 on page52 1lists the operating conditions used for
the electron microscope and energy dispersive x-ray analyser, (Kevex).
To ensure standardization the operating conditions were kept constant
for each defermination. Each sample was counted for 500 éec. over
a relatively large sample surface area 4 x 10—8 cm2, to ensure that
a good étatistibal count was obtained.

Figure 4 on page 46 represents a spectrum obtained for the
1% w/w Pd-f‘;'lzo5 standard. The Figure shows the integrated
area under the palladium Laﬁ peak which was counted.

2.2.3% RESULTS
Figure 5 paée,47 is the calibration graph obtained from a plot

of the standards against counts per 500 sec. A line of best fit

gave a standard deviation of 63 counts which represents 0.04% Pd.
The catalyst samples gave counts of 1303 and 1305 respectively,
representing a palladium content of 0.49* 0.04 by weight to 2lumina,
‘The efficiency of the impregnation was calculated to be> 9&%4,
well within experimental limifs. This method reliés on the fact
that the samples rust have a homogeneous distiibution of palladium,
and that they must be prepared and counted under standard conditioné.
2.3 DETERMINATION OF THE SﬁRFACE AREA OF THE CATALYSTS

In order that reaction rates could be expressed in terms of




‘rate per unit surface area, the surface area of the palladium and
ruthenium - alumina catalysts were determined. The nitrogen
adsorption apparatus used vas a modified version of the classical

72

B.E.T. apparatus‘c, _Cooper54 developed this apparatus for the

determination of surface areas of'palymer catalysts.

The -apparatus (1:25 scale)in Figure 6 ﬁage48 vas made out of boro-

ﬂsiiicate glass, The volumes of the fqur graduated bulbs,the sample

holder S and the dead space are listed in Table 8 page 57 . . The

- apparatus was connected at point E to a vacuum line which consistéd
of a mergury diffusibn pump and rotary backing pump; each pump
having the usual cold trap facilities. The vacuum in the system
was measured by an Edwards hich vacuum pirani gauge.

2.3.1 METHOD

With t;p ¥ open to atmosphere and a vacuum up tb tap A,
taps A and D were adjusted so.that a difference in mercury levels
of 30 cm was reached in the narrow bore manometep.

The three way tap F.was turned to allow successive flushes of
nitrogen and vaéuum, (tap B being open to vacuum) whilst tap C was
opened until the mercury level reached the top of the first Sraduated
bulb. Then, with the preweighed sample in place, tap B was opened,
tap F closed, and the sample holder S immersed in an oven. The

sample was then evacuated to a pressure of less than0.13 Mm = at

o)
250 Cror one hour.

Following evacuation tap B was closed and the oven removed from °

around the sample. When the sample had cooled to room temperature
the vessel S was immersed in a flask of liquid nitrogen. After a

Period of five minutes to ensure the sample had reached - 19600,



tap F was opened so that nitrogen at a pressure of one atmosphere,

filled the dead space on the right hand side of the apparatus.
Bulb 1 was emptied of mercury and tap F turned to isolate the
apparatus from the outside nitrogen reservoir. After a period of
two minutes for adsorption on the sample to reach equilibrium, bulb
1 was refilled with meréury. The pressure difference between the
two columns of mercury in the narréw bore tubes was messured. The
whole process starting from the introduction of nitrogen was repeated
so that a range of pressuré readings, corresponding to adsorbed gas
volume, were recorded. |

These values vere listed under headings VB and.AP-respectively.
Where VB represents the volume of nitrégen gas taken from the grad-
vated bulbs, and AP the difference in mercury levels. A further
vélue élVQ 'was obtained from a calibration graph of ivz_versus
AP. This represented the calibrated total dead space volume of
nitrogen for the pressures indicated under the conditions of adsorp-
tion. |

This information to,ether with the values of the weight and
volume of the catalyst was fed into a Fortran 1904 series computer
using the Algol 60 language. The full programme (EBS0601 Cooper)
is given on bage 53 . The ¥ zble 9 on pége 54 represents a.typical
surface area détermination values of 0.5 w/w ruthenium alumina
catalyst sample.

The volume of nitrogen adsqrbed §m3 g-1 verses the pressure
increment P/Po :was plotted for a series of runs for each catalyst

and is represented by Figure 7 page 49, Point B values were deter—

mined from these curves. The point B is the point where the linear
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portion of the graph begins, and was chosen by Brunauver and Emmett 5

as a measure of the volume of gas whiéh would fill the mornolayer.
Assuming one nitrogen molecule occupies1-62nm% @ . The
surface area of each catalyst was found to be 230 mgg”1 and 158
m2g“1 for the ruthenium ang Palladium-alumina catalysts respect-
ively.
2+4 MATERIALS

All the gases were of lecture bottle quality and were obtained

from British Oxygen limited. The following represents the speci-

fications of each gasi-

GAS % PURITY
Nitric oxide 99.
Nitrous oxide 99.998
Nitrogen | 99.999
Carbon monoxide , 99.95
Carbon dioxide 99.998
Hydrogen 99.999
Oxygen ' . : 99.98

Nitric oxide and nitrous oxide were pre-purified by condensing
in a storage bulb immersed in liquid nitrogen, pumped for some
minutes, then redistilled so that the middle 709 of the distilled
€as was used.

2:5 EXPERIMENTAL FROCEDURE FOR MEASURING REACTION RATES

The catalytic reduction of nitric oxide and nitrous oxide by
carbon monoxide were the two main reactions studied. In order
.to monitor these reactions the mass spectrometer was tuned to a

unique ion of one of the products or reactants. From the T able
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10 on page 55 , which'lists,the cracking patterns of the'reactants
and products, it ie apparent‘that the cracking patterns of some of
the gases have similar mass to charge ratios. These ions, for
example the molecular ions of carbon monoxide and nitrogen have
similar massbcharge ratios and cannot be separated by this instru—
ment. In effect they are the same. Fortunately; carbon dioxide
has a unique doubly charged parent ion m/e 22. The mass spectro-
meter was tuned to this peak when monitoring carbon dioxide.

Figure 2 on Pagess4 should be consulted in conjunction with
.the folloWing description.

A known weight of catalyst in a small silica boat was positioned
in the reaction vessel directly above the thermocouple well. With

the leak probe in position the system was evacuated to 0.13 Nm.2

and the oven temperatures set to 45Q°C or to the reaction temper-
ature, whichever temperature was the highest. A period of one

hour was allowed for the system to reach equilibrium, the oven temp-
eratures were then adjusted to reaction temperature.

With taps B,C,D,E closed and & positive pressure of reactant
gas (either nitric oxide or nitrous oxide) up to tap H, tap E was
partially opened to allow 8as to pass from the inlet system to the
mixing chamber. At equilibrium tap H was closed. With the reserv-.
oir bulb 2 immersed in liguid nitrogen tap E was opened to allow
the reactant gas to solidify. Tap E was then closed and the ip—
let procedure repeated several times to ensure that sufficient
reactant gas for the experiment was contained in bulb 2.

The mixing chamber was evacuated, with tap A Positioned to

isolate the reaction vessel. Tap B was closed and the first 2050



1

39

of gas in the reservoir allowed to distil into the mixing chamber.
The mixing chamber was evacuated, and tap E opened to allow the
reservoir to be evacuated. After a period of a few minutes tap
E was closed.

The system was opened to the mass spectrometer through the
.needle valve J. The mass spectrometer had Previously been tuned
to record the appearagqe or disappearance of product or reactant
respectively. With tap B closed the reactant gas in buldb 2 was
allowed to distil into the mixing chamber. At the required pPresse
ure tap Eiwgs closed.  The second reactant gas (usually carbon
monoxide) vas introduced carefully through tap H. Fach gas was
measured manométrically. The gas mixture was allowed to enter
the prehea@ chamber, for thermal equilibration, and then allowed
into the reaction vessel. The total pressure due to {he reactants
was'recorded, thé reaction vessel isolated, and the chart recorder
started.

At the end of the reaction the system was evacuated for a
Period of ten minutes before repeating the procedure. Before

starting a series of reactions it was usual to carry out at least

. three Preliminary runs using egqual amounts of reactants, to ensure

the results were reproducible.
2.6 ANALYSIS OF MS10 REACTION TRACES
Experimental curves of types 1 and 2 represented in Figure
8 on pages) were obtained when the rate of appearance or disapp-
earance of product or reactant were ﬁonitored respectively. In

& reaction in which the disappearance of a reactant was monitored

it can be seen from Yigure 8 curve type 2 that the initisl portion
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Aof the curve has been extrapolated to t=0. The validity of this
extrapolation was tested by introducing the reactants into the
reaction vessel under identical experimental conditions but for
the absence of the catalyst. The blank run recorded the maximum
positive ion current of the reactant in question and thus the
extrapolation point t=0. This experiment was carried out in
every case when monitoring the disappearance of a reactant.

For each individual curve the positive ion currents wvere
read off at convenient time intervals, The positive‘ion current
is proporﬁional to the pressure of gas monitored. Thus knowing
the total pressure and the ratio of reactant gases the positive
ion current can be expressed in terms of pressure.

For type 1 curves to ensure the Teaction had reached comp-
letion, the product gas was introduced into the system under
identical experimenfal conditions, The pressure of the product
‘gas corresponded to the Pressure calculated from the stéichiometry
of the reactants. For 10056 reaction the blank positive ion current
should equal that taken from the curve,

A standard procedure was adopted for the determination of
the initial rate from these curves. The experimental points
were fed into a Micro 16s computer ﬁrogrammed for a polynomial fit
to six coefficients of the equation;

i=5
i=290
Where x is the Pressure of product at time t.. The computer out-

put listed (a) the six coefficients, (b) the calculated pressures
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of producf, (c) the rate of formation of the product, (d) the
nap ierian logarithm of the rate of formation of the product,
(e) thé napierian logarithm of the unreacted reactant which was
the reactant present in the least concentration initially. The
computed pressures fitted the experimental data to within a
standard deviation of ¥ 0.06 (an average of 22 plots).

The Table 11 on page 56 represents a typical data output
(1mm Hg = 133.3% Nm-.2 ). The full programme in Mathchat 5030
language is given on page 57. |
2.6.1 METHOD ADOPTED ¥OR ANALYSIS OF REACTION KINETICS

A large number of preliminary experiments were carried out
in order to examine the limits of the apparatus. These limits
set the boundaries for the kinetic analysis. For each reaction
studied a further series of preliminary experiments were'carried
out in oxder to establish the weight of.catalyst required to give
reasonable reaction times, within a working temperature, usually
between 200o - 50000. The results of these experiments were
analysed using a number of methods of kinetic analysis,ezf 43554
before a standard method was chosen. The following procedure
represents the standard method adopted for the determination of
the reaction mechanisms,.

A basic kinetic expression was written down for the reaction,

for example

o< A ' |
Rate = k P Py (1)
where k represents the reaction rate constant, PA and PB

represent the pressure of reactants A and B, with the exponent
values of o< and /3 representing the orders of reaction with

respect to reactant. The exﬁonents oL and //3 were determined
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by the differential method suggested by Van't Hoff.22 This was
achievéd by designing a series of experiments to show the effect

of the initial concentration of reactants on the initial rate.
Firstly, one reactant was held constant whilst therther wag varied

to the pressure limits of the apparatus (see chapter 3). Secondly,

the experiment was repeated but this time the other reactant was

held constant. The data obtained from this series .of experiments
was processed by computer to give the initial raté, using the curve
fitting.programme described in the previous section. For each
reaétant fhe slop; of a double logarithm plof of initial rates
against pressure of reactants represented the“exponent value; from
the equation

Lnr = lnk + oclnf + pln R ' _ (2)

The results were also analysed where appropriate by considering
a single run and measuring the slopes at various iimes, correspond-
ing to a number of vaiueq»of reactant pressures. Thesedata were-
listed in the computer feed out together with the initial rate
data, for an example of this see page 56. The slope of a
double logarithm plot of these functions gave the value of the
exponents with respect to time according to the equation

ln 4 EI('iotduct = 1nk +og1r'1PA + psloPy : (3)

This method is unambiguous when reactant Pressures are equal

or when one of the reactants is Present in a large excess. For

- equal pressures of reactants the slope will equal o+ B, the

overall order with respect to time.

Once the exponent values had been assessed the empirical rate
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equation was tested by substituting the results into the integrated

1

rate form of the law and plotting the function against time. This

‘Plot should of course be linear. Finallysthe empirical rate law

was used in a search for a possible mechanism which gave after

-suitable sihplification the rate law found empirically. This

search was conducted on the assumptions of classical ideal kinetics,

for example Langmuir-Hinshelwood kinetic theoryzz.
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TABLE 6

LISTS THE OPERATING VOLTAGES AND SPECIFICATION OF THE MAIN COMPONENTS

OF THE MS 10.

Mass Spectrometer Operating conditions and Specifications

ELECTRON-ACCELERATING VOLTAGE  + 70 VOLTS  (FILAMENT ' TO CAGE)
FILAMENT VOLTAGE + 1.6 VOLTS A.C.  RHENIUM WIRE 0.176mm dia. 0.5 OHMS
ELECTRON TRAP POTENTIAL + 35 VOLTS  (CAGE TO TRAP)

TRAP CURRENT 50 A |

TON REPELLER VOLTAGE + 1 VOLT (CAGE TO ION REPELLER)
PRE=AMPLIFILR ELECTROMETER TYPE ME 1403

AMPLIFIER D.C TYPE, SENSITIVITY RANGE 1000/1 IN SEVEN RANGES

INPUT CURRXNTS BETWEEN 1010 awp 10~ 13 AMPS

VACUUM GAUGES: METROVAC VHS PENNING GAUGE 13%.3 to 0.13% Nm 2

METROVAC VC9 IONIZATION GAUGE CONTROL URIT

RANGE 0.1% - 6.6 x 1070 m~2

RECORDER - A.E.I PCTENTIOMETRIC RECORDER 10mV,10 inch wide chart
RESPONSE TIME 1 SEC FOR FULL SCALE DEFLECTION

DIFFUSION PUMP METROVAC 033 OIL DIFFUSION PUMP DRY-ICE COOLED

ROTARY PUMP METROVAC GDRI
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TABLE 7

Listing the operating conditions of electron microscope and Kevex

EXCITATION POTENTIAL OF 20 K.v.
SCANNING ELECTRON MICROSCOPE

BEAM CURRENT | 150 o amps

FILAMENT CURRENT | 2.5 amps

SPECIMEN CURRENT FIXED FOR ALL SAMPLES AS ALL THE
SAMPLES WERE NOUNTED ON THE SAME
STUB
, -3 -2

VACUUM 2.6 x 10 7 Nm

NO. OF CHANNELS COUNTED UNDER

PALLADIUM Le¢, 2.838 kev 9
SAMPLE AREA COUNTED 4 x 1078
| COUNTING TIME 500 sec.
TABLE 8

Listing buld and dead space volumes measured at 2000

—
V1 1.74 cm5 Total yolume on léft~hand gside of tap T 4.05 cm5
V2 ' 2.58 cm3 Total volume on right-hand side of tap T 1.35 cm3
V3 5¢55 cm3 Total volume on right-hand side of tap T plus

V4 14.25 ¢m3 Mercury at highest graduation ‘ 0.63 cm3
S 251 cm3
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PROGRAMME USED TO CALCULATE THE VOLUME OF Npem3g')
AND THE PRESSURE INCREMENT P/P, 34

STATEMENT NO,

0 "REGIN' .

1 'DFQL"ARQAY‘

4 vv?,

1 AMS,P,VB,V2,pN(1: 100].

2 YRFAL?

2 Ve, u;p

3 YINTFGER?

3 Ls

3 J,K,

%, 3 IIM:'
E b K:=READ; }

S YFUR® J:=1 'STEP' 1 YINTIL® K 'DO?
5 ‘REGIN?

6 +=2PEAD?

7 Me=READ;

8 VC:=READS

9 We=RFAD?; ‘ :
10 "FOR' T:=1 "STEP® 1 'UNTIL®' M 'DO°
10 "REGIN? . .
11 VRIT):=REFAD:
12 PIT):=READ:

13 V2T1):=READ?
14 YEND': '

R 1S AMSTT)e=(0_045% (30~ PE1})+MB[13 v27i11-vC)/u;
16 'FOR' J:=2 'STEP' 1 'UNTIL' M 'DO?
16 : 'BEGIN'

17 Vvv2li1l:=v2(1l-v2(1-1]);
18 ANSTTT:=ANST1-13+¢0,045%(30~- P:11)+v3[1]-
19 YEND': -VVIIW;
20 YFOR' T:=1 '"STEP* 1 'UNTIL' M 'pO!
20 CopNLL):=p[11/30; L
21 PAPERTHOOWY;
22 NFWLINE(CT10)
23 SPACE(3N);
24 WRITETEXTC(*('TARLE") ")
26 ' WRTITETEXTC'('"X0F%VOLUME (CH 3/G)7r0R7PRFSSUQE%-
27 NEWI INEC10): - INCREMENT(PIR)) ): ~
28 SPACE(4L0) : :
29 WRITETEXTC' (' VOLUME?') ") ;
30 SPACE(13):
31 WRITEFTEXT(* ("pRESSUREXINCREMENT®) ')
32 NFWLINE(4);
33 "EOR' [:=1 'STEP' 1 'UNTIL' M 'pO°?
33 "REGIN' _ ' : ‘
34 SPACE(34):
. 35 PRINT(ANS[T11,3,6):
36 SPACE(10)
37 PRINT(PNITT,3,6);
38 CONFWLINF(2):
39 YEND'?
40 TEND';

A 'FND!

CEXFECUTION STARTED | )
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TABLE 9

Represents typical data obtained from a surface area determination

RUN NO.5
Weight of catalyst (w) = 0.4168g
Volume of catalyst (ve) = 0.0983 cm’
COMPUTER  READ  OUT
VB AP 4, ~ 'VOLUME PRESSURE
INCREMENT
cnog”] B/P
i 1,74 0.1 0.025 7.107 0.003 |
% 1.74 0.1 0.025 C14.509 0.003
% 1.74 0.1 0.025 21,912 0.003%
% 1.74 01 0.025 . 29.315 0.003
. %,' 1.74 0.1 0.025 36.718 0.003
§ 1.74 0.5 0.10 43.898 0.016
% 1.74 143 0.335 50.607 0.043
? 1.74 541 1.21 554371 0.173
1.74 7.8 1.635 60,922 04260
1.74 12.4 2,372 65.229 04413
1.74 14.8 2.735 70.174 0.493
1.74 18.8 3.145 T4.574 0.6266
1074 22,2 3.478 78.792 0.7400
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TABLE 10

Listing the cracking patterns of the reacténts and products of the

two main reactants

Maés to charge Relative Intensity

ratio co N, NO N0 - 0o,
12 4.7 ‘ | 2.46
13 0.05
14 0.75 5.18 7.48 12,9
15 4 2.41 0.1
16 . 1.67 1.45 5.0 6.24
22 E . 1.78
28 100.0 100.0 | 10.8 6.55
29 1.16 0.73 0.1 | 0.06
30 0.22 100.0 311 0.01
31 0.38 0.1 0.01
32 0.21
44 = ‘ | 100.0 100.0
45 0.7 1.16
46 0.2 0.41
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PROGRAMME USEDFCR CURVE[WTTING/HNUAL RATE DETERMINATIONS/
AND TIME COURSE PLOTS.

145K MM, s FAR T1=1,1,N3 S¥T L(I)=035 FOR J=1,1,V3—
2GET LeNY=Nn (SETR(LA)=0.
IFAR J=1,1,¥3 ASK(NY T,X¥X: SWT PC1Y=13 D1 317124
1377 T=2,1,N37 SET 7Z=N+1-1! SET X=7+1; DO 195/134
1RTYDRE 1,"AARFTEISISNTS ARF', ¢
19F1R I=1,1,N5 58T ¥=0 § S¥T 7=I1-1: DN 30/37
QGTYP“ LULAGCINT=-Y)Y YCALA DY/DT AND LIAGCDY/DTY',
N7ENR =151,M3: ASK(N) T,¥: SET PC1Y=13 SET J=2; DN 4310/550)
Q%QUIT
3NSET J=-1
32GFT J=J+13 IF (J=7),33,33,35
BR3E5FT ¥=X+L ()R, D) ’
3nGN 392
35C ANTINUE :
?69 T LCI)=CLC1l)~- v)/‘2(1 |
FITYDPYR 7, 1,1.C1)
IASET I=1
F5SET I=14+13 IF (1-\1),930,9N0,100
ANSET A=T1~13 SET P(I)Y=D(A)Y*T
95610 85
1000 ONTINIR
11NSET '1=n
112SET T=1+13 IF (1-VY,115,115,1241
TISSET LOTI=LOTIY+XEDR(T)
IIQSFT <—ﬂ ,
120N1G5T K=K+1; IF (X=-\N),121,121,1273
121SET R(TI,X)=R(I,XI+P(THIXD(K)
122610 129
12360 112
1240 WTINUE
125GRT J=10
1265ET J=J+131IF ¢(.1=-7),127, 127,136
1278ET LI =L(I)*R(Y,¥)-LIX)Y4R(J,X)
129C ONTINUIR
1305%T K=1
1328%RT X=X+13 IF (X=-7),13%1,133,135
1335FT ?(J:(’*”(I,K)*W(V,Y)—R(V XKI¥IxR(J,X)
13460 132
13567 1254
13AC TMNITINTIE
AFNSET Y=I.C1)Y*xP(1): SET 7Z=N
"KRINTF (M=-.1), 511,520,590
SONSFT A=,]J-1% SET D(NDN=P(AIXT
SO8GFT VY=V+L(JY%2( J): SET 7Z=7+1.(I)*x2P(AY*(J-1)
S358WT J=.0J+13 77 510N
SANSET Y=WU-X¥3 SFET ¥X=FLOG(X); SET A=FLIG(7)
SSNTYPF %, 1,¥,Y57,N




CHAPTER 3
RESULTS AND DISCUSSIONS

3¢0. REDUCTION OF NIYRIC OXIDE BY CARBON MONOXIDE OViR 0.5% w/w

Pd—A12O3 CATALYST

» 41,42
A number of workers ' have noted the formation of quantities
of nitrous oxide during the catalytic reduction of nitric oxide by

carbon monoxide. 3 helef and Otto41 have suggested that nitrous

oxide behaves as a true gas intermediate in the reaction sequence: -

2NO + CO = N.O + CO

2 2

K0 + €O = N, + CO,

2NO 4+ 200 = N, + 200, Total reaction

Prior to a kinetic study of the above reactions a number of

experiments were designed to investigate the amounts of nitrous

oxide formed during the reduction of nitric oxide by carbon monoxide.

5.0.17. NITROUS OXILE FORMATION DURING THE REDUCTION COF NITRIC OXIDE

.

- BY CARBCN MONCXIDE OVER 0.5% w/w Pd-—A1203

A series of experiments were carried out by mass spectrometry
and infrared analysis in order to establish if the reactants
a) decomposed, b) reacted homogeneously, or ¢) catalytically on

the support or catalyst at BOOOC. Table 12 on page 81 represents
the results of these experiments. ' The table shows that the reduction
of nitric oxide and nitrous oxide by carbon monoxide over palladium
are the only significant reactions. These reactions reached
completion within eight minuteé. The decomposition of nifric

oxide and nitrous oxide was found to be very slow under these

conditions; this result is consistent with the results of previous
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25,74

workers e

The next series of experiments were designed to investigaté
the amounés of nitrous oxide formed during the reduction of nitric
oxide by carbon monoxide. Reactions containing 1) an excess of
nitric oxide 2) an excess of carbon monoxide and 3) equal amounts
of reactants were examined at 40000.

For these experiments the mass spectrometer was calibrated

against known pressures of carbon dioxide, mass to charge ratio

m/é 22 and 44, nitrous oxide m/e 30 and 44, and nitric oxide m/e
50«  The contribution of mass to charge ratios m/e 22/44 and
m/e 30/44 for carbon dioxide and nitrous oxide respectively were
also calculated.

Masslﬁo charge ratios m/e 22, 30 and 44 were monitéred through-
out the reaction by switching the mass spectrometer to these ratios
at convenient time intervals. This method Qas preferred to a
method which monitored the three mass to chafge ratios individually

10

in three identical reactions. The positive ion currents due
m/e 22, 30 and 44 were fed into a Micro 16S computer programmed

to give an analysis of the pressures of carbon dioxide, nitrous
oxide and nitric oxide at time t. The pressures of the reactants
and products were calculated. from 1) the slope and intercept of a
line of best fit obtained from the individual calibrations, 2)

the ratios of the contribuﬁions of m/e 22/44, m/é 50/44 for carbon

dioxide and nitrous oxide.

The computer programme used for this analysis is given on

page 83,
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The results of these experiments are represented graphicélly,
Fligures 9, 10, and 11, on bPages 73 , 74 and 75, Iﬁ
overall ogidizing conditions Figure 9, large amounts of nitrous
oxide are produced initially, From the form of this plot it is
apparent that reaction occurs between carbon monoxide and nitrous
oxide. Stoichiometric reactant Pressures and reaction mixtures
with excess carbon monoxide Produced little if any nitrous oxide,
Figures 10 and 11, These observations were found to be
general for temperatures up to 5OOOC. At this tempefature the
incréased raté of reaction between nitrous oxide and carbon mon-
oxide became the limiting factor for the formation of nitrous
oxide. The rate of production of carbon dioxide was significantly
slower under reducing conditions than under oxidizing conditions.

From the figures 9 , 10, and 11 it is apparent that three

consecutive reactions take place. These reactions are represented

by the following eguations
k-

1 ' 4

o +» Cco =-> %-Ng + 002 -1
k2

280 + CO —_ N2O + CO2 -2
k3 :

N2O + CO — N2 :+ CO2 _ -"3

The rate of formation of carbon dioxide. is expressed by the empirical

rate equation

ap < Y s T Y
co A , _
2= KPPy Foo *tEa Py Pog kg .0 Feo 4

dt

where k1, k2 and k5 are the reactionzrate constants. P represents

the pressure of reactants, with exponent values o(,/f, ):<§>Zhnd ZM’
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are the orders of reaction with respect to each reactant;
The p;eferred reactions are, for oxidizing~conditions 2>%>1
and reducing conditions 1 »2 and 3. For this reason the
kinetics of the reduction of nitric oxiae by carbon monoxide
was studied under reducing condtions.
- 3¢0.2. A STUDY OF THE KINETICS CF THE REDUCTION OF NITRIC OXIDE

BY CARBON MONOXIDE OVER 0.5% w/w Pd-—AlQO3

For reactant mixtures containing 1) equal amounts of reactants
and 2) an excess of carbon monoxide, nitric oxide is Predominantly
reduced_to nitrogen without the formation of nitrous oxide.

The rate of production of carbon dioxide is expressed by the

empirical rate eguation:-

ULFCO ’ o ’
'--—g-sz PJE -1

.
at 1 "XNO co

The notations used are the same as those in equation 4 section
3.0.1. The exponents « and/? were determined using the standard
method adopted for the determination of reactién mechanisms out-
lined in chapter 2 section 2.6.1. figures 12 and 13 on pages

%6, 77, are double logarithm plots of the results obtained from
initial rate experiments. The order of reaction determined

. . - PR
from the slopes of these plots was found to be 2 and -1 (~0.05)
for nitric oxide and carbon monoxide, respectively. The results

were also evaluated by the time course method. Figure 14‘on page
78 is a time course plot obtained from a single run having equal
reactant pressures. The overall order with respect to fime
obtained from the slope of this plot was found to be 1.0. This
‘result is consistent with the orders obtainedhby the initial rate

method since the overall order = o< + 3 . for equal reactant




Pressures. These results are summarized in Table 13 on page8l,
Equation 1 can now be written in the form of:—

ﬂ%o‘ ‘ 2 -1
2 = Kk, Pro Peo -2

dt

The integrated form of this equation is:

2. - .2 + Inbd - b -+ 1 = kt -3
(b~x) b (b-x) (b-x)

where a and b represent the initial Pressures of carbon monoxide

and nitric oxide and x the pressure of carbon dioxide at time t.
An assessment of the validity of the rate eguation was made by
substituting the results into equation % and plotting the function
against time t in the usual manner. Equation 3 simplifies to a
first order relationship when reacﬁant Pressures are equal.

The Figure 15 on page 79 represents a sample of the.results
obtained from a plot of the function for a series of reactions
covering the pressure range indicated in T able 13, Pigure 15
shows thét straight lines are obtained to atleast 605 completion
and in some cases to over 80% of the reaction. It was found that
reaction mixtures in the pressure ranges of (1) nitric oxide
Apressures of 2.0 - 5.0 kNm—2, constant carbon monoxide 5.0 kNm"E
and (2) carbon monoxide pressures of 5.0 - 8.0 k Nm_g, constant
nitric oxide 5.0 k Nm-z, had a.reaction rate constant varyiﬁg
\Béfﬁeén 0.3 I0. min—1. This résult together with the linearity
of the graphs indicates that the rate law is obeyed between these
pressure.limits, at 4OOOC.

The equation was also found to hold for equal amounts of
reactants between a temperature range of 300 - SOOOQ. A line

of best fit was obtained from a plot of a first order relation-




ship for each temperature, the slopes and standard deviation

of whi¢h are summarized in Table 14. Using the date in Table

14 the apparent activation energy of this reaction was deter~
mined from an Arrhenius plot to be 91.2 o kJ molg1, Figure
16 on page 80 .

Diffusion effects should have a negligible effect on the

rate of decomposition, the apparent activation energy and the
order of reaction, since the ratio of the rate constants for a
diffusion - limited reaction to the maximum rate constant
(obiained invthis chapter) is of the order 1:10~4. This value
was estimated by the method of Wheeler 22p s assuming Knudsen
diffusion and treating the cafalyst bed as a éingle Eranule

Qith a bulk density of 0.61 g.cm_s, a pore volume of 0.79 cm3
g and a pore radius of 1O~6 em .

Equation 2 shbws that the rate of production of carbon
dioxide is inversely proportional to the pressure of carbon mon-
oxide, thus carbon monoxide has an inhibiting effect on the
reaction. This negative pressure.dependence is indicative of
a surface with a relatively hish carbon monoxide coverage. This
result is consistent with that of Taylor and Klimisch who
also observed that the reduction of nitric oxide by cafbon mon-
oxide over palladium is inhibited by carbon monoxide.

Carbon monoxide chemisorbed on metal and metal-oxides
supported on silica or alumina has been the subject of extensive

study. Eischens and co--workers75 have compared infrared absorp-

tion bands obtained from the interaction of carbon monoxide on

palladiuwn with the spectra of metal carbonyl compounds. Two
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main absorption bands were characterized according to the tyﬁe

of bonding. Absorption bands at frequencies below 1900 cmN1

were ascribed to a bridging structure whilst bands above 20000m~1
were attributed to a linear structure. The exact position and
intensities of these two bands were found to vary with surface
coverage., At low surface éoverages these authors noted thaf the
band assigned to the bridged structure Predominated whilst the
band attributed to the linéar structure grew in intensity at
highef surface coverages. Desorption experiments revealed that
the molecules responsible for the'high frequency bands i.é. line-
arily adsorbed carbon monoxide were less strongly held and could
bé removed from the surface by evacuation..

Studi§s76 using LEED have also confirmed the p;esence of
bridged and linear forms of carbon monoxide adsorbed on palladium.
More recently Palazov et al?7 have identified three main species
of carbon monoxide adsbrﬁed on silica supported palladium. These
were two linear species, one more firmly bound than the other,
and a bridged species. These authors found that the linear
species were more tightly bound to the surface than Eibhens et
a1.75 results suggested, and éoncluded that this could have been
due to the sample preparation, or pretreatment since this plays
an important role in the observed spectra. The following re-—

Presents a schematic diagram proposed by these authors for a

relatively high surface coverage of carbon monoxide.
' n

0
.l
o
\P
It is still not clear which species reacts with nitric

oxide, but on the basés of the molecularity found’by experiment
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and the fact that the linear form predominates for surfaces

with a relatively high surface coverage, it is plausible that

-

this is the reacting form.

In comparison nitric oxide exhibits a second order pressure

dependence which is indicative of a bimolecular surface reaction.
Infrared studies in this work (chapter 5) indicate that nitric
oxide is relatively weakly adsofbed on palladium. These results
are in line with those obtained by Dunken and Hobert78 and
Unland47 . The fact that nitric oxide does ﬁot dissociate

significantly on palladium (up to 500°C; tabvle 12) implies that

the adsorption is predominantly molecular.

Langmuir - Hinshelwood kinetics predicts that the rate of
reaction is proportional to the fraction of surface covered
by each reactant. Then a surface reaction between carbon mon-
oxide and nitric oxide can be represented by the following
equation.

dPco, ‘ -
2 = kg 900 @NO | 4

dt ‘ ' .

where k is the reaction rate constant of the surface reactions;
s
Q%O and 6%0 the fraction of reactants on the surface are re-

presented by

n 2
xo Fro )




S T

2

wo Fno * P

- @ 0 cofco?

where bNO and bCO are adsorption coefficients;

combining equations 5 and 6 gives equation 7

Co 2
2 = ks bcoPcobNo Pyo . ' -7
5 2

a

* Poofeot ! RO “No %)

Equation 7 can be simplified by using the fact that carbon monoxide

is relatively strongly adsorbed and exhibits a high surface cover-

V age on palladium. Subsequently nitric oxide has a low surface

coverage and is assumed to be relatively weakly adsorbed.

Then b_P > 1+ bNO P 2 and equation 7 becomes:

CO™ COo NO

arP
002

]

kaNG PNO bCOPCO

at
(bgoP co>

2 '
5% Pno , let kb, =k
2N NO sPNG

bco Feo Yeo

]

2 X
then = k PNO . -8

PCO
Equation 8 is of the sameAform as that obtained from the iﬁitiali
rate method, equation 2, |
Equation 6 was derived from the assumption that two molecules.
of nitric oxide occupy one surface site, for example
N0 + 85— 2X0 - s

then the rate is o<,P2. For the adsorption process the rate
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2 ' ‘- '
=k, (1 - ©) P, and desorption Process ==,de . Eguating
the rates gives, 0 = ka P2, substituting ka = b, the

- . ‘ 1 -@ kd kd

2

adsorption coefficient; then 9 = tg? and €)=‘QL S
1 -0 14+ bp°
Cant and Fredrickson79 have studied this reaction over a
silver catalyst. These authors found that two rate laws could
2

escribe the reacti = K - =
describe the reaction, 1) v kP Pyo and 2) KPPy

Equation 2 followed from the suggestion of Shelef et al§9 that
the formation of nitrogen might require pairing of nitric oxide
molecules. The accuracy of Cant and Fredrickson's79 measurements
was not sufficient tb unambiguously distinguish the two rate laws.
There are two feasible explanations for the second order
Adependenc& of nitric oxide.
1) Nitric oxide may form a dimer on a single surface site
eg (NO)(1C).  Such structures are known to exist in transition

metal complexe389 Perigj Kugler et a1§27

85 and o‘thers78 have
attributed certain infrared absorption bands of nitric oxide
adsorbed on chromia and palladium respectively to the dimer.

2) ©Nitric oxide. may react with a single N - uurféce site
to form a transient nitrous oxide structure; which reacts with
an adjacent carbon monoxide molecule to £ive nitrogen and carbon
dioxide. This case effectively fequires that two molecules are
adsorbed on a single surface site. The single N - surface site

may be formed.through a CO - NO complex, the mechanism of which

will be discussed later.

Of the two explanations the second seems the most probable
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since it is unlikely that the dimer will be formed on the suiface
at high temperatures. A surface mechanism which accounts for

the second order pressure dependence of nitric oxide is given

v the following scheme.

1),

T e e A T
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3). EXCESS NO

It
S
C OYN °
] { ] i
[ t\i .\CJO
| it~
S(CO) + S(No) - SNNO) « SCO) + NO ————sm

(5+4549) « NZ + COZ*NZO

The scheme shows tgat the reaction may proéeed through three
seperate stages.

1) This stage is common to stages 2 and 3 and represents
the formation of a single N - surface site through CO-NO bimole-
cular scheme.

2) Stage 2 shows the formation of a transient nitrous oxide
structure, which then reacts with an adjacent carbon monoxide

molecule to give nitrogen and carbon dioxide.

Reaction 2 requires that even in an
excess of carbon mononoxide fhe nitric oxide in the gas phase
quickly adsorbs onto a surface nitrogen atom.

5) Stage 3 shows the formation of nit;ogen, carbon dioxide
and nitrous oxide. | For a reaction mixture containing an excess
~of nitric oxide the probability of nitrous oxide formation is.
increased since there is less carbon monoxide on the surface,
thus less likelihood of (Nzo)s reacting with adsorbed carbon

monoxide.

PR Rt
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The production of nitrous oxide and isocyanate are inter-
related mechanistically and depend for their formation upon
reactant‘stoichiometry. Stages 2ii and 3 imply that the
reactions could proceed by a Rideal -~ Eley mechanism.

(a) Isocyanate formation

Stage 2ii shows how in the Presence of an excéés of carbon
mono#ide a surface isocyaﬁate species may be formed through the
interaction ofan adsorbed nitrogen atom with carbon monoxide.
Infrared studies (chapfer 5) have shown that the reaction is
still catalyZed in the presence of a surface containing isocyanate
species. Furthermore, these species remained unchanged after
the reaction, wﬁicﬁ suggests that they are formed as a bi-product
on selected sites rather than acting és intermediates in the
reaction. - |
() Nitrous oxide formation

The formation of nitrous oxide during the reduction of an
excess ofvnitric oxide by carbon monéxide has been explained in
stége 3

Nitrous oxide formation has also been observed during the
reduction of nitric oxide by hydrogen 61 and ammonia 63 over
transition metal catalysts. The common feature of these react—
ions is that they require an excess of nitric oxide to form
nitrous oxide. Shelef ef a15.9’65 have described a mechanism
whereby the formation of nitrous oxide requires the interaction
of two adjacent surface nitric oxide molecules. The explanation
offered in this work of a rapid two stage process occurring at

one site would also statistically account for the results of
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Shelef et al..

Nitrous oxide is more likely to be formed by the method
described above than by the interaction of two adjacent or
dimeric nitric oxide molecules since in the latter case there
is no obvious inferrelationship'between the formation of nitrous
oxide and ‘isocyanate. To illustrate this point a comparison has
been made with an analogous system which occurs in transition
metal complexes. Bhaduri, Johnson and co—workerz4have reported

the production of carbon dioxide and nitrous oxide from the

. *
reaction of carbon monoxide with [Tr P?,(ﬁ0)2 ] [PF6 ] 5 this

forms [ Irp, (CO) 3 J[PF¢] which in turn reacts with nitric oxide
to generate the dinitrosyl, a continuous redox process. The
mechanism thich is based on the formation of I - (N2 02) or

M (N0") (N07) as intermediates agrees with that of Haymore and

85

Ibers and is represented by the following reaction scheme 8

0]
O\ o) L l
—
N\M " <0, 0C—M i —_—
N : \

: Y .9
v co _4?“ co

N ——0 O A
CO— \/zN _t9 C\wi——co “N,0-CO,

| oc/g]
s

This scheme does not include the formatlol of an isolated nitrogen

v P rr‘Phe_nsLPhOSP‘\\ﬂa.'




~atom, thus in an excess of carbon monoxide isocyanate is not

formed.

In summary the mechanism proposed for the reduction of nitric
oxide by carbon monoxide is consistent with:
(a) the chemisorption properties of each reactant
(b) the formation of nitrous oxide (in an excess of nitric oxide)
(c) the formation of surface isocyanate species (in an excess
of carbon monoxide) |

(d) the rate law which has been found by experiment.
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FIGURE 16
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TABLE 12

Listing.preferéntial reactioris over A1.0

203 or 0.5 % w/w Pd~A1,0

273

- no reaction after 10 min,

+ -  very slow reaction approximately 3-5% in 10 min.

+++ fdst reaction, complete in 5-8 min.

TEMP CATALYST SUPPORT 0.5% w/w
(0] J -
‘SOO C ABSENT A1203 Pd A1203
REACTANTS O0.1lg O.lg
NO - + +
CO + NO - + +4+
NZO - + +
CO + NZO - + et
TABLE 13

Summarizing the reaction order obtained for the nitric oxide

carbon monoxide reaction over. 0.5% w/w Pd—AlZO3 temperature
4OOOC catalyst weight 0.21g
PRECZSURE GAS KEPT 0.W.R.T. O.W.R.T.| ZMFIRICAL RATE
LIITS CONSTANT NO (60] FORM
) -2 o<
T ATE = -
k Nm k Nm . X \ -+78 RAT k1 Pyo Ply
(= 0.05) | (% 0.05)
CO (5.0~13.3) No, (5.0) - 1.0
NO.(l 0-5.0) ce, (5.0) 2.0 - 1.0 Rate = k,P_°p 1
Al L ] * , [ ] L] LR 4 '1 I\-EO CO
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TABLE 14

Summarizing the temperature dependence of the first order reaction

rate constant for equal pressures of nitric oxide and carbon mon-

oxide (5.0k Nm“z) over 0.5% w/w Pd-AIZOB( 0.219¢ Joetween 300°C-500°C

TEMPERATURE : PERCENT SD
°c k, nim REACT ION %
300 0.05066 31 -
350 0.0478 5% 7.4
375 0.06206 A 50 A 3.0
400 0.2319 78 | 16.0
425 0.3108 | 6% 5.2
450 0.6766 80 4.6
475 l 0.9366 94 - 4.0
500 1.1381 66 2.0
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3¢l REDUCTICON OF NIYTRIC OXIﬁE BY CARBON MONOXIDE OVER 0.5% w/w
Ru--AIQO3 CATALYST

Preliminary experiments showed 1) that after fifteen minutes
at 350°C the cataiytic decomposition of nitric oxide (4.7 k Nm~2)
was insignificant compared with its catalytic reduction 2) that
for reaction mixtures with an excess of nitric oxide amounts of
nitrous oxide vere formed. For this reason the kinetics of the
reduction of nitric oxide by carbon monoxide wem studied under
reducing conditions.

A series of experiments similar to those used for the kinetic
analysis of the reaction over a palladium catalyst Qere carried
out. The results were analyzed using the standard methods out-
lined in chapter 2 section 2.6.1.

Figures 17 and 18 on psges 91 and 92 are double 1oggrithm

plots of the results obtained from initial rate data. Figure

17 shows a changing order with respect to nitric oxide pressure.

This curve was divided by straight lines into two pressure regions

A and B. Region A represents a pressure range between 1.0 to .

4.7 k Nm-Q. Nitric oxide pressures below 1.0 k Nm—Q are re-

presented in region B. The order of reaction determined from

the slopes éf these lines was found to be zero for region A and
first order for region B. The effect of carbon monoxide press—
ure on the initial rate Figure 18, shows in spite of scatter no
strong dependence. The order with respect carbon monoxide det-
ermined from the slope pf a line of best fit was 0.22 ¥ 0.12,
Time course plots of reaction mixtures containing 1) stoich-
iometric reactant pressures, and 2) an excess of carbon monoxide

are shown in Figure 19 on page 93. . Figure 19 shows that for



i
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k

0.22 % 0.12 is similar to that obtained by HcKeé67 and ofhers

'85

a nitric oxide pressure of 0.9 Nm 2 (region B) the ordéx with
respect to time determined from the slope is 0.7. This result
compa;es with a value of 1;0 obtained from the initial rate
figure (region B). For stdichiometric reaction mixtures the
slope of the time course plot is arouna zero for 70 of the reac-
tion. This resﬁlt implies that the overall order with respect
to time.is ZEero.

Reaction conditions and orders obtained from the initial
rate method are summarized in Table 15 on page 96. For reac—~
tion ﬁixtures up to a 5:1 ratio of carbon monoxide - nitric oxide
(region A) a zéro and a fractional order obtains for nitric oxide
and carbon monoxide. This result implies that even though the
reaction has an excess of carbon monoxide nitric oxide is relat-
ively more stiongly adsorbed than is carbon monoxide. Only when
the reaction mixture exceeds the 5:1 ratio does the order with
respect to nitiic oxide tend to 1. This is consistent with a
decrease in surface coverage by nitric oxide due to a proportion-
ate increase of coverage by éarbbn monoxide.

The large error associated with the carbon monoxide order‘
4 86,87
for the interaction of hydrogen and carbon monoxide over ruthenium.
In this case, the order with respect to carbon monoxide was taken
1o be zero. An explanation for the large deviation may be due
to the complex catalytic behaviour of ruthenium which is dependent\
upon its oxidation state68. This makes reproducibility difficult.

Voorhoeve aﬁd Trimble88 have shown that ruthenium on azlumina



catalysts has at least five states with characteristic cénversion
patterns in the reduction of nitric oxide with a mixture of carbon
monoxide and hydrogenf

There are two interpretations of the order with respect to
carbon monoxide. The first is consistent with a bimolecular
surface reaction in which an intermediate value of the Langmuir-
isotherm applies for carbon monoxide, within this pressure range,
such that carbon monoxide is less strongly adsorbed than nitric
oxide. Secondly, if the order is taken as zero, it must be
assumed . that the reactants are adsorbed on twé différent types
of surface sife. In these circumstances the order with respect
to each reactant will approach zero when the reactant pressures
are high and the surface sites are fully covered. 0f the two
interpretatiﬁns the first seems the most likely since the two mole-
cules probably compete for the same site57’66.

Carbon monoxidé and nitric oxide are considered to be strongly
adsorbed on ruthenium, in particular when its surfece is reduced6.7’77’89
The reactants form structureé which are comparable té those of the
niirosyls and carbonyls in transition metal complexes. Dinitrosyl
structuresso similar to those described in section 3.0.2 have also
been observed. At 27500, the predominant form of nitric oxide
adsorption on ruthenium is molecular; dissociative adsérption
occurs at temperatures above 5500090.

The iwo rate laws described in Table 15 were tested by sub-
stituting the results into the appropriate integrated rate express-
ion of these laws énd plotting the function with respect to time.

For ease of integration the reactant orders were adjusted to the

nearest half power. This means that the function approximates



to zero order kinetics for region A, and first order with respect
to nitric oxide for rezion B.

Figure 20 on page 94 reports the results of a zero.order
plot. Figure 20 shows straight lines were obtained in most cases
to over 80% of the reaction. The reaction rate constant varied
between 12 F 2 & I\Tm—'zmin"1 for most of the tested cases. This
result together with the linearity Qf the”graphs indicates that
the zero order approximation is obeyed in region A. Foxr region

>B, the first order relationship with respect to nitric oxide was
also‘found to hold Figure 21 page 95.

The acﬁivation energy determined from an Arrheniug fﬂot
Figure 16 page 80 was found to be 52.4 g g mol™'.  Data
for this plot was obtained from a series of reactions using stoich-
iometric reactant mixtures between 2500 - 35000. The resﬁlts
from a zero order approximation were interpreted in Table 16
rage 96. The temperature range was limited to between 2500—
35000 because the reaction was very slow at the lower end and
became too fast to monitor abové 35000. ‘ Also, it was noted in-
preliminary experiments that above BSOOC the catalyst activity
changed.

It has been shown that for the preésure limits outlined in
Table 15 the respective empirical rate equations give an adequate
representatibn of the reaction. These laws iﬁply that nitric
oxide is more strongly adsorbed on ruthenium than carbon monoxide.
This means that even in an excess of carbon monoxide nitric oxide
proportionately excludes carbon monoxide from the surface. This

59

result is similar to that of Taylor and Klimisch””. . These authors
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noted that in reaction mixtures containing carbon monoxide aﬁd
hydrogen ( BOOOC) nitric oxide inhibited its own removal; which
indi;ates a strong interaction of nitric oxide with ruthenium.
Because of this strong interaction the rate equations do not
reflect the molecularity.

Ruthenium has the unigue ability to switch between two meta-
stable states during the reduction of nitric oxide by hydrogen

67

and carbon monoxide mixtures '. These states have been associ-

ated with ammonia formation: 1) high NH, "reduced" Ru catalyst

3
2) low ﬁHB "dxidized“ Ru catalyst. A correlation between state 1
and isocyanate formation has been suggested by Unland47, in that
the isocyanate may act as an intermediate in the formation 6f
ammonia, (through isocyanate hydrolysis). Unland47 found that
isocyanates are formed on freshly prepared ruthenium samples
(state 1), but after several_cyclgs the catalyst became inactive
to isocyanate formations (state 2).

In state 1 where isocyanates are formed the reaction could
follow the surface mechanism that has been described for the
palladium catalyst (section 3.0.2.). In state 2, when the cata-
lyst has aged, the reaction is likely to proceed through a scheme
which precludes the formation of isolated nitrogen atoms, so
that the SHe + CO reaction does not take blace. A reaction
mechanism such as that of Bhaduri, Johnson and co—worker584which
was described ip section 3.0.2 may be used to illustrate this.
Since it is unlikely that the dimer will be formed on the surface

at high temperatures the interaction is more likely to occur

between two adjacent surface nitric oxide molecules.
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If in state 2, nitric oxide is adsofbed on rutheniuﬁlin a
bent mode80 this would enhance the iﬁteraction of the oxygen
atom‘with the ruthenium~surface and weaken the nitrogen-oxygen
bond. In this way the interaction of surface nitric oxide and
carbon monoxide molecules will 1ead‘to the formation of nitrogen

and carbon dioxide, for example

1) Excess €O

) 0S5 + COS = CO, + 28

2) EBxcess NO

——— NQO + 002

1)  The above mechanism sths how in an excess of carbon mono-
xide nitrogen formation cccurs Qithout‘the formation of an isol-
ated nitrogen atom. This leaves a surface oxygen atom which
may react with an adjacent carbon monoxide molecule to givg
carbon dioxide; (ruthenium eihibits a high activity for this
ieaction in comparison with other platinum group metals, see
also, the experimental evidence described in section 3.3.2).

2) In an excess of nitric  oxide the probability of nitrous



oxide formation is increased since there is less carbon monoxide
on the surface. However, ruthenium is very selective in the

. 57,64

conversion of nitric oxide to molecular nitrogen in the
presence of carbén“monoxide or hydrogen. This explains why
'nitrous'oxide is not formed to any extent in oxidizing conditions,
ise. the N ~ pairing probability and selectivity to nitrogen is
greater than that over palladium, thus the probability of nitrous
oxide formation diminished.

The surface mechanisms described for this reacéion over
ruthenium in state 1 and state 2 are consistent with the proposals
of Voorhoeve and Trimbleee. These authors have suggested that
the dual nature of ruthenium catalysts is due to heavy coverage
of the surface with nitrogen in the reduced state and to partial
coverage with oxygen in the oxidized state: i.e. the mechanism
described for the reduction over rutheniﬁm in state 1, gives
nitrogen without the production of atomic oxygen whereas ruthen-
ium in state 2 yields atomic oxygen albeit transient, as well as

nitrogen.
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TABLE 15
SummariZing reaction orders obtained for the nitric oxide ~ carbon

monoxide reaction over 0.5% w/w Ru -~ A120 s temperature 27500;

3
catalyst weight 0.59g
PRESSURE GAS KEPT 0.W.R.T. O0.W.R.T. EMPIRICAL RATE
L]]‘\’II‘ES COI-!ST%NT NO Cco FORIM . z
k Nm k Nm X . B Rate= KPP
- 00 1 2
COe4de7-13.3 NOe4e7 . 0.22
' B 0.04 0.29
ANO4e7- 0.9 CC.4.7 0 0.22 Rate—k1PNO < PCO
] C.8 0022
B-N00009"‘Ou4 CO.4»7 1 0.22 Rate»-—kszo PCO
TABIE 16

Summarizing the temperature dependence of the reaction rate constant

oo . . N -2
for equal pressures of nitric oxide and carbon monoxide (4.7 k Nm )

over 0.5% w/w Ru—A1203 (0.59g) between 250° - 250°%C

TEMPERATURE | K Percent SD
°c K Mo min~'| - reaction %
250 2.572 30 4.0
275 12.076 : 5 2.7
300 24.80% 73 5.0
325 48.336 57 0.4
350 54.53 ' 61 0.7
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3.2 REDUCTICN CF NITROUS OXIDE BY CARBON MCNOXIDE OVER 0.5% w/w
Pd--A1203 CATALYST.
Nitrous oxide formation during the nitric oxide - carbon
monoxide catalyzed reaction occurs as a result of the partial
reduction of nitric oxide (section 1.2.5., 1.2.6., and 3.0.1.).

For example in oxidizing conditions the following reactions

occurs

Kk

2N0 + CO = N0 + CO, - (1)
£,

N0 4+ CO = N, + €O, - (2)

Reaction 2 is important in the reduction of nitric oxide by
carbon monoxide since the reaction rates are in the order of

r, >

1 2°

The fgllowing represents the fesults aﬁa discussion of a
study of the reaction kinetics of the reduction of nitroﬁs oxide
by carbon monoxide.

Table 12 on page 81 reports that the reduction of nitrous
_oxide by carbon monoxide over a Q.E% w/w Pd---A1203 catalyst at
SOOOC is the only significant reaction.

The rate of production of carbon dioxide is expressed by

.the empirical rate equation

dp
co, _ T ¥ | _
2 = k PN20 Poy - (3)

dt
The notations used are the same as those used previously'(section
3.0.1 equation 4). The exponents Z and )}~ were determined
using the standard method adopted for the determination of react—.
ion mechanisms outlined in chapter 2, section 2.6.1.

Figures 22 and 23 on pages104 and j0s are double logarithm
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Plots of the results obtained at 470O from initial rate déta.
These Fiéures show a change in order with respect to nitrous
oxide ;nd carbon monoxide depending upon reactant pressﬁres.
Reaction orders were evaluated by a least squares fit of the
data. A similar set of results were obtained for a series of:
experiments carried out at 350°C (Figures not shown). The
orders with respect to carbon monoxide and nitrous oxide are
listed in Table 17, page 117.

Time course plots of reaction mixtures containing 1)
,stoichiometric reactant pressures 2) a 1:13 mixture bf carbon
monoxide to nitrous oxide and 3) a 1:13 mixture of nitrous oxide
to carbon monoxide are represented by Figures 24, 25 and 26 on
Pages 106 , , 107 'and 108. Figure 24 reports that for
stoichiometric reactant mixtures the overall ordef with respect
to time is 1. This result agrees with the orders obtained from
the initial rate method, i.e. the overall order o+ }f' =
(0.47 ¥ 0.05 + 0.49 ¥ 0.03)(Table 17, 470°C).  The order with
respect to time for carbon monoxide and nitrous oxiae reported
in Figures 25 and 26 also agree with thoselisted in Table 17.
For example, for the reaction mixture with a large excess of
carbon monoxide the crder with respect to nitrous oxide was found
to be around 1.0, while a value of 0.88 ¥ 0.06 was obtained from
the initial rate method.

Table 17 reports that the orders with respect to carbon
monoxide and nitrous oxide are fractional. Under mainly reduc-

ing conditions the carbon monoxide order changes from 0.3 to 0.67
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(i 0.07) as the temperature is increased from 3500 to 47000.

This is consistent with a relative decrease of surface coverage

by ca£bon monoxidé as the temperafure is increased. Similarly

in oxidizing conditions an increase in temperature increases the

order with respect to carbon monoxide from 0.67 ¥ 0.07 to O.95t

0.03. The change in temperature influenced the surface coverage
B by carbon monoxide on an oxidized surface more strongly than on

a reduced surface. The same.reasoning applies with regard to

the order with respect to nitrous oxide in that at the lower tem-

peréture under oxidizing conditions the order approaches zero due

to an increase in surface coverage.

Table 17 lists the empirical rate laws which apply for the
reduction of nitrous oxide by carbon monoxide. .The fdllowing

represents an interpretation of these laws:

(a) Excess carbon monoxide; NZO: CC ratio > 1:3%; rate =

1
. Fl
kPCO PNZO

For a large excess of carbon monoxide it must be assumed
that the surface is predominantly covered by carbon monoxide.
This means that nitrous oxide has a low surface coverage; (if
at all). In tﬁese circumsténces a Ri@eal -~ Bley mechanism is
favoured; the rate of production of carbon dioxide is given by

oo

2 = k9 PNZO - 3
dt '

For a high surface coverage by carbon monoxide the order should
approach zero, which is the case. A first order obtains for

nitrous oxide which is consistent with this mechanism.




100

The rate law which describes this case was tested by

substituting the results into the integrated rate expression

(Table 18 on rage 118 and plotting the functions with respect
to time in the usual manner.Figure 27 on page 109 reports the
results of such a plot. The Eigufe shows linezxity to at

least 55% completion for most tested caces.

3 %
A J ~ 4 =
b) When N,O = CO: rate k Poy PNZO

When the reactant mixtures approach stoichiometry the rate’

% 1

L 2 2
law becomes rate = k PCO PNQO o

nitrous oxide influences carbon monoxide adsorption so that a

The rate law implies that

fractional surface coverage is obtained by both reactants.
Nitrous oxide may be dissociatively adsorbed which could account
for the half order Pressure dependence. In these circumstances
a dual site surface reaction is favoured. |
Table 18 shows that for equal reactant pressures a first

order relationship obfains. A plot of this function (Figure 28
page 110 for a series of reactions carried out between 25000
" and 5OOOC shéws good linearity. Thevfi£st order relationship
waé also found to hold for equal reactant préssures between 0.7

to 4.7 k Nm_2, Figure 29 page 1.

i

i 1
2 2 s
co PN20 has been plotted

in Figures 30 and 31 on pages 112 and  113. These plots cover

The integrated form of rate = k P

the pressure limits outlined in Table 17. The results show that
the above equation gives an adequate representation of the react-
ion ﬁp to about 7085 completion. Greatest deviation occurred for

reactions with an excess of carbon monoxide.
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'c) ~Excess nitrous oxide; CO: NQO ratio > 1:3; rate =k PCO1
N A .
P £}
.
h20 )
For a reaction with a large excess of nitrous oxide the rate
i
law becomes, rate = k PCO1 PN 02. Despite the weak adsorption
2

of nitrous oxide the large amount of nitrous oxide in the gas
phase will be reflected by an increased surface coverage of
nitrous oxide, which will restrict the sites availaﬁle for carbon
monoxide adsorption. Thus the order with respect to carbon mon-

oxide will approach unity.

Figure 32 on page 1% reports the results of a piot of
the appropriate function for a series of reactions in this pPressure .
range. Thre Figure shows linearity to at least 805 for most tested
cases. The curve does not pass througch the origin due to an error
in the chart recorder.

The apparent activation energy determined from Arrhenius plot
Figure 33 page 15 was found to be 65,1 T 9k J mol—1. Data for
this plot was obtained from a seriéé of reactions using sfoichio—.
metric reactant pressures between 2500 and 5OOOC.

The chemisorption of carﬂon monoxide on pallzdium was dis-
cussed in section 3.0.2. There is general agreement in the 1it-—
erature that nitrous oxide adsorption is both molecular and diss-—

A -
ociative depending upon the oxidation state of the surface7,"91 9

1

Infrared surface studies of Unla.nd4 indicatg that nitrous oxide is
not strongly adsorbed in palladium which agrees with the infrared

observations of this work, Chapter 5. The fact that surface
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isocyanate species are not observed is evidence supporting the
view that dissociation does not take place to any extent

— 1T . .
2 N20 = 2H0 + N2

In summary, the interpretation of the rate laws discussed

in a, b and ¢ to some extent reflect the chemisorption properties

‘of each reactant.. In order to explain the fractional order

s

pressure dependence of nitrous oxide it was proposed that nitrous

SRR

oxide may modify carbon monoxide adsorption.

Leach and Peters55 found the reaction to be retarded in the
presence of carbon dioxide over a chromium promoted iron oxide
catalyst.  This possibility wés investigated by carrying out a
series of experiments in which carbon dioxide had been added
initially to stoichiometric reactant pressures. Figure 34 on
page 116 represents the results of these expériments. The
Eigure shows that for a reaction with stoichiometric reactant
mixtures (4.6 k Nm-z) 1 k M2 of added carbon dioxide has no
effect on the first order representation.

3.é.1. A COMPARISON OF THE NITROﬁS OXIDE AND NITRIC CXIDE REAC?ICN

WITH CARBON MONOXIDE OVER 0.5% w/w Pd—AlZO5

For a large excess of carbon moﬁoxide the reduction of nitrous
oxide proceeds mainly by a Rideal - Eley mechanism in which
nitrous oxide in the gas phase reacts with adsorbed carbon mono-—
xide. When the ratio of carbon monoxide to nitrous oxide falls
beiow %3:1 a Langmuir-Hinshelwood mechanism predominates. It is
for this condition that the comparison has been made.

In an excess of carbon monoxide the rate of the two reactions
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are given by

rate = k P 2 p 1

=
O
Q
@]

reaction temperature : 623 g 623 X

Since the reaction temperatures were similar the difference in
the rate laws must be attributed to the differing properties of
nitric oxide and nitrous oxide. Conceivably, the presence of
nitric oxide modifies the surface so that carbon monoxide -
surface interactions are stronger than those for the reduction
of nitrous oxide. In these circumstances carbon monoxide would
inhibit the redﬁction of nitric oxide to a greater extent than

for nitrous oxide.

The reduction of nitric oxide by carbon moﬁoxide is about
vten times slower than the correspoﬁding nitrous oxide - carbon
monoxide reaction (see Table 21, page 154 section 3.4.). One
reason for the difference in éctivities may be due to the form-
ation of surface isocyanate'species47. - Surface isocyanates
form dﬁring the reduction of nitric oxide by an excess of carbon

monoxide only. Infrared surface studies have shown (chapter 5)

that the surface isocyanate species are relatively stable; thus

when formed they will reduce the number of sites available for

the reduction process.
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FIGURE 28

FIRSTORDER PLOTS FOR EQUAL PRESSURES OF
N,O AND CO (4. 8kNmz) IN A TEMPERATURE

RANGE OF 250°- 500°C; 0.5%w/w Pd A1203,(O‘129).
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FIGURE 34

FIRST ORDER PLOTS FOR EQUAL PRESSURES

. OF N,O AND CO ( 4.6kNAf ) WITH ANDWITHOUT

1kNf?CO, ADDEDINITIALLY ;05 owiwRd-Al, s,

(01g); 350C.  O=STANDARDS ¢+ COy.
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TABLE 17
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Table 17.1i) A summary of reaction orders evaluated from initial

rate data.

CONDITIONS PRESSURE LIMITS | GAS HEID | 0.W.R.T. 0.W.R.T.
: B %

55000 K Nm~2 CONSTANT N,0 co
mainly reducing | CO(3.9-13.4) N,0(4.6) n 0.3-0.06
oxidizing - C0(0.4-2.9) N,0(4.6) " 0.674£0.07
oxidizing N,0(3.8 13.4) co(4.6) |0.3%0.04 "
reducing N,0(0.4-2.9) co(4.6) | 1.1%0.07 L
470°¢ |
mainly reducing | CO0(4.3-14.6) N20(5.3) " 0.49+£0.03
oxidizing c0(0.4~3.2) N,0(5.3) " 0.9520.03
oxidizing N,0(4.3-14.6) co(5.3) | 0.47%0.05 "
reducing N,0(0.4-3.2) co(5.3) | 0.88%0.06 "

Table 17.ii§ Proposed empirical rate expressions based on orders

obtained from the initial rate method.

CONDITIONS PROPCSED EMPIRICAL RATE PLOTS OF TEE
k Nm~ EXPRESSIONS INTEGRATED FUNCTION
FIGURE NO.
Foo 4.3 - 14.6] Rete = k p_ 0+27-0449p  0.3-0.47 20
: co . N,.0
2
Foo 0.4-3.2 Rate = k p 0+0970-95p  0.3-0.47 32
co N0 .
P 5.3 2
N,0
2
PN O 0027“0049 0088"‘101
2 0.4~3%.2 Rate = k‘PCO PN 0
. : -2 2
Poo 5.3 27
4.2-14. ate =% Foo N,0 -
Poo 5¢3
P ek Tl
NO Rate = k p. 0°27-0.495  0.3-0.47 29
—_ co . N,0
Feo




"48mMod J|BY 3S34BBU BY} 03 P3ISNLPe SUSM SUSPAO JURORSA BYJ UOLFRUBIIUL 4O mmmw_xom %

@© 9pLX0 snodjiu " " = q
- 9P LXOUOW U0Qed JO aunssadd [eljiul = e
SPLXOLP UOQURD 3dNnssadd = X aJdaym
gl 314dvl
(x-e) P 7
T oul = (x-elq=%p | 0Ny = 09 yayn
U (x-q) P 2 o
0 - [ (X=q) - (%90 (x-2)] ul = 33 | (x-q)g(x-ely=xp | 0Ny 09,8y . g0y
2 FUGlg X g -9g i 4 .
(x-q) z(a-e) 1
: ; ) e TS Z |
_-:wsm-ﬁw-szv 9 - N_ z(q-) me-mV (1-) 1w L= 1 (x-q) g (x-e)y= Xp Po Z&mou&ux - ey
(x - ®) z(2-0) 1p ,
utw(,uN) |9 = T ) =(X-q) (1) ] ui [ = £ (x-0) (x-2)y= Xp 2 g P = aey
- - . 2 ¢ ,
; A , , NOILYNO3 3Lvy
SLINN | NOILYNDI  QILVY9IINI NOILVND3 31wy | I IYIdW3

S




‘ | . ‘V : . ”

3+3. REDUCTION OF NITROUS OXIDE BY CARBON MONOXIDE OVER 0.5%

w/w Ru-Al

-

205

The formatibﬁ of nitrous oxide occurs when an excess of
nitric oxide reacts with carbon monoxide over ruthenium. In
these circumstances the reaction of nitrous oxide with carbon
monoxide becomes significant.>

Preliminary experiments showed that the decomposition of
nitrous oxide over ruthenium was signifiéant compared with its
catalytic reduction'by carbon monoxide. This means consecutive
reactions can take place over the catalyst: 1) The decomposition
of nitrous oxide 2) the reaction between oxygen and carbon mon-
oxide and 3) the reaction between nitrous oxide and carbon mon-

oxide. These reactions are given by the following
N,O + s pr— N,Os : -1

N,.O pro— N2g + Os - 2

2(0s) ——— 0,8 + 2s - 3

Cog + Os — ‘302&_+ s - 5

COs 4 < 6

Cog + s
COs + Qs — Cog + = - 7

COs + 0.8 —— Cozg + Os -~ 8

or N)0s + C0s == 00,8 + Njg + 25 -9
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where g and s represent the gas and surface ﬁhases.

Prior to a study of the catalytic reaction between nitrous
oxide and carbon monoxide an examination of the decomposition of
nitrous oxide over ruthenium was carried out in order to establish
the reaction kinetics.

5¢3%.1. DECOMPOSITION OF NITROUS OXIDE OVER 0.5% w/w Ru~A1203

CATALYST
4s a result of monitoring the molecular ion of nitrous oxide
m/e 44, type 2 chart traces were obtained. These were analyzed
as described in chapter 2, section 2.6.1. The rate of decom-

position of nitrous oxide is expressed by the empirical rate

equation:-
-ap oL :
N,O .
2" = k PNQO =1
dat

The exponent o< of the equation was determined by the initial
rate method. Figure 35 on page 125 represents the results of
1) avplot of the initial rate verses the initial pressure of
nitrous oxide, and 2) a double Logarithm plot of the above data.

- The exponentr determined from the slope of the second curve
was found to be 0.7610.07.

Thée results were also evaluated by the time course method.
Figure 36 page 126 is a time course plot obtained from a single
run for an initial nitrous oxide pressure of 5.5 k Nm-z. The
plot shows linearity to 65% completion. The slope.of thié port-
ion which represents the order with respect to time was fbund to
be 0.8. This result is consistent with the order obtained by

the initial rate method. After 65% reaction a sharp increase
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in the order is noted:’.. The fact that the order with respect
to time in this region is greater than the order with respect
~ to concentration means that the reaction is inhibited by the

reaction products. The inhibition is most probably due to

the effect of oxygen, a phenomenon which has been previously
d95.

obzerve The effect of oxygen and added oxygen on the

decomposition of nitrous oxide will be discussed later in this
section.
The experimental results plotted as a first order relation-

ship for the decomposition of nitrous oxide are reported in

Figure 37 on page 127 Figure 37 shows that straight lines
are obtained to at least 80% of the reaction for initial nitroﬁs
oxide presgures between 0.8 -~ 13,9 k Nm“2. Note also, the rate
constant decreases from 0.8 to 0.5 min-1 as the initial pressure
is increased. Thelfirst order relationship was also found to
hold between a temperature range of 300 - SOOOC, Figure %8 page
128. The apparent activation energy determined from an
Arrhenius plot, Figure 39 pagel129 - was found to be 42.5%2 k J
mol—1. |

Graphicél analysis of the results has verified that the
decomposition of nitrous oxide over ruthenium follows first
order kinetics, The first order rate cons{ant was found to
be pressure-dependent. The pressure dependence is of the form

—  Yee -
Log kabs = k k2 Log (PN O) 2

initial

where the constants k1 = 0.41 and k2 = ~0.16, with a correlation
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coefficient of 0.995. kabs =k V, where k is the first order
60Af
rate constant, V = 4.5 x 10—"4 m3, the volume of the system,
2 : -
A= 111 m, the surface area of the catalyst, and f = 2.4 x 10 3,
the weight fraction of ruthenium on the support. The result

of a plot of logarithm ka against the logarithm of the initial

bs
pressure of nitrous oxide is shown in PFigure 40, page 130.
Figure 40 shows linearity across the pressure range 0.8 - 13%.9
k Nm-2o
Similar relationships to that shown in equation 2 have been
observed by other workers for the deéomposition of nitrous oxide.
Read96 found.that equation 2 was obeyed over neodymium
oxide in the pressure range of 0.1 to 13.3 k Nm-2. The constants
k1 and k2 were found to be temperature - dependeﬁt between 420 -~

6OOOC.Gay and Tompkins97

found‘that an expression of the form
shown in equation 2 was oBeyed over ni;kel oxide in the pressﬁre
ranée of 6.6 - 13%,3% Nmﬁz, between 22 and 140°C.  The constants
in this case were found to be temperature - independent.

‘Read96, Gay and Tompkin597

have suggested that the retaraing
effect on the rate with an increase in the initial pressure of
nitrous oxide is caused by the deactivation of a fraction of
surface sites with atomic ox&gen, derived on the surface»from the
decomposition of nitrous oxide. _ The deacﬁivation may also result
from a physical effect by an increased suiface coverage. This
effectively would reduce sites needed for O atom - mobility on

~a surface which is already considered to have a low oxygen

98

mobility” . The fact that reproducibility of consecutive runs
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q ’ was obtained indicates that the deactivation is reversible
when the system is evacuated.

Effect of initially-added gases.

Figures 41 and 42 on pages 131 and 132 represeht fhe
results of a series of experiments in which 2.8 k I\Tm"2 oxygen

| vere added initially to 5.5 k Nmm2 nitrous oxide.

Figure 41 shows the amount of nitrous oxide decomposed
with time for a reaction with and without added oxygen. The
effect of added oxygen is greatest at the latter end of the
cur%e where nitrous oxide pressures are approximately 0.4 k Nmﬁz, %
A first order relationship of the results given in Figure 41

are shown in Figure 42, The first order relationship applies

equally well for each reaction. The rate constant decreases

from 0.6 to 0.47 min-Tfor the decomposition with added oxygen.
Added nitrogen, or carbon dioxide did not produce any
marked effect on the rate of decompositions.

Under the conditions employed in this work added oxygen

was found not to influence the first order decomposition of

nitrous oxide significantly. This result is similar to those

96

obtained by Read and ‘.«,'inter93 for the decomposition of nitrous

oxide on lanthanide oxides at pressures up to 13.3 k Nm—2.

These authors have suggested that in the case of those metal
oxides which are relatively insensitive to added oxygen the

decomposition of nitrous oxide is confined to special areas of

R T T R

gaseous oxygen.

E‘ . the surface. These areas being not readily accessible to
é The reaction scheme giVen by equation 1 to 3, section 3.3,

R R R TR R RS
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outlines a probable mechanism for the decomposition of nitrous

oxide. These equations are compatible with the following
-d P k b P,
N2O - s N2O h20 - 3
dt

i
T+ b P+ (b, P. )%
N2O N20 02 02

‘Equation 3 reduces to a simple first order relationship when

- ' 2 v . .
(1 $>bN20 PNZO + (b02 P02) )+  For completeness, mechanisms

which include molecular or atomic oxygen were considered93’99’1oO

these expressions did not give as good a fit as the first order

relationship.
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FIGURE 36

PLOT OF Ln RATE AGAINST Ln UNREACTED N,O FOR
THE DECOMPOSITION OF 55kN i NZO OVER 05°/0

wiw Ru-Al203,(O-4 89); AT 500°C. (calculoted in torr

for conversion to S1. unils add 489).
INITIAL SLOPE ~ 0.8.

3.01

2.0

2

Ln-dFl’\l o/dt

Q

10 20 30
Ln UNREACTED N,0
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FICURE 39
" ARRHENIUS PLOT_ FOR THE DECOMPOSITION
OF N,0 (54 kN’ ) OVER 05°/ewiwR vAOs,
(0-48q). .
o
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3¢%¢2. THE CATALYTIC REACTION OF NITROUS OXIDE.AND CARBON EONOXIDE

OVER 0.5% w/w Ru- A1203 CATALYST

A study of the catalytic reaction between nitrous oxide and
carbon monoxide was carried out in the manner described in
section 2.6.1.

Figures 43 and 44 on pages 138 and 139 are double logarithm
Plots of the results obtained from the 'initial rate data. The
effect of nitrous oxide Pressure on the initial rate is represented
by Figure 43. The pigure shows deviation from linearity below
nitrous oxide pressures of 1.0 k Nm_2. The order with respect
to nitrous oxide determined from the linear portion of the graph
was 1.3i0.3.

A time course p}ot obtained from a single run having 1.0 k Nm—2
and 5.2 k Nm—2 pressure of nitrous oxide, and carbon monoxide
respectively is shown by Pigure 45 page 140. The plot shows
linearity for 80%5 of the reaction. The slope of this portion,
which represents the order with respect to timé was 1. This
result is consistent with the order.obtained from the initial
rate method.

The effect of cafbon monéxide Pressure upon the initial
rate Figure 44 shows a large scatter of points. A similar
result was obtained for the initial rate dependence of carbon
monoxide pressure for the reaction with nitric oxide and hydrog;eri57
respectively. For these cases the order with respect to carbon

monoxide was tzken to be zero.

A time course plot obtained for a single rate having 0.9k Nm_2
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and 4.8 k Nm-2 pressure of carbon monoxide and nitrous oxide

~is shown by Figure 46 page 1. This plot shows no strong
dependen;e for carbon monoxide up to 55% completion, after which
the order with respect to time tends to one. The initial zero
order pressure dependence for carbon monqxide is consistent

with the interpretation made from the initial rate method.

For equallreactant pressures the overall order with respect
to time is one, FPigure 47 page 142. This result is in line
with the interpretation made from the initial rate and time
course ploté for the pressure dependence of carbon monoxide and
"nitrous oxide. For equal reactant pressures the order with
respect to time should be equal to the overall order with respect
to concentration.

The empirical raté law which.describes the carbon monoxide -
nitrous oxide reaction over ruthenium is given by

Rate =k p_ 1 p =0 , - 1

N20 co

Equation‘1 implies that carbon monoxide exhibits a high surface
coverage and is relatively st;ongly“adsorbed. This is in line
with the nature of chemisorption of carbon monoxide on ruthenium
and qf the resultis obtained for the reduction 6f nitric oxide
by carbon monoxide (section 3.1.).

In comparison nitrous oxide exhibits a first order pressure
dependence which is consistent with its first order decomposition

described in the previous section. This suggests that the

reaction proceeds through the decomposition of nitrous oxide,

for exemple, by the equafions 1 to 8 given in section 3.3, Since




carbon monoxide has a relatively strong affinity for ruthenium
its reaction‘with atomic oxygen is most likely to be a rapid
surface one. A surface mechanism which is compatible with this
scheme is given by the Langmuir - isotherm for a bimoleCﬁlar
reaction in which the reactants are adsorbed on two different
types of surface site. This is in lihe with Winter94 and Reads96
proposal that the decomposition of nitrous oxide is confined to
special areas. A.zero order pressure dependence for carbon

- monoxide will obtain when the surface other than these special
areas is completely cbvered by carbon monoxide. This scheme

is given by |

d Py,
2 = kg bNQO PNQO %0 Feo - 2

dt
(1 + by o Py O) (1 + bCO PCO)
i 2 2
The notations in equation 2 are the same as those used Previously.

First order kinetics were obtained for the decomposition of nitrous

oxide, then 1> b P . When carbon monoxide has a high
N20 NQO '
surface coverage bCO PCO> 1. By substitution equation 2 becomes
d P :
Co _ 0
—2 = kPN2O oo - 3
dt

vhere k = ks bN2O

Equation 3 is of the szme form as that obtained from the initial
rate method.

Experimental results plotted as a first order relationship

for the reaction between carbon monoxide and nitrous oxide are
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shown in Figure 48 and 49 on pages 143' and 144 . Figure 48
shows that for the reactant bPressures indicated, straight lines
were obtained to. at least 7055 of the reactions. The rate
con.tant decreases with an increase in the initizl pressure

of carbon monoxide and nitrous oxide. The rate law was also
found to hold between a temperature rangg of 3500 to 5000C for
equal reactaﬁt bpressures ( 4.6 k Nm-2), Figure 49 page 144

The apparent activation energy determined from an Arrhenius
plot, Figure 50 page 145  was found to be 72.3510 k J mol~l.
The fact that this value is approximately twice that obtained
for the decomposition of nitroﬁs oxide suggests that the activa~
tion energy is associated with the reaction between carbon mono-
xide and oxygen.

The -empirical rate law for the reaction of nitrous oxide
and carbon monoxide over ruthéniuﬁ has been verified graphically.
A retarding effect on the reaction rate constant with an increase
in initial pressure of nitrous oxide or carbon monoxide was
noted. This effect may be caused by the deactivation of a
fraction of surface sites by (a) atomic oxygen and (b) carbon
monoxide for each reactant respectively (see section 3.3.1.).

The decomposition of nitrous oxide in the presence of carbon

monoxide is probably the rate limiting step in the two stage

reaction process (see equation 1 to 8 in section 3¢3.)s  Evid-

~ence to support this proposal is shown in Figure 51 page 146.

Figure 51 was obtained by monitoring the positive ion currents

due to carbon dioxide, nitrous oxide and oxygen in three identical
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reactions respectively. The Figure 51 indicates that for a
reaction mixture vhich contains an excess of nitrous oxide,
oxygen ﬁfoduction occurs only after the depletion of carbon
monoxide. This means that carbon monoxide affects the decom—
position of nitrous oxide which is slower than the reactioné
between carbon monoxide and atomic oxygen.

In summery the reaction between nitrous oxide and carbon
monoxide over ruthenium proceeds by a two stage (a) the decom-
position of nitrous oxide and (b) the reaction between carbon
monoxide ana atomic oxygen. The first ovder decomposition of
nitrous oxide is the rate limiting step; this stage is retarded

by an excess of carbon monoxide.
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Ln UNREACTED N,O

PLOT OFLn RATE ACAINST Ln UNREACTED N O FOR A SINGLE
RUN WITH 10kNm NZO’ 52kNm Co, OVER05°/ow/wRu-AIZO3

(0-489); AT 500°C. INITIAL SLOPE a~i (calculoted intorr for

Py o)
Ln dféo2/dt

t
N

FIGURE .45

co'nversion toS.} units add 4.89)
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FIGURE 48

FIRST ORDER PLOTS FOR THE REACTION BETWEEN NZO
AND CO OVER O,5°/ew/wRu~AizO3,(O-489),‘ AT 500 C.
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_ - ELGURE S0

ARRHENIUS PLOT FOR THE REACTION BETWEEN
: NZO AND CO OVERO-5°/ow/wRuU A1203,(O-489 )
-2

P= P = 4.6kNm.
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5.0.

404

30

2:01

1-07

FIGURE 51

COMFOSITION/TIME PLOT FOR THE REACTION
BETWEEN 5.0kNif N,O AND 2.1kNCO
OVER 0.5°whv Ru-Aly03.(059g): AT 400°C
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>3.4. A COMPARISON OF P4 and Ru—AlQO3 CATALYSTS FOR THE REDUCTION

OF NITRIC OXIDE AND NITROUS OXIDE BY CARBON MONOXIDE

Comparison with noble metals .

Some of the physical properties and chemical activities of
the group VIII metals have been considered so that they may be
related to the results and discussions of this work. Palladium,
Platinum, rhodium, iridium and ruthenium were chosen for this
comparison since they have been widely used as catalysts for
the reduction of nitric oxide by carbon monoxide and hydrogen,
for the methénatton reaction and hydrogenolysis of hydrocarbons.
Table 19 on page 152 compares this noble metal series with
their activity for the above reactions and their ability to
form nitrous oxide, isocyanates and ammonia.

For the reduction of nitric oxide by carbon monoxide Table
19 shows a correlation between the catalytic activity and the
formation of nitrous oxide and isocyanates. The difference

in activity may be attributed to the increasing inhibiting
nature of carbon monoxide from ruthenium up to palla-

.. 101 . s . . .
d ium . Whnereas, nitrous oxide and isocyanate formation is

assoclated with the nitric oxide -~ catalyst stability (which is
coupled with the zbility of the catalyst to convert nitric

oxide to nitrogen in the reduction process). The difference

in activities may also be due to an additive affect associated
with surface isocyanate formation. Infrared studies (chapter‘

5) have shown that surfece isocyanates are relatively stable,

when formed they reduce the number of sitesvavailable for reaction

which effectively reduces the nitric oxide conversion rate,




This is not the case when the reducing agent is changed to

hydrogen. - Under these conditions it would be expected that

the catalyst seéuence would remain unchanged for nitrous oxide

formation. Furthermore, the ability of the catalyst to form

ammonia should be in the same sequence as that for isocyanate

formation. Table 19 shows correlafion between the formation

of isocyanate, nitrous oxide and ammoniaj ruthenium forming

the least amount in each casé. These correlations support

the proposals made in chapter 1, section 1.3%. and chapter 3,

sectién 3.0+2. that the formations of nitrous.oxide, ammonia,

and isocyénates during the reduction of nitric oxide by hydrogen

and carbon monoxide respectively are interrelated mechanistically.
Electronic properties of the catalyst series have also been

relatgd to catalytic activity. Sinfe1t102 haé found a correlat-

ion of catalyst activity with the Percentage "d" character of

the noble metal series for the hy&rogenolysis of ethane. Table

19 shows that there is a weak correlation of‘catalyst activity

with the percentage " d" character for the reduction of nitric

oxide. A correlation between nitrié oxide - catalyst stability

( i.e. the catalysts ability to form nitrous oxide isocyanates

and ammonia) and the percentage "d" character also exists, albeit

. weak, Sinfelt however; rointed out that the elecironic property

the catalyst is only one éf the factors involved in determining

the activity. of catalysts; since in relating catalytic activity

to percentage "d" character one is assuming thét a relation | RN

exists between bond strength in the surface layer and bond strength

inside the crystal.
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Comparison of results.

Tables 20 and 21 on pages 153 and 154 represent a
comparison of data for‘the reduction of nitric oxide énd nitrous
oxide by carbon monoxide over palladium and ruthenium catalysts.

NO - (O reaction,

One of the principal differences between the two catalysts
for this reaction is that ruthenium has the ability to switch
between fwo metéstable states; this has a major effect on the
reaction mechanism and product distribution. For example, the
abilify of these catalysts to promote nitrous oxide and isocyan-
ates48 is ordered Fd>Ru. The main difference in the surface mech-
hanism lies with the proposal that for the ruthenium éatalyst, in
state 2, thg adsorption of nitric oxide is modified so that the
oxygen of the nitric oxide molecule also interacts with the surface.
Under these conditions nitrogen may be formed by the N ~ N coupling
of adjacent surface nitric oxide molecules. Conversely, in state
1 (and for the valledium catalyst) the mechanism is based on the
formation of a nitrogen atom through a linearly adsorbed NO - CO
complex, |

Thermodynamic feasibility for oxide formation is in the order

Ru>Pd1OB,1O4

indicating that ruthenium is the "least - noble" in
this respect. As already mentioneq, during adsorption of nitric
oxide on ruthenium, if both the nitrogen and oxygen atoms interact
with the catalyst surface so that when bond rupture eventually
occurs ruthenium can accommodate oxygen atoms then specificity

for production of molecular nitrogen follows. Specificity for

fbrmation of molecular nitrogen will also be favoured for the
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ruthenium catalyst because of the greater surface coverage by
nitric oxide. This will ensure an increased probability of
nitric oxide adsorption on adjacent surface sites.

Palladium, on the other hand, favours adsorption of carbon
monoxide, so that in this case nitric oxide covers only a minor-
ity of sites. Since there is little tendency for surface oxide
formation, albeit transient, rupture of nitrogen oxygen bonds
will occur through the interaction of an adjecently édsorbed
carbon monoxide molecule to give surface isocyantes or nitrous
oxide dependent upon reaction conditions as already described.

The activity of these catalysts for the reduction of nitric
oxide is not~significantly different; ruthenium is approximately
twice as active as palladium. Although,.ruthenium is more
susceptible to changes in reactant stoichiometry and temperature.

-The order.of activitj and the chemisorption properties of the
reactanfs have been noted in a number of studies59’101. Hitherto,
there has not been any kinetic evidence to support the proposais
of these authors,

N20 - CO0 reaction.

The relative activities of the catalysts for the reduction
of nitrous oxide by carbon monoxide is in the order of Pd>Ru
(Table 21). This is the reverse of that for the nitric oxide -
carbon monoxide reaction. The decomposition of nitrous oxide
over ruthenium is significant for this reaction. This decom~
position, which may be the rate limiting step is inhibited by

the presence of carbon monoxide. In comparison, palladium does -




not promote the decomposition significantly (<:5OOOC ) and the
reéction is not inhibited by carbon monoxide.
Apparent activation energies;.

The apparent activation energies for the reduction of nitric
oxide and nitrous oxide by carbon monoxide a?e similar for each
catalyst this suggests in the broad sense that the reactions all
have the same energy limiting step. This step may be associated.
with the carbon monoxide -~ oxygen reaction. Evidence which
supports the above can be bbtained by comparing the apparent
activation energies for the carbon monoxide - oxygen reactions
over noble metals for similar temperature and>pressure ranges., -
Baddour et aljo5 obtained an appérent activation energy of 92
kJ m01"1. , Intérestingly, these authors also found that the rate

of production of carbon dioxide was inversely proportional to the

pPressure of carbon monoxide.

in summary, it has been possible through the interpretation
of kinetic and infrared data to explain the reactivity of the
catalysts for these reactions. Furthermore,this activity series

correlates with the known reactant chemisorption properties.
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Represents some of the physical properties and relative activities

of catalytic reactions for a rnoble metal series.

NOBLE METAL SeRIES ‘ REFERENCE
Pd Pt Rh Ir Ru
T) PAYSICAL
PROPERTTIRS
Atomic radius nm 0.137 0.138 0.134 0,135 0.132 106
Normal lattice structure f.g.c. focic. fucec. fuc.c. c.p.h. 106
Percent "d"bond character 46 44 B0 49 50 106
Work function e.v. 4.49  4.52  4.65 4.57 4.52 106
2) REACTIONS
NO -~ CO
1)Activity (Exs ©0) P* < PA < Rh < x < pu 101
2)Isocyanate formation
relative to Ru Pd 4.4 Pt3.5 Rh3.5 Ir2.8 Ru 1 47-48
3)Nitrous oxide formation
relative to Pd(Exs NO) P& > Pt > *¥ > ¥ = Ru 59-57
NO - H’2__
1)  Activity (&4s H,) P& > Pt > Rh > % > gy 101

2) Nitrous oxide formation

relative to P4 PAd > Pt > = > ¥ > Ru 59
3) Ammonia formation

relative to Pd Pd > Pt = x > % =Ry

CO ." Hz._.
1) Activity : P ~ Pt < Rh ~ Ir <« Ru 67
HYDRCGENEOLYSIS CF, ,
1) ETHANE, activity P& € Pt < Rh ‘& Ir < Ru 102
2) PENTANE , activity Pd < Ir < Pt < BRh < Ru 107
(C)n + H,_ ‘
1)  Activity Pd § Pt < Rh ~ Ir<Ru 108

M+ 0y Pd < Pt ~ Ra < TIr <Ru 104

CXIDE FORMATION

Pd ~ Pt < Rh ~ 1Ir <Ru 103

* proposed order of activity




TABLE 20

Lists the rate laws and predominant mechanisms for the reduction

of nitric oxide and nitrous oxide by carbon monoxide over 0.5%

- o/ -]
.w/w Pd A1203 and 0.5% w/w Ru A1203°
CATALYST CONDITIONS RATE LAW MECHANTISM
Pd NO + Ex co =xp_ %p ' L-H
Excess T = No Feo
.%_
Pa N20+ Excess CO r =% PNQOPCO R-E
3, %
J -
Pa h20+ (610} oL PN2O PCO L H
3
J -
Pa Excesg h2O+CO d‘PNQO PCO L -H
0 0.2
. - -
Ru NO + Excess CO r=%k NO PCO L H
Ru NO + 2 Excess CO oL P 1 P 0.2 L ~-H
NO Co
— 1 P
Ru N20 r =% PN20 L H
R N.O+ CO «< P P 0 L -H
u 2 N,0 “Co
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TABLE 21

Rep:esents a comparison of data obtained for the raéduction of

nitric oxide,

and nitrous oxide by carbon monoxide over palladium

and ruthemium catalysts.

CATALYST ~ REACTION
0.5% w/w
ALy0, KO - CO N0 - CO N0
.2 2
1) Rate equations describing the abovéoreactions
for equal reactant pressures to 500°C
Pd Rate =k P_ %> 1 pate=kop " Fp E
B - NO " CO o N20 Co
0 0.22 1. -0 1
Ru Rate = k PNO PCO Rate=k PN2O PCO Rate=k PN20
2) Reaction rates at 350°C molecules,cm-.-zisecf1
Pa 6.1 x ‘lO14 6.5 x 1015 -
Ru 1e2 x 1015 343 x~1013 2.0 x 1014
3) Apparent activation energies, for a temperature
range between 250 —'50000, and equal reactant
- ~1
Pressures of = 4.7 k Nm.2( k Tmol )
Pa 91.2 65.1 -
(Log1o‘A 6.3) ‘ (Log10 A 4.6) -
Ru 82,4 (E,) | 72.3 42.5
(Log,lo A 10.8) (Log1o A 4.4) (Log10 A 2.6)
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SECTION 2

CHAPTER 4
INFRARED SURFACE STUDIES

4.0 INTRODUCTION

This investigation contimies the study of the kinetics and

mechanism of the reduction of nitric oxide by carbon monoxide
over a palladium catalyst: Chapter 3 section 3,0 A com~
rarative study of the infrared spectra of reaction intermediates

and chemisorbed species during the nitric oxide- carbon monoxide

reaction over platinﬁm, palladium, rhodium, indium, and ruthenium

on alvmina has been made by,Unland48. A strong band was observed

in 2260-2270 cm_1 region and was attributed to a surface isocyanate

species. This band was observed when the reaction contained an

excess of carbon monoxide at temperatures above BOOOC.

The discovery of the presence of a surface isocyanate has led

to the postulation of new mechanistic pathways for the nitric

oxide -~ carbon monoxide reaction. Unland44 proposed for example,
that the isocyanate acts as a true reaction intermediate and

offered the following mechanisms &—

o P2221503 > Tqa.ds + Oads

Nads + €0 — NCOadé

Oads + CO ———; CO2

NCOads + NO — N2 + CO2
Total Rea’ct;on

2N0 ; 2C0 —— N2 + ZCO2

The object  of this study was to independently substantiate
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Unlands observations and assignments; 2) to establish the stability
of the isocyanate species, and thus establish if the mechanistic
postulate “that isocyanate acts as an intermediate in the carbon
monoxide - nitric oxide reaction is correct; and 3) to relate the
assignments and conclusions to the kinetic study.

4.1 EXPERIMENTAL TECHNIQUE USED FOR INFRARED SURFACE STUDIES

The technique used for the infrargd,study of the surface a
palladium - alumina was similar to that used by Unland46;

One of the major problems associated with such a study lies
in sample preparation.  The sample must have the following char-~
acteristics because of the need té obtain suitably intense spectra.

1) The sample must have a high surface area.

2) The samplé must have a 'particle size below the wavelength
~of infrared radiation, so as to minimize the scattering losses.

3) The metal loading on the support must be such that trans~
mission losses are miﬁimiied.

4) The sample must be able to withstand high temperatures
without craéking. '

_Baymal,m9 an alumine powder consisting of boehmite fibrils
. whiéh swell in water to form a colloidal solution, was used by
Unland46 to support the transition metal catalysts. Baymal
produces clear-to-translucent films on smooth surfaces by casting
from an agueous dispersioﬁ. ' Unland46 observed minimal flaking
and érazing of the film after it had been dried and calcined under
vacuun at 350 - 600°C. At this temperature the boehinite fibrils

dehydrate to give a high surface area ¥~ alumina.

Baymal was prepaxed11o and tested for use as a support for
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palladium. Several difficuities vere encountered. Firsfly,
not enough of the palladium - Baymal mixture could be deposited
without severe cracking of the film occuming. Also, problems
were encountered with iegard to sample heterogeneity. It was
found that powdered Xéaluminium oxide when cast from an aqueous
solution on to a CaF2 disc (25 X 3 mm), produced a film which
after drying and calcining possessed most of the qualities des-
cribed above. Patience and a lot of luck were required for the
Preparation of the film.
" A variety of vacuum cells for supporting the sample in an
infrared beam have been'déscribed in the literature111’112.
These cells consist of essentially two
types: those that enable the sample to be heated at the same
time that éhe infrared spectrum is recorded, and those in which
the sample is moved to a different portion of the apparatus for
Heat treatment. The latter type was used in this study.
Experimental conditions, and the nature of the reactants
play an important role in the design of an infrared cell. For
example,.the use of high vacuum grease on vacuum Jjoints is pro-
hibited since hydrocarbon contamination of the sample occurs
with relative ease. Hydrocarhon contamination cén also occur
because of reactioh between nitric oxide and rubber couplings
or seals. |
4.2 INFRARED CELL
Figure 52 on page 162 is a Photograph, 1:2.5 scale of thé
infrared cell. This cell is similar to that used by Butler
‘and Poles113

The infrared cell was made from borosilicate glass and con-
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sists of a reaction chamber, and an infrared chamber. The
reaction chamber, provided with a central thermocouple well was
completely enclosed by an electrical furnace. The temperature
of the furnace was controlled by a variac tiansformer and a
thermocouple/potentiometer meter. Figure 53 on page 163 re-
bPresents a scale diagram of the infrared chamber. Sodium
chloride windows 50 x 5 mm, were positioned at each end of the
infrared chamber by aluminium screw clamps, the base of which
was attached by "Araldite" to the glass rims. A silicone
rubber washer between fhe cell and the windows provided for a
vacuum tight seal.

A stainless steel wire holder was used to support a CaF2
disc 25 x § mn, and act as a carriage for the transfer of the
‘ disc along a glass rod positioned inside the cell.

Greaseless high vacuum valves A and B permit the cell to be
isolated from the vacuum and gas mixing system.

4.2.1 VACUUM AND GAS MIXING SYSTEM

The infrared cell could be attached through B-7 Jjoints to
a conventional portable vacuum system, and the gas mixing system
which was described in chapter 2 éections 2.03, Operational
Pressures obtained with the cell attached were of the order of
1.3 x 10”4 Nm-2.

The infrared cell could also be attached through the B-7
joint end a length of glass tubing to the gas mixing system at
tap D.]igure 2 page 44 described in section 2.03.

4.3 SEMPLE PREPARATION, 10% w/w Palladium - Alumina
The catalyst was prepared by stirring 164 mg purified xﬁ

aluminium oxide powder (Hopkins and Williams) wvith an aqueous
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solution of palladium II chloride containing 16.4 mg palladium.

The mixture was bopght to the boil and the water evaporated off

slowly t& ensure even impregnation. After drying at 12000, the
catalyst was crushed‘to a fine powder in a moxrtar.

Approximately 80mg of the catalyst was mixed with five drops
of water and one drop of acetone. The resulting slurry was
ground to a fine dispersion in a2 mortar. With the aid of a
teat pipette three to.five drops of the dispersion was spread on
a preweighed CaF2 disc. The slurry was dr;ed slowly in an oven
at 7000 to gi&e a fine even dispersion of catalyst on the disc.
The sample was heated in air to 360° (6° minﬁT) for one hour,
cooled to room tempefature then_fe«heated for one hour in flowing
hydrogen 40ml min~@ at 360°C. oOn cooling,the weight of the
catalyst containing 1056 w/w palladium - alumina was determined
to be %% mg. |

The disc was mounted in the stainless steel holder and
attached to the glass rod in the infrared cell. With the sodium
chloride windows in position the disc was manoeuvfed into the
réactionlchamber. The cell was then attached to the vacuum
line and gas mixing sysfems and heated for one hour at 4200C
under a vacuum of 1.5.x 10?4 Nmnz. The sample was treated,
respectively, for 13 - 2 hours with 13.3 k N2 oxygen and
1%3.3 k Nm~2 hydrogen at 42000. After each treatment theAsample
was evacuated to 1.3 x 10—4 Nm~2 for one hour, then cooled to
room temperature.

The sample contained 8.4 mg cm™2 of the catalyst and was

6.6 x 10-5 em thick.
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4.4 EXPFRIMENTAL PROCEDURE FCR INFRARED SURFACE STUDIES

The sample was Prepared, introduced into the cell and treated
as described in the Previous section. The cell was isolated from
the vacuum system, and a predefermined mixture of gases allowed
into the cell through valve B from the gas mixing system. The
Pressure of gases was measursd manometrically as described in
section 2.5,

The cell was isolated, and the sample heated to 49000. After
a length of time, depending upon the experiment the sample was
cooled to room temperatﬁre and the reactant gases evacuated to
1.3 w2,

The infrared cell was removed from the.vacuum line and tilted
so that the'C&Fé disc supporting the catalyst could be mancewwvred
into positipn in the infrared chamber. The cell was then attached
to a bracket mounted on a Perkin Elmer 225 spectrometer and the
spectfum recorded over a range of 2500 - 1000 cm—1 with a normal
slit programme.

" In certain experiments the géses vere not evacuated from the .
sample éell. In these cases differential spectroscopy was used.
Estimated proportions (trial and error) of the gases in the sample
cell were introduced into a gas cell of similar path length to that
of the sample cell. The absorptions due to the gases in the
sample cell were eliminated exactly when the reference cell was
Placed in the reference beam. Thus using differential spectroscopy
the progression of surface bands, if any, in the region of the gas
phaée absorptions could be monitored withouf evacuation of the
sample cell,

In order to provide a reproducible background spectra




for each experiment the sample was initially treated with
oxygen and hydrogen as described in the previous section.
" Details of* the experimental procedureé used in each experiment

are listed on the individual spectra described in chapter 5.
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FIGURE 53
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CHAPTER 5
RESULTS AND DISCUSSIONS 0r INFRARED STUDIES

5.0 INFRARED SFRECTRA OF REACTANYS ADSORBED ON 105 w/w Pd—A1203
Reference spectra from individual adsprptions of carbon
monoxide, carbon'dioxide, nitric oxide and nitrous oxide were
obtained by contacting the gases respectively on a pre-treated
surface at 40000. The absorptions due to the reactant-shrface
interactions were assigned by comparison with the absorption
band frequencies of analogous inorganic complexes. It is
important to bear in mind, however, that the surface of the
catalyst is heferogeneous and due allowance of the whole surface
interaction must’be taken into account when compéring the catalyst
surface spec#;a to inorganic complex specf%g.. |
5:0.1 ABSORPTICON BANDS DUE TO CARBON MONOXIDE AND CAREON DIOXIDE
.(a) 'Carbon monoxide
Figure 54 on page 178 reports the infrared absorption bands
which develop when the catalyst was treated with carbon monoxide.

.Carbon monoxide gave three main bands in the 1590, 1465 and 1390~

1375 cmm1 region. Small bands were also observed in 2200- 1800

cm region (spectra not showh). Studies75 have shown absorption

bands in this region are mainly due to fwo types of surface species
a bridged and a linear fofm of adsorbed carbon monoxide. These
were discussed in chapter 3, section 3.0.

Absorption bands in the 1800 - 1000 cm--1 region may be attri-
buted to carbonate type structures. A These have been classified

according to their co-ordination111and are represented in Table

22 on page 184.




Using Table 22 the bands 1590 and 1390 - 1375 cm—'1 shown in Figure
5S4 are attributed to a bidentate carbonate type II structure.A
The band at. 1465 —_— is assigned to a carbonate ion vibration.
(b) Carbon dioxide

Carbon dioxide when brought into contact with the cafalyst
surface at 4OOOC produced three main absorption bands, 1645, 1455
and 1225 cm“1 (figure not saown).  Those at 1645 and 1225 are asg=

igned to a bidentate type 1 structure and the band at 1455 em™ !

to a symmetrical carbonate ion vibration, Table 22.
. The backg;ound peak at 1365 cm"1 which remains even after

the reconditioning process has been observed before on alumin;14’115
This band is associated with the support and arises from a carb-
onate ion vibration.

The aﬁsorption bands which appear after the surface has been
treated with carbon monoxide and carbon dioxide cannot bé unequi-~
vocally assigned to reactant - paliadium interactions since reaci-

. . . . . s o . 116,117,
ant~zlumina interactions give bands in a similar region

Table 23 on page 184.
5042 ABSORPTION BANDS DUE TO NITRIC‘OKIDE AND NITROUS OXIDE
(a) Nitric oxide

Figure 54 shows that thé chemisorption.of nitric oxide on
a pre-treated surface gave rise tb absofption bands at 1635, 1575,
156Q cm“1, a shoulder at 1515 cm-1 and a broad band at 1220 cm—1.
These bands.are due to nitric oxide-surface interactions since

the nitric oxide was evacuated from the cell before recording the

.spectrum.

78
z
i

A general description of the common forms of tonding of

nitric oxide on metal surfaces was given in the introduction,
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chapter 1, section 1.2.2. Sidwidk118, Lewis et alj6 and others
have classified the absorption frequencies obtained from trans—
ition metal nitrosyl complexes according to cationic NO+ or NO~
stretching frequencies. Table 24 on pagel84 represents the
range of the absorption frequencies of these ionic groups made
by the above workers. Nakamoto119 has'suggested that the class-
ification may need revision since no monomefic nitrosyl complexes
are known to exhibit NO stretching in the anionic region.

Gans 120 hés suggested that the anionic NO~ stretching frequencies
should include the 1700 - 1500 cm™' region. The Table 24 also
shows that covalent nitric oxide - metal bonding gives rise to
absorption frequencies in the 1800 - 1500 cmm1 region.

On thp basis of the classification of nitric oxide absorptidn.
frequencies shown in Table 24ikis not possible to positively assizn
the bands due to nitric oxide absorptions,shown'in Eigure 54 The
absorption bands could arise from ionic or covalent structures.
Included in this spectrum are absorption bands which could arise
from dinitrosyl or bridged nitrosyl stretching frequencies; these
structures could be formed whilst the catalyst is cooling to room
temperaturé since it isAunlikely that they are formed at catalytic
temperatures.

Examples of metal complexes containihg nitric oxide together
with the nitrosyl stretching frequencies are listed in Table 25 
on page 185.

Unland48, and London and Be1144 have obtained similar spectra
for nitric.oxide adsorbed on palladium and copper -oxide.

Unland48,ﬁowever, did not discuss the nature of these bands.

London and Bell44 considered the possibility of these bands aris-

18




ing from anionic NO~ stretching frequencies but were more inclined
to attribute bands between 1600-1500 cm-1 to monodentate and
bidentate mitrato structures.
(b) Nitrous oxide

Nitrous oxide adsorption on the catalyst surface produced
& number of small bands. The freguencies of these bands were
- sitvated at 1710, 1690, 1655, 1650, 1580, 1510, 1465 and 1380 cm"1
(figure not shown). The bands at 1710, 1690, 1655 and 1650 were
removed on evacuation of the cell to 1.3 x 10_2 Nm"2 at room
temperature. This suggests that they arise from weakly adsorbed
species. - The bands which remain are consistent with nitric oxide
stretching frequencies, as mentioned Previously. Nitric oxide
could be formed as a result of the dissociation ofAnitrous oxide,
0= 20 + N,. |

2 2
5«1 INFRARED SPECTRA OF REACTION MIXTURES ADSOHBED ON 105 w/w

for example, 2N

Pd -~ A12Q5

(a) Nitrous oxide-carbon monoxide reaction mixtures.

A series of nitrous oxide - carbon monoxide reaction mixtures
containing 1) excess nitrous oxide, 2) excess carbon monoxide and
3) stoichiometric reactant mixtures, were admitted to the infrared
cell containing the sample at 4OOOC (spectra not shown),

The results of this set of experiments revealed absorption
bands due fo surface carbonates; bands 1645, 1455 and 1225 cm-1.,
These bands diminished on evacuation at room temperature but re-
appeared upon the re-introduction of carbon dioxide. This
result suggests that carbon dioxide, a product of the reaction,

is comparatively weakly held to the surface and does not inhibit

A R A SRS R e gt
R e
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ﬁ : the main reaction.
b) i Nitric oxide - carbon monoxide reaction mixtures.
; 46-48 )
In order to reproduce Unlands experimental conditions

a series of reactions containing 1) excess nitric oxide, 2) excess

carbon monoxide, and 3) stoichiometric reactant mixtures, were

admitted to the infrared cell containing the sample at 40000.
After evacuation of the infrared cell to 1.3 x 10“2 Nm"2,

at room temperature, absorption bands due fo surface carbonates

were identified for the reaction mixtures containing an excess

of nitric oxide and stoichiometric reactant mixtures. For the

reaction mixture which contained an excess of carbon monoxide

in a 2:1 ratio (4.3:2.1 kNm—Q), four major absorption bands were

noted; iﬁhese bands differed in intensity from any others des-

cribed so far; they wore broad and centred around 2250, 1640,

1575 and 1290 cm—1, ¥igure 55 page 175. Figure 55 shows ?

the spectra due to surface interactions only since the products

of the reacticn, carbon dioxide and nitrogen have been removed

by evacuation at room temperature. The bands appeared con-

8 currently, suggesting that the structures which give these absorp-
tions are inter dependent. The formation of the bands at 2250,

1640 and 1575 em™ ' in reducing conditions is consistent with the .
46-48 ' ol

work of Unland . :
Figure 55 also shows that the exposure of the major bands .

to a further 2:1 ratio of carbon monoxide -~ nitric oxide mixture

produced little enhancement of the bands. The gas spectrum

showed that the reaction had reached completion after one hour .0

implying that the reaction is still catalyzed in the presence
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of these fourimajor surface bands.
The effect of temperature on the bands in vacuo at 400 C
resulted in their diminution; complete dlsappearance occurned
only after continual heating in vacuo for 4 to 5 hours.
The fact that the major bands do ﬂot increase in size'to
any eitént after the re-introduction of the reaction mixture
and that the reaction is catalyzed in the presence of a surface
exhibiting these bands implies: 1) the structure giving rise to
the bands are formed only on selective surface sites, or 2)
tha{ this structure has attained a surface equilibrium.
b) ii ‘Reaction of caibon monoxide with pre-adsorbed nitric oxide.
Figure 56 on page 180 reports the results obtained when
carbon monoxide was introduced to a surface which had been
previously exposed to nitric oxide. Figure 56 shows: 1)
the spectrumobtained after the surface had been exposed to 5.3
kNm “© nitric oxide at 4OOOC for %0 minutes. The spectrim was '%
recorded at room temperature éfter the cell had been evacuated

-

to 1.3 x 1Qf2 N2 The Pigure shows that the chemisorption

of nitric oxide on the surface gave rise to absorption bands , ﬁ
similar to those described for the nitric oxide - reference ' ;
speciram section 5.0.2 (a); 2) the spectmm obtained after the
surfacé had been exposed to 6.0 kI\Im-'2 of carbon monoxide at 4OOOC
for Bb minutes, cooled to room temperature and the cell evacuated -
to 1.3 x 1072 Nm~2. The spectrimshiows the appearance of the
bands 1590, 1465 and 1390 - ‘I56Ocm-1 which are associated with

carbonate structures, section 5.0.1 (a).. o
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It ds interesting to note that the bands produced are onl&
‘those associated with carbon monoxide, carbon dioxide - surface
interactions. There is no evidence of the formation of the four
major bands at 2250, 1640, 1575 and 1290 cm~1 described previously.
This result implies that the nitric oxide structures which give
rise to absorptions in fhe region of 1635 - 1515 cm~1 are not
responsible for the formation of the four majoxr bands on reaction
with carbon monoxide.

London and Bell 4° using a flow system and a feed ofnitric
oxide over a copper oxide catalyst found that the introducfion
of carbon monoxide produced a band at 2140 cm“1 (attributed to an
isocyanate species) at the expense of the adsorptioné due to
nitric oxide. The reason for the production of the isocyanate
band may be due to the fact that nitric oxide was not only adsorbed
on the surface but élso Present in the gaseous phase together with
carbon monoxide.

Experimental evidence obtained in this work and by.London
and Bell implies that 1) there is moére than one form of nitric
oxide -~ surface absorption, and/or 2) that carbon monoxide has
same modifying influence towards nitric oxide — surface adsorption,
for example, msking its adsorption more favourable so that a
carbon monoxide - nitric oxide -~ surface complex may be formed
in the manner described in chapter 3 section 3.0.2.

5¢2 A COMPARATIVE INVERPRETATICN OF ABSORPTION BANDS DUE TO
ISCCYANATE STRUCTURES

Table 26 on page 185 compares the results obtained by
Unland 4718 Litn those of this study.
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The T able 26 shows that the frequencies of the bands 2250,

1640 and 1575 cm-1 are consistent with those obtained by Unland,

‘The excess carbon monoxide will account for the band at 1465 cm~1

which has been assigned to a carbonate ion vibrationf The band
at 1290 cm“1 has not been observed before.

Unland46 assigned the band 2264 cm'—1 to an isocyanate species
by analogy with inorganic_complexes. [W(CO)5 KCO]™ and [(C6H5)5P ]2
Pt (NCO)z. The band at 16[55cm~1 was attributed to an imine
structure, and the 1571 cm“1 band to contributions arising from a
carbonate and nitrate species. These assignments were made after

isotopic labelling experiments showed that bands 2264, 1635 and

- 1571 cm—1 contained both carbon and nitrogen atoms.

There is no dispute of the fact that Unlands46"48858ignments
of the banés can exist to a greater or lesser extent but there
are some inconsistencies. Firstly, if Unlamtj6-48 assignment
of the band 2264 cm—1 to an isocyante is correct then one would
expect a secondéry band associated with pseudosymmetrical out
of phase stretching 124-127 'v(NCO) in the region of 1550 -
1300 co™'.  The band at 1575 cm™ ! could arise from this mode of
isocyanate stretching. Secondly, the fact that the bands 2250,
1640, 1575 and 1290 cm-1 appear concurrently and are larger than
any of the reference spectra suggest that they_arise from inter-
related structures. Theiefore,»the assignment of the 1575 cm—1_
band to contributions arising from carbonzte and nitrate species

alone seems unlikely.

The bands 2250 and 1575 com™ ] have been assigned to an iso-

vcyanate structure, leaving the bands at 1640 and 1290 cm*1 to be
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agsigned. Since the experimental evidence suggests that the |

bands are interrelated then it is not unreasonable to pPropose

that the bands in rart could be due to Polymeric isocyanate
124)128

structures + The following represents some of the numer-

ous pPolymeric structures which could occur on the surface.
I - . 1

r I T N r— n n
0 0 0 0 0O 0 0 00 0
I I I If I A\ V2 Vi
C C C C C % c>< C c\ ;c
i 7\ Il \ I ) Lo
N N N\ N - l\\l/ N N N |\< /N f!\l
\ 72 A Sy \
s/ A/ | S/ S/ S & |

These structures are 51milar to those found in inorganic com-—

119,124,128
plexes . They give rise to absorption bands in the
regions of 1660 - 1590 cm-1, and 1328 - 1245 cm-1, corresponding
to v(C0) and  v(C-N) stretching frequen01es respectively. The
fact that the four mejor bands are more intense than any of the
reference spectra supports the Proposal for the formation of
polymeric isocyanate species.

The Tdble 26 shows that the assignments of the bands at
2250, 1640 and 1575 cm‘1 are similar to these of Unlands46-48
with the exceﬁtion that the major contribution of the 1575 cmn1
is assigned to an isocyanate stretching frequency. It is im-
Possible to distinguish absorptions due to carbonyl "amide"
type structures rrom those of imine (DC=N ) structures, both
structures could exist in a pPolymeric form.,

The assignment of the major bands in T able 26 were made
after considering alternative structures which could give rise
to infrared bands in the 2300 - 2100 cm™ " region.  The most

probable structures being 1) OCN cyanato, 2) CN and NC, cyano




173

and isocyano, 3) CNO and ONC fulminate and isofulminato comple#es.
5¢3 STABILIYY OF THE SURFACE ISOCYARATE SPiCIES |

The major bands at 2250, 1640; 1575 and 1290 cm—1 have been
assigned to a surféce isocyanate species. Unland46 has proposed
that the surface isocyanate species acts as g reaction inter-
mediate during the reduction of nitric oxide by carbon monoxide
(chapter 4 section 4.0). If this is the case then the surface
isocyanate would be expected to react easily with one or both of
the reactants, and thus diminishing the bands assigned to igo~
cyaﬂate as a cohsequence. If not, then all the bands would be
eXpected to remain. (This assumes that the bands arise from an
interfela'ted structure., One other Possibility is that if the
bands are not interrelated then one or more bands would disappeax,

In order to try and establish which of the above possibiliaw
ties occurs a catalyst surface exhibiting the surface bands 2250,
1640, 1575 and 1290 cm-:1 was subjected to the following series o
of experiments. Before each experiment the bands were regener-
ated on a pre~trea£ed surface in the manner described in section
5¢1.
5¢3+1 EFFECT OF CARBOK FCNOXIDE

Figure 57 on page 181 reports the results obtained when a
surface exhibiting the four major bands were heated with 8.OkNm—2
carbon monoxide at 4OOOC° Before recording the spectra the infra--
red cell was evacuated to>l.3 'e 10”2 Nmuz at room temperature.
The Figure 57 shows that the interaction of carbon monoxide
produced a broading of the bard at 1575 cm"1 and a shift to 159Ocm-1.

This implies that carbonate species are formed without otherwise

influencing the isocyanate bands. Carbonate bands were also
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noted at 1465 and 1390 cm_1; these are described in section 5.0.1,

Unlands46148 vork on a platinum catalyst has revealed a

V further band at 2130 cm~1. This band was attributed to either

an anionic (NCO)~ or a cyano ~(C=N) species, 4 compatible mech-
anism for the formation of & cyano species was offered whereby
carbon monoxide might attack the surface isocyanate to give

carbon dioxide and an isocyano intermediate, which could rearrange
to a cyano species as follows,

Pt - NCO + €O ——+ Pt-NC + co, (1)

Pt-NC ';:: .Pt-CN
Cyano absorptions in the 2150 cmn1 region are generally sharp
which is not the case for the broad bands centred at 2150 - 205Qcm“1.
These bands are attributed to carbon monoxide adsorbed by dipolaxr

112’129. The formation of a cyano species by the above

interaction
mechanism can bte rﬁled out; since if thig was the case a diminution
in one or all the bands would be observed.
5¢3.2 TFEECT GF;NITRIC OXIDE

The catalyst exhibiting the fourbmajor surface bands was heated
in the presence of 6. OkNm ° nitric oxide to 1) 50°, 2) 150°,
3) 250°%, 4) 300°, 5) 400° and 6) 400°¢ respectively. After each
treatment the catalyst was allowed to cool to room temperature before
recording the spectfum. In this case differential spectroscopy
was usea to eliminate the gas spectra due to nitric oxide in the
manner described in chapter 4 section 4.4,

Figure 58 on bage 182 reports the results of these experi-

ments., The Figure 58 shows that above BOOOC, nitric oxide had

a marked effect on all the major bands. New bands at 1635, 1565,
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1425 and 1310 cm-1 appeared, and the sample turned yellow. These
bands remained even after the cell had been evacuated to 1.3x10“2
Nm_2 at room temperature. : Eﬁgure 58 also shows that the

major bands disappear concurrently, leaving small bands at 1635

and 1565 cm‘1. Tbese bands are similar to those described for

the refereﬁce spectmim of nitric oxide section 5.0.2, The fact
that the bands disappear concurrently supports the Proposal £hat
they are interrelated.

The large bands produced at 1425 and 1310 cm"1 are consistent
with the formation of a nitro complex, in particular the appear-—
ance of a band in the region of 1330 cm-'1 is characteristic of
a metal ~ nitrogen bonded group119’130. Inorganic metal nitro
complexes which are generally yellow have absorption frequencies
in the 1420 and 1330 cm~1-regions119’130. These frequencies’
correspond to asymmetric v(NOz) and symmetric 'V(NOZ) stret-
ching, respectively. Theroute to the production of a surface
nitro complex is difficult to reconcile for no absorption bands
in this region were obtained for the nitric oxide - surface ref-
erence spectra section 5.0.2. This evidence indicates that

nitro species are formed by reaction of the isocyanate with nitriec

oxide. One such route may be represenfed by the following
equations:—
SNCO + NO — S N0+ CO ~ (1)
SN,0 + NO = § No, + N, (2)
or SN,0 + SNO= S NO, + N, , (3)

- Under these conditions equation 1 indicates that the isocyanate

species could act as a reaction intermediate in the formation
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of nitrous oxide. ThiS'being an alternative route to that which
was described in chapter 3, section 3.0.2,
5¢3+.3 EFFECT OF HYDROGEN
Figure 59 on page 183 represents the results obtained
when a surface exhibiting the four major bands was heated in the
presencé of 6.0 k Nmmg hydrogen at 4OOOC. _ Figure 59shows
that after the third heating the band af 2250 cm_1 was removed;
the 1640 cm"1 band was reduced in intensity and appeared as é
shoulder at 1620 cm™'; the 1575 cm™' band shifted to 1585 e,
and the appearance of a new sharp band at 1450 cmw1 was noted.
Interaction of surface isocyanate species with hydrogen

will develop surface ammonium structures through reactions 1, 2

and 3.
S NCO + H, —= 8 NE, + CO , (D)
SNCO + 2H, === s NHZ + CO (2)
S N,C0 + 'H2 == s(),c0 (3)
112,131

It is well known that these structures give rise to
absorptions in the 1620 ang 1459 cm‘1 region. The equations

show the simultaneous formation of carbon monoxide which will

" produce bands at 1585 and 1450 cm—1. The enhancement of the

1450 cm”1 band may arise from a contribution of a N-H deform-

112 132
ation or NH, rocking vibrations .

2
The Figure 59 shows that carbonate structures exist in
the presence of hydrozen without the methanation reaction taking
place. This result is consistent with the fact that palladium
is relatively inert for this reaction67. One of the main

reasons why this reaction does not occur to any extent could be

due to the fact that carbon monoxide displaces hydrogen from the
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' 133
surface and that it is also strongly adsorbed on ralladium.

The mutual interactions of these reactants on palladium was

z
found by Conrad et alTB) to be weak. In contrast, these react—
ants have a strong mutual interaction on ruthenium 134 which is
in agréement with the kXnown catalytic activity of this metal for
the methanation reactioh 67.
5.4 SUMMARY

The formation and the>stability‘of the principal absorption
bands 2250, 1640, 1575 and 1290 cm“1 indicates that:-

1) The Bands which have been assigned to a surface isocydn—~
ate species are only formed when there is an excess of carbon
monoxide in the reaction mixture., |

2) An isocyanate cerred surface still catalyses the carbon
monoxide - nitric oxide reaction.

3) The isocyanate is more likely to be formed as s bi-
product of the reaction on selective sites’ rather than as an
intermediate.

4) In the presence of nitric oxide the isocyanate species
reacts to give additional bands'at 1425 and 1310 cm“1 attribut-
able to surface nitro formation.

5) In the presence of hydrogen there is evidence of the
formation éf surface carbonates and ammonium complexes after
reaction with the isocyanate species.

6) The surface isocyanate species is not affected by

carbon monoxide.

7) Carbon dioxide is weakly adsorbed on the surface whereas

carbon monoxide‘is relatively sfrongly adsorbed.
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REPRESENTS EXAMPLES OF THREE MATIN TYPES OF CARBONATE STRUCTURES

TOGETHER WITH THEIR ABSORPTION FREQUENCIES

SHOWS TEE INFRARED

FREQUENCY STRUCTURE CLASS IFICAT TON
c:m"'1
1560 - 1580 cm™ | g bidentate carbonate
and 1320 - 1380 cm™ | 0" o type IT
., 7
M
1620 - 1640 em™ g bidentate carbonate
and 1220 cm“‘I o~ \o type I
. l l
. M M -
1440 -~ 1350 em”~ o. o l% symmetrical carbonate
\C/
' .
(I) - ion
M2+
TABLE 23

AESORPTION BANDS WHICH HAVE BEEN REPORTED FOR THE

ADSORPTICN OF CAREON ¥ONOXIDE AND CAREON DIOXIDE ON ALUMINA

FREQUENCY cm™ | REFERENCE
CO/A1203 2200,1820,1780,1640,1480,1233 116 117
00,/A1,05 1770,1640,1480, 1232 116 117
Background
posk ~1370 114 115
TABLE 24

v

LISTS THE RANGE OF INFRARED ASSORPTION FREGQUENC

IES DUE TO NITRIC OXIDE

FREQUERCY cm™ REFERENCE
2100 1900 1700 1500 1300 1000
L ] - i
Ko+ NG- 16 18
U |
N 120
covalent 18 85
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TABLE 25
REPRESENTS EXAMPLES OF METAL NITROSYL COMPLEXES WHICH HAVE NO STRETCHING

-1
FREQUENCIES IN THE REGIOK CT 1650 — 1500 om

NTTROSYL' (N0) en” . REFERENCT
COMPLEXES ’

Os (N0), (om) L, 1632 dinitrosyl 121

Ir (F0) 1, L, 1560 122

Ir P(NO)2 B 1540 1500 dinitrosyl 85

[v (x0) (CN)5]5‘ 1575 (NO)~ 16
[Cr(0) (CN)5]4" 1515 (N0)~ : 123%
(05}.1'5)3 Mn, (0),, 1515 bridged | 16

NO ~ A1205 interactions 1700 - 1600 18

TABLE 26

SHOWING UNLANDS ASSIGIMENTS OF THE MAJOR ABSOSPTION BAKDS (cm—1) WHICH
ARE FCRMED ON YHE CATALYST SURFACE DURING THE REDUCTION OF NITRIC OXIDE
BY AN EXCESS CF CARBCN MONOXIDE AXD THOSE OBTAINED TN THIS STUDY. THE
ASSIGNMENTS MADE IN THIS STUDY ARE BASED ON THE ASSUMPTICK THAT ALL THE
BANDS WITH THE EXCIPTICH OF 1465 cem” ! ARE INTERRELATED:

¥ = MINOR CCNYRIBUTICKS

Unlands
Bands Obtained -1 '
Por 55 Pd-A1,0cn 2264 | 1635 1571 - -
Assignments NCO |(CC=K) COB?: NOB— - -
This study 2250 | 1640 1575 1465 1290
Bands Obtained :
For 105 w/w Pd—-A1203
N -

Assigrments W NCOo) 1)N>(c=c) v(NCo) 0032 (¢ -N)

- 2 -

2) >(C=x *CO
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CHAPTER 6
6.0 GENERAL COKCLUSIONS OF THE KINMDIC AND INF ARZD STUDIES

The catalytic reduction of nitric oxide by carbon monoxide
has been investigated using kinetic and infrared studies
(sections 1 and 2). The following outlines the general
conclusions of this study.

(a) For reaction mixtures containing an excess of nitric
oxide amounts of nitrous oxide are formed. Under these con-
ditions the formation of nitrous oxide is common to both pall-
adium and ruthenium catalysts; the ability of these catalysts
to promote nitrous oxide formation is in the order Pd>Ru.

(b) The reaction between nitrous oxide and carbon
monoxide is catalyzed by palladium and ruthenium in the order
Pd>Ru.

(¢) Under the experimental conditions used the catalytic
decomposition of nitrous oxide is significant on ruthenium.

The decomposition is not strongly poisoned by oxygen and obeys
first order kinetics. The decomposition of nitrous oxide may
be the rate limiting step for the reaction between nitrous
oxide and carbon monoxide.

(d) The empirical rate laws which desﬁribe thé reduction
of nitric oxide and nitrous oxide by carbon monoxide over pall-
adium and ruthenium show cazrton moroxide is strongly adsorbed on
palladium relative to rufhenium, end conversely nitric oxide is
more strongly adsorbed on ruthenium than palladium. in the

empiricel rate laws low orders of reaction were found for which~
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ever gas molecule was strongly adsorbed or pPresent in a large
excess.

(e) TFor the reduction of nitric oxide by carbon monoxide
over palladium a surface scheme based on the kinetic and infra-
red data was proposed. The mechanism shows how two molecules
of nitric oxide are involved in the reaction, Initially, a
carbon monoxide - nitric oxide surface complex is formed: this
gives carbon dioxide, leaving a single nitrogen atom on the
surface which reacts with a second nitric oxide molecule to
give a surface nitrous oxide species. This may react with
an adjacent carbon monoxide molecule to give carbon dioxide
and nitrogen or in an excess of nitric oxide desorb to form
gaseous nitrous oxide. The mechanism also shows how an iso-
cyanate species may be formed from the reaction between a
nitrogen atom and carbon monoxide, (in an excess of carbon
monoxide).

In the case of the ruthenium catalyst thé‘predominant
mechanism depends upon the oxidation state of the catalyst
and upon the reactant concentrations., When the catalyst is
in a reduced state evidence indicates that the reaction ocecurs
in a similar manner to that envisaged for the palladium cata~
lyst, in that it requires a niirogen atom intermediate. In
the oxidized state, nitrogen is formed by the interaction of
two adjacegt nitric oxide surface molecules (N ~ N coupling)
and not through an isolated nitrogen atom. It has been sug-
gested that the ruthenium surface interacts with both the

nitrogen and oxyzen atoms of the nitric oxide molecule.
| &
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(f) The relative activity of palladium and ruthenium
far the reduction of nitric oxide by carbon mnonoxide was
calculated from the appropriate rate law i.e. for

-1 2

~91.2/R0 -2 .
1) Pa, r= 2 x 106(9 4 /Rl) L Pio molecules. chosed.

“’0022 ”O

2) Ru, r= 6.3 x 1O1O(e'-m82°4/RT) PCO PNO moleoules.cﬁ?sgé

- The orxder activity for this reaction agrees with_the ord er
found in thé literatﬁre597101.
(8) Surface isocyanate.species are formed on palladium
catalysts duriné the reduction of nitric oxide by an excess
of carbon monoxide. This substantiates Unland§46 work, Thes
following absorption bands are attributed to the isocyanate
(or polymeric isocyanate) species 2250, 1640, 1575 and 129Ocm“1.
The surface isocyanate species are relatively stable and
.are nmore likely to be formed.as a bi-product on selected sites

o

rather than act as an intermediate durins the reduction.
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6.0.1. SUGGISTIONS FOR FURTHER WORK

For the reduction of nitric bxide by carbon monoxide over
the ruthenium catalyst it has been Suggested that the adsorption
of nitrié oxide involves the interaction of nitrogen and oxygen
atoms with the surface. Experiments designed to examine the
implication of the oxygen with the surface may further the case
for the reaction mechanism described Previously. An infrared
study of adsorbed nitric oxide on ruthenium, and palladium would
show if there are frequencies due to metal - oxygen interactions:
these occur between 600 — 350 cm~1. By comparison of the infra-
red spectra of ruthenium and ralladium surfaces in this spectral
region it may be possible to demonstrate that metal - oxygen
bonds are formed after exposure to nitric oxide atmospheres in the
case of ruthenium. The infrered apparatus used in this,work-(see
chapter 4) has a limited range ( 3500 - 1100 cm—1) and would require
modification so that frequencies down to 350 cm‘_1 could be observed.
This would entaii replacing the ¥aCl windows and the CaF2 support-
ing disc with ones made of CeRr. Furthermore, it is suggested
that the "evaporated metal" tephnique111 is used for the deposition
of the metal onto the Cshr supporting disc.

NO18 tracer techniques coupled mass spectrometric analysis
could also be used to obtain évidence for Ru-0 interactions. In
thiswse it is envisaged that labelled nitric oxide iS brought into

contact with the suiface at reaction temperatures; then pumped off
and carbon monoxide added. The observation of a molecular ion 46
(00218) would indicate that Ru~0 interactions had taken place.

The existing apparatus, and technique could be used for this exper-

iment.
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of nitrous oxide by carbon monoxide over a 0.5%
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2737
monoxide 5.3 k Nm“2 105
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Plot of 1n rate against 1n unreacted carbon_

monoxide (or nitrous oxide) for a single

run with stoichiometric reactant pressures

(5.3 k Nm“a) over 0.5% w/w Pd-Al 0 ,(0.12g);
273 106

at 470°¢

Plot of 1n rate against 1ln unreacted carbon

monoxide for a single run with 5.3 k Nm"?

nitrous oxide,0.4 k Nm-'2 carbon monoxide

over 0.5% w/w Pd-A1,05,(0.12¢) 52t 470°C 107
Plot of 1n rate against 1n unreacted nitrous

oxide for a single run with 5.3 k Nmm2 carbon

monoxide 0.4 k Nm'-2 nitrous oxide over 0.5%

w/w Pd-Al_0 (0.12g); at 270°% | 108

273"
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P 1 when the pressure of nitfous oxide to

Plot of the integrated rate law r = k P

NZO

carbon monoxide is greater than 1:3%;constant
carbon monoxide 4.8 k Nm“Z;O.S% w/w Pd—A1203
(0.13g); 350°% 109

First order plots for equal pressures of
nitrous oxide and carbon monoxide in the
temperature range of 250O - 5OOOC; 055 w/w &

Pd—A1203,(O.12g) : 110

First order plots for equal pressures of
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nitrous oxide and carbon monoxide in the

range of PN.OaPCOxO~7 - 4.7 k Nm"2; 0. 55
2

w/w Pd-41,0,5(0,12¢); 350°C 11

bl
Plot of the integrated rate law r=k PCOZ
N20 when PCO7£PN2O covering the pressure

range given in Table 17:constant nitrous

njp

P

oxide 4.7 X Nm"2;0=5% w/w Pd-AleB,(O.12g);
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monoxide 4.7 k Nm“Q;O.S% w/w Pd~A12 3

(0.12g); 350°¢ ' ' 113

Plot of the integrated rate law r=k PCO
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)

N0 when the pressure of carbon monoxide
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to nitrous oxide jis sreater than 1:3; constant

P

nitrous oxide 4.8 k Nm“g;‘0.5% w/w Pd—A12O3

(0.12g); 350°% A 114
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with and without 1 k Nm-z carbon dioxide
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350°¢

A plot of 1) initial rate against the
initial pressure of nitrous oxide and 2)

a double logarithm plot of the above datas
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045% w/w Ru-41,0,3(0.48g); at 500°

Plot of 1n rate against 1n unreacted nitrous
oxide for the decomposition of 5.5 k Nm*z

nitrous oxide over 0.5% w/v Ru~Al,0_3:

273
(0.485); at 500°C

Pirst order plots for the decomposition of
nitrous oxide (0.8~13.9 k Nm—z) over 0.5%

w/w.Ru—A1205,(O.48g); at 500°C

First order plots for the decomposition of
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Arrhenius plot for the decomposition of nitrous

. "'2 ’
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at 500°¢
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A plot showing the effect of added oxygen
(2.8 k Nm—2)on the decomposition of nitrous

oxide (5.5 k Nm“2) over 0.5 w/w Ru-A12o3

(0.482); at 500°

First order plots of the data shown in

Figure 41

Plot of Log initial rate against Log initial
bressure of nitrous oxide for the reduction
of nitrous oxide by carbon monoxide over 0553
/v Ru-41,05,(0.485); 2t 500°C; constant

. , ~2
carbon monoxide 5.2 k W

Plot of Logs initial rate against Log initiél

bressure of carbon monoxide for the reduction
of nitrous oxide by carbon monoxide over 0,55
w/w Ru—Al203,(O.48g);at 5QOOC constant nitrous

oxide 5.0 k Nm”2

Plot of 1n rate against 1ln unreacted nitrous
. . 1y . =2

oxide for a single run with 1.0 k Nm "nitrous

oxide, 5.2 k Nm carbon monoxide over 0.5% w/w

Ru-41,05,(0.48g); at 500°C

Plot of 1n rate against 1ln unreacted carbon
. . . ~2
monoxide for a single run with 0.9 k Nm
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196
PiCE NO.

131

132

138

139

140

141

&

sy

TR e

s



FIGURE NO.

47

48

49

50

51

53

197

DESCRIPTION

- Plot of 1n rate against 1ln unreacted

carbon monoxide (or nitrous oxide) for
a single run with stoichiometric reactant
pressures (4.9 k Nm*2) over 0.5% w/w Ru~

41,05, (0.48g); 2t 500%

First erder plots for the reaction between
nitrous oxide and carbon monoxide over 0.5%

w/w Ru-£1,05,(0.48g); at 500°C

‘First oxder plots for the reaction between

nitrous oxide and carbon monoxide over 0.5%
w/w Ru-A1,0,,(0.48¢g) , between 350 - 500°C

-2
P = = 4.6 k¥ Nm
(Poo PN20 4+6 k Tm %)
Arrhenius plot for the reaction between
nitrous oxide and carbon monoxide over 0.5¢

: . - - "2
w/w Ru~A1203,(O.48g),(PCO~PN20 = 4.6 k ¥m )

Composition/time plot for the reaction
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A photograph 1:2.5 scale of the infrared cell
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Spectra showing the effect of nitric oxide

on absorption bands 2250, 1640, 1575 and
~1 o
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Spectra showing the effect of hydrogen on

absorption bands 2250, 1640, 1575 and

1290 en”™ ' at 400°C
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