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Abstract

Nitric oxide (NO) is a major pollutant which is produced by the combustion

of fossil fuels. Current three-way catalyst (TWC) technology. used for the reducùon

of NO in automobile exhaust. is effective on!y under stoichiometric or net reducing

condiùons which cause incomplete use of the fuel and CO and hydrocarbon

polluùon. Excessively-exchanged Cu-ZSM-5 zeolite was invesùgated as a catalyst

for the reducùon of NO in net oxidizing exhaust mixtures. which would allow for

greater fuel efficiency and lower NO. CO and hydrocarbon emissions.

Cu-ZSM-5 powder was pelletized by ell:trusion and the acùvity for the

reduction of NO by CO on the presence of O2 was measured at temperatures of

200°C to 550°C and a space veiocity of 450 hour·'. The activity of the Cu-ZSM-5

was compared to that of a TWC at 550°C. Under stoichiometric or net reducing

conditions the conversion to N2 over both catalysts was about 100%. Under net

oxidizing conditions (when the equivaience ratio. "- is greater than 1) the conversion

decreased with increasing oxygen concentration for bath catalysts. but the Cu-ZSM-5

..vas much more acùve; at À.=1.3 the conversion was 53% compared to 26%. The

Cu-ZSM-5 was found to deactivate after 30 hours of use. The deactivation was

accompanied by a change in the Cu-ZSM-5 structure. and a change in the chemical

composition. The deactivation was not found to be a function of the composition, or

of the oxidative nature of the conditioning gas used (20% 02' inert, or 20% CO).

Regeneration of the Cu-ZSM-5 proved unsuccessfuI.
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Résumé

Le monoxyde d'azote (NO) est un polluant majeur produit par la combustion

de combustibles fossiles. La technologie actuelle des catalyseurs à trois voies (three

way catalyst, TWC), utilisés pour la réduction du NO dans le système

d'échappement des automobiles, est efficace seulement dans des conditions

stoichiométriques ou réductives; une conversion incompléte du carb14-:mt r':sulte, ce

qui entraîne des émissions polluantCl. de CO et d'hydrocarbures. Le catalyseur

Cu-ZSM-S excessivement échangé (excessively exchanged) est proposé pour la

réduction du NO d3ns des gaz d'échappements oxydants, ce qui permettrait une

utilisation plus efficace du carburant tout en diminuant les émissions de NO, de CO

et d'hydrocarbures.

De la poudre de Cu-ZSM-S a été agglomérée en boulettes par ell:trusion et

l'activité de réduction du NO par le CO en présence d'O~ a été mesurée à des

températures variant de 200 à SSO oC avec un temps de résidence moyen de huit

secondes. L'activité du Cu-ZSM-S a été comparée à celle du TWC à SSO C. Pour

les conditions stoichiométriques ou réductives, la conversion en azote pour les deux

catalyseurs est d'environ 100%. Pour les conditions oxidate (quand le ratio

d'équivalence est plus d'un, /.>1) la conversion diminue avec une augmentation de

la concentration en oxygène pour les deux catalyseurs. Cependant, le Cu-ZSM-S

demeure beaucoup plus actif: par exemple, pour ï..=1.3, la conversion est de S3%

pour le Cu-ZSM-S comparée à 26% pour le TWC. Il a été observé que le

Cu-ZSM-S se désactive après 30 heures d'utilisation. Cette désactivation est

accompagnée d'un changement dans la structure du Cu-ZSM-S ainsi que d'une

modification de sa composition chimique. La désactivation ne varie pas en fonction

de lambda ou de la nature oxydante du gaz de pré-traitement utilisé (20% O~, gaz

inerte ou 20% CO), Le catalyseur n'a pas pu être regénéré avec succès.

ii
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Chapter 1

Introduction

The emission of nitrogen oxides (NO,.) from automobiles has been of great

concern for over a quarter century. Photochemical smog, surface ozone, and acid

rain caused by nitrogen oxides continues to plague mal.y areas world wide. In

industrialized nations regulation and technological advance has lead to significant

reductions in the emissions from other sources, but the automobile remains the

largest source, accounting for weil over half of ail emissions (Bosch and Janscn,

1987). Furthermore, the move towards fuel efficiency and requirements for lower

carbon monoxide and hydrocarbon exhaust emissions makes the abatement of NO.

more difficuit. The research presented in this thesis is airned at improving the

abatement under these difficuit circumstances.

Current NO. abatement tecbnology for automobiles is based on the use of

three-way catalysts (TWC) which are alumina-supported rare-earth-promoted

platinum-group metal (pGM) catalyst materials coated on cerarnic honeycomb type

monoliths. The TWC catalize the reduction of NO and the oxidation of CO and

hydrocarbons (HC) in the exhaust stream. Apart from being very expensive, these

catalysts are easily poisoned by Pb. S, P and other agents commonly found in

gasoline (including unleaded) and motor oil, and have short lifetimes, about

80,000 km (Church et ai., 1989). To be effective for NO. removal, they must be

used under stoichiometric or net reducing conditions which are incompatible with

maximum engine efficiency and which resuit in hydrocarbon and carbon monoxide

pollution.

1
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This research is a preliminary investigation of the activity of an altemate

catalyst material, Cu-ZSM-5 zeolite, for the removal of NO from net oxidizing

exhaust streams. The improved abatement of NO would lead directly to lower NO.

emissions, to lower production and emissions of CO and hydrocarbons, and to

greater fuel efficiency.

1.1 Nitric Oxide, Surface Ozone, Photochemical Smog, and

Acid Rain

Nitric Oxide, NO, is one of the seven known (neutral) oxides of nitrogen, the

other six being N02, Np), N20., N20 s, and Np (nitrous oxide). NO. generally

refers to all of the oxides except N20, or, since the other species are not cornrnonly

found, just NO and N02• N20 is a naturally occurring product of biological activity

and exists in significant concentration in the atmosphere.

The main source of NO, pollution is from the combustion of fossi! fuels and

burning of biomass (Bosch and Jansen, 1987). In the combustion process, 90 - 95%

of the NO, formed is NO and most of the rest is N02• Fixation of atmospheric

nitrogen (thermal NO.), oxidation of nitrogen in the fuel (fuel NO.), and oxidation

of the combustion intermediate HCN all contribute to NO, formation, although the

thermal process accounts for the greatest part.

Any NO that is released into the atmosphere is almost irnrnediately oxidized

to N02 with the aid of radiation at a wavelength of 415 nm:

or by ozone:

NO + O2 + 'hv (1.1)

(1.2)

•

As is shown in Figure 1.1, a schematie of the atmospherie NO - N02 cycle,

the NO, pollution results in the production of toxie ozone (often in exeess of the

NO, originally emitted) as weIl as nitrie acid, nitrous aeid, and pemitrie acid which

lead to aeid raiD. When NO, and its derivatives combine with airbome

2
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hydrocarbons. various peroxy-nitrates (RCOONO~. or PANS). the most common of

which is peroxyacetylnitrate (PAN). are formed; these PANS are the major

components of photochernical smog.

1.2 Regulation of NO. Pollution

ln their excellent review of fixed source NO. pollution and its abatement,

Bosch and Janssen point put that the harmful effects of air pollution are not lirnited

to urban areas, but also affect agriculturaI lands as weil as forests and other natura!

environments (Bosch and Janssen, 1987). The regulation of such environments is

not new; in England, one of the fIrst official acts on record is the Assize of the

forest (Douglas and Greenaway, 1961). In 1184, Henry II legislated the Forest Law

to "ensure preservation of the beasts of the forest" (Warren. 1978). In response to

the specific issue of air quality in bis European reaIms, Emperor Frederick II banned

the treatrnent of flax within a radius of one mile of any senIement to prevent

"annoyance by dust and bad scent therein" in 1231. Dealing with the problem of

smoke, a Royal Proclamation, issued in England in 1306, prohibited craftsmen from

using coal in their furnaces under penalty of death (Clarke, 1984). It was not until

the 1960'5, however, that legislation was enacted to deal with the specific problem

of NO. emissions. California was then, and is now, the worId leader in such

legislation. Table 1.1 shows recent and future CaIifornian and VS FederaI emissions

standards. Canadian federaI standards are expected to fall in line with the V.S.

federal standards.

Current gasoline automobiles produce about 2 to 10 grams of NO. per mile

(Cadle et al., 1993),50 bigh levels of conversion of the NO are needed if the

standards are to be met.

1.3 NO Production and Abatement

The NO produced in automobile exhaust is a direct function of the air/fuel

ratio of the engine feed. A lean feed will produce a net oxidizing exhaust; a rich

feed will produce a net reducing exhaust. Figure 1.2 shows measured concentrations

4
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Table 1.1 California and U.S. Federal Automo::'ile Emissions Standards. in Grarns

per Mile:

Year Standard NO, He CO

1990 U.S. 1.0 0.41 3.4

1993 Califomia 0.40 0.25 3.4

1994 U.S. 0.4 0.25" 3.4

1994 Califomia TLEV 0.40 0.125 3.4

1997 Califomia LEV 0.20 0.075 3.4

2000 California ULEV 0.20 0.040 1.7

•
• Non-methane HC

TLEV =Transitional low emission vehicles
LEV =Low emission vehicles

ULEV =Ultra low emission vehicles

• 5



•

•
lODl)

o

•••1••••••150-.
•

o •:: .
~ :••
IOD-'•••1••••!Dol

1••••••o1 , i •
~ 1 I~

equivalence Ratio1.

: ..7'."fa
"·6
:.
'1:.
'Is'.,Il 0
Il u:1 40Il
Il 1

:.
Il:13
Il
Il:1
Ih1.:.
Il
1
IIIl':,
Ill,
'·0

net reducing net oxidizing

•
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•
of the exhaust gas components NO, CO. and HC as a function of the equivalence

ratio (or redox ratio), À.. of the exhaust mixture:

= co .. (lm .. 2n)H C
: m n

(1.3)

where HmCn (HC for short) represents the hydrocarbons left from incompletely

burned fuel. Note that a minimum of HC are produced at a À of 1.15. and that the

CO produced is greater than the NO at ail points on the curve, even at high values

of À.

The desired reactions for the elimination of NO are the reduction by CO and

hydrocarbons and the direct decomposition:

NO .. CO lN. .. COz (1,4), z

NO .. HC Nz .. HzO .. COz (1.5)
(/lDl balanc.d)

• NO lN. .. lO (1.6)
z z z z

•

The reduction by CO is the most important reaction for stoichiometric and reducing

conditions (À ::; 1), since the number of equivalents of HC is much less than that of

CO. For net oxidizing mixtures (À> 1), the direct decomposition may also play a

significant role. To be effective at the high À's, the eatalyst must be more selective

for the oxidation of CO by NO than by Oz, or be active for the decomposition

reaclion in the presence of 02'

The effecùveness of a typical three-way PGM eatalyst is shown in Figure 1.3.

As is seen from the figure, the PGM is almost completely ineffective for NO

reduction just above the stoichiometric point, 50 automobiles must be run at À's

equal to or less !han 1, eausing a loss of efficiency and an excess of CO and HC

pollution.
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Figure 1.3 Conversion efficiency of a typical PGM three-way eatalyst

(Church et al., 1989)

8



•

•

•

1.4 Thermodynamic Considerations

At temperatures below several thcusand degrees celsius. NO is

thermodynamically unstable \\ith respect to oxygen and nitrogen. Over time. the

decomposition reaction (Equation 1.6) ",ill go virtually to completion at the

temperatures encountered in this research project (Iess than 1000°C). The reduction

by CO (Equation 1.4), is similarly favoured at such temperatures, and the driving

force for the reaction (from a thermodynamic standpoint) is stronger than that for the

oxidation of CO by O2, Likewise, the conversion of NO by H2 and most

hydrocarbons (Equation 1.5) Voill progress almost to completion at low temperature,

if given enough time. Yet, although thermodynamically favoured. these reactions

progress slowly, and need for better catalysts is present.

A complication Voith this reaction system is that while the desirable reactions

ail have unfavourable kinetics, the oxidation of NO by O2 to form N02 is not slow.

Although it is also thermodynamically unstable with respect to its constituent

elements, N02 has a lower energy of formation at low temperatures, and is thus

thermodynamically more favoured than NO. For better comparison, Table 1.2

provides equilibriurn data for various reactions at various temperatures.

1.5 Nitric Oxide Reduction and Direct Decomposition

Testing Over the Last Two Decades

A Voide variety of materials has been tested for activity for both the reduction

of NO to N2 in exhaust gas, and the direct decomposition of NO. In the 1960'5 and

early 70's, research focused on the transition metal oxides alone or supported on

AlP3, Si02, TiO, and other materials (Hightower and Van Leirsburg, 1975;

Arnirnazmi et al., 1973). The few catalysts that did show sorne Iimited activity for

NO reduction or decomposition to N2 (e.g. nickel and nickel-copper alloys) also

showed a strong inhibition by 02' The platinurn group metals gave slightly

improved resu\ts. In order of increasing activity in exhaust gas (and, also, lower

NH3 formation when used for the reduction of NO in net reducing exhaust) at higher

l's, are Pd, Pt, Rh, Ru, and Ir (Church et al., 1989; Herz et al., 1983; Lester et al.,

9



Table 1.2 Equilibriurn Constant, ~. versus Temperature for Pertinent Reactions:

• Reaction:

NO + CO - IhN2 + CO2 (lA).-

NO - IhN2 + Ih02 (1.6).-

NO + H2 ~ 'hN2 + Hp (1.7)

NO - IhN02 + !4N2 (1.8).-

2NO + O2 ~ 2N02 (Ub)

Equilibrium Constant, ~, by Reaction Number, and Temperature:

• Reaction: (1.4) (1.6) (1.7) (1.8) (Ub)

Temp:
COC)
0 1.7x1066 4Axl016 I.3x106ol 6.8x1012

25 2Axl012

93 Ux104& 1.7xl012 5.0xI0's 1.9x10&
127 1.8xlO'
371 3.5xI034 4.8x106 1.4x1022 1.6x10'
427 5.51
627 6.29x10-2
649 Uxl02S 3.0x10' 4.2x1012 7.8x10'
927 8.3x1Ots 1.9xlOJ 2.8x1O' 8.3x10o

(Harrison et al., 1982; Hightower, 1975)
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1978). Ru was ruled out because of the toxicity and the volatility of its oxide. and

Ir because of its great expense (Kim. 1982). Numerous combinations of PGM

mixtures and base or rare earth metal promoters have also been tested. and these

mÏ:l:tures are the basis of CUITent TWC (Muraki el al.. 1989. 1986: Adams and

Gandhi. 1983; Kim. 1982). ln recent years. much research activity has turned to

altemate fonnulations. such as ion exchanged zeolites and related complt:x

compounds.

Numerous zeolite fonnulations have been tested for the direct decomposition

or reduction of NO following the early advances of lwamoto (lwamoto el al.. 1986­

91; Minsono and Kondo. 1991; Tzou el al.. 1991; Li and Hall. 1990-91: Held el al.•

1990). By far the most active catalyst found was excessively exchanged Cu-ZSM-5

zeolite. The various advances made with Cu-ZSM-5 are reviewed in Chaptcr 3•.

1.6 Cu-ZSM-S Zeolite Properties and Structure

ZSM-5 is a highly siliceous zeolite which was synthesized and patented by

Mobil Corporation in the early 1970·s. Its structure was not worked out until the

late 1970's when the nature of its crosslinked channels was revealed. as shown in

Figure 1.4; the unit cell of the sodium fonn is Na"AlnSi....nOI9~ -16Hp where n is

less than 27, but typically 3 (Kokotailo el al., 1978). All zeolites are composed of

the sarne building blocks, silicon oxide tetrahedra, where occasionally there rests an

aluminum atom in the place of the silica. The aluminum oxide tetrahedra are not

isolated, as might be thought, given their low concentration, but typica1ly rest in

clusters of two or three, depending on aluminum content (Dijkstra el al., 1991).

Each aluminum atom brings a charge imbalance to the silicate framework, and for

each one there must be a charge balancing cation.

The channels of the ZSM-5 are srnall enough for water molecules to enter, so

these non-lanice ions can be exchanged in aqueous solution. With the simplified

schematic structures shown in Figure 1.5, the exchange of two Na- ions with one

Cu:z. ion is shown. If a1l of the sodium is exchanged for copper(lI) then the catalyst

is said to be 100% exchanged. If more copper were to be introduced into the

11
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Figure 1.4 Schematic structure of Cu-ZSM-S
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The structure of the sodium form of the zeolite tan be represented in a
simplified schematic fashion:

Na" Na"

•

•

0000000,/, /,/,/, /,/
Si Al- Si Si Al- Si
AAAAAA

o 00 00 00 00 0 0 0

lfNa- is replaced by Cu2
", the structure is:

Cu'·
0000000,/, /,/,/, /,/

Si Al- Si Si Al- Si
AAAAAA

o 00 0 0 00 00 00 0

Figure 1.5 Simplified schematic ofNa-ZSM-5 and Cu(ll)-ZSM-5
(Bhatia, 1990)
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zeolite. then it would be excessively exchanged. The excess Cu may be the result of

the introduction of various copper-hydroxide complexes (Cu2(OH)3-, Cu(OHr,

Cu2(OH)22-, Cu3(OHh4
-) during the exchange, depending on the pH of the exchange

solution (Ohtaki el al., 1972 (from Iwamoto, 1990».

1.7 Overview of the Thesis

This thesis is composed of seven chapters. Immediately foIlov.ing this one

are the objectives and literature review chapters; the review wiIl deai specifically

with recent developments in NO decomposition and reduction, and with Cu-Z8M-S.

The malerials and methods used for this research project are described in Chapters 4

and 5 and the results and discussion are presented in Chapter 6. A summary of the

conclusions and recommendations for future work are given in Chapter 7.

14



•

•

•

Chapter 2

Objectives of the Research

Nitric oxide is a major pollutant which is produced by the combustion of

fossil fuels. Upon release into the atmosphere, NO causes nitrogen dioxide and

surface ozone pollution and contributes to the formation of photochemical smog and

acid rain. The platinum-group metal TWC technology used for the reduction of NO

in the exhaust of gasoline automobiles, the largest source of NO, is only effective

under conditions which cause inefficient use of the fuel source and, in many cases,

generate carbon monoxide and hydrocarbon pollution from the incompletely bumed

fuel. The standard TWC has a limited lifetime and is susceptible to poisons

commonly found in gasoline and motor oils.

Of the large number of compounds tested over the last three decades, only

excessively exchanged Cu-ZSM-5 shows potential as catalyst which would allow the

engine to be run at under moderately oxidizing conditions, and thus most efficiently,

and yet convert the NO by-product into nitrogen. This potential exist5 because

excessively exchanged Cu-ZSM-5 has been shown to be highly active for the direct

decomposition of NO in the presence of 02' and also for its reduction by CO. The

aim of this research is to measure the overall activity for the reduction of NO to N2

by CO in the presence of a small excess of 02'

15
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2.1 Statement of Objectives

1) To evaluate Cu-ZSM-S for its activity in the overall conversion of NO to N,

by CO in the presence of varying amounts of 02' and in particular, in the

presence of a moderate excess of 02' as would be comparable in the exhaust

of a gasoline fuelled automobile engine running at its most efficient, namely

at /"'s of 1.2 to 1.3.

2) To investigate the effect of the equivalence ratio, 1.., on the conversion to N2•

3) To investigate the effect of reaction conditions on the catalyst, and ils activity

over tÏme.

4) To compare the activity of the catalyst to that of a modem platinum-group

metal three-way catalyst under similar conditions.

16
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Cbapter 3

Literature Review

In this chapter a review of recent work concerning the decomposition of NO

and the reduction of NO by CO over Cu-ZSM-S as weil as an analysis of the

oxidation state of Cu-ZSM-S under various conditions are presented.

3.1 Conversion of NO to N2 over Cu-Z8M-S

lwamoto and co-workers showed that it is the presence of the excess copper

that gives Cu-ZSM-S its activity for the decomposition of NO (lwamoto et al..

1989). The findings, shown in Figure 3.1, reveal that the conversion is not

maximized unti1 an exchange 1eve1 of at 1east 146% (Cu-ZSM-S-146 catalyst) is

used. The results from the figure also suggest that sorne of the NO reacted with the

O~ formed by the decomposition, producing NO~ or other undesirable species. Two

years later, lwamoto and co-workers published an ion-exchange procedure for

Cu-ZSM-S that gave significantly improved results (lwamoto et al., 1991). Prior to

the deve10pment of the method, orny copper(lI) acetate was found to exchange

ZSM-S above 100%. With the new procedure, copper nitrate could be used, and the

exchange time greatly reduced.

The new method invo1ved washing the ZSM-S in dilute NaN03 and stirring

the samp1e in very dilute copper(lI) nitrate for 24 hours. Subsequently, NH.OH

solution was added unti1 the pH was raised to 7.5. No CU(OH)2 precipitate was

observed, even though it would ordinari1y be expected in such a solution at that pH.

17
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In 1990, the sarne group showed that the Cu-ZSM-5 was active for the

reduction of NO by CO. Under the conditions of the experiment (the space time at

25eC, WIF, was 0.3 g os 'Cm'), where W and F are the mass of catalyst and the flo\V

rate, respectively; the temperature ""as 400eC; and the feed \Vas 1000 ppm NO in

heliurn), the conversion of NO into N2 went from 24% to 90% ....ith the addition of

an equaI amount of CO (À. = 1), as shown in Table 3.1. With the further addition of

1% O2 (at À. = II, far beyond the stoichiometric point) the activity dropped, and was

only significant at temperatures above nearing 400°C. It was, however, much

greater than that of the activity when an equal amount of H2 was used as the

reductant, showing that the CO, even in the presence of a great excess of O2, did

significantly improve the conversion (Iwamoto et al., 1990). At about the sarne

time, Li and Hall rneasured the rate of deeomposition of NO over excessively

exchanged Cu-ZSM-5 in the presence of O2, and developed the following rate law:

(3.1)
k[NO]

157.5
84.2
53.0

r =

where ris the turnover rate in units of [S·I -site·I]. k is the rate constant in units of

[S·I -site') -(mol/L)"I] and K is the equilibriurn constant for the adsorption of O2 on

the catalytic sites in units of [(mol/L)"'h]. Values of k and K were given for a few

ternperatures (Li and Hall 1990, 1991):

T (K) k K

623 0.95
673 1.91
723 5.03
773 7.58
823 7.43

•

•

The k values were fust deterrnined from results of the deeomposition of NO over

Cu-ZSM-5 in the absence of O2 and the K values were then fit to the data for the

NO deeornposition in the presence of O2,

One problern with the rate expression (Equation. 3.1) is that the values for

the oxygen depeiidency are given only in the ternperature region where the

Arrhenius plots (in the publication) show rnass transfer dependence (above 723 K),
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Figure 3.2 Arrhenius plots for NO decomposition over Cu-ZSM-S

(4% NO in he1ium) (Li and Hall, 1991)
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•
as shown in Figure 3.2, thus the rate law does not give the intrinsic rate. A second

problem is that the concentration of NO and O2 are not given at consistent

temperatures or pressures; in order to reproduce the rate data given in the paper, the

concentration of the former must be entercd as at 25°C while that of the latter must

be entered at the actual rc:action temperature.

Based on the data provided, a better rate law can he found:

r = (3.2)

where the pressures, as opposed to concentrations, are given in atmospheres, and ~

in site·1-sec·1-atm·1, and IS> in atm"":

From these new ~ values, the frequency factor and activation energy was found:•

T (K)

623
673
723
773
823

~

0.0389
0.0781
0.206
0.310
0.304

20.449
10.573
6.450

=
(

37S6ccZ-morl·K-l )

S8418site-l ·s-l ·arm-1 xe R'T
(3.3)

•

Unfortunately, because the information needed for the full rate law was only

presented in the mass transfer control temperature region, if physical set-ups other

than that of Li and Hall are used to measure the reaction rate, the rate law can only

he used to compare rates found for the direct decomposition of NO in the absence of

O2, The limitations of the rate analysis are unfortunate, as the analysis is the most

in-depth one given in the recent literature in this field.

In the same work, Li and Hall alse observed data that gave Arrhenius plots

(Figure 3.2) with inverted slopes at the higher temperatures for Cu-ZSM-5 and other

copper-exchanged zeolites. Such slopes have been observed for other reactions over

zeolites, and may he the result of unusually high energies of adsorption and the faet

that extra steps are introduced in the reaction process (Bhatia, 1990). The standard
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Langmuir-Hinshelwood kinetic model involves five steps: transport of reactants from

the bulk phase to the active catalyst sites: adsorption: reaction: desorption of the

products; and transport of those products back to the bulk gas. On zeolites.

however, the additional steps of transport of the adsorbed reactants within the zeolite

crystal to the active sites. and after the reaction, transport of the adsorbed products

to the surface occur.

It is because of the high activity for both the direct decomposition of NO

decomposition in the presence of O~. and for the reduction by CO that has been

reported, that excessively exchanged Cu-ZSM-S is proposed here as a candidate

catalyst for the reduction of NO by CO in the presence of a moderate excess of O~

(1.. = 1 to 1.3).

3.2 Redox Properties of Cu-ZSM-S

During the course of the experiments made for the present research. the

colour of catalyst was observed to change dramatically, depending on the

experimental conditions. A search for similar observations from the Iiterature was

made, and one paper was found.

Variations in the colour of Cu-ZSM-S-I64 as a function of its redox

chemistry were reported by Sârkanay et al. in 1992. Temperature programmed

reduction (TPR) by H~ and CO and temperature programmed desorption (TPD) of

H2 were used to change the oxidation state of the Cu in the sarnples. Freshly

prepared Cu-ZSM-S-I64 was Iight green. The reduction by H2 at elevated

temperatures took place in three discrete stages as the ternperature was raised, in the

end producing a redlpurple sarnple. Outgassing the sarnple under Ar turned it

whitelgrey. Reducing again with H~ returned.it to redlpurple; oxidation under O2

turned it brown/tan; and re-reduction turned it redlpurple again. The reduction of a

fresh sarnple under CO left it white with red and not redlpurple, although further

reduction by H2 did turn it redlpurple, suggesting that addition of protons may be

needed to cause total reduction. By the various results, Sârkanay proposed the

following redox processes:
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With H~:

• (Cu-O-Cu]~' + H~ - 2Cu· + H~O (343 K) (3.4)-
CuO + H~ ;:< CuQ + Hp (443 K) (3.5)

Cu~' + 'hH2 ;:< Cu' + H' (>443 K) (3.6)

Cu' + IhH~ - CuQ + W (60S K) (3.7)-
With CO:

(Cu-O-Cuf+ + CO - 2Cu+ + CO2 (343 K) (3.S)-
CuO + CO ;:< CuQ + CO~ (50S K) (3.9)

In Ar:

(Cu-O-Cuf+ ;:< 2Cu+ + IhO~ (773 K) (3.10)

The value is 293 K in the paper, but it seems to be an error. based on the figures therein.

•

•

From the results in the H~ TPD experiments the authors were able to make a

rough estimate of the Cu distribution of the fresh Cu-Z8M-5-164: (Cu-O-Cuf- =
35%, CuO = 25%, and Cu2+= 40%. From this distribution, the degree of exchange

can be estimated: Counting one Cu in cach (CU-O-Cu]2- ion as excessive and one as

if it were an exchanged Cu~-; the Cu in the CUO as excessive; and the Cu2- as

exchanged, and taking the exchange ration as that of ail of the Cu atoms present

over just the exchanged ones, the exchange ratio would be 174% ( 100% / ('h*35%

+ 40%) = 1.74). The value is close to the actual value of 164% (a relative

difference of 6%), 50 the estimated distribution is reasonable. It may he that the

CuO came from neutral CU(OH)20 impregnated in the catalyst during the exchange

procedure (and not exchanged as such), and the (Cu-O-Cuf- came from Cui0H)22+

ions which exchanged onto the Z8M-5; with bath complexes loosing water upon

drying. Whatever the process, most researchers agree that there is extra-lanice

oxygen in the excessively exchanged Cu-Z8M-5.
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Chapter 4

Materials and Methods

4.1 Catalyst Material and Gas Supplies

Two batches of ZSM-S were obtained for use in the experiments. A sample

of Cu-ZSM-S in the form of a fine powder was donated by Allied Signal. Pelletized

Na-ZSM-S was donated by Mobil Corporation on the condition that no

characterization analyses would be performed on the material. For use as a control.

Degussa Canada donated a fmished three-way catalyst (alumina-supported platinum­

group metal on a ceramic honeycomb monolith) as ready for insertion into the

catalytic converter unit of a small automobile.

The feed gasses used were of high quality, with the exception of the CO and

of the NO used in the NOlAr mix; significant levels of N2 were found in these

sources. Table 4.1 shows the source and grade of the gasses used. .

4.2 Pelletization of the Allied Signal Cu-ZSM-S Powder

For the reaction studies a fIXed bed reactor was used, 50 the catalyst powder

had to be put in the form of small pellets or sorne other small shape. The powder

would otherwise be elutriated by the reaction gas or cause a large pressure drop

across the reaetor bed. Because large pellets tend to have problems of considerable

internaI heat and mass transfer resistances and cause wall effects such as uneven gas

flow (channelling) through the catalyst bed causing significant deviation from ideal
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Table 4.1 The Gasses Used for the Feed Supply:

Gas Grade Purity Supplier

He High 99.995% Math=n

Ar Ultra High 99.999% Matheson

O2 Ultra High 99.98% Liquid Air

CO Ultra High 99.9% Liquid Air

4.98% NO in Ar Matheson
mixed from:

• NO C.P. 99.0%
Ar Ultra High 99.999%
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plug flow. a pellet size of at most 1/15 of the tube diameter is commonly

recommended. Direct pelletization and extrusion were investigated as possible

means for the production of small pellets.

4.2.1 Direct PelletizatioD of the Cu-ZSM-S

Two sizes of plunger and die (!4 and Va inch diameter) were a1ready available

for pressing the pellets; however, previous experience with the dies suggested that

abrasive crystals would tend to jam the plungers, especially with the smaller size. A

quick test verified the problem, and a new die and plunger set was machined from

stainless a1loy and then hardened. The larger !4 inch size was made. as that size had

jarnmed less often. A Buehler hydraulic press was used to press the pellets.

The initial results showed the powder to be 50 ab:asive that even the new

mechanism jarnmed easily, 50 smaller die and plungers were not made. A large

number of pellets were pressed using forces of 50 to 3000 lbs (0.222 to 13.5 kN).

There was little variation in the product quality; the pellets tended to chip or break

into !hin layers and powder upon hanc!Iing. The addition of a small amount of water

aided the pelletization procedure and the damp pellets could be handled without

breakage, but, when clried, they fell apart as before. Calcination of the dried pellets

at 700°C overnight gave no noticeable improvement.

Various binding agents were consideree!, including organic substances that

would have to be burned off before the use of the pellets. These were rejected

because the burning process might affect the catalyst material or leave unwanted

residues. Instead, montmorillonite clay, often used to bind zeolites pellets for use as

cracking catalysts, was chosen. The clay is generally used in amounts of lOto 30%,

but in a cracker and regene:ator system the peIlets undergo severe mechanical

treatment, much more 50 !han would occur in the tube reactor studies; therefore, the

montmorillonite (#K-lO, 0.85 1= particles) was mixed with the zeolite powder in a

10% mixture. The mix was sieved through a number 155 sereen (lIS mesh; 125

1= openÏngs) to eliminate any zeolite lumps. Pellets were prepared as before with

bath dry and damp feed. With the binder, the producl was more durable, but not
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considerably so. The pellets were about 3116 of an inch thick and had a density of

I.3 glcm3
•

4.2.2 Pelletization by Extrusion of Cu-ZSM-S Paste

The pelletization results were v~ty poor, so extrusion of a paste was

investigated. A 10% montmorillonite-zeolite mixture was used. After sieving, it

was mixed with de-ionized water to form a thick paste which was extruded using a 1

mm die and hydraulic press at pressures of 15 to 1000 psi (0.1 - 6 MPa). The

spaghetti-like strands of extruded material were eut into 2 mm lengths and dried at

ambient conditions for two hours and then in a drying oven at 115cC for 12 hours.

The extruded pelletes were found to have superior handling qualities than the

pressed ones. Before use, the pellets were heated to 600 - 700cC to drive off any

adsorbed gasses or moisture.

4.3 Ion Exchange of ZSM-S Pellets

The pellets from Mobil were ion-exchanged in using a procedure based on

that of lwamoto et al. (1989, 1990). Batches of 15 g of ZSM-5 were washed 3

times in 500 cm3 1 M NaN03 for a total of 10 hours. The pellets were then stirred

in 700 cm3 of 12 mM CU(N03)2, the exchange solution, for 24 hours. This exchange

step was repeated twice. At the end of the final exchange dilute NH30H was added

dropwise to bring the pH up to 7.5. After further stirring, the zeolite was rinsed in.

deionized distilled water and dried ovemight at 115cC. Before and after each

exchange step the solution was sampled for measurement of the Cu and Na content

by atomic absolJltion spectroscopy. This procedure is a more thorough version of

lwamoto's exchange method, designed to ensure a very high 1eve1 of ion exchange.

4.4 Catalyst Characterization

4.4.1 X-Ray CrystaUography

Powder X-ray diffraction was used to charaeterize the bulk composition of

the Allied Signal Cu-ZSM-5 powder in its raw form and from experimental samples.
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By agreement with Mobil Corp. the ZSM-5 obtained from them \Vas not analyzed.

A Rigaku Rotaflex Ru-200 BH system usin.; a rotating anode X-ray generator \Vith a

copper target and a standard theta 2-theta diffractometer \Vas used 10 generate the

diffraction pattern. The generator was operated at 50 kV and ISO mA and the

scanning rate was 20 steps per minute with a 0.05 degree step size over a 2-theta

angle of 5 to 32 or more. The raw Cu-ZSM-5 was supplied as a fine powder and

the extrudate sarnples were crushed by ha.'1d directly onto the glass sarnple plate.

The diffractometer measures the intensity of the x-ray signal as a function of

the diffraction angle. Based on the angles giving peak intensity and the strength of

the incident ray, a relative intensity versus 'd -space' table is generated using the

Bragg Equation. The results from any crystal compound are unique to that

compound, directly dependent on the crystal spacing within the solid. Major peak d­

spacing and relative intensity tables of many compounds are registered with the US

Joint Committee on Powder Diffraction Standards (JCPDS). The observed patterns

were compared with selected file data from the JCPDS database using standard

software.

Besides verifying the presence of specific crystalline compounds, the X-ray

diffraction patterns were also used to compare the crystal quality of the sarnples. A

perfect crystal sarnple will yield a pattern with sharp peaks at precise locations,

whereas a somewhat amorphous sarnple will have very low broad peaks, over a high

baseline signal.

4.4.2 Chemical Analysis

Several Cu-ZSM-5 sarnples were analyzed by the Centre de Recherches

Minerales Service du Laboratoire d'analyse du Ministere de l'Energie et des

Ressources (Mines) Quebec. The sarnples were digested in hydrofiuoric acid and

LiB02 (for Si) and analyzed for Al, Cu, Na, and Si using standard atomic absorption

techniques.
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4.4.3 Surface Arca, Porosity, and Porc Volume Distribution Analysis

The surface area of the alumina-based PGM catalyst was measured with a

Micromeretics Flowsorb 5200 Surface Area Analyzer using the standard single-point

BET method. Such a measurement on the ZSM-5 could not, however. be considered

equivalent; the open cage-and-channel structure of the zeolite aHows the N~ access to

virtuaHy aH of the material of the compound, whereas the surface ares.. as measured

by the BET method, of a regular solid is dependant on the porosity and particie size,

as weH as chemical composition. In the case of the zeolite the results are often not

reproducible because many compounds, including water, remain on the sample at

very high temperatures and affect the adsorption of N~.

Before the measurement, the 0.1 to 1 gram samples were placed in a sample

holder and heated at Iength at 300°C under the nitrogen/helium mixture of the

analyzer exit stream to de-gas any volatile components on the solids. Beginning

after severa! hours, the samples were weighed (under the nitrogen/helium) each hour

until a constant weight was achieved. After the final de-gassing period, the sample

was moved into the test position and cooled in a Iiquid N~ bath. When adsorption of

N~ from the gas stream was complete, the sample was immersed in a water bath at

25°C. The measured amount of N~ desorbed off of the sample was used to caleulate

the surface area.

The calculations were based on the assumption of an exact molecular size of

N~ in the adsorbed phase and the blanketing of the samples by a monolayer of N~

under the measurement conditions. Replicate measurements for each sample were

performed, and the agreement was within'2 to 3%, depending on the sample size.

The analyzer was calibrated and zeroed before every individual measurement.

The same device was a1so used to measure the porosity and pore volume

distribution of the Degussa catalyst using multi-point analyses. Research grade

nitrogen and helium were mixed in various ratios using two Tylan model FC-260

mass flow controllers.
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4.5 Wet Chemical Analysis

To monitor the exchange process. the exchange solutions were

analyzed for Cu and Na. The samples were diluted with dc-ionized or HPLC grade

water to levels appropriate for measurement. A Thermo Jarell Ash model Smith­

Hieftje II spectrometer was used to perform the measurement. Copper and Sodium

hollow cathode tubes were used. The speetrometer was ealibrated after every live

sarnples. The error associated with the measurements is typieally mueh less than

5%.

4.6 Experimental Setup

A sehematie of the experimental system used for the aetivity measurements is

shown in Figure 4.1. The feed gasses were metered and mixed and passed by a

pressure gauge and on to the reaetor. After passing through a eold trap. the produet

gas was sarnpled for analysis.

A more detailed diagrarn is presented in Figure 4.2. Ports for sarnpling the

gas streams for gas chromatographie analysis were loeated at the feed eomponent

sources and direetiy upstream and downstream of the reaetor, and downstream of the

N02 trap. The feed gasses were delivered at pressures of 20 psig. Three Tylan FC­

260 and mass flow eontrollers were used to set and measure the flow rates of the

NO-Ar mix, O2, and CO. The mass flow eontrollers were in turn set by high

precision analog eontrollers, and the flow displayed on a digital readout. The flow

rate of the diluent (helium or pure argon) stream was measured by a Tylan model

FC-280 mass flow eontroller, and was set by a Matheson size 1 High Aeeuracy

needle valve. Ali of the feed strearns were also routed through rotameters

(Matheson sizes 600 - 604) with HAl needle valves which eould be used in the

event of a failure of the Tylan units. The calibration data for the flow devices are

located in Appendix A. The NO-Ar mix, the mixed feed gas and the reactor effluent

were carried in 316 stainless steel tubing.

The reaetor, shown in Figure 4.3, was a 65 cm long 22.5 mm I.D. quartz

tube. The catalyst bed was located in the middle of the tube where the temperature
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Figure 4.1 Schematic diagram of the experimental setup
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Figure 4.2 Diagram of the gas bandling system, showing the mass flow

controllers, rotameters, and sample ports
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Figure 4.3 The tube reaetor with the catalyst bed
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was kept uniform by a Lindberg model 1500 "Heavi-Duty" tubular fumace.

Upstream of the catalyst bed the tube was filled with small quartz chips to improve

mixing and pre-heating of the reactant gas as weil as to lower the void volume of

the reactor. The catalyst bed was held in place by plugs of quartz woo1. A flange

and gasket connection was used to fasten the reactor to slainless stecl end-caps. The

total volume of the reactor, end-caps, and tubing between the feed and exit sarnple

ports, excluding the volume of the chips, wool, and catalyst pellets. was

approximately 375 cm3•

The temperature of the catalyst bed was measured by three chromel-alumel

type K thermocouples supplied by Thermo Electric Corp. An Omega mode! 650

digital temperature gauge was used to continuously display the tcmperature of the

thermocouples. To check the temperature profile of the catalyst bed. the

thermocouples were positioned near the centre-line at the beginning. in the middle,

and at the end of the bed.

When not being measured, the product gasses were diverted through a

scrubber containing 20% NaOH. The off-gasses were then exhausted through a

fume hood to the outside air. Prior to sarnpling, the product gasses were diverted

through au-tube irnrnersed in a dry ice slurry to trap any N02 that may have

formed. The product gasses then passed by the product sarnple port and the exit

flow was measured with a bubble flow meter. Ali stages of the gas handling system

upstream of the product sarnple port were either stainless steel or were shielded to

ensure that no external light could enter the system and promote the oxidation of NO

by O2,

4.7 Description of a Typical Experimental Run

The catalyst was prepared, by ion cxchange in the case of the pellets from

Mobil, or by extrusion in the case of the Cu-ZSM-5 powder from Allied Signal, as

described above. A fresh plug of quartz wool was inserted in the reactor and packed

flat. The catalyst sample was loaded and a second plug of quartz was added. The

conditioning gas (either dry air, a mile of carbon monoxide in helium, or pure
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helium) flow rate was fixed and the furnace set at the conditioning temperature.

When the conditioning was complete the temperaturc was reset to the experimental

level. As the temperature stabilized, the feed gas mixture was set by the mass flow

controllers and/or needle valves. With the addition of each component the total flow

rate was verified by bubble flowmeter.

Prior to the gas analyses, the dry ice in the GC cold bath was refreshed and

the GC colurnns conditioned with a few preliminary feed injections. Once the

reactor temperature stabilized, a feed or product stream sample was taken every th

hour, the length of lime needed for each GC analysis. When' the temperature was

constant and the product analyses yielded integrated peak areas consistent within

5%, steady state was indicated. After the steady state measurements were taken a

new target temperature was selected and the fumace adjusted. Although it could be

measured accurately by the thermocouples, the fmal stabilized temperature of the

reactor could he only loosely predicted when adjusting the fumace setting.

At the end of an experimental run, the flow rates were verified again and

only the diluent flow was left on. The fumace was shut off, and tA";;: reactor let to

cool to room temperature before the catalyst was removed for analysis. In sorne

cases the catalyst pellets were removed individually using a suction device, so that

pellets from different locations within the bed could he ana1yzed.

4.8 Data Evaluation

At steady state the rate of production of species i is given by

(4.1)

where Ft and Ft are the molar fiow rates of i in the fced and product streams. The

rate of production of species i, per unit of mass of catalyst is given by

=
(Fr - Fr)

m
(4.2)

•
where m is the mass of the catalyst. The rates per unit volume (rjv) and per unit

surface area (rJ of the catalyst can he defined likewise. The turnover frequency
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(TOF). is defined as the rate of reaction of NO to forrn N (i.e. IhN2). per mole of

active metal (Cu) in the catalyst bcd

TOF = (4.3)

where n" is the total number of moles of active metal. The factor 2 in the numerator

reflects the conversion of IWO NO molecules to forrn one N2• The TOF is

commonly used for activity and kinetic measurements when it is likely that the

amount of active metal ingredient present is a more important indicator of activity

than the surface area of the catalyst or total mass of the catalyst. This is often the

case for ion exchanged zeolites where different exchange levels and different SilAl

ratios directly vary the amount of exchanged metal.

From the rates of production of each species, the yield can be calculated:

2 rI<
YI< = 2 (4.4)

2 r NO

•
YND, =

rND, (4.5)
r NO

For the purposes of this work, XNO is defmed as the total steady state conversion of

NO and X N2 as the steady state conversion of NO to N2:

(4.6)

(4.7)

•
=

2 (Fe - F~ )
2 2 (4.8)
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From the mass flow controller data and the volumetrie flow data the molar flow rate

of each feed component was known and the flow rate of each component relative to

that of argon calculated. From the GC analyses of the feed gas these relative rates

were verified for those species which could be measured quantitatively (Chapter 5).

Since Ar is inen, its molar flow rate in the feed and product strearns was the

sarne. The molar flow rate of each element was, of course, also conserved. From

the analysis of the product stream, sarnpled after the removal of the N02, the rate of

production of N2 and CO2 was easily calculated. When NO could be measured

quantitatively, the conversion of NO was determined and, from the elemental

balance, the net rate of production of the other oxides of nitrogen (as NO~ could

also be calculated.

In theory, the mass balances could be closed by converting the calculated

product stream flow rate to a volumetric figure and comparing it to the measured

flow rate. In practice, however, even in the case of high conversions of NO and

CO, the change in overaIl flow rate was very small at only a few per cent since the

inert components of the mixture (argon and helium) made up 83 to 93% of the flow.

Severa! problems were encountered in the course of formalizing the GC

analysis. In particular, difficulties in measuring the N2, O2, and NO Ievels in the

sarnpled gas hampert:d the work. Because of these difficulties, further discussion of

the data interpretation will be presented after the discussion of the GC analysis in

Chapter 5.

4.9 Reactor Flow CharacterizatioD

In order to determine the deviation of the gas flow through the reactor from

the ideal plug flow modeI, the residence lime distribution of the reactor was

measured. A steady flow of helium was repIaced by a step change to argon and the

response measured at the product sarnple port. The reactor was packed with the

heating chips, quartz wool pIugs, and 7.5 grams of low surface area pellets and

heated to 500°C. The flow rate was set at 95 cm3/min (at 25°C) of helium which
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\Vas replaced ....ith argon at time zero. Samples of the exit gas were taken every 40

seconds and analyzed by Ge untiI the argon Ievel stabilized.
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Chapter 5

Gas Analysis

A significant amount of the work in this research project involved the

selection and development of the analytical tools used to determine the compositions

of reaction gas mixtures. Severa! gas chromatograph columns and programs were

tested for use, and the method presented inherent difficulties which had to he

overcome. The most important of these difficulties were the inability to accurately

measure the NO and O2 levels within gas samples, and the persistence of N2

contamination in the samples. In this chapter an over-view of the gas analysis is

given, the difficulties encountered are discussed, and the equations for the

calculation of XNO and x", are developed.

5.1 Introduction

In the work reviewed for the gas analysis (Appendix D) the use of mass

spectroscopy, chemiluminescence spectroscopy, and, for O2 analysis, paramagnetic

susceptibility revealed clear advantages over GC; however, none of these techniques

were available for the present investigation. Wet chemical methods were ruled out

on the basis of reliability and time.

After extensive testing, a GC configuration that could separate and measure

CO, C02> N2, and Ar quantitatively and O2 and NO qualitatively was found. N02 in

the effluent stream was trapped out prior to the produet gas sampling during all

experiments, and was not measured. Had O2, NO, or N02 been quantitatively
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measured, enough information would have been available to comp1elely characterise

the gas streams. Fortunately, ;':,- the purposes of this investigation, only the extent

of the conversion of NO to N (i.e. lhN~) and of CO to COJ were of prim:lr)'

importance, and these extents could be determined accurately.

5.2 The NO! Trap

Because the GC with the thermal conductivity detector (TCD) and potentially

useful columns was available and in Lie lab, it was obvious that the research should

begin with this tooi. ldeally, chemilumines::ence spectroscopy and pararnagnetic

susceptability, which would have measureô the NO. and O~, would have been

employed in tandem with the GC; however, the GC had to take the burden of the

enùre analysis, and that presented a difficulty because of the NO~.

As expected, when the fInal GC method was determined, the N02 eould not

be measured and therefore had to be trapped out. Tne N02 was condensed (m.p.

_9°C, b.p. 21.2°C) in a cold trap upstream of the produet sarnple port. The

procedure used by Li and Hall (1990, 1991), that oftransferring trap with the

condensed N02 (N20.) to a vacuum system, to measure the N02production was not

employed. This would have been Ùffie cOllS".mlÏng due to the low gas flc>w rates

(and hence, low formaùon rate ofN00 and to the necessity of extra safety

precauùons and, more importantly, the results would have been in doubt. A marked

oxidation and crud build-up was noted in the stainless steel reaetor end-cap

downstream of the reactor. Sinee this was not the case upstrearn, it had to have

been due to the formaùon and reaction of a corrosive component not present in the

feed stream. Most likely this product was N02. Because of these reactions, the N02

collected in the cold trap would not have given a complete measure of the N02

produced.
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5.3 The Analysis by Gas Chromatography

5.3.1 Description of the Sampling System and Anal)'sis Hardware

Shown in Figure 4.2, the gas handling system was equipped with three

sampling ports about the reactor. and at the gas supply cylinders. During the

experiments the reactor feed was sampled directly upstrearn of the reactor. The

effiuent was sampled either directly at the exit of the reactor or after the gas passed

through the dry ice slurry cold trap to remove any N02 formed. The sample ports

were \4 inch (6.35 mm) Swagelock "T" joints with a standard \4 inch GC septum

fastened in one of the connection openings. The sampling syringcs were gastight

Hamilton 1800 series (l0 and 100 ilL) or gastight Precision Sampling Corporation

"Pressure Lock" series (500 and 1000 Jl1). The GC was a Hewlett Packard model

5890 with a TCD operating at high sensitivity. To obtain optimal sensitivity/

separation the reference gas flow rate was set at 30 cm3/mïn and the carrier gas at 20

cm3/min. The injection port was not directly heated and generally equilibrated to

45°C. As shown in Figure 5.1, the GC was fitted with an actuated Valco four port

bypass valve to allow for programmed bypass of the second of the two colurnns.

During use, the second colurnn was extended from the GC with lengths of 1/16 inch

(1.59 mm) o.d stainless steel tubing and :-,"lersed in a dry icelacetone slurry. Both

colurnns were standard Ys inch (3.18 mm) o.d. stainless steel with 80/100 mesh

packings. The primary colurnn was 8 feet long, with Porapak Q packing and was

maintained at 30°C, while the secondary colurnn was 12 feet of Porapak QS which

was immersed continuously in the slurry at -79°C.

During a run, the bypass valve was activated after ail of the gasses except

CO2 (N2' O2, Ar, CO and NO) had passed through the first colurnn. The CO2 eluted

and passed directIy to the detector, after which the bypass valve was returned to the

off position and the N2, O2, Ar, CO and NO came off of the second colurnn and

were measured. Sample chrùmatograms are shown in Figures 5.2 and 5.3; the

calibration factors are given in Appendix B. The selection of the colurnns, and the .

determination of the column temperatures and the program timing are presented in

Appendix E.
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Figure 5.1 The gas chromatograph with the bypass valve aetivated
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Figure 5.2 A typical chromatogram showing the COz, Nz, Oz, Ar, and CO peaks.
A chromatogram with an NO peak is shown in Figure 5.3
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Figure 5.3 Typical chromatogram of a mixture of N2, Ar, and NO
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5.3.2 GC Preparation and Gas Sampling Procedure

Before each experiment, the injector septa were replaced and the columns

were cleaned with a thermal cycle. The columns were then primed with three NO

containing feed gas injections. Periodically, the dry ice in the slurry was refreshed

or stirred to maintain the proper cooling of the second column, which tended to get

warmer if the slurry was not stirred. To minimize the amount of N2 (or air)

co-injected with each sample, a few precautions were taken from the outset of the

research. The syringe was flushed three or more times with the gas to be sampled

before each injection and a large amount of sample (eg. 100 I-Ù) was taken into the

syringe, allowed to equilibrate for severa! seconds, and purged down to the

appropriate level (usually 80 JlI) before removing the syringe from the sampled

stream. By this means the contents of the syringe were at the same or greater

pressure than ambient when the needle was rernoved from the gas stream. The

plungers of ail syringes used were replaced on a regular basis. These precautions

ensured that little or no air was accidentally brought into the system as a part of the

bulk sample. The remaining cause for the contamination was air diffusing into the

syringe needle during transport to the GC, or adsorbing on the needle surface and

desorbing in the pure helium carrier gas of the GC. To minimize any diffusion, the

time from sampling to injection was kept to a minimum and was relatively constant

at less than two seconds.

To prt:vent light from catalizing the oxidation of NO by O2 in the glass

syringe, the syringe barrel was covered 50 that no light could enter the sample

chamber. The volume of the sample was determined using an external scale 10

measure the extension of the plunger handle. Because ail of the results were

normalized against the internai standard, Ar, the size oÏ each experimental sample

did not have to be the same; nonetheless, in most experiments, the injections were

generally kept to within less than a 1% variation in volume (as calculated from the

Ar peak size).
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5.3.3 Description of thc GC Anal~'sis, by Component, in Order of

Measurement

COz: Last gas off of the Porapak Q column. it was measured directly at about

7 minutes. The peak was isolated. gave a linear response by sample size. and

was reproducible.

Nz: It gave a linear response and was sharp. isolated. and reproducible. An ever­

present problem was the existence of Nz from the ambient air heing

introduced with the sample and measured. The retention time of Nz on the

primary column was about 2.5 minutes. The total retention lime was about

15 minutes, depending on the exact temperature of the QS column in the dry

ice slurry. The anaIysis of the Nz will be discussed further in Section 5.4.3.

O2: By itself, oxygen gave a Iinear and reproducible response. Contamihation

from air was less of a problem than with Nz, as was expected. since the

ambient concentration is 'A that of N2• The retention lime was about

16 minutes. The peak was situated very close to the AI peak, which if large

tended to he preceded by a slight decrease in the detector response.

Comparison of the chromatograms in Figures 5.2 and 5.3, with O2 and

without O2, respeclively, in which this signaI depression can clearly be seen.

As a result of the derression, smaIler amounts of O2 tended to he under­

measured in the presence of AI. Large O2 peaks had the tendency to merge

with and run up the leading edge of the AI peak, with a less predictable

effect. When NO was present, the O2 aIso reacted with it in sorne stage of

the analytica1 system so the measured amount was even less indicative of the

original sample O2 concentration.

AI: The retention lime was about 17 minutes. in the majority of the experiments

the AI was, by far, in the highest concentration (typica1ly 38%), with the

exception of helium which could not he measured directly. Being of much

larger size, its measurement was Iinle affected by interference from the O2

peak. When the AI peak was larger than in the usuaI case, i.e. from a sample

with larger than the 38% AI in a typica1 80 ).IL injection, it met the
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conditions determined by the integrator for it to be measured as a solvent

peak. In this case the CO peak, if present, was measured as if riding over the

tail of the Ar peak, as estimated by the integrator. For most of the work,

however, the peak ""'as of the typical size or less and ended at the valley

point before the star! of the CO peak.

CO: The CO peak came at about 19 minutes, W1IS sharp, was reproducible, and

gave a linear response.

NO: The retention time was about 24 minutes. The peak was low, broad, and

often tailed badly. Though the porous polymers were thought to mitigate

these occurrences (as compared with the Molecular Sieves), severe and un­

reproducible tailing as weil as reactions involving O2 sometimes occurred.

The TCD signal response was significantly less than for the other gasses, and

a non-linear area to mole response was found. When O2 was present in the

sampled stream, the procedure failed to quantitatively measure the NO

content of the sample because of the reaction of NO with O2, or the

disproportionation of NO in the presence of O2, in the syringe or the GC

i:self.

5.4 Interpretation of the GC Area Results: Calculation of

the Composition of the Gas Streams and Conversions

The experimental feed gas mixture contained either argon alone or helium

with argon as the inerl diluent. Since the carrier gas used in the GC was helium, the

argon could be used as an internal standard. Variation in the size of individuai

injections as weil as differences in the molar flow rates of individual components in

the product streams and the total molar flow rate were compensated for by

comparing all of the measured gas amounts to the measured Ar. The molar flow

rate differences were caused by bath reactions of individuai components as weil as

the trapping of the N02• Because these differences resuIted in a change in the total

molar flow rate, they also resuIted in a change of the concentrations of the other

components. After measuring the amounts (in moles) of each gas in a sample and
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accounting for any N2 contamination. these amounts were ail divided by the amount

of AI in the sample. Since AI is inert. the results were normalized and made the

direct comparison of sampies of different sizes. different streams. (feed. product. and

reactor exit) and different experiments possible.

The peak areas generated by the integration of the TCD signal were

converted into the measured quantities. expressed in moles. ml for gas i sampled

from stream s, using the GC calibration factors. However. the measured amounts

for N2, O2, and NO were not the same as the aclUal sampied amounts in the syringe.

Dl, because of the complications in the analysis of these gasses, as will be discussed

in follow'ng sections. For the other gasses, the relative molar flow rates and

component mole fractions in each stream are compared easily, since, in general:

F
S • •
1 YI ni

- = =
FAr • •

YAr nAr
(S.l)

•
(for ail i )

Because it is inen, FAr is the same for ail strearns. AIso:

= (S.2)

For example, by combining Equations 5.1, and 5.2, the conversion of CO is obtained

from the measured amounts of CO:

= (53)

•

= l - (S.4)
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Oue to complications, the calculations were not as simple for Nz' Oz or NO.

The difficulties involved in the NO analysis were the reaction of NO with Oz in the

syringe or GC, the excessive tailing of the NO peak, the low detector response to

NO, and a tendency for the NO to pennanently adsorb on the column, especially

during the early parts of an experiment. With the Oz analysis, there was the reaction

with NO and the interference from the Ar peak, and with the Nz analysis the

problems of large feed impurities and co-injection of ambient Nz into the GC along

with the gas sarnples existed. The analysis and calculations for these gasses are

taken up in the next three sections.

5.4.1 The Analysis of NO and Calculation of xNO

The poor quality of the NO peak made the calibration of the GC an the

subsequent analysis of sarnples for NO difficult. A quadratic fit of the NO versus

TCO area response was made in the absence of Oz; the calibration results are

presented in Appendix B. As noted above, a consistent pattern of column loading

emerged. When acquiring data at a given injection size, successive sarnples tended

to yield a higher response signal from the TCO, probably due to adsorption of NO

on the GC column. After severa! injections, the column became saturated, or

"Ioaded," with NO, and the measured values tended to become doser together, with

a final value being reached asymptotically after more injections. When the results

agreed to within a few percent the value was deemed to be final and the point was

used as a daturn on the calibration curve (Appendix B). Countering the loading

effect was a tendency for the peak to tail excessively, fonning flatter smaller peaks

that were integrated more erratically after a number of injections. These competing

history effects lead to increases and decreases in the TCO response at different

times. Thermally cleaning the column after each sarnple failed to give more

reproducible results and would have been impractical. Pre-conditioning the column

with NO before each experiment was tested in order to lessen the loading effect but,

predictably, it exacerbated the flatteningltailing effect. ln the end a compromise was
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achieved: At the beginning of each experiment a series of three feed injections was

made to prime the packing prior to making any product analyses.

The problem of NO reacting in the presence of 0, in the anal]1ical process is

suggested by the experimental results shown in Figure 5.4. A series of feed and

product injections from a low temperature experiment where the feed mixture

contained 2% NO, 4% 0" and 10% CO are compared. The measured quantities of

the three gasses are shown relative to the measured quantity of Ar from each

sarnple. The plot shows that the feed 0, was not being measured in full, and that

the feed NO, as measured directly by the chromatogram NO peak, was actually Jess

than the product NO. The product sarnples had almost no 0, because of the

oxidation of CO by 0, taking place in the reactor. From the NO measured in the

product sarnples, where there is no 0" it is c1ear that little conversion of NO had

taken place. In contrast, the feed sarnples show both a loss of 0, and a loss of NO.

indicating that the oxidation of NO was taking place in the GC system. It can also

be seen that much of the NO survived its passage through the gas handling system

and the reactor, even in the presence of the 0" and it was being measured in the

product stream, where little 0, was present. Therefore when the feed stream was

sarnpled the NO - 0, reaction must have taken place in the sarnpling syringe or at an

early stage in the GC before signiticant separation of the gasses had taken place. No

indication of NO, appeared on the feed chromatograms because any that formed

would have been trapped on the colurnn at -79°C, since its boiling point is about

30°C.

Because of the reaction between NO and 0,. the NO content in a sample

could not be measured quantitatively by GC, in presence of 0,. However, in the

experiments where helium was used as the diluent, an exact measure of the feed

concentration of NO could be calculated from the Ar measurement since the NO was

supplied as a mixture of 4.98% NO in Ar:
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YNO

f
YAr

=
0.0498
0.9502

(5.5)

Therefore, by Equations 5.1 and 5.2,

n~O = 0.0524 * mIr (5.6)

•

In those experiments where Ar was used as the ooly diluent, the additional Ar had to

be accounted based on the measured flow rates of both the NO/Ar and purc Ar

streams.

Under the specific conditions of low levels of O~ in the feed and a low

production of O~ from NO decomposition, an accurate measurement of the NO in

the product stream could be made. Experiments measuring the progress of the NO

reduction by CO in net reducing conditions fit these criteria. In these cases, the NO

area results were converted to mole amounts based on the calibration curve and

these mole amounts, while themselves inaccurate, could be used for accurate relative

comparison. Based on this conversion, the calculation of the NO conversion, XNO' is

developed in Appendix G:

(
m~o ) -1

* P * 0.0524 * FAr

mAr

(5.7)

•

5.4.2 The 0 1 Analysis

There were many problems with the measurement of the sample 0 1 content,

so ooly a simple analysis was made and the data obtained were used qualitatively.

As bas been mentioned, the proximity of the O~ peak to the leading edge of the Ar

peak, the sometimes incomplete separation of these gasses, the depression of the

TCD response immediately preceding the Ar peak (c.f Figures 5.2 and 5.3), and the

propensity of the NO and 0 1 to react in the analysis system all reduced the accuracy

of the 0 1 measurement. As with NI' co-injected 0 1 was found in the samples, but it

was a considerably lower amount, and under the circumstances, not worth
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accounting for. In the few experiments where neither AI nor NO were present, the

a: measurements were found 10 be quantitative. In all cases, the peak area found

was converted direcùy 10 a mole amounl using the Iinear calibration function.

A solution to these problems would have been to have an a: anaIyzer.

Altel:latively, adding a second bypass valve to allow for the insertion of the short

molecular sieve column (also at -79cC) for the O:-AI-CO separation would have

taken care of the poor O:-AI resolution. The CO would be included because of its

proximity to the AI peak. The NO woulct bypass the MS5A, thus avoiding the

tailing and reactions problem associated with its use for separations of NO.

5.4.3 The N: Analysis and Calculation of xl',

The calibration of the GC for N: gave an excellent linear response and was

very reproducible over the Iifetime of the project; however a problem with the

anaIysis existed in all cases. It was brought to Iight when, in sampies expected to

contain litùe or nc N:, higher than expected results were observed. Clearly, N: was

contaminating the system, and most likely it was from at least one of three possible

sources: It entered the gas handling system at the exit and diffused upstream to the

sample ports; it was an extraordinarily large impurity in one or more of the feed gas

streams; or it was brought into the process with the sampling or injection procedure.

A fourth possibility was that the N: was formed by the reaction of NO in sorne

upper part of the gas handling system.

As shown in Appendix G, the N: came from both feed impurities and co­

injection of ambient N: with the gas sanlples, and both sources had to be accounted

in calculating the conversion of NO to N:, XN,:

ml * r'" + ml * r"
co~: Ar ~')

__--=c=-O~:__--=.Ar * 19.02
ml

Ar

(5.8)

•
where K~ is the average amount of co-injected N: in the feed samples and
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r Nz.

J is the ratio of ~= to gas i in the supply cyIindcr for gas i. The values of 1<,{,

and
Z 10"2

J can be deterrnined from the calibration data and experimental results as

•

•

shown in Appendix G.
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Chapter 6

Results and Discussion

This chapter is divided into five sections. The first section discusses the

results of the preliminary experimentation, including tests to see if the Cu-ZSM-5

samples were active for the direct decomposition of NO as reported in the literature.

The second section presents the results of the experiments measuring the activity of

the cat:l1yst for the reduction of NO by CO, in the ratio typical of slightly oxidizing

exhaust gas, in the presence of varying amounts of O2, A comparison of the activity

of the fresh Cu-ZSM-5 te that of a standard platinum-group metal three-way catalyst

is made, and aIl analysis of the results obtained with used Cu-ZSM-5 samples is

given. For both the preliminary decomposition experiments and the reduction

experiments, the activity is defined as XN" the overa11 conversion of NO to N (i.e.

IhN0. In the third section the conversion of CO in mixtures with and v.ithout ~ or

NO is presented and analyzed. The fourth and fifth sections present the results of

characterization studies of virgin and used Cu-ZSM-5, and a review of the colours of

the Cu-ZSM-5 observed during the experimentation is given, with a comparison of

observations from the literature.

6.1 Preliminary Experiments

6.1.1 Characterizalion of the Rellctor

The gas flow in the reaetor at 500°C was characterizeà by measuring the

residence rime distribution using the method described in Section 4.9. The space
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•
time calculated for the reactor volume of 247 cm) plus the tubing and end-caps

volume of 127 cm) is 234 seconds at 25°C. A plot of the ratio of the argon exit

concentration C and the inlet concentration Co over time is shown in Figure 6.1.

Also shown are the CICo ratios ::-. the series-of-stirred-tanks models that best fit the

data. For these models it is supposed that the flow passes through n ideal stirred

tanks of equal size and a fixed total volume. A low number of tanks represents a

high degree of back-mixing; a high number of tanks represents a low degree of

back-mixing. The respcnse for an ideal plug flow reactor (PFR) can be modeled by

an inflnite number of tanks having the same total volume as the PFR. The ClCo

response for the series of tanks is given by:

=

e
-n -=-

1 - e e

0-1

• m"_1 (n ~)m
lJ m! e
o

(6.1)

•

•

where n is the number of tanks and 6/ij is the ratio of the tirne over the average

residence time.

The model fits the data weil when a mean residence tirne of 190 seconds and

a total of 30 stirred tanks is used. When compared to the calculated residence time

of 234 seconds (at 25°C), the model residence tirne is reasonable: The higher

temperature in the part of the reactor that is heated (to 773 K from 298 K) and the

volume taken by the quartz matcrials and the catalyst bed aIl serve to reduce the

actual mean residence time. The high number of stirred tanks indicates that the flow

of the system as a whole behaves much closer to that of an ideal PFR !han a highly

mixed reactor.

6.1.2 Determination of Homogeneous Reaction Produets

To determine ifthere were any homogeneous reaction produets the rate of

decomposition of 2% NO and reduction of 2% NO by 10% CO were measured.

The reactor was loaded with quartz chips and quartz wool but no catalyst was used.

The rate was measured at temperatures up to 550°C; and the feed rate was

58



•

•

•

60 cm3/min (25°C). No change in the gas composition nor reaction products were

observed.

Under similar conditions the rate of reaction between 4% O~ and 10% CO (in

helium) was also measured. Figure 6.2 shows the oxidation of CO at steady state

for various temperatures at a feed rate of 95 cm3/min. The reaction is significant but

does not go to completion below 600°C.

The homogeneous oxidation of NO by O~ could not be measured directly

because NO reacted wiû\ O~ in the analytical train. However, evidence presented in

the discussion of the GC analysis of NO and O~ in Chapter 4 shows that little or no

reaction between the two gasses was laking place in the feed lines or reactor. This

is consistent with the results of others who determined that there was no high

temperature reaction of NO with O~ in similar experiments (Li and Hall, 1990).

Because precautions were tak~n to shield the apparatus from external radiation, the

low temperature homogenous oxidation was kept to a minimum at all stages of the

system.

A check to sec if any of the components in the product stream (N~, O~, CO,

NO and CO~) reacted with condensed NO~ (NP.) in the cold trap was made.

Product gas was sarnpled immediately before and after the cold trap, and the GC

analysis revealed no difference.

6.1.3 Preliminary Experiments for Catalytic Adivity

The ZSM-5 from Mobil was tested for its activity in NO decomposition and

NO reduction by CO. The pellets were exchanged according to the procedure

described in Section 4.2. The product (Cu-ZSM-5-M) was Iight blue after the

exchange, and became Iight green after the activation under helium at 600°C for 12

hours.

The Cu-ZSM-5 from AIlied Signal (Cu-ZSM-5-AS) was mixed with

montmorillonite binding agent, extruded, and pelletized according ta the procedure

described in Section 4.1.2. The activities for NO reduction and decomposition were
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measured in two experiments each. The reduction activity of the montmorillonite

binder was also tested.

6.1.3.1 Catalytic Acth'ity of the Cu-ZSM-S-M

In the decomposition experiments the reactor was loaded v.ith 5 grams of

catalyst, the flow rate was 410 cm3/min at 25eC (WfF = 0.73 g-s'Cm·3
). the

temperature of the catalyst bed was 550eC, and the feed gas was 2% NO in Ar. No

conversion of NO to N2 was observed: for similar conditions 1warnoto observed a

conversion of 73% (Iwarnoto el al., 1990).

The failure of the catalyst was most likely due to either a failure of the ion

exchange procedure or because the zeolite may have had a very high SilAI ratio.

The ion exchange may have fai1ed due to a poor rate of ion transfer through the

solid pellets; in addition, any binding agent present may have further harnpered the

exchange process. If the sample had a high SilAI ratio, up to 100 or more as

compared to the more typical value of 24 to 26, it would have resulted in a very low

copper content even at high exchange levels.

The activity for the reduction of 2% NO by 10% CO over the catalyst was

measured under sunHar conditions and was also found to he negligible. Because of

the poor performance of the exchanged pellets, and because it had been agreed with

Mobil that no chemical characterization of the ZSM-5-M would be made, the i~ue

of the low activity was not pursued further. It was assumed that there was a flaw in

either the material or that the pellets could not be exchanged easily. The focus of

the research shifted to the powdered Cu-ZSM-5 from Allied Signal (Cu-ZSM-5-AS).

6.1.3.2 Catalytic Activity of the Cu-ZSM-5-AS

A 90% Cu-ZSM-5, 10% montmorillonite mixture was prepared according the

method described in Section 4.1.2. Four preliIninary experiments were made using

the same sample of catalyst. Those experiments measured the activity for the

reduction of NO by CO and for the diIect dec:omposition of NO at 550°C, and at

535°C. In the first two experiments, at 550°C, the sample size used for the gas
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analyses was 100 ilL, and, for the experiments at 535°C, a sample size of 15 ilL was

used.

The reactor was loaded with 6 g of catalyst which was activated under Ar for

12 hours at 600°C. For the decomposition experiments the feed consisted of 2% NO

and 98% Ar, while for the reduction experiments the feed contained 2% NO, 10%

CO, and the balance Ar. The space velocity (calculated at 25°C) was 450 hour· l
•

Figure 6.3 shows the conversion to N2 of 60% and 55% measured in the two

decomposition experiments, respectively. The catalyst is slightly less active !han

!hat used by Iwamoto, as observed in his experiments (Iwamoto et al., 1989, 1986;

refer to Table 3.1). As one might expect, there appears to be a slight dependence

on temperature; however, the results at 535°C are less precise and are likely Jess

accurate because the gas sample size used was very small. Shown in Figure 6.4, the

conversion to N2 obtained in the reduction experiments was 100% and 77%. In both

figures, error bars of the 95% confidence interval of the mean of the three or four

data points taken for each steady state have been included.

6.1.3.3 Activity for NO Reduction of the Montmorillonite

The binder used in the preparation of the catalyst pellets was tested for its

reduction activity at 535°C. Six grams of pellets were extruded and activated under

helium at 600°C for 12 hours. As before, the feed was 2% NO and 10% CO and

the space veJocity (at 25°C) was 450 hour· l
• No conversion or reaction products

were observed.

6.1.3.4 Dependence of Activity on Reaction Time

The time dependence of the activity of the catalyst in the prelimjnary

reduction and decomposition experiments was examined. Figure 6.5 shows the

activity in each of the decomposition experiments as a function of the time after the

steady state reaction temperature had been reached, and Figure 6.6 shows the results

for the NO reduction experiments. The initial age of the catalyst, measured in total
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hours spent exposed to NO at or above 200°C in previous experiments is provided

in both figures.

For the decomposition cxperiments. at 550°C (with the large sarnple size). the

conversions obtained after 1 hour agrce to v..ithin 2% and were deemcd steady state

values. These results are consistent with those ofIwamoto (1989) who found that.

under similar eondiùons. steady state was reached in just over one hour. Because of

the very small sarnple size. the results taken at 535°C are too scattered for any

conclusions regarding Ùme dependence to be drawn; however. the data were taken

starting at a reacùon time of three hours 50 it can be assumed that steady state had

been reached. Ali of the points were used in obtaining the mean value shown in

Figure 6.4.

For the reducùon experiments (CO + NO) there is no dependence on reaction

Ùffie. However, the drop in activity from 100% to 77% between these experiments

cOuld be attributable to the drop in reacùon temperature (15°C) or, perhaps, to aging

of the catalyst in the intervening experiments. Based on the results presented below,

the catalyst age of 21 hours may have been sufficient to cause deactivation of the

catalyst.

6.1.4 Test for External Diffusion Control

To sec if the intrinsic acùvity of the catalyst pellets was being measured, the

effect of changing the extemal film diffusion resistance was invesùgated. For a

ftXed temperature and catalyst loading, the extemal mass transfer resistance is

affected by both. the overall gas flow rate and the properùes of the gas mixture.

Therefore, two approaches in changing the mass transfer coefficient could have been

taken. One was to adjust both the flow rate and the catalyst lcading while keeping

the raùo of the two constant, and the other was to change the diluent gas being uscd.

Beeause of limitaùons of the gas delivery system, only the second approach was

taken.

For a reacùon that is controlled by the extemal diffusion rate of reactant

species i, the observed rate is directly related to the mass transfer coefficient, k,.:
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(6.2)

where r, is the rate of reaction of species j and Cib and Ci. are the concentrations of i

in the buIk gas and at the surface of the pellet. The integrated form of the mass

balance of species i for a pIug flow reactor is given by:

=
o

(6.3)

•

•

where Qr is the total vol=etric feed rate, Cir is the feed concentration of i, x is the

conversion of species i, and M is the mass of the catalyst. If ail other pararneters

are held constant while the inert diluent is changed, then any change in conversion

must be due to a change in k",.

Two short NO reduction experiments were run back to back under identicaJ

conditions, except that the diluents used were argon and helium, respectively.

Because argon is ten times denser than helium under the same conditions, the

diffusivity of ail of the reactant gasses changes greatIy when the switch is made.

Furthermore, there is a change in the inertial and viscous forces which determine the

gas flow near the pellets. With the switch from argon to helium, k", was predicted

to rise by a factor of 1.4 (sec Appendix C). However, the change in conversion was

negligible (only 1%), suggesting the diffusion resistance was insignificant.

6.2 Red3ction of NO by CO in the Presence of Oz

The effcct of the O2 concentration on the activity for the reduction of NO to

N2 by CO at various ternperatures was measured. Extruded pellets were made from

the Allied Signal Cu-ZSM-S powder as described in Section 4.1.2. No binding

agent was used (ail further references to "the catalyst" or Cu-ZSM-S will refer 10

this catalyst un1ess stated). A r.eri"" of experiments was run under the conditions

listed in Table 6.1, and the experimental procedure described in &clion 4.6 was
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Table 6.1 Experimental Conditions for Measuring the Acti\'ity for the Reduction of

NO oy CO in the Presence of O~:

•

•

Fixed Parameters:

Partial Pressure NO:

Partial Pressure CO:

Total Pressure:

Catalyst Loading:

Catalyst Composition:

Total Flow Rate:

Variables:

Temperature:

Catalyst conditioning:

Dependant Parameters:

1..:

Space Velocity:

Space Tinte (WIF):

2%

10%

1 atmosphere

7.5 g

100% Cu-ZSM-5 e:>.:trudate pellets (1 mm o.d.).
From Allied Signal powder.

Platinum-group metal suppo:1ed on alumina. on
ceramic monolith. From Degussa Canada.

94.6 cm3/min (25°C and 1 atm)

0-5.3%

100 - 600°C (373 - 873K)

He (or Ar), or
20% CO in He (or Ar), or
20% O2 in N2

0.2 - 1.3
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followed. For the purpose of comparison. the activity of a platinum-group-metal

three-way catalyst was evaluated under the same conditions.

6.2.1 Reduction Activity of Fresh Cu-ZSM-S

Figures 6.7 to 6.9 show the activity, defined as the conversion of NO to 'hN~

(Equation 4.7) at steady state, at various temperatures for different values of t., the

equivalenee ratio. Curves and arrows have been added to the figures to highlight the

trends, rather than to indicate a mode!. ln each of Figures 6.7 and 6.8, two trends

are e1early evident. The curves labelled H represent the trends observed when the

steady state temperaturewas approached from a higher temperature and the curves

labelled L represent the trends observed when the steady state was approached from

a lower temperature. ln Figure 6.9, only the H curve is shown for the case of

À. = 1.3. Figure 6.10 is a composite of the trends observed.

'The multiple steady states indicated by the presence of the H and L hysteresis

loop may result from a few different factors. Two possible explanations are

proposed. The ftrst, presented in more àetail in Appendix C, is based on external

heat and mass transfer considerations. With exothermic heterogenous reactions the

heat liberated by the reaction is a sigmoidal function of the temperature of the

catalyst pellet, whereas the heat transferred from the pellet to the surrounding bulk

gas is (approximately) a linear function of the temperature difference between the

pellet surface and the bulk gas. As a result, in some cases, there are multiple stable

steady states for the heat and mass balances for a given bulk temperature. For each

such steady state, the pellet surface temperature, reaction rate and conversion is

different.

The stable steady state at the lower pellet temperature is generally in the

reaction-controlled regime, where the mass transfer resistance is low and does not

limit the overall reaction rate; the higher stable steady state is in the diffusion­

controlled regime, where the overall rate is limited by the supply of reactants to the

pellet surface. This analysis is consistent with the earlier findings, where the mass

transfer resistance was determined to be negligible, since those results were obtained
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Figure 6.7 Reduction activity at lambda < 1
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Figure 6.10 Reduction activity trends over Cu-ZSM-5.

Space ve10city = 450 br'·
Space time (WIF) = 4.8 g'S!cm.3
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by turning up the reactor to a set level. which would then [eave the system at the

lower stable pellet surface temperature. that is. on the L curve.

The second possible explanation for the multiple steady states is based on an

anaIysis of internai heat transfer limitations and follo\\"s a similar line of reasoning

as above. This time, the temperature within the pellet may be higher than the

temperature at the outer surface of the pellet, and. as a result. the catalyst material

inside the pellet may be more active than that at the surface (in such a case. the

pellet effectiveness factor" is greater tha:l 1 -by definition). The significantly

higher internaI temperatures result from heat generated by the reaction and a poor

heat transfer rate within the catalyst pellet. In sorne cases. multiple steady states

may exist where the effectiveness factor is large enough (Smith 1981). This second

anaIysis is aIso consistent with the prelintinary results.

Whatever the cause of the multiple steady states, it is clear from the steep

temperature dependence observed in the figures at À S 1 (Figures 6.7 and 6.8) that

the activation energy for the reaction is high. It is of interest that. as seen in the

composite (Figure 6.10), the H curve (scanned downwards in temperature) is in

approximately the same location for À's equai to and less than 1. but the L curve

(scanned upwards in temperature) is shifted to a higher temperature position in the

À = 1 case. By this result, and more noticeably by the shift in the H curve for

À = 1.3, it is clear that O2 inhibits the reduction and/or decomposition when present

at high enough concentrations.

Using the H trend curves to interpolate the upper activity vaIues at fixed

temperatures, the conversion can he plotted as a function of À. The "lambda-plot" is

shown in Figure 6.11. The plot shows that at temperatures of 400 - 550·C, typical

of automobile exhaust catalyst placement, for À SI, the activity was - 100%, and at

À = 1.3 the activity was still considerable, with a conversion of 53% at 550·C. This

result appears in great contrast to that from the typical lambda plot for lhe three way

cataiyst (TWC) presented in Chapter 1, where the conversion ta N2 was negligible at

À 2: 1.05. On this basis, the Cu-ZSM-5 catalyst seems ta he much more active than

the TWC. At a À of 1.1, where the engine runs efficiently, the conversion over the

ZSM-5 is still high, al about 85% at 550·C.
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Figure 6.11 Lambda-plot for Cu-ZSM-5: Conversion to N2 at fixed temperatures for
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6.2.2 Reduction Acti\"it)· of the Three-Way Clitalyst

For a more rigorous comparison of the Cu-ZSM-S activity and activity of a

typical TWC, the activity of a sarnple of TWC monolith was tested. The bulk

density of the Cu-ZSM-S pellets and the TWC monolith sections was similar. so the

comparison was made using the sarne space velocity, 4S0 hour" (2S°C). The

surface area of the catalyst was 16.1 m~/g and the porosity was 0.048cm3/g: the pore

volurne distribution is shown in Figure 6.12. The temperature was held constant at

SSO°C and the gas mixture adjusted to provide for activity measurement at various

vaIues of À.. The steady state results are shown in Figure 6.13 and, for reference, the

lambda-curve for the Cu-ZSM-S at SSO°C is reproduced. At 1..'s greater than 1, the

Cu-ZSM-S is much more active, and at À. = 1.3, the activity is aImost double that of

the TWC.

6.2.3 Reduction Activity of Reused Cu-ZSM-S

When Cu-ZSM-S catalyst sarnples were re-used after NO reduction or

decomposition experiments, a drop in catalyst activity was observed. This

deactivation was noted only after the catalyst had been used for at least 18 to 30

hours. TIte total time the catalyst spent exposed to the NO-containing feed gas

above 200°C (the lowest temperature at which the catalyst was active) was typically

18 hours per experiment. Figure 6.14 shows data obtained using used catalyst

samples at À. = 1. For comparison, the trends observed with fresh catalyst samples is

aIso shown. Figure 6.15 shows data obtained from a used catalyst sarnple at

À. = 1.18. Data were aIso obtained with spent .:atalyst at À. = 0.5, and are included

in Figure 6.16, below. The data shown do not represent steady state vaIues, as the

deactivation sometimes occurred at a significant rate between measurements, while

at other times a pseudo-steady state was observed, where reproducible product

sample analyses were obtained over periods of a few hours. It is cIear that the

deactivation is significant, and in sorne cases aImoS! total. Figure 6.16 shows the

same lambda-plot as Figure 6.11 before, but the data, or interpolations from the data,

of the experiments with used catalysts are aIso included.
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6.2.4 Effeet of Regeneration Treatments on the Cu-ZSM-5

HOI gas treatments vIere investigaled as a means of regenerating the spenl

eatalysl. Treatmenl \\ith pure helium. argon. 20% O2 in N2 (dry air). and 20% CO

in helium al temperalures of 600°C to 750°C for 12 hour periods were tesled, bUI in

each case the eatalyst showed no improvemenl in activity.

6.2.5 Effeet of Pretreatment of Cu-ZSM-5 on Reduction Aetivity

In generaI, the fresh pellets were conditioned at 600°C for about 12 hours

onder a flow of pure argon or pure helium to remove any volatile components. To

investigate the effecl of the pretreatmenl, in particular to see if it affeeted the activity

or deactivation of the eatalysts, two eatalysts samples were conditioned for 5 days at

600°C onder a flow 20% CO in helium, and dry air, respectively.

The activity of the eatalysts was measured at t.. = 1, and the results compared

to those originally obtalned using eatalyst activated ovemight onder helium. In

Figure 6.17, the data from Figure 6.8 are presented again, this time with the

pretreatrncnt method indieated. There is a good match to the curves for ail of the

data; the different conditioning gasses, oxidizing, reducing, and inerl, had no effeet

on the eatalyst activity. Given the long time of the treatrnents, the fact that there

was no loss of activity also indieates that the deactivation previously observed was

not the result of long-term exposure to net reducing or net oxidizing conditions in

generaI, or to CO or O2 in particular. Instead, the observed deactivation must have.

been due to exposure to the NO or to the combination of feed gasses together.

6.2.6 Effeet of the Feed Redox Ratio on Cu-ZSM-S DeaetivatioD

Following the experiments for t.. =0.2, t.. = 1, and t.. = 1.3, the eatalysts were

reused for further activity measurement. In ail three cases, deactivation was

observed within twelve hours of initiation of the second experiment, indieating that

the redox nature of the feed gas mixture was not an important factor in the

deactivation.
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6.3 Activity of Cu-ZSM-S for CO OxidatiOD

In the above experiments, the feed concentration of CO was 10% and space

velocity was 450 hour·'. Thal these pararnelers are constant allows L'le CO oxidation

activity to be defined as the conversion of CO to CO2• The activity for the

conversion was measured directly by the CO loss as we11 as by the production of

CO2• The results were generally as expected; in the absence of O2, the production of

CO2 was double the production N2 (refcr to Equation 1.4). This being the case, the

CO conversion activity for À. = 0.2 (10% CO, 2% NO, 0% 00 need not be

presented, as it can be determined easily from the data of Figure 6.7. In the

presence of both O2 and NO, the production of CO2 was equal to the removal of NO

and 'h02 (when determinable) for À. < 1 (net reducing), but for À. > 1 (net oxidizing)

the production of CO2 was slightly less than the removal of O2 and NO due to the

reactions producing N02 and, possibly, other nitrogen oxides.

The activity for CO oxidation by O2 was measured directly in experiments

under identical conditions as in the NO activity experiments, but without the NO

present. That is, for comparison with the À. = 1 case (10% CO, 4% O2,2% NO,

balance inert), the activity for CO oxidation for a 10% CO, 4% O2, balance inerl

mixture was measured. Figure 6.18 shows the conversion obtained at various

temperatures. In Figure 6.19, t1ùs conversion is compared to conversion obtained in

the absence of catalyst (originally presented in Figure 6.4) and the conversion

obtained for the À. = 1 experiments. Comparison of the results suggests that the

oxidation of CO by O2 goes almost to completion before there is significant

conversion of CO by NO. Therefore, for À. :S 1 it is concluded that above 200°C the

inhibition of NO conversion activity by O2 is negligible since the net concentration

of O2 is very small.

Since the CO - O2 reaction is fast, and, from Figure 6.1 0, the "H" activity

curves (for NO) for the À. < 1 and À. = 1 cases are in the same place even though the

net CO concentration (CO less 2"'02) is varied (from 10% at À. = 02 to 2% at

À. = 1), it fo11ows that, for the results on the H trend, the rate of conversion of NO is
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independent of the CO concentration. In contrast. the location of the L CUI"\'e varied

with the change in the net CO concentration.

The independence of the H CUl"\'e and dependence of the L curves on the net

CO concentration are consistent with the mass-transfer-limitation hypothesis for the

multiple steady states of the NO activity presented in Section 6.2.\. For À. S 1. the

feed NO concentration is constant at 2%. and NO is the limiting reagent. It is

therefore likely that if the reaction is occurring in a diffusion-control regime that the

overall rate would be independent of the CO concentration. If the reaction was

progressing in the reaction-controlled regime. then it is likely that the CO

concentration would affect the rate. and therefore. the location of the L curve.

6.4 Characterization of Virgin and Used Cu-ZSM-S

The Cu-ZSM-S from Allied Signal was characterized by elemental analysis.

and X-ray diffraction. The results obtained using untreated Cu-ZSM-S powder and

oxidizecl, reduced, and deactivated catalyst samples are compared. The oxidized

sample was fresh catalyst conditioned under 20% O2 for 120 hours at 600·C, the

reduced sample under 20% CO for 120 hours at 600·C. and the deactivated catalyst,

originally treated under helium for 12 hours, was used in experiments totalling 60

hours at À. = 1. at 200 to 600·C. In ail three cases the conditioning of the catalyst

was lengthy: the deactivated catalyst was exposed to reaction conditions for the

equivalent of over three full length experiments, and the other samples were

conditioned for much longer than the usual 12 hours.

6.4.1 Chemica1 Ana1ysis of the Cu-ZSM-S

The four sampIes were anaiyzed for their Si, Al, and Cu content; the resu1ts

of the analysis are presented in Table 6.2. The oxidized and reduced samp1es

proved to he virtual1y identical and the resu1ts from the deactivated sample are aise

very close. Relative to silicon, ail three samples showed lower aluminum content

compared to the original Cu-ZSM-S. The reduced and deactivated samples aise

showed a lower copper content, relative to silicon. In bath cases, the deactivated
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Table 6.2 Elemental Analysis of Cu-ZSM-5 Samples:

Original Deactivated Reduced Oxidized

Composition:

by Weight (%)

Al 1.48 1.41 1.38 1.40

Cu 3.80 3.88 3.74 3.96

Si 38.1 42.5 40.8 41.8

by Atomic
Ratio:

AI 1 1 1 1

Cu 1.09 1.13 1.19 1.20

Si 24.7 29.0 28.4 26.7• Exchange Level
(%) 218 226 238 240

• 89



•

•

•

sample had larger loss than the other two heat treated samples. The losses also

caused a lowering of the exchange level. due to the higher loss of copper. These

higher losses are especially significant when the lower average temperature and

shorter treatrnent time of the deactivated sample is considered.

6.4.2 Crystallographie Analysis of the Cu-ZSM-S by X-ray Diffraction

The X-ray diffraction pattern obtained using the raw Cu-ZSM-5 powder is

reproduced in Figures 6.20 and 6.21. Superimposed on the pattern are data

indicating the location and relative intensity of major peaks from JCPDS XRD file

data that match c1osely. The data from files 37-359 and 37-361 are from diffraction

patterns of H-ZSM-5 and Na-ZSM-5 respectively. The coincidence is excellent. It

is of interest that the only area of noticeable difference between the two reference

data sets is in the location of the peak at 26 == 24°. In the H-ZSM-5. the peak is

located about 'h of one degree higher than for the Na-ZSM-5. There is also a slight

clifference in the location of the same peak in the Cu-ZSM-5 pattern. suggesting the

exact location is due to the exchanged cation.

The patterns o~tained using the deactivated, oxidized and reduced samples

are presented in Figuie 6.22 along with the pattern from the original Cu-ZSM-5. As

with the elemental analysis, the crystallographic analysis provided c1ear evidence of

a physical change associated with the deactivation. Only the deactivated sample

shows a significant deviation from the original. Figure 6.23 shows the patterns of

the three samples superimposed over the original Cu-ZSM-5. Figures 6.24 and 6.25

show greater detail of the difference between the original and the deactivated

samples. In particuIar, there is significant relative growth of the peaks at 26's of

7.86, 8.74, and 26.56 (d. = 11.24, 10.II, 3.35) and a relative decrease at 26's of

23.0, 23.2, 23.6, 23.8, 24.3, 24.7, and 29.2 (d. = 3.86, 3.82, 3.76, 3.72, 3.65, 3.59,

and 3.06).

The 26 angles where changes in relative peak intensity occurred were

compared to angle locations from patters filed with the JCPDS for various forms of

silicon oxide and a1uminum oxide, but no matches were found. Cornparisons were
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Figure 6.21 X-ray diffraction pattern of virgin Cu-ZSM-S, with Na-ZSM-S reference
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Figure 6.24 Partial x-ray diffraction pattern:

Untreated and Spent Cu-ZSM-5
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also made to filed data for the various copper oxides but there were no observed

similarities wiÙl any of these patters either.

6.S Redox State and Observed Colour of the Cu-ZSM-S

In the course of this work, the Cu-ZSM-S catalyst exhibited a wide variety of

colours, which were observed after each experiment. These observations lead to

further review of the literature for similar findings. As mentioned in Section 3.2,

Sârkanay et al. observed many colours on the Cu-ZSM-S: green; white; redlpurple;

white/red; and tan, on Cu-ZSM-S that had been: fresh; degassed (under Ar); reduced

under H2; reduced under CO; and re-oxidized by 02' respectively (Sârkarniy et al.,

1992).

In the CUITent work, the catalyst as fresh, activated under 02' or treated with

pure NO was green; conditioned under helium, it was white or grey upon cooling;

conditioned under CO, it was light purple when cooled. After being activated under

helium and exposed to reaction mixtures it reached a variety of colours. Table 6.3

lists the colours, observed after the catalyst was cooled, for the various conditioning

(activating) and experimental conditions.

When colour divisions were occurred, they were very precise. In the À. = 0.2

case the division was half way through the catalyst bec!, indicating that the oxidizer,

NO, was present (in significant amount) until at least this point. The Cu was thus

not reduced until the gas is strongly net reducing, since the feed was a1ready net

reducing. For the cases of À. > 0.2 there was less purple. When the catalyst batches

were re-used without unIoading the reactor, bands of colour (of those listed above)

were observed.

Consistent with the results from the tests of the effect of the catalyst

conditioning (Section 6.2.S), it was observed that neither the green nor the purple

colour was indicative of any change in catalyst activity; in the conditioning tests the

catalyst was initially all green, ail white, or ail purple, and ail of the samples showed

the same activity. The deactivated samples, bowever, ail were, at least in part, tan

or ligbt brown in colour, the colour Sârkanay et al. observed upon re-oxidation of
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Table 6.3 Colour cf the Cu-ZSM-5 Under Various Conditions:

Purple'Purple" Purple" Purple" Purple" Purple'Purple

2 Green' 'Green··Grecn"'Green..Grecn"Green"Green

Grecn'Grecn'Grecn'Green 1Purple'" Purple····Purple

Grecn"Green"Grecn'Green"Green 1Purple'Purple'P

B E DC A T A LYS T

1+- upstream end···· downstream end -+ 1

P = Purple
GG = "Greenish Grey"
GT = "Greenish Tan"
GB = "Greyish Brown"

Colours Observed in the Catalyst Bed

J GG"GG'GG"GG 1Grey"GreY"GreY'Grey"Grey 1P

• GT"GT"'GT"GT 1GB'GB"GB'GB'GB"GB'GB 1P

1 GreY'GreY"GreY'GreY'GreY'GreY'GreY"GreY'Grey

• Feed Gas Lambda
Composition
(per cent)

NO CO O2

0 20 0

0 0 0

0 0 20

2 10 0 0.2

2 10 <4 < 1

2 10 4 1

• 2 10 >4 > 1

Colour Codes:

Notes:

1. Activated with pure he1ium or argon.

2. Samples previously reduccd (with CO) became light grey upon re- oxidation by
O2,

3. A very thin band of purple was at the end of the sample beds. Brown, tan, and
olive green were sometimes observed, especially after multiple experiments.

•
4. Specks of purple were observed at the end of the bed, even in the case for

Â = 1.3.
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the Cu-ZSM-S. Combined with the stability of activity for the NO decomposition

reported in the literature (Iwamoto el al., 1989), this result suggests that it is

reduction of the catalyst by CO and subsequent reoxidation that is involved in the

deactivation of the catalyst.

In general, the results obtained by Sârkamiy et al. were confirmed in this

work, except that tan colour obtained upon re-oxidation was only observed with the

NO mixtures and not with the re-oxidation by O2 as Sârkanay found, and that a

wider range of shades was observed in this work than Sârkanay reported. These

discrepancies may be due to a subjective view of the difference between various

shades of grey, green, and tan.
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Chapter 7

Conclusions and Recommendations

7.1 Conclusions

The objectives of the research project were met, and significant obstacles

overcome. An existing gas handling system was substantially modified, with

improvements made to the general versatility of use, and to the accurate metering of

gas feed mixtlL.-es. An analytical system, based on the accurate GC measurement of

N2, Ar, CO, and CO2 (and, under reducing conditions, NO) and the qualitative

measurement of NO and O2 was successfully developed. The exact conversion of

NO to N2, and qualitative conversion of NO to other oxides of nitrogen as N02 was

measured. The method is more accurate and versatile than other GC methods

reported in the literature. An extrusion method for the pelletization of Cu-ZSM-S­

218-2S powder was developed, and the activity of the pellets was measured.

The activity of the fresh catalyst was found to he independent of the redox

nature of the activating gas. For equivalence ratio's of 1 or less, the activity was

found to he 100% for the space velocity tested. The activity of the traditional

platinum-group metal three-way catalyst at an equivalence ratio of 1 was essentially

the same, at 97%. For equivalence ratios of more than 1, however, the activity of

the Cu-ZSM-S was significantly greater than that of the three-way catalyst; for

example, S3% compared to 26% at an equivalence ratio of 1.3.

The Cu-ZSM-S was found to loose activity after 20 10 30 hours of use,

resulting in almost complete deactivation after 60 hours of use. Upon regeneration

attempts with Ar, CO, and O2, no improvement in activity was found. The
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deactivation was accompani.:d by a loss of both copper and aluminum, changing

both the Si/Al and exchange ratios: the fresh Cu-ZSM-S-2l8-2S became Cu-ZSM-S­

226-29. The crystal structure, as observed by x-ray diffraction, of the virgin,

oxidized, and reduced Cu-ZSM-S varied little, but the deactivated Cu-ZSM-S

showed significant differences in the relative size of peaks and in the existence of

some peaks, especially in the region about d. = 3.6, where the (Cu2
-, !1, and Na')

-ZSM-S patterns differed significantly. The loss of activity was thus related, at least

in part, to a the change in the state of the exchanged cation, Cu. Because of the loss

of activity of the Cu-ZSM-S, it cannot be recommended for use as an NO reduction

catalyst.

7.2 Recommendations for Future Work

Future research in this area should include a search for promoters to improve

the stability of the Cu-ZSM-S formulation, or for compounds similar to Cu-ZSM-S,

but with better stability. Further work with the same experimental system should be

preceded by physical improvements allowing for the accurate use of high flow rates

of mixtures with lower reaction compone-.lt concentrations to allow for better

simulation of exhaust gas. The analytical system should be improved with either the

addition of an extra GC column and bypass capability to allow for better separation

of oxygen and argon (on a molecular sieve packing), or with separate means for the

measurement of nitrogen oxides and oxygen, S\!ch as chemiluminescence

spectroscopy and paranlagnetic susceptibility.

If an improved catalyst formulation is found, intrinsic rate law determination

through differential conversion measurements should be made, and activities for the

reduction by hydrocarbons typical of exhaust gas should be measured.
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The calibration curves for the mass flow controllers were linear \\ithin the
range used for the experiments:•
Appendix A Mass Flow Contro::er Calibration

S
R
F

=
=
=

Sening
Display output (reading)
Flow rate (cm3/min at 25°C and 1 atrnosphere)

MFC 1 FC-260 (#S/N 8082240)

NO/Ar mix: R = 0.017333 • F - 0.00906
F = 57.69208 • R + 0.5225
S = 0.163433 • F - 4.44531
F = 0.163433 • S + 0.727852

MFC 2 FC-260 (#S/N 8092011)

°2: R = 0.025770 • F - 0.00325
F = 38.80514 • R + 0.126232
S = 8.596581 • F - 1.66677

• F = 0.116325 • S + U.193888

MFC 3 FC-260 (#S/N 8082233)

CO: R = 0.030469 • F - 0.04696
F = 32.82060 • R + 1.541294
S = 10.97515 • F - 21.322
F = 0.096431 • S + 1.931606

Ar or He: R = 0.022065 • F - 0.05208
F = 45.32090 • R + 2.36026
S = 7.352113 • F - 16.5932
F = 0.136015 • S + 2.256935

MFC 4 FC-280 (#AW 703007)

(flow measurement only)

•
Ar or He: R

F
=
=

0.006307 • F
158.5505 • R

- 0.03415
+ 5.413966
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The calibration curves for the mole to area response of the Ge detector were
Iinear within the range used for ail of the gasses eXcépt the NO:•
Appendix B Gas Chromatography Calibration

m = moles of gas
a = area under TCD response curve

CO2 m = 6.038e-14*a
N2: m = 7.136e-14*a
O2: m = 7.67Se-14*a
Ar: m = 6.833e-14*a
CO: m = 7.003e-14*a
NO: a = 2.728e19*m2 + 1.48ge12*m

With NO, column loading and other effects were observed:
(Hollow points not used for the regression or calibration)

2520

2nd Order
Regression

15105
o..-==-- =----l-__---'I....-__...J... .l..-__--..I

o

500000

1500000

1000000

•

Moles NO x 1eB

•
Figure A.l GC Calibration Curve for NO
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The effect of the change in carrier gas can be predicted using correlations

presented in Smith (1981) and Geankoplos (1983). The mass transfer coefficient can

be estimated from the j factor, which is a funcûon of the Stanton and Schmidt

numbers:

•
Appendix C Test For Mass Transfer Control

(A.l)

The j-factor can be estimated from the correlaûon:

j = MSS (dp G)-o·407
d Cs Il

(A.2)

Where: a", =
a, =
D =

~ =

• G =

1<". =
cb =

Il =

P =

effecûve mass transfer area of pellet
total externaI area of pellet
molecular diffusivity of the species being transferred
effecûve diameter of the pellet
mass velocity (G=pu), where u=superficiaI velocity
mass transfer coefficient
void fracûon of the catalyst bed
viscosity of the gas
density of the gas

-.

Combining the equaûons and solving for 1<".:

_ 0.45S a, d-o.407 G0.593 -0.2597 -03333 Do.6667
km ---- p Il P

Cs am

Therefore, if aIl else is held constant:

(A.3)

(A.4)
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•
The diffusivity, D, may be estimated for the each species in each carrier gas

according to the Fuller correlation:

D =
(A.5)

Where: T
P

=
=
=
=

temperature in K
pressure in atm.
molecular weight of species a
molecular diffusion volume

For either reactant species, CO or NO, the ratio of 1<", in helium over 1<", in argon

may be calculated. For NO the ratio is:

(A.6)

•

•

= (3.6XIO-S)-o.2S97 (0.06)0.2S97 (3.69XI0-4)O.6667
4.6xlO-s 0.6 1.03xl0-4

(A.7)

= 1.4

(J.1 in kgl(ms), p in kglm3, D in mis)

The ratio is also about 1.4 for CO. Therefore, if the diffusion of one of the

reactants to the pellet surface was the rate 1imiting step, then by switching the carrier

gas to helium from argon the rate should have increased by 1.4 limes.

If, instead of changing the diluent gas, G had been doubled, then 1<", (and the

rate) should have risen by a factor of 1.5 (k.cx:GO.l93
; 1.5=2°·S93

) under mass transfer

control.
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The gases expected in the NO - CO - O~ reaction system were NO. NO~. N~.

O~, CO, CO~, and inerts (argon and/or helium diluent). N~O was not likely to

appear in significant amounlS, but adaptability to ilS measurement was desired.

Flexibility for the future measurement of NH) and light hydrocarbons was also

deemed important. The use of helium as a diluent v,;as an option. but it was

recognized that the direct measurement of both helium and argon at the same time

was unIikely.

A gas chromatograph (GC) fined with a thermal conductivity detector (TCD).

IWO colurnns, and an actuated bypass valve to allow for programmed bypass of the

second colurnn was available, but an initial study of the literature suggested that the

measurement of NO by GC would be difficult, and that the measurement of NO~

would he nearly impossible. The separation of O~ and Ar by GC is also known to

be difficult, necessitating the use of extreme conditions. With these problems in

mind a survey of alternate methods of analysis was undertaken. This section is a

surnmary of the findings.

Previously reported methods of analysis of the expected gasses include a

wide range of techniques. The methods covered include wet chemica1 analysis, mass

spectroscopy, infra-red spectroscopy (IR, FTIR), chemiluminescence spectroscopy,

GC, and other miscellaneous means. The determination of nitrogen oxides is of the

greatest difficulty and is discussed at greater length.

•

•

Appendix D Sun'ey of Analytical Methods

•

D.I Wet Chemical Methods

Specifica1ly considered for the measurement of NO and N02• most of thesc

methods date back decades, yet none are satisfactory over a wide range of input

conditions. Most were originally developed for use in measuring high

concentrations of nitrogen oxides, as would be found in nitric acid plant lail gas.

AlI have poor reproducibility and are slow and labour intensive. (Margeson et al.•

1980 ; Miyamoto et 0/., 1979; Fisher and Becknell. 1972 ; Faucett et 0/.,1966;

Saltzrnan. 1954; Johnson, 1952)
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D.2 Mass Spectroscopy

Sector and quadrapole mass spectrometers are commonly used for analyzing

nitrogen oxides containing mixtures. The results are fast and the device can be used

on line to measure aIl of the reaction components. Interpretation of the results

involves solving mass balances which for complicated mixtures may be impossible,

due to the cracking of the gasses being measured, particularly NO, NOz, and NzÛ.

Because of the cracking, sorne researchers use chemiluminescence spectroscopy in

addition to mass spectroscopy to measure NO.. A fundamental drawback of the use

of this tool is its expense; however it is probably the most accurate method available

for the measurement of the other components in the reaction mill."ture. (Li and Hall,

1991 and 1990; Papolymerou and Schmidt, 1985; Izuka and Lunsford, 1980; Jansen

and va."1 der Kerkhof. 1979; Ono et al, 1973 and 1970)

D.3 Infrared Spectroscopy and UV Absorption

Fourier transform infra-red spectroscopy (FTIR) is convenient because severa!

components in one s:unple can be easHy analyzed by scanning at different

wavelengths and the device can also be used on line. Noble gasses and homopolar

diatomic gasses cannot be measured. NO ~d NOz can be measured, but

complications arise due to changes in the oxidation state of NO and the phase (gas

or liquid) of NOz• Window degradation due to the corrosive natures of NOz and its

liquid dimc:r can he a problem. The technique may be improved by its use in

conjunction with an ultraviolet analyzer to determine NOz• Most researchers have

abandoned the use of IR and UV absorption for the measurement of NO., but it IR

is still a popular tool for the measurement of CO and COz' (Muraki et al., 1986;

Kim, 1982; Courty et al., 1980; Bauerle et al., 1978; Kudo et al., 1978; Matsuda et

al., 1978; Bartholomew, 1975; Walker, 1974; Klimisch and Taylor, 1972)
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D.4 Chemiluminescence Spectroscopy.

With the exception of M.S.. these instruments coyer the widest range of NO

concentration. \Vith an optional converter. the total NO, (NO + NO~) can also be

determined, and. if present. NH, can also be measured by means of an additional

converter. Nitrous oxide cannot be measured by chemilurninescence. (Blanco el al..

1986; Kato el al., 1981: Shikada el al., 1981: Courty et al. 1980: Jansen and van der

Kirkhof, 1979; Bauerle el al., 1978; Klimisch and Taylor 1972)

D.S Gas Chromatograph)'

Chromatography has been used extensively to analyze mixtures containing

nitrogen oxides as weil mixtures of the "permanent" gasses Ar. O~, and N~. The

isolation of the heavier components N20 and CO~ by GC is straightforward. ln

contras!, NO~ cannot be measured using ordinary techniques and must be trapped out

prior to the analysis. Because different target gasses within the sarnple require

different approaches with GC, it has often been used in conjunction with other

techniques, especially for the analysis of automobile exhausts and other complex

mixtures.

Zeolite column packings, such as Molecular Sieve SA are commonly used to

separate mixtures containing O~, N2, H2, and CO. Ar an O~ cau be separated at ­

80°C, although N2 is permanently adsorbed at this low temperature. NO and O2

cannot he measured simultaneously because they react on the column if present

together. Poor reproducibility and serious tailing of the NO peak are known to

occur, and CO2 is permanently adsorbed under normal operaling conditions. Water

vapour in the sample will cause irreversible d~terioration by gradually darnaging the

structure of these solids, so these columns cannot be exposed to water-containing

samples or ambient air for long durations.

Porous polymers cau be used for separations of NO mixtures, and are often

cbosen for their ability to resolve both CO2 and N20. The separation of permanent

gasses on perous polymers bas been studied extensively; bowever for the separation

of O2 and Ar 10w temperatures and very long columns and are needed.
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To overcome L'Je limitations and problems associated with individ:lal

packings. exhaust analysis is often done using dual column arrangements. (Hayes.

1992; Novkikov and Saskovets. 1991; Li and Hall, 1991 & 1990; Willey et al.,

1985; Hardee and Hightower, 1984; Yang, 1982; Hecker and Bell. 1981; lzuka and

Lunsford, 1980; Bauerle et al., 1978; McCandles and Hodgson, 1978; Arakawa et

al., 1977; Peters and Wu, 1977; Clay and Lynn, 1975; Walker, 1974; Amimazmi et

al., 1973; Ayen and Amimazmi, 1973; Jamieson, 1971)

D.6 Miscellaneous Techniques

Gas sensitive eleclrodes can be used in either the gas or 1iquid phase for both

N02 a.,d O2 measurement. For NO measurement, ozonation of the sample stream is

needed to oxidize the NO to N02• The results are aceurate over onIy a limited range

of concentrations, and the eleelrodes have a poor response times. The N02 gas

sensing eleclrode (based on the nitrate specifie-ion eleclrode) used to be on the

market, but it is not now commercially available due to its limited use. The nitrate

specifie-ion eleelrode can he used to measure dissolved N02, but as would be

expected, it suffers from interferenee from other volatile weak aeids, in partieular

CO2• In sorne cases, specifie-ion eleclrodes can be used in eombination with the wet

ehemical methods, speeding up the wet analysis somewhat. Oxygen eleelrodes aIso

suffer from interferenee.

Paramagnetie susceptibility meters are often used for O2 analysis of NO.

eontaining mixtures. Analysis of the measurement output would have to take into

aeeount the levels of nilrogen oxides present, as they are aIso paramagnetic, aIthough

less so !han O2 whieh bas two unpaired electrons per moleeule. Solid state sensors

for NO and O2 are less reliable and non-specifie.

Flow eolorimetry bas been used to measure N02 in complex mixtures. The

meters have a long residenee time during whieh additional amoUDts of N02 tend to

form from NO and O2, skewing the resuIts.

A volumetrie analysis of N02 was reported wherein a coldtrap downstream

of the reaetor captured the N02• Il was subsequentIy transferred to a stain1ess steel
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vacuum system and the pressure measured \\ith a high accuracy Baratron pressure

gauge after the temperature was set. (Li and Hall. 1991 & 1991; Mass el al.. 1986:

Naruse el al., 1980. Kiyomia and Kawai. 1979; Bauerle el al.. 1978; Di Martini.

1972; , Anderson el al.. 1961)
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Several combinations of packing material and column length were tested with

varied temperature programs for use in analyzing the gas mixtures. Ail of the

columns tested were of standard Va inch (3.18 mm) o.d. stain1ess steel with packings

of 80/100 mesh size. The first combination, commonly in use for similar

applications involving the analysis of stack gasses, had a 4 foot (1.2 m) column of

Porapak QS (QS) followed by the bypass valve and then 3 feet (0.9 m) of Molecular

Sieve SA (MS5A). According to the sales literature and published results, the QS

should have been able to separate the CO2 and oxides of l'itrogen, and the molecll1ar

sieve the CO, N2 and 02-with-Ar at room temperature. No separation of NO from

the "permanent" gasses (N2' Ar, 00 and CO was observed with the QS. The

molecular sieve was able to separate the NO from Ar at temperatures nearing

ambient. For 100 JlI of 4.98% NO in Ar, the peak-to-peak separation was 0.72

minutes at 30°C. Unfortunately, the molecular sieve also separated the N2 from

Ar/02 at a similar rate, thus giving no resolution of the NO and N2 peaks.

An additional eight feet of porapak QS column was purchased in order to

improve the separation of the NO from N2. With twelve feet of this column on1y a

very poor separation was achieved; the two peaks were aImost completely merged.

A further difficulty was encountered when repeated calibration of the NO using the

MS5A revea1ed that reproducible area versus sample size results were not being

achieved, particularly for small samples. This was partly due to severe tailing, as is

consistent with reports from Amirnazmi et al. (1973), Walker (1974), and Yang

(1982).

•

•

Appendix E GC Column and Program Selection

•

Various cooling configurations were tested to achieve better separation. DoC

(ice) and -18°C (saturated saltlice) baths were employed with the three columns used

alone or in combination. With 12 feet of QS at -18°C four peaks were found: In

order, they were N2> O/Ar/CO as one peak, NO, and much later CO2 at retention

times of about 2.19, 2.51, 2.98, and 25.41 minutes, respectively. This was

promising as it then seemed possible to have the N2 and the 0/ArICO pass through

to the Molecular Sieve, switch the bypass valve to have the NO and CO2 pass
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directly to the detector and. after the measurement. return the valve so the N~. O~.

Ar. and CO could be resolved on the MS5A and be measured. However. the

pressure swing and flow adjustment associated with each change of the valve

position was picked up by the detector. The change in the TCD response lasted

about 1 minute and it interfered with the measurement of the following peak. As

there was little time separation between the a/Ar/co and NO peaks. the NO peak

could not be measured accurately with a valve switch in between them. The other

option, of letting the NO through to the molecular sieve brought on the difficulty of

the tailing which got worse at this lower temperature.

Further problems existed with the separation at -18°C. The CO~ peak was

very broad with a high area to height ratio, due to its long retention time of 26 min.

This broadening resulted in poor reproducibility. In addition. the N~ which entered

the molecular sieve as the lead gas was the slowest gas to pass through this colurnn.

and as such it exited with and interfered with the measurement of the CO. often

spoiling the analysis of both gasses. A better program was developed with the N2

bypassing the second colurnn, the a/Ar/co being passed on to the sieve, and finally

the NO and CO2 bypassing the sieve.

The program involved four valve switches, three during the separation and

only two of which could be performed automatically by the GC. The problem of

the valve switches interfering with the peak analysis still existed and the timing had

to be perfeet (within two seconds) to avoid cropping of the gas peakg. The potential

for operator error was high, and the maintenance of the temperature at -18°C took

constant attention. In effect, this program was usable but poor.

In an attempt to e1iminate the effeet of the valve interference, the GC was

configured 50 that the recorded signal was actually the difference between the signal

generated by the TCD for the current run and that of a previously recorded run. For

the recorded run no sample was introduced, but the GC program, with valve

changes, was condueted as usual yielding a ehromatogram showing only the

interference peakg. Ideally, a chromatogram generated by cornparison 10 this

recorded one would show ail of the expeeted gas peakg but not the interference
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peaks caused by the valve changes. In practice, however, the TCD response to the

valve changes was not a constant, instead, it showed significant variation from nm to

nm. even after maintenance work on the valve assembly. Furtherrnore, since one of

the valve switches has to be made by the operator an additional error due to

imperfect timing often existed. Because of these problems this tool could not be

used effectively, and it was conceded that there was no way to eliminate the valve

disturbances from the chromatograms.

After testing the MS5A and QS columns at -79°C (with a dry ice slurry) it

was concluded that the major difficulties associated with the analysis at -lSoC would

be overcome. By introducing a new primary column to separate out the CO2 at

room temperature or higher and having the 12 feet of QS at this much colder

temperature, the separation of the other gasses could be achieved. At this stage in

the rese:irch it was also desired to measure CH. in addition to the other gasses

- using the same column combination - for related work. Accordingly, Porapak Q

was selected for the new primary column. Columns of the Haysep series of

packings, made for permanent and light gas separation at room temperature were

considered as new column alternatives, and would have eliminated the probIems

related to cryogenic work if used in the place of the second coIumn (ieaving the QS

for the primary column), but an unreasonable length would have been needed to

resolve the O2 and Ar.
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Measurement of NO in the Product Stream in the

Absence of O2, and Calculation of x:-;o

Comparison of the measured amount of NO from a product sample to the measured

amount of NO in feed samples which were of knO\\TI concentration and which were

measured immediately before and after the product analysis gave accurate relative

results. By averaging the results from the !Wo feed injections. the drift of the

measured NO peak size mNO was taken into account. That is. even though

mNO
". nNO and

mNO
".

nNO (A.8)
mAr nAr

it was observed that, after averaging.

p pmNO nNO

p p
mAr nAr (A.9)=

(m~o)
fnNO

fmAr
nAr

Using this equation, the conversion of NO was calculated:

= (A.I0)

= 1 -

(~:)
Ar

(A.11)

•

Likewise, the molar flow rate of NO in the product stream can be calculated:
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pmNO

p 1

F:o
mM nNO

FAr= * -- *
m7) 1

( nAr

mAr

(A.13)

and therefore, by Equation 5.6,

(A.14)

•

•

A similar analysis of NO by GC was performed by Walker (1974). In bis

work NO concentrations were calculated from the ratio of the peak area from one

sample to the peak area given by a sample of known concentration, usually from bis

reactor feed stream. No calibration was used, and a linear area-to-mole response

was assumed. The reported accuracy of the method is lOto within severa! percent,"

wbile the method used in this research yielded an agreement of within 2% of the

values determined by the N2 production. For Walker's method, as weil as the

method shown here, such accuracies were only produced in the limited cases where

the O2 concentration was very low, or not present.

115



116

Nitrogen was found to be contaminaùng the reac!or or analytical system. To

ensure that the extra N2 was not formed by reacùon of NO in the handling system,

the average background level of N2 in a typical experiment was compared to the N2

peak from sarnples of a CO, O2, and Ar mixture. No variaùon was noted, ruling this

possibility out. Diffusion upstream from the exit was also ruled out since variation

in Nz response with sarnpling location would have existed. Had the contamination

been due solely to diffusion upstream from the exit, higher concentrations

downstream would have been present, but none were observed. Furthermore, a

direct correspondence to the sample size at any sample port would have been

observed, but only a parùal correspondence was seen. Therefore, sorne of the N2

was from either diffusion upstream from the exit or impurity in the feed and sorne,

the portion independent of injection size, must have been from the sampling and

measurement procedure. As a double check, a bubbler was installed at the exit of

the system. No change was observed. Had the Nz been diffusing upstream from the

exit, the bubbler would have made a large, or complete reduction in the amount of

Nz measured. Therefore, the extra N2 was due to both feed impurity and co­

injection.

Figure A.2 reveals that the extra N2 amount is largely independent of the

injection size. The ligure shows the N2 measured in the feed injections during a

typical experiment. These data were taken in a period of over 15 hours, with no

change in the feed composition. Only a slight drop in the Nz level was seen after

dropping the sample size from 100 Il!. to 44 Il!.. It was concluded that co-injection

of a relatively large amount of N2 (air) with the sample was the main problem.

That portion of the N2 th2t was dependent on injection size suggests the

impurity in the feed stream. Reviewing the calibration results for the various pure

feed gasses revealed that while small amounts of N2 were measured in ail samples,

the CO and NO/Ar supplies had significantly larger quantities. Figure A.3 shows

the N2 measured in one set of calibration data for CO. A least squares fit was made

yielding the formula relating the volume of N2 measured to the total injection

•

•

•

Appendix G Measurement of Nz and Calculation of xNZ
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Figure A.3 The N~ measured in the CO supply
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volume:

V:;, = 6.58 X 10-3
• V inj .. 0.166 \1L (A.15)

The CO supply gas contains 0.658% N2 while an average of 0.166 \1L of N2 has

been co-injected with each sample. This exercise was repeated to determine the N2

concentration in the NO/Ar mix.

If the data from Figure A.2 is replotted with volume N2 measured against

total injection size, Figure A.4 is obtained. The regression formula for the data is:

= 0.00101 • Vinj .. 0.163 \1L (A.16)

Note that the regression intercept, 0.163 ilL, is almost the same as was found with

the pure CO feed. This agreement affirms the conclusion that, in addition to the

sample, with each injection a constant amount ofN2 (-0.165 VoL) enters the GC.

• 0.30

0.25
0

0.20

J;
%' 0.15
co
E
"~

0.10

0.05

•
Figure A.4
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Data from Figure A.2; the N2 measured in feed gas mix with 0% N2
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The amount of N~ measured by the GC (in moles) for a sampIe from any

stream s is the surn of the co-injected amount of N~, k, and the sampled amount of

(A.11)

In the feed samples, the sampled N2 is from feed impurities only, while the sampled

N2 in the product samples a1so contains N2 as a reaction product. Since the N~

impurity in the feed gas mixture is known to come from the CO and the NO/Ar mix

supplies, it can be calculated from the measured amounts of CO and Ar in the feed

sample

where r is the ratio giving the impurity N2 content in each feed supply gas and Il;

and mi are the sampled and measured amounts of the feed component i (for CO, the

ratio is calculated from the slope in Equation AIS). Therefore, from Equation AI7,

the quantity of co-injected N~ is given by

•

nI = (rN, -neo + r
~ "' nAr )N,

eo NO/Ar

00
nI = (rN, -meo + r N, - mAr )N,

'CO liOiAr

(A.18)

(A.19)

(A.20)

•

Over the course of mos! experiments, the amount of co-injected N2 drifted

slightly, a1though a smooth trend was usuaIly observed. To account for this drift, ~

was quantified on an ongoing basis. The level of background N2 was found by

continually taking sampIes of the feed gas throughout the experiment. A running

average of the feed kN• values was made and used in the anaIysis of the product

sample data.

Figure AS shows the variation in N2 measured for feed injections in a typical

experiment (as a1ways, no N2 was added to the feed mixture). While the level
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Figure A.5 N2 measured in feed gas samples of constant volume, and, for reference,
maximum amount producible by reaction of the feed mixture. For
clarity, the product analyses have been removed form the figure.

varies, it generaily follows a smooth path justifying the use of a running average.

For reference, the maximum amount of N2 that could be produced by reaction of the

NO in the feed is also shown. Following the variation in the co-injected N2 was

necessary because this amount was often comparable to the amount of N2 sampled.

In the case of the lower temperature experiments, where very little or no reaction

was taking place, the N2 measured in the product samples was largely the co-injected

N2• Unfortunately, the sample size could not be enIarged to reduce the relative size

of this N2 without compromising the separation of other gasses being analyzed.

Typically, the feed (F) and product (P) samples in an experiment were

ordered F, P, F, P, F, Poo. or F, P, P, F, P, Poo., 50 that there was a close reference

of feed kN,. measured near every product sample. For the product injections, the co­

injected N2 was assumed to be about the same as the running average of the amount

of co-injected N2 found in the feed samples:

For these measurements, the actual amount of N2 sampled is then
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• e : f( (A.21)
H, H,

n P : mP - f( (A.22)
H, H, H,

The change in the molar flow rate of nilrogen can be calculated

: (A.23)

Combining Equations 5.1 and A23 yields

:

and substitution from 5.2, A.I 9 and A21 gives

where kf must be determined using Equations AIl and A12.

The change in the molar flow rate of N2, from Equation A.16, is used to

calculate XN2' the conversion of NO to N2, by Equations 4.8 and 5.6:

•

•

:

=

=
(A.25)

FAr

(A.26)

(A.27)
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