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Foreword 

THE ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that, in order to save time, the 
papers are not typeset, but are reproduced as they are submit
ted by the authors in camera-ready form. Papers are reviewed 
under the supervision of the editors with the assistance of the 
Advisory Board and are selected to maintain the integrity of the 
symposia. Both reviews and reports of research are acceptable, 
because symposia may embrace both types of presentation. 
However, verbatim reproductions of previously published 
papers are not accepted. 
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Preface 

IMPROVING THE QUALITY OF OUR ENVIRONMENT has become a grow
ing concern in this country and around the globe. Limiting the amount 
of pollution released into the atmosphere is an important part of that 
effort. Some of the most promising controls for air pollution involve the 
use of catalysts. Catalysts are used to control emissions from both mobile 
sources, such as automobiles, and stationary sources, such as industrial 
plants. In order to improve and expand the capabilities of these pollution 
controls, it is important to understand the catalyst chemistry of these sys
tems. 

Research efforts in this field have recently been accelerated by the 
passage of the 1990 Clean Air Act. This legislation tightens the limits on 
currently controlled emissions and expands the list of regulated emissions. 
The new law also introduces the concept of alternative fuels for lower 
emissions from vehicles. New laws in California will also impose new 
standards and will require improved technologies to meet them. How
ever, air pollution control is not limited to the United States but is in fact 
a worldwide concern. 

This volume is based on a symposium that is part of a continuing 
series on the surface science of catalysis. The symposium was organized 
to provide a forum for recent developments in the area of air pollution 
control via catalysis. Catalysis for the areas of both mobile source pollu
tion control and stationary source pollution control were explored. 
Authors from industry and academia were included in each area. 

Including stationary and mobile source chapters alike in one volume 
allows the reader to note the similarities and differences between the two 
fields and possibly to apply ideas from one area to the other. The cover
age is not intended to be exhaustive but rather to serve as a survey of 
some of the most current topics of interest in this field. The intended 
audience for this book is the chemist or engineer interested in pollution 
control, or prevention, or both in the automotive, chemical, petroleum, 
and other industries, or otherwise involved in the environmental applica
tions of catalysts. 

The book is split into two sections. The first deals with mobile source 
catalyst pollution control, and the second with stationary source control. 
Even though some important differences exist between the two areas, the 
catalyst chemistry involved is the same or similar and justifies including 
both areas in one book. 

vii 
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The first section includes an overview of recent mobile source emis
sion control legislation, discussions of catalysts for alternative fuels such 
as natural gas or methanol, a comparison of hydrocarbon reactivities, and 
studies of the effects that surface properties of catalysts have on reactions 
for pollution control. The second section includes an overview of the 
regulations for stationary sources and examples of catalytic reduction, oxi
dation, combustion, and thermal decomposition of pollutants. 

RONALD G. SILVER 
JOHN E. SAWYER 
JERRY C. SUMMERS 
Allied-Signal Automotive Catalyst Company 
Tulsa, OK 74158 

January 3, 1992 
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Chapter 1 

Catalyst Technologies To Meet Future 
Emission Requirements for Light-Duty Vehicles 

Jerry C. Summers and Ronald G. Silver 

Allied-Signal Automotive Catalyst Company, P.O. Box 580970, 
Tulsa, OK 74158-0970 

New automotive catalyst technologies are being developed for vehicle 
emission systems designed to meet new Federal emissions standards effective 
in 1994. The new standards feature a 30% reduction in non-methane HC 
emissions, a 60% reduction of NOx and a 100% increase (to 100,000 miles for 
light duty vehicles) in warranty period during which these vehicles must meet 
emission standards (called the "useful life" requirement). In addition, 
California has developed its own ambitious requirements for significant future 
reductions in emissions. 

California's emission reduction requirements introduce a number of new 
terms into our vocabulary including transitional low emission vehicle (TLEV) 
(HC/CO/NOx = 0.125/ 3.4/ 0.4g/mi), low emission vehicle (LEV) 
(0.075/3.4/0.2g/mi), ultra-low emission vehicle (ULEV) (0.04/1.7/0.2g/mi) 
and zero emission vehicle (ZEV) (1). With each level of increasingly stringent 
emission reduction comes an array of technologies and emission control 
strategies envisioned as nesessary for achieving the designated emission 
targets. HC and NOx emission are the main targets of the California program. 
These gaseous pollutants react in the presence of sunlight to form ozone, the 
most pervasive air pollution problem facing the state. 

New automotive emission control standards are being legislated in other 
parts of the world as well. In Europe, starting in July of 1992, the EEC will 
limit combined emissions of HC and NOx to 0.97 g/km (1.55g/mi), CO will be 
limited to 2.72 g/km (4.35 g/mi), and particulate matter will be limited to 0.14 
g/km (0.22 g/mi), for both gasoline and diesel powered passenger cars. 
Tighter emission standards will be introduced starting in 1996, pending 
approval of the EEC Council of Ministers. In other areas of Europe, the 
Stockholm Group currently has the same standards as the United States, but is 
expected to tighten its NOx standard by about 50% by 1995. For diesel cars, 
the Stockholm group will require a particulate standard of 0.08 g/km 
(0.13g/mi). 

In East Asia, Japan has had emission controls as long as the United States. 
Since 1978, the Japanese have been meeting a standard of 0.25 g/km (0.4 
g/mi) for HC, 2.1 g/km (3.4 g/mi) for CO and 0.25 g/km (0.4 g/mi) for NOx. 
Except for the HC standard, which is slightly less severe for Japan, these are 
the same as the new American standards. South Korea has recently 
introduced standards, for cars with engines larger than 800cc, of 8.0 g/km 

0097-6156/92/0495-0002$06.00/0 
© 1992 American Chemical Society 
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1. SUMMERS & SILVER Meeting Future Emission Requirements 3 

(12.8 g/mi) for CO, 1.5 g/km (2.4 g/mi) for NOx, and 2.1 g/km (3.4 g/mi) for 
HC. By the end of the decade, emission controls will also be required for 
engines smaller than 800cc. Lower cost catalysts are also a priority with this 
emerging third world nation. 

Automobiles are not the only emission sources being considered for 
controls. Regulations are also being formulated for motorcycles in some 
countries. For example, by 1994 in Taiwan motorcycle emission standards will 
be 1.2 e/km (1.9 g/mi) for HC, 1.5 g/km (2.4 g/mi) for CO and 0.4 g/km (0.64 
g/mi) for NOx. Future standards tor motorbikes in Europe may be modelled 
on the current Swiss standards of 1.0 g/km (1.6 g/mi) HC and 1.2 g/km (1.92 
g/mi) for CO. 

Controlling Hydrocarbon Emissions 

The HC control requirements adopted by California necessitate considerable 
emission control improvement during the initial phase of the Federal Test 
procedure (FTP-75 cycle). Roughly 60-80% of the engine-out HC emissions 
for a typical vehicle occur during this phase (called the "Bag 1 or cold start 
phase). Major reductions in Bag 1 emissions will result in major reductions of 
overall vehicle emissions. 

Various technology scenarios have been developed which correspond to 
the increasingly stringent legislated HC standards in California. Table I shows 
these standards and the technologies proposed to meet these standards. 

The first tier, called transitional low emission vehicle standards, calls for a 
non-methane hydrocarbon standard of 0.125 g/mile. This may be achieved by 
placing a catalyst close to the engine manifold (close-coupled) on small 
conventional gasoline vehicles. The use of reformulated gasolines or 
alternative fuels, combined with the appropriate catalyst technology, may also 
meet this hydrocarbon standard. 

The second tier standard, called low emission vehicle standards, will 
require a non-methane hydrocarbon limit of 0.075 g/mile. The technologies 
proposed to meet this challenge include the addition of electrically heated 
catalysts (2,3) to conventional gasoline vehicles, where the catalyst could be 
heated to its most efficient operating temperature before the vehicle starts, 
and alternate-fueled vehicles (such as CNG or LPG fuel) combined with close-
coupled catalysts. 

The next tier, called ultra-low emission vehicle standards, will limit non-
methane hydrocarbon emissions to 0.04 g/mile. This standard may possibly be 
achieved by adding an electrically heated catalyst to either a small 
conventional gasoline vehicle, or a reformulated gasoline or methanol fueled 
vehicle. Other ways of meeting this challenge include combining a natural gas 
vehicle with a close-coupled or heated catalyst, or combining a propane fueled 
car with a heated catalyst. Finally, the ultimate standard of zero emissions will 
probably only be attainable by electric vehicles. 

The above standards will be gradually phased in from 1994 to 2003, as 
indicated in Table II. The percentages shown in the table represent the 
percentage of new cars sold in California required to meet the indicated 
standard. 

In recent years, much interest has been expressed in using clean fuels as 
replacements for conventional gasolines, in order to meet the challenge 
imposed by these proposed California standards. The California Air 
Resources Board has formulated a plan to identify useful technologies and to 
arrange demonstrations of their usefulness for achieving a considerable 
reduction of reactive hydrocarbon emissions from mobile sources. The use of 
methanol or compressed natural gas as alternative fuels is receiving high 
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1. SUMMERS & SILVER Meeting Future Emission Requirements 5 

Table II. California Non-methane Hydrocarbon Implementation Strategy 

Model TLEV L E V U L E V Z E V Average 
Year .39g/mi .25g/mi .125g/mi .075g/mi .04g/mi .00g/mi (g/mi) 

1994 10% 80% 10% 0.252 

1995 85% 15% 0.231 

1996 80% 20% 0.225 

1997 73% 25% 2% 0.202 

1998 48% 48% 2% 2% 0.157 

1999 23% 73% 2% 2% 0.113 

2000 96% 2% 2% 0.073 

2001 90% 5% 5% 0.070 

2002 85% 10% 5% 0.068 

2003 75% 15% 10% 0.062 
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6 CATALYTIC CONTROL OF AIR POLLUTION 

priority. Both fuels have much lower non-methane HC emissions relative to 
current gasoline. As a less costly alternative to fuels such as these, the major 
petroleum companies are re-formulating the compositions of their gasolines 
with an eye towards reducing the levels of toxic and reactive hydrocarbons 
emitted during vehicle service. This includes not only tailpipe emissions, but 
also evaporative emissions and refueling losses. Several reformulated gasoline 
formulations have already been commercially introduced. 

Catalytic Approaches for Meeting the HC Control Challenge 

Three general approaches to improve Bag 1 HC control appear promising: the 
use of electrically-heated metallic supported catalysts (2,3), close-coupled 
conventional catalysts, and moving underfloor catalysts closer to the engine. 
One "secret" of good catalytic HC control is a rapid heat up of the catalyst. 

The first approach, using an electrically-heated metallic substrate housed 
near the engine manifold, has attracted considerable attention. This 
technology is under aggressive development by the major metallic substrate 
companies. The technology consists of a catalyzed metallic foil substrate, a 

In operation, the metallic substrate is first heated by electric current for a 
period of time (the shorter the better) prior to vehicle start up. A short warm-
up time will minimize the inconvenience to the driver waiting to put his 
vehicle in motion. Current metallic substrates are heated for about 15 seconds 
before the engine is started, and then for an additional 30 seconds after 
starting the engine in order to heat the cold exhaust gases (4). Development 
work is underway to minimize the time needed for warm-up prior to engine 
ignition. A recent study claims to have achieved light-off over a catalyst on a 
metallic substrate within 20 seconds, without preheating the substrate prior to 
starting the engine (5). Improving the heat capacity or heat transfer 
characteristics of the monolith substrate will also reduce the time required to 
heat the catalyst to achieve light-off. 

Simultaneously with heating the catalyst, small quantities of air are added 
to the exhaust so that its Air-to-Fuel (A/F) is net lean - an A / F condition that 
increases the ease in which catalysts oxidize both HC and CO emissions. Low 
mileage emissions tests with electrically-heated catalyst equipped vehicles 
have resulted in HC emission levels at or below the U L E V HC standard (4). 
While this technology shows promising results, further development is 
necessary. Among other things, an adequate power source and electronic 
control system need to be identified and the durability of these components 
need to be demonstrated. 

A second approach for improved HC control is to add a non-resistively-
heated monolith catalyst (either ceramic or metallic substrate) off the engine 
manifold. For this approach and for the previous one, it is probable that 
underfloor converters will also be required to meet the California low and 
ultra-low emission standards. 

The third approach, moving an underfloor catalyst closer to the engine 
manifold, will also help improve HC control. As a rough rule of thumb, the 
exhaust temperature increases about 55 °C for each foot the catalyst is moved 
closer to the manifold. While hotter catalyst inlet temperatures favor 
improved HC and CO conversion performance, NOx conversion increases 
with increasing temperature up to about 400°C Somewhat above that 
temperature, it begins to decline. Thus, there are performance trade-offs to 
be considered with increasing exhaust temperature when locating the catalytic 
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1. SUMMERS & SILVER Meeting Future Emission Requirements 7 

converter closer to the manifold. Care must be exercised to optimize catalyst 
inlet temperature to achieve the desired levels of HC/CO/NOx performance. 

Higher operating temperatures, coupled with an extended useful life 
period, require a new generation of high activity/thermally stable catalysts. 
New thermally stable washcoats, which contain the active noble metals, are 
being developed to withstand increasingly severe operating temperatures. 
These washcoats must minimize sintering and alloy formation of the various 
noble metals. The composition of the washcoat. should be a function of the 
noble metal composition. A variety of base metals are used to stabilize the 
washcoat alumina against sintering as well as promoting noble metal activity 
and stabilizing noble metal dispersions. 

In the case of methanol fueled vehicles, formaldehyde emissions present a 
special concern. Catalysts must be formulated which oxidize formaldehyde to 
C 0 2 and H 2 0 . Formaldehyde is especially undesirable due to its high 
photochemical reactivity (6). It is also a lacrimator and a known carcinogen. 
A formaldehyde certification standard of 15 mg/mile and an in-use standard 
of 25 mg/mile for 1993 - 1995 has been enacted by the California Air 
Resources Board (CARB) for methanol fueled vehicles. Beginning in 1996, 
methanol vehicles will be required to meet an in-use standard of 15 mg/mile 
for formaldehyde emissions, and a standard of 8 mg/mile is under 
consideration for the late 1990s (Bertelson, B., Manufacturers of Emission 
Controls Association, personal communication, 1991). 

Vehicles running on methanol tend to run at lower temperatures than 
conventional gasoline cars. The low temperatures in turn, lead to problems 
with catalyst hghtoff, and thus to low conversions during Bag 1. Vehicles may 
also be difficult to start under cold temperatures, due to the low volatility of 
the fuel. Some catalysts may be placed near the manifold for aldehyde 
control, so thermally stable washcoats will be needed for high temperatures in 
this application. 

Variable fueled vehicles are now being introduced which have the ability to 
run on gasoline, methanol, or a gasoline/methanol blends. Catalysts designed 
for these vehicles will also have to perform acceptably when the car is fueled 
with either gasoline or methanol. 

Hydrocarbon emissions from natural gas fueled vehicles may also pose a 
challenge. The 1990 Clean Air Act introduced a standard of 0.25 g/mile for 
"non-methane organic gases". It did not, however, specifically repeal the old 
standard of 0.41 g/mile for total hydrocarbons. Therefore, the courts may 
have to rule on whether vehicles will be required to meet both standards, or 
only the non-methane standard. If both standards must be met, then the 
methane emissions from the natural gas vehicles will need to be reduced. This 
presents a significant challenge to the catalyst manufacturer, since methane is 
extremely resistant to oxidation (7). Bag 1 emissions will be especially difficult 
to reduce, since methane lightoff occurs at relatively high temperatures (500 -
600 °C) which conventional underbody catalysts do not reach until well into 
the emissions test. 

The air/fuel mixture entering a CNG fueled engine will require a feedback 
control system specially designed for natural gas, since adequate control of the 
air/fuel mixture with a system built for gasoline is difficult to achieve (8). 
Another area of concern is with the high temperature durability of the natural 
gas catalyst, especially since to effectively convert methane the catalysts will 
probably have to be installed near the engine manifold where they will be 
exposed to high temperatures (550 °C or higher) during in-service operation. 
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8 CATALYTIC CONTROL OF AIR POLLUTION 

Controlling NOx Emissions 

As discussed previously, improvements in HC and CO control are best 
achieved by rapidly heating up the catalyst in Bag 1 to obtain acceptable 
performance. In contrast, NOx emissions become a more serious problem 
during higher temperature operation. Thus, the catalytic control strategy for 
NOx control is somewhat different than for HC control. The Federal 
government recently tightened the NOx standard from 1.0 to 0.4 g/mile, while 
California will tighten theirs from 0.4 to 0.2 g/mile beginning in 1997 (ULEV 
standard). For catalytic NOx control, the use of certain base metals in 
washcoat formulations are of paramount importance in promoting the activity 

most commonly used base metal oxide for these purposes (9-11). Stabilizing 
rhodium to improve NOx thermal durability performance, has been, and will 
continue to be a priority in developing improved NOx control catalysts. 

Currently the car companies' primary emission engineering objectives are 
to develop systems that meet the new emission standards. Once this is 
accomplished, they will undoubtedly focus more of their efforts on cost 
containment. They may well include smaller catalyst volumes, less noble metal 
usage and the substitution of less expensive noble metals for the more 
expensive ones. Palladium may be used increasingly for close-coupled 
applications since it has superior thermal resistance relative to platinum and 
rhodium. Also, new palladium-only formulations show considerable promise 
for not only improved light-off performance, but also for warmed-up three-way 
performance (12-14). It is likely that considerable effort will be expended to 
keep the noble metal cost as low as possible without adversely affecting the 
emissions systems ability to meet the standards. 

Palladium catalysts have long been recognized as having desirable 
performance properties. In addition to its ready availability and low cost 
relative to platinum and rhodium, it is superior to platinum for CO oxidation 
and oxidation of unsaturated hydrocarbons (15). However, palladium is more 
susceptible than platinum to tetraethyl lead poisoning (16), and is also 
susceptible to poisoning by sulfur oxides (17,18). 

When emission standards have been tightened in the past, it has been 
common practice to increase noble metal content, catalyst volume or the 
number of catalytic units per vehicle. Surely we can expect to see examples of 
the practice continued through the 1990s. 

There is a growing pressure on car producers to make significant fuel 
economy gains. Accomplishing this task would also cut the level of emissions 
of the important greenhouse gas carbon dioxide as well as promoting energy 
security. One strategy for achieving this objective requires that a vehicle 
operate significantly lean of the stoichiometric point (A/F = 18-22). Figure 1 
shows the affect of air/fuel ratio on emissions from a natural gas vehicle. For 
gasoline, the stoichiometric point is around A / F = 14.56, and for natural gas 
the stoichiometric point is around A / F = 16.5. Operating under fuel-lean 
conditions results in low CO and HC emissions. Even though NOx emissions 
are low, further reduction is required to meet the current emission standards, 
as illustrated in Figure 1. Conceivably, this might be accomplished via the 
NO-CO reaction, by direct NO decomposition to N 2 and 0 2 , or by reacting 
NO with hydrocarbon in the presence of oxygen. The most promising process 
appears to be the reaction of NO with hydrocarbon. Thus, a new type of 
automotive catalyst technology, referred to as lean NOx catalysis, is under 
active development. The key feature of this process appears to be the reaction 
of NOx with feedstream HC in the presence of oxygen to yield nitrogen. The 
rate and extent of this reaction is a strong function of the available HC. 

Cerium oxide is perhaps the 
.... /f\ 1 Λ \ O i - L M * ΐ 
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1. SUMMERS & SILVER Meeting Future Emission Requirements 9 

Figure 1. Effect of A / F ratio on emissions from a natural gas fueled 
engine. 
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10 CATALYTIC CONTROL OF AIR POLLUTION 

The catalyst formulation that has received the most attention to date is 
copper incorporated into the zeolite ZSM-5 (19,20). Other base metals (Co, 
Ni, Fe, Mn, Cr, for example) and other support materials (such as other 
zeolites, mordenite, spinels and perovskites) are also actively being researched 
for potential lean NOx control. 

Recent announcements have indicated that lean NOx control catalysts are 
virtually ready for commercialization (21). Unfortunately, that is not the case. 
Further development work on this promising technology is needed. While 
some lean NOx control catalysts give excellent fresh NOx performance (60-
80% conversion) at A / F = 18-22, durability is a significant issue to be 
addressed and adequate levels of performance nave yet to be achieved. 

Catalyst Technology Will Play a Key Role in Meeting Future Cleanup 
Challenge 

Despite significant progress in cleaning up the air we breathe, much work 
remains. The new Federal and California vehicle emission standards will help 
us move towards cleaner air. These tougher standards, however, offer 
significant engineering challenges. Catalyst technology, which has played a 
key role in significantly reducing emissions from motor vehicles over the past 
15 years, will continue to advance and will help meet the emission clean-up 
challenges of the 1990s and beyond. 

Catalysts for automotive emission control make up a significant part of the 
world-wide catalyst industry. Out of the $5 billion market for catalysts world
wide in 1989 (22), approximately $1.5 billion were spent for emission control 
catalysts. This year, about 45 million catalyst monoliths are expected to be 
produced, for a market valued at close to $2 billion. By 1996, those numbers 
may rise to 67 million catalyst pieces and a $3.5 billion market. Of course, new 
and improved technology will play an important role in this rapidly expanding 
market, and the chemistry behind this technology will be discussed in more 
detail in the chapters which follow in this section. 
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Chapter 2 

Methane Oxidation over Noble Metal Catalysts 
as Related to Controlling Natural Gas Vehicle 

Exhaust Emissions 

S. H. Oh1, P. J. Mitchell1, and R. M. Siewert2 

1Physical Chemistry Department and 2Thermosciences Department, General 
Motors Research Laboratories, Warren, MI 48090 

Natural gas has considerable potential as an alternative 
automotive fuel. Methane, the principal hydrocarbon 
species in natural-gas engine exhaust, has extremely low 
photochemical reactivity but is a powerful greenhouse gas. 
Therefore, exhaust emissions of unburned methane from 
natural-gas vehicles are of particular concern. This 
laboratory reactor study evaluates noble metal catalysts 
for their potential in the catalytic removal of methane 
from natural-gas vehicle exhaust. Temperature run-up 
experiments show that the methane oxidation activity 
decreases in the order Pd/Al2O3 > Rh/Al2O3 > Ρt/Al2O3. 
Also, for a l l the noble metal catalysts studied, methane 
conversion can be maximized by controlling the Ο2 

concentration of the feedstream at a point somewhat rich 
(reducing) of stoichiometry. 

In recent years n a t u r a l gas has received increased a t t e n t i o n as an 
a l t e r n a t i v e f u e l f o r motor v e h i c l e s because of i t s p o t e n t i a l 
t e c h n i c a l , economic and environmental advantages. Natural gas, which 
c o n s i s t s p r i m a r i l y of methane (85-95% of the t o t a l HC), has e x c e l l e n t 
knock r e s i s t a n c e and i g n i t i o n c a p a b i l i t y over a wide range of a i r -
f u e l r a t i o s ( 1 ). These p r o p e r t i e s permit natural-gas engines to 
operate at high compression r a t i o s and with very f u e l - l e a n mixtures, 
r e s u l t i n g i n s u b s t a n t i a l l y higher f u e l e f f i c i e n c i e s than are p o s s i b l e 
with gasoline engines. Als o , n a t u r a l gas i s l e s s expensive than 
gasoline on an energy b a s i s and i s r e a d i l y a v a i l a b l e from abundant 
domestic supplies ( 2 , 3 ). Environmental b e n e f i t s of n a t u r a l gas 
include extremely low photochemical r e a c t i v i t y ( 4 ), reduced c o l d -
s t a r t CO emissions (/), and zero evaporative emissions. Furthermore, 
the low carbon content of methane would lead to reduced CO2 emissions 
(the most common "greenhouse" gas) from n a t u r a l gas v e h i c l e s . 
However, methane i t s e l f i s a much more powerful greenhouse gas than 
CO2 ( 3 , 5 ) and thus, though not c u r r e n t l y regulated, exhaust emissions 
of unburned methane from natural-gas v e h i c l e s are a n t i c i p a t e d to be 
of p a r t i c u l a r concern i n the fut u r e . 

0097-6156/92/0495-0012$06.00/0 
© 1992 American Chemical Society 
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2. OH ET A L Methane Oxidation over Noble Metal Catalysts 13 

V e h i c l e emission t e s t s conducted at General Motors Research 
Laboratories with two d i f f e r e n t gasoline engines converted to operate 
on n a t u r a l gas (6) showed that poor methane conversion (<15% during 
FTP) occurs over commercial three-way c a t a l y s t s c u r r e n t l y used f o r 
ga s o l i n e - v e h i c l e exhaust emission c o n t r o l . These d u a l - f u e l v e h i c l e s 
were designed to operate open-loop (lean) when running on compressed 
n a t u r a l gas. This observation of low methane conversion i n the lean 
natural-gas engine exhaust i s not s u r p r i s i n g i n view of previous 
reports i n the l i t e r a t u r e (Ref. ( 7 ) and references t h e r e i n ) , which 
generally show that methane i s the most d i f f i c u l t hydrocarbon to 
ox i d i z e c a t a l y t i c a l l y . The r e s u l t s of these v e h i c l e emission t e s t s 
also i n d i c a t e that the optimal c a t a l y s t formulation f o r natural-gas 
v e h i c l e s may d i f f e r from that f o r gasoline v e h i c l e s . 

This laboratory reactor study was i n i t i a t e d to i n v e s t i g a t e the 
p o s s i b i l i t y of c o n t r o l l i n g methane emissions by c a t a l y t i c o x i d a t i o n 
of unburned methane present i n natural-gas engine exhaust. Most of 
the previous laboratory studies on the c a t a l y t i c o x i d a t i o n of methane 
[e.g., Refs. ( 7-11)] focused on experimental conditions where there 
i s an excess of oxygen over methane ( i . e . , 02/CH4>2). Because of the 
wide i g n i t i o n range of n a t u r a l gas, however, a c t u a l n a t u r a l gas 
engines can p o t e n t i a l l y be operated under a v a r i e t y of a i r - f u e l r a t i o 
c o n d i t i o n s . The c u r r e n t l y favored operating s t r a t e g i e s f o r n a t u r a l 
gas engines include f u e l - l e a n and s t o i c h i o m e t r i c combustion ( 7 ) . 
Since c a t a l y t i c a c t i v i t y i s often a s e n s i t i v e f u n c t i o n of the 
stoichiometry of the r e a c t i o n environment ( 12 ), i t i s e n t i r e l y 
p o s s i b l e that methane conversion e f f i c i e n c y i n natural-gas engine 
exhaust may vary s u b s t a n t i a l l y with the a i r - f u e l r a t i o . With t h i s 
p o s s i b i l i t y i n mind, we conducted laboratory methane ox i d a t i o n 
experiments with single-component noble metal c a t a l y s t s over wide 
ranges of temperatures and feedstream s t o i c h i o m e t r i e s . The r e s u l t s 
of such laboratory experiments are of p r a c t i c a l i n t e r e s t because (1) 
methane i s the p r i n c i p a l hydrocarbon species i n natural-gas engine 
exhaust, (2) i t s ox i d a t i o n c h a r a c t e r i s t i c s have not been examined 
under conditions l i k e l y to be encountered i n natural-gas v e h i c l e 
exhaust, and (3) noble metals are ranked among the most a c t i v e 
c a t a l y s t s f o r methane o x i d a t i o n ( 7 , S ) . 

Experimental 

C a t a l y s t s . A l l of the c a t a l y s t s were prepared by i n c i p i e n t wetness 
impregnation of a γ-alumina support (3 mm diameter spheres, 96 m^/g 
BET area) with aqueous s o l u t i o n s of the metal s a l t s . The metal 
loadings, metal s a l t s used i n the preparation, and CO/metal and 
H/metal r a t i o s determined from s t a t i c chemisorption measurements are 
l i s t e d i n Table 1. The noble metal loadings of the c a t a l y s t s were 
chosen to provide a s i m i l a r number of a c t i v e metal atoms i n a l l 
cases. A f t e r impregnation the c a t a l y s t s were d r i e d i n a i r overnight 
at room temperature and then c a l c i n e d i n flowing a i r at 500°C f o r 
4 h. Such procedures r e s u l t e d i n the d e p o s i t i o n of the noble metals 
near the periphery of the c a t a l y s t beads. The observation of a CO/Rh 
r a t i o i n excess of un i t y f o r Rh/Al2Û3 i n d i c a t e s that at l e a s t part of 
the Rh e x i s t s as i s o l a t e d atoms or ions, forming a di c a r b o n y l species 
during CO chemisorption (13,14). 
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14 CATALYTIC CONTROL OF AIR POLLUTION 

Table 1. C a t a l y s t Properties 

C a t a l y s t 

P t / A l 2 0 3 

Metal Loading 
(wt%) 

0.20 Pt 

Noble Metal 
Precursor 

H 2PtCl6 

Chemisorption 
CQ/M H/M 

0.60 0.70 

P d / A l 2 0 3 0.16 Pd P d C l 2 
0.21 0.32 

R h / A l 2 0 3 0.14 Rh 

SOURCE: Adapted from r e f . 35. 

R h C l 3 1.25 0.42 

Reactor System and A n a l y t i c a l Methods. The i n t e g r a l flow reactor 
system used i n t h i s study was s i m i l a r to that employed i n a previous 
study ( 7 5 ) . The reactor was a 2.5 cm o.d. s t a i n l e s s s t e e l tube 
housed i n an e l e c t r i c furnace. The feed gases were passed downward 
through l a y e r s of s i l i c o n carbide p a r t i c l e s and the c a t a l y s t p e l l e t s . 
The s i l i c o n carbide l a y e r located upstream of the c a t a l y s t bed serves 
as an i n e r t heat t r a n s f e r medium and als o helps e s t a b l i s h f u l l y -
developed flow i n the r e a c t i v e s e c t i o n . Temperatures were measured 
with a chromel-alumel thermocouple p o s i t i o n e d along the reactor 
c e n t e r l i n e with i t s t i p located a few m i l l i m e t e r s below the top of 
the c a t a l y s t bed. A l l the experiments reported here were done using 
15 cm^ of c a t a l y s t and a t o t a l feedstream flow rate of 13 L/min 
(STP), y i e l d i n g a space v e l o c i t y of 52 000 h " 1 . The feedstream 
contained 0.2 v o l % CH4, 0.1 v o l % CO i f present, and v a r i a b l e l e v e l s 
of 0 2 i n a He background. 

The gas stream entering and l e a v i n g the reactor was analyzed 
using a Varian 6000 gas chromatograph equipped with a thermal 
c o n d u c t i v i t y detector. A s i n g l e column (0.32 cm diameter by 1.5 m 
length) containing Molecular Sieve 5A was employed, and the 
chromatographic separations were c a r r i e d out is o t h e r m a l l y at 60°C i n 
a He c a r r i e r gas. I n d i v i d u a l species i n the r e a c t i o n mixture were 

comparing t h e i r e l u t i o n times and 
of commercially-supplied c a l i b r a t i o n 

i d e n t i f i e d 
i ntegrated 
gases. 

The methane 

and q u a n t i f i e d by 
areas with those 

o x i d a t i o n a c t i v i t y of the c a t a l y s t s was 
ch a r a c t e r i z e d i n two ways: (1) temperature run-up experiments with 
f i x e d feed composition, and (2) v a r i a b l e composition experiments at a 
f i x e d temperature. Since our primary i n t e r e s t here i s i n evaluating 
c a t a l y s t s (rather than d e t a i l e d k i n e t i c s ) f o r p o t e n t i a l automotive 
a p p l i c a t i o n , we chose to measure c a t a l y s t performance under c a r e f u l l y 
c o n t r o l l e d i n l e t conditions to the c a t a l y s t bed. A l l the methane 
ox i d a t i o n a c t i v i t i e s reported here are those f o r the f r e s h c a t a l y s t s . 
The reactor temperature was c o n t r o l l e d by a thermocouple placed at 
the outside surface of the reactor tube. However, temperature values 
quoted i n t h i s study ( r e f e r r e d to as c a t a l y s t temperature) are those 
a c t u a l l y measured j u s t below the top of the c a t a l y s t bed. 
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2. OH ET A L Methane Oxidation over Noble Metal Catalysts 15 

Results 

Oxidation A c t i v i t y of Noble Metal C a t a l y s t s i n CH4-CO-O2 Mixtures. 
Although our p r i n c i p a l focus i s on the c a t a l y t i c o x i d a t i o n of 
methane, we f i r s t conducted laboratory reactor evaluations of the 
three noble metals Pt, Pd, and Rh i n feedstreams that contained CO i n 
a d d i t i o n to methane and 02· We added CO to the feed because CO, 
which i s present i n natural-gas v e h i c l e exhaust i n s i g n i f i c a n t 
q u a n t i t i e s (6), has been shown to s i g n i f i c a n t l y a f f e c t the ox i d a t i o n 
a c t i v i t y of noble metal c a t a l y s t s f o r some hydrocarbons (16-18). 
Furthermore, the presence of CO i n the feedstream allows one to 
examine the conversion e f f i c i e n c i e s of both methane and CO 
simultaneously. 

Figure 1 shows the steady-state conversions of CH4 and CO as a 
fu n c t i o n of temperature f o r the Pt/Al203» Pd/Al2Û3, and Rh/Al2Û3 
c a t a l y s t s . The experiments were conducted i n an o x i d i z i n g feedstream 
containing 0.2 v o l % CH4, 0.1 v o l % CO, and 1 v o l % O2. The CO 
conversion over the Pt/Al2Û3 and Pd/Al203 c a t a l y s t s i s near 100% at 
temperatures as low as ~200°C; however, the Rh/Al2Û3 c a t a l y s t was 
observed to be much l e s s a c t i v e f o r CO ox i d a t i o n i n t h i s o x i d i z i n g 
environment, r e q u i r i n g ~350°C f o r complete CO conversion. In 
agreement with e a r l i e r l i t e r a t u r e reports of extremely low methane 
ox i d a t i o n rates (10,11,19), high temperatures i n excess of 500°C are 
required f o r 50% conversion of the methane over the noble metals i n 
the o x i d i z i n g feedstream employed i n Figure 1. The low r e a c t i v i t y of 
CH4 toward O2 i s also r e f l e c t e d i n the absence of c a t a l y s t l i g h t o f f 
during the methane ox i d a t i o n . The methane ox i d a t i o n a c t i v i t y i n the 
presence of excess O2 decreases i n the order Pd/Al203 > Rh/Al2Û3 > 
Pt/Al2Û3, and t h i s a c t i v i t y ranking i s consi s t e n t with the 
observations of F i r t h and Holland (9) and of Yu Yao (10). In the 
o x i d i z i n g feedstream of Figure 1, carbon dioxide was the only carbon-
containing r e a c t i o n product detected at temperatures above 200°C 
(where the CO i n the feed was completely converted), i n d i c a t i n g the 
complete o x i d a t i o n of the methane i n the feed. Complete o x i d a t i o n of 
methane was also observed i n CO-free o x i d i z i n g feeds, as w i l l be 
discussed l a t e r i n t h i s paper. 

Since a c t u a l natural-gas v e h i c l e s can p o t e n t i a l l y operate over a 
wide range of a i r - f u e l r a t i o s , i t i s of p r a c t i c a l i n t e r e s t to examine 
the performance of the noble metal c a t a l y s t s under net-reducing 
conditions as w e l l . Figure 2 shows steady-state CH4 and CO 
conversions as a f u n c t i o n of temperature i n a reducing feedstream 
containing 0.2 v o l % CH4, 0.1 v o l % CO, and 0.33 v o l % O2. A l l three 
noble metals e x h i b i t very s i m i l a r low-temperature CO oxi d a t i o n 
a c t i v i t y , reaching nearly 100% CO conversion at temperatures as low 
as 200°C. However, the CO conversion e f f i c i e n c i e s over the noble 
metal c a t a l y s t s begin to f a l l below 100% near 450°C and then continue 
to d e c l i n e with a f u r t h e r increase i n temperature. For each of the 
noble metal c a t a l y s t s , the temperature required f o r the onset of the 
CH4 o x i d a t i o n i n the reducing feedstream of Figure 2 i s s i m i l a r to 
that observed i n Figure 1 f o r the o x i d i z i n g feedstream. Notice, 
however, that once the r e a c t i o n began, the CH4 conversion increased 
much more sharply with temperature ( l e v e l i n g o f f between 80 and 95% 
f o r Τ > 550°C) i n the reducing feedstream than i t does i n the 
o x i d i z i n g feedstream. The observation that the decrease i n CO 
conversion i s generally accompanied by an increase i n CH4 conversion 
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16 CATALYTIC CONTROL OF AIR POLLUTION 

Figure 1. Conversions of (A) CO and (B) C H 4 over the alumina-supported noble metal 
catalysts as a function of temperature in an oxidizing feedstream containing 0.2 vol% CH 4 , 
0.1 vol% CO, and 1 vol% 0 2. (Reproduced with permission from ref. 35. Copyright 1991 
Academic.) 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

10
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
49

5.
ch

00
2

In Catalytic Control of Air Pollution; Silver, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



2. OH ET AK Methane Oxidation over Noble Metal Catalysts 17 

Catalyst Temperature (°C) 

Figure 2. Conversions of (A) CO and (B) C H 4 over the alumina-supported noble metal 
catalysts as a function of temperature in a reducing feedstream containing 0.2 vol% CH 4 , 
0.1 vol% CO, and 0.33 vol% 0 2 . (Reproduced with permission from ref. 35. Copyright 
1991 Academic.) 
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18 CATALYTIC CONTROL OF AIR POLLUTION 

i n Figure 2 str o n g l y suggests that the l o s s i n CO conversion 
e f f i c i e n c y at elevated temperatures i s due p r i m a r i l y to p a r t i a l 
o x i d a t i o n of methane to CO under the oxygen-deficient c o n d i t i o n s . In 
f a c t , our experiments with CH4-O2 mixtures ( i . e . , no CO i n the feed) 
under reducing conditions confirmed the formation of CO as the 
p r i n c i p a l carbon-containing p a r t i a l o x i d a t i o n product of methane 
ox i d a t i o n . This aspect w i l l be discussed l a t e r i n the paper. 

Comparison of Figures IB and 2B shows that at temperatures above 
550°C the CH4 conversion over each of the noble metal c a t a l y s t s i s 
higher i n the reducing environment than i t i s i n the o x i d i z i n g 
environment. This suggests the p o s s i b i l i t y that the CH4 conversion 
may be s e n s i t i v e to the stoichiometry of the gas-phase environment 
and thus there may e x i s t an optimum feedstream stoichiometry at which 
a maximum CH4 conversion occurs. To explore t h i s p o s s i b i l i t y , we 
measured steady-state CH4 and CO conversions at a c a t a l y s t 
temperature of ~550°C using feedstreams containing 0.2 v o l % CH4, 0.1 
v o l % CO, and v a r i a b l e l e v e l s of O2. A wide range of feedstream 
s t o i c h i o m e t r i e s were covered by i n c r e a s i n g the 0 2 concentration step-
by-step while holding the temperature and t o t a l flow rate constant. 
The r e s u l t s of such experiments are shown i n Figure 3, where the CH4 
and CO conversions are p l o t t e d against the 0 2 concentration i n the 
feed. I t can be seen i n Figure 3B that f o r each of the noble metal 
c a t a l y s t s , the CH4 converison goes through a maximum at an 0 2 

concentration somewhat l e s s than i t s s t o i c h i o m e t r i c value of 0.45 
v o l % ( i . e . , i n a net-reducing feed) and then d e c l i n e s sharply as the 
O2 concentration i s increased f u r t h e r . The optimum i n l e t oxygen 
concentration f o r Pt/Al 203 and Rh/Al2Û3 l i e s between 0.40 and 0.42 
v o l % O2; however, a maximum CH4 conversion over Pd/Al2Û3 was observed 
at a lower i n l e t O2 concentration of ~0.35 v o l % . The CO conversions 
measured during the same experiments are p l o t t e d i n Figure 3A. For 
a l l three noble metal c a t a l y s t s , the CO conversion increases 
monotonically with i n c r e a s i n g O2 concentration i n the feed, reaching 
an asymptotic l e v e l of 100% at an O2 concentration between 0.45 and 
0.5 v o l % . Under reducing c o n d i t i o n s , the CO conversion e f f i c i e n c y 
decreases i n the order Pt/Al203 > Pd/Al203 > Rh/Al203-

Oxidation A c t i v i t y of Noble Metal C a t a l y s t s i n CH4-O2 Mixtures. 
A d d i t i o n a l methane ox i d a t i o n experiments were c a r r i e d out over the 
same alumina-supported noble metal c a t a l y s t s without CO i n the feed. 
Comparison of the r e s u l t s of these experiments with those presented 
i n the previous s e c t i o n allows one to examine how the CH4 conversion 
c h a r a c t e r i s t i c s of the noble metal c a t a l y s t s are a f f e c t e d by the 
presence of CO i n the feed. Also, experiments under conditions where 
CO i s absent i n the reactant gas mixture provide u s e f u l i n s i g h t i n t o 
the o r i g i n of the CO observed during our previous methane o x i d a t i o n 
experiments i n a reducing environment and the tendencies of the 
various noble metals to p a r t i a l l y o x i d i z e methane to CO. 

Temperature run-up experiments conducted i n an o x i d i z i n g CH4-O2 
feedstream (0.2 v o l % CH4, 1 v o l % O2, no CO) revealed methane 
conversion c h a r a c t e r i s t i c s s i m i l a r to those depicted i n Figure IB. 
S i m i l a r l y , the methane conversion vs. temperature data obtained with 
a CO-free reducing feedstream containing 0.2 v o l % CH4 and 0.33 v o l % 
O2 e x h i b i t close s i m i l a r i t i e s to those shown i n Figure 2B. The 
s i m i l a r i t i e s i n methane o x i d a t i o n features under reducing conditions 
between the cases with and without CO include (1) the onset of 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

10
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
49

5.
ch

00
2

In Catalytic Control of Air Pollution; Silver, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



2. OH ET A L Methane Oxidation over Noble Metal Catalysts 19 

Figure 3. Conversions of (A) CO and (B) C H 4 over the alumina-supported noble metal 
catalysts at a catalyst temperature of 550 * C in feedstreams containing 0.2 vol% CH 4 , 0.1 
vol% CO, and variable levels of O r (Reproduced with permission from ref. 35. Copyright 
1991 Academic.) 
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20 CATALYTIC CONTROL OF AIR POLLUTION 

methane ox i d a t i o n at a comparable temperature f o r each of the noble 
metals, (2) the same a c t i v i t y ranking (Pd/Al2Û3 > Rh/Al2Û3> 
Pt/Al2Û3) f o r low methane conversions, and (3) s i m i l a r asymptotic 
methane conversion l e v e l s of ~90% f o r temperatures above 550°C. The 
observation that the CH4 conversion c h a r a c t e r i s t i c s during a 
temperature run-up are e s s e n t i a l l y unaffected by CO i n the feed i s 
not s u r p r i s i n g i n view of the large d i s p a r i t y i n t h e i r r e a c t i v i t y 
toward 02· That i s , much higher temperatures are required f o r 
methane ox i d a t i o n than f o r CO oxid a t i o n , so that a l l the CO has been 
completely reacted by the time the CH4 conversion becomes s i g n i f i c a n t 
(see Figures 1 and 2). 

For a l l three noble metal c a t a l y s t s , methane oxi d a t i o n under 
reducing conditions produced CO and H2 as the p r i n c i p a l products of 
p a r t i a l o x i d a t i o n . Our observation of H2 as a r e a c t i o n product 
during methane o x i d a t i o n i s perhaps not s u r p r i s i n g i n view of the 
report of Frennet ( 20 ) that at elevated temperatures methane 
chemisorption on noble metals i s accompanied by H2 e v o l u t i o n . 
Experiments conducted with feedstreams containing no CO were 
p a r t i c u l a r l y convenient i n examining the product d i s t r i b u t i o n s and 
the tendencies of the various noble metal c a t a l y s t s to form CO during 
methane o x i d a t i o n . Table 2 shows the amount of CH4 consumed and the 

Table 2. Product D i s t r i b u t i o n s f o r Methane 
Oxidation Under Reducing C o n d i t i o n s a 

C a t a l y s t s 

P t / A l 2 0 3 

P d / A l 2 0 3 

CH4 Consumed 
(ppm) 

1005 

1000 

CO2 Produced 
(ppm) 

820 

800 

CO Produced 
(ppm) 

163 

250 

H2 Produced 
(ppm) 

600 

715 

Rh / A l 2 0 3 1560 1025 560 2700 

S O U R C E : Reprinted with permission from ref. 35. Copyright 1991 Academic. 

a0.2 v o l % CH4 and 0.15 v o l % 0 2 i n the feed, 
c a t a l y s t temperature = ~520°C, space v e l o c i t y = 52 000 h"* 

amounts of CO, CO2» and H2 produced during methane ox i d a t i o n under 
reducing conditions (0.2 v o l % CH4, 0.15 v o l % O2, and no CO i n the 
feed) over the three noble metal c a t a l y s t s at a c a t a l y s t temperature 
of ~520°C. For each of the noble metal c a t a l y s t s , there i s a good 
c o r r e l a t i o n between the amount of CH4 reacted and the sum of the 
amounts of CO and CO2 produced during the methane o x i d a t i o n (carbon 
balance closure to w i t h i n 5%), i n d i c a t i n g that CO and CO2 are the 
only carbon-containing r e a c t i o n products under our experimental 
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2. OH ET AL. Methane Oxidation over Noble Metal Catalysts 21 

c o n d i t i o n s . (The presence of elemental carbon on the surface i s 
rule d out because O2 exposure of the c a t a l y s t f o l l o w i n g steady-state 
r e a c t i o n at low O2/CH4 r a t i o s d i d not produce s i g n i f i c a n t amounts of 
CO or CO2O For a l l the runs conducted under reducing c o n d i t i o n s , 
i n c l u d i n g those presented i n Table 2, the mass balance f o r oxygen 
agreed w i t h i n 10% when CO, CO2, H2, and H2O were assumed to be the 
only r e a c t i o n products. Considering the uncertainty associated with 
the H2 a n a l y s i s ( t y p i c a l p r e c i s i o n = ±5% of the reported value; our 
GC column was not optimized f o r H2 a n a l y s i s ) , i t appears that no 
p a r t i a l o x i d a t i o n products other than CO and H2 are formed i n 
s i g n i f i c a n t q u a n t i t i e s under our r e a c t i o n c o n d i t i o n s . Although trace 
amounts of methanol, formaldehyde, and formic a c i d have also been 
reported as the r e a c t i o n products i n some cases ( 2 7 ) , we d i d not 
pursue t h i s point i n d e t a i l . 

The product s e l e c t i v i t y to CO ( i . e . , the amount of CO produced 
d i v i d e d by the amount of CH4 consumed) f o r each noble metal can be 
c a l c u l a t e d from the data of Table 2: 0.16 f o r Ρ ί / Α ^ Ο β , 0.25 f o r 
Pd/Al203, and 0.36 f o r ΙΟι/Α^Οβ. These c a l c u l a t e d s e l e c t i v i t i e s 
i n d i c a t e that the tendency to form the p a r t i a l o x i d a t i o n product CO 
decreases i n the order Rh/Al203 > Pd/Al203 > Pt/Al203» i n agreement 
with the ranking of the noble metal c a t a l y s t s f o r CO conversion 
observed under the reducing feedstream conditions of Figure 3. I t i s 
i n t e r e s t i n g to note that the H2/CO r a t i o d i f f e r s s i g n i f i c a n t l y among 
the noble metals: ~4 f o r Pt/Al203» ~3 f o r Pd/Al203» and ~5 f o r 
RI1/AI2O3. These compare with a H2/CO r a t i o of 2 expected f o r the 
d i s s o c i a t i v e adsorption of methane leading to the cleavage of the C-H 
bond, a key step i n methane ox i d a t i o n over noble metals (7,10,11). 
This implies that f o r a l l three noble metals, the CO generated during 
the methane ox i d a t i o n reacts more r e a d i l y with oxygen than the H2. 
In f a c t , the high H2/CO r a t i o observed f o r the RI1/AI2O3 c a t a l y s t i s 
consistent with the r e s u l t s of separate reactor experiments with C0-
H2-O2 mixtures ( 2 2 ) , which show that Rh/Al203 i s p a r t i c u l a r l y 
e f f e c t i v e i n p r e f e r e n t i a l l y o x i d i z i n g CO i n the presence of a large 
excess of H2. 

Mechanistic D i s c u s s i o n 

Under the o x i d i z i n g feedstream conditions considered here, the noble 
metal surface i s predominantly covered with oxygen and thus the 
c r i t i c a l step i n the methane ox i d a t i o n i s the d i s s o c i a t i v e adsorption 
(and subsequent reaction) of CH4 onto the oxygen-covered surface 
(10,11,23-25). The supporting evidence f o r t h i s conclusion i s given 
below. F i r s t , most k i n e t i c studies conducted over noble metal 
c a t a l y s t s i n the presence of excess O2 show that the observed rate 
law i s f i r s t order i n methane and zero order i n oxygen (11,19,24). 
Second, oxygen adsorption on noble metals i s f a s t under the r e a c t i o n 
conditions considered here ( 2 6 ) , whereas methane adsorption i s a 
slow, a c t i v a t e d process (20). As a r e s u l t of the s u b s t a n t i a l 
d i f f e r e n c e i n adsorption strengths (O2 > CH4) , O2 i n h i b i t s the CH4 
oxi d a t i o n under o x i d i z i n g conditions by excluding the more weakly 
adsorbed species, CH4, from the a c t i v e s i t e s , as observed i n Figure 
3B. (The presence of CO i n the feed would probably not s i g n i f i c a n t l y 
change the r e l a t i v e surface concentration of CH4 and O2 under 
r e a c t i o n c o n d i t i o n s , because CO tends to desorb r a p i d l y from the 
surface at the high temperatures required f o r the methane reaction.) 
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22 CATALYTIC CONTROL OF AIR POLLUTION 

As the O2 concentration i n the feed i s decreased to l e s s than the 
s t o i c h i o m e t r i c value (while holding the concentration of the reducing 
agents constant), however, CH4 can compete s u c c e s s f u l l y with O2 f o r 
the a c t i v e s i t e s despite i t s weaker adsorption strength. In t h i s 
case, the adsorption rates f o r both reactants would become 
comparable, y i e l d i n g a high r e a c t i o n rate and thus high CH4 
conversion. With a f u r t h e r decrease i n i n l e t O2 concentration, 
i n s u f f i c i e n t amounts of O2 adsorb on the surface and the CH4 
conversion becomes low because of the r e s u l t i n g k i n e t i c and/or 
s t o i c h i o m e t r i c l i m i t a t i o n s encountered during the methane o x i d a t i o n . 
This explains why the CH4 conversion goes through a maximum as the 
i n l e t O2 concentration i s v a r i e d , as i l l u s t r a t e d i n Figure 3B. A 
s i m i l a r dependence of methane conversion on exhaust stoichiometry, 
i n c l u d i n g a maximum CH4 conversion under somewhat r i c h e r than 
s t o i c h i o m e t r i c c o n d i t i o n s , was observed over commercial noble metal 
c a t a l y s t s i n a recent engine-dynamometer study with methane f u e l 
( 2 7 ) . 

The d e t a i l e d mechanism of methane o x i d a t i o n on noble metals i s 
not yet w e l l understood. Methane chemisorption and methane-deuterium 
exchange experiments (20,28) have shown that the chemisorption of 
methane on noble metals involves d i s s o c i a t i o n to adsorbed methyl or 
methylene r a d i c a l s , as a r e s u l t of removal of hydrogen atoms from the 
carbon atom. The subsequent i n t e r a c t i o n of methyl or methylene 
r a d i c a l s with adsorbed oxygen has been proposed to lead to e i t h e r 
d i r e c t o x i d a t i o n to CO2 and H2O or the formation of chemisorbed 
formaldehyde v i a methoxide, methyl peroxide, or methylene oxide 
intermediates ( 7 , 2 3 , 2 9 , 3 0 ). Recent studies of formaldehyde o x i d a t i o n 
on Pt by McCabe and McCready (31), and by L a p i n s k i et a l . ( 3 2 ) 
provided k i n e t i c and spectroscopic evidence that the o x i d a t i o n 
r e a c t i o n involves the d i s s o c i a t i o n of the adsorbed formaldehyde to 
adsorbed CO and adsorbed H atoms. These adsorbed CO and H atoms have 
been observed to e i t h e r desorb as CO and H2 or react with adsorbed 
oxygen to produce CO2 and H2O, depending on the stoichiometry of the 
reactant gas mixture (31,32). Based on the above d i s c u s s i o n , the 
proposed r e a c t i o n mechanism f o r methane ox i d a t i o n can be represented 
by the f o l l o w i n g p a r a l l e l - c o n s e c u t i v e process. 

CH 4(g) HCHO(g) CO(g) H 2(g) 

îi -H C V ( a ) + 0 ÎI decomp. îi îi +0 C ° 2 ^ 
CH. (a) > or > HCHO(a) > C0(a) + 2H(a) > + 

CH 2-(a) H 20(g) 

\ d i r e c t oxidation_ ,'1 

The mechanism proposed above i s consistent with our observation of 
CO, CO2, H2, and H2O as the p r i n c i p a l r e a c t i o n products of the 
methane o x i d a t i o n under reducing c o n d i t i o n s . Although not d i r e c t l y 
measured, m a t e r i a l balance considerations i n d i c a t e that no 
s i g n i f i c a n t amount of gaseous formaldehyde was produced during the 
methane ox i d a t i o n over the noble metal c a t a l y s t s . This suggests that 
under our r e a c t i o n conditions an adsorbed formaldehyde intermediate, 
once formed, may r a p i d l y decompose to CO(a) and Η(a) rather than 
desorb i n t o the gas phase as formaldehyde molecules. 
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2. OH ET A L Methane Oxidation over Noble Metal Catalysts 23 

Given the presence of the r e a c t i o n products, CO, C02> #2» a n ( * 
H2O, i n the r e a c t i o n mixture, i t i s p o s s i b l e that the product 
d i s t r i b u t i o n f o r the methane o x i d a t i o n may be a f f e c t e d by the water-
gas s h i f t e q u i l i b r i u m r e a c t i o n 

CO2 + H 2 <r± CO + H 20 

(The e q u i l i b r i u m constant f o r the r e a c t i o n as w r i t t e n above i s 0.24 
at 520°C.) A s i m i l a r r e a c t i o n mechanism has r e c e n t l y been proposed 
by Ashcroft et a l . ( 33 ) f o r s e l e c t i v e o x i d a t i o n of methane to 
synthesis gas over t r a n s i t i o n metal c a t a l y s t s . I t should be noted 
that the product d i s t r i b u t i o n s given i n Table 2 f o r a c t u a l r e a c t i o n 
conditions deviate s i g n i f i c a n t l y from that d i c t a t e d by the water-gas 
s h i f t e q u i l i b r i u m , presumably because some of the CO and H2 would 
react r a p i d l y with O2 i n the stream. Nevertheless, one feature of 
the water-gas s h i f t r e a c t i o n i s amenable to t e s t i n g i t s importance i n 
our system; that i s , i f the s h i f t r e a c t i o n i s operative, the a d d i t i o n 
of CO2 to the feed should increase CO production. To t e s t t h i s 
feature, we f i r s t e s t a b l i s h e d a steady-state r e a c t i o n c o n d i t i o n at 
520°C with a reducing feedstream containing 0.2 v o l % CH4 and 0.15 
v o l % O2 and then added CO2 stepwise to the feedstream while holding 
the temperature and t o t a l flow rate constant. The r e s u l t s of such 
experiments f o r the three alumina-supported noble metal c a t a l y s t s are 
presented i n Table 3, which l i s t s methane conversions and the amounts 

Table 3. Methane Conversion and CO Production 
With and Without CO? A d d i t i o n 

P t / A l 2 0 3 _ P d / A l 2 0 3 Rh/Al 2°3 
CH4 Conv. CO CH4 Conv. 

(%) (ppm) m 

Base Case a 50 

1000 ppm C0 2 Added 51 

2000 ppm C0 2 Added 51 

163 50 

177 52 

181 50 

CO CH4 Conv. CO 
(ppm) (%) (ppm) 

250 78 560 

275 76 687 

250 76 750 

S O U R C E : Reprinted with permission from ref. 35. Copyright 1991 Academic. 

a0.2 v o l % CH4 and 0.15 v o l % O2 i n the feed (no C0 2 added), 
c a t a l y s t temperature = ~520°C, space v e l o c i t y = 52 000 h~* 

of CO produced during methane o x i d a t i o n with and without CO2 a d d i t i o n 
to the feed. (A more d e t a i l e d d e s c r i p t i o n of the product 
d i s t r i b u t i o n f o r the base case i s given i n Table 2.) I t can be seen 
that f o r each of the noble metal c a t a l y s t s the methane conversion i s 
independent of the CO2 l e v e l i n the r e a c t i o n mixture. The amount of 
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24 CATALYTIC CONTROL OF AIR POLLUTION 

CO produced over e i t h e r Pt/Al.203 or Pd/Al203 i s also v i r t u a l l y 
unaffected by the CO2 a d d i t i o n . For the RI1/AI2O3 c a t a l y s t , on the 
other hand, i n c r e a s i n g the CO2 l e v e l i n the r e a c t i o n mixture tends to 
enhance CO production (and, though not shown, suppress H2 production) 
during the methane ox i d a t i o n . This suggests that the water-gas s h i f t 
r e a c t i o n plays a s i g n i f i c a n t r o l e i n determining the product 
s e l e c t i v i t y f o r methane o x i d a t i o n over RI1/AI2O3, but not over 
Pt/Al203 or Pd/Al203- The i n s e n s i t i v i t y of the methane conversions 
over the noble metals to the CO2 l e v e l i n the feed suggests that the 
r a t e - l i m i t i n g step i n the methane oxi d a t i o n , which i s ge n e r a l l y 
b e l i e v e d to be the d i s s o c i a t i o n of adsorbed methane molecules 
(10,11), i s unaffected by CO2. 

An obvious question i s the degree to which t h i s water-gas s h i f t 
argument might c a r r y over i n t o the a c t u a l exhaust environment. 
Veh i c l e exhaust contains a large amount of H2O, which would s t r o n g l y 
favor the reverse d i r e c t i o n of the s h i f t r e a c t i o n as w r i t t e n above. 
However, CO2 i s also present i n exhaust i n large q u a n t i t i e s , and thus 
the formation of CO from CO2 cannot be ru l e d out. In a d d i t i o n , the 
presence of SO2 (20 ppm by volume) i n the feedstream has been shown 
to be h i g h l y detrimental to the water-gas s h i f t r e a c t i o n (34). 
However, the e f f e c t of SO2 on the performance of natural-gas exhaust 
c a t a l y s t s i s expected to be small since a n a l y s i s of t y p i c a l 
compressed n a t u r a l gas shows that i t s SO2 content i s l e s s than 5 ppm 
by volume. 
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Chapter 3 

Automotive Catalyst Strategies for Future 
Emission Systems 

W. Burton Williamson, Jerry C. Summers, and John A. Scaparo 

Allied-Signal Automotive Catalyst Company, P.O. Box 580970, 
Tulsa, OK 74158-0970 

While significant advances in Pt/Rh three-way catalyst (TWC) 
formulations have been accomplished, the use of Pd-containing 
catalysts for three-way emission control are of interest for overall 
noble metal cost reduction, lower Rh usage, and potential 
durability improvements. Applications of Pd are demonstrated 
for replacement of Pt in conventional Pt/Rh TWC systems, for 
use in Pd-only three-way catalysts and for lowering methanol and 
formaldehyde emissions at close-coupled locations on a methanol
-fueled vehicle. The individual contributions of Pt, Pd and Rh for 
aged three-way performance indicate significant advantages of 
using Pd over Pt. A comparison of vehicle system control 
strategies illustrates that higher system temperatures 
significantly lower HC emissions, while air/fuel control strategies 
are most critical in lowering NOx emissions. 

Advanced automotive catalyst technologies and vehicle emission systems will be 
critical in achieving the more stringent NOx and hydrocarbon emission standards 
of the 1990s that are being implemented world-wide. Future automotive 
emission systems will require further significant advancements in order to help 
improve national as well a global air quality, since the global vehicle population 
has increased ten-fold in the last forty years to over 500 million vehicles(l,2). 
Projections based on linear regressions at an average rate of 2.5% per year 
would double worldwide vehicle growth to one billion vehicles over the next 
forty years(3). 

Since passenger car emission standards established by the Clear Air Act 
of 1970 and implemented beginning model year 1975 in the United States 
generally required catalysts, there has been increasing pressure to decrease 
emissions further. Compared to uncontrolled emission levels prior to the 
enactment of the Clean Air Act, current federal exhaust emission levels (Table 
1) have reduced hydrocarbon (HC) and carbon monoxide emissions by 95% and 

0097-6156/92/0495-0026$06.00/0 
© 1992 American Chemical Society 
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3. WILLIAMSON ET AL. Strategies for Future Emission Systems 27 

NOx emissions by 70%(4). Further requirements increase the potential warranty 
from 50,000 miles to 100,000 miles (80,000 to 160,000km) in addition to the 
lower emission levels discussed in Chapter 1. 

California adopted a stringent NOx standard of 0.4g/mi beginning with 
the 1989 model year. The feasibility of simultaneously achieving 0.4g/mi NOx 
and 0.25g/mi HC standards is based upon certification results that indicate an 
estimated 40% of 1987 California certified cars are capable of meeting the 
proposed future emission standards. The average 1986 and 1987 California cars 
and light trucks had certification levels of 0.20g HC, 2.9g CO and 0.4g 
NOx/mile(5). 

Catalytic NOx control is primarily dependent on the amount of rhodium 
(Rh) noble metal used and the type of catalyst system. In California the 
relatively low levels of NOx was largely achieved by using only TWCs, rather 
than dual-bed systems. Typically the TWC-only systems used about twice as 
much Rh as the dual-bed systems, and to achieve the 0.4 NOx standard required 
even significantly larger Rh loadings than for the 0.7 NOx standard. However, 
factors such as expensive Rh, scarcity, low recycling recovery rate, and increased 
global usage are not conducive to increased vehicle per capita consumption. 

On the contrary, during the past few years noble metal cost reduction 
pressures have generated significant interest in the use of Pd-containing catalysts 
for three-way emission control applications(6-ll). In addition, Pd/Rh catalysts 
have the potential of improved hydrocarbon emission performance(8). 

Major improvements of catalytic control of HC emissions can be made 
by significantly reducing the time required for the catalyst to light-off and reach 
operating temperature, since up to 75% of the engine-out HC emissions for a 
typical vehicle can occur during the cold-start portion (Bag 1) of the FTP-75 
cycle. One way to achieve this is by the use of close-coupled three-way catalysts. 
However, high exhaust temperatures result in thermal deterioration of closely 
mounted catalysts which must be minimized to maintain extended durability, 
especially for 100,000 mile considerations. 

The durability of current automobile catalysts in the U.S. is governed 
primarily by thermal deactivation 12), since chemical deactivation has been 
greatly reduced by the use of unleaded gasoline. The extent of performance loss 
is not only a function of the maximum temperature of catalyst exposure, but also 
the air/fuel (A/F) range of the exhaust during high temperature exposure. 

Various catalyst strategies will need to be considered in order to meet 
the proposed emission standards. One approach is to increase the noble metal 
content of the catalyst as well as perhaps increasing the catalyst volume. A 
second is to use three-way catalysts closely coupled to the engine manifold in 
order to insure superior light-off performance. A third is to use start-up 
catalysts near the manifold coupled with an underfloor catalyst (including by
pass catalysts). Another option would be to use conventional underfloor catalyst 
technology having improved formulations. 

In order to illustrate the strengths and weaknesses of each of these 
approaches, selected experimental data will be presented that was generated in 
the course of development of newer catalyst technologies. Improvements only 
in catalyst technologies may not be sufficient to enable the automotive engineer 
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28 CATALYTIC CONTROL OF AIR POLLUTION 

to meet increasing stringent emission targets. However, new catalyst 
technologies currently under development coupled with adequate engine fuel 
management systems and optimized calibrations will allow the car companies 
to make substantial progress toward meeting the future 
T L E V / L E V / U L E V / Z E V emission standards discussed in chapter 1. 

Improving Catalyst Performance 

Increased Noble Metal Content. The most obvious (and most expensive) 
approach for meeting more stringent HC and NOx standards is to increase the 
noble metal content of the catalyst. Such approaches have proven successful as 
indicated by California certification data(5). However, higher three-way 
conversions and lower light-off temperatures have been demonstrated at 
constant noble metal content by placing Rh nearer the front of the catalyst bed 
rather than uniformly throughout the bed(13). 

The sensitivity of light-off performance to increasing noble metal loading 
at a constant Pt/Rh weight ratio (5/1) is shown in Figure 1(14). Catalysts in 
these experiments were aged for 100 hours on a fuel-cut aging cycle (maximum 
catalyst inlet temperature = 760°C) with fuel containing 15mg lead/gal and 2mg 
phosphorus/gal (4mg Pb and 0.5mg P/liter). 

Cerium Promoters/Stabilizers. Base metal promoters, such as cerium 
(Ce), are incorporated into three-way catalyst formulations to significantly 
enhance NOx and CO performance near stoichiometric A / F ratios(15,16). The 
beneficial effects of Ce on improving the stoichiometric performance of Pt/Rh 
TWCs (10/1 at 0.24 wt% = 40g/ft3) are shown in Figure 2(14) after thermal 
aging at 900°C for 4h with 10% H 2 0 in air. Catalyst loadings are reported in 
wt%, or g/ft3 of ceramic monolith substrate having 64 square cells/cm2 (400 
cells/in2). Increasing Ce loadings (at constant total washcoat loadings) 
significantly improves the NOx and CO conversions at 550°C with only a slight 
effect on HC oxidation. 

The improved NOx conversions result from less thermal deactivation of 
Rh, which occurs during high-temperature lean aging and has been attributed 
to strong Rh-alumina interactions(17,18). During cyclic operation around the 
exhaust gas stoichiometric point, additional CO can be removed by the water-
gas shift reaction over Pt( 19,20) and Rh(19). An enhancement of the water-gas 
shift reaction occurs with increasing Ce loadings(21). Light-off durability 
performance also improves with increasing cerium loadings(7). 

Individual Noble Metal Durability. The individual contributions of Pt, 
Pd and Rh for aged three-way performance were compared to Pt/Rh and 
Pd/Rh TWCs using a high performance commercial washcoat technology 
previously optimized for Ce-containing Pt/Rh catalysts. The Pt/Rh and Pd/Rh 
TWC contained nominal loadings of 0.2 wt% Pt or Pd (33.3g/ft3) and 0.04 wt% 
Rh (6.7g/ft3), and the single component catalysts were formulated at the same 
respective loadings, i.e., 0.2 wt% Pt, 0.2 wt% Pd and 0.04 wt% Rh. In addition, 
all catalysts contained equivalent proprietary base-metal and washcoat loadings. 

Catalysts were aged simultaneously in dual quadrant reactors for 100 hr 
on a severe fuel-cut aging cycle (maximum catalyst inlet temperature = 850°C) 
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3. WILLIAMSON ET A L Strategies for Future Emission Systems 29 

TABLE 1 

PASSENGER CAR EMISSION STANDARDS 

Federal Test Procedures 
(g/mO 

MODEL YEAR HC CO NOx 

Uncontrolled 10.6 84 4.1 
1970 4.1 34 NR 

1972 3 28 NR 

1973 3 28 3.1 

1975 1.5 15 3.1 

1977 1.5 15 2.0 

1980 0.41 7 2.0 

1981 0.41 3.4 1.0 

1993 California (50k) 0.25* 3.4* 0.4 
(100k) 0.31 4.2 — 

*% Compliance: 40% 1993,80% 1994,100% 1995 
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Figure 1. Effect of noble metal loadings on light-off temperatures of Pt/Rh (5/1) 
catalysts after engine aging. (Reproduced with permission from ref. 14. 
Copyright 1988 Society of Automotive Engineers, Inc.) 
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30 CATALYTIC CONTROL OF AIR POLLUTION 

using commercial unleaded fuel. Results of the individual evaluations at 450°C 
are shown in Figure 3 as integral stoichiometric conversions (A/F = 14.56 ± 
0.15). 

At stoichiometric A / F ratios, the Pd/Rh and Pt/Rh catalysts are 
equivalent, while the Pt/Rh TWC had slight 5% NOx conversion advantages at 
both 2% lean and 2% rich A / F conditions. The relative performance rankings 
in the range of A / F = 14.25 (2% rich) to 14.85 (2% lean) indicate the 
following: 

Pt/Rh = Pd/Rh > Pd > Rh > > Pt for HC, CO 
Pt/Rh > Pd/Rh > Rh > Pd > > Pt for NO 

The only significant contribution for Pt was for lean HC/CO conversions, 
which were still lower than the Pd-Ce catalyst. These results indicate significant 
advantages of using Pd-Ce over Pt-Ce catalysts for oxidation reactions and NO 
reduction, however, the predominant contribution for the three-way performance 
comes from Rh, even though Rh is at much lower loading. Indeed substantial 
removal of Pt from Pt/Rh TWCs can be achieved before significantly affecting 
stoichiometric conversions or light-off performance of Pt/Rh TWCs.(13). 

Increased Palladium Usage 

Pd/Rh TWC Performance. Recent studies illustrate the progress that has been 
made in developing high performance Pd/Rh catalyst technologies(ll). In 
previous studies evaluating commercial Pt/Rh and Pd/Rh technologies, the 
Pd/Rh TWC had lower NOx conversions and required relatively tight A / F 
control to approach the performance levels achieved by the Pt/Rh TWC(IO). 

Despite price and availability advantages, historically there have been a 
number of problems connected with Pd usage. These included alloy formation 
during use between Rh and Pd(22,23), palladium's ability to alloy with Pt(24), 
lower activity in oxidizing C 3 or higher molecular weight paraffins(25), and its 
susceptibility towards poisoning from fuel and oil contaminants(26). These 
problems have now largely been overcome and a variety of high performance 
Pd/Rh catalyst technologies are currently being introduced into the marketplace. 
On the positive side, Pd has well-known durability performance advantages 
relative to Pt: in oxidizing environments, it is considerably more resistant to 
sintering than Pt(24,27). 

For Pd/Rh and Pt/Rh catalysts at identical loadings that were aged 
under five different high temperature aging cycles, Figure 4(11) illustrates the 
differences in conversion at the stoichiometric point between the aged catalyst 
pairs. Positive differences indicate higher conversions for the Pd/Rh catalyst, 
while negative differences indicate higher conversions for the Pt/Rh catalyst. 
The conversion performance data reveal far more similarities than differences 
for the two noble metal technologies. Conversion differences of less than 4% 
are not considered statistically significant. 

Pd-Only Three-Way Control Catalysts. Rh is the component of current 
conventional three-way control catalysts responsible for converting NOx to N 2 
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Figure 2. Effect of Ce loading on Pt/Rh catalyst conversions after 900 β C aging 
with 10% H 2 0 in air. (Reproduced with permission from ref. 14. Copyright 1988 
Society of Automotive Engineers, Inc.) 

Figure 3. Noble metal catalyst durability after engine aging at 850 β C maximum 
inlet temperature. 
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by its reaction with CO(28). Pd also has some ability to convert NOx(29,30). 
The use of Pd as a three-way control catalyst in a single bed application, as a 
replacement for Pt/Rh in the rear bed of a two-bed Pt/Rh three-way control 
system, and as a catalyst incorporated into a two bed Pd-only dual bed system 
with secondary air injected between the two catalyst beds has been 
examined(7,8). 

Figure 5(7) gives the durability performance at the stoichiometric point 
of Pd-only three-way catalysts as a function of Pd loading after aging for lOOh 
on a fuel-cut aging cycle. The HC performance is relatively independent of Pd 
loading (0.12-0.60 wt%/20-100g/ft3) ranging from 88% to 93%, respectively. 
The HC conversion levels are high and compare well with those achieved by 
high-tech Pt/Rh catalysts aged under similar conditions. This may appear 
surprising since Pd is thought to be inferior to Pt in its ability to convert 
difficult-to-oxidize hydrocarbons such as propane(25) which may comprise 15-
20% of the hydrocarbons normally in automotive exhaust(31). However, as 
these results clearly show, Pd can be used with a proper washcoat technology 
to give high levels of HC control near the stoichiometric point. The NOx 
conversions are also relatively high and strongly dependent on Pd loading, 
ranging from 49% to 69% (0.12 to 0.60 wt%). The CO conversions exhibit 
similar dependency on Pd content. 

Improved durability performance was also noted for all regulated 
emissions with increasing Pd content except for lean NOx and rich CO 
conversions which were essentially constant in A / F traverse evaluations. Also, 
the temperature required to convert 50% of the HC, CO and NOx over the Pd 
is almost directly related to Pd-loading: Pd catalysts with 0.6 wt% » 100g/ft3 

loadings have about the same performance as 5/1 Pt/Rh catalysts at 0.24 wt% 
(40g/ft3) when aged under similar conditions. 

Typically, lead poisoning has a greater impact on HC conversion than 
CO conversion for noble metal catalysts under lean (27,32) and rich (26,33) 
operation. More recent Pd formulations have been found to maintain a 
performance advantage with respect to Pt/Rh catalysts for HC conversion 
regardless of lead fuel level(8). The effect of lead poisoning for both catalysts 
is particularly evident rich of the stoichiometric point. Lower rich A / F CO 
performance was found for Pd catalysts than for Pt/Rh catalysts. Near the 
stoichiometric point («14.45-14.70) there is little impact of lead poisoning for 
the HC or CO conversion of either catalyst. 

One general feature of the NOx conversion for the Pd TWC is that it 
rapidly falls off rich of the stoichiometric point relative to the Pt/Rh catalyst. 
Part of this difference is due to the higher N H 3 formation found over Pt/Rh 
catalysts(7). Most closed-loop vehicles operate very near the stoichiometric 
point where the Pd TWC performs well. If improvements in rich NOx 
conversion are desired, small quantities of Rh can be added, as shown in Figure 
6(8). 

For NOx conversion, there is also a greater effect of lead poisoning rich 
of the stoichiometric point than at the stoichiometric point. At the 
stoichiometric point, the Pd catalyst is superior to the Pt/Rh catalyst after 
exposure to lead at either level. Rich of the stoichiometric point, the NOx 
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Figure 4. Pd/Rh and Pt/Rh catalyst comparisons for stoichiometric A/F at 450 
β C after various accelerated engine aging cycles. (Reproduced with permission 
from ref. 11. Copyright 1990 Society of Automotive Engineers, Inc.) 
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Figure 5. Effect of Pd loading on stoichiometric conversions at 450 * C of Pd-
only catalysts after engine aging. (Reproduced with permission from ref. 7. 
Copyright 1988 Society of Automotive Engineers, Inc.) 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

10
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
49

5.
ch

00
3

In Catalytic Control of Air Pollution; Silver, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



34 CATALYTIC CONTROL OF AIR POLLUTION 

conversion of both catalysts falls off sharply upon exposure to increasing lead 
levels. In the poisoning of Pt/Rh catalysts, the NOx conversion was significantly 
deteriorated under strongly rich conditions, particularly the conversion of NOx 
to NH3(27,33). Similar results were found over Pd catalysts(26). 

Evaluation of Vehicle-Aged Pd Catalysts. Pd and Pt/Rh catalysts were 
aged for 25,000 miles (40,000km)on 1988 Dodge Dynastys, removed from the 
vehicles and evaluated on an engine dynamometer and across different vehicles 
according to the U.S. FTP-75 test. The FTP-75 results for the 25,000 mile aged 
Pd catalyst in Table 2(8) indicate that this technology has comparable durability 
performance to conventional high-tech Pt/Rh technology. Because vehicle aging 
data can be highly variable, some care should be exercised in the direct 
comparison of one set of vehicle performance numbers with another for the two 
different catalysts. However, the 25,000 mile data indicate that Pd-only TWC 
catalysts are viable. 

The performance of the Pd catalyst is excellent across a relatively clean 
2.5L Somerset (engine-out emissions are 1.2g HC/mi, 6.8g CO/mi, 1.5g 
NOx/mi). FTP-75 tailpipe emissions are very low: 0.07g HC/mi, 0.68g CO/mi 
and 0.36g NOx/mi. These findings support the idea that Pd-only TWC 
technology is excellent for well-designed tight emission control/fuel management 
systems. Furthermore, the FTP-75 conversions of the Pd catalyst aged on a 
driving cycle more severe than the ΑΜΑ driving cycle exceed those established 
by the EPA (70% H C / 70% CO/30%NOx) and the Air Resources Board of 
California (70% HC/70% CO/50% NOx) for meeting aftermarket catalytic 
converter performance standards. Considering the conversions of the Pd 
catalyst measured across the relatively cold Nissan 300ZX (80% H C / 81% 
CO/64%NOx), it is obvious that this technology can easily meet the aftermarket 
requirements for vehicles of 3500 lbs (1588kg) GVW or lighter. In further aging 
to 50K miles (80K km) the Pd TWC deteriorated further, but still easily met 
U.S. standards. 

Palladium Usage in Methanol Vehicles. Methanol fueled vehicles will 
be required to meet a 15mg/mile formaldehyde (HCHO) emission standard in 
California starting in 1993, i.e. levels comparable to formaldehyde emissions 
from current three-way catalyst equipped vehicles. Reportedly Pt and Pd 
catalysts are good for high methanol conversions with low formaldehyde 
emissions, and lowest formaldehyde emissions of Pt and Pd based TWCs occur 
during stoichiometric or slightly rich conditions(34). 

Methanol and formaldehyde emissions over Pd and Pt/Rh close-coupled 
catalysts were determined as part of a California Air Resources Board emission 
control program at Southwest Research Institute using a 1981 gasoline Ford 
Escort modified to operate on 90% methanol fuel (M90). A developmental Pd 
catalyst at 0.29 wt% (50g/ft3j and a high performance commercial Pt/Rh = 5/1 
at 0.12 wt% (20g/ft3) TWC (both at 1.0 liter volumes) were evaluated fresh in 
a close-coupled location (76cm from manifold) and compared to the stock 
converter of the 1981 gasoline Escort (TWC + oxidation) located in an 
underbody location (183cm from manifold). 

The 0.29 wt% catalyst had equivalent or better HC performance 
compared to the Pt/Rh TWC, and both close-coupled formulations had better 
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Figure 6. Effect of Rh content in Pd/Rh catalysts on NOx conversions at 450 β C 
after engine aging (760 β C inlet fuel-cut cycle). (Reproduced with permission 
from ref. 8. Copyright 1989 Society of Automotive Engineers, Inc.) 

TABLE 2 

VEHICLE EVALUATION OF 25K MILE AGED CATALYSTS 
FTP-75 

Conversions (%) 
Modal Summary 2.5L TBI Somerset 3.0L MPFI300ZX 
Total FTP - 75 Pd Pt/Rh Pd Pt/Rh 

HC 94 93 80 78 

CO 90 92 81 > 77 

NOx 76 > 69 64 < 68 

S O U R C E : Reprinted with permission from ref. 8. Copyright 1989 Society of Automotive 
Engineers, Inc. 
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36 CATALYTIC CONTROL OF AIR POLLUTION 

HC conversions than the underbody Escort converter, as shown in Figure 7 for 
cold start, hot start, 30 mph and 50 mph (48 and 80km/h) testing. Also, both 
of the close-coupled TWCs had better three-way control in general than the 
underbody Escort converter. 

Both Pd and Pt/Rh technologies located in the close-coupled position 
also had significantly lower methanol and formaldehyde emissions than the 
Escort TWC + COC underbody converter, as shown in Table 3. In cold start 
testing, methanol and formaldehyde emissions of the close-coupled systems were 
approximately 10% of the Escort system due to the significantly higher 
conversions. Close-coupled catalyst emissions during hot start were still only 
about 20% of the Escort emissions. Similar results are shown for the 30 and 50 
mph testing. At the high conversion levels, little distinction could be made of 
a preferred technology since they were both comparable for 
methanol/formaldehyde emissions and durability considerations were not 
addressed. 

Vehicle System Effects 

Light-off Performance. Catalyst light-off performance is strongly related to A / F 
and improves dramatically over noble metal catalysts upon moving from rich to 
lean A / F ratios(27). Light-off is also strongly related to noble metal loading 
and noble metal composition(35). 

A problem facing catalyst development scientists is how to measure light-
off performance. As an aid to answering this question, it is instructive to 
consider how a vehicle operates during the cold transient phase of the FTP-75 
cycle. Catalyst light-off typically occurs during the first 200 seconds of this test. 
The exact time that light-off occurs will vary and depends on catalyst 
composition factors and vehicle control strategies. The exhaust temperature 
ramp rate, A / F control strategy, and the time required to switch from open to 
closed-loop operation vary demonstratively for different vehicles. As a result, 
time required for HC light-off to occur is system dependent, as illustrated in 
Figure 8(11). 

With the conventional three-way control systems (those with no 
secondary air added), there is a functional balance of temperature ramp rate 
and the time required to switch from open to closed-loop control. The closed-
loop switch control point occurs only after the design operating temperature of 
the oxygen sensor has been reached (>260°C), the timing of which is highly 
dependent on the vehicle control system. Light-off occurs at some minimum 
inlet temperature after closed-loop operation is attained. 

Vehicle Results. Improved HC performance levels correlate best with 
higher average reactor inlet temperatures. HC FTP-75 test results for an 
advanced Pt/Rh TWC are shown in Table 4(36) for 850°C fuel-cut aged samples 
across four different vehicles. The system differences of these vehicles with 
respect to fuel control, catalyst operating temperatures, and A / F environment 
of the catalyst have been described previously(36). Carbon monoxide 
performance results for the same catalyst formulation were consistently better 
for vehicles with less rich excursions. The lowest hydrocarbon performance 
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TIME (SEC) 

Figure 8. Effect of vehicle system on the time required for HC light-off to occur 
for a Pt/Rh catalyst after engine aging (850 β C inlet fuel-cut cycle). (Reproduced 
with permission from ref. 11. Copyright 1990 Society of Automotive Engineers, 
Inc.) 
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38 CATALYTIC CONTROL OF AIR POLLUTION 

T A B L E 3 

METHANOL AND FORMALDEHYDE EMISSIONS 
FROM M90 FUELED ESCORT 

EMISSIONS: mg/ml (% Conv.) 

Emission Test 

Cold Start 

MeOH 

HCHO 

Hot Start 
MeOH 

HCHO 

30 mph Cruise 

MeOH 

HCHO 

55 mph Cruise 

MeOH 

HCHO 

Escort 
Underbody 
Pt/Rh TWC 

1300 (84) 

62.6 (80) 

30 (99) 

9.4 (98) 

10 (99) 

9.5 (93) 

ND (99+) 

11.3(96) 

Developmental 
Close-Coupled 

_BsL 

170 (98) 

6.1 (98) 

ND (99+) 

2.1 (99) 

10 (99) 

2.1 (99) 

ND (99+) 

1.4(99+) 

Pt/Rh 

150 (98) 

5.9 (98) 

ND (99+) 

1.4(99) 

10(99) 

1.3(99) 

ND (99+) 

1.2(99+) 

(ND » Not Detected) 

TABLE 4 

HC FTP PHASE SENSITIVITY TO VEHICLE SYSTEM 
OF HIGH-TECH TWCa 

Vehicle 

Scirocco 

Somerset 

C i t a t i o n 

300ZX 

% HC Conversion 
(Phase Avg. Catalyst Inlet T ; 

Total CT (T°C)" CS (T°cT 

84 

81 

72 

63 

72 (506) 

72 (435) 

68 (408) 

36 (341) 

91 (488) 

89 (410) 

77 (372) 

81 (367) 

° C ) 

HT ( T 0 C I 

81 (500) 

73 (405) 

62 (392) 

61 (362) 
a = TWC aged lOOh 850°C Fuel-Cut Cycle 

S O U R C E : Reprinted with permission from ref. 36. Copyright 1989 Society of Automotive 
Engineers, Inc. 
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levels were obtained with Citation and 300ZX vehicles and highest with the 
Somerset and Scirocco vehicles. This substantiates methods to reduce HC 
emissions by increasing catalytic reactor temperatures, such as a manifold mount 
system. 

Nitric oxide performance levels correlate best with the mean A / F control 
value during key high emission modes, i.e., accelerations and high speed cruises, 
as shown in Table 5(36). The net rich fuel calibration of the Scirocco vehicle, 
especially at high speeds, resulted in the highest NO conversions. The 
corresponding net lean calibration of the 300ZX vehicle resulted in the lowest 
NO conversions. 

TABLE 5 

NOx FTP ADVANCED TWC SENSITIVITY 
TO VEHICLE SYSTEM 3 

Phase Mode 
% NOx Reduction From Phase T o t a l b 

Phase Mode 300ZX Citation Somerset Scirocco 

CT Idle 1 2 4 1 
Accel. 13 18 20 22 
Cruise 18 41 39 60 
Decel· 2 3 3 6 

Total CT 34 64 66 89 

CS Idle 3 3 8 1 
Accel. 36 35 33 37 
Cruise 27 38 30 45 
Decel. 8 10 12 16 

Total CS 74 86 83 99 

HT Idle 2 1 3 1 
Accel. 25 15 18 26 
Cruise 25 46 51 62 
Decel. 3 3 5 6 

Total HT 55 65 77 95 

Weighted Total — — — — 
Performance 58 74 76 95 

A/F HT H i l l 2 
Cruise 14.72 14.52 14.56 14.38 

a = Advanced TWC aged lOOh on 850°C fuel-cut cycle 
b = Mode (Inlet Grams - Outlet Grams) χ 1 0 0 % 

Phase Total Grams 
S O U R C E : Reprinted with permission from ref. 36. Copyright 1989 Society of Automotive 
Engineers, Inc. 
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In an attempt to understand the origin of these significant differences, 
the catalyst warm-up and duration in which the fuel system switched to close-
loop control was determined. For the Scirocco vehicle, the catalyst reached 
warm-up as early as the first hill. For the Nissan 300ZX, this was achieved very 
slowly and only during hill two of Bag 1. For the Citation vehicle, a moderately 
rapid warm-up was observed which occurred right after hill one. Concomitantly, 
the switch to closed-loop control was rapid on the Scirocco, very slow on the 
300ZX and moderately rapid on the Citation. 

Also important is the fact that the control set point during closed-loop 
operation for the Scirocco was at the stoichiometric or just slightly rich of it, 
whereas the 300ZX was set lean of the stoichiometric point. The Citation's 
control point was at the stoichiometric point. The relative air-to-fuel 
modulations were small for the multi-point fuel injection vehicles (Scirocco and 
300ZX) and relatively large for the Citation vehicle. Consequently, the NOx 
conversion performance on the Scirocco was high for the warm cruise mode of 
Bag 1 and 3, low for the 300ZX and moderately high for the Citation. 

Acknowledgements 

L. A. Butler, P. M . Caouette, J. R. Coopmans, J. E. Dillon, K. J. Foley, 
M . G. Henk, D. G. Linden, P. J. Pettit, J. R. Provenzano, R. J. Shaw, J. F. 
Skowron, M . Thomason, D. Whisenhunt, J. H . White. 

Literature Cited 

1. Walsh, M.P.; Karlsson, J.; SAE (Society of Automotive Engineers) 1990, 
Paper 900613. 

2. M V M A (Motor Vehicle Manufacturers Assoc.) Motor Vehicle Facts and 
Figures '90, 1990, p.36. 

3. Walsh, M.P.; Platinum Metals Rev. 1989,33,194. 
4. U.S. Environmental Protection Agency, "Mobile Source Emission Standards 

Summary", March 20, 1985. 
5. Lyons, J.M.; Kenny, R.J.; SAE 1987, Paper 872164. 
6. Muraki, H.; Shinjoh, H.; Sabukowa, H.; Yokata, K.; Fujitani, Y.; Ind. Eng. 

Chem. Prod. Res. Dev. 1986, 25, 202. 
7. Summers, J.C.; Williamson, W.B.; Henk, M.G.; SAE 1988, Paper 880281. 
8. Summers, J.C.; White, J.J.; Williamson, W.B.; SAE 1989, Paper 890794. 
9. Gandhi, H.S.; Watkins, W.L.H.; U.S. Patent 4,782,038; November 1, 1988. 

10. Heck, R.; Patel, K.S.; Adomaitis, J.; SAE 1989, Paper 892094. 
11. Summers, J.C.; Williamson, W.B.; Scaparo, J.A.; SAE 1990, Paper 900495. 
12. Otto, K.; Williamson, W.B.; Gandhi, H.S.; Ceramic Eng. and Sci. Proc. 1981, 

2, 352. 
13. Summers, J.C.; Hiera, J.P.; Williamson, W.B.; SAE 1991, Paper 911732. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

10
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
49

5.
ch

00
3

In Catalytic Control of Air Pollution; Silver, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



3. WILLIAMSON ET AL. Strategies for Future Emission Systems 41 

14. Williamson, W.B.; Summers, J.C.; Skowron, J.F.; SAE 1988, Paper 880103. 
15. Kim,G.; Ind. Eng. Chem. Prod. Res. Dev. 1982, 21, 267. 
16. Cooper, B.J.; Truex, T.J.; SAE 1985, Paper 850128. 
17. Yao, H.C.; Japar, S.; Shelef, M.; J. Catal. 1977, 50, 407. 
18. Yao, H.C.; Stepien, H.K.; Gandhi, H.S.; J. Catal. 1980, 61, 547. 
19. Joy, G.C.; Lester, G.R.; Molinaro, F.S.; SAE 1979, Paper 790943. 
20. Gandhi, H.S.; Piken, AG.; Stepien, H.K.; Shelef, M.; Delosh, R.G.; Heyde, 

M.E.; SAE 1977, Paper 770196. 
21. Cooper, B.J.; Evans, W.D.J.; Harrison, B.; in Catal. Automot. Pollut. 

Control; Cruq, Α., Ed.; Stud. Surf. Sci. Catal. Vol. 30; Elsevier: Amsterdam, 
1987. 

22. Graham, G.W.; Potter, T.; Baird, R.J.; Gandhi, H.S.; Shelef, M.; J. Vac. Sci. 
Technol. 1986, 4, 1613. 

23. Hegedus, L.L.; Summers, J.C.; Schlatter, J.C.; Baron, K.; J. Catal. 1979, 54, 
321. 

24. Summers, J.C.; Hegedus, L.L.; J. Catal. 1978, 51, 185. 
25. Yao, Y.F.; Ind. Eng. Chem. Prod. Res. Dev. 1980, 19, 293. 
26. Williamson, W.B.; Lewis, D.; Perry, J.; Gandhi, H.S.; Ind. Eng. Chem. Prod. 

Res. Dev. 1984, 23, 531. 
27. Summers, J.C.; Monroe, D.R.; Ind. Eng. Chem. Prod. Res. Dev. 1981, 20, 

23. 
28. Bauerle, G.L.; Service, G.R.; Nobe, K.; Ind. Eng. Chem. Prod. Res. Dev. 

1972, 11, 54. 
29. Schlatter, J.C.; Taylor, K.C.; J. Catal. 1977, 49, 42. 
30. Gandhi, H.S.; Yao, H.C.; Stepien, H.K.; ACS Symposium Series 1982, 178, 

143. 
31. Jackson, M.W.; SAE 1978, Paper 780624. 
32. Shelef, M.; Dalla Betta, R.A.; Larson, J.A.; Otto, K.; Yao, H.C.; "Poisoning 

of Monolithic Noble Metal Oxidation Catalysts in Automobile Exhaust 
Environment", 74th National Meeting of AIChE, New Orleans, March 1973. 

33. Williamson, W.B.; Gandhi, H.S.; Heyde, M.E.; Zawacki, G.A.; SAE 
Transactions 1979, 88, 3196 (Paper 790942). 

34. McCabe, R.W.; King, E.T.; Watkins, W.L.H.; Gandhi, H.S.; SAE 1990, 
Paper 900708. 

35. Monroe, D.R.; Krueger, M.H.; SAE 1987, Paper 872130. 
36. Skowron, J.F.; Williamson, W.B.; Summers, J.C.; SAE 1989, Paper 892093. 
R E C E I V E D February 26, 1992 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

10
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
49

5.
ch

00
3

In Catalytic Control of Air Pollution; Silver, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



Chapter 4 

Experimental Comparison Among Hydrocarbons 
and Oxygenated Compounds 

for their Elimination by Three-Way Automotive 
Catalysts 

J. M. Bart1, A. Pentenero2, and M. F. Prigent1,3 

1Institut Français du Pétrole, 92506 Rueil-Malmaison, France 
2Laboratoire de Chimie-Physique, Université de Nancy I, 54506 

Vandoeuvre-les-Nancy, France 

Many hydrocarbon species are present in automotive exhaust gases, 
and three-way Pt-Rh catalysts are commonly used for their elimi
nation. However, most published work on individual hydrocarbon 
conversion concerns their oxidation in simulated exhaust gases with 
excess oxygen. This study was therefore undertaken to determine 
the reactivity of saturated alkanes, olefins, acetylene, aromatics, 
alcohols or various other oxygenated compounds in steady state 
conditions with synthetic exhaust gases near stoichiometry. In a first 
series of measurements, conversion rates were determined as a 
function of temperature at stoichiometry. The partial pressure effect 
of O2, NO and H2O was then determined at constant temperature in 
the region of catalyst light-off. NO and mainly O2 were shown to 
have a negative effect on the first terms of saturated alkane 
conversion under lean conditions. Water vapor has a positive effect 
in rich conditions (without SO2), but is more pronounced for Pt-Rh 
than for a Pt catalyst. Finally, the role played by SO2 in hydrocarbon 
conversion was evaluated. Its action is sometimes positive, i.e. for 
saturated alkanes with up to 3 carbon atoms, but more often negative, 
i.e. in stoichiometric and lean conditions for acetylene and for 
hydrocarbons for which oxidation starts below 200°C (olefins, 
aromatics and alkanes with more than 3 carbon atoms), and in rich 
conditions for all kinds of hydrocarbons. 

Several hundred different hydrocarbons and oxygenated compounds can be 
detected in engine exhaust gases (i-5). Some come directly from the fuel. Others, 
initially not present, are synthesized from hydrocarbon fragments during the 
combustion and/or exhaust strokes. Their nature varies with the fuel composition, 
the engine type and its running conditions. Gas chromatographic analysis of exhaust 
gases shows that they usually contain (in ppm C) around 30% paraffins, 30% olefins 
of which one half is ethylene, 30% aromatics and 10% acetylene. Depending on 
their nature, the different hydrocarbons are more or less easily eliminated by 
automotive catalysts. The only published work on catalyst action on individual 

3Corresponding author 

0097-6156/92/0495-0042$06.00/0 
© 1992 American Chemical Society 
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4. BART ET A L Hydrocarbons and Oxygenated Compounds 43 

hydrocarbons refers to oxidation catalysts used with excess oxygen (6-10). No 
extensive study has been published on the reactivity of individual hydrocarbons 
on three-way catalysts around stoichiometry. 
Concerning alkane oxidation with excess oxygen, it is generally assumed that their 
adsorption is the limiting step in the reaction. A C-H bond has to be broken, and 
the more energy involved in this cleavage, the more difficult the oxidation will be. 
Since the C-H bond is weaker for a secondary carbon atom than for a primary 
carbon atom, it has actually been observed that propane is easier to oxidize than 
ethane. 
It is also assumed that the number of secondary carbon atoms does not greatly 
influence alkane adsorption. The introduction of a ternary carbon atom in the 
hydrocarbon chain on the other hand facilitates the C-H bond cleavage. Branched 
alkanes are consequently oxidized more easily than hydrocarbons with a straight 
chain. Isobutane for example was found to oxidize more rapidly than n-butane 
(10). 
Methane elimination, which is the most difficult to achieve, has been extensively 
studied on oxidation catalysts (7). Formaldehyde can be observed as an interme
diate. By the cleavage of one or two C-H bonds, methane is chemisorbed on noble 
metals as methyl or methylene radicals. These radicals react with an adsorbed 
oxygenation to give a CH 20 radical and then CO and C0 2. 

Alcohol chemisorption is similar to alkane chemisorption and involves the cleavage 
of a C-H bond (10). Ethanol can yield by-products such as ethylene, acetaldehyde 
and acetone by the following reactions according to Yu Yao (6): 

Cfls OH + 30 2 —> 2C02 + 3H20 
QHj OH + 1/2 0 2 CH3CHO + H 2 0 
C 2 H 5 OH -> C 2 H 4 + H 2 0 
C 2 H 5 OH + 20 2 

2C 2H 5 OH + 3/2 0 2 

—> 2CO + 3H20 C 2 H 5 OH + 20 2 

2C 2H 5 OH + 3/2 0 2 —> CH3COCH3 + CO + 3H20 

Alkene, like alcohol, may also produce some aldehydes by oxidation (10). But in 
contrast to alkanes, the length of the carbon chain seems to be without any influence 
on the oxidation rate: 1-hexene and propylene are oxidized with a similar rate (6). 
For ketones also, the chain length has no influence since chemisorption is caused 
by the carbonyl group. 
Aside from the nature of the hydrocarbon species, their oxidation is influenced by 
many other parameters such as: 

• The partial pressure of oxygen, nitrogen oxide, water vapor and sulfur dioxide, 
• The nature, concentration and dispersion of the noble metal used (Pt, Pd or 

Rh), 
• The nature of the noble metal carrier (A1203, Ce02, etc.), 
• Catalyst contamination by poisons. 

For three-way catalysts the oxygen partial pressure is rather low and can become 
substoichiometric if there are momentary excursions of the A/F ratio into the rich 
region. The water-gas shift reaction, 

CO + H 2 0 -> H 2 + C0 2 
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and the steam-reforming reaction, 

HC + H 2 0 -> CO + C 0 2 + H 2 

can also play a role in CO and HC removal (77). 
The role played by S0 2 in hydrocarbon elimination on Pt-Rh three-way catalysts 
is also very important, and several previous studies have dealt with C 3 H 6 or C 3 H 8 

oxidation in lean or rich conditions (72-76). 
An inhibition of propylene oxidation was observed while an unexpected beneficial 
effect of S0 2 was noted in the oxidation of propane by H.C. Yao et al. The latter 
was attributed to alumina surface sulfatation, which is able to strongly promote 
C 3 H 8 chemisorption. It was then judged plausible that the new active sites for 
propane oxidation are located at the junction between Pt particles and the sulfated 
alumina carrier (14). 
Under reducing conditions, S0 2 can be reduced to the S2" sulfide ion, which is a 
well-known noble metal poison. Very little information is available concerning its 
effect on hydrocarbon elimination, except that their vaporeforming becomes very 
difficult in the presence of S0 2 (76). 
Given the above situation, a laboratory research program was undertaken to 
measure the reactivity on three-way catalysts of the main hydrocarbons and more 
generally of the organic substances present in engine exhaust gases. Their oxidation 
rate was first determined in the steady state as a function of temperature with a 
stoichiometric gas mixture. The partial pressure effect of 0 2 , NO, H 2 0 and S0 2 

was then measured at constant temperature in the region of catalyst light-off. 

Experimental Laboratory Methods 

The laboratory experimental setup used for measuring hydrocarbon conversion 
rates is shown in Figure 1. It comprises the gas mixture generating section, the 
reactor and the analytical equipment. The gas flows are controlled by means of 
mass flowmeters. Liquid hydrocarbons and water are introduced by metering 
pumps and vaporized before being mixed with the main gas flow. S0 2 was 
introduced in the gas mixture for some tests by dissolving it in the injected water. 
The gas mixture compositions used for the tests at and around stoichiometry are 
indicated in Table 1. 

Table 1 - Feed gas composition used in the tests (% vol) 

CO 
HC(Q) 

H 2 

NO 

0.61 
0.15 
0.2 

0.048 
-0.63 

C0 2 10 
H 2 0 10 
N 2 bal 

S0 2 0 or 0.002 

o 2 

The oxygen content was adjusted according to the H/C hydrocarbon ratio to obtain 
the desired redox ratio. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

10
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
49

5.
ch

00
4

In Catalytic Control of Air Pollution; Silver, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



4. BART ET AL. Hydrocarbons and Oxygenated Compounds 45 

The reactor consisted of a quartz tube (Φί = 10 mm) filled, upstream from the 
catalyst, with quartz scraps to help with inlet gas preheating. The gas flow was 
6.67 standard liters per minute giving a gas space velocity in the catalyst of 50,000 
h"1. A thermocouple located 5 mm in front of the monolith inlet side was used for 
temperature determination. 
The catalyst used was a 46 mm long cylindrical section of a cordierite monolith 
(400 cells/in2), with an alumina based wash-coat (100 g/1) containing 4.5% Ce02, 
promoters and 1.41 gf\ (40 g/CF) Pt + Rh. The Pt and Rh weight ratio was 5:1. 
The results reported here were obtained with the catalyst in fresh conditions 
(activated 2 hr at 500°C in a stoichiometric mixture), but other experiments with 
thermally aged catalyst samples were also performed and their main conclusions 
will be given. To assess if some of the effects observed with a change in the oxygen 
concentration are more or less linked to the tendency of Rh to be oxidized, some 
tests were also performed with a Pt catalyst alone. 
CO and NO conversions were measured using conventional nondispersive infrared 
and chemiluminescence analyzers, respectively. Hydrocarbon conversions were 
measured with a heated flame ionization detector analyzer. 
The measurements were made in the steady state, and conversions are defined as 

C°-C-

the fractional reduction of the inlet concentration, i.e. X, = -^—r- x 100 

where Q and C- denote outlet and inlet concentrations of component i respectively. 

The outlet concentration refers only to the signal magnitude given by the FID 
analyzer irrespective of the nature of the compound present in the gas. The catalyst 
light-off temperature is defined as the minimum temperature required to have 50% 
conversion of the compound considered. 

Results and Discussion 

HC Conversion Rate at Stoichiometry as a Function of Temperature with 
or without S02 present in the gas mixture. 

Saturated hydrocarbons. Methane, ethane, propane, and hexane conver
sions in a stoichiometric gas mixture containing or not 20 ppm S0 2 are given as a 
function of temperature in Figure 2. The light-off temperature T50 decreases very 
rapidly as the number of molecular carbon atoms increases when starting from 
methane and levels off above 5 or 6 carbon atoms as shown in Figure 3. 
A strong positive effect of S0 2 is observed for ethane (T50 lowered by 120°C) and 
propane (T50 lowered by 60°C), and a moderate negative effect is observed for 
hexane (T50 increased by 10°C). 

Olefinic hydrocarbons. Ethylene and propylene conversions in a stoichio
metric gas mixture containing or not 20 ppm S0 2 are given as a function of tem
perature in Figure 4. The light-off temperature is 215eC lower for ethylene than for 
ethane and 100°C lower for propylene than for propane (Figure 3). Conversions 
for both are 100% above 250eC. A moderate negative effect of S0 2 is observed 
for ethylene and propylene (T50 respectively increased by 10 and 33eC). 

Acetylene. Acetylene, which is present in relatively large quantities in exhaust 
gases, is an easier compound to oxidize than ethane but is less reactive than ethylene. 
Its light-off temperature (T50) is 285°C in an S02-free gas mixture and 338eC with 
20 ppm S0 2 (Figure 5). 
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Η,Ο(Ι) 

N , 

CO, 

NO 

VAPORIZER 
λ SENSOR 

>• -D-
CO/H, > . _ Q _ 

HC(g) >. _ Q _ 

HC(I) 

metering 
pump 

Catalyst-

VENT 

Thermocouple j ~ 

D R Y E R 

Η NO analyzer Η 

^ CO analyzer 

HC analyzer M 

R E A C T O R 

Figure 1. Schematic diagram of the laboratory test apparatus. 
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q 

1 2 3 4 5 6 7 

NUMBER OF C ATOMS 

Figure 3. Light-off temperature in a S02-free stoichiometric gas mixture for linear alkanes 
and olefins as a function of the molecule's number of carbon atoms. 

100 200 300 400 500 600 

TEMPERATURE (deg.C) 

Figure 4. Ethylene and Propylene conversion rate on Pt-Rh at stoichiometry as a function 
of temperature with and without 20 vpm S02. 

American Chemical Society 
Library 
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Aromatics. Benzene, toluene and orthoxylene conversion in a stoichiometric 
gas mixture are given as a function of temperature in Figure 6. They behave very 
similarly to olefins with light-off temperatures (T50) around 200eC for the three 
species tested. The effect of S0 2 was measured only for benzene and is very 
moderate (T50 increased by 14eC). 

Alcohols. Methanol, ethanol, n-propanol, wo-propanol and n-butanol-1 
conversion in an S02-free stoichiometric gas mixture are given as a function of 
temperature in Figure 7. They behaOve very similarly with light-off temperatures 
around 200°C, like olefins. In contrast to alkanes, their conversion rates are not 
very dependent on the number of molecular carbon atoms. Methanol is as easy to 
oxidize in these conditions, as are heavier alcohols. 

Other oxygenated compounds. Methyltertiarybutylether (MTBE) and 
Ethyltertiarybutylether (ETBE), frequently added to unleaded gasoline as octane 
boosters, and acetone were also evaluated. Their reactivity on Pt-Rh TWC is very 
similar to the reactivity of alcohols as mentioned above. 

Effect of Oxygen Partial Pressure 

In engine exhaust gases, frequent deviations from stoichiometry occur. It is then 
very important to know how the hydrocarbon conversion is affected by lean or rich 
excursions. The following results were obtained in the steady state at constant 
temperature by changing, step-by-step, the oxygen concentration between zero and 
about twice the quantity corresponding to stoichiometry. All other gas concen
trations remained constant, with 20 ppm S0 2 being added or not to the gas mixture. 
The operating temperature was usually low and chosen to be just above the 
hydrocarbon light-off temperature (usually 260eC, but 190eC and 320eC or 380eC 
were also used for hydrocarbons easy or difficult to oxidize). 

Saturated Hydrocarbons. Ethane, propane, pentane and hexane conversions 
are plotted as a function of the test gas 0 2 concentration respectively in Figures 8 
and 9 at temperatures of 190, 260 or 380eC. Their conversion increases when the 
0 2 concentration is raised to values around or below stoichiometry and then 
decreases either sharply (ethane and propane) or moderately (pentane and hexane) 
when the 0 2 concentration goes up to values exceeding stoichiometry. 
Figure 10 shows that for propane and hexane the same type of conversion curves 
are obtained at 260°C with the Pt catalyst as with the Pt-Rh catalyst. It can then 
be assumed that the drop in conversion observed in the lean region is not a direct 
consequence of the Pt crystallite coverage by Rh oxide. 
This negative effect of an excess of oxygen was already observed for alkane oxi
dation on Pt by Yu Yao (6). This has been explained, assuming that the slow reaction 
step is the dissociative alkane chemisorption, with the breakage of the weakest C-H 
bond, followed by interaction with an adsorbed oxygen atom on an adjacent site 
(7,70). 
Oxygen and alkane, with the latter taking up probably several adjacent sites, are 
then in competition for the surface coverage leading consequently to an inhibition 
by 0 2 when in excess as found for ethane or propane and to a lesser extent for 
pentane or hexane. For long-chain hydrocarbons, which are easily chemisorbed 
and react readily, it was expected that the Pt surface is in a more reduced state for 
the same 0 2 partial pressure, and should then be less sensitive to an excess of 
oxygen. 
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100 200 300 400 500 600 

TEMPERATURE (deg.C) 

Figure 5. Aœtyleneœnversion rate on Pt-Rh at stoichiometry as a function of temperature 
with and without 20 vpm S02. 

100 200 300 400 500 600 

TEMPERATURE (deg.C) 

Figure 6. Benzene, Toluene and o-Xylene conversion rate on Pt-Rh at stoichiometry as 
a function of temperature with and without 20 vpm S02. 
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TEMPERATURE (deg.C) 

Figure 7. Alcohol conversion rate on Pt-Rh at stoichiometry as a function of temperature 
(without S02). 

100 —ι 1 ι 

CONCENTRATION 02 (%.vol) 

Figure 8. Ethane and Propane conversion rate on Pt-Rh at 260 and 380*C as a function 
of 0 2 concentration (without SO2) below and above stoichiometry (S = 1). 
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0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

CONCENTRATION 02 (%.vol) 

Figure 9. Pentane and Hexane conversion rate on Pt-Rh at 190 and 260*C as a function 
of 0 2 concentration (without SOj) below and above stoichiometry (S = 1). 

CONCENTRATION 02 (%.vol) 

Figure 10. Propane and Hexane conversion rate on Pt and Pt-Rh at 260*C as a function of 
0 2 concentration (without SOj) below and above stoichiometry (S = 1). 
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The addition of 20 ppm S0 2 has an effect on propane conversion which is slightly 
negative in the rich region (for 0 2 < 0.5%), but strongly positive in the lean region 
(Figure 11). This is probably the consequence, as said previously, of the possibility 
of alkane adsorption on sulfated alumina, and especially around the Pt crystallites, 
thus opening up the possibility of a reaction between oxygen atoms adsorbed on 
Pt sites and these alkane molecules chemisorbed on the sulfated alumina (14). 
The conversion of hexane as a function of temperature in a rich gas mixture (0 2 = 
0.49%) occurs in two steps : a low temperature oxidation by 0 2 followed by a higher 
temperature vaporeforming by H 2 0 (Figure 12). In the presence of 20 ppm S0 2, 
only the low temperature step occurs, with the vaporeforming reaction then being 
completely inhibited by S0 2 or by a sulfur compound with a lower oxidation state. 

Olefins. Ethylene and propylene conversions on the Pt-Rh catalyst are plotted 
as a function of the test gas 0 2 concentration in Figure 13 at the temperature of 
260eC. 

For both, conversion increases to stoichiometry and then remains close to 
100% with further 0 2 concentration increases. 

Acetylene. Figure 14 shows that for acetylene, at 320eC, a net excess of 
oxygen is necessary, since its conversion does not reach a maximum at stoichio
metry: a 50 % oxygen excess is required to reach 100 % conversion. Higher 0 2 

concentrations do not decrease acetylene conversion. S0 2 has a negative effect in 
both the rich and lean regions up to about twice the stoichiometric 0 2 level. 

Aromatics. Figure 15 shows that benzene and o-xylene behave like olefins 
with conversion increasing up to stoichiometry and remaining constant close to 
100% with higher 0 2 levels. 

Effect of NO Partial Pressure 

With saturated aliphatic hydrocarbons, a conversion drop was observed with 0 2 

concentrations above stoichiometry. Among other hypotheses, this drop could be 
attributed to an inhibition by NO which remains adsorbed on the catalyst surface 
because its reduction does not occur in the presence of excess 0 2 . To check the 
validity of this hypotheses similar tests were performed with and without NO in 
the test gas. 
Figure 16 shows that, by comparison with the results shown previously in Figure 
10, NO has a negative effect on propane conversion on Pt-Rh or Pt catalysts. But 
even without NO a sharp drop in propane conversion is still observed above stoi
chiometry. 
Figures 17 and 18 quantify this NO effect for various levels of 0 2 concentration in 
the test gas, for the Pt and Pt-Rh catalysts at a temperature of260eC. The NO effect 
is greatest just above stoichiometry for the Pt-Rh catalyst. It remains significant 
for higher 0 2 levels, notably higher than stoichiometry for the Pt catalyst. 

Effect of H20 Vapor Pressure 

Water vapor is assumed to play a role in hydrocarbon elimination by reforming 
reactions when the 0 2 concentration becomes substoichiometric. 
Figure 16 shows that in steady state conditions propane conversion at 260eC is 
actually affected by H20 on the Pt-Rh catalyst and, to a lesser extent, on Pt. 
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Figure 11. 20 vpm S02 effect on propane conversion rate on Pt-Rh at 260*C as a function 
of 0 2 concentration below and above stoichiometry (S = 1). 

TEMPERATURE (deg.C) 

Figure 12. 20 vpm S02 effect on hexane conversion rate on Pt-Rh in a rich mixture (fy = 
0.49%) as a function of temperature. 
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0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

CONCENTRATION 02 (vol.%) 

Figure 14. Acetylene conversion rate on Pt-Rh at 320eC as a function of 0 2 concentration, 
below and above stoichiometry (S = 1), with and without 20 vpm S02. 
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Figure 16. Effect of NO (480 vpm) and H20 (10%) on Propane conversion rate on Pt and 
Pt-Rh at 260*C (without SOj), as a function of 0 2 concentration below and 
above stoichiometry (S = 1). 
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Figure 17. Propane conversion rate on Pt-Rh at 260*C as a function of NO and 0 2 

concentrations. 

Figure 18. Propane conversion rate on Pt at 260*C as a function of NO and 0 2 

concentrations. 
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Figures 19 and 20 quantify this H 2 0 effect for various levels of 0 2 concentrations 
at 260eC. The effect on conversion is positive with 0 2 concentrations below 
stoichiometry and negative above. The positive water vapor effect is however 
completely eliminated by S0 2 as has already be shown for hexane. 

Effect of catalyst aging 

A similar Pt-Rh catalyst sample was aged at 900eC in N 2 + 10% H 2 0 during 16 
hours. The resulting increase in noble-metal particle size was measured by CTEM. 
From about 6 nm in the new catalyst it rose to 20 nm in the aged catalyst (with a 
simultaneous rearrangement of Pt and Rh on the metal crystallites observable by 
STEM but difficult to quantify). 
Several of the previous tests were performed again with this aged catalyst. At 
stoichiometry an increase in the light-off temperatures between 15eC (for benzene) 
and 100eC (for propane) was noticed. The hydrocarbons classification according 
to their light-off temperature were modified as follows: 

New catalyst CJ^ > Q H 1 4 > <^Η4 « C 6 H 6 » C 3 H 8 » 
Aged catalyst Q f t > C 6 H 1 4 > C 3 H 6 > <^Η4 » C 3 H 8 » 

Concerning hydrocarbon conversion as a function of the gas mixture oxygen content 
and, in the absence of S0 2, the following evolutions due to catalyst aging were 
observed: 

• For propane, the conversion rate decrease was the most pronounced below 
stoichiometry where the conversion spike observed (cf. Figure 8) was lowered 
from 80% down to 40%, 

• A moderate inhibiting effect of NO on propane was observed as with the new 
catalyst (cf. Figure 16), 

• A moderate inhibiting effect of 0 2 , not existing with the fresh catalyst (cf. Figure 
6) was noticed at 260eC in the lean region with benzene, 

• Hexane vaporeforming (cf. Figure 12) was still possible, but was shifted 40 to 
50eC towards higher temperatures. 

Summary and Conclusions 

The experimental results given above show that, on a Pt-Rh three-way catalyst 
working at stoichiometry, 

• Saturated hydrocarbon conversion is dependent on the number of carbon 
atoms present in the molecule, but that this effect is noticeable only for 
the first five atoms. 
Olefins have light-off temperatures lower than alkanes having the same 
number of carbon atoms. 
Acetylene is easier to oxidize than ethane but is less reactive than ethylene. 

• Aromatics such as benzene, toluene or xylene behave very similarly and 
have light-off temperatures comparable to olefins. 
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• Alcohols and other oxygenated compounds (MTBE, ETBE or acetone) 
have conversion rates nearly independent of the number of carbon atoms 
present in the molecule, with methanol being converted as easily as the 
higher terms. 

It has also been shown that, when the gas mixture composition deviates from 
stoichiometry, the lack or excess of oxygen has different effects depending on the 
nature of the hydrocarbon considered. 

• Saturated hydrocarbons have a conversion that first increases with the 0 2 

concentration up to about stoichiometry, and then decreases either sharply 
(ethane and propane) or moderately (pentane and hexane) 

• Olefins and aromatics have a conversion that first increases with the 0 2 

concentration up to stoichiometry and then remains constant close to 100% 
without any drop with further 0 2 concentration increases. 

• Acetylene has a conversion that increases with 0 2 concentration below 
and above stoichiometry, and a 50% 0 2 excess is necessary to reach 100% 
C 2 H 4 conversion. 

Nitric oxide has a negative effect on propane conversion for 0 2 levels above 
stoichiometry, but this effect is not enough to explain the C 3 H 8 conversion drop 
observed with lean mixtures because this occurs even without NO present. 
Water vapor also affects HC conversion. The effect is more pronounced with a 
Pt-Rh than with a Pt catalyst. For propane the effect is positive with 0 2 concen
trations below stoichiometry and negative above stoichiometry. 
A very important role is also played by S0 2 in hydrocarbon conversion, which can 
be summarized as follows. 

• In lean and stoichiometric exhaust gases 
- positive effect of S0 2 for saturated aliphatic hydrocarbons with a 

number of carbon atoms up to 3; 
- negative effect of S0 2 for acetylene and for hydrocarbons whose oxi

dation starts below 200eC (olefins, aromatics, and saturated aliphatic 
HC with a number of carbon atoms above 3). 

• In rich exhaust gases 
- negative effect on catalyst light-off for all hydrocarbons 
- inhibition of the vaporeforming reaction (observed for η hexane). 
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Chapter 5 

Steady-State Isotopic Transient Kinetic Analysis 
Investigation of CO—O2 and CO—NO Reactions 

over a Commercial Automotive Catalyst 

Rachid Oukaci, Donna G. Blackmond, James G. Goodwin, Jr., and 
George R. Gallaher1 

Chemical and Petroleum Engineering Department, University 
of Pittsburgh, Pittsburgh, PA 15261 

Steady-state isotopic transient kinetic analysis (SSITKA) 
was used to study two model reactions, CO oxidation and CO-NO 
reactions, on a typical formulation of a three-way auto-catalyst. 
Under steady-state conditions, abrupt switches in the isotopic 
composition of CO (12C16O/13C16O+13C18O) were carried out to 
produce isotopic transients in both labeled reactants and products. 
Along with the determination of the average surface lifetimes and 
concentrations of reaction intermediates, an analysis of the 
transient responses along the carbon reaction pathway indicated 
that the distribution of active sites for the formation of CO2 was 
bimodal for both reactions. Furthermore, relatively few surface 
sites contributed to the overall reaction rate. 

Typical automotive catalytic converters contain rhodium and platinum as the 
primary catalytic materials which can carry out simultaneously carbon monoxide 
(CO) and hydrocarbon oxidation as well as nitric oxide (NO) reduction. These 
noble metals, especially rhodium, are in limited supply and very expensive. 
Significant interest in CO oxidation and CO-NO reaction on Pt/Rh catalysts 
continues because of the need to utilize better these valuable metals. 
Understanding the mechanism of the reactions on these metals and their 
kinetics at a site level may provide ways to develop more efficient or inexpensive 
catalysts for the reduction of pollutants in automotive exhausts. 

The utilization of transient methods in kinetic studies, especially when 
carried out under steady-state reaction conditions, can provide basic kinetic 
information which cannot be obtained via traditional steady-state or non-steady 
state transient experiments. Steady-state isotopic transient kinetic analysis 

Current address: Alcoa Separations Technology Division, Warrendale, PA 15086 

0097-6156/92/0495-0061$06.00/0 
© 1992 American Chemical Society 
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62 CATALYTIC CONTROL OF AIR POLLUTION 

(SSITKA) has been successfully used to investigate the kinetics of a number of 
important reactions, including CO hydrogénation (1-7), ammonia synthesis (S), 
and oxidative coupling of methane (9Ί0). An analysis of the transient responses 
allows the determination of the average surface retention time and concentration 
of reaction intermediates under the unperturbed steady-state reaction conditions. 
With proper analysis based on certain assumptions, SSITKA permits 
quantification of the surface site heterogeneity and determination of the relative 
contribution of the various active sites to the overall reaction rate. 

In the present study, SSITKA was used to investigate the kinetics of both 
C 0 - 0 2 and CO-NO reactions on a typical formulation of a three-way 
auto-catalyst. This catalyst contained the active metals Pt and Rh supported on 
A1 2 0 3 promoted with Ce0 2 and NiO. Under steady-state conditions, abrupt 
switches in the isotopic composition of CO ( 1 2 C 1 6 0/ 1 3 C 1 6 0+ 1 3 C l s O) were carried 
out to produce isotopic transients in both labeled reactants and products. Under 
such conditions, the transient measurements were able to be obtained without 
perturbing the steady-state reaction environment. 

Experimental 
The catalyst used for this study was provided by General Motors Co.-AC 
Rochester Division. This was a typical commercial three-way auto-catalyst 
formulation used for spraying the monolith substrate. It was obtained in powder 
form and had the following composition by weight: 

This catalyst was calcined at 400-500 °C. In order to estimate the active 
metal site concentration on the catalyst, static hydrogen chemisorption was 
carried out after reduction in hydrogen. A mono-metallic 3%Rh/La 2Ô 3 catalyst 
was also used for comparison purposes. 

Both the steady-state and the transient reaction rates were measured in 
a micro-reactor consisting of a 4 mm I.D. straight quartz tube narrowed to a 1 
mm opening after the catalyst bed. The catalyst was held in place by glass wool. 
Catalyst loadings varied between 25 and 100 mg. The products and reactants 
were analyzed on-line using a Varian 3700 gas chromatograph equipped with a 
thermal conductivity detector. The gases were separated by a 60/80 Carbosieve 
S-II column. An Extrel quadrupolar mass spectrometer interfaced with a 
microcomputer for data acquisition was used to monitor the evolution and decay 
of different labeled reactants and products following an isotopic switch. 

Ultra-high purity gases from Linde were used for both reactions. The 
non-labeled carbon monoxide ( 1 2CO) contained about 5% argon (Ar) as a tracer 
to measure the gas phase hold-up during the transient experiments. Helium was 
used as a diluent. 

CO oxidation was carried out under differential conditions at atmospheric 

Rh 
Pt 
NiO 
Ce0 2 

A1 2 0 3 

0.069% 
0.967% 
2.0% 
28% 
Balance 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

10
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
49

5.
ch

00
5

In Catalytic Control of Air Pollution; Silver, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 
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pressure and 95-175 °C using a reactant mixture of CO:0 2:He = 2.5:2.5:95 
flowing at 68 cc/min. 

NO reduction by CO was also carried out at 1 atm, but higher 
temperatures were required to obtain a measurable conversion (175-300 °C). 
The composition of the reactant mixture was: CO:NO:He = 2.5:2.5:95 and the 
flow rate was 68 cc/min. 

The steady-state isotopic transient experiments were performed at 95 ° C 
for CO oxidation and 200 °C for CO-NO reaction. With the reaction at steady-
state for the conditions of each experimental run, an abrupt switch was made 
from a reactant feed containing CO + Ar to one containing an equivalent 
amount of 1 3 CO and flowing at the same flow rate (Fig. 1). This procedure 
insured that the concentrations of all adsorbed species and, therefore, the overall 
rate of formation of carbon-containing products remained constant. Typical 
curves (rates versus time) of the evolution and decay of the products (C0 2) are 
also shown schematically in Figure 1. Similar curves were obtained for CO. 
The 1 3 CO used in these experiments contained also about 10% 1 3 C l s O which 
allowed the acquisition of further information by monitoring the labeled oxygen 
in the products. 

Time 
Figure 1. Schematic of (a) a SSITKA System and (b) Typical Steady-State 

Transient curves 
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Results and Discussion 
CO Oxidation. The steady state reaction results obtained at 95 ° C for the three-
way auto-catalyst (referred to as TW) and at 100° C for the R h / L a ^ catalyst 
are shown in Table I. Although the R h / L a ^ catalyst had a higher metal 
loading, it had a much lower activity for CO oxidation. It is well known that Pt 
is a better catalyst for this reaction. The apparent activation energy for this 
reaction on the TW catalyst was found to be equal to 14.7 kcal/mol. This value 
is about half that reported for CO oxidation over supported Rh catalysts (11), 
but it is in agreement with activation energies reported for this reaction on 
supported Pt catalysts (12). Thus, it may be reasonably assumed that the bulk 
of CO oxidation was occurring on the Pt surface. 

Table I. CO Oxidation: Steady-State Reaction Data 

TW Cat. R h / L a A 

Reaction Temp. [0 C] 95 100 
CO Conv. [%] 0.62 0.95 
Rate [μπιοΐ/g^.s] 0.22 0.08 
TOF* [s-^xiœ 6.5 1.0 

Based on H 2 chernisorption 

Figure 2 shows typical steady-state transient curves for labeled CO and 
C 0 2 and argon obtained after an abrupt switch from ( 1 2CO + Ar) to 1 3 CO over 
the TW catalyst. The curves for 1 3 CO and 1 3 C 0 2 were actually obtained by 
inverting the curves obtained experimentally in order to compare them with that 
of Ar. The CO transient indicates either that the CO adsorption/desorption step 
was very fast or that CO adsorption was essentially irreversible. The C 0 2 

response was found to significantly lag that of Ar (the gas phase marker) 
indicating that the intermediate to C 0 2 or the C 0 2 itself was held on the catalyst 
surface. Similar transient response curves were obtained for the R h / L a ^ 
catalyst. 

The average surface lifetime (τ) of the 13C-surface intermediates leading 
to C 0 2 was determined from the area between the C 0 2 transient and Ar curves 
(the latter representing the gas phase holdup). The reciprocal of the C 0 2 -
intermediate residence time, l / τ , represents a measure of the reaction rate 
constant and the intrinsic site turnover frequency (3-4). The surface population 
or abundance, N . C Q 2 , of these intermediates can be determined from the product 
of the steady-state reaction rate and the surface lifetime. Assuming that C 0 2 did 
not readsorb under the reaction conditions used, then N . C Q 2 can be considered 
as a better measure of the actual number of active reaction sites than that 
measured by hydrogen chernisorption. Reaction of C 0 2 with ceria to form 
carbonates, which is known to occur with most rare earth oxides (13), and their 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

10
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
49

5.
ch

00
5

In Catalytic Control of Air Pollution; Silver, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



5. OUKACI ET AL. Steady-State Isotopic Transient Kinetic Analysis 65 

subsequent decomposition during the isotopic switch may result in an 
overestimation of N . Similarly, if C 0 2 readsorption/desorption occurs, then 
N , C 0 2 would represent an upper limit of the number of active sites. A l l these 
parameters are given in Table II for both the TW catalyst and the R h / L a ^ 
catalyst with the fractional coverages based on the metal surface area estimated 
by hydrogen chemisorption. 

Time [s] 

Figure 2. Steady-State CO Oxidation at 95 e C : Normalized Isotopic 
Transient Responses 

The surface concentrations of the C 0 2 intermediates in Table II suggests 
that not all the surface measured by hydrogen chemisorption was available for 
reaction, at least under these reaction conditions. The results were even more 
dramatic for the R h / L a ^ catalyst for which only 5% of the exposed metal 
atoms measured by hydrogen chemisorption participated directly in C 0 2 

formation. The remainder of the surface may have been occupied by 
nonreactive carbon species or by other ad-species participating in the reaction 
such as oxygen. 

The results in Table Π indicate also that the average site activity for both 
catalysts was much higher than the TOF which was based, as is done commonly, 
on the number of sites determined by hydrogen chemisorption . 

Further analysis of the steady-state transient C 0 2 responses was carried 
out to observe any kinetic manifestation of surface heterogeneity. The 
semilogarithmic representation of the transient rate data was not linear but 
concave upward, indicating a distribution of retention times for C 0 2 precursors. 
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Table II. Steady-State CO Oxidation: Estimation of Surface and Kinetic 
Parameters 

TW Cat. Rh/LaPs 

Reaction Temperature [°C] 95 100 
Surface Lifetime, τ [s] 55.3 47.2 
Average Site Activity, k= l / r [s'^xlO3 18.1 21.2 
Abundance, N . C Q 2 [μπιοί/^,] 11.9 3.7 
Surface Coverage*, θ 0.36 0.05 
Activity of site pool 1, kj [s'^xlO3 7.9 7.3 
Activity of site pool 2, k2 [s^jxlO3 64.7 124.9 
Activity Distribution, \Jx2 0.70/0.30 0.90/0.10 
Rel. Contribution to React. Rate, Vj/y2 0.22/0.78 0.68/0.31 

Based on H 2 chemisorption 

Such a distribution of r's points to a nonuniformity of the active surface of the 
catalyst (8). Figure 3 illustrates the activity distribution over the active surface 
of the TW catalyst using the Laplace transform method developed by de Pontes 
et al (6) for the deconvolution of isotopic transient response curves. It is clear 
from Figure 3 that the active sites had not only a wide range of kinetic strengths 
but also that their activity distribution was bimodal. Most of the active sites had 
very low activities comparable to the TOF determined in the traditional manner, 
while 30% of the sites had an average activity which was an order of magnitude 
higher. A similar bimodal activity distribution was also obtained with the 
Rh/La 2 0 3 catalyst, suggesting the presence of two types of active sites. The 
average site activities kx and k2 corresponding to the low and high activity pools, 
respectively, for both catalysts are summarized in Table II. 

The product of the activity distribution function f(k) by the site activity k 
determines the contribution of a pool of active sites of any particular strength to 
the overall rate of reaction. This is illustrated in Figure 4 for the TW catalyst 
as the relative contributions of the active sites to the reaction rate as a function 
of the site activity, k. These results indicate that more than 75% of the activity 
of the TW catalyst could be attributed to relatively few high activity sites (30%). 
They are compared to the results obtained for the R h / I ^ ^ catalyst in Table 
II. Since this catalyst was not very active for CO oxidation, most of the activity 
was associated with the low activity sites which comprised about 90% of the total 
active sites. 

The first interpretation of the bimodal distribution in the kinetic strength 
of the sites on the TW catalyst which comes to mind is the presence of two 
metals in this catalyst, Pt and Rh, which are known to have different activities 
for CO oxidation. However, the observation of a similar bimodal distribution on 
the mono-metallic R h / I ^ I ^ catalyst indicates that this phenomenon cannot be 
attributed only to the bimetallic nature of the TW catalyst. Although direct CO 
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6000 

4000 A 

2000 

^ = 0.0079 χ j = 0.7 

k 2 = 0.0647 x 2 = 0.3 

\ 

0.00 0.02 0.04 0.06 0.08 0.10 0.12 

k[s-i] 

Figure 3. Steady-State CO Oxidation at 95β C: Activity Distribution of the 
Catalytic Sites (lq = average site pool activity [s-1], Xj = fraction of 
sites of activity kj) 

30 

20 

10 

kj = 0.0079 y j = 0.22 

k 2 = 0.0647 y 2 = 0.78 

0.00 0.02 0.04 0.06 0.08 0.10 0.12 

Figure 4. Steady-State CO Oxidation at 95 ° C: Reactivity Contribution of 
the Active Sites to the Reaction Rate (kj = average site pool 
activity [s'1], y{ = relative contribution of the pool of sites of 
activity kj) 
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oxidation on the support or on the ceria in the case of the TW catalyst may be 
ruled out, C 0 2 may react with the rare earth oxide to form carbonates. A 
subsequent decomposition of these carbonates could give rise to a wide 
distribution in kj and an apparent low activity pool of reaction sites. The low 
activity pool of sites on both catalysts may be due to multiple 
desorption-readsorption processes on the metal sites. Such a process could 
explain why the low activity reaction pool (lq) was higher for the Rh/La 2 0 3 

catalyst which had a 2.5 times higher metal surface area per gram catalyst than 
the TW catalyst. The apparent contribution of these low activity sites to the 
overall activity was also much higher on the mono-metallic catalyst. Finally, the 
bimodal site distribution may have resulted from the presence of two types of 
active metal sites with different kinetic strengths. 

CO-NO Reaction. The steady state reaction results at 200 ° C are shown in Table 
III. The apparent activation energy for this reaction on the TW catalyst was 
found to be equal to 10.8 kcal/mol which is only slightly lower than that reported 
for C 0 2 formation from CO-NO reaction over a supported Rh catalyst (11). 

Table III. CO-NO Reaction: Steady-State Reaction Data at 200 e C 

TW Cat. R h / L a P j 

CO Conv. [%] 2.08 4.55 
Rate [Mmol/g_t.s] 0.73 0.44 
TOF* [s^xW 21.9 5.3 

Based on H 2 chemisorption 

Figure 5 shows the transient curves for labeled CO and C 0 2 and Ar 
obtained after the switch from ( 1 2CO + Ar) to 1 3 CO for the TW catalyst. Again, 
the curves for 1 3 CO and 1 3 C 0 2 were actually obtained by inverting the curves 
obtained experimentally in order to integrate for surface lifetimes, r. The 
average surface lifetimes of the C 0 2 intermediates, their abundances, and the 
average site activities are given in Table IV for both the TW and the Rh/La 2 0 3 

catalysts. The fractional coverages of active C 0 2 intermediates based on the 
active metal surface area estimated by hydrogen chemisorption are also 
presented. 

The C02-precursor surface coverage under these reaction conditions was 
slightly higher than unity for the TW catalyst. The coverage obtained for the 
R h / L a ^ catalyst, though low compared to the overall metal surface area 
measured by hydrogen chemisorption, was much higher than the one previously 
observed during CO oxidation. Such high coverages may be attributed to several 
causes. Parts of the support may be contributing adsorption/desorption sites at 
the high reaction temperature in addition to the metal sites measured by 
hydrogen chemisorption at ambient temperature. In addition, as indicated in the 
previous section, reaction of C 0 2 with ceria to form carbonates, which is known 
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to occur with most rare earth oxides (13) and their subsequent decomposition 
during the isotopic switch may also result in an overestimation of Ν and Θ. 
Similarly, readsorption phenomena on the metal would lead to higher values for 
the average residence time, r. Finally, hydrogen chemisorption may not be the 
most accurate method for estimating the number of active sites. 

Figure 5. Steady-State CO-NO Reaction at 200 e C : Normalized Transient 
Responses 

Table IV. Steady-State CO-NO Reaction at 200 °C: Estimation of Surface 
and Kinetic Parameters 

TW Cat. Rh/LaPa 

Surface Lifetime, τ [s] 53.0 60.5 
Average Site Activity, k = l / r [s'^xlO3 18.9 16.5 
Abundance, N . œ 2 [μηιοΐ/g^j 38.6 26.4 
Surface Coverage* θ 1.16 0.32 
Activity of site pool 1, kj [s'^xlO3 4.9 5.1 
Activity of site pool 2, k 2 [s^jxlO3 52.9 43.6 
Activity Distribution, Xj/x 2 0.70/0.30 0.76/0.24 
Rel. Contribution to React. Rate, y!/y2 0.25/0.75 0.60/0.40 

Based on H 2 chemisorption 
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Figure 6 shows the site activity distribution on the TW catalyst while 
Figure 7 illustrates the relative contributions of the active sites to the reaction 
rate. These results as well as those for R h / L a ^ in Table IV indicate that the 
catalyst surfaces were not homogeneous for this reaction, and that the 
distribution of active sites for the formation of C 0 2 from CO and NO was 
bimodal on both the TW catalyst and the mono-metallic Rh/La20 3 catalyst. 
Again, more than 75% of the activity could be attributed to only 30% of the 
active surface sites on the TW catalyst while on the R h / L a ^ catalyst it was the 
low activity sites (76%) which seemed to contribute most to the overall reaction 
rate. As indicated previously, the low activity reaction pool could have possibly 
been due to multiple desorption-readsorption processes on metal sites. However, 
neither the presence of two distinct types of active metal sites nor reaction with 
the rare earth oxides composing the support can be ruled out completely without 
further experiments which are required to clarify these phenomena. 

The residence times obtained for C 0 2 from both reactions on the TW 
catalyst were about the same although the temperature for NO-CO reaction was 
twice that of CO oxidation. The high r for the former reaction at the higher 
temperature indicates that the slow step in this reaction is different from the 
controlling step in CO oxidation. This result is in agreement with previous 
suggestions that the slowest step in CO-NO reaction is the dissociation of 
adsorbed NO, at least on supported Rh catalysts (11,14). 

1E4 

8000 

4000 

0.04 0.06 

k[s-i] 
0.10 

Figure 6. Steady-State CO-NO Reaction at 200 °C: Activity Distribution of 
the Active Sites (kj = average site pool activity [s"1], Xj = fraction 
of sites of activity k () 
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0.10 

k[s-i] 

Figure 7. CO-NO Reaction at 200 ° C: Reactivity Contribution of the Active 
Sites to the Reaction Rate (lq = average site pool activity [s"1], y{ 

= relative contribution of the pool of sites of activities lq) 

An analysis of the transient responses along the lsO-traced trajectory, 
under both CO oxidation and CO-NO reaction conditions, revealed the 
formation of both 1 2 C 1 8 0 2 and the scrambled 1 2 C 1 6 0 1 8 0 . These products suggest 
that dissociation of CO can possibly occur as suggested by Cho and Stock (15). 
Reaction of the C 0 2 with the support accompanied by oxygen exchange may also 
produce similar results. 

Summary 
Steady-State Transient Kinetic Analysis (SSITKA) of CO oxidation and CO-NO 
reaction over a commercial three-way auto catalyst indicated that CO 
adsorption/desorption was very fast or that the desorption step was negligible. 
The distribution of active sites for the formation of C 0 2 was found to be bimodal 
for both reactions. For CO oxidation and CO-NO reaction less than 30% of the 
active sites accounted for more than 75% of the catalyst activity. This bimodal 
distribution of the site activities could not be attributed only to the bimetallic 
nature of the three-way auto catalyst since a similar bimodal activity distribution 
was also observed when these reactions were carried out on a mono-metallic 
R h / L a ^ . Although the presence of two types of active metal sites on both 
catalysts could not be ruled out, the low activity "sites" (with longer lifetimes) 
could be due to reaction with the rare earth oxides on the support or to multiple 
adsorption-desorption processes on metal sites. 
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Chapter 6 

Particle Size and Support Effects in NO 
Adsorption on Model Pt and Rh Catalysts 

G. Zafiris, S. I. Roberts, and R. J. Gorte 

Department of Chemical Engineering, University of Pennsylvania, 
Philadelphia, PA 19104 

The adsorption of NO on Rh particles supported on ZrO2(100) and 
α-Al2O3(0001) and on Pt particles supported on CeO2, α-
Al2O3(0001), and the Zn- and O-polar surfaces of ZnO(0001) has 
been studied using temperature programmed desorption (TPD). 
Metal particles were formed by vapor deposition, and the film 
morphology and particle formation were studied by Auger electron 
spectroscopy (AES) and transmission electron microscopy (TEM). 
For Rh, the support affected the stability of the metal films and the 
final particle size but made no observeable changes in NO 
adsorption properties. However, the TPD curves were found to be 
strongly dependent on the particle size for Rh. A low-temperature 
N2 feature which is observed on bulk metals and large particles 
was not seen with small Rh particles. For Pt, both support 
composition and particle size influenced the TPD results. The 
results for CeO2 and α-Αl2O3(0001) were essentially identical, 
and the changes in the NO TPD curves appear to be due to particle 
size only. An upward shift from 460 to ~550K was observed in 
the N2 peak temperature when the particle size decreased below 
~2.5 nm. Changes in the TPD curves for NO from Pt on the ZnO 
surfaces were more dramatic. Significant amounts of N2O were 
observed in TPD for small particles and a N2 desorption peak was 
observed at ~650K. The implications of these results on particle 
size and support effects in NO reduction catalysis will be 
discussed. 

The main active components in automotive, emissions-control catalysts are noble 
metals supported on porous oxides. While attempts have been made to use less 
expensive materials, these attempts have been largely unsuccessful. However, it has 
been demonstrated that catalytic properties can be altered by changing the support 
structure and composition. Exactly how contact with an oxide can modify aie 

0097-6156/92/0495-0073$06.00/0 
© 1992 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

10
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
49

5.
ch

00
6

In Catalytic Control of Air Pollution; Silver, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



74 CATALYTIC CONTROL OF AIR POLLUTION 

properties of the noble metals is not well understood; therefore, work in our laboratory 
has been directed toward gaining a better understanding of the nature of support-metal 
interactions so that support materials can be engineered to obtain optimal catalytic 
properties. 

Our approach to understanding metal-support interactions has been to use 
model catalysts in which small metal particles are deposited onto oxide substrates. 
These model catalysts have several important advantages over typical, high-surface-
area catalysts. First, surface composition and structure can be monitored much more 
easily using techniques like Auger electron spectroscopy (AES) and transmission 
electron microscopy (TEM). Second, temperature programmed desorption (TPD) can 
be easily interpreted since diffusion and readsorption will not influence the 
results.(7,2) This ability to measure adsorption, desorption, and surface 
decomposition kinetics with TPD is of special interest with NO reduction catalysts. It 
has recently been demonstrated that macroscopic reaction rates for NO reduction by 
CO on Rh(lll) can be accurately modeled using the microscopic rate parameters 
measured in TPD experiments.(3) Furthermore, large variations in the specific rates 
of NO reduction with particle size on alumina-supported Rh(4) were correctly 
predicted by TPD measurements of NO from model Kh/A^O^ catalysts. (5) 

In this paper, we will review previous work from our laboratory which 
characterized the structure of Rh films on alumina(5,6) and zirconia(7) and Pt films on 
alumina,(5) ceria,(9) and zinc oxide.(70) This previous work demonstrated that 
relatively strong bonds can be formed between Pt or Rh and some oxides and that 
these interactions can affect the structure of metal particles and their adsorption 
properties. We will then discuss recent TPD results for NO from each of these 
surfaces. The TPD curves indicate that support composition can significantly alter the 
desorption temperatures and products for small metal particles. The effect that the 
altered desorption kinetics could have on catalyst properties will be discussed. 

Experimental 

All TPD measurements were performed in a UHV chamber with a cylindrical mirror 
analyzer for AES, a metal source for evaporating Pt or Rh onto the oxide crystals, a 
calibrated film-thickness monitor for measuring metal coverage, and a quadrupole 
mass spectrometer mounted inside a stainless-steel cone to allow directed desorption 
from the sample. The oxide crystals were mounted on a Ta foil which could be 
resistively heated, and the temperature of the crystals was monitored using chromel-
alumel thermocouples which were attached to the back side of the crystals using a 
ceramic adhesive. All TPD measurements were carried out with a heating rate of 
~6K/sec and most experiments used labelled ^ N O to distinguish reaction products. 
Since the samples could not be heated to temperatures high enough to remove 
chemisorbed oxygen from Pt or Rh, the samples were heated to 770K in 5x10"^ Torr 
H2 following each TPD experiment. 

The TEM experiments were performed on a Philips EM 400T with an 
accelerating voltage of 120kV. The oxide crystals were first thinned by mechanical 
grinding and polishing, after which they were dimpled to a thickness of ~20μπι. The 
crystals were then ion milled at 78K to perforation. After checking the samples in the 
microscope, they were placed in the same UHV chamber used in the TPD 
measurements, cleaned, and dosed with a known coverage of Pt or Rh. The samples 
were then carried in air to the microscope. 

The a-Al2O3(0001), ZrO2(100), and ZnO(0001) samples were purchased as 
oriented single crystals. The Zn-polar surface of ZnO(OOOl) was distinguished from 
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6. ZAFIRIS ET AL. Particle Size and Support Effects 75 

the O-polar surface by etching in concentrated HNO3 a s described elsewhere.(77) 
The cerium oxide surface was prepared by spray pyrolysis onto an 
α-Α12(>3(0001) crystal held at 200°C, using an aqueous solution of Ce(N03)3. The 

ceria films showed only cerium, lanthanum, and oxygen in AES but were amorphous 
and macroscopically rough, as shown by TEM characterization of a film deposited 
onto a NaCl crystal which was then dissolved away.(9) While the ceria films were 
continuous, TEM showed strong variations in the thickness of the film. 

The deposition of Pt and Rh onto each of the different oxides was carried out at 
300K. Metal particle sizes were calculated from the metal coverage and the amount of 
adsorbed CO, as determined by TPD. Particle sizes of selected samples were checked 
using TEM and found to be in excellent agreement with those calculated from 
adsorption, as discussed elsewhere.(70) 

Results 

Characterization of Pt and Rh Films. Since characterization of the metal films 
on each of the various oxide substrates has been discussed in detail in other 
publications,(5-70) we will only briefly describe the most important features. On a-
Al2O3(0001), three-dimensional particles of both Pt and Rh are formed following 
deposition at room temperature.̂ ) This was demonstrated by following the AES 
peak heights as a function of metal coverage and also by TEM. For Pt, transmission 
electron diffraction (TED) showed that the metal particles formed by deposition were 
randomly oriented. Furthermore, while the TPD curves for CO from Pt and Rh 
particles were found to change with metal particle size, all of the observed desorption 
features could be related to similar features found on Pt and Rh single crystals. These 
results suggest that both Pt and Rh interact weakly with the α-Αΐ2θ3(0001) surface, 
making this oxide substrate a good reference by which to compare results for the 
other oxides. 

Evidence for relatively strong interactions was found for both Pt and Rh on 
ZrO2(100).(7,78) For both metals, AES indicated that film growth at 300K is close 
to two-dimensional, although TEM results imply that irregularly shaped islands are 
formed at this temperature, if not in vacuum, then upon exposure to air. Heating of 
the metal films to approximately 500K caused the islands to agglomerate into larger 
particles. A most interesting feature of the Pt and Rh particles is that they are 
preferentially oriented with respect to the zirconia substrate. Well defined streaks are 
observed in the TED pattern which demonstrate that the (111) surface of the metals 
are in contact with the oxide and that the particles align themselves with the oxide. 
The TPD results for CO from the Pt and Rh films were inconclusive regarding the 
question of whether the interaction between the metals and zirconia results in changed 
chemisorption properties. While TPD peak temperatures for CO from small Pt 
particles on ZrO2(100) are shifted downward compared to that observed for similarly 

sized particles of Pt on α-Αΐ2θ3(0001), no peak shifts were observed for Rh 
particles. Since desorption temperatures are strongly affected by cristallographie 
orientation on Pt but are unaffected on Rh, it is uncertain whether the differences for 
small Pt particles on Z1O2 m due t 0 chemical interactions between the oxide and the 
metal or to changes in the orientation of the Pt particles. 

There is evidence for relatively strong interactions between Pt and ZnO.(70) 
For room temperature deposition of Pt, two-dimensional films are formed which are 
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stable up to -500K. TEM results again indicate that the Pt films, as well as the Pt 
particles which are formed by heating, are oriented with respect to the oxide substrate. 
Again, shifts are observed for CO desorption from Pt at low metal coverages, but 
these shifts appear to be due to chemical interactions between Pt and the oxide 
substrate. The CO peak shifts are found to be different for the O- and Zn-polar 
surfaces, suggesting that contact between the Pt atoms and the Zn + ^ cations is 
responsible for affecting the adsorption properties. 

The results for Pt on ceria are essentially identical to results for Pt on oxidized 
Al , which suggests relatively weak interactions.(9) While growth of the Pt film is 
two-dimensional at room temperature, this could be due to the fact that the ceria films 
prepared for our studies are macroscopically rough. We observed similar, two-
dimensional film growth for Pt on an oxidized Al foil, but the TPD curves obtained 
for Pt on the oxidized foil were identical to those obtained for Pt on <x-
Al2Oj(0001).(8) Also, the Pt film coalesced into three-dimensional particles in 
exactly the same temperature range on both ceria and oxidized Al and gave similar 
particle sizes. Finally, the TPD curves for CO and H 2 from Pt particles of a given 
size are identical on both ceria and oxidized Al or α-Αΐ2θ3(0001). While we did not 
examine the effect of pretreatment conditions on the ceria, our study indicates that the 
interactions between Pt and ceria are much weaker than those between Pt and either 
zirconia or zinc oxide and are similar to that between Pt and alumina. 

NO Adsorption on Rh/ZrO2(100) and Rh/a-Al2O3(0001). The results for 
NO adsorption on model Rh catalysts have been discussed in detail elsewhere^ and 
will only be summarized here. What we observe are rather large changes in the TPD 
curves for NO as a function of particle size but relatively little change due to the 
substrate composition. This is shown in Figure 1, which gives the saturation TPD 
curves for NO from small and large annealed particles on a-Al2O3(0001) and 
ZrO2(100). While the TPD features are better defined for Rh/Zr0 2 compared to those 
for Rh/Al2(>3 due to improvements made in our experimental apparatus, the curves 
are essentially the same. For the largest particles (~10nm), the TPD curves are similar 
to that observed for Rh single crystals, with the exception that a larger fraction of the 
NO dissociates.(5) NO desorbs from a single feature at approximately 430K, while 
the N 2 desorbs from two well-defined features at 440K and between 450 and 700K. 
The low-temperature, N 2 peak has been identified as being due to the reaction N O ^ 
+ ^ad = ^2 + ^ad* ^ e s0 0 0™* broad feature has been assigned to the recombination 
reaction, 2N a cj = N 2 , a process which occurs at different temperatures depending on 
the Rh crystallographic orientation.(72-75) For the smaller Rh particles (~3nm), all 
of the NO dissociates and only the nitrogen recombination peak is observed. 

The fact that the TPD results for Rh on both ZrO2(100) and a-A^CtyOOOl) 
are so similar indicates that chemical modification of the Rh by the oxide substrate is 
probably not important. However, the large changes due to particle size probably are 
significant. It has been reported that NO reduction by CO is very structure sensitive 
on Rh.(4) Specific reaction rates were shown to increase by a factor of 45 in going 
from small to large Rh particles. Based on our TPD results, the increase in reaction 
rates on large Rh particles is likely due to the enhanced N 2 desorption rates indicated 
by the lower desorption temperatures. Auger spectra obtained from a Rh(l 11) crystal 
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following high-pressure reaction measurements showed that the surface was covered 
with adsorbed nitrogen, which apparently prevents the adsorption of additional 
reactants. 

It should be noted that, because NO reduction on Rh is structure sensitive, the 
oxide substrate may have an indirect effect on the catalyst. The TEM results 
discussed earlier demonstrate that zirconia can orient the Rh particles, which implies 
that the structure of the Rh particles will be changed. Therefore, for a given Rh 
particle size, the adsorption sites with the zirconia substrate may be different from the 
adsorption sites with an alumina substrate. Indeed, there is some evidence from the 
TPD results that this may be the case. It appears that the particle size at which the 
low-temperature, N 2 desorption feature at 440K is no longer present is >6 nm for Rh 
on ZKtylOO) and ~4 nm for Rh on a-A^CtyOOOl). While additional evidence is 
needed to prove that the support can influence structure-sensitive reactions by 
modification of the shape of the metal particles, this possibility should be considered 
when studying support effects in structure-sensitive reactions. 

NO Adsorption on P t /Ce0 2 and Pt/a-Al 2 O 3 (0001). Again, the results for 
Pt on ceria and a-Al2O3(0001) have been discussed in detail elsewhere and will only 
be summarized.(9,76) Evidence from the film growth modes and from TPD of CO 
suggests that Pt interacts relatively weakly with both ceria and a-Al2O3(0001). In 
agreement with this, the TPD results for NO from Pt particles supported on these two 
oxides are virtually identical. Figure 2 shows a comparison of TPD curves obtained 
for small and large Pt coverages on both substrates following a saturation exposure of 
NO. For a given metal coverage, the particles formed on ceria after annealing were 
larger than those formed on a-Al2O3(0001). Therefore, in order to compare particles 
of similar size on the two substrates, the TPD curves from Pt/ceria are reported for the 
unannealed films, using the same metal coverages as that used to form the particles on 
the α-Α12(>3(0001). The results show that a small amount of NO desorbs unreacted 
near 440K for Pt on both substrates, along with a similar amount of N 2 0 in the 
Pt/ceria catalysts; however, in all cases, most of the NO dissociated during TPD to 
form N 2 and adsorbed oxygen. For large Pt coverages, the N 2 desorbs from a fairly 
sharp peak at 460K which is also observed for TPD of NO on Pt foils. For very 
small Pt coverages, a second N 2 desorption feature centered at 540K appears and the 
feature near 460K diminishes. It should be noted that the changes in the TPD curves 
occur at approximately the same coverage on both ceria and a-Al2O3(0001), 
implying that there are no changes in the Pt adsorption properties due to the presence 
of ceria. 

However, the changes in the NO adsorption properties with particle size are 
significant. From studies of NO coadsorbed with CO which have been reported 
earlier,(76) the desorption of N 2 on these Pt particles appears to be limited by the NO 
decomposition reaction. This implies that dissociation of NO is strongly affected by 
Pt particle size, which, in turn, may be very important in NO reduction catalysis. Rh 
is included in emissions-control catalysts because Pt is not as active for NO reduction 
by CO over the range of reactant pressures used in the catalytic converter. However, 
kinetic studies on a polycrystalline, Pt wire have reported rates that are comparable to 
those observed on Rh.(77) Our results suggest that small particles of Pt may not be 
as active as bulk Pt samples. 
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TOO Τ (Κ) 

Fig 1) TPD curves for NO from small and large particles of Rh on ZrO2(100) and 
a-Al2O3(0001). 

I . I . I I I ι I « 1— 
300 500 700 300 500 700 

T ( K ) T ( K ) 

Fig 2) TPD curves for NO from small (0.25ML) and large (5.0ML) coverages of 
Pt on Ce0 2 and a-Al2O3(0001). In order to form similar particle sizes on both 
substrates, the Pt films were not annealed prior to adsorption of NO. 
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It is also interesting to note that we observed a small amount of N 2 0 desorbing 
from the Pt/ceria sample. It is likely that a similar amount of N 2 0 was formed on the 
α-Α12(>3(0001) sample, but that we have observed it in our current measurements 
due to improvements in our experimental capabilities. We hold off additional 
discussion N 2 0 for the next section. 

NO Adsorption on Pt/ZnO(0001)O and Pt/ZnO(0001)Zn. The clearest 
evidence for strong support effects that we have observed in our studies has been 
with the two ZnO surfaces. In agreement with this, we also observe significant 
differences in the NO TPD curves for small Pt particles. Unlike our observations 
with CO, TPD curves for NO on the Zn- and O-polar surfaces were identical. Al l of 
the figures shown were obtained on the Zn-polar surface but results on the O-polar 
surface were the same. 

Figure 3a) shows the TPD curves following saturation exposures of ^ N O on 
high (5xlO^Pt/cm^ or ~ 5 monolayers) and low (0.5xlO^Pt/cm^) coverages of Pt. 
The Pt films were not annealed prior to obtaining these results so that the films were 
initially two-dimensional prior to adsorption of NO and subsequent heating. For the 
high Pt coverage, the curves are virtually identical to the results discussed with ceria 
and alumina. Most of the NO dissociates to form N 2 which desorbs at 460K. Since 
the surface Pt is not in contact with the oxide substrate at these larger Pt coverages, 
the ZnO appears to have no influence on the adsorption results. For the lower Pt 
coverages, the results are significantly different. First, substantial fractions of the NO 
desorbed as N 2 0 (~ 15%) and unreacted NO (~ 7%), a result which contrasts sharply 
with results for high Pt coverages where N 2 0 and NO desorption accounted for -1% 
and ~2% of the NO respectively. Second, the remaining N 2 now desorbs in two 
broad features at 450 and 650K. This second desorption peak is considerably higher 
than any feature observed with Pt on either ceria or alumina, which implies that it 
must be due to contact between Pt and ZnO. We attempted to determine whether the 
desorption of N 2 was limited by NO decomposition or by the recombination of 
adsorbed nitrogen by directing a beam of H 2 at the surface to monitor the point at 
which water was formed, but the results were inconclusive. 

It was also not possible to determine the origin of the two N 2 desorption 
features in TPD. We examined lower Pt coverages to see if the feature at higher 
temperatures would become a larger fraction of the desorbing N 2 at still lower Pt 
coverages; however, the area under the two TPD features remained in approximately 
the same ratio for all Pt coverages in the submonolayer regime. Also, because the Pt 
film formed particles during the TPD measurement, it was not simple to vary the NO 
exposure to determine whether the two features filled sequentially. After each TPD 
experiment, the Pt had to be removed and a fresh layer deposited onto the oxide. 
Therefore, the two desorption states could be due to either two different types of sites 
or to repulsive interactions between adsorbed NO molecules. Whichever of these two 
mechanisms is responsible for the presence of the two desorption states, the fact that 
large amounts of N 2 0 form below 500K indicate that the surface processes 
responsible for the feature at lower temperatures are probably not the same as those 
which occur for Pt particles on alumina or ceria. Finally, it should be remembered 
that the Pt film begins to form particles at approximately 500K as the N 2 desorbs. It 
is not clear what role the movement of Pt atoms has on the desorption process, 
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although agglomeration of the Pt film also occurred with 5xlOA:>Pt/cmz during the 
TPD run without causing a high-temperature, ^-desorption feature. 

It is of interest to consider the nature of the sites on Pt/ZnO which lead to 
N2O formation and the high-temperature N2 feature. They are associated with the Pt 
atoms which are in contact with the ZnO but are unaffected by whether that Pt is in 
contact with the Zn- or O-polar surface of ZnO(OOOl). In a previous paper, we have 
argued that contact with the Zn + ^ cations was critical based on differences in the TPD 
curves obtained for CO from Pt films on the two polar surfaces.(/0) This does not 
appear to be a factor in NO adsorption. It is possible that the sites of interest are 
present at the edges of Pt islands on the ZnO and even that the adsorbed nitrogen and 
oxygen formed after NO dissociation may partially spillover onto the oxide. This is 
obviously very speculative and additional characterization is needed to determine the 
surface processes which occur on the low-coverage, Pt films. 

The TPD curves obtained from the Pt films after annealing are shown in 
Figure 3b). Annealing causes the Pt film to coalesce into large particles, which in 
turn causes a significant decrease in the adsorption capacity. The main feature in the 
TPD curves for NO is the N2-desorption state near 460K, which is essentially 
identical to that observed for the TPD curves from Pt on either alumina or ceria. The 
size of the particles formed from a given Pt film coverage is larger on ZnO than on 
alumina or ceria;(70) therefore, the large-particle desorption feature dominates even 
for low Pt coverages. This is further evidence that contact between the Pt and the 
oxide phase is necessary for the features observed for NO adsorption on the low-
coverage, unannealed Pt films. Long-range, electronic considerations do not appear 
to have any effect on the adsorption properties of Pt. However, the presence of a 
high-temperature shoulder near 550K on the N2 peak, observed for both large and 
small Pt coverages, does appear to be unique to the Pt particles supported on ZnO. 
This may be the result of NO adsorbed at interface sites between the Pt particles and 
the substrate. If this is the case, it is very interesting since it suggests that a 
substantial fraction of the adsorption sites may be modifieid by the support, even for 
large metal particles. 

Discussion 

The results for NO on model Pt and Rh catalysts have interesting implications for 
emissions-control catalysts. Significant changes in the decomposition of NO are 
observed as a function of both particle size and support composition. Unfortunately, 
none of the changes that we have observed point toward improved catalytic 
performance. Based on our previous results/Jj we suggest that NO reduction on Rh 
is limited by N2 desorption. However, increases in Rh dispersion result in lower N2 
desorption rates and have been shown to lead to significant decreases in the specific 
rates for NO reduction by CO.(4) For Pt, it appears that NO reduction is limited by 
NO dissociation. Again, increases in Pt dispersion lead to decreases in the expected 
catalytic performance since the NO decomposition reaction occurs at higher 
temperatures on small particles. Also, the supports we investigated had either no 
effect on NO adsorption or decreased the rates of the desired steps. The 
demonstration, however, that the support composition can affect the adsorption 
properties does hold the promise that some oxides may enhance catalytic properties. 

The results from model catalysts may give clues as to which types of oxides 
hold promise. In previous papers, our group has argued that support effects are due 
to contact between the catalytic metal and the support cations based on results from 
TPD of CO.(10,18) The results for NO adsorption on Pt provide partial support for 
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this picture. Support effects were observed for ZnO but not for ceria or alumina. It is 
likely that the C e + ^ and AT4" ̂  cations in ceria and alumina are surrounded by oxygen 
so that the Pt does not have direct contact with the oxide cations. With ZnO, the 
cations are much more available. However, it is not clear why we did not observe 
differences between ZnO(0001)Zn and ZnO(0001)O surfaces based on this model. 
Additional characterization of this adsorption system could provide important clues as 
to how one might manipulate the catalyst support in order to enhance catalytic 
performance for NO reduction. 
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Summary 

Particle size and support composition can play an important role in the decomposition 
of NO and subsequent desorption of N2 on Pt and Rh catalysts. For Rh, NO 
reduction appears to be structure sensitive due to changes in the N2 desorption rates. 

Support and particle size appear to influence the structure of the adsorption sites, which in turn affects desorption rates. On Pt, NO decomposition appears to limit 
reaction rates. The decomposition appears to be affected by both the structure of the 
sites and the proximity of oxide cations. 

Literature Cited 

1) Gorte, R.J., J. Catal. 1982, 75, 164. 
2) Demmin, R.A. , and Gorte, R.J., J. Catal. 1984, 90, 32. 

3) Oh, S.H., Fisher, G.B., Carpenter, J.E., and Goodman, D.W., J. Catal. 
1986, 100, 360. 

4) Oh, S.H., and Eickel, C.C., J. Catal. 1991, 128, 526. 
5) Altman, E.I., and Gorte, R.J., J. Catal. 1988, 113, 185. 
6) Altman, E.I., and Gorte, R.J., Surf. Sci. 1988, 195, 392. 
7) Zafiris, G. , and Gorte, R.J., J. Catal., 1991, 132, 000. 
8) Ε. I. Altman and R. J. Gorte, J. Catal. 1988, 110, 191. 
9) Zafiris, G., and Gorte, R.J., to be published. 
10) Roberts, S., and Gorte, R.J., J. Chem. Phys. 1990, 93, 5337. 
11) Mariano, A.N., and Hanneman, R.E., J. Appl. Phys. 1963, 34, 384. 
12) Root, T.W., Schmidt, L .D. , and Fisher, G.B., Surf. Sci. 1985, 150, 173. 
13) Baird, R.J., Ku, R.C., and Wynblatt, P, Surf. Sci. 1980, 97, 346. 
14) Ho, P. and White, J.M., Surf. Sci. 1984, 137, 103. 
15) Thiel, P.A., Williams, E.D., Yates, J.T., and Weinberg, W.H. , Surf. Sci. 

1979, 84, 54. 
16) Altman, E.I., and Gorte, R.J., J. Phys. Chem. 1989, 93, 1993. 
17) Klein, R.L.; Schwartz, S.; Schmidt, L.D. , J. Phys. Chem. 1985, 89, 4914. 
18) Roberts, S.A., and Gorte, R.J., J. Phys. Chem. 1991, 95, 5600. 

RECEIVED December 19, 1991 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

10
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
49

5.
ch

00
6

In Catalytic Control of Air Pollution; Silver, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



Chapter 7 

Effect of Ce on Performance and 
Physicochemical Properties of Pt-Containing 

Automotive Emission Control Catalysts 

J. G. Nunan1, Ronald G. Silver2, and S. A. Bradley3 

1Allied-Signal Research and Technology Center, P.O. Box 5016, Des 
Plaines, IL 60017-5016 

2Allied-Signal Automotive Catalyst Company, P.O. Box 580970, 
Tulsa, OK 74158-0970 

3UOP Research Center, P.O. Box 5016, Des Plaines, IL 60017-5016 

Present-day automotive emission control catalysts contain noble metals 
such as Pt, Pd and Rh all on an alumina support with a variety of 
promoters. Ce is one of the most important promoters. The 
interaction between Pt and Ce was studied using TPR and STEM on 
a variety of catalysts. The degree of Pt/Ce interaction was increased 
by decreasing CeO2 crystallite size, and to a lesser extent by 
increasing CeO2 loading. Direct Pt/Ce interaction leads to a 
synergistic reduction of both Pt and surface Ce. This reduction 
qualitatively correlates with catalyst performance after activation in a 
reducing gas. It is proposed that this synergistic reduction of Pt and 
Ce is associated with observed improvements in catalyst performance 
using a non-oscillating exhaust gas. 

Current state-of-the-art automotive emission control catalysts simultaneously oxidize 
hydrocarbons (HCs) and carbon monoxide (CO), and reduce oxides of nitrogen, when 
operated under conditions near the stoichiometric point. The catalysts generally 
consist of noble metals (NMs) such as Pt, Pd, and Rh, on alumina supports. The 
addition of Ce0 2 to these catalysts promotes their activity, and has been well studied 
(1-7). Among its benefits, the added Ce0 2 may serve as an "oxygen storage" 
component under the cyclic lean-rich composition fluctuation common to automotive 
engine exhaust gas held near the stoichiometric point. The Ce0 2 component provides 
oxygen, which is stored under lean conditions, for the oxidation of HC and CO under 
rich conditions (7, 8-11). Ce0 2 is also thought to provide other functions, such as 
stabilization of the alumina (72), promotion of the water-gas-shift reaction under rich 
conditions (2), and promotion of noble metal dispersion (3,6,13,14). From a reaction 
standpoint, small amounts of Ce0 2 have been proposed to promote CO oxidation 
activity (15,16), which may lead to higher performance for HC and NOx conversion. 

0097-6156/92/0495-0083$06.00/0 
© 1992 American Chemical Society 
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84 CATALYTIC CONTROL OF AIR POLLUTION 

Another aspect of Ce0 2 addition to automotive catalysts is its effect on the oxidation 
states of the NMs. Ce0 2 promotes the reduction of the NMs with which it comes in 
contact (1,12) under reducing conditions. In addition, Yao and Yao(7) have observed 
the synergistic promotion of the reduction of Ce0 2 in the presence of Pt or Rh. 

The benefits of Ce0 2 have not only been observed for fresh catalysts, but also for 
catalysts aged under severe conditions on an engine dynamometer for as long as 100 
hours (77). The durability of these Ce02 promotion effects emphasizes the 
importance of further study of the role Ce0 2 plays in improving automotive exhaust 
emission control. 

Previous work in this area has tended to focus either on model studies where a 
limited number of reactants were present during catalyst testing, or on studies where 
the Ce0 2 containing catalysts were evaluated using dynamometer aging and testing 
conditions. In a recent model study in our laboratories (18), using a full complement 
exhaust gas mixture, it was shown that direct Pt/Ce interaction led to large beneficial 
effects on catalyst performance after activation of the catalyst in rich or 
stoichiometric exhaust gas mixtures. The primary impact of Ce0 2 on fresh and 
laboratory aged catalysts was on the CO oxidation activity, which led to improved 
HC and NOx conversion. The improved activity of the Ce0 2 containing catalysts 
qualitatively correlated with the extent of the synergistic reduction of Pt and surface 
Ce, as probed by temperature programmed reduction (TPR). The present study 
attempts to further explore the relationship between the effect of Ce0 2 on the activity 
of Pt containing emission control catalysts, and the synergistic Pt-Ce reduction 
feature observed over these catalysts. 

Experimental. 

The compositions of the catalysts used in this study are listed in Table I. 

TABLE I. Catalyst Composition and Ce0 2 Crystallite Size 

Catalyst Description Ce0 2 Size(À) Content (wt%) 

Pt/7-Al 20 3 — 0.86 Pt 
Pt,24%Ce/7-Al203 -65 0.77 Pt 
Pt,RhAy-Al203 — 0.745 Pt, 0.045 Rh 
Pt,Rh,5%Ce/7-Al203 67 0.77 Pt, 0.04 Rh 
Pt,Rh,6%Ce/7-Al203 213 0.79 Pt, 0.041 Rh 
Pt,Rh,6%Ce/7-Al203 332 0.78 Pt, 0.04 Rh 
Pt,Rh,6%Ce/7-Al203 1000 0.82 Pt, 0.043 Rh 
Pt,Rh,24%Ce/7-Al203 -65 1.05 Pt, 0.038 Rh 
Pt,Rh,25%Ce/7-Al203 81 0.63 Pt, 0.035 Rh 
Pt,Rh,25 %CeAy-Al203 1000 0.82 Pt, 0.043 Rh 
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7. NUNAN ET AL. Effect ofCe on Pt-Containing Catalysts 85 

Granular Catalyst Studies. This study utilized model granular catalysts that 
contained Pt. Some of these catalysts also contained Rh and most contained varying 
amounts of Ce0 2. In those catalysts containing Pt and Ce0 2, the degree of Pt/Ce 
interaction was varied by controlling both Ce02 loading and crystallite size. Samples 
containing highly dispersed Ce0 2 with extensive Pt/Ce interaction were prepared by 
impregnation of 7-Al 20 3 with Ce salts, followed by calcination in air at 600°C for 6 
hours. Samples with low Ce0 2 dispersion and having poor Pt/Ce interaction were 
prepared by combining the 7-Al 20 3 support with Ce0 2 powders that had been sintered 
to varying degrees. Pt and Rh were introduced by impregnation with aqueous 
solutions of H 2PtCl 6 and RhCl3. The Pt and Rh loadings for all granular catalysts are 
shown in Table I. 

For activity testing, one gram of catalyst was evaluated in a full complement 
exhaust gas at a total feed rate of 5 1/min. A rich and a stoichiometric exhaust gas 
mixture were each used during the course of catalyst evaluations. The rich mixture 
consisted of 8000 ppm CO, 2667 ppm H 2 , 267 ppm C 3 H 8 , 2790 ppm 0 2 , 1835 ppm 
NO, 167 ppm C 3 H 6 , 11.88% C0 2 , and 10% water with the balance N 2 . The 
stoichiometric mixture consisted of 5775 ppm CO, 1925 ppm H 2 , 193 ppm C 3 H 8 , 
4645 ppm 0 2 , 1835 ppm NO, 167 ppm C 3 H 6 , 11.88% C0 2 , and 10% water with the 
balance N 2 . The testing profile consisted of heating the catalyst in the stoichiometric 
exhaust at 5°C per minute to 450°C (Rise-1), holding at 450°C in the stoichiometric 
or rich gas for 30 minutes, followed by a drop to 50°C. This was followed by a 
second rise to 450°C (Rise-2) in the stoichiometric exhaust gas mixture. 

Monolith Catalyst Studies. This study utilized monolith catalysts prepared using 
a commercial process. In this case, the Pt/Ce interaction was varied by changing the 
Ce0 2 loading. Catalyst washcoats were prepared containing varying relative amounts 
of Ce0 2 and γ-Α1203, and applied to cordierite monoliths having 64 square cells/cm2. 
The nominal Pt loading for these catalysts, added using the chloride salt, was 0.6 
wt%. Catalyst on monolith supports, such as these, are more typical of an actual 
vehicle catalyst than are the granular catalysts described above. 

For activity testing, 1 inch diameter cylindrical cores were removed from the 
monolith catalyst at several locations. Each core was sliced into a number of 0.5 
inch long sections, then four sections were selected and assembled into a 2 inch long 
composite core. This was intended to limit problems due to possible uneven 
washcoat loading on the cordierite support. A similar feedgas to that used for 
granular catalyst evaluations was employed and 20 ppm S0 2 was also added to the 
mixture. Further, non-oscillating exhaust gases were used, as with the granular 
catalysts, in order to eliminate oxygen storage effects. The total gas flow rate was 
201/min. The test procedures were also similar, except that steady state performance 
was measured at 315°C in one experiment and 275°C in the other. 

In both the monolith and granular catalyst studies, samples were characterized using 
temperature programmed reduction (TPR), x-ray diffraction (XRD), and scanning 
transmission electron microscopy (STEM). For the TPR studies all catalysts were 
initially pretreated in 20%O2/80%He at 600°C for 1 hour before the experiment. The 
electron microscopy was performed with a Vacuum Generators HB-5 dedicated 
STEM. 
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86 CATALYTIC CONTROL OF AIR POLLUTION 

Results and Discussion. 

Granular Catalyst Characterization. Catalysts containing varying loadings and 
dispersions of Ce0 2 were characterized using TPR and STEM analysis, both before 
and after evaluation in the synthetic exhaust gas at 450°C. Table II summarizes the 

TABLE Π. Effect of Ce0 2 Loading and Crystallite Size on the Degree of Pt-Ce 
Interaction over Pt,Rh,Ce/7-Al 20 3 Granular Catalysts 

Pt/Ce Ratios 
(A) (B) 

Ce Catalyst Ce0 2 Nominal Calculated Observed Ratio 
Loading Tested? Size(À) on CeQ2 on Ce02* (B)/(A) 

5% No 67 0.110 0.004 0.040 10 
5% Yes 67 0.110 0.004 0.060 15 
6% No 213 0.090 0.0013 0.014 11 
6% No 332 0.090 0.0008 0.008 10 
25% No 1000 0.022 0.0004 0.001 2.5 
25% No 81 0.022 0.0035 0.029 8.3 
25% Yes 81 0.022 0.0035 0.023 6.6 

* Typical standard deviation is +/- 30%. 

STEM analyses for a series of Pt/Rh catalysts having varying Ce0 2 crystallite sizes 
and loadings. The Ce0 2 loadings were varied between 5 and 25wt.%, and the 
crystallite sizes were varied between 60 and 1000À. The nominal Pt/Ce ratio 
reported is the ratio between the total amount of Pt and the total amount of Ce added 
to the catalyst. The calculated Pt/Ce on Ce0 2 is an approximate ratio based on the 
relative surface areas of the 7~A1203 and Ce0 2 components of the catalyst and 
assumes even dispersion of the Pt over the total catalyst surface. The observed Pt/Ce 
ratio on Ce0 2 was obtained from chemical analysis in the STEM, and is substantially 
higher than expected based on a random distribution of Pt throughout the sample, 
especially for samples containing moderate to small Ce0 2 crystallite sizes. For the 
sample with the small Ce0 2 crystallites and large Ce0 2 loading, the total and 
observed Pt/Ce ratios are similar, indicating that most of the Pt is associated with the 
Ce0 2. This is true even though Ce0 2 accounts for only a small fraction of the total 
surface area of the catalyst. This association of Pt with the Ce02 component remains 
even after catalyst testing. Pt crystallite sizes were also measured in the STEM for 
two catalysts after evaluation in the synthetic exhaust gas mixture. The tested 
catalyst with 5% Ce in the support had Pt crystallites ranging in size from 30 to 50À, 
while the tested catalyst with 25% Ce in the support had Pt crystallites from 100 to 
250À. Also shown in the last column of Table II is the ratio of the observed to 
calculated ratios of Pt/Ce. It is seen that the ratios are much greater than 1.0 again 
indicating the selective association of Pt with the Ce0 2 component. 

Pt and Pt/Rh granular catalysts were characterized using TPR and the results are 
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shown in Figures 1 to 3. The effect of both Ce0 2 addition and the extent of NM/Ce 
interaction on the TPR spectrum is shown in Figure 1. The V\Jy~K\lOl sample shows 
a single broad peak centered at 260°C, associated with Pt reduction. The 25%CeAy-
A1 20 3 sample shows a small but continuous H 2 uptake feature above 100°C with a 
distinct maximum in uptake at 515°C. These features are associated with surface and 
possibly subsurface Ce reduction (1,18). Further H 2 uptake at higher temperatures 
is assigned to bulk Ce reduction. The sample containing both Pt and Ce0 2 shows 
features completely different than the previously described catalysts. A single sharp 
reduction peak is observed at 175°C. The H 2 uptake associated with this peak is 
much larger than could be accounted for if it were just due to Pt reduction. No 
peaks for either Pt reduction on γ-Α1203, or surface Ce reduction are observed. 
Thus, the peak at 175°C is assigned to the synergistic reduction of Pt and surface Ce 
(1,18) which occurs at lower temperatures when the two components are present 
together. For the Pt,Rh,25%Ce/7-Al203 catalyst, a sharp reduction peak is again 
observed but now the peak is centered at 160°C. The peak intensity is also greater 
than that observed for the Rh-free sample indicating that Rh may further promote the 
reduction of Ce and Pt. 

Figure 2 shows the effect of varying the extent of Pt/Ce interaction on the TPR 
spectra. This was done by varying both the CeOz crystallite size and loading as 
shown by the STEM analysis in Table II. Increasing the degree of Pt/Ce interaction, 
as shown by the ratio of observed to calculated Pt/Ce on Ce0 2 in Table II, leads to 
a systematic increase in the intensity of the low temperature peak associated with 
synergistic reduction of NM and surface Ce. This increase comes about at the 
expense of the Pt on 7-Al 20 3 reduction peak, and also the surface Ce reduction peak. 
It is also evident that the TPR spectra of both the freshly calcined and tested catalysts 
are very similar, indicating that exposure to the laboratory feedgas and consequent 
partial reduction and sintering of the Pt does not greatly affect the TPR spectra. The 
intensity of the low temperature reduction peak is, however, lower for the tested 
sample than for the fresh sample. This is probably due to sintering of the Pt, leading 
to partial segregation from the Ce0 2 component. Partial sintering of Pt also seems 
to lead to more facile reduction as shown by the shift of the peak maximum to lower 
temperatures for the tested catalyst. 

Figure 3 shows the TPR spectra for the two samples whose Pt crystallite size 
distributions were determined by STEM after activity testing. The Ce0 2 crystallite 
size was in the range of 60 to 80À for both samples. The sample with the higher Ce 
loading gave reduction at lower temperatures and a more intense synergistic reduction 
peak even though it had the larger Pt crystallite sizes after testing. 

Granular Catalyst Activity Testing. Some of the catalysts characterized using TPR 
and STEM were also tested for HC and CO oxidation activity. Figure 4 shows a plot 
of CO conversion versus temperature (lightoff performance), for several catalyst 
formulations. The Ce-containing catalysts were activated in the rich feedgas during 
the hold between Rise-1 and Rise-2, or by pretreatment in a 5%H2/95%N2 stream at 
450°C for 0.5 hours. In Figure 4 a large benefit in performance is observed for these 
catalysts after the rich exhaust gas or H 2 pretreatments. The benefit of Ce addition 
to the catalyst is only seen after activation has taken place, during the Rise-2 lightoff. 
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Figure 1. Pt-Rh-Ce and Pt-Ce interaction results in synergistic reduction 
compared to individual components. 

Pt, Rh / T-AI2O3 

Pt, Rh. 8wt% Ce / ?-Αΐ2θ3(100θΑ) 
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Pt, Rh. 25wt% Ce / -y-AteQsfôlA) 

0 100 200 300 400 500 600 700 800 
Temperature, °C 

Figure 2. Increasing Pt-Ce synergistic reduction as a function of Ce(>2 
loading and crystallite size. 
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Pt,Rh,5%Ce/r-Al208ft>t* = 30-5QÂ) 

^,Rh^5%C^x-M203l^l=J00-25Qi) 

^ ^ ̂  ̂  + 

0 100 200 300 400 500 600 700 800 
Temperature, °C 

Figure 3. TPR spectra after testing for different Ce loadings (Ce02 size = 
60 - 80À). 

• Pt/y-AlaOs (R-2) · Pt^k^C^?-AI2O5_(H_2 TVeat R-l) 
Ο QQ%Çe/j_-&20* ($-2) Δ Pt.24%Ce/y-AlaQ3 (R-l) 
• Pt.Rh.24XCe/T-Al20a (R-2) 

100 150 200 250 300 350 400 450 
Inlet Temperature, °C 

Figure 4. Effect of pretreatment and Pt-Ce interaction on catalyst lightoff 
performance. 
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Thus the Pt,24%Ce/7-Al203 sample shows low activity for Rise-1, but then has 
dramatically improved performance during Rise-2, with the lightoff temperature 
decreasing by about 150°C. Similar large activations have been observed in the past 
as a result of rich or stoichiometric exhaust gas pretreatments and have been 
associated with reduction of both Pt and surface Ce (78). In contrast, the Ce-free 
Pt-only sample shows poor lightoff performance even for Rise-2 indicating that Ce 
is playing a key role in the performance of Ce containing catalysts. For the 
Pt,Rh,24%Ce/7-Al203 catalyst the Rise-2 lightoff curve was found to be similar to 
the one observed for Pt,24%Ce/7-Al203. This demonstrates that the performance and 
activation of these fresh catalysts is not unique to Pt-only catalysts and is not 
impacted to a large extent by the presence of Rh. The Rise-1 lightoff activity of the 
Pt,Rh,24%Ce/7-Al203 catalyst that was prereduced in H 2 , showed activity similar to 
the Rise-2 lightoff of a Ce containing catalyst that had been exposed to a rich exhaust 
gas between Rise-1 and Rise-2. This further supports the premise that activation is 
associated with catalyst reduction. 

Figure 5 shows the effect of Ce02 loading and crystallite size on the temperature 
required to obtain 25% conversion of either CO or HC. The lower the temperature 
the more active the catalyst. Results shown are from the Rise-2 lightoff 
performance, after the catalysts have been activated in the rich feedgas. Moderate 
improvements in HC and CO conversions are observed with increasing Ce0 2 loading 
for catalysts with relatively large Ce02 crystallites (i.e. poor Pt/Ce interaction). 
However a dramatic improvement is seen with decreasing Ce0 2 crystallite size from 
1000 to 81Â. The largest improvement is observed for CO which is consistent with 
other studies in the literature (4,14). The observed increases in catalyst activity with 
increased Ce0 2 loading and decreased Ce0 2 crystallite size, qualitatively correlate 
with the appearance and subsequent increase in intensity of the synergistic reduction 
peak observed in the TPR spectra for these same samples as seen in Figure 2. The 
growth of the synergistic reduction peak, in turn, correlates with the extent of Pt/Ce 
interaction as shown in Table II. Since little or no effect of Ce0 2 loading or 
crystallite size was observed for the fresh lightoff activity, the presence of Ce0 2 

clearly has its dominant impact on catalyst activation in the exhaust gas. This 
activation in turn correlates with the extent of Pt/Ce interaction and the synergistic 
reduction of Pt and surface Ce. 

Figure 6 shows the Rise-1 and Rise-2 CO lightoff activities for the Pt,Rh,5%Ce/7-
A1203 and Pt,Rh,25%Ce/7-Al203 samples for which the TPR spectra were reported 
in Figure 3 after testing. The Pt crystallite size ranges for both samples as measured 
by STEM after testing are also shown in Figure 6. The Rise-1 lightoff profiles show 
an advantage for the sample with the smaller Pt crystallites (i.e. better dispersion) 
and lower Ce loading. However extensive activation occurred for both catalysts 
between Rise-1 and Rise-2 and the results for the second, and subsequent, rises now 
show the sample with the higher Ce loading and larger Pt crystallites 
(Pt,Rh,25%Ce/7-Al203) having the highest performance. This is surprising as this 
sample contains substantially larger Pt crystallite sizes as compared to the 
Pt,Rh,5 %Ce/7-Al203 sample. The result suggests that activated catalyst performance 
is related more to the extent of Pt/Ce interaction, as characterized by the intensity of 
the synergistic reduction peak, than merely to Pt crystallite size. 
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100 r • . . . I • . . . I • . . . I • . . . I 
0 5 10 15 20 25 30 

Ce02 Loading(Wt.%Ce) 

Figure 5. Ce0 2 lightoff activity as a function of Ce0 2 loading and 
crystallite size. 

• Pt.Rh.5%Ce/7-Al203 Rise-1 • P t^25%Çe^y-Al203 Rise-1 
ο Pt.Rh.5%Ce/7-Al2O3 Rise-2 · Pt.R1^25%Çe^>-Al203 Rise-2 

110 r — 1 

100 130 160 190 220 250 280 310 340 370 400 430 
Inlet Temperature, °C 

Figure 6. Catalyst performance as a function of loading (Ce02 size = 60 
80À). 
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Monolith Catalyst Characterization. TPR spectra for a Ce-free and a 34wt. %Ce 
containing Pt catalyst are compared in Figure 7. Similar reduction features are 
observed for these samples as for the granular catalysts. The PtAy-Al^ sample 
displays a broad H 2 uptake peak centered at 300°C, the intensity of which correlates 
with Pt reduction, based on the analyzed Pt content. Addition of Ce clearly leads to 
an attenuation of the peak associated with Pt reduction, and to the appearance of H 2 

uptake features at lower temperatures, as observed for the granular samples. There 
is no evidence of H 2 uptake features at higher temperatures associated with surface 
Ce reduction, as observed earlier for samples that do not contain NMs. This again 
suggests that the low temperature reduction feature is due to the synergistic reduction 
of Pt and surface Ce. However, the shift to lower reduction temperature and the 
intensity of the synergistic reduction feature is less than for the granular samples. 
The synergistic reduction feature is now observed at 200°C, and a distinct shoulder 
is seen at 250°C. This shoulder is probably due to reduction of Pt not associated 
with Ce. For these preparations, the Pt was probably not as selectively associated 
with the Ce0 2 component. This is supported by STEM analyses which showed a 
lower degree of Pt/Ce association in these samples as compared to the granular 
catalysts. 

Monolith Catalyst Activity Testing. The steady-state conversions of CO, HC and 
NO over the Pt/7-Al 20 3 and the Pt,34%Ce/7-Al203 monolith catalysts are compared 
in Figure 8, after the catalysts were activated in a rich exhaust gas. Catalysts were 
tested in a manner similar to that used in testing the granular catalysts except that 20 
ppm S0 2 was added to the feedgas and the temperature at the end of Rise-2 was 
reduced to 315°C. The steady state activity of the catalyst was then measured at this 
point. Both catalysts were tested using a non-oscillating feedgas, which eliminated 
the possibility of oxygen storage playing a role in the Ce-containing catalyst activity. 
Despite this lack of oxygen storage, conversions over the Ce-containing sample are 
67% higher for CO, 56% higher for HC, and 60% higher for NO relative to the 
Ce-free sample. 

Pt crystallite sizes were measured using STEM for both samples after testing. The 
Ce containing sample had smaller Pt crystallites, and also better conversions, as 
shown in Figure 8. Based on this observation it is not possible to unambiguously 
attribute the higher activity of the Ce containing catalyst to the synergistic reduction 
feature, as was the case for the lightoff performance results over granular catalysts. 

In an effort to determine if the above improvements in performance with Ce 
addition could be explained by Ce promotion of the WGS reaction, the above 
experiment was modified by removing CO and C 0 2 from the catalyst feedgas. The 
reaction temperature was also lowered to 270°C, as higher conversions could be 
achieved in the absence of the inhibiting effects of CO. A separate study over a 
Pt,Rh/Ce02 catalyst had shown that the WGS reaction was effectively poisoned by 
S0 2 under these conditions. Figure 9 shows the steady-state HC and NO 
conversions. The Ce containing catalyst has the highest activity, suggesting that under 
these reaction conditions promotion of the WGS reaction cannot explain the observed 
benefits of Ce addition. 
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0 100 200 300 400 500 600 700 800 

Temperature, °C 

Figure 7. Pt-Ce synergistic reduction observed over monolith catalysts. 

CO HC NO 

Figure 8. Steady state performance advantages of Pt-Ce over Pt. 
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Figure 9. Steady state performance advantages of Pt-Ce over Pt in the 
absence of CO and C0 2 . Τ = 270°C; Feedstream contains 20 ppm S0 2. 
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7. NUNAN ET AL. Effect of Ce on Pt-Containing Catalysts 95 

Conclusion. 

There is a promotional effect of Ce addition to Pt containing automotive exhaust 
catalysts which extends beyond oxygen storage effects, water-gas-shift reaction 
promotion, and the promotion of Pt dispersion. This promotional effect is only 
observed after the catalyst has been activated by reduction in H 2 or a rich exhaust 
gas, and it appears to correlate with the synergistic reduction of Pt and surface Ce. 
The degree of Pt/Ce interaction can be increased by increasing the Ce0 2 loading or 
decreasing the Ce0 2 crystallite size. Increasing this interaction leads to an increase 
in the magnitude of the synergistic reduction and in the degree of activity promotion. 
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Chapter 8 

The 1990 Clean Air Act and Catalytic 
Emission Control Technology for Stationary 

Sources 

Jerry C. Summers, John E. Sawyer, and A. C. Frost 

Allied-Signal Automotive Catalyst Company, P.O. Box 580970, 
Tulsa, OK 74158-0970 

Chapter 1 of this book outlined the legislative requirements expected for 
controlling the emissions from light-duty vehicles over the next decade, and how 
these requirements are expected to be met, particularly through the anticipated 
advances in the development of catalysts and their supporting systems. 
Similarly, this chapter reviews the provisions of the 1990 Clean Air Act that deal 
with emissions from stationary sources, and the technologies that are available 
to meet these provisions, particularly catalytic incineration. The subsequent, 
technically specific chapters in this book are referenced throughout the text of 
this chapter as representations of the advances that are being made in the 
various areas of catalytic control of emissions from stationary sources. 

Background Legislation. During the past twenty years air pollutants have been 
reduced by technology mandated by state and federal regulations. The federal 
regulations were based on four acts. The Clean Air Act of 1967 provided the 
first federal authority to establish air quality standards. The following Clean Air 
Act of 1970, while comprehensive for its time, was subsequently amended, first 
in 1977, and then again in 1990. 

The initial primary approach for attacking the nation's air pollution 
problems was to regulate tailpipe emissions from light-duty vehicles. These 
efforts led to the automotive catalytic converter and unleaded gasoline. Other 
classes of vehicles were also brought under regulation. Additionally, the clean 
air acts established requirements for new sources of pollutants. 

While these regulations have resulted in a 95 percent reduction of 
airborne lead, a 38 percent reduction in particulates and a 16 percent reduction 
in ozone, the overall air quality remains far short of the National Air Quality 
Standards(1). In fact, over 100 million Americans live in areas that exceed one 
or more of the standards(2). 

Ozone, formed from a complex chemical reaction between volatile 
organic compounds (VOCs) and nitrogen oxides (NOx) in the presence of 
sunlight, is still the most pervasive pollutant. This is because the VOCs and 

0097-6156/92/0495-0098$06.00/0 
© 1992 American Chemical Society 
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8. S U M M E R S E T S The 1990 Clean Air Act 99 

NOx levels have remained high. For example, while tailpipe VOC (commonly 
called hydrocarbon) and NOx emissions/mile have dropped significantly over the 
last twenty years, the total miles traveled has doubled(3). The number of 
stationary sources, whose yearly tonnage of VOC emissions closely match that 
of automobiles, has also increased. While the larger stationary sources were 
subjected to some control, the smaller ones (less than 100 tons/year) were not. 
Taken collectively, the smaller units emit unacceptable quantities of pollution 
in many urban areas. 

While ozone aggravates chronic heart and respiratory diseases, another 
class of pollutants, air toxics, can cause serious long term problems. Air toxics 
are typically carcinogens, mutagens, and reproductive agents. Only seven of 
these toxics were regulated by the 1977 Clean Air Act. The amounts of the 
remaining, unregulated toxics are immense. Over 2.7 billion pounds are emitted 
annually in the United States, leading directly to an estimated 1000 to 3000 
cancer deaths per year(2). 

Less serious to human health, but still major environmental concerns, 
are the formation of acid rain and the reduction of the stratospheric ozone. 
Some of the approximately twenty-two million metric tons each of S0 2 and NOx 
emitted annually in the United States(4) are transformed in the atmosphere into 
their acids, which are carried to the earth with rain or snow; this acid rain 
damages poorly buffered lakes, harms forests and buildings, causes reduced 
visibility, and is suspected of damaging health. In another set of atmospheric 
reactions halogenated organic compounds react with the stratospheric ozone; the 
resulting depletion of this ozone layer is expected to increase skin cancer, 
cataracts and birth defects, as well as to reduce crop yields. 

It was this need to control ambient ozone formation, air toxics, acid raid, 
and stratospheric ozone depletion that led to the passage of the 1990 Clean Air 
Act. It should have far reaching effects. William K. Reilly, Administrator for 
the Environmental Protection Agency, claims that "This legislation will remove 
56 billion pounds of pollution each year from the air we breath. That is 224 
pounds of pollutants for every man, woman and child in this country. President 
Bush summed up the Act as being "...the most significant air pollution legislation 
in our nation's history."(3). 

1990 Clean Air Act 

The 1990 Clean Air Act sets emission standards, compliance dates, and 
enforcement provisions through ten sections (titles). Table I shows that Title 
II covers the control of pollutants that come from mobile sources, the subject 
matter for the first section of this book, while Titles I, III, IV, V, and VII cover 
the control of pollutants that could come from stationary sources, the subject 
matter for this chapter. The following synopses of these latter titles concentrate 
on the control requirements for the stationary sources. 

Title I - Nonattainment. Title I addresses the pollution problems of ozone 
(smog), CO, and particulate matter (PM-10) by defining, for each of these 
pollutants, the geographical areas in the United States whose levels do not meet 
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100 CATALYTIC CONTROL OF AIR POLLUTION 

TABLE I 
C L E A N AIR ACT AMENDMENTS OF 1990 

TITTLE I: National Ambient Air Quality Standards 
TITLE II: Mobil Sources 
TITLE III: Air Toxics 
TITLE IV: Acid Rain 
TITLE V: Permits 
TITLE VI: Stratospheric Ozone 
TITLE VII: Enforcement 
TITLE VIII: Miscellaneous 
TITLE IX: Clean Air Research 
TITLE X: Employment Transition 

SOURCE: Adapted from reference 2. 

their air quality standards, the required effectiveness of the control systems that 
must be used in these "nonattainment" areas, and the time tables for the non-
attainment areas to reach their standards. 

Table II shows that the ozone non-attainment areas are divided into the 
categories of Extreme (Los Angeles), Severe 1 (five areas), Severe 2 (four 
areas), Serious (fourteen areas), Moderate (thirty-one cities), and Marginal 
(forty-three areas). Also shown are the dates by which the cities in each of 
these categories are to attain their air quality standards. The areas with the 
worse problems have more time to do this. For example, cities in the marginal 
category have three years, while Los Angeles, in its extreme category, has twenty 
years. 

These attainment periods for ozone are expected to be met through 
corresponding schedules for VOC reductions. Areas rated moderate and worse 
than moderate must reduce their VOC emissions by at least 15% within the first 
six years. Areas rated worse than moderate must then average a 3% VOC 
reduction per year for the remaining years in their attainment periods. 

These VOC reductions are to be achieved through the implementation 
of a permit program, and the use of control technology. Existing stationary 
sources will require reasonably available control technology (RACT), and new 
stationary sources will require the technology that will achieve the lowest 
achievable emissions rate (LAER). RACT is to be defined by the EPA in their 
control technique guidelines (CTG). The CTGs, in turn, are to be adopted and 
implemented by the states as part of their state implementation plans (SIP). 

The degree to which RACTs are to be applied depends on the category 
of the nonattainment areas. In all areas the existing RACT rules will be 
updated. Areas rated moderate and worse must apply the new RACT levels to 
existing and new CTGs, as well as to major non-CTG stationary sources. 

The minimum sizes of these major non-CTG stationary sources are also 
defined by the categories of the areas in which they are operating. These sizes 
are 100, 50, 25 and 10 tons of VOCs/year for the moderate, serious, severe, and 
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8. S U M M E R S E T A L The 1990 Clean Air Act 101 

extreme areas, respectively. Major sources of NOx are mandated to meet the 
same control requirements as are the major sources of VOCs, unless the EPA 
concludes from its studies that such controls will have no benefit in controlling 
smog. 

Title I handles CO in a manner similar to that for VOCs. The forty-two 
nonattainment areas are grouped into "moderate" and "serious" categories with 
five and ten year attainment dates, respectively. Control guidelines for stationary 
sources, which account for only 10% of the CO emissions, have not yet been 
issued. 

Title III - Air Toxics. Title III has raised the number of air toxics to be 
controlled from the 7 that have been identified through the earlier identification 
process to 189 (Table III), and has set in place measures to insure their 
significant reduction within ten years. These measures, similar to the Title I 
VOC measures, define the sources and set their control standards. 

These sources are classified as "Major Sources" and "Area Sources". 
Major sources are units that emit or have the potential to emit at least 10 tons 
per year of any one of the listed toxics, or 25 tons per year of any combination 
of them. Area sources are simply all of the remaining, smaller sources. 

The degree to which a toxic leaving a major source needs to be 
controlled depends on the industry that the major source is serving. EPA has 
classified these industries into hundreds of categories or subcategories. Each of 
these categories will have an emission level based on its own maximum 
achievable control technology (MACT) for existing and new major sources. 

The MACT for existing major sources is to be equivalent to that achieved 
by the best performing 12% of the existing major sources within a category with 
30 or more sources. If a category has fewer than 30 major sources, MACT is to 
be based on its best performing five sources. Sources with recent LAER 
technology are not to be included in these determinations. 

The MACT for new major sources is to be equivalent to that achieved 
by the best controlled similar source within each category. This standard is 
equivalent to a LAER standard. 

EPA must promulgate all of these MACT standards within ten years. 
Their schedule calls for the 40 most serious major source categories and coke 
ovens to be regulated within two years, and 25%, 25%, and 50% of the 
remaining major source categories to be regulated within four, seven, and ten 
years, respectively. 

Title III does not consider these steps sufficient by themselves; it goes on 
to provide for a second pass at the problem. Within eight years after the 
promulgation of the MACT standards for each major source category, EPA is 
to determine if the "residual risk" from the allowed emissions is sufficient to 
raise the cancer risk of the most exposed individual to one chance in a million. 
If it does, a new, adequately low standard will have to be met. 

The EPA must also address the emissions from area sources. They need 
to develop a strategy to reduce the incidence of cancer from these emissions by 
75%. Towards that end, they are to regulate area sources to the degree 
necessary to attain a 90% reduction of the thirty worse area source toxics. This 
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102 CATALYTIC CONTROL OF AIR POLLUTION 

TABLE II 

CLASSIFIED OZONE NONATTAINMENT AREAS 
(Listed by Classification) 

EXTREME 
L.A.-S. Coast Air Basin CA 

SEVERE 17 
Chicago-Gary-Lake Cnty, IL-IN 
Houston-Galveston-Brazoria, TX 
Milwaukee-Racine, WI 

SEVERE 15 
Baltimore, ]D 
Phil-Wilm-Trent, PA-NJ-DE-MD 

SERIOUS 
Altanta, G A 
Baton Rouge, L A 
Beaumont-Port Arthur, TX 
Boston-Lawrence-Worcester 

(E.MA), MA-NH 
El Paso, TX 
Greater Connecticut 
Muskegon, MI 

MODERATE 
Atlantic City, NJ 
Charleston, WV 
Charlotte-Gastonia, NC 
Cincinnati-Hamilton, OH-KY 
Cleveland-Akron-Lorain, OH 
Dallas-Fort Worth, TX 
Dayton-Springfield, OH 
Detroit-Ann Arbor, MI 
Grand Rapids, MI 
Greensboro-Winston Salem-

High Point, NC 
Huntington-Ashland, WV-KY 
Kewaunee Co, WI 
Knox & Lincoln Cos, M E 
Lewiston-Auburn, M E 
Louisville, KY-IN 

New York-N New Jersey-
Long Island NY-NJ-CT 

SE Desert Modified AQMA, CA 

San Diego, CA 
Ventura Co, CA 

Portsmouth-Dover-Rochester, N H 
Providence (All RI), RI 
Sacramento Metro, CA 
San Joaquin Valley, CA 
Sheboygan, WI 
Springfield (W MA), M A 
Washington, DC-MD-VA 

Manitowoc Co, WI 
Miami-Ft.Ldale-W.Plm.Bch, FL 
Monterey Bay, CA 
Nashville, TN 
Parkersburg, WV 
Phoenix, A Z 
Pittsburgh-Beaver Valley, PA 
Portland, M E 
Raleigh-Durham, NC 
Reading, PA 
Richmond-Petersburg, V A 
Salt Lake City, UT 
San Francisco-Bay Area, CA 
Santa Barbara-Santa Maria-

Lompoc, CA 
St. Louis, MO-IL 
Toledo, OH 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

10
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
49

5.
ch

00
8

In Catalytic Control of Air Pollution; Silver, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 

http://Miami-Ft.Ldale-W.Plm.Bch


8. SUMMERS ET A L The 1990 Clean Air Act 103 

Table Π. Continued 

MARGINAL 

Albany-Schenectady-Troy, NY 
Allentown-Bethlehem-Easton, 

PA-NJ 
Altoona, PA 
Birmingham, A L 
Buffalo-Niagara Falls, NY 
Canton, OH 
Cherokee Co, SC 
Columbus, OH 
Door Co, WI 
Edmonson Co, K Y 
Erie, PA 
Essex Co (Whiteface Mtn), NY 
Evansville, IN 
Greenbrier Co, WV 
Hancock & Waldo Cos, M E 
Harrisburg-Lebanon-Carlisle, PA 
IndianapoHs, IN 
Jeffercon Co, NY 
Jersey Co, IL 
Johnstown, PA 
Kent and Queen Anne's Cos, MD 

Knoxville, TN 
Lake Charles, L A 
Lancaster, PA 
Lexington-Fayette, K Y 
Manchester, NH 
Memphis, TN 
Norfolk-Vir.Beach-Newport 

News, V A 
Owensboro, K Y 
Paducah, K Y 
Portland-Vancouver AQMA, OR-
WA 
Poughkeepsie, NY 
Reno, NV 
Scranton-Wilkes-Barre, PA 
Seattle-Tacoma, WA 
Smyth Co, V A (White Top Mtn) 
South Bend-Elkhart, IN 
Sussex Co, DE 
Tampa-St. Petersburg-

Clearwater, FL 
Walworth Co, WI 
York, PA 
Youngstown-Warren-Sharon, OH-
PA 

SUBMARGINAL 
Kansas City, MO-KS 

SOURCE: Adapted from reference 2 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

10
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
49

5.
ch

00
8

In Catalytic Control of Air Pollution; Silver, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



104 CATALYTIC CONTROL OF AIR POLLUTION 

I I s 
s 

• 
Ε 
«β ζ "δ 
υ 
Ε 

III 

• 
Ci 

ί | 

i 
lin i il i|i 

lifffjjsf 
i lip Ι . Κ δ» 

su iliipii il 
CO 

?! 

TA
BL

E 
II
I 

Ρ 

2 
H 

CQ 
D 

9 
Ε 
«g 

Ζ 

S 
ε 
ο 

* 11 
ff-ifliiÉ F · 

C I ΐίΐιίιΙ 1 
s ιβ 11 

I 
! 
10 ζ 
« 
ο 

Ε 

Ο fifliffffl 
! 

I o l i i s i I 
ii . 

l i t 
% 

s ΗΙΙΙΗΚΗ 
ψ* ψ- ψ· 

iISju! ils ^ ^ » ^ » 
umm 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

10
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
49

5.
ch

00
8

In Catalytic Control of Air Pollution; Silver, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



51
01

56
 

CN
or

of
ca

nz
ia

» 
76

59
1 

67
66

3 
Ch

lo
ro

fo
rm

 
56

89
9 

10
73

02
 

CN
or

om
et

ty
 m

et
hy

l 
et

he
r 

10
83

16
 

12
69

96
 

CM
or

op
rtn

t 
67

56
1 

13
19

77
3 

Cn
so

is/
Cr

ts
yfc

 a
dd

 
72

43
5 

(Is
om

er
s 

an
d 

m
ud

ur
t)

 
74

83
9 

95
46

7 
o-

C
rts

ol
 

74
87

3 
10

63
94

 
nv

Cr
es

ol
 

71
55

6 
10

64
45

 
p-

O
ts

ol
 

96
82

8 
C

uf
flm

t 
78

93
3 

94
75

7 
2>

0.
 sa

lts
 an

d 
ts

ttr
s 

60
3a

 
35

47
0a

 
0

0
€

 
74

88
4 

33
48

83
 

Oi
az

om
et

ha
ne

 
10

61
01

 
13

26
49

 
Oi

bt
nz

or
ur

an
s 

62
48

39
 

96
12

6 
1,

2«
Ot

oc
*n

o-
3<

hl
or

op
ro

pa
ne

 
80

62
6 

64
74

2 
Bb

ut
ylp

ht
ha

la
ti 

16
34

0a
 

10
64

67
 

1.
4-

Oi
ch

ior
ob

tn
ztn

a<
p)

 
10

11
a 

91
94

1 
3>

Oi
c«

or
ob

er
izi

de
ne

 
75

09
2 

11
14

a 
Oc

ht
or

oe
ihy

l t
lh

tr
 

10
16

88
 

(B
is<

2<
hk

yc
*t

hy
l)t

trie
r)

 
10

17
79

 
54

27
56

 
1>

O
ic

ht
or

op
ro

pt
nt

 
91

20
3 

62
73

7 
Bc

hl
or

vo
e

 
98

95
3 

11
14

22
 

to
th

a
n

o
ia

m
in

e
 

92
93

3 
12

16
97

 
N̂

-O
iet

hy
t a

nl
ne

 (N
J^

Oî
rn

tth
yU

nS
nt

) 
10

00
27

 
64

67
5 

Di
et

hy
l s

ulf
at

e 
79

46
9 

11
99

04
 

3>
0*

ne
ifw

yt
*f

tti
dt

ae
 

66
49

35
 

60
11

7 
Di

m
et

hy
l a

m
ino

az
ob

en
ze

ne
 

62
75

9 
11

99
37

 
3.

3-
Oi

m
et

hy
l 

be
riz

ic
ïn

e 
59

89
2 

7$
a7

 
Di

m
et

hy
l c

ar
ba

m
oy

l c
hlo

rid
e 

56
38

2 

iso
ph

or
on

e 
Un

de
nt

 (a
l i

so
m

er
t)

 
M

aie
ic

 a
nh

yd
rid

e 
M

et
ha

no
l 

M
et

ho
xyc

hlo
f 

M
et

hy
l b

ro
m

ide
 (B

rom
om

e 
th

an
e)

 
M

et
hy

l c
hlo

rid
e 

(C
hio

rom
eth

an
e)

 
M

et
hy

l c
hlo

ro
fo

rm
 

(1
,1

>T
nc

hio
ro

et
ha

ne
) 

M
et

hy
l e

th
yl

 k
et

on
e 

(2
-8

ut
an

on
e)

 
M

et
hy

l h
yd

ra
zin

e 
M

et
hy

l i
od

ide
 O

od
om

tth
an

e)
 

M
et

hy
l i

so
ou

tyt
 k

et
on

e'
(H

txo
ne

) 
M

et
hy

l i
so

cy
an

at
e 

M
et

hy
l m

eth
ac

ryt
at

e 
M

et
hy

l t
en

 b
ut

yl
 e

th
er

 
4.

4-
M

et
hy

te
ne

 bi
s<

2-
cr

4o
ro

an
Sn

e)
 

M
et

hy
len

e 
ch

lor
ide

 (D
icN

or
e«

ne
th

an
e)

 
M

et
hy

len
e 

dip
he

ny
l c

Ss
oc

ya
na

te
 (M

DI
) 

4.
4*̂

4t
tft

y4
tn

td
ian

*n
a 

Na
ph

th
ale

ne
 

Ni
tro

be
nz

en
e 

44
*t

ro
bip

he
ny

l 
4-

Ni
tro

pn
en

ot
 

2~
N>

tro
pro

pa
ne

 
N

-N
fro

so
-N̂

th
ylu

re
a

 
N-f

fttro
so

dim
tthy

4m
«e

 
N

ôs
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will entail the use of standards that can be met from a Generally Available 
Control Technology (GACT). 

Title TV - Acid Rain. The purpose of Title IV is to reduce, over this decade, 
S0 2 emissions by approximately ten million tons/year and NOx emissions by 
approximately two million tons/year. Most of these reductions will come from 
the utilities and will result in a 8.9 million tons/year cap for S0 2 by the year 
2000. 

S0 2 reductions from utilities are to be attained through an innovative 
market-based system that allows utilities to buy and sell allowances, which are 
rights to emit one ton of S02/year. The utilities would be allowed to use any 
control techniques they desired to keep their actual emissions within their held 
allowances. Emissions from new powerplants would have to be offset by 
corresponding reductions in their older plants, or be matched by newly 
purchased allowances. 

Although EPA is to study the plausibility of trading S0 2 allowances for NOx 
allowances, present NOx control measures are to come from technology 
requirements. EPA is to set NOx standards for some existing utility boilers 
within the next year, and for all existing utility boilers by 1997. Furthermore, 
they are to establish new source performance standards (NSPS) by 1993. 

Title V - Permits. The comprehensive permit system established under Title V 
is considered to be the most important procedural reform in the new Clean Air 
Act. It, along with the penalty provisions under Title VII, will enhance EPA's 
ability to enforce the technical control requirements defined for the various 
stationary sources described under Titles I, III, and IV. 

The EPA will set the guidelines for the state permit programs, review these 
state programs, and oversee their implementation. The permits themselves will 
incorporate all of the obligations required of the stationary source, as well as 
include a comprehensive compliance schedule with applicable monitoring and 
reporting requirements. 

Title VI - Enforcement. This title has a broad range of powers to make the 
Clean Air Act more enforceable. EPA can now issue administrative penalties 
up to $200,000 and field citations up to $5,000. Owners must certify their 
compliances, with EPA having a right to subpoena supporting data. Criminal 
penalties are upgraded from misdemeanors to felonies, and individual 
responsibility is assigned to senior management and corporate official levels. 
Citizens may now seek penalties against violators, with the penalties going 
towards EPA's enforcement activities. 

With these national standards, technological controls, permitting system and 
enforcement provisions, the 1990 Clean Air Act is a comprehensive act. 
However, no summary of pollution legislation is complete without mentioning 
state legislation, particularly that of California, which is expected to be the 
pacesetter for many of the forthcoming state programs required by the 1990 
Clean Air Act. 
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8. S U M M E R S E T AL. The 1990 Clean Air Act 107 

California Clean Air Act 

California's 1988 Clean Air Act was written to correct their unusually severe 
pollution problems, which were not being addressed by the 1977 federal act. It 
too defined air quality standards, designated attainment and non-attainment 
areas, divided areas of nonattainment into categories of severity, stipulated 
reasonably available control technology (RACT), best available control 
technology (BACT), and best available retrofit control technology (BARCT) as 
corrective measures, established a permit system financed by fees, and 
established civil penalties. 

It is California's control technology standards that will undoubtedly affect the 
1990 federal act the most. The requirements for motor vehicles are already 
being embraced by 11 northeastern states. It is expected that California's 
RACT and BACT requirements will influence the RACT, MACT, and LAER 
requirements of the federal act. 

These different control requirements will emanate primarily from the control 
technologies that are widely practiced in industry today. The preferred choice 
of one technology over the others will often depend on the market value and 
the physical properties of the pollutant. 

VOC and Toxic Control Technologies 

General. VOC's and toxics are usually controlled by carbon adsorption, 
condensing systems, wet scrubbing, and incineration. Incineration can be either 
thermal or catalytic. 

Carbon adsorption systems remove emissions with a packed bed of 
carbon, which generally has a high adsorption preference for hydrocarbons. 
These adsorbed compounds are subsequently stripped from the bed with hot air 
or steam. The higher temperature of this stripping gas allows its quantity to be 
less than the quantity of the contaminated stream from which the hydrocarbons 
were initially removed. The resulting higher hydrocarbon concentration in the 
stripping gas sometimes allows the hydrocarbon to be recovered with a simple 
additional process step. Such recovery can make carbon adsorption an 
attractive control technology for expensive compounds whose worth can be 
credited against the cost of the adsorption process. 

Condensing systems remove emissions with a chiller and a knock-out pot. 
The temperature of the coolant used in the chiller must be at a temperature 
that is above the melting point of the targeted compound, but still low enough 
to insure that the vapor pressure of the compound's condensed phase is low 
enough for the stream to meet its allowable emission level. Since the refrigera
tion of the coolant can be expensive, condensing systems are most attractive 
when the recovered compound is valuable. 

Wet scrubbing systems remove water soluble emissions from an up-
flowing stream in a bed that is packed with inert packing and is wetted with a 
down-flowing aqueous stream. The aqueous stream may contain chemicals that 
react with the absorbed compound. While such scrubbing systems are 
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108 CATALYTIC CONTROL OF AIR POLLUTION 

inexpensive and can achieve very high emission reductions, they sometimes only 
change an air emissions problem into a waste water problem. 

Incineration systems remove emissions by oxidizing them to their basic 
oxidation products, usually C 0 2 and H 2 0 in either a large high temperature 
chamber (thermal incineration) or in a smaller packed bed of catalyst (catalytic 
incineration). Both systems can destroy emissions cleanly with 99+% 
conversions. 

It is this clean, complete destruction that is expected to make incinera
tion systems the ideal choices for the LAER, RACT, and MACT technologies 
required by the Clean Air Act. In fact, these destruction characteristics will 
probably make incineration systems ideal choices for the final cleaning up of the 
streams with unacceptably high contaminant levels leaving carbon adsorption 
and condensing systems. 

VOC Control. The manufacture of many consumer products involve the use of 
organic compounds. During processing, small quantities of these VOCs may be 
released into the atmosphere. Table IV shows that there is a large diversity of 
industries that are doing this. If they are located in an nonattainment area, they 
will have to control these emissions to the degree specified under Title I of the 
1990 Clean Air Act. 

TABLE IV 
SOME OF THE APPLICATIONS FOR THE CONTROL OF VOLATILE 

ORGANIC COMPOUNDS 

SOURCE: Adapted from reference 14. 

The preferred technology for VOC control is incineration. The economic 
choice, particularly for moderately sized streams with moderate amounts of 
VOCs, is catalytic incineration. The primary reason for this is the energy cost. 

Catalytic incineration typically starts in the 300-500°F range, whereas the 
onset of thermal incineration is in the 800-1100°F range. These temperatures 
are typically increased to obtain maximum performance, with the catalytic units 
requiring inlet temperatures ranging from 600-80 °F and the thermal units 
requiring inlet temperatures ranging from 1200-1800°F. The halving of fuel 

Diesel trucks 
Bakeries 
Breweries 
Chemical plants 
Coating processes 
Electronics industry 
Food Processing 
Furniture manufacture 
Groundwater Cleanup 
Hazardous Waste 
Landfills 

Ovens 
Painting 
Dry Cleaning 
Paper 
Petrochemicals 
Petroleum Storage 
Pharmaceutical 
Power Generation 
Printing 
Wood Coating 
Stationary Engines 
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8. SUMMERS ET AL. The 1990 Clean Air Act 109 

requirements for the catalytic incineration relative to thermal incineration units 
are further enhanced with an inlet/outlet heat exchanger, which can lower the 
fuel requirements to just the minimum amount necessary for stable process 
control. 

Since NOx formation is directly proportional to the quantity of fuel (with 
its attendant high temperature burning zone) consumed, catalytic units also 
produce far less NOx than do thermal units. The same is true for C 0 2 

production, a major contributor to the greenhouse effect. Finally, catalytic units 
have no problem oxidizing CO at their usual operating temperatures, whereas 
thermal units must operate above 1600°F to destroy CO. 

The effective design of a catalyst system for a particular VOC control 
application starts with the definition of the required conversion level of the 
system over its lifetime. This level will be defined by the states' RACT or 
L A E R requirements. It may be obtained through the adjustment of the inlet 
temperature, the volume of the catalyst bed, the amount of geometric surface 
area available in a given volume within the catalyst bed, and the quantity and 
type of precious metal on the catalyst. Optimization of these parameters 
routinely achieves 90-99% destruction efficiencies, with some reaching 99.9 + %. 

In many other situations, the primary mode of deactivation of VOC 
control catalysts is poisoning. The phenomena has been well documented(5). 
For these applications, catalyst design criteria are used to minimize poisoning-
(6). These include the use of guard beds, less poison susceptible noble metals 
(e.g., platinum instead of palladium), and appropriate substrate and catalyst bed 
configurations. 

The general construction and design of catalysts have been described by 
DeLuca and Campbell(7), while the oxidation of a wide range of VOCs, both 
as pure components and as mixtures, has been described by Tichenor and 
Palazzo(8). 

The work in this book includes an investigation of the equilibrium 
between metal ion complexes and oxide surfaces, an important factor in the 
manufacture of commercial VOC catalysts, and the catalytic photodegradation 
of furans. 

Toxic Control. The preferred control technologies for toxics are not yet easy to 
discern, since the problem is just beginning to be addressed. However, it can 
be expected that catalytic and thermal incineration will play a major role in 
controlling toxics. 

An important subclass of toxics are those that contain halogen atoms. 
They are generated from a variety of applications, including the manufacture of 
organic chemicals (e.g., vinyl chloride monomer), the production of polymers, 
and the degreasing operations used in metal processing. In addition, the vent 
from some air stripping units to clean groundwater or contaminated soil contain 
halogenated hydrocarbons. 

As a class, halogenated hydrocarbons are among the more difficult 
compounds to destroy by thermal incineration. Similarly, the noble metals 
usually used in VOC incineration catalysts can be severely inhibited by the 
halogen atoms from the halogenated hydrocarbon. 
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110 CATALYTIC CONTROL OF AIR POLLUTION 

Past attempts to develop catalysts that are not affected by halogens have 
been partially effective. At least two processes have been handling halogenated 
organics with fluidized catalyst beds, one of which is believed to have destroyed 
over twenty million pounds per year of chlorinated by-products from a vinyl 
chloride monomer plant(9,10). 

The need for continual catalyst replacement, fines entrapment, and larger 
beds for comparable conversions makes fluidized beds a poor alternative to 
fixed packed beds. Consequently, considerable effort has gone into the 
development of a fixed bed catalyst that can handle halogenated organics. 

Some of these efforts have already led to a catalyst(ll) that has shown 
a capability to destroy a number of diverse chlorinated and fluorinated 
hydrocarbons with more activity and stability than the supported noble metals 
or chromia-alumina catalysts used previously. 

The work in this book describes the activities of commercially common 
P t / A l 2 0 3 and Pd /Al 2 0 3 monolithic catalysts for the oxidative destruction of the 
well-known contaminant in groundwater, trichloroethlyene. It also presents a 
more fundamental surface study on the thermal decomposition of alkyl halides 
on copper surfaces. 

NOx Control Technologies 

General. Nitrogen and oxygen exist as a variety of stable, but inter-convertible, 
oxides. They are known collectively as NOx. Nitrogen dioxide (N0 2) has 
already been described as an ozone precursor. It, along with nitric oxide (NO), 
also causes respiratory problems over long periods of exposure. While the more 
abundant nitrous oxide (N 20) is not directly hazardous to human health, it is a 
"greenhouse gas" that may contribute to global warming. It also is one of the 
gases that destroys stratospheric ozone. While most of the N 0 2 and NO present 
in the atmosphere is manmade, most of the N 2 0 comes from biochemical 
reactions in the soil. 

Two general types of catalytic processes can be used to control NOx 
emissions. The process used depends on the gas stoichiometry entering the 
catalyst bed. If the gas has an excess or equivalent amount of reductants 
compared to the amount of oxidants present, NOx can be controlled by the use 
of conventional automotive-type precious metal catalysts. This type of NOx 
control process is referred to as non-selective catalytic reduction (NSCR). 

If the catalyst is exposed to an exhaust steam that is net oxidizing, a 
second type of process is used. This process is referred to as selective catalytic 
reduction (SCR). During selective catalytic reduction, a reducing agent, most 
commonly ammonia, is injected into the NOx containing exhaust. The ammonia 
and NOx react over the SCR catalyst to form nitrogen and water. 

SCR catalysts typically are composed of base metal compounds. Precious 
metal catalysts usually have much smaller temperature and inlet composition 
windows than do commercial base metal catalysts. Consequently, precious metal 
catalysts are generally not used for the SCR application. 
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NSCR Process. When the exhaust stream composition is close to stoichiometric, 
rhodium-containing precious metal catalysts can be used to control NOx 
emissions. The automobile industry has used such a "three-way" catalyst for 
years to simultaneously convert the NOx, CO and hydrocarbons in automotive 
exhausts into water, C0 2 , and N 2 . This feat requires that the air-fuel ratio in 
the gas entering the engine to be held very near the stoichiometric point. 
Keeping this ratio steady under widely different driving conditions has 
necessitated the development of a feed-back control system that uses the oxygen 
content of the engine exhaust as the control signal to adjust the incoming air or 
fuel streams. 

The NOx, CO and hydrocarbon emissions from stationary internal 
combustion engines (powering electric generators, pumps, and compressors) can 
be controlled in the same manner (Figure 1). The relatively constant loads of 
these engines may appear to make the control of their air/fuel ratio easier than 
is the case for conventional automotive engines. However, most of the 
stationary internal combustion engines are run on natural gas(12), and the 
air/fuel ratio requirements for controlling these emissions are more stringent 
(13). 

Automotive three-way catalysts have been designed to withstand several 
thousand hours of use in an environment where they are continuously exposed 
to poisoning from lubricating oils and high temperatures that can cause 
irreversible thermal damage to the noble metals through sintering and alloy 
formation. This built-in protection has proven to be more than adequate for the 
three-way catalysts serving natural gas fueled engines, with their lower 
contaminant levels and their relatively stable exhaust conditions. 

While the work reported in this book on NSCR catalysts is in the section 
on automotive catalysts, most of it is germane to stationary internal combustion 
engines. This is particularly true for the work done on methane oxidation, on 
the CO oxidation reactions, on the effect of the catalyst support, on the effect 
of ceria, and on the relative ease of destruction for various hydrocarbon 
compounds on a three-way catalyst. 

SCR Process. Selective Catalytic Reduction technology is widely used in both 
Japan and Europe to reduce NOx emissions formed during power generation. 
The most commonly used catalysts contain titania and vanadia. The vent stream 
from coal or oil fired boilers is strongly oxidizing ~ an operational condition in 
which rhodium-containing three-way catalysts give low conversions of NOx. 

The central catalytic event behind the successful operation of selective 
catalytic reduction systems is that under lean operation NOx reacts with 
ammonia, or a nitrogen containing base such as urea, rather than with the 
excess oxygen in the flue stream, according to the following reaction: 

3 NO + 2 N H 3 -> 5/2 N 2 + 3 H 2 0 
The process requires good control of the ammonia injection rate. An 

inadequate injection rate results in unacceptably low NOx conversions. A too 
high injection rate results in the venting of undesirable ammonia to the 
atmosphere. 
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Air/Natural Gas 
Adjuster 

ι ι ι 
τ 

• I I Controller 
Exhaust 

l/C 
Engine • 

Oxygen 
Sensor Catalyst 

Figure 1. Schematic of a three-way catalytic control system with natural 
gas fuel. (Adapted from reference 14.) 
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The work done on SCR catalysts in this book covers the effects of the 
structural characteristics of both bulk and supported vanadia on their activities 
and selectivities. 

Conclusions 

This chapter has described the main features of the 1990 Clean Air Act that 
pertain to the controlling of emissions from stationary sources, has briefly 
reviewed the primary types of control technologies that are generally used on 
stationary sources, has emphasized where catalytic incineration has gained 
prominence, and has lightly touched on the recent status of the catalyst 
technologies for these applications. 

It is apparent from this review that catalytic incineration, with its 
inherently low fuel costs, will have a large role to play in the meeting of the 
requirements of the 1990 Clean Air Act, particularly in controlling VOCs and 
air toxics. This blossoming demand can be expected to lead to many exciting 
developments in catalyst surface chemistry over the next decade. 
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Chapter 9 

Selective Catalytic Reduction of Nitric Oxide 
with Ammonia over Supported and 

Unsupported Vanadia Catalysts 

U. S. Ozkan, Y. Cai, and M. W. Kumthekar 

Department of Chemical Engineering, The Ohio State University, 
Columbus, OH 43210 

Vanadia catalysts supported over titania and unsupported V2O5 catalysts 
were investigated for selective catalytic reduction of NO with NH3. All 
catalysts were characterized using BET surface area measurement, X– 
ray diffraction, in-situ and ambient laser Raman spectroscopy, X-ray 
photoelectron spectroscopy, and scanning electron microscopy 
techniques. A steady-state plug-flow reactor was used to investigate the 
catalyst-support interactions and the structural specificity of V2O5 in 
selective catalytic reduction of NO through activity and selectivity 
measurements. The activity of the catalysts supported over both anatase 
and rutile phases went through a maximum with vanadia loading. Laser 
Raman studies for supported catalysts suggested the presence of 
polymeric vanadate species at low loading levels. For bulk V2O5 

catalysts, preferential exposure of different crystal planes was found to 
change the activity and product distribution significantly. 

Pollution of the environment by nitrogen oxide emissions is a rapidly growing concern. 
These emissions mainly result from burning of fossil fuels and bio-mass. The hazards 
associated with nitrogen oxides include respiratory health problems in human beings, a 
direct phytotoxic effect on the plant communities, increase in "green-house" gases, and 
changes in ozone layer. Selective Catalytic Reduction (SCR) of the oxides of nitrogen 
has proven to be an effective method to reduce the NOx emissions from stationary 
combustion sources. In the recent past, several studies have been devoted to 
investigate the mechanism of the reaction, the interaction of the catalyst and the support 
and the effect of the reaction parameters on catalytic activity. Vanadia catalysts 
supported over titania have proven to be much superior to other catalysts because of 
their high activity and high resistance to poisoning by S0 2 . A recent review article by 
Bosch and Janssen (7) has summarized most of the work done in this area. In spite of 
the extensive studies conducted over supported vanadia catalysts(2-4), the controversy 
as to the role of the support is still unresolved. There are conflicting reports about the 
relative activity of the two phases of the titania support, anatase and rutile. 

The structural specificity of bulk V 2 0 5 catalysts and the role played by different 
planes of the crystal in the mechanism of the reaction are other important questions that 

0097-6156/92/0495-0115$06.00/0 
© 1992 American Chemical Society 
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need to be addressed to gain a better insight to the catalytic phenomena involved in SCR 
reactions over both supported and unsupported catalysts. Morphological aspects of 
V 2 0 5 catalyst were studied by Gasior and Machej (5) in the oxidation of o-xylene. 
Adsorption studies over the V 2 0 5 catalysts by Andersson (6) attempted to locate the 
V=0 species on the crystal of V 2 0 5 . An attempt in a similar direction was made by 
Miyamoto et al. (7,8) to quantify the number of V=0 sites on the surface of the 
catalyst. 

In earlier articles, we have reported the results of our studies dealing with the 
effect of support material and reaction parameters on catalytic behavior (9,10). In this 
article, we are reporting reactivity experiments for selective catalytic reduction of nitric 
oxide with ammonia performed over both supported and unsupported catalysts. 
Catalysts were prepared by supporting vanadia over both phases of titania and by 
growing V 2 0 5 crystals with preferred orientation . All catalysts were characterized 
using BET surface area measurement, X-ray diffraction, scanning electron microscopy, 
3-D imaging technique, X-ray photoelectron microscopy, and in-situ and ambient laser 
Raman spectroscopy. This study has aimed at understanding the effect of the support 
crystal structure on the activity of the vanadia surface species and the morphological 
aspects in reduction of NO over V 2 0 5 catalysts. 

Methods 

Catalyst Preparation. 

The methods outlined previously in the literature (77, 72) were used to prepare 
supported vanadium catalysts over titania. The anatase phase of titania was obtained 
from Aldrich, while the rutile phase was prepared by heating a mixture of anatase and 
rutile phases (Degussa P25) to 875°C for 12 hours under the flow of oxygen. The 
surface areas of T i 0 2 (Anatase) and T i 0 2 (Rutile) were 10.5 and 6.2 m 2 /g, 
respectively. Supports were wet-impregnated with a solution of ammonium 
metavanadate (Aldrich) in oxalic acid (Fisher) at 90°C for 5 hours, followed by drying 
at 65°C under vacuum and heating at 110°C in air for 10 hours. The catalysts were then 
calcined at 500°C for 4 hours under the flow of oxygen. The unsupported V2O5 
catalysts were prepared in two different ways. Ammonium metavanadate (Aldrich) was 
calcined at 520°C for 50 hours in the flow of oxygen to give sample D. Pure V 2 0 5 

(99.6%) from Aldrich was melted at 695°C for 2 hours and then subjected to 
temperature programmed cooling for recrystallization to give sample M. The surface 
areas of samples D and M were 4.2 and 0.25 m2/g, respectively. Both the supported 
and the unsupported catalysts were loaded to the reactor in powder form. 

Catalyst Characterization. 

The specific surface areas of supports, and of supported and unsupported catalysts 
were measured using the BET technique with a Micromeritics 2100E Accusorb 
instrument. Nitrogen and krypton were used as the adsorbents. X-ray powder 
diffraction patterns of the samples were obtained using a Scintag PAD V diffractometer. 
Cu K a radiation (λ=1.5432 Â) was used as the incident X-ray source. The interaction 
of the vanadium oxide with the support materials was examined using a laser Raman 
spectrometer (SPEX 1403 Ramalog 9-1 Spectrometer). A 5-W Argon ion laser 
(Spectra Physics, model 2016) was used as the excitation source. The in-situ Raman 
experiments were performed using a specially designed high-temperature, controlled-
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atmosphere cell. The surface morphology of the catalysts was examined through a 
Hitachi S-510 scanning electron microscope using a voltage of 25 KV and 
magnifications ranging from 100X to ΙΟ,ΟΟΟΧ. X-ray photoelectron spectra of the 
samples were obtained using a Physical Electronics/Perkin Elmer (Model 550) 
ESCA/Auger spectrometer, operated at 15 kV, 20 mA. The X-ray source was Mg K a 

radiation (1253.6 eV). The binding energy for C Is (284.6 ev) was used as a reference 
in these measurements. 

Reaction Studies. 

The reactor system used for selective catalytic reduction was described previously [10], 
All tubing was 1/4" 304 stainless steel unless otherwise indicated. A steady-state fixed-
bed reactor was used with the dimensions of 6.4 mm O.D., 4.6 mm I.D. The catalyst 
bed was about 2 cm long. An iron-constantan type J thermocouple (Omega) was 
placed at the center of the catalyst bed. The temperature was controlled and displayed 
with an Omega temperature controller (Model 4001.JC). The feed gases (Linde) 
consisted of 0.477% NO in He, 0.53% NH3 in He, 10% 0 2 in He or 1% 0 2 in He, 
and pure He. The gas flow rates were adjusted using four mass flow controllers (Tylan 
model FC-280) and a four-channel readout box (Tylan model RO-28). All the exit lines 
from the reactor were heated to prevent condensation of water and formation of 
ammonium salt on the tubing walls. 

Analyses of feed and product streams were performed by combining gas 
chromatography, chemiluminescence and titration techniques. Inlet and outlet 
concentrations of NO and N 0 2 (if present) were obtained with an on-line 
chemiluminescence NO-NOx analyzer (Thermo Environmental Instruments, Model 10) 
which includes a high temperature converter for N 0 2 and NH3 and a low temperature 
catalytic converter (Model 300) only for N 0 2 . Although the chemiluminescence 
analyzer is equipped with the capability for converting ammonia, our studies showed 
that the presence of ammonia interfered with NO and N 0 2 measurements. Using a 
procedure outlined in the literature [77] , ammonia was removed by absorbing it in 
concentrated (85%) phosphoric acid prior to the chemiluminescence analysis. The 
NH3 concentrations in the feed and product streams were determined by a 
conventional titration method with the aid of hydrochloric acid solution of known 
concentration after N H 3 was absorbed in a diluted aqueous boric acid solution. An on
line gas chromatograph (Hewlett Packard 5890 A) with a 10-ft Porapak Q column and a 
8-ft molecular sieve 5A column was used to quantify 0 2 , N 2 and N 2 0 concentrations. 
The two columns were connected in series by a four-port Valco column isolation valve. 

Activity measurements were performed using a feed mixture that consisted of 
1465 ppm NO, 1418 ppm NH3, and 0.88 % oxygen with helium as the balance gas. 
The reaction temperatures were varied from 150 to 400°C. The total volumetric flow 
rate of 100 cm^(STP)/min was maintained constant. The total surface area in the 
reactor was kept constant for all catalyst loadings for a given support material. The 
results obtained from kinetic experiments were reproducible within 5%. 

Results 

Catalyst Characterization. 

When X-ray diffraction patterns of V 2 0 5 catalysts supported over both rutile and 
anatase phases of titania were obtained, the presence of crystalline V 2 0 5 was detected 
only at a loading level of 6.6% (wt.%) and higher. At lower loading levels, the only 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

10
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
49

5.
ch

00
9

In Catalytic Control of Air Pollution; Silver, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



118 CATALYTIC CONTROL OF AIR POLLUTION 

reflections observed were those of the support material. The X-ray diffraction results 
for the unsupported V 2 0 5 gave a clear indication of the preferential exposure of 
different crystal planes. The ratio of relative intensities for various (hkl) reflections are 
shown in Table I. The band assignments are based on the orthorhombic system with 
unit cell dimensions of a^l l .51 Â, b0=4.371 Â, and c0=3.559 Â. The X-ray 
diffraction pattern obtained for sample D corresponded to the data reported in JCPDS 
Files (#9-387). 

Table I. Comparison of X-Ray Diffraction Data 

Ratio of intensities V 2 0 5 - M V 2 0 5 - D 

^(hOOy^OlO) 0.04 1.07 

Σ Ι (00ΐ/(010) <0.01 0.26 

Voiyfyio) <0.01 0.73 

The scanning electron microscopy studies over the supported catalysts have 
shown the presence of V 2 0 5 at high loading levels. A uniformity was observed in the 
dispersion of vanadia phase over both phases of T i 0 2 . The SEM studies for 
unsupported catalysts showed major difference between the two samples. Sample D 
consisted of thick and chunky crystals, while sample M consisted of thin, long, and 
sheet-like crystals. 

The laser Raman spectra of vanadia catalysts supported on the anatase phase of 
titania have been reported previously (10). The major Raman bands of the anatase 
phase that appear at 138, 192, 309, 392, 511, 634 and 790 cm"1 are in agreement with 
those reported earlier in the literature (13-16). The crystalline V 2 0 5 exhibits Raman 
bands at 100,141,193, 280, 300,401,483, 528,702, 995 cm"1 which agree with the 
previously reported in the literature (13,14,17-20). The Raman bands corresponding 
to crystalline V 2 0 5 are clearly visible at the higher loading levels. The indication of the 
presence of crystalline V 2 0 5 is the Raman band at 995 cm"1 (20). The band 
corresponding to crystalline V 2 0 5 is clearly visible at loading levels of 4.4% and 
higher. At loading levels of 2.3% and lower, this band does not exist. A close 
inspection of the band at 995 cm'1 reveals that, at loading levels of 2.3% and below, 
the sharp band of 995 cm' 1 is replaced by a much broader band ranging from 940 to 
1025 cm"1. This band is believed to be associated with poly vanadate surface species 
(75, 27,22). In-situ Raman experiments performed over the dehydrated samples did 
not give any sharp bands at 1030 cm"1, which would be indicative of monomelic 
surface species. The fact that the surface area of the support used in this study is 
considerably lower than those reported in the literature can explain the presence of only 
the polymeric vanadate species on our samples. Also the fact that the broad band seen 
in 940-1025 cm"1 region is an indication of longer chain length for the polymeric 
surface species. 
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The Raman spectra of vanadia catalysts supported over the rutile phase have 
also been reported in a previous publication (10). The Raman bands for the rutile phase 
of titania appear at 138,231,443,606, and 822 cm' 1 which agree with those reported 
earlier by other researchers (15 Joy 23). The 995 cm"1 band remains visible at loading 
levels as low as 1.1 %. A close inspection of the spectrum revealed that the sharp 
band at 995 cm"1 coexisted with a broad band ranging from 940 to 1025 cm"1 at loading 
levels of 2.3% and below. At loading levels of 0.7% the sharp band at 995 cm"1 

disappeared completely. 
The Raman spectra of unsupported catalysts (sample D and sample M) showed 

some differences in the relative intensities. The intensity ratios of some of the major 
bands are reported in Table II. 

Table II. Comparison of Laser Raman Spectroscopy Data 

Ratio of Intensities V 2 0 5 - D V 2 0 5 - M 

1 (995 cm'VVo&m"1) 2.11 2.30 

I(995cm"VI(528cm"1) 1.97 2.31 

I(995cm"1yI(483cm"1) 3.13 3.52 

The XPS binding energy values obtained for bare supports, for supported 
catalysts, and for crystalline V 2 0 5 are shown in Table ΙΠ. for supported catalysts, 
while the binding energies for titanium did not show any shifts or band broadenings 
when the support was impregnated with the vanadia. However, there were 
considerable differences between the vanadium binding energies of the bulk V 2 0 5 and 
supported vanadia accompanied by substantial band broadening, indicating a change in 
the coordination environment of die vanadia species when coordinated to the surface. 
There were no major differences between the binding energy values or band widths for 
the two unsupported V 2 0 5 samples (D and M). 

Table ΙΠ. Binding energies for vanadium and titanium obtained by XPS 

Sample V ( 2 P 3 / 2 ) Half width Ti(2p 3 / 2) Half width 
(eV) (eV) (eV) (eV) 

Ti0 2 (A) - - 458.2 1.80 
Ti02(R) - - 458.3 1.81 
2.3%V205/Ti02(A) 516.7 2.46 458.5 1.85 
2.3%V205/Ti02(R) 516.8 2.31 458.5 1.86 
V 2 O s -D 517.3 1.95 - -
V 2 0 5 - M 517.6 1.95 - -
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Reaction Studies. 

Blank Reactor and Bare Support Runs. The stainless steel reactor and the 
quartz wool were tested for catalytic activity by performing blank reactor runs at 
temperatures varying from 200 to 400°C. The conversion of NO remained below 3% 
up to a temperature of 350 °C. At 400 °C, which is the upper limit for SCR 
applications, the conversion was only 8%. Ammonia oxidation, which results in 
formation of N 2 0 , remained at zero up to a temperature of 350°C. At temperatures 
around 400°C, approximately 10% of ammonia was seen to oxidize to N 2 0 . Blank 
runs were also performed over bare supports, both anatase and rutile, at 250°C. The 
maximum conversion rate obtained over the bare support was less than 0.007 
micromol/g.sec. This level of activity is less than 2 % of the activity observed over the 
supported catalysts. 

Effect of Temperature. The effect of temperature on the activity and selectivity of 
vanadia catalyst supported on anatase phase of titania was investigated by varying the 
temperature range between 100 to 400°C. The activity of the catalyst was found to be 
negligible at temperatures below 100°C whereas a substantial increase in the activity 
was found when the temperature was raised from 150 to 250°C. At 300°C the 
conversion of NO was maximum, while the conversion of N H 3 continued to increase, 
which can be attributed to the direct oxidation of NH 3 . This explains the formation of 
N 2 0 at temperatures higher than 300°C and also the decrease in the conversion of NO 
because of the lack of NH 3 . 

Effect of Oxygen Concentration. The activity of the catalyst was found to be 
strongly dependent on the concentration of oxygen in the gas phase for reduction of NO 
with ammonia. This effect was investigated over 2.2% vanadia catalyst supported over 
the anatase phase of titania at a constant temperature of 250 °C. At oxygen 
concentration levels below 1%, the NO conversion rate increased sharply with 
increasing oxygen concentration. At 0 2 concentration levels above 1%, this effect was 
negligible, activity not responding to further increases in the oxygen concentration. 

Effect of Catalyst Loading and the Support Material. To investigate the 
effect of catalyst loading, the activity of the supported catalyst was measured as the 
function of catalyst loading. The temperature was kept constant at 250°C for all the 
values of catalyst loadings. The concentration of the inlet gases was kept the same as 
those used in the previous section. The activity measurements are summarized in Table 
IV. The activity was found to be maximum at a loading of 2.3% for the anatase phase 
of titania. A similar but broader maximum is obtained for the vanadia catalyst supported 
over rutile phase of titania. The activities of the catalysts over the two supports seem to 
be comparable although the catalysts supported over the rutile phase appear to be more 
active on a unit surface area basis. 

Structural Specificity of V2O5 in SCR Reaction. To investigate the structural 
specificity of V2O5, samples which preferentially exposed different crystal planes 
(samples D and M) were subjected to reaction conditions over a temperature range of 
150 to 400°C. The activity was measured in terms of the rate of consumption of NO 
based on unit surface area. At temperatures below 200°C both samples showed very 
low activity. Both samples showed maximum activity at 350°C, although sample M 
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was much more active than sample D. The increase in the activity with temperature for 
sample M was much more pronounced, whereas it was comparatively slower for 
sample D. At lower temperatures (<250°C) sample D was more active than sample M, 
whereas at temperatures higher than 250°C sample M was found to be more active than 
sample D. The two samples also showed major differences in the ratio of N H 3 

conversion rate to NO conversion rate and in product distribution. While Sample M, 
which preferentially exposed the basal (010) plane converted ammonia at a faster rate 
than it converted NO, it also gave larger ratios of N 2 0 yield to N 2 yield. Table V 
summarizes these comparisons. 

Table IV. The Rate of NO Conversion over Supported Vanadia 
Catalysts 

Wt % Vanadia Content Conversion Rate ̂ mol/m2.sec) * 103 

l.l%V205/Ti02(A) 17 
2.3%V205/ri02(A) 29 
4.4%V205/Ti02(A) 22 
6.6%V2C>5/Ti02(A) 19 
ll%V 20 5/Ti0 2(A) 18 
0.7%V2O5/TiO2(R) 25 
u%v2c>5mo2(R) 40 
2.3%V2C>5/Ti02(R) 42 
4.4%V205/Ti02(R) 38 
6.6%V205/Ti02(R) 34 

Table V. Comparison of Conversion Rates and Product 
Distributions over V2O5 Crystals with Preferentially Exposed 
Crystal Planes 

N 2 0 yield/N2 yield NH 3 con. rate/NO con. rate 
Temperature V 2 0 5 - D V 2 0 5 - M V 2 0 5 - D V 2 0 5 - M 

300 °C 0.05 1.46 1.07 1.17 
350 °C 0.14 1.15 1.13 2.89 
400 °C 0.65 0.81 1.31 12.60 

Discussion 

The experimental studies performed over supported and unsupported vanadia catalyst 
reemphasize the fact that vanadia catalysts provide high activity levels with high 
selectivities towards N 2 at lower temperatures. Laser Raman spectroscopy studies 
showed the existence of coordinated polymeric surface species at and below the 
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loading level of 2.3% for the anatase phase of the support. The activity studies as a 
function of the loading level complemented with the Raman spectroscopy studies 
indicate that the coordinated surface species are more active than crystalline V 2 0 5 . The 
decrease in the activity of the catalyst below the critical loading level can be explained 
by the decrease in the number of active sites and the exposure of the bare support which 
is inactive. For the rutile phase, crystalline V 2 0 5 and coordinated polymeric species 
were shown to coexist by the laser Raman spectroscopy studies at loading levels of 1.1 
and 2.3%. The kinetic experiments showed maximum activity at a loading level of 
2.3% suggesting that the presence of crystalline V 2 0 5 did not affect the activity of the 
catalyst significantly. 

The scanning electron microscopy studies combined with 3-D imaging 
technique, which we described in a previous publication (24), allowed us to compare 
the areas exposed by various crystal planes over unsupported vanadium pentoxide 
crystals. These studies clearly showed that samples prepared by the two temperature 
programmed techniques gave rise to substantially different crystal dimensions. As 
observed by SEM images, while the technique that involved decomposition and 
subsequent calcination of ammonium metavanadate produced crystallites with roughly 
equal side and basal planes, the samples prepared by melting and temperature-
programmed recrystallization showed preferential exposure of the basal plane (010). 

A comparison of the X-ray diffraction patterns provided further evidence of the 
preferred orientation of the V 2 0 5 samples discussed above. The relative intensity of the 
(OkO) reflections were consistently higher in samples prepared by melting and 
recrystallization. 

The laser Raman spectroscopy studies of the unsupported vanadia showed 
substantial differences between relative intensities of the bands that were observed over 
the two samples with preferentially exposed crystal planes. When the ratios of the 
intensity of 995 cm"1 band to those of 702 cm' 1, 528 cm"1 , and 483 cm"1 were 
compared over the two samples, these ratios were seen to be consistently higher for the 
sample which preferentially exposed the basal plane. Sine the 995 cm' 1 is associated 
with V=0 stretching vibration and the 702 cm"1,528 cm"1 and 483 cm' 1 are associated 
with bridging oxygen sites (20), this observation is significant in showing that the 
sample which was prepared by melting and recrystallization had a higher concentration 
of V=0 sites. This is in agreement with SEM observations and X-ray diffraction 
findings as well as the literature reports which proposed that V=0 sites were 
concentrated over the (010) plane (6). 

In the kinetic experiments maximum activity for NO conversion was exhibited 
by both the samples at 350°C, however the samples which preferentially exposed the 
(010) planes (sample M) were much more active than samples D at higher temperatures 
indicating that the activity is related to the number of V=0 species on the surface. A 
careful investigation of the production rates of N 2 0 and N 2 for both the samples over 
the temperature range of 150 to 400°C indicated that the basal plane (010) contributed 
more towards the formation of N 2 0 whereas the side planes contributed to the 
formation of N 2 . 

In the past the activity of the catalyst has been correlated to the level of surface 
coverage (25-28) and also to the number of V=0 species (2, 29, 30). The maximum 
activity for vanadia supported on anatase was observed at a loading level of 2.3%, 
which is about 1.75 times the theoretical loading required for monolayer (57). It is very 
likely that the dispersion may not be uniform resulting in the coexistence of 
submonolayer coverage with localized formation of multilayers. When the activities are 
based on unit weight die rutile and anatase phases are comparable. Rutile phase is more 
active than anatase phase when activities are based on unit surface area, which is an 
observation different than those reported in the literature previously (2-4). 
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The kinetic studies over the 2.3% vanadia/titania (anatase) over the range of 
temperatures 100-400°C exhibit a minimum for exit NO concentration at 300°C. The 
exit N H 3 concentration decreases continuously, whereas the exit N 2 concentration 
shows a maximum at 300°C. The N 2 0 production starts at 250°C and continuously 
increases there after, suggesting direct oxidation of N H 3 at higher temperatures. 

When the role of gas phase oxygen was investigated over supported vanadia 
catalysts, the activity of the catalyst was seen to be a strong function of oxygen 
concentration below 1% level. The activity dropped to zero when oxygen concentration 
was below 0.4%, indicating that the presence of gas phase oxygen was essential to 
sustain the reaction at steady state. 

Ammonia oxidation studies over the unsupported vanadia catalyst to investigate 
the structural specificity of vanadium pentoxide catalysts and the role of direct ammonia 
oxidation in product distribution and isotopic labeling studies using 1 8 0 2 with an on
line gas chromatograph-mass spectrometer to investigate the role of lattice and gas 
phase oxygen are currently in progress. 
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Chapter 10 

Catalytic Oxidation of Trace Concentrations 
of Trichloroethylene over 1.5% Platinum 

on γ-Alumina 

Yi Wang1, Henry Shaw1, and Robert J. Farrauto2 

1Department of Chemical Engineering, Chemistry, and Environmental 
Science, New Jersey Institute of Technology, Newark, NJ 07102 

2Engelhard Corporation, Menlo Park R&D, Edison, NJ 08818 

The catalytic oxidation of 40 to 250 ppm trichloroethylene in air 
was evaluated over 1.5% Ρt/γ-Αl2O3 on a cordierite monolith 
with 62 cells per cm2 over the temperature range 150 to 550 °C in 
a 2.5 cm in diameter tubular reactor at space velocities of 1,000 to 
30,000 v/v/hr. Over 99.9% conversion of TCE is achieved at 
30,000 v/v/hr and 550 °C with fresh catalyst. The main products 
from the oxidation of TCE are CO2, HCl and Cl2. However, trace 
amounts of C2Cl4 and CO as intermediate products are also found. 
The addition of 1.5% water or 0.6% methane to the feed promotes 
the complete conversion of chlorine to HCl and decreases the rate of 
production of trace byproduct perchloroethylene. Overall kinetics 
are first order in TCE with an activation energy of 20 kcal/mol. 

Chlorinated compounds present environmental hazards in a number of different 
ways. They can be found as air pollutants which affect stratosphere ozone and as 
water pollutants which affect health because of their carcinogenicity. 
Chlorocarbons are very stable and are often recycled when economically feasible. 
However, there are times when their concentration in waste streams is very low. 
Under these circumstances, it is most economical to destroy them by high 
temperature incineration, a procedure which may produce other harmful effluents 
that need to be removed before discharge to the atmosphere. The purpose of our 
research is to devise a simpler, safer, and hopefully less expensive procedure by 
which trace chlorinated compounds could be destroyed. Catalytic oxidation is 
such an option for control of these emissions, although wet scrubbing will still be 
required. 

The objective of this research is to evaluate the catalytic oxidation 
processes for a chlorinated hydrocarbon. This includes studying catalytic kinetics 
for the destruction of low concentrations of chlorinated hydrocarbons, effect of 
space velocity, feed concentration, product distribution and catalyst aging. 

Since some chlorinated hydrocarbon molecules contain more chlorine 
atoms than hydrogen atoms, they produce C l 2 in addition to the more desirable 
HC1 which is easily scrubbed in an alkaline medium. An additional objective is, 
therefore, to find a way of providing hydrogen in order to convert all the chlorine 
to hydrogen chloride. We have examined the possibility of supplying the hydrogen 

0097-6156/92/0495-0125$06.00/0 
© 1992 American Chemical Society 
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126 CATALYTIC CONTROL OF AIR POLLUTION 

required with the feed in the form of either water or methane (the major 
component of natural gas). 

There are considerable advantages in using catalytic combustion instead of 
high temperature incineration. Although incinerators can meet current EPA 
regulations for effluent emissions, they may have operational problems with 
combustion stability and high destruction efficiencies in the face of the flame-
inhibiting properties of halogenated compounds (i). It should be noted that 
conventional combustion systems require back mixing (swirling), auxiliary fuel, 
staged burning, high temperature of operation (producing NOx), and long average 
residence times (requiring large reactor volumes and consequently, high capital 
costs). A catalytic combustor can avoid halogen flame inhibition sufficiently to 
permit plug flow combustion ( i.e., without significant back mixing). With 
combustor size requirements significantly reduced, capital and operating costs 
could also be brought down and on-site or mobile incineration made more 
economical. Futhermore, by operating at low temperature ΝΟ χ is not formed. 

Experimental 

Reactor System. The experiments were conducted in a laboratory-scale tubular 
reactor system shown in Figure 1. This system consists of a 2.5 cm inside 
diameter quartz tube reactor residing in a vertical three zone controlled furnace 
containing a known volume of platinum monolith catalyst. The middle zone was 
designed to maintain a flat temperature profile over the length of the catalyst 
monolith. Catalyst volumes of 2.5, 5.0 and 7.5 cm were used in order to vary 
space velocity. 

A glass U-tube containing C2HC13 feed in liquid form was placed in a 
icebath and part of the air feed was bubbled through the U-tube, becoming 
saturated with TCE at room temperature. The TCE containing air stream was 
mixed with the rest of the air before entering the reactor. The flow rates of inlet 
gases were measured with four calibrated Cole Parmer rotameters. 

The reactor temperature was monitored with two 0.16 cm calibrated 
Chromel-Alumel thermocouples inserted in both sides of the quartz tube reactor 
and placed in the center line immediately before and after the catalyst. Since the 
reactor temperatures were kept below 600 °C, no corrections were made for 
radiation. 

Analytical. The HC1 concentrations were determined by reacting the gaseous 
effluent with a standard solution of AgN0 3 until all CI" precipitated as AgCl. The 
end-point was measured using a CI" specific ion electrode to indicate when all 
AgN0 3 was consumed. After the end-point was determined, the flask was replaced 
with a fresh flask containing a known volume of the AgN0 3 standard solution for 
a new incremental measurement. The increased HC1 values were used as the 
average over the time needed to consume the standard amount of AgN0 3 . The 
results were very reproducible. Drager tubes were used to measure chlorine and 
double check the HC1 measurements. 

The gases were purchased from the Liquid Carbonic Co. and used directly 
from cylinders. Air was of research grade purity zero air, with less than 5 ppm 
H 2 0 and less than 1 ppm hydrocarbons. The purity of TCE used is reported to be 
99+ percent by the supplier. 

The concentrations of feed and product compounds were measured using 
Hewlett Packard 5890 gas chromatographs. One has flame ionization (FID) and 
thermal conductivity (TCD), and the other has electron capture (ECD) and flame 
photometric (FPD) detectors. The C0 2 , and CO were separated first on a 1/8 inch 
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in diameter by 6 feet long stainless steel column packed with 80/100 mesh Porapak 
Q and then individually hydrogenated at 350°C over a Ni-catalyst system to C H 4 

before detection by flame ionization. The chlorinated hydrocarbons were separated 
on a 1/8 inch in diameter by 10 feet long stainless steel column packed with 
80/100 mesh Chromosorb GAW and detected by electron capture. 

Both carbon dioxide and carbon monoxide concentrations were calibrated 
with purchased standard gas mixtures. The chlorinated hydrocarbon concentrations 
were calibrated with the pure compounds by liquid injection. Hewlett Packard 
3396A integrators were used as both recorders and integrators. 

Catalysts. The catalysts used in this research were provided by Engelhard 
Corporation. The catalysts are 1.5% platinum deposited on γ-alumina and 
supported on a cordierite honeycomb with 62 cells per cm2 (cpsc) which is 
equivalent to 400 cells per square inch (cpsi). To obtain high space velocity, high 
temperature resistant cement was used to block a number of cells, thus reducing 
catalyst volume. Only 25 square cells remained in the 2.54 cm diameter monolith. 
The length of catalyst monolith was 7.62 cm; therefore, the actual volume of 
modified catalyst was: 

V c = 7.62*(25/400)*2.542 = 3.0726 cm3 

Different space velocities were obtained during the experiments by using 
different catalyst lengths. Thus, using total flow rate of 1530 cm3/min corrected to 
standard condition of 0 °C and one atmosphere pressure, the space velocity for 
7.62cm length catalyst can be calculated as follow: 

Space Velocity = total flow rate/catalyst volume 

= (1530 cm3/min*60min/hr)/3.0726 cm3 

= 30,000 v/v/hr 

Residence times for the kinetic studies were estimated by inverting the space 
velocities after correcting the flow rate to the operating temperatures and 
pressures. 

Results 

Catalytic Oxidation TCE. A fresh catalyst was used to oxidize 40 ppm 
trichloroethylene at 30,000 v/v/hr space velocity over the temperature range 150 
to 450 °C. The relationship between conversion, product distribution and 
temperature for the fresh catalyst is plotted in Figure 2. The product distributions, 
material balances for carbon and chlorine, and selectivities to C 0 2 and HC1 are 
summarized in Table I. Figure 3 shows that in the temperature range 250-330 °C, 
conversion increases slowly with increasing temperature, then increases rapidly to 
450 °C where 95% conversion is achieved. The main products are carbon 
dioxide, hydrogen chloride and chlorine. Trace amounts of carbon monoxide and 
perchloroethylene are also produced. Almost 90% selectivity to C 0 9 , and only 
22% selectivity to HC1 was obtained. At 350 °C, the amount of CO reaches a 
maximum and then decreases with increasing temperature. The distribution of 
C2C14 follows a similar trend to CO, but peaks at 400 °C. 
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Figure 2. Product distribution from the oxidation of TCE with air over fresh 
1.5% Pt/7-Al203 on a cordierite monolith as a function of temperature. The 
feed concentration of TCE was 40 ppm(v) and the space velocity 30,000 
v/v/hr. 

100 
TCE Conversion (1-C/Co), % 

250 300 350 400 
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Figure 3. Conversion of TCE with air over fresh 1.5% Ρί/γ-Α1 20 3 catalyst 
as a function of temperature. The feed concentration of TCE was 40 ppm(v) 
and the space velocity 30,000 v/v/hr. 
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Table I. Product Distribution from the Catalytic 
Oxidation of TCE with Fresh Catalyst 

Temp. I n i t i a l Temp. I n i t i a l 
°C TCE TCE c 2 c i 4 

CO 2 CO ] HC1 c i 2 

ppm ppm ppm ppm ppm ppm ppm 

150 41 41 0 0 0 0 0 
250 41 41 0.8 0 0 0 0 
300 41.3 38 2.0 0 0 0 0.9 
325 40.5 33.1 2.8 13.8 2.4 0 5.5 
350 41.1 25.4 3.3 23.7 7.3 10.6 11.7 
375 42.3 20.5 4.5 35.3 6.9 14.3 16.6 
400 41.7 11.8 4.6 53.2 4.1 19.7 25.8 
450 40.8 1.8 2.5 74.5 3.7 27.6 39.7 

Temperature Material Bal. S e l e c t i v i t y Conv. 
°C C 

% 
CI 
% 

CO 2 

% 
HC1 
% 

C l 9 

% 
TCE 
% 

150 100 100 0 0 0 0 
250 100 100 0 0 0 0 
300 97 100 0 0 19. 2 8 
325 109 100 93.2 0 49. 5 18.3 
350 108 100 75.5 22.5 49. 5 38.2 
375 109 100 81.0 21.9 50. 6 51.5 
400 108 100 89.0 22.0 57. 5 71.7 
450 106 100 95.5 23.6 67. 9 95.6 

Notes: 
Selectivities were calculated by dividing measured product concentration by 
total possible product concentration from TCE converted 
CL effluent concentration was estimated by difference 
Space velocity = 30,000 v/v/hr 
Catalyst = 1.5%Ρί/γ-Α1203 on a cordierite monolith with 62 cpsc 

TCE Oxidation Kinetics.The chemical kinetics of the catalytic oxidation of 
trichloroethylene were determined at conversions of less than 30%. Space 
velocities were varied at each temperature to allow evaluation at different 
residence times. Figure 4 shows the linear relationship between log retention of 
TCE and residence time. A small effect on TCE conversion due to the cordierite 
monolith was found at the lowest space velocities and highest temperatures. This 
effect does not exceed 2.2% conversion. The slope of each line is the first order 
rate constant at that temperature. The linearity and zero intercept of the correlation 
is consistent with first order kinetics. The reaction order with respect to 0 9 was 
independently evaluated. The concentration of 0 2 in the 5 to 20% range had no 
effect on the rate of oxidation of TCE. A plot of me logarithm of the rate constant 
k versus the inverse of temperature for the fresh catalyst is shown in Figure 5. The 
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Ln(Feed TCE/Product TCE)f Ln(Co/C) 

Residence Time, sec 

Figure 4. Determination of first order rate constant at TCE conversion of 
less than 30%. The feed concentration of TCE was 40 ppm(v) and the space 
velocity 30,000 v/v/hr. 

Ln Rate Constant k, in units of 1/sec 

-0.8 H 1 1 1 1 * 1 
1.55 1.6 1.65 1.7 1.75 1.8 

1000/T, 1/K 

Figure 5. Arrhenius plot of first order rate constant for fresh Pt Catalyst. 
The feed concentration of TCE was 40 ppm(v) and the space velocity 30,000 
v/v/hr. 
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Arrhenius parameters for this catalytic reaction are Ε = 19.4 kcal/mol and A = 
2.23*107sec-i. 

Effect of Hydrogen Containing Additives. Since trichloroethylene contains only 
one hydrogen atom, it will dissociate at high temperatures to yield equal molar 
concentrations of HC1 and Cl 2 . Thus, for complete oxidation of TCE, one would 
obtain 25% HC1, 25% C l 2 and 50% C0 2 . Due to this limitation, only 22% 
selectivity to HC1 was obtained. To improve the selectivity to HC1, either a 
hydrogen-rich fuel such as methane or water vapor could be added to the feed. 
The influence of both water and methane on product distribution for C2HC13 

oxidation are shown in Figures 6 and 7 and Tables II and III. With methane as the 
additive, the selectivity to HC1 improved to more than 80% at 450 °C. Methane 
also inhibited perchloroethylene production. In the case of water as the additive, 
100% selectivity to HC1 was reached at 450 °C and water also inhibited 
perchloroethylene production. A comparison of conversion versus temperature for 
the cases of no additive, water, and methane is provided in Figure 8. The results 
indicate that methane can accelerate C2HC13 oxidation, while water slightly 
inhibits this reaction. 

Table II. Product Distribution from the Catalytic 
Oxidation of TCE with 1.5% Water 

Temperature I n i t i a l Products 
°c TCE TCE c 2 c i 4 CO 2 HC1 

ppm ppm ppm ppm ppm 

150 242.0 242.0 0 0 0 
265 244.3 242.0 3.2 0 0 
315 240.4 235.0 4.2 17.4 12.3 
365 244.7 174.2 10.7 153.5 186. 3 
415 242.1 93.7 11.9 303 . 0 461.0 
465 239.8 29.8 13.5 404.5 638.7 

Temperature Material Bal. S e l e c t i v i t y Coversion 
°C C CI HC1 COQ TCE 

% % % % 2 % 

150 100 100 0 0 0 
265 100 101 0 0 0 
315 103 102 75.9 161 2.2 
365 107 102 88.1 109 28.8 
415 106 109 104 102 61.3 
465 102 109 101 96 87.6 

Notes: 
Space velocity = 30,000 v/v/hr 
Catalyst = 1.5%Pt/7-Al903/monolith/62cpsc 
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Figure 6. Effect of 1.5% water on the product distribution from TCE 
oxidation over fresh Pt catalyst. The TCE feed concentration was 236 
ppm(v) and the space velocity was 30,000 v/v/hr. 
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Figure 7. Effect ot 0.6% methane on the product distribution from TCE 
oxidation over fresh Pt catalyst. The TCE feed concentration was 240 
ppm(v) and the space velocity was 30,000 v/v/hr. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

10
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
49

5.
ch

01
0

In Catalytic Control of Air Pollution; Silver, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



134 CATALYTIC CONTROL OF AIR POLLUTION 

Table III. Product Distribution from the Catalytic 
Oxidation of TCE with 0.6% Methane 

Temperature I n i t i a l Products 
°c TCE TCE c 2 c i 4 CO 2 HC1 

ppm ppm ppm ppm ppm 

150 253 253 0 0 0 
265 258 248.5 0 15 0 
325 247.4 208.7 4.7 54 47.3 
345 252 190.8 5.1 131 72.4 
370 248 148.4 6.4 237 200.2 
395 255.6 112.7 8.8 472 302.2 
420 261.3 80.2 8.5 1147 398 
470 256.6 27.8 6.4 2407 561.2 

Temperature Material Balance — S e l e c t i v i t y — C o n v e r s i o n 
°c C CI c o 2 HC1 c i 2 

TCE 
% % % % % % 

150 100 100 0 0 0 0 
265 100 100 100 0 100 3.7 
325 100 100 85.2 40.7 43.1 15.6 
345 100 100 92.8 39.4 49.5 24 . 3 
370 100 100 94.9 67.0 24.5 40.2 
395 100 100 96.4 70.5 21.3 55.9 
420 100 100 98.5 73.3 20.5 69.3 
470 100 100 99.5 81.8 14.5 89.2 

Notes: 
C l 2 and CH4 effluent concentration was estimated by difference 
Space velocity = 30,000 v/v/hr 
Catalyst = 1.5%Pt/7-Al203/monolith/62cpsc 

Aging Experiments. A major concern with the catalytic oxidation of 
chlorocarbons is the potential poisoning effect of chlorine or HC1 reacting with the 
active component, viz., Pt. Aging experiments were therefore conducted at 450 
°C to evaluate if poisoning can be detected during the first 100 hours. To avoid 
losing platinum because of vaporization, the maximum temperature, was limited to 
450 °C. At this temperature, over 90% conversion of TCE can be achieved. A 
fresh catalyst was used to oxidize 40 ppm trichloroethylene at 30,000 v/v/hr space 
velocity over the temperature range 150 to 450 °C. The catalyst was cooled down 
to room temperature, then reheated directly to 450 °C with a feed containing 50 
ppm C2HC13 at 30,000 v/v/hr space velocity and maintained for 25 hours, 
followed by a cool-down to room temperature. The 25 hours aging experiments 
were repeated 3 more times with the same catalyst at the same operating 
conditions. Interspersed between the 25 hour aging segments, product distribution 
profiles, similar to the one shown in Figure 2, were measured. Figure 9 
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TCE Conversion (1-C/Co), % 

500 

Figure 8. Effect of additives on TCE conversion over fresh Pt catalyst. TCE 
feed concentrations were 50 ppm(v) with no additive, 240 ppm(v) with 
methane, and 236 ppm(v) with water. 

TCE Conversion 100*(1-C/Co), % 
1 0 0 - r 

500 

Figure 9. Effect of on-stream time on TCE conversion over the Pt catalyst. 
The TCE feed concentration varied between 40 and 60 ppm(v) and the space 
velocity was 30,000 v/v/hr. 
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summarizes these results by showing the variability of conversion curves with 
catalyst age. 

Discussion 

The overall stoichiometry for oxidation of trichloroethylene at 1 atm and the 
temperature range used in this study may be represented by the following global 
reaction: 

C2HC13 4- 20 2 -> 2 C U 2 + HC1 + CI, (2) 

However, trace amounts of CO and C 2C1 4 were also found. Neglecting the 
change in total volume of gas due to the large excess of air, COu concentration 
should be twice the amount of inlet concentration of C9HCI3, if all carbon atoms 
are oxidized to C 0 2 . Tables I, II, and III show that this is indeed the case. For 
example, we found that at 450 °C, 39 ppm of C~HC13 are converted to 75 ppm 
c o 2 . 

The selectivity to HC1 was calculated to be only 22% at 450 °C for TCE 
with no additives. This, however, is not surprising since C 2 HCL is a hydrogen-
lean reactant containing only one hydrogen and three chlorine atoms. Thus, two 
atoms of chlorine are converted to C l 2 . 

The formation of CO at low temperature usually occurs in homogeneous 
combustion followed by burnout to C 0 2 . Bose (2) invoked a two-step oxidation 
reaction of chlorinated hydrocarbons to account for this observation. 

First: C 2HC1 3 + 0 2 -* 2CO + HC1 + C^ (3) 

Second: CO + l /20 2 -* C0 2 (4) 

The concentration of CO decreases with increasing temperature because reaction 4 
is favored at high temperatures. 

The formation of C2C1^ can be explained by platinum promoting the 
following free radical reactions (5): 

C 2HC1 3 -» qHCL, + CI (5) 

C 2HC1 3 + CI -» <^Ηα4 (6) 

C 2HC1 4 + C 2HC1 3 -» q H C ^ + Q H C ^ (7) 

C 2 H C l 5 - q C ^ + HC1 (8) 

Alternatively, one can invoke a Mars-van Krevlen mechanism for chlorine forming 
compounds with Pt on the metal surface. This is explored by Shaw, et al. (4). 

As shown in Figure 9, only after the first 25 hours was there evidence of 
deactivation. Hughes (5) claimed that after an initial drop in activity, most 
catalysts reached a steady state. Huang and Pfefferle (6) showed that the 
deactivation of a platinums-alumina catalyst by chlorinated hydrocarbon was 
reversible for hydrocarbon oxidation. Pt reforming catalyst in petroleum industry 
are regenerated with HC1, air and steam injection. In this research, the catalyst 
achieved a steady state between deactivation and regeneration since all ingredients 
for both effects are present in the feed (i.e., the formation of chlorine compounds 
may be responsible for catalyst deactivation, and HC1 and water can regenerate the 
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10. WANG ET AL. Trichloroethylene over Platinum 137 

catalyst). This could explain why the latter three conversion curves essentially 
overlapped, taking normal experimental errors into account. However, detailed 
characterization studies would be necessary to demonstrate this effect. 

The measured data for the oxidation of C 2HC1 3 in air were correlated first 
using the empirical power law kinetics of the form: 

- r T C E = k[C2HCl3]a *[0 2] b 

where, [C2HC13] and [OJ are the concentrations for C 2HC1 3 and 0 9 , 
respectively. The linearity of the plots of the logarithm of measured retention of 
reactant versus reaction time shown in Figure 4 provides an excellent correlation 
for first order kinetics in TCE. It was also found that the rate of C 2HC1 3 

oxidation is zero order with respect to oxygen at the experimental condition 
studied. The following rate expression correlated the experimental data for the 
fresh catalyst: 

" R T C E
 = 2.23*107exp(-19440/RT)*[C2HCl3] 

Activation energy, E, represents the energetics of the rate determining step 
on the surface of the catalyst, and the pre-exponential factor, A, represents catalyst 
specific characteristics. Consequently, deactivation can be correlated with changes 
in the A factor. The activation energies of the five different experiments were 
averaged, and this modified activation energy E a v was used in the Arrhenius 
equation to estimate a new A factor for each activity check. At the same 
temperature, the five modified A factors were calculated using the 5 measured rate 
constants. The plot of modified A factors versus aging times is shown in Figure 
10. The modified A factors decreased after the first 25-hour aging experiment, 
which indicates that the catalyst is being deactivated. The mechanisms of 
deactivation are still unknown, and further investigation is necessary. 

Since C 2HC1 3 is a hydrogen-lean reactant, to improve the selectivity to 
HC1, hydrogen-rich additives are required. As described above, in the catalytic 
oxidation of C 9HC1 3 reactions without any additive, 2/3 of the chlorine atoms are 
converted to C l 2 which is an undesirable product because it is difficult to remove 
from the reactor exhaust gases by simple aqueous scrubbing. Consequently, it is 
very important to develop a method to decrease the formation of C l 9 . Based on 
this consideration, methane or water were successfully used and did promote the 
formation of HC1. 

To quantify the effect of these additives, 1.5% water vapor was added to 
the system. Water was chosen as a hydrogen source because it decomposes at high 
temperature into H and OH radicals which serve as hydrogen sources, especially 
when a platinum catalyst is present. To the extent that chlorine atoms are present 
on the surface, they can react as follows: 

C l 2 + H -* HC1 + CI (9) 

C l 2 + OH Cl + HOC1 (10) 

H + C1-HC1 (11) 

HOC1 + H -» F^O + CI (12) 

In the second case, 0.6% methane was added to the gas stream. There are 
two reasons for choosing C H 4 as an additive. First, methane is a hydrogen rich 
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Figure 10. Variation of Arrhenius pre-exponential factor with catalyst age 
for an average activation energy of 20 kcal/mol. Data in the temperature 
range of 250 to 370 °C and conversion of less than 30% were used. 

molecule which can donate hydrogen. Second, it can be used to provide heat by 
combustion to accelerate the reaction. The overall reaction can be written as: 

Figure 11 shows the effect of both additives on selectivity to HC1. Both 
water and methane dramatically increase HC1 production. Figure 12 shows how 
both water and methane reduce yield of C 2C1 4 as a function of temperature. Yield 
is defined as moles of CI in product C 2C1 4 per 100 moles of chlorine in the feed. 
The reaction mechanism probably involves removing CI containing intermediates, 
and converting them to HC1. 

Figure 8 shows that the addition of methane can slightly accelerate 
oxidation reaction of C 2HC1 3. This may simply be a consequence of the 
exothermicity of the oxidation of methane, increasing the surface temperature of 
the catalyst. The addition of water, on the other hand, slightly inhibits the reaction 
rate, possibly due to the endothermic water decomposition reaction. 

Conclusions 

• The main products from the oxidation of trichloroethylene are carbon 
dioxide, chlorine gas and hydrogen chloride. However, trace amounts of 
carbon monoxide and perchloroethylene, as intermediate products, are also 
found. 

• Aging times of 100 hours at 450 °C had no substantial effect on product 
distribution. Activity reached a steady state after 25 hours of aging. 

• Both water or methane, introduced as additives, increase the formation of 
HC1 and inhibit the production of perchloroethylene and C l 2 . 

Cl + C H 4 + 0 2 -> HC1 + E^O + C O 2 (13) 

The addition of methane slightly accelerates the oxidation reaction of 
trichloroethylene, while water slightly inhibits the reaction. 
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Product HCI/CI in Feed TCE, Mole % 

OH 1 1 1 1 

300 350 400 450 500 
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Figure 11. Effect of additives on HC1 selectivity. The TCE feed 
concentrations were 50 ppm(v) with no additive, 240 ppm(v) with methane, 
and 236 ppm(v) with water. 

500 

Figure 12. Yield of tetrachloroethylene as a function of additives and 
temperature. TCE feed concentrations were 50 ppm(v) with no additive, 240 
ppm(v) with methane, and 236 ppm(v) with water. 
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Chapter 11 

Catalytic Oxidation of Trichloroethylene 
over PdO Catalyst on γ-Al2O3 

Tai-Chiang Yu1, Henry Shaw1, and Robert J. Farrauto2 

1Department of Chemical Engineering, Chemistry, and Environmental 
Science, New Jersey Institute of Technology, Newark, NJ 07102 

2Engelhard Corporation, Menlo Park R&D, Edison, NJ 08818 

Trichloroethylene is completely oxidized above 550 °C to HCl, Cl2 

and CO2 over 4% PdO on γ-Αl2O3 as a powder or on a cordierite 
monolith with 62 cells per cm2. The destruction of 200 ppm(v) T C E 
in air was evaluated over the temperature range 300 to 600 °C in a 
2.5 cm diameter tubular reactor at space velocities of 4,000 to 
24,000 v/v/hr. Only one chlorinated carbon product, C2Cl4, is 
produced at low temperatures and is destroyed above 550 °C. No 
significant CO formation is observed. The overall kinetics are first 
order in TCE. The Arrhenius activation energy is 34 kcal/mol. It 
was found that 1.5% water and 0.5% methane enhance selectivity to 
HCl and inhibit the formation of Cl2 and C2Cl4. 

Chlorinated hydrocarbons are widely used in dry cleaning, degreasing operations, 
and as solvents in the pharmaceutical industry, but their vapors are toxic to human 
beings, causing potential liver damage (i). Trichloroethylene (TCE) is used in this 
study as representative of industrial solvents. In recent years, TCE has been found 
in ground water and in aquifers used for potable water throughout the United 
States. It has become the subject of extensive governmental regulations and a 
target chemical in perhaps hundreds of environmental litigations (2). This 
compound, according to "Hazardous Substance Fact Sheet" (5), may be a cancer 
causing agent in humans. There may be no safe level of exposure for a carcinogen, 
so all contact should be reduced to the lowest possible level. 

Catalytic oxidation (incineration) is an energy efficient method to destroy 
chlorinated hydrocarbons (4). Such a process involves contacting the waste gas 
stream with a catalyst in the presence of excess oxygen at a temperatures below 
about 600 °C. Chlorinated hydrocarbons are often destroyed by thermal 
incineration at elevated temperatures of at least 1100 °C (5-7). However, thermal 
(or conventional) incineration is very energy intensive and requires expensive 
materials of construction to withstand corrosion and high temperatures. Therefore, 
in order to reduce capital investments and fuel costs, there is a need for 
development of a catalyst which can oxidize chlorinated hydrocarbons at lower 
temperatures, while not being poisoned by chlorine. Numerous materials have 
been evaluated as catalysts for oxidizing hydrocarbons and chlorocarbons. These 
materials are usually divided into noble metals and transition metal oxides. The 

0097-6156/92/0495-0141S06.00/0 
© 1992 American Chemical Society 
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142 CATALYTIC CONTROL OF AIR POLLUTION 

activity of metal oxide catalysts for the complete oxidation of chlorinated 
compounds was summarized by Ramanathan, et al. (8) and Shaw, et al. {9JO). 

Research in the heterogeneous catalytic oxidation of low concentrations of 
chlorinated hydrocarbons with air must focus on identifying highly active catalysts 
and obtaining benign reaction products at moderate temperatures. In general, 
reaction conditions are chosen that result in complete oxidation to H 2 0 , C 0 2 , and 
HC1 (or Cl 2 ). 

In recent years, a number of catalytic processes were developed for 
destroying hazardous organics in aqueous waste streams. Baker, et al. (11) 
developed a catalytic process which treats wastes that have insufficient heating 
value to incinerate, and are too toxic for biotreatment. Aqueous streams containing 
organics are treated with a reduced nickel catalyst at 350 to 400 °C and 20.7 to 
27.6 MPa (3000 to 4000 psig), in order to convert the organics to innocuous 
gases. 

Olfenbuttel (12) reported on new technologies for cleaning contaminated 
ground water. The ground water containing volatile organic compounds (VOC) 
can be treated by air stripping and catalytic destruction techniques. These 
techniques were targeted to clean up tars and oils that often coat the walls and 
piping of wood and agriculture waste gasifiers, and foul downstream processing 
equipment. Test results show that more than 90% of incoming tars and oils in the 
gasifier products can be destroyed in a single catalytic step. 

The objective of the research presented in this paper is to enhance our 
understanding of catalytic oxidation processes for chlorinated hydrocarbons. In 
order to achieve such understanding, data must be generated on rates of catalytic 
destruction of low concentrations of chlorinated hydrocarbons, the effect of active 
metal concentration, temperature and space velocity, and hydrogen sources on 
chlorine and chlorinated byproducts. 

Experimental 

Reactor System. The experimental apparatus flow schematic is shown in Figure 
1. This system consists of a quartz tube reactor (Kontes Scientific Glassware, Inc.) 
residing in a vertical three zone controlled furnace (Applied Test System, Inc.) 
containing known volumes of PdO on γ-alumina on either a honeycomb or as a 
powder. 

A glass U-tube containing 99.9% pure TCE (Aldrich Chemical Co.) feed 
as a liquid is placed in an ice bath. The U-tube allows a portion of the air to 
bubble through the liquid before mixing with the rest of the air and feeding the 
mixture to the reactor. In order to increase the concentration of TCE, the 
proportion of air flowing into the reactant bubbler is increased. All gases were 
purchased from Liquid Carbonic, Inc., and were of research grade purity 
(99.95%). The flow rates of inlet gases are measured with two calibrated 
rotameters (Cole Palmer Co.). 

The reactor temperatures are monitored with two calibrated Chromel-
Alumel (K-type) thermocouples (Omega Engineering, Inc.) placed before and after 
the honeycomb catalyst. The reported temperature readings are based on average 
inlet and outlet temperatures. Since the reaction temperature was sufficiently low, 
no correction was made for radiation. 

Analytical. Feed and product chlorinated hydrocarbons are analyzed using a gas 
chromatograph (GC) with an electron capture detector (ECD) and a 2% SE 30 on 
chromosorb GAW 80/100, 1/8"χ10' column. The CO, C 0 2 , C H 4 are analyzed 
using a GC with a flame ionization detector (FID), and a Porapak Q column. After 
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separating the fixed gases, they are individually hydrogenated over a nickel 
catalyst to methane. Thus, CO and C 0 2 are quantitatively measured as C H 4 which 
is detected by FID. Figure 2 illustrates the excellent separation obtained with the 
GC technique. 

The concentrations of HC1 were determined by absorption in a bottle of 
0.01 Ν NaOH solution with phenolphthalein indicator, and subsequently back 
titrating with 0.01 Ν HC1 solution. The concentrations of HC1 were double 
checked with Drager gas color detector tubes. The concentrations of C l^ were 
determined by using Drager gas color detector tubes. This method of analysis was 
reported to be accurate within 10% according to the manufacturer. 

Catalyst. The catalysts used in this study were provided by Engelhard as 
either powders (50-150 mesh) with a PdO content of 0.5%, 1%, 2%, and 4% on 
γ-alumina, or PdO on γ-alumina supported on 62 cells per cm 2 (62 cpsc) 
cordierite monolith. Catalyst characterizations using temperature programmed 
reduction (TPR) and chemisorption (13,14) were performed using an Altamira 
Catalyst Characterization unit. 

The activity test of powdered catalyst was run using 0.01 g catalyst, diluted 
with 0.1 g «-alumina. These experiments were conducted at atmospheric pressure 
and 340 °C. The concentration of TCE was fixed at 200 ppm and the flow rate of 
air was 960 cm3/min. Figure 3 shows that conversion of TCE is proportional to 
available PdO content on the catalyst. Catalytic activity is therefore due to 
available PdO content. Hence, 4% PdO over γ-alumina on 62 cpsc cordierite is 
employed for most of the research reported here on catalytic oxidation of TCE. 

The catalytic oxidation of TCE was conducted using 4% PdO over γ-
alumina on 62 cpsc (400 cells per square inch, or 400 cpsi) cordierite in the 
temperature range of 300 to 550 °C and space velocities of 4,000 to 24,000 
v/v/hr. The concentration of TCE was fixed at around 200 ppm and the carrier gas 
was dry air except when otherwise stated. 

Results and Discussion 

Catalytic Oxidation of TCE. The product distribution from the catalytic 
oxidation of TCE at 6,000 v/v/hr as a function of temperature over the monolithic 
catalyst is given in Figure 4 based on data provided in Table I. The products at 
550 °C are CO., C 2C1 4 , HC1, C l 2 and CJÎCI3. The conversion of TCE to the 
only chlorinated "hydrocarbon product, C2CÇp peaks at 20%. Chlorine gas is found 
in comparable concentrations to HC1 because TCE contains more chlorine atoms 
than hydrogen atoms. The overall stoichiometry of the catalytic oxidation of TCE 
is represented by the following global reaction: 

C 2HC1 3 + 20 2 -» 2CÛ2 + HC1 + C^ (1) 

It is desirable to inhibit the formation of chlorine gas and enhance the 
selectivity to hydrogen chloride in this system because chlorine is a toxic gas that 
is not as easily collected. 

Methane Effect on TCE Oxidation. The effect of methane as a hydrogen source 
to increase HC1 formation in TCE oxidation was investigated. An additional 
benefit of adding C H 4 is that its oxidation is highly exothermic and increases the 
rate of TCE oxidation. The product distribution of TCE oxidation in the presence 
of 0.5% methane in air is shown in Figure 5, based on data summarized in Table 
II. It was found that the concentration of hydrogen chloride increases and the 
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ο 

Election Capture Detection Flame Ionization Detection 
after Hydrogénation 

Figure 2. Typical gas chromatograms for the chlorocarbons using electron 
capture detection, and CO, CH4 and C 0 2 using flame ionization detection 
after separation and hydrogénation with a Ni catalyst. 

TCE Conversion (1-C/Co), % 
12, 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 
PdO Content, wt% 

Figure 3. Activity of PdOAy-A203 powder catalyst as a function of PdO 
content. These experiments were done at 340 °C with a feed of 200 ppm(v) 
TCE at a flow rate of 960 cm3/min and a charge of 0.01 g of catalyst. 
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Products/Feed TCE (C/Co), Mole % 

600 

Figure 4. Product distribution from the oxidation of TCE with air over fresh 
4% PdO/7-Al 20 3 on cordierite as a function of temperature. The feed 
concentration of TCE was 200 ppm(v) and the space velocity 6,000 v/v/hr. 

Products/Feed TCE (C/Co), Mole % 

Figure 5. Effect of 0.5% C H 4 on the product distribution from TCE 
oxidation over fresh PdO catalyst. The TCE feed concentration was 200 
ppm(v) and the space velocity 6,000 v/v/hr. 
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concentration of chlorine is reduced substantially with increasing temperature. This 
observation is consistent with equilibrium calculations. Formation of byproduct 
C 2C1 4 is also significantly reduced. However, the rate of CO formation at low 
temperatures increases. 

Water Effect on TCE Oxidation. In another set of experiments, water was 
added to the feed in order to increase HC1 formation from TCE oxidation. Water 
can dissociate on the oxygen precovered surface of the catalyst, providing 
hydrogen atoms to react with chlorinated hydrocarbons at low temperatures (75). 
Alternately, a mechanism can be written that includes surface gas phase reactions 
of CI atoms with water to give HC1 and OH (76). The product distribution from 
the catalytic oxidation of TCE with the addition of 1.5% water is shown in Figure 
6. Activity is not affected by the addition of this relatively low quantity of water, 
but the rate of CJC1 4 byproduct formation is reduced drastically. No significant 
amount of CO is aetectéd at low temperatures. The material balance data for this 
system are summarized in Table III. The results show that selectivity to hydrogen 
chloride is enhanced with water addition. 

Comparison of Additives. Table IV compares the results of catalytic oxidation 
with the two hydrogen bearing additives to catalytic oxidation with no additives. It 
is clear that the addition of hydrogen sources drives the product to HC1 rather than 
CL. This is consistent with equilibrium calculations that show a preference for 
H Q production with temperature when sufficient hydrogen is available. 

Kinetic Study. In these experiments, air was employed as the oxidant and was in 
large stoichiometric excess over TCE. In order to obtain kinetic parameters, the 
measured rates of oxidation of TCE in air are correlated first, using an empirical 
power law of the form: 

where, [C2HC13] and [02] are the concentrations of C 2HC1 3 and 0 2 , respectively. 
The reaction order, with respect to 0 2 , was studied by changing the concentration 
of oxygen. It was found that reducing the oxygen concentration by a factor of 4 
had no marked effect on the rate of oxidation of C~HC13. Therefore, it was 
concluded that the rate of C~HC13 oxidation was zero order with respect to oxygen 
within the experimental conditions studied. The rate reaction can be written: 

where, = k ^ O J 

The reaction order with respect to C 2HC1 3 was estimated by a least square 
regression of equation (3). Kinetics were measured at conversions of less than 
30% to insure that reaction rates are free of transport limitations. Figure 7 shows 
that the slope from the log-log relationship of measured reaction rate versus mean 
concentration of C 2HC1 3 is 0.97. Therefore, this reaction can be assumed to be 
first order. 

In order to estimate the Arrhenius parameter for the rate constant 1̂ , viz., 
activation energy, Ea, and pre-exponetial factor, A, the method outlined by 
Levenspiel (17) or Fogler (18) was used. It was assumed that every channel of 
honeycomb catalyst is a small plug flow reactor. The equation is written as: 

T C E = M q H c y a r o j b (2) 

- r T C E = k2[C2HCl3]a (3)  P
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Products/Feed TCE (C/Co), Mole % 

Figure 6. Effect of 1.5% water on the product distribution from TCE 
oxidation over fresh PdO catalyst. The TCE feed concentration was 200 
ppm(v) and the space velocity 6,000 v/v/hr. 

Ln(-Rate * 10~6), mol/L*sec 

- 1 H 1 1 1 1 1 ' 
0 0.5 1 1.5 2 2.5 3 

Ln(Concentration * 10*6), mol/L 

Figure 7. Determination of reaction order by obtaining the least square 
regression between natural logarithm of rate of TCE conversion vs. natural 
logarithm of mean TCE concentration. The slope, and thus, the reaction 
order is 0.97 at 340 °C and 6,000 v/v/hr. 

_ v _ m r x A * * A <4> 

F A o J Ο " Γ Α 

where, V = bulk volume of honeycomb catalyst, cm3. 
- molar feed rate, mole/sec 

X K = conversion of C 2 HCL 
-r A = rate of reaction of C 2HC1 3 
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Equation 4 applies in the kinetic region of the conversion curve (see Figure 
4) where TCE decreases from 100 to 70% over the temperature range of 250 to 
350 °C. Between 450 and 550 °C, the reaction is mass transfer limited. 

Figure 8 shows plots of the logarithm of the [C]/[C]Q versus residence 
time. A correction for a small thermal reaction component due to the monolith, 
which does not exceed 2.2% TCE conversion, was applied. The data are shown to 
fit the first order equation very well. The rate constants are obtained from the 
slopes of the lines. The slopes were calculated by linear regression. 

Table III. Effect of Water on the Product Distribution of TCE Oxidized Over 4 % 
PdO/7-Al203 on Cordierite 

Temp. TCE,C TCE C 2C1 4 CO C0 2 HC1 C l 2 C CI 
I n i t i a i Products -Balance-

°C ppm ppm ppm ppm ppm ppm ppm % % 
300 214 204 1.0 0.0 47.6 11. 1 6. 6 107 99.7 
350 233 185 1.9 0.0 100 72. 5 31. 2 102 98.8 
450 219 12. 5 1.8 4.4 420 512 61. 3 103 103 
550 195 4. 5 1.0 0.0 392 538 25. 0 103 104 

Space Velocity = 6,000 v/v/hr 
Oxidant : Air 
Additive : 1.5% Water 

Table IV. Ratio of Chlorine Atoms in Products to Chlorine Atoms in Feed for the 
Air Oxidation of 200 ppm TCE at 550 °C and 6,000 v/v/hr 

Product 

HC1 

c 2 é i 4 

No Additive 
% 
30.4 
62.1 
1.4 

0.5% Methane 

88.3 
10.0 
0.0 

1.5% Water 
% 

92.0 
8.5 
0.7 

Ln TCE in Products/Feed TCE, Ln(C/Co) 

0.4 0.6 0.8 
Residence Time, sec 

Figure 8. Plot of natural logarithm of TCE in product to TCE in feed as a 
function of residence time and temperature. The slope of each constant 
temperature line represents a rate constant. 
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ο 
Ln Rate Constant k, in units of 1/sec 

- 3 + 

-1 + 

- 2 + 

Ε • 34, kcal/mole 
A - 7.1MCTH 1/sec 

Ο 

-4 + 

- 5 
1.55 1.6 1.65 

1000/T, 1/K 
1.7 1.75 

Figure 9. Arrhenius plot of first order rate constant for TCE oxidation over 
4% PdO/7-Al2C>3 catalyst on a cordierite monolith. 

According to the Arrhenius equation, the rate constant can be described as 
follows: 

where, A is the preexponential factor, 
Ε is activation energy, kcal/mole, 
R is the gas constant, 0.001987 kcal/mole-K. 

Figure 9 is a plot of the logarithm of the rate constant versus 1/T. The Ε 
and A were obtained from the slope and intercept. The Arrhenius activation 
energy, E, is estimated as 34 kcal/mole and the pre-exponential factor, A, is 
7.1*10η sec"1. 

Conclusions 

The catalytic oxidation of trichloroethylene over 4% PdO/y-alumina on 62 cells 
per cm 2 cordierite was investigated. It is concluded that: 
• The only products formed from the catalytic oxidation of TCE are HC1, 

C l 2 and C 2C1 4 . 
• Methane enhances TCE oxidation at lower temperatures, improves 

selectivity to HC1, and reduces production of C 2C1 4 and C l 2 . 
• Water improves selectivity to HC1, and reduces production of C^C^ and 

C l 2 . 
• On the assumption that TCE oxidation obeys a first order rate law, an 

activation energy of 34 kcal/mole and pre-exponential factor is 7.1*10u 

sec-1 are estimated. 
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Lnk = LnA + (-E/R) (1/T) (5) 
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Chapter 12 

Thermal Decomposition of Halogenated 
Hydrocarbons on a Cu(111) Surface 

Jong-Liang Lin and Brian E. Bent 

Department of Chemistry, Columbia University, New York, NY 10027 

An important step in the catalytic degradation of halogenated 
hydrocarbons on transition metal surfaces is the dissociation of the 
carbon-halogen (C-X) bond. We have investigated this process for a 
series of C1-C3 alkyl bromides and iodides on a Cu(111) surface 
under ultra-high vacuum conditions. Using a variety of surface 
analysis techniques, we find that bromopropane and all of the alkyl 
iodides dissociate at temperatures below 200 Κ to produce adsorbed 
alkyl groups and halogen atoms. The alkyl groups subsequently 
decompose at temperatures above 200 Κ to evolve gas phase 
hydrocarbons and hydrogen; the halogen remains adsorbed on the 
surface up to 900 K. The activation energies for C-X bond 
dissociation on the surface are approximately 15% of the gas phase 
bond energies. A Lennard-Jones picture of dissociative adsorption is 
used to rationalize the observed trends in carbon-halogen bond 
dissociation. 

Halogenated hydrocarbons have found many applications in our society as propellants, 
refrigerants, solvents, and synthetic reagents. These applications have also been 
accompanied by significant environmental impacts, both in the upper atmosphere and in 
ground water aquifers. Catalytic degradation of halogenated hydrocarbons is, therefore, 
an important current issue in environmental chemistry. 

Copper as a Catalyst for Degrading Halogenated Hydrocarbons 

Several observations suggest that copper might be a viable catalyst for decomposing 
halogenated hydrocarbons under reducing conditions. In particular, copper is well 
known to organic chemists as a reagent for abstracting halogen atoms from alkyl and 
aryl halides [7]. In addition, since copper does not form a stable bulk carbide, there is 
the possibility that catalyst deactivation by carbon build-up can be minimized. One 
might, therefore, envision using copper to decompose halogenated hydrocarbons 
according to the following general (nonstoichiometric) equation: 

0097H5156/92/0495-0153$06.00/0 
© 1992 American Chemical Society 
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Cu 
RX > c x H y + H 2 + HX + CuX 

Copper, as a catalyst, has traditionally been most used in making bonds, i.e. 
synthetic reactions such as methanol formation [2] and the direct synthesis of 
methylchlorosilanes from silicon and methyl chloride [J], This situation reflects the 
inability of copper surfaces to readily dissociate ("activate") such starting materials as 
paraffins, olefins, and H 2 . The solution phase chemistry of copper as well as the direct 
synthesis of methylchlorosilanes indicates that alkyl halides are an exception. Because 
of the relatively weak carbon-halogen (C-X) bond in alkyl chlorides, bromides, and 
iodides (~85, 70, and 55 kcal/mol respectively [4]), copper surfaces can activate these 
molecules. From an environmental standpoint, C-X bond dissociation is the key issue 
in the degradation of halogenated hydrocarbons, since it is the photochemical and 
thermal reactions of this bond that produce the environmental impact. 

In this paper we report studies of the surface reactions involved in the 
decomposition of alkyl halides on a Cu(ll l) surface. We show that Cu(l l l ) readily 
abstracts halogen atoms from alkyl iodides and longer chain alkyl bromides with 
subsequent evolution of hydrocarbon products. A Lennard-Jones picture of dissociative 
adsorption is used to account for the observed trends in carbon-halogen bond 
dissociation. 

Experimental 

The reactions of alkyl bromides and iodides with a Cu(l 11) single crystal surface were 
studied using an ultra-high vacuum (UHV) apparatus equipped with capabilities for 
surface cleaning by ion sputtering and surface analysis by Auger electron spectroscopy 
(AES), high resolution electron energy loss spectroscopy (HREELS), and temperature-
programmed reaction studies. The experimental details will be published elsewhere [5], 
but several significant aspects will be reviewed here. 

The Cu(l 11) single crystal (Cornell Materials Research Laboratory) was cleaned 
by cycles of sputtering at 920 Κ with 1 keV Ar+ ions and annealing in UHV at 950 K. 
Al l of the alkyl halides were adsorbed onto the surface by backfilling the chamber. 
Exposures are given in Langmuirs (L) [1 Langmuir = 10 6 Torrsec], and are 
uncorrected for differing ion gauge sensitivities. For the compounds used in these 
studies, exposures of 3-6 L are required to form a monolayer. All of the alkyl iodides 
and bromides except CHsBr were used as received (Aldrich) after several freeze-pump-
thaw cycles under vacuum. CHsBr, a gas, was obtained from Matheson. Sample 
purities were verified in situ by mass spectroscopy. Note: Since all of these halides are 
possible carcinogens/mutagens, they were handled with care and vacuum pumps were 
properly exhausted from the laboratory. 

In the temperature programmed reaction (TPR) experiments, the adsorbate-
covered surface was held 1-2 mm from a 2 mm diameter skimmer to the differentially-
pumped mass spectrometer and heated at 2.5 K/s. Between each TPR experiment, a 
clean surface was restored by briefly annealing at 980 Κ to remove halogens from the 
surface. In the HREELS studies, the spectrometer was operated at a beam energy of 3 
eV and a resolution of 70 - 90 cm"1 full-width-at-half-maximum. All spectra were taken 
in the specular direction at either room temperature or 120 Κ after briefly annealing to 
the desired temperature. 

The surface work function change upon adsorption or reaction was determined 
by measuring the change in the voltage required to "cutoff the current to ground when 
an electron beam is incident on the surface. The experimental set-up for these 
measurements was analogous to that in reference 6, but slightly modified to suit the 
configuration of our apparatus. Specifically, because the crystal could not be positioned 
normal to the electron beam from the HREELS monochromator, the electron beam from 
the Auger spectrometer was used. The beam was operated at about 6 eV, and the 
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current to ground at the crystal was on the order of 10-8 amperes. The experimental 
accuracy based on a comparison with results in the literature [7] for CO adsorbed on 
Cu(lll)is~50meV. 

Results and Interpretation 

Presentation and interpretation of the results on the decomposition of the alkyl iodides 
and bromides will be given according to the type of experiment. The temperature 
programmed reaction (TPR) studies presented first establish which molecules 
decompose and the decomposition products. High resolution electron energy loss 
spectroscopy (HREELS) spectroscopy studies are then used to show that carbon-
halogen bond dissociation initiates the decomposition, while work function 
measurements establish the dissociation temperatures. 

Temperature-Programmed Reaction (TPR) Studies. Temperature-programmed 
reaction experiments on the alkyl bromides and iodides show that bromopropane and all 
of the iodides dissociate on Cu(l 11) at submonolayer coverage. This conclusion can be 
reached by monitoring either molecular desorption or the volatile hydrocarbon 
decomposition products as a function of exposure. We look first at the decomposition 
products of the alkyl iodides. 

No molecular desorption is observed for the alkyl iodides at exposures less than 
3 L. The major hydrocarbon decomposition products for these submonolayer exposures 
are shown by the temperature-programmed reaction (TPR) spectra in Figure 1. For 
iodoethane and 1-iodopropane, the major hydrocarbon product is the corresponding 
alkene, which is evolved at 200 - 250 K. The hydrogen atoms abstracted in forming 
this product recombine and desorb as H 2 at 300 - 400 K, the temperature range for 
recombinative hydrogen desorption on copper surfaces [δ]. Some alkane is also 
produced at 200 - 250 Κ at near monolayer coverages. In contrast to the low-
temperature evolution of hydrocarbon products for the C 2 and C3 iodides, iodomethane 
evolves methane, ethylene, and propylene above 400 K. As shown in Figure 1, all 
three products have a peak temperature of 450 K, suggesting a common rate-
determining step. Ethane is also produced at slightly lower temperature at near 
saturation coverage, but no hydrogen desorption is observed. Auger electron spectra 
show that iodine remains bound to Cu(lll) after TPR experiments up to 900 K. All 
detectable carbon is removed from the surface by the hydrocarbon products discussed 
above. We conclude that copper surfaces dissociate the carbon-iodine bond in alkyl 
iodides to produce adsorbed iodine atoms and gas phase hydrogen/hydrocarbons. 
Further comments on the decomposition mechanisms are deferred to the discussion. 

For the alkyl bromides, the extent of decomposition on Cu(l l l ) is a strong 
function of chain length. This fact is evident in the temperature-programmed desorption 
(TPD) spectra of the Ci to C3 alkyl bromides in Figure 2. While bromomethane and 
bromoethane both show molecular desorption peaks for these 2 L exposures, essentially 
no molecular desorption is detected for bromopropane. The implication is that the C3 
bromide dissociates while the Ci and C 2 bromides desorb molecularly intact. This 
observation is quantified in Figure 3 which plots the area of the molecular desorption 
peak as a function of exposure for these alkyl bromides. The straight lines are least 
squares fits to the data. The (0,0) intercept for bromomethane is consistent with 100 % 
molecular desorption, while the intercept at ~0.2 L for bromoethane suggests some 
dissociation at low exposures. Consistent with this observation, we find that ethylene is 
evolved at 235 Κ for these low bromoethane exposures. This product is analogous to 
ethylene evolution from iodoethane at 245 Κ in Figure 1. Bromopropane shows 
significant decomposition on Cu(l 11). The major decomposition products (analogous 
to iodopropane) are propylene and hydrogen. 

Several comments on the the two peaks in the molecular desorption spectra of 
bromomethane and bromoethane in Figure 2 are warranted. The higher temperature 
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C u ( 1 1 1 ) 

450 Κ 

—I . ι • ι ι L_ 
200 300 400 500 

TEMPERATURE (K) 

Figure 1: Temperature-programmed reaction spectra of the indicated ions after 
exposing Cu(ll l) to (A) 1 L CH 3I, (B) 1 L C 2H 5I, and (C) 1.5 L C3H7I. The 
hydrocarbon products responsible for each ion are noted in parentheses; propylene 
cracking in the mass spectrometer contributes only slightly to the m/e = 27 (ethylene) 
signal for CH3I. 
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> 
55 ζ 
LU 

(C) 2 L n-C3H7Br 

m/e = 122 (x5) 

\ ( B ) 2L C2H5Br 

V m/e- 110 

\ ( A ) 2L CH3Br 

m/, a 94 

138 174 210 246 282 
TEMPERATURE (K) 

Figure 2: Temperature-programmed desorption (TPD) spectra for the Q to C3 
alkyl bromides after 2 L exposures to Cu(l 11) at 120 K. 

EXPOSURE (L) 

Figure 3: Molecular desorption yield for the d to C3 alkyl bromides from 
Cu(l 11) as a function of exposure at 120 K. The points were determined by 
integrating TPD spectra such as those in Figure 2. The straight lines are least 
squares fits to the data, and yields for exposures in excess of 5 L (not shown) are 
included in the fit for CsHyBr. The arbitrary units are different for each compound. 
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peaks which grow in first as a function of exposure are attributed to desorption from 
surface defects. A similar "defect desorption state" for benzene on this crystal surface 
was previously observed [9]. Based on the area of the bromomethane defect peak 
relative to the maximum desorption yield (no multilayers of this molecule could be 
condensed at the adsorption temperature of 110 K), there are 10 % defects on this 
Cu(l 11) surface. For bromoethane, the smaller defect/terrace peak ratio (compared to 
that of bromomethane) reflects the fact that a small fraction of bromoethane decomposes 
at defect sites on the Cu(l 11) surface. 

High Resolution Electron Energy Loss Spectroscopy (HREELS). High 
resolution electron spectroscopy studies of the bromide and iodide monolayers on 
Cu(l l l ) as a function of surface temperature show that carbon-halogen (C-X) bond 
dissociation initiates the thermal decomposition of these compounds. C-X bond 
scission precedes C-H or C-C bond dissociation, since stable alkyl groups can be 
isolated on the surface. HREELS spectra of these alkyl groups for the C\ to C3 iodides 
are shown in Figure 4. Figure 4A is the vibrational spectrum for adsorbed methyl 
groups formed by dissociatively adsorbing 6 L of CH3I on Cu(l l l ) at 320 K. Even 
without assigning the surface vibrational spectrum, we can conclude that methyl groups 
and iodine atoms are present on the surface under these conditions based on the TPR 
results. The TPR results show that (1) CH3I dissociates based on the lack of molecular 
desorption, (2) dissociation must occur below 300 K, since the heat of CH3I molecular 
adsorption is presumably similar to that for CH3Br which desorbs below 200 K, and (3) 
no C-H bonds are dissociated since recombinative hydrogen desorption was not 
observed at 300 - 400 K. 

The surface vibrational spectrum in Figure 4A is consistent with the conclusion 
that CH3(a) is formed by dissociation of CH3I. The observed peaks at 370, 1200, and 
2835 cm-1 are attributable to the v(Cu-CH3), 5S(CH3), and v s(CH3) modes respectively. 
(The shoulder at 270 cm"1 may be due to the Cu-I stretching mode.) The fact that only 
totally symmetric modes of C3V symmetry are observed in the specular HREELS 
spectrum indicates that the methyl group bonds with its 3-fold axis normal to the 
surface. Based on the low frequency of 370 cm-1 for the methyl-copper stretching 
mode, we conclude that CH3(a) bonds in a 3-fold hollow site [70]. Note also that the 
observed peak frequencies are similar to those attributed to CTfeia) on Ni(l 11) [77] and 
are inconsistent with those expected for CH2(a) [72] or CH(a) [73]. 

The two most diagnostic features for C-X bond dissociation in the CH3(a) 
HREELS spectrum are the absence of a C-I stretching peak at 500 - 550 cm-1 and the 
relatively low frequency for the vs(CH3) mode at 2835 cm 4 . The same is true for the 
C 2 and C3 iodides, as shown by the HREELS spectra for ethyl and propyl groups in 

Figures 4B and C respectively. Note in particular the "soft" C-H stretching frequency 
at -2740 cm - 1 in each case. Based on selective deuteration studies discussed elsewhere 
[14], these softened C-H stretching modes are due to the C-H bonds on the α-carbon 
(the one attached to the surface). The remaining modes in the spectrum are consistent 
with those expected for adsorbed ethyl and propyl groups, and are quite different from 
those for the product ethylene [75] and propylene [J], TPD studies show that β-
hydride elimination, as opposed to product desorption, is the rate-determining step in the 
evolution of these alkenes at 200 - 250 Κ [5,76]. 

Work Function Measurements. Measurements of the change in the surface work 
function after annealing monolayers of alkyl halides on Cu(l 11) to successively higher 
temperatures indicate the temperatures at which the C-X bonds dissociate. Figure 5 
shows the work function change when monolayers of (A) iodomethane, (Β) 1-
iodopropane, and (C) 1-bromopropane are annealed to successively higher 
temperatures. Since the work function could not be measured while heating the surface, 
each of the points in Figure 5 was determined by heating the crystal at 2.5 K/s to the 
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X 500 

J I S» ι I » ι I ι 
0 1000 2000 3000 

ENERGY LOSS (cm-') 

Figure 4: Specular high resolution electron energy loss spectra of Cu(l 11) after 
the indicated exposures of the C\ to C3 iodides. Assignment of the spectra to 
adsorbed alkyl groups as shown by the schematics is discussed in the text. 
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Figure 5: Work function change as a function of flashing temperature after 
exposing Cu(lll) at 120 Κ to (A) 1 L CH3I, (B) 4 L C 3H ?I, and (C) 5 L C 3H ?Br. 
The changes in the surface work function are due to carbon-halogen bond 
dissociation on the surface. 
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temperature indicated and then quenching to 120 Κ where the work function change was 
determined as described in the experimental section. Because the alkyl halides were not 
readsorbed between each of these measurements, i.e. each curve represents a single 
alkyl halide exposure, we cannot determine the C-X bond dissociation kinetics. The 
curves in Figure 5 provide an approximate indication of the work function change as a 
function of surface temperature. 

The conclusions from the work function measurements in Figure 5 are that 
iodomethane dissociates at -160 K, 1-bromopropane at ~ 180 K, and 1-iodopropane 
upon adsorption at 120 Κ on Cu(l l l ) . These conclusions are supported by the 
HREELS spectra as a function of surface temperature [J]. The reasons for these various 
C-X bond dissociation temperatures are discussed below. 

Discussion 

The results above establish that carbon-halogen bond dissociation is the initiating step in 
the decomposition of alkyl iodides and bromides on Cu(l 11). Based on recent studies 
for other metals, it appears that the decomposition of alkyl halides on metals is in general 
initiated by C-X bond dissociation to the metal surface [17-19]. In the case of Cu(l 11), 
two features of this dissociative adsorption reaction are particularly noteworthy: 

(1) The activation energies for carbon-halogen bond dissociation are much less than 
the gas phase bond dissociation energies. Assuming first order preexponential 
factors of 10 1 3 s*1 for this dissociation, the activation energies range from <7 
kcal/mol for C2H5I and C3H7I to -11 kcal/mol in C3H7Br. These values are 
approximately 15% of the gas phase bond energies. 
(2) Although the gas phase bond dissociation energies for bromoethane and 
bromopropane are both 68 kcal/mol [4], the dissociation yields of these compounds 
on Cu(l 11) are dramatically different. Most of the bromopropane dissociates; most 
of the bromoethane desorbs. 

These observations can be understood qualitatively using a 1-dimensional 
potential energy diagram. Such a diagram is shown in Figure 6 for the case of 
bromoethane and bromopropane dissociation on Cu(l 11). In this Lennard-Jones picture 
of dissociative adsorption, whether or not an adsorbate dissociates is determined by the 
crossing point of the molecular and dissociative adsorption potentials. Since, at this 
crossing point, bonds to the surface are forming at the same time the adsorbate bond is 
dissociating, the barrier for bond dissociation at the surface will be much less than in the 
gas phase. In the case of the bromoalkanes it is assumed, as shown, that the 
dissociative binding curve for the alkyl + bromine atom is independent of the alkyl chain 
length, i.e. the alkyl/surface potential is determined mainly by the Cu-carbon bond. The 
crossing point for the molecular/dissociation curves is therefore determined by the 
molecular adsorption potential. The experimental TPD results in Figure 2 show that the 
heat of molecular adsorption increases with alkyl chain length. The 20 Κ increase in the 
molecular desorption temperature between bromoethane and bromomethane corresponds 
to an increase in the heat of adsorption of 1 -1.5 kcal/mol. This small change can have 
a dramatic effect on the dissociation probability if the barrier for desorption becomes 
larger than that for dissociation as shown in Figure 6. The C-Br dissociation 
temperature of 180 Κ for bromopropane is above the molecular desorption temperature 
of 160 Κ for bromoethane (Figure 2). The small fraction of bromoethane that desorbs 
from the surface defects has a molecular desorption temperature of >200 K, consistent 
with the partial dissociation observed at these sites. 

Potential energy diagrams similar to that in Figure 6 can also be used to explain 
the effect of the halogen on the C-X dissociation temperature. In this case, the major 
effect is on the dissociation curve. For example, switching from iodide to bromide 
increases the dissociation potential curve far from the surface by - 15 kcal/mol (the 
difference in the gas phase bond dissociation energies). While the attractive potential 
between the bromine atom and the surface is also probably larger than for the iodine, 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

10
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
49

5.
ch

01
2

In Catalytic Control of Air Pollution; Silver, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



162 CATALYTIC CONTROL OF AIR POLLUTION 
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Figure 6: 1-dimensional potential energy diagram showing the crossing of the 
molecular and dissociative adsorption curves for C2HsBr and C3U7Br. As drawn, 
the crossing point for C3H7Br is slightly below the barrier for desorption while that 
for C^HsBr is slightly above. As discussed in the text, this type of situation can 
explain why the C3 bromide dissociates and the C 2 bromide desorbs. The inserted 
schematic shows the type of dissociation reaction coordinate to which this diagram 
corresponds. 
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this only partially compensates for the increased gas phase bond energy. The net effect, 
based on the experimental observations, is that the dissociation barrier on the surface is 
larger for the bromides than the iodides, and in both cases the barrier is -15% of the gas 
phase bond energy. 

We conclude by commenting briefly on the decomposition of the alkyl groups 
subsequent to C.-I bond scission. The mechanisms for these reactions are discussed in 
detail elsewhere [1620]. In all cases, alkyl decomposition on Cu(l 11) is initiated by C.-
H bond-breaking. The difference is that C.-H bond scission occurs at the β-position (1-
carbon removed from the point of attachment to the surface) in the case of ethyl and 
propyl groups, while it necessarily occurs at the α-carbon in the case of methyl groups. 
The fact that rate of β C.-H bond scission is ~109 faster than that for α C.-H bond 
scission [16] accounts for the very different temperatures at which the hydrocarbon 
products from the C.\ vs. C 2 and C3 alkyls are evolved (Figure 1). 
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durability, 27 

Catalyst aging, effect on lightoff temperature 
and hydrocarbon conversion, 57 

Catalyst industry, percent devoted to 
automotive emission control, 10 

Catalyst lightoff performance, effect of 
pretreatment and Pt-Ce interaction, 89/ 

Catalyst lightoff temperature, definition, 45 
Catalyst performance 
function of loading, 91/ 
improvement 
base metal promoters, 28,31/ 
cerium use, 28,31/ 
noble metal content increase, 28,29/ 
noble metal durability, 28 
palladium increase, 30 

Catalyst properties, 14/,73-82 
Catalyst technologies for light-duty 

vehicles, 2-10 
Catalytic approaches for HC control 
air-to-fuel ratio, 6 
electrically heated metallic substrate, 6 
formaldehyde emission from methanol-

fueled vehicles, 7 
natural-gas-fueled vehicles, 7 
nonresistively heated monolith catalyst, 6 
sintering and alloy formation, 7 
thermally stable washcoats, 7 
variable-fueled vehicles, 7 

Catalytic converter performance standards 
Air Resources Board of California 

standards, 34 
EPA standards, 34 
formaldehyde emission standard, 34 

Catalytic emission control technology for 
stationary sources, 98-113 

Catalytic oxidation of TCE 
in air, 125-139 
methane, product distribution, 134/ 
over PdO catalyst on γ-Α1 2 0 3 ,141-150 
water, product distribution, 132/ 

Ce0 2 as a catalytic promoter, 83-84 
Ce0 2 loading and crystallite size 
degree of Pt-Ce interaction over 

granular catalysts, 86/ 
lightoff activity, 91/ 

Cerium, effect on performance and 
physicochemical properties of Pt 
catalysts, 83-95 

Cerium as a base metal promoter to 
increase catalyst efficiency, 28,31/ 

Cerium loading, effect on Pt-Rh catalyst 
conversion after aging, 31/ 

Cerium oxide as base metal for NOx 

emission control, 8 
Cerium-platinum interactions 
calculated Pt-Ce ratio on Ce02, 86 
catalyst composition and Ce0 2 

crystallite size, 84/ 
catalytic promotion by Ce02, 83-84 
Ce reduction, 87 
Ce0 2 addition and noble metal-Ce inter

action, effect on TPR spectrum, 87,88/ 
Ce0 2 loading and crystallite size, 

effect on degree of interaction over 
granular catalysts, 86/ 
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Ce0 2 loading and crystallite size, 
effect on degree of interaction over 
granular catalysts—Continued 

experimental details, 84-85 
extent of interaction, effect on TPR 

spectra, 87,88/ 
granular catalyst activity testing, 87,89/-91/ 

Ce0 2 dominant impact, 90 
Ce0 2 loading and crystallite size, 

effect on the temperature required 
to obtain 25% conversion of either CO 
orHC, 88/90,91/ 

CO conversion vs. temperature 
(lightoff performance), 87,89/-90 

Rh, effect of presence on catalytic 
activity, 90 

Rise-1 and Rise-2 CO lightoff 
activities, Pt crystallite size, 90 

granular catalyst studies, 85 
monolith catalyst activity testing, 92-94/ 

Ce promotion of water-gas shift 
reaction, experiment, 92,94/ 

Pt crystallite size, effects, 92,93/ 
S0 2, effect on water-gas shift reaction, 92 
steady-state conversion of CO, HC, and 

NO over monolith catalysts, 92,93/ 
monolith catalyst characterization, 92,93/ 
monolith catalyst studies, 85 
partial sintering of Pt, 87 
primary impact of Ce02, 84 
Pt and Pt-Rh granular catalysts, 

characterization, 86-87,88/-8Sy 
Pt-Ce ratio, 86 
Pt crystallite size, effects, 87,89/ 
sample characterization, 85 

Cerium promotion of Pt-containing 
automobile exhaust catalysts, causes, 95 

Clean Air Act of 1967,98 
Clean Air Act of 1970,26-27,98 
Clean Air Act of 1990,7,98-113 
amendments of 1990, 100/ 
background legislation, 98-99 
NO x control technologies, 110-113 
title descriptions, 99-106 
VOC and toxic control technologies, 

107-110 
Clean fuels, 3,6 
CO-NO reaction 
active sites, relative contributions to 

the reaction rate, 70,71/ 

CO-NO reaction—Continued 
apparent activation energy, 68 
average surface lifetimes of the C 0 2 

intermediates, their abundances, and 
average site activities, 68,69/ 

bimodal distribution of active sites, 70 
C02-precursor surface coverage, 68-69 
fractional coverages of active C 0 2 

intermediates, 68,69/ 
homogeneity of catalyst surface, 70 
limiting reaction step, 70 
reactivity contribution of active sites 

to reaction rate, 71/ 
site activity distribution on the TW 

catalyst, 70 
SSITKA study, 61-71 
steady-state reaction results, 68/ 
temperature for NO-CO reaction, 70 
transient curves for labeled CO and C 0 2 

and Ar, 68,69/ 
transient responses along the 180-traced 

trajectory, analysis, 71 
CO oxidation 

SSITKA study, 61-71 
steady-state reaction data, 64/ 

CO oxidation by catalysts 
activity distribution over the active 

surface of the TW catalyst, 66/,67/ 
average site activity for both 

catalysts, 65,66/ 
bimodal distribution in the kinetic 

strength of the sites on the TW 
catalyst, 66-68 

C 0 2 residence time, comparison with that 
for CO-NO reaction, 70 

contribution of a pool of active sites 
of any particular strength to the 
overall rate of reaction, 66/,67/ 

platinum catalyst, advantage, 64 
reaction of C0 2 with ceria to form 

carbonates, 64-65 
semilogarithmic representation of the 

transient steady-state transient curves for 
labeled CO and C 0 2 and Ar, 64 

surface abundance and lifetime of 
13C-surface intermediates, 64,66/ 

three-way catalyst, comparison with 
Rh-La 20 3 catalyst, 64/ 

transient responses along the 180-traced 
trajectory, analysis, 71 
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Condensing systems for the control of VOCs 
and toxic substances, 107 

Control technique guidelines (CTG), 100 
Conversion rates and product distributions 

over V 2 0 5 crystals with preferentially 
exposed crystal planes, 121/ 

Copper catalysts for degrading halogenated 
hydrocarbons 

C-X bond dissociation as a key issue in 
the degradation of halogenated 
hydrocarbons, 154 

catalyst deactivation, 153 
Cu(l 11) crystal cleaning, 154 
general reaction scheme, 154 
traditional uses of copper catalysts, 154 

Cu(l 11) surface for thermal decomposition 
of halogenated hydrocarbons, 153-163 

Ε 

Electric vehicles, 3 
Emission control(s) 
catalyst warm-up, 40 
close-loop control switch time, 40 
HC performance levels, 36 
stoichiometric point effects, 40 
vehicle results, 36,38f,39 

Emission-control catalysts, active 
components, 73 

Enforcement, Title VI of the 1990 Clean 
Air Act, 106 

Engine manifold-catalyst proximity, 
effect, 6-7 

Engineering challenges of meeting federal 
and California clean air standards, 10 

Environmental Protection Agency standards, 
catalytic converter performance, 34 

Ethanol, chemisorption byproducts, 43 
European automotive emission standards, 2 
Exhaust gases, composition and nature, 42 

F 

Federal emissions standards, features, 2 
Federal test procedure, 3 
Field citations for violations of the 1990 

Clean Air Act, 106 
Formaldehyde, Pd and Pt catalyst 

performance, 7,34,38* 

Fuel economy 
carbon dioxide reduction, 8 
lean NO, catalysis, 8 

Fuel-lean combustion, 13 

Generally available control technology 
(GACT), 106 

Global vehicle population increase, 26 

H 2 vapor pressure, effect on hydrocarbon 
conversion by three-way catalysts, 
52,55/57,58/ 

Halogenated hydrocarbons, thermal 
decomposition on a Cu(l 11) surface 

activation energies for carbon-halogen 
bond dissociation, 161 

bromoethane and bromopropane 
dissociation yields, 161 

copper as a catalyst for degrading 
halogenated hydrocarbons, 153-154 

dissociation barrier, 161-163 
experimental details, 154-155 
halogen effects on C-X dissociation 

temperature, 161,163 
heat of adsorption, effect on the 

dissociation probability, 161 
HREELS studies, 158,159/ 
initiation of alkyl halide decomposition 

by C-X bond dissociation, 161 
molecular desorption yield for the Cl-C3 

alkyl bromides from Cu(l 11) as a 
function of exposure, 157/ 

one-dimensional potential energy 
diagram for bromoethane and 
bromopropane dissociation on Cu(l 11), 
161,162/ 

specular HREELS spectra of Cu(l 11) 
after exposures to Cl-C3 alkyl 
iodides, 159/ 

TPR spectra of alkyl bromides, 157/ 
TPR spectra of alkyl iodides, 156/ 
TPR studies, 155-158 
work function changes as a function of 

flashing temperature after exposing 
Cu(l 11) to alkyl halides, 16Qf 

work function measurements, 158,16Q£-161 
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High-activity thermally stable catalysts 
to withstand high operating 
temperatures, 7 

High-resolution electron energy loss 
spectroscopy (HREELS) 

diagnostic features for C-X bond 
dissociation, 158 

HREELS spectra for ethyl and propyl 
groups of C 2 and C 3 iodides, 158,159 

HREELS spectra of alkyl groups for the 
Cj—C3 iodides, 158,159/ 

studies of copper catalysts for 
degrading halogenated hydrocarbons 
carbon-halogen bond dissociation, 158 

TPR data comparison, 158 
Hydrocarbon conversion rate at stoichiometry 

as a function of temperature with or 
without S0 2 present in the gas mixture 

acetylene, 45,49/ 
alcohols, 48,5Qf 
aromatic substances, 48,49/ 
olefinic hydrocarbons, 45,47/ 
other oxygenated compounds, 48 
saturated hydrocarbons, 45-47 

Hydrocarbon elimination on Pt-Rh three-way 
catalysts, S0 2 role, 44 

Hydrocarbon emission control 
Bag 1 phase, 3 
California requirements, 3 
catalyst proximity to engine manifold, 

effect, 6-7 
clean fuels as replacements for 

conventional gasolines, 3,6 
electric vehicles, 3 
low-emission vehicle standards, 3 
technology to meet California standards, 3,4; 
time frame for California nonmethane 

HC emission standards, 3,5* 
ultralow-emission vehicle standards, 3 
See also Catalytic approaches for HC 

control 
Hydrocarbon oxidation 
parameters influencing oxidation, 43 
steam-re-forming reaction, effect, 44 
water-gas shift reaction, effect, 43-44 

Hydrocarbons and organic substances 
present in engine exhaust gases, 
reactivity on three-way catalysts 

experimental details, 44-46/ 
gas mixture compositions used, 44* 

Hydrocarbons and oxygenated compounds, 
elimination by three-way automotive 
catalysts, 42-59 

Hydrogen chemisorption as a method for 
measuring number of active sites, 65,69 

I 

Incineration of VOCs, catalytic and 
thermal, 108-109 

Incineration systems for the control of 
VOCs and toxic substances, 108 

L 

Laser Raman spectroscopy data for vanadia 
catalysts, 118,119* 

Lean NO, catalysis 
catalyst formulations, 10 
features, 8 

Lightoff performance of catalysts, 36 
Lightoff vehicle system effects after 

engine aging, 37/ 
Low-emission vehicle, 2 
Lowest achievable emission rate 

(LAER), 100 

M 

Maximum achievable control technology 
(MACT), 101 

Metal-support interactions, model 
catalysts, 74 

Metallic substrate as a catalytic approach, 6 
Methane, catalytic oxidation 
catalyst properties, 13,14* 
C H 4 and CO conversions plotted vs. 

0 2 concentration in the feed, 18,19/ 
CO conversion efficiency of various 

catalysts, 18 
CO effect on noble metal catalysts, 15 
experimental details, 13-14 
GC analysis, 14 
integral flow reactor system, 14 
methane conversion vs. temperature 

data obtained with a CO-free 
reducing feed stream, 18 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

10
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
49

5.
ix

00
2

In Catalytic Control of Air Pollution; Silver, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



INDEX 169 

Methane, catalytic oxidation—Continued 
methane oxidation activity, 

characterization, 14 
methane oxidation activity in the 

presence of 02,15 
noble metal catalysts, performance 

under net reducing conditions, 15,17/-18 
optimum inlet oxygen concentrations 

for various catalysts, 18 
steady-state conversion of CH 4 and CO 

as a function of temperature, 15 
temperature requirements 
methane oxidation, 15 
reducing feed stream, comparison to 

oxidizing feed stream, 15,17/-18 
Methane conversion and CO production in 

the presence and absence of C 0 2 with 
noble metal catalysts, 23*-24 

Methane elimination, chemisorption on 
noble metals, 43 

Methane oxidation on noble metal catalysts 
formaldehyde production under reducing 

conditions, 22 
mechanism, 22-24 
methane conversion and CO production 

with and without C 0 2 addition, 23r-24 
natural-gas vehicle exhaust emission 

control, 12-24 
rate-limiting step, 24 
S0 2 effect on the performance of 

natural-gas exhaust catalysts, 24 
water-gas shift equilibrium effects, 

23-24 
Methane oxidation under reducing 

conditions, product distribution, 20/-21 
Methanol and formaldehyde emissions from 

M90-fueled vehicle, 38* 
Methanol-fueled vehicle(s), 7 

hydrocarbon emission catalyst 
comparison, 37/ 

methanol and formaldehyde emissions 
over Pd and Pt-Rh close-coupled 
catalysts, 34,36,37/38* 

palladium usage, 34,36 
Methanol or compressed natural gas as 

alternative fuels, 3,6 
Mobile source emission control, 2-95 
Model catalysts 

advantages, 74 
NO reduction by CO on Rh(l 11), 74 

Model catalysts—Continued 
See also Platinum and Rh films for 

model catalysts 
Model Pt and Rh catalysts for NO adsorption 
changes in the decomposition of NO as a 

function of particle size and support 
composition, 81 

characterization of Pt and Rh films, 
75-76 

experimental details, 74-75 
N 2 desorption, effect on NO reduction on 

Rh catalyst, 81 
NO adsorption 
model Pt catalysts, 77-81 
model Rh catalysts, 76-77 

NO dissociation, effect on NO reduction 
by Pt catalyst, 81 

particle size and support effects, 73-82 
Monolith catalyst, nonresistively heated, 6 
Motorcycle emission standards, 3 

Ν 

National Air Quality Standards, 98 
Natural gas as fuel 

1990 Clean Air Act standards, 7 
environmental benefits, 12 
methane as a greenhouse gas, 12 
properties, 12 

Natural-gas engine exhaust, principal 
hydrocarbon species, 12 

Natural-gas-tueled vehicles 
air-fuel ratio, effects, 13 
ignition range of natural gas, 13 
methane conversion, 13 
operating strategies for natural-gas 

engines, 13 
Natural-gas vehicle exhaust emission 

control, methane oxidation over noble 
metal catalysts, 12-24 

New source performance standards 
(NSPS), 106 

Nitric oxide 
adsorption on model Pt and Rh 

catalysts, See Model Pt and Rh 
catalysts for NO adsorption 

adsorption on Pt-Ce02 and 
Pt-a-Al2O3(0001), 77,78/ 
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Nitric oxide—Continued 
adsorption on Pt-ZnO(0001)O and 

Pt-ZnO(0001)Zn 
ceria and alumina, comparison, 79 
N 2 desorption states, possible origins, 79,81 
Pt atom movement, role in N 2 desorption 

process, 79,81 
Pt-ZnO sites that lead to N 2 0 formation 

and the high-temperature N 2 feature, 81 
TPD curves following saturation 

exposures of 1 5NO on high and low 
coverages of Pt, 79,8Qf 

TPD curves obtained from Pt films after 
annealing, 8Qf,81 

adsorption on Rh-ZrO2(100) and 
Rh-a-Al2O3(0001) 

chemical modification of Rh by oxide 
substrate, 76 

large Rh particles, increase in reaction 
rates, 76-77 

oxide substrate, effect on catalyst, 77 
TPD curve changes as a function of 

particle size and substrate 
composition, 76,78/ 

adsorption properties, changes with 
Pt particle size, 77 

dissociation during TPD, 77 
effect of ceria, 77 
interactions with ceria and α-Α12Ο3(0001), 77 
TPD curves obtained for small and large 

Pt coverages on both substrates, 77,78/ 
conversion rate over supported vanadia 

catalysts, 121; 
partial pressure, effect on hydrocarbon 

conversion by three-way catalysts, 
52,55/-5# 

with ammonia, selective catalytic 
reduction over supported and 
unsupported vanadia catalysts, 115 

Noble metal(s) 
chemisorption of methane, 43 
durability, 28,30 
increasing content to improve catalytic 

efficiency, 28,29/ 
methane catalysts, 13 

Noble metal catalysts 
CO performance results, 36 
durability after engine aging, 31/ 
formaldehyde production under reducing 

conditions, 22 

Noble metal catalysts—Continued 
HC performance levels, 36,38r,39 
lightoff performance, 36 
mechanism of methane oxidation, 22-24 
methane conversion and CO production 

with and without C 0 2 addition, 23f-24 
methane oxidation, critical step, 21 
nitric oxide performance levels, 39f 
oxidation activity in C H 4 - 0 2 mixtures 
carbon-containing reaction products, 20-21 
mass balance for oxygen under reducing 

conditions, 21 
methane conversion vs. temperature 

data obtained with a CO-free 
reducing feed stream, 18 

methane oxidation under reducing 
conditions, product distribution, 20f,21 

performance comparison with results 
from feed streams containing CO, 18,20 

principal products of partial oxidation, 20 
product selectivity to CO for each 

noble metal, 21 
reaction of CO generated during 

methane oxidation, 21 
Pd vs. Pt aging, 30,33/ 
performance rankings, 28,30,31/ 
performance under net reducing 

conditions, 15,17/-18 
rate-limiting step in methane oxidation, 24 
reaction kinetics of C H 4 and 02,21-22 
S0 2 effect on performance of 

natural-gas catalysts, 24 
vehicle system effects, 36,38r,39,40 
water-gas shift equilibrium effects, 23-24 

Noble metal loadings, effect on lightoff 
temperature of Pt-Rh catalysts after 
engine aging, 29/ 

Nonattainment, Title I of 1990 Clean Air 
Act, 99-101 

Nonselective catalytic reduction, See NSCR 
process for NO, control 

NO x, California standard, 27 
NO, control technologies 
emission control 
catalytic processes, 110 
cerium oxide, 8 
lean NO, catalysis, 8 
NO, standards, 8 
palladium for close-coupled applications, 8 
temperature considerations, 8 
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NO, control technologies—Continued 
nonselective catalytic reduction 

(NSCR), definitions, 110 
NSCR and SCR processes, 111 
selective catalytic reduction, 

definition, 110 
NSCR process for NO, control 

stationary internal combustion engine 
emissions, control, 111,112/ 

three-way catalysts for automotive 
emissions, 111 

Ο 

Oxygen partial pressure, effect on 
hydrocarbon conversion by three-way 
catalysts 

acetylene, 52,54/ 
aromatic substances, 52,55/ 
olefins, 52,54/ 
saturated hydrocarbons, 48,5Qf-53/ 

Ozone formation, 2 

Ρ 

Palladium, advantages for use in three-way 
catalyst formulations, 26 

Palladium catalysts 
conversion of NO,, 32 
durability performance of palladium-only 

catalysts, 32-34 
FTP-75 tailpipe emissions, 34 
FTP-75 test results, 34,35* 
HC conversion levels, 32,33/ 
lead poisoning, 32,34 
lean NO, and rich CO conversions, 32 
lightoff performance, 36 
methanol and formaldehyde emission over 

Pd and Pt-Rh close-coupled 
catalysts, 34,36,37/,38i 

methanol vehicles, use, 34,36 
Pd-Rh TWC performance, 30 
performance advantages relative to Pt, 30 
performance properties, 8 
platinum and rhodium, comparison, 8 
problems, 30 
vehicle-aged catalysts, evaluation, 34 

Palladium-rhodium catalysts 
potential, 27 
Rh content, effect on NO, conversions 

after engine aging, 35/ 
Palladium-rhodium three-way catalysts 

air-fuel ratio, 30 
differences in conversion at the 

stoichiometric point between the 
aged catalyst pairs, 30,33/ 

NO, conversions, 30 
performance advantages relative to Pt, 30 
problems with use of Pd, 30 

Palladium-loading effect on stoichiometric 
conversions after engine aging, 33/ 

Passenger car emission standards, 29; 
PdO catalyst on γ-Α1 20 3 , oxidation of 

trichloroethylene, 141-150 
Permits, Title V of the 1990 Clean Air 

Act, 106 
Platinum, effect of particle site on NO 

adsorption properties, 77 
Platinum adsorption properties, long-

range electronic considerations, 81 
Platinum and Rh films for model catalysts 

formation of three-dimensional particles 
following deposition at room 
temperature, 75 

interaction with a-Al^OOOl) 
surface, 75 

interaction with ZrO2(100) substrate, 75 
Pt-Ce interactions, 76 
Pt-ZnO interactions, 75-76 
two-dimensional film growth for Pt on an 

oxidized Al foil, 76 
Platinum catalyst, effect of annealing, 81 
Platinum-cerium 
interactions, See Cerium-platinum 

interactions 
steady-state performance advantages over 

Pt, 93/94/ 
synergistic reduction 
function of Ce0 2 loading and 

crystallite size, 88/ 
observed over monolith catalysts, 93/ 

Platinum-containing automotive emission-
control catalysts, Ce effect on performance 
and physicochemical properties, 83-95 

Platinum on γ-alumina, use for catalytic 
oxidation of trace concentrations of 
trichloroethylene, 125-139 
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Platinum-rhodium-cerium and Pt-Ce 
interaction, TPR spectrum effects, 88/ 

Platinum-rhodium three-way catalysts, 
42-59 

R 

Reasonably available control technology 
(RACT), 100,107 

Reformulated gasoline, 6 
Rhodium 

Rh content effects on NO x conversion in 
Pd-Rh catalysts, 35/ 

use for catalytic NO x control, 27 
Rhodium and Pt films for model catalysts, 

See Platinum and Rh films for model 
catalysts 

S2^ sulfide ion, 44 
Selective catalytic reduction (SCR) 
process for NO x control 

ammonia injection rate, control, 111 
catalysts commonly used, 111,113 
catalytic reaction, 111 

structured specificity of V205,120-121* 
State implementation plans (SIP), 100 
Stationary source emission control, 98-163 
Steady-state CO-NO reaction 
activity distribution of the active sites, 70f 
estimation of surface and kinetic 

parameters, 69r 
normalized transient responses, 69/ 

Steady-state CO oxidation 
catalytic sites, activity distribution, 67/ 
reactivity contribution of active sites 

to reaction rate, 67/ 
surface and kinetic parameters, 66r 
See also CO oxidation 

Steady-state isotopic transient kinetic 
analysis (SSITKA) study 

CO adsorption-desorption, 71 
CO-NO reaction, 68f-71 
C O - 0 2 and CO-NO reactions over 

commercial automotive catalysts, 61-71 
CO oxidation, 64-68 
distribution of active sites for the 

formation of C0 2,71 

Steady-state isotopic transient kinetic 
analysis (SSITKA) study—Continued 

Pt-Rh three-way catalysts, experimental 
details, 62-63/ 

schematic diagram, 63/ 
Steady-state transient curves, 63/ 
Steam-re-forming reaction, 44 
Stoichiometric combustion, 13 
Structure-sensitive catalytic reactions, 

effect of support, 77 
Supported vanadia catalysts, rate of NO 

conversion, 12 lr 

Τ 

Temperature-programmed desorption (TPD) 
curves for NO on model Pt and Rh 
catalysts, 78/,8(y 

NO adsorption on Pt and Rh catalysts, 
73-82 

Temperature-programmed reaction (TPR) 
alkyl iodide decomposition products, 

155,156/ 
dissociation 
bromopropane and iodides, 155 
carbon-iodine bond, 155 

ethane production, 155 
hydrogen desorption, 155 
major decomposition products, 155 
molecular desorption peak as a function 

of exposure for CY--C3 alkyl 
bromides, 155,157/ 

spectra after testing for different Ce 
loadings, 89/ 

studies of copper catalysts for 
degrading halogenated hydrocarbons 

temperature-programmed desorption (TPD) 
spectra of the Cl-€3 alkyl bromides, 
155,157/158 

Thermal decomposition of halogenated 
hydrocarbons on a Cu(l 11) surface, 
153-163 

Three-way catalysts 
deviation from stoichiometry, 

effect, 59 
estimation of active metal site 

concentration, 62 
hydrocarbon conversion, 57,59 
lightoff temperatures, 57 
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Three-way catalysts—Continued 
methane conversion from natural-gas-

fueled vehicles, 13 
NO, effect on propane conversion, 59 
reactivity of hydrocarbons and organic 

substances in engine-exhaust gases 
catalyst-aging effects, 57 
catalyst used, 45 
CO, NO, and hydrocarbon conversion 

measurement, 45 
experimental results, 45-47 
gas flow, 45 
gas mixture composition used, 44; 
H 2 vapor-pressure effects, 52,55/,57,58/ 
NO partial-pressure effects, 52,55/-56/ 
oxygen partial-pressure effects, 48,5(̂ -52 

S0 2 role, 59 
SSITKA study, 61-71 
typical components, 61 
typical formulation, 62 
water-vapor effect on HC conversion, 59 

Title I of 1990 Clean Air Act, nonattainment 
CO sources, 101 
control guidelines for stationary 

sources of CO, 101 
control technique guidelines (CTG), 100 
lowest achievable emission rate 

(LAER), 100 
minimum sizes of major non-CTG 

stationary sources, 100 
NO, sources, 101 
ozone nonattainment areas, 100,102; 
pollution problems of ozone (smog), 

CO, and particulate matter, 99 
reasonably available control 
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