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Foreword 

I H E ACS S Y M P O S I U M S E R I E S was first published in 1974 to 
provide a mechanism for publishing symposia quickly in book 
form. The purpose of this series is to publish comprehensive 
books developed from symposia, which are usually "snapshots 
in time" of the current research being done on a topic, plus 
some review material on the topic. For this reason, it is neces
sary that the papers be published as quickly as possible. 

Before a symposium-based book is put under contract, the 
proposed table of contents is reviewed for appropriateness to 
the topic and for comprehensiveness of the collection. Some 
papers are excluded at this point, and others are added to 
round out the scope of the volume. In addition, a draft of each 
paper is peer-reviewed prior to final acceptance or rejection. 
This anonymous review process is supervised by the organiz
er^) of the symposium, who become the editor(s) of the book. 
The authors then revise their papers according to the recom
mendations of both the reviewers and the editors, prepare 
camera-ready copy, and submit the final papers to the editors, 
who check that all necessary revisions have been made. 

As a rule, only original research papers and original re
view papers are included in the volumes. Verbatim reproduc
tions of previously published papers are not accepted. 

M. Joan Comstock 
Series Editor 
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Preface 

C A T A L Y S I S P L A Y S A M A J O R R O L E IN C L E A N I N G O U R A I R and reducing 
pollution. Since the late 1960s, when legislation restricting automobile 
emissions first passed, catalysis has provided a solution that allows auto
motive companies to meet the regulations. Today, catalytic, selective 
reduction of NO continues to offer the best solution for NO* removal in 
power plants and utilities, and a variety of catalysts are widely employed 
as the method of choice for removing volatile organic compounds. For 
many of our current environmental problems, the obvious solutions have 
been attempted or the regulations have been made more strict; more 
elaborate or creative solutions are needed, and catalysis will continue to 
play an important role. 

I considered several definitions of environmental catalysis and elected 
to use a broad definition. In the past two years, the term has been used 
in journal titles, symposia, proposals, and manuscripts. It refers to a col
lection of chemical processes that use catalysts to control the emission of 
environmentally unacceptable compounds. The term also encompasses 
the application of catalysts for the production of alternative, less polluting 
products, waste minimization, and new routes to valuable products 
without the production of undesirable pollutants. 

The book focuses on catalytic solutions to improve our environment. 
Noncatalytic solutions, separation schemes, and unique absorbents can 
also be used to control or eliminate emissions, but these topics were not 
within the scope of this book. The book is organized somewhat dif
ferently than the symposium on which it is based. Specific sections are 
NO x Removal, Mobile Engine Emission Control, Power Plant Emissions, 
Future Fuels, Control of Volatile Organic Compounds, and Other 
Opportunities. Fewer than half of the oral presentations appear as 
chapters. In addition, I have provided a short overview of each section. 
The subtopics developed along themes that are receiving the greatest 
attention in laboratories throughout the world. This emphasis does not 
mean that these are the only ideas deserving attention. Indeed, other 
topics have not received sufficient attention. One clear example is waste 
minimization: Many companies now practice this approach, but few are 
discussing their success. The field of environmental catalysis continues to 
evolve, so it is difficult to identify all the opportunities. 

xi 
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Chapter 1 

NOx Removal: An Overview 

                  John N. Armor 

Air Products & Chemicals, Inc., 7201 Hamilton Boulevard, 
                 Allentown, PA 18195 

NOx consists primarily of NO and NO2 which are produced in all combustion processes 
by the oxidation of N2 and fuel bound nitrogen. NO2 is linked to causing bronchitis, 
pneumonia, susceptibility to viral infection, and alterations to the immune system. It 
also contributes to acid rain, urban smog, and ozone (1). Figure 1 illustrates the 
various chemical transformations of NO in our atmosphere that lead to air pollution 
problems (2). Note that NO is the key starting point for all of the other oxides of 
nitrogen. NO is not only produced by the burning of fossil fuels, but also by lightning, 
microbial decomposition of proteins in the soil, and volcanic activity. Once produced, 
NO is rapidly oxidized by ozone, OH, or HO2 radicals (3) to form the higher oxides of 
nitrogen, such as NO2, HNO2, and HO2NO2. Thus, if NO is prevented from entering 
the atmosphere, most of the downstream effects of NOx pollution can be eliminated. 
There are a number of commercial approaches to NOx removal which include 
absorptive, thermal, and catalytic. Since the 1960's a great deal of work was 
accomplished to control NOx emissions. For automotive exhausts, the current three-
way catalyst uses an O2 sensor to control the air/fuel ratio, which permits effective 
removal of NOx, hydrocarbons and CO. For exhaust gases where excess O2 is present, 
these same automotive catalysts are not effective for removing NOx. These O2 rich 
streams [such as in power plants and lean burn engines] represent major sources of 
NOx which must be treated. The thorough review in 1988 by Bosch and Janssen is an 
excellent source for further details (4). Alternatively one can try to minimize NOx 
formation with novel burner designs. 

Among the catalytic approaches to NOx emission from power plants, SCR 
(Selective Catalytic Reduction) is growing in application. SCR uses a catalyst to 
facilitate reactions between NOx and NH3 in the presence of oxygen. There are a 
number of variants of this technology depending on the supplier. First generation 
plants were built in Japan and newer facilities in Germany and Austria. The Clean Air 
Act Amendments of 1990 will likely prompt more widespread use of SCR in the USA. 
Standards for NOx emission vary with the fuel and the type of utility. 

0097-6156/94/0552-0002$08.00/0 
© 1994 American Chemical Society 
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4 ENVIRONMENTAL CATALYSIS 

Beyond current SCR technology, the catalytic decomposition of NO to N 2 and 
O2 is an attractive way to remove NO from exhaust streams. Until recentiy, numerous 
metals and their oxides were tried (5), but none had sufficient activity to be practical. It 
is generally presumed that the strongly bound product oxygen on the catalytic sites 
inhibits further decomposition of NO. The direct decomposition of NO to its elements 
is thermodynamically favorable to ~1000°C , but it had not been demonstrated in any 
substantial yield until recently by Iwamoto and co-workers (6). They found that a 
copper ion exchanged zeolite molecular sieve, Cu-ZSM-5, was very active for the NO 
decomposition reaction. Over the Cu-ZSM-5, catalyst sustained activities were 
obtained. This catalyst was so much more active than previously tested materials, that it 
has provoked a great deal of interest and study. This work is the focus of several 
papers presented at this Symposium. 

The reduction of NOx with hydrocarbons, instead of ammonia, in an oxidizing 
atmosphere is also a subject of intense research for mobile engine applications. By 
using hydrocarbons, the problems [e.g., ammonia slip, transportation of ammonia 
through residential areas and equipment corrosion] associated with the SCR process 
can be avoided. Currently, propane, propylene and ethylene are the most intensely 
studied hydrocarbons for the NOx reduction (7,8). In all these early reports, the 
presence of O2 was essential for the NOx reduction, demonstrating that hydrocarbons 
[present at low levels] readily found in most exhaust emissions can be effective for the 
selective reduction of NOx. A number of the papers within this Symposium also deal 
with this approach to removing NOx. Here the catalysts seem much more effective. 

Already state and local regulations, such as those in California or New Jersey, 
effectively result in the application of SCR to new boilers and furnaces. Near-term 
needs include improving the performance of the catalysts at lower operating 
temperatures [e.g., 150-300°C] to allow NOx control after other acid gas and 
particulate pollution controls, and improving the perfomance of the catalysts at higher 
operating temperatures [e.g., 1,450-2,000°C] to allow placement of the NOx control 
system at the discharge of gas turbines. 

The actual flow of papers within the Symposium covered all aspects of NOx 
removal, but for organization, this broad topic will be segregated by catalysts that 
operate in O2 rich or poor conditions. Robert McCabe was the chairperson of the 
topical area on "Mechanisms of NOx Removal" and provided the following summary of 
the papers presented at this meeting: "The papers dealing with lean NOx control by 
decomposition or selective hydrocarbon reduction, can best be described as a 
mechanistic free-for-all - as expected, given the relatively recent emergence of this area. 
Keynote lectures were delivered by W. K. Hall (Univ. of Pittsburgh) and M. Iwamoto 
(Hokkaido Univ.) Professor Hall, in addition to reviewing the general understanding of 
redox chemistry in metal-exchanged zeolites, also presented results of recent in-situ 
ESR experiments on Cu-ZSM-5 which showed that rates of selective NO reduction are 
highest when Cu is nominally in the +2 oxidation state. Hall also presented data 
suggesting the importance of NO2 as a reaction intermediate. Professor Iwamoto 
reviewed his pioneering work in NOx decomposition and selective reduction and 
presented recent IR spectroscopic and kinetic data suggesting that adsorbed isocyanate 
species are key intermediates in the selective reduction reaction. In contrast to the 
work of Hall and Iwamoto, A. P. Walker (Johnson Matthey Co.) used a temporal-
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1. ARMOR NQ Removal: An Overview 5 

analysis-of-products (TAP) reactor to show that NO can react with adsorbed 
hydrocarbon residue ("coke") on Cu-ZSM-5 catalysts. Walker stressed the importance 
of zeolite acidity in forming the carbonaceous species and indicated that catalyst acidity 
is a key parameter being employed by Johnson Matthey in developing other zeolite and 
non-zeolite catalyst formulations. Additional studies dealing with mechanistic aspects 
of lean NOx decomposition or selective reduction included presentations by G. Centi 
(Univ. of Bologna), showing reversible formation of mono- and dinitrosyl species on 
supported copper oxide catalysts, and presentations by H. W Jen (Ford Motor) and J. 
P. McWilliams (Mobil Oil Co.), both stressing the importance of hydrocarbon oxidation 
in the overall NOx reaction scheme. Other studies were directed at characterizing Cu-
ZSM-5 and related catalysts by various techniques including TPD-TGA of isopropyl 
amine (D. Parillo - U. of Pennsylvania), XPS (M. Shelef - Ford) and XRD plus high-
resolution TEM (K. Kharas - Allied Signal CO.). Another group of papers examined 
novel applications of lean NOx catalysts and/or novel modifications of the catalyst 
formulation. The Editor reported on a new catalytic process that efficiently reduces 
NOx with methane in the presence of excess O2 . This process, which is based on a 
cobalt-exchanged ZSM-5 catalyst, potentially provides an efficient low-temperature 
route to NOx emission control in natural gas fired power plants. R. Gopalakrishnan 
(Brigham Young Univ.) described Catalysts for Clean-Up of NOx, NH2 and CO from 
Nuclear Waste Processing. They looked at a variety of catalysts for NOx and CO 
removal and found that Cu-ZSM-5 was very good for ammonia SCR but not for CO 
oxidation. Pt/Al 2 0 3 was very good for ammonia and CO oxidation but not for NOx 
removal. They suggested using a two-stage catalyst: Cu-ZSM-5 followed by Pt/Al 2 0 3 

in order to remove pollutants from dilute waste streams containing NOx, ammonia, and 
CO. M. Flytzani-Stephanopoulos (M.I.T.) reported on Cu-ZSM-5 catalysts prepared 
with a series of co-cations. Those prepared with rare-earth co-cations, in particular, 
showed improvements in low-temperature NO decomposition activity. It was clear 
from the wide range of papers presented, as well as the divergent mechanistic 
viewpoints, that NOx removal in O2 rich exhausts by selective hydrocarbon reduction is 
still in its infancy with respect to fundamental understanding and practical application. 
Clearly many materials are capable of promoting lean NOx catalysis, and the many 
mechanisms offered strongly suggest that there is more than one pathway by which 
NOx can be reacted with hydrocarbons in the presence of excess O2. By way of 
juxtaposition, the invited lecture by A. T. Bell (Univ. of California - Berkeley), which 
dealt with conventional NH3-based SCR over both Pt /Al 2 0 3 and V 2 0 3 and ¥203/1102 

catalysts, elegantly demonstrated the much greater extent of mechanistic understanding 
that has been garnered in the mature ammonia-based selective catalytic reduction 
process compared to the newer hydrocarbon-based processes." With the above as 
background to the problem of NOx emissions and treatment, this section of the book 
will focus on these new approaches to controlling NOx by catalytic decomposition or 
reduction. A majority of these presentations are presented as full papers within this 
book. Because of the current, intense interest in NOx removal and Iwamoto's work 
many of the papers focused on Cu-ZSM-5 for NO decomposition or reduction by 
hydrocarbons. The following section of mobile engine exhausts will revisit this topic 
for exhaust streams which do not contain excess O2. 
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6 ENVIRONMENTAL CATALYSIS 
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Chapter 2 

Catalytic Decomposition of Nitric Oxide 
over Promoted Copper-Ion-Exchanged ZSM-5 

Zeolites 

Yanping Zhang and Maria Flytzani-Stephanopoulos 

Department of Chemical Engineering, Massachusetts Institute 
of Technology, Cambridge, MA 02139 

Alkaline earth and transition metal cocation effects are 
reported in this paper for Cu ion-exchanged ZSM-5 zeolites 
used for the catalytic decomposition of nitric oxide in oxygen
-rich gases. The effect, manifested under a specific mode of ion 
exchange, enhances the catalytic activity at high temperatures 
(450-600°C) and appears to be due to stabilization of the active 
copper sites. The conversion of NO to N2 is invariant to 
oxygen in the high temperature region for dilute NO gases. 
The coexistence of rare earth ions with Cu ions in ZSM-5 
produced a markedly different effect promoting the activity of 
copper ions for the NO decomposition at low temperatures 
(300-400°C). 

The direct catalytic decomposition of nitric oxide to nitrogen and oxygen in 
oxygen-rich post-combustion gas streams would greatly benefit the 
economics of post-combustion NOx control in power plants, industrial 
boilers and engine systems. The initial report by Iwamoto (1) that Cu ion-
exchanged ZSM-5 (Cu-Z) zeolite has stable steady-state activity for the 
direct decomposition of nitric oxide has been followed by many recent 
studies (2-9) of this catalyst system addressing pertinent issues potentially 
affecting its activity including copper exchange level, S i / A l ratio, oxygen 
effect, poisoning by SO2, H2O effect, etc. 

The conversion of NO to N2 over the Cu-Z materials is not a linear 
function of the copper ion-exchange level. Rather, very low activity exists 
for up to 40% exchange level, above which conversion increases rapidly 
with the exchange level (2). Over-exchanged( >100%) Cu-Z are active either 

0097-6156/94/0552-0007$08.00/0 
© 1994 American Chemical Society 
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8 ENVIRONMENTAL CATALYSIS 

because copper ions adequately populate sites accessible to NO ( i.e., in the 
10-membered rings of the ZSM-5) or because catalytic activity only emerges 
if enough adjacent copper active sites exist (6). In recent work, Kagawa, et al 
(8) reported that the incorporation of cocations into Cu-Z promoted the 
catalytic activity of Cu ion for the direct NO decomposition in 02-free gas 
streams at temperatures above 450°C. Transition metals or alkaline earths 
were equally effective cocations in Cu-Z at 550°C. The mode of ion 
exchange was important, i.e., the cocation had to be exchanged first 
followed by copper ion exchange, for the effect to show. The positive 
cocation effect was more pronounced for low Cu ion exchange levels. The 
effect of oxygen on the conversion of NO to N2 was not examined in that 
work. Oxygen has been reported to inhibit the reaction over unpromoted 
Cu-Z catalysts, but the inhibition decreases with temperature (7). Iwamoto, 
et al (6) have reported that the conversion of NO to N2 in the presence of 
oxygen is a function of both the Cu-exchange level and the ratio of 
PNO/P02-

In this paper we examine the cocation effect on the N O 
decomposition reaction in oxygen-containing gases over M / C u - Z catalysts, 
where M is an alkaline earth or transition metal ion. The importance of 
the preparation method is discussed in terms of active ( Cu ion) site 
stabilization. Rare earth metal-modified Cu-Z catalysts were also prepared 
and tested in this work both in oxygen-free and oxygen-containing gases. 

Experimental 

Catalyst Synthesis and Characterization. Catalysts were prepared by 
incorporating metal cations into ZSM-5 zeolite supports according to ion 
exchange procedures widely used in preparation of metal/zeolite catalysts. 
The starting materials were the Na+ form of ZSM-5 zeolites with S i / A l 
ratio of 21.5 synthesized by the Davison Chemical Division of W.R. Grace 
Co. In catalysts containing copper and a cocation, the ZSM-5 zeolites were 
first ion-exchanged with the cocation in nitrate form in dilute aqueous 
solution with concentration of 0.007M. The exchanges were made either at 
room temperature for 10 hours or at 85°C for 2 hours. After filtration, the 
metal ion-exchanged ZSM-5 zeolites were dried at 100°C for 10 hours, and 
some of them were further calcined in a muffle furnace in air at 500°C for 2 
hours. The reason for calcining the catalysts was to stabilize cations in the 
zeolite. The catalysts were further ion-exchanged with Cu^+ in an aqueous 
solution of cupric acetate of concentration 0.007M at room temperature 
overnight. This was repeated several times, depending on the desired Cu 
exchange levels. Finally, the catalysts were washed with deionized water at 
room temperature and dried at 100°C overnight. For simplicity, a catalyst 
with intermittent air calcination of cocation exchanged ZSM-5 is 
designated as a precalcined M/Cu-Z catalyst in the text. 
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2. ZHANG & FLYTZANI-STEPHANOPOULOS Decomposition of Nitric Oxide 9 

The mode of exchange described here was the evolution of several 
different preparation methods. A summary of observations made during 
this process when using Mg2+ as the cocation is as follows: a) exchanging 
copper ions first or co-exchanging copper and magnesium ions for N a + in 
the ZSM-5 did not succeed in high-exchange levels of Mg2+ in the zeolite; 
b) even when Mg 2 + was exchanged first followed by copper ion exchange, 
we would observe loss of Mg2+ in the solution. Both a) and b) are the 
result of a more favorable exchange equilibrium for C u ^ + / N a + (10); c) 
when the M g 2 + ion solution was heated at 85°C for 2 hours, higher levels 
of exchange were obtained and better stability in subsequent room 
temperature copper ion exchanges; d) air calcination of Mg2+-exchanged 
zeolites at 500°C for 2 hours was very effective in keeping the M g 2 + 

exchange high even after subsequent copper ion exchanges. This procedure 
was followed in preparing two of the Mg/Cu-Z catalysts as well as the Sr, 
N i , Pd, Ce and La/Cu-Z catalysts shown in Table I. 

The elemental analyses were performed by Inductively Coupled 
Plasma Emission Spectrometry (ICP, Perkin-Elmer Plasma 40) after catalyst 
samples were dissolved in HF(48%). It is noted that a small amount of Si 
and A l was extracted from the zeolite during the ion exchange procedures. 
A list of catalyst syntheses and properties is shown in Table I. In the text, 
the catalysts are identified in the following way: cocation type(percent 
exchange level)/Cu(percent exchange level)-Z, for example, Mg(34)/Cu(86)-
Z, where 100% ion exchange level is defined as one C u 2 + (or Mg 2+) 
replacing two N a + ( or neutralizing two Al") and the atomic ratio Cu (or 
Mg)/Al=0.5. 

Conversion Measurements and Kinetic Studies. Conversion and kinetic 
studies were performed in laboratory-scale packed-bed reactors, consisting 
of a 60cm long quartz tube with I.D. equal to 1.1 cm( for conversion 
measurements) or 0.4 cm (for kinetic studies). A porous quartz fritted disk 
was placed in the middle of the tube to support the catalyst bed. The reactor 
was placed in a temperature-programmed furnace that was electrically 
heated and controlled by a temperature controller ( Tetrahedron: Model 
Wizard). Three mass flow controllers were used to measure flow rates of 
NO+He, 02+He and He. Certified standard helium and gas mixtures were 
used from Matheson and Airco. A gas chromatograph ( Hewlett Packard: 
Model 5890) with a thermal conductivity detector, and a 5A molecular 
sieve column of 1/8 in. O.D. by 6 ft. long, was used to measure 
concentrations of nitrogen, oxygen and nitric oxide. A NO-NOx analyzer 
(Thermo Electron: Model 14A) was also used to measure low N O / N O x 
concentrations, ranging from O.OOlppm to 2,500 ppm. An amount of 0.5-1.0 
g of catalyst was placed in reactor for conversion measurements, and 30-35 
mg for kinetic studies. The catalyst packing density in the reactor was about 
0.5 g/cc. Total flowrates of the feed gas were 30-90 cc/min. The contact time, 
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10 ENVIRONMENTAL CATALYSIS 

W / F , defined as the ratio of catalyst weight in the reactor to the total 
flowrate of the feed gas was 0.03- l g s/cc( STP). The total gas pressure in the 
reactor was 1.5 atm during conversion measurements and about 2 atm in 
the kinetic studies. N O concentrations varied from 0.2%- 4% in the feed 
gas stream, O2 from 0%-5%, balance He. The 02+He stream was heated to 
150°C before it was mixed with NO+He at the inlet of the reactor to avoid 
NO2 formation (4), A l l measurements were made after steady state had 
been reached. 

Results and Discussion 

Nitric Oxide Decomposition in the Absence of Oxygen. The Cu-Z and 
Mg/Cu-Z catalysts shown in Table I were evaluated in a gas containing 2% 
NO-He, at contact time of l g s/cc (STP) over the temperature range of 350 -
600°C. Control experiments with Mg-Z materials verified that the activity 
of Mg/Cu-Z was exclusively due to Cu ions. Figures 1 and 2 show the NO 
to N 2 conversion profiles obtained for the catalysts tested under these 
conditions. 

For the same copper ion-exchange level (-70%), the Mg(52)/Cu(66)-Z 
catalyst shows a positive effect, i.e., higher NO to N2 conversion than the 
Cu(72)-Z material, in the high temperature region ( 450 -600°C ), as can be 
seen in Figure 1. These results are in agreement with the report by Kagawa, 
et al (8). While still present, this effect is not as pronounced for Mg/Cu-Z 
catalysts with Cu exchange level higher than about 110%. 

Within the group of the Mg/Cu-Z catalysts, preparation conditions 
were important. As mentioned in the previous section, heating of the 
solution during Mg2+-exchange was necessary in order to preserve the Mg 
ions in the zeolite upon subsequent exchange with copper ion solutions. 
The effect of intermittent air calcination of Mg-Z material at 500°C for two 
hours on the catalytic activity has been evaluated. The precalcined catalyst, 
Mg(34)/Cu(86)-Z, gave higher N O to N2 conversion over the whole 
temperature range (350-600°C) than the catalyst Mg(40.4)/Cu(91.2)-Z 
without intermittent air calcination, as shown in Figure 2. 

At the present time, no consensus exists in the literature on the 
mechanism of N O decomposition over Cu-Z catalysts. This makes a 
mechanistic interpretation of the cocation effects reported here premature. 
However, the importance of ion exchange sequence and catalyst heat 
treatment on the NO decomposition activity is worth discussing in terms 
of active site modification on the basis of available information. In ESR 
studies, Kucherov, et al ( 11,12) have identified two types of isolated C u 2 + 

ions: one in a five-coordinated square pyramidal configuration, the other 
in a four-coordinated square planar. At low Cu exchange level, the five-
coordinated C u 2 + ions were preferably formed (12). Shelef (13) proposed 
the square planar copper ions as the active sites of Cu-Z for N O 
decomposition. This explains the negligible activity of Cu-Z catalysts with 
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2. ZHANG & FLYTZANI-STEPHANOPOULOS Decomposition of Nitric Onde 11 

Table I. Summary of Catalyst Syntheses and Properties 

Catalysts S i / A l C u / A l b 

Parent zeolite a 21.5 
Cu-Z 20.3 0.705 

(141%) 
Cu-Z 19.9 0.36 

(72%) 
Mg/Cu-Z^ 18.0 0.456 

(91%) 
Mg/Cu-Zd,e 17.1 0.430 

(86%) 
Mg/Cu-ZC /β 19.5 0.33 

(66%) 
Ni/Cu-ZC>e 20.8 0.478 

(96%) 
Sr/Cu-Z^e 20.8 0.524 

(105%) 
P d / C u - Z ^ 20.7 0.45 

(90%) 
Ce/Cu-ZC/e 19.5 0.596 

(119%) 
La/Cu-ZC/e 19.4 0.627 

(123%) 

Cocation/Al b N a / A l b Cu 
exchange 

1.0 
- ~0 thrice, RT 

_ 0.25 once, RT 
(25%) 

0.202 ~0 twice, RT 
(40%) 
0.170 -0 twice, RT 
(34%) 
0.26 ~0 twice, RT 
(52%) 
- ~0 twice, RT 

0.194 -0 twice, RT 
(39%) 
0.44 ~0 twice, RT 
(88%) 
0.036 ~0 twice, RT 
(11%) 
0.06 -0 twice, RT 
(18%) 

a. ZSM-5: SMR-2670-1191, as received from Davison Div.,W.R. 
Grace. Co. 
b. The values in parentheses are ion exchange levels, on the basis of 
A l content as measured by ICP. 
c. Cocations exchanged once with Na/ZSM-5 at 85°C for 2 hours. 
d. Cocation exchanged once with Na/ZSM-5 overnight at RT. 
e. The cocation-exchanged ZSM-5 catalysts were dried in air at 100°C 
overnight, and calcined at 500°C for 2 hours. 
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350 400 450 500 550 

Reaction Temperature (°C) 

650 

Fig. 1. Comparison of NO conversion to N2 over (a)Mg(52)/Cu(66)-
Z; (b) Cu(72)-Z at 2%NO and W/F=lg s/cc (STP). 

CM 

2 
2 
G 
Ο 

• ιΜ 

2 
Ο 

U 
Ο 
Ζ 

350 400 450 
Reaction Temperature ( Ό 

650 

Fig. 2. Effect of intermittent Mg-Z calcination on Mg/Cu-Z catalyst 
activity for NO conversion to N2 at 2%NO and W/F=lg s/cc 
(STP); (a) calcined Mg(34)/Cu(86)-Z; (b) non-calcined 
Mg(40.4)/Cu(91.2)-Z. 
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2. ZHANG & FLYTZANI-STEPHANOPOULOS Decomposition of Nitric Oxide 13 

low Cu ion-exchange level (<40%). To examine the validity of this 
assumption we have examined the NO conversion to N2 over various Cu-
Z catalysts as a function of the amount of square planar Cu^+ ions, 
calculated from the data given in Kucherov, et al (12) for Cu-Z catalysts 
prepared from a ZSM-5 zeolite which had a similar ratio of Si/Al=21 to the 
ZSM-5 zeolite used in this study. A linear relationship was found (14). The 
number of four-coordinated square planar C u 2 + in Cu-Z materials has 
been reported to decrease at high temperatures (12). Apparently then, the 
inert Mg ions stabilize the relative population of square planar Cu^+ ions 
resulting in higher NO conversion to N2 at high temperatures, as shown 
in Figure 1. 

The intermittent calcination effect may be explained by migration of 
Mg2 +-bare ions, formed during calcination from their respective larger 
hydrated complex ions, to the 5- and 6-membered rings of ZMS-5. This 
would effectively keep the active C u ^ + in the 10-membered rings, where 
they are accessible to the reactant gas molecules. Hence, a higher NO 
conversion to N2 is expected for the pre-calcined Mg(34)/Cu(86)-Z over the 
non-calcined Mg(52)/Cu(91)-Z catalyst as shown in Figure 2. 

The observed cocation effect in Kagawa, et al (8) and the present work, 
therefore, may simply be one of stabilization of the copper active sites. To 
pursue this argument further, the performance shown in Figure 2 should 
not be sensitive to the type of cocation chosen. Figure 3 shows the NO 
conversion to N2 over several precalcined M / C u - Z catalysts with similar 
C u 2 + exchange level, where M is a transition metal or alkaline earth ion. 
Similar catalytic activity is indicated by the overlapping conversion 
profiles of Figure 3. 

NO Decomposition in 02-Containing Gases. Oxygen has been reported to 
inhibit the N O decomposition reaction, but the inhibition decreases with 
temperature (7). The oxygen effect was studied on Cu-Z catalysts using high 
NO concentrations ( 1-4%) in the feed gas. Iwamoto, et al (6) have reported 
that in oxygen-containing gas the NO conversion to N2 does not decrease 
as much for over-exchanged Cu-Z catalysts. However, a large decrease was 
shown for low Cu ion-exchanged Cu-Z. A dependence on the ratio 
P02 /PNO was also suggested. 

In the present work we examined the effect of oxygen both with over-
exchanged Cu-Z as well as with the cocation-exchanged M / C u - Z catalysts. 
Figure 4 shows typical conversion- temperature plots for the Cu (141)-Z 
catalyst with 0 and 5% O2 containing gases with NO content fixed at either 
2% or 0.2%, W/F=lg s/cc (STP). The data display the 02-inhibition and the 
lower-sensitivity to O2 at high temperature mentioned above. However, it 
is very interesting that a similar plot for low NO-content (0.2%) in the gas 
(Figure 4), shows much less inhibition by oxygen at low temperatures and 
no oxygen-effect in the high-temperature region. 
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14 ENVIRONMENTAL CATALYSIS 
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Fig. 3. NO decomposition over selected M/Cu-Z catalysts at 2%NO 
and W/F=lg s/cc (STP). 
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Fig. 4. Effect of O2 and NO concentrations on the Cu(141)-Z activity 
for NO decomposition at W/F=lg s/cc (STP); (a) 2%NO-0%O2; 
(b) 2%ΝΟ-5%θ2; (c) 0.2%NO-0%O2; (d) 0.2%NO-5%O2* 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

23
, 1

99
4 

| d
oi

: 1
0.

10
21

/b
k-

19
94

-0
55

2.
ch

00
2

In Environmental Catalysis; Armor, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



2. ZHANG & FLYTZANI-STEPHANOPOULOS Decomposition of Nitric Oxide 15 

Similar experiments were run with the Mg/Cu-Z catalysts. Typical 
results are shown in Figure 5 for the Mg (34)/Cu (86)-Z material. Similar 
trends to those in Figure 4 for the Cu(141)-Z catalyst are seen for a feed gas 
with 2%NO, 0% or 5% O2, and l g s/cc contact time. When the inlet 
concentration of NO was 0.2%, however, the NO to N2 conversion in the 
presence of 5% O2 was higher than that in the absence of O2 at 
temperatures above 450°C. Under these conditions, the catalytic activity is 
enhanced by the presence of O2. The other M g / C u - Z catalysts gave 
conversions similar to those in Figure 5 for the catalyst Mg(34)/Cu(86)-Z. 
Overall then, we found that in low NO-containing gases the conversion of 
N O to N2 is invariant to oxygen in the high temperature region (450-
600°C). This finding is very significant for applications to dilute-NO, post-
combustion gas streams. 

Another feature of the conversion-temperature profiles becomes 
evident by comparing the data of Figures 4 and 5 for the 5% 02-containing 
feed gas with low (0.2%)- or high (2%)-NO content. For both the Cu (141)-Z 
and Mg (34)/Cu (86)-Z catalysts, the conversion of NO to nitrogen increases 
as the NO-content decreases at temperatures below 450°C. Assuming that 
Ο2 and N O compete for adsorption sites, oxygen would inhibit the 
reaction, especially at low temperatures. Under these conditions, NO2 
formation may be favored reducing the selectivity to N2. It is not clear, 
however, why oxygen appears to inhibit the decomposition reaction more 
for the high N O concentration gas. More detailed studies of the product 
selectivity as a function of P 0 2 /PNO and temperature are warranted. 

Kinetic Studies. The microcatalytic reactor described earlier was used with 
samples weighing 30-35mg for kinetic studies and measurements of 
turnover frequencies over the Cu (141)-Z and the Mg (34)/ Cu (86)-Z 
catalysts. Conversion-contact time plots, constructed for the N O 
decomposition reaction over each catalyst at 500°C with 4% NO-He gas, 
were linear for conversions up to 30% for the Mg(34)/Cu(86)-Z and 50% for 
Cu(141)-Z. In the kinetic studies the conversions were kept below 10% for 
Mg(34)/Cu(86)-Z and below 40% for Cu(141)-Z to ensure that reaction rates 
were not diffusion- limited. 

Figure 6 shows Arrhenius-type plots for the turnover frequencies 
over the Cu (141)-Z and the Mg (34)/Cu(86)-Z catalysts. The turnover 
frequency (TOF), defined as the number of NO molecules converted to N2 
per second per Cu ion, is higher for the Cu (141)-Z than for the Mg (34)/Cu 
(86)-Z catalyst over the whole range of temperatures in agreement with the 
conversion-temperature plot of Figures 4 and 5. As has been reported 
before (7), the specific catalytic activity (turnover frequency) increases with 
the copper loading on the same parent ZSM-5. The difference is more 
pronounced at high temperatures. A maximum in the Arrhenius plots is 
seen, again in agreement with previous reports. In this work we have 
extended the measurements of activity to higher temperatures to measure 
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Fig. 5. Effect of O2 and NO concentrations on the Mg(34)/Cu(86)-Z 
activity for NO decomposition at W/F=lg s/cc (STP); (a) 
2%NO-0%O2; Ob) 2%ΝΟ-5%θ2; (c) 0.2%NO-0%O2; (d) 
0.2%NO-5%O2. 
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Fig. 6. Arrhenius plots for NO decomposition over (a) Cu(141)-Z; (b) 
Mg(34)/Cu(86)-Z at 4%NO and 1.7 atm of total gas pressure. 
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2. ZHANG & FLYTZANI-STEPHANOPOULOS Decomposition of Nitric Oxide 17 

the corresponding activation energy. As can be seen in Figure 6, the 
apparent activation energy for NO decomposition over the Mg(34)/Cu(86)-
Z catalyst is 12.3 Kcal/mole in the low temperature region, changing over 
to a negative value of -8.2 Kcal/mole in the high temperature region 
(>500°C). Over the Cu(141)-Z material, similar values of apparent 
activation energies, 12.6 Kcal/mole for the low temperature region and 
-7.6 Kcal/mole for the high temperature region, were obtained. A changing 
reaction mechanism or loss of copper active sites at high temperature may 
explain the observed reaction rate maximum. A similar study in the 
presence of oxygen is warranted, based on the conversion plots discussed 
in the previous section. 

Detailed kinetic studies are presently underway in our laboratory with 
over-exchanged Cu-Z and Mg/Cu-Z catalysts. One interesting series of tests 
is reported here as it provides support to the data of Figure 5. A gas 
containing 0.2% NO in He and oxygen in the range of 0-5% was reacted 
over the Mg (34)/Cu (86)-Z catalyst at contact time of 0.03g s/cc( STP) and 
reaction temperature of 600°C. Conversion below 30% was used to 
measure TOF. The results, plotted in Figure 7, show the specific catalytic 
activity to be invariant to oxygen, i.e., a reaction order of zero in O2 was 
obtained. 

Rare Earth Metal Cation Modified Cu-ZSM-5. Two rare earth metal 
modified Cu-Z catalysts, namely Ce(ll)/Cu(119)-Z and La(18)/Cu(123)-Z 
shown in Table I, were evaluated and compared to Cu(141)-Z and 
Mg(34)/Cu(86)-Z catalysts in a gas containing 2% NO-He at contact time of 
l g s/cc (STP) over the temperature range of 300-600°C. Figure 8 shows the 
NO conversion to N2 profiles obtained for these catalysts under the above 
conditions. 

The coexistence of rare earth ions with copper in the ZSM-5 produced 
a markedly different effect promoting the activity of copper ions for the 
NO decomposition at low temperatures (300-400°C). The Ce(ll)-Z material 
has very low (but measurable) activity, less than 10% conversion of NO to 
Ν 2 , over the temperature region of 300-500°C. However, the 
Ce(ll)/Cu(119)-Z catalyst showed higher conversion of NO to N2 than the 
over exchanged Cu(141)-Z catalyst at temperatures in the range of 300-
400°C, and higher than the Mg(34)/Cu(86)-Z catalyst at temperatures below 
450°C, as seen in Figure 8. When a 50 - 50 mixture (by weight) of 
Ce(ll)/Cu(119)-Z and Cu(141)-Z was tested, its catalytic activity was 
between those of Cu(141)-Z and Ce(ll)/Cu(119)-Z( not shown in Figure 8). 

Effect of Contact Time on Catalyst Activity. Contact time tests showed that 
the activity of Cu(141)-Z and Mg(34)/Cu(86)-Z catalysts did not decrease 
much at low NO concentration, oxygen-rich gas and low contact time. This 
is very important for practical application of the catalysts. Figure 9 shows 
profiles of NO conversion to N2 over the Mg(34)/Cu(86)-Z and Cu(141)-Z 
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Fig. 7. Effect of oxygen on the NO decomposition rate(TOF) over 
Mg(34)/Cu(86)-Z at 0.2%NO, 600°C , and W/F=lg s/cc (STP). 
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Fig. 8. Comparison of NO conversion to N 2 over (a) Ce(ll)/Cu(119)-
Z; (b) La(18)/Cu(123)-Z; (c) Mg(34)/Cu(86)-Z; (d) Cu(141)-Z at 
2%NO and W/F=lg s/cc (STP). 
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2. ZHANG & FLYTZANI-STEPHANOPOULOS Decomposition of Nitric Oxide 19 

catalysts at 2,000ppm NO and 2.5% O2 in the feed gas and 0.05g s/cc of 
contact time( 36,000 hr~l S.V.). Conversions are similar to those in Figures 
4 and 5 obtained at higher contact time. Figure 9 also shows that the 
Ce(ll)/Cu(119)-Z catalyst remained more active than Cu(141)-Z and 
Mg(34)/Cu(86)-Z below 400°C under these conditions. 

The catalyst Ce(ll)/Cu(119)-Z presented here gave higher NO 
conversion to N2, compared with a Ce/Cu-Z material reported in the 
patent literature (15) (only 11% NO conversion to N2 at 400°C under the 
conditions of Figure 9), which was prepared by exchanging Cu ions into the 
ZSM-5 first, followed by Ce ion exchange. Again, this shows that a proper 
mode of ion exchange is very important for a positive cocation effect. 

Conclusion 

Alkaline earth and transition metal ion-exchanged ZSM-5 zeolites further 
exchanged with copper ions are active catalysts for the N O decomposition 
reaction in the presence or absence of oxygen and over a wide range of 
temperatures (350 - 600°C). Proper mode of ion exchange is crucial for a 
positive cocation effect. 

An extensive study of Mg/Cu-Z catalysts was performed in this work. 
The conversion and kinetic data indicate that the role of Mg ions is one of 
stabilizing the activity of copper ions, potentially by occupying the 
"hidden" sites of the zeolite. For the same total copper exchange level, the 

300 350 650 

Reaction Temperature (°C) 

Fig. 9. NO decomposition over (a) Ce(ll)/Cu(119)-Z; (b) 
Mg(34)/Cu(86)-Z; and (c) Cu(141)-Z at 0.2%NO, 2.5%θ2 and 
W/F=0.05gs/cc (STP). 
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20 ENVIRONMENTAL CATALYSIS 

Mg/Cu-Z catalysts show enhanced activity at high temperatures (450-
600°C). Both the over-exchanged Cu-Z and the Mg/Cu-Z catalysts have low 
sensitivity to oxygen in dilute NO gases. At 600°C, a reaction order of zero 
in O2 was found with the Mg(34)/Cu(86)-Z catalyst. Detailed kinetic studies 
with oxygen-containing gases are underway to further examine these 
effects. 

The performance of (Ce, La)/Cu-Z catalysts is markedly different, the 
cocation effect being promotion of the Cu ion activity. This is displayed by 
the N O conversion to N2 maximum shifting to lower temperatures 
(<400°C). The Ce(ll)/Cu(119)-Z catalyst activity remained higher than that 
of the over-exchanged Cu(141)-Z in 2.5% oxygen, low NO content and high 
space velocity (36,000h-l). Additional studies with rare earth modified Cu 
exchanged ZSM-5 are warranted. 
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Chapter 3 

Reactivity of Cu-Based Zeolites and Oxides 
in the Conversion of NO in the Presence 

or Absence of O2 

            G. Centi, C. Nigro, S. Perathoner, and G. Stella 

Dipartimento di Chimica Industriale e dei Materiali, Via le 
 Risorgimento 4, 40136 Bologna, Italy 

The reactivity of Cu-exchanged zeolites (ZSM-5 and Boralite) and Cu-loaded 
oxides (Al2O3, SiO2, TiO2 and ΖrO2) for the conversion of NO in the 
presence or absence of gaseous oxygen is compared. Cu-loaded oxides are 
active in NO conversion only when oxygen vacancies are created, whereas 
Cu-ZSM-5 shows a high stable activity, which, however, depends 
considerably on the NO concentration and formation of specific active sites. 
In the presence of O2 a different reaction mechanism occurs and it is shown 
that O2 can promote the conversion of NO to N2, but at lower reaction 
temperatures and with a lower selectivity than those for the anaerobic 
decomposition. Furthermore, Cu-zeolites showing very different anaerobic 
activity in NO decomposition, have comparable behaviors in the aerobic 
conversion of NO. Cu-ZrO2 and CuO-TiO2 are different from CuO-Al2O3 

and CuO-SiO2, and the former show some analogies in the behavior with 
those of Cu-zeolites. 

The direct conversion of NO to N 2 and 02, even though thermodynamically feasible, 
occurs with rates too slow for practical applications and for several years no catalyst 
sufficiently active in this reaction could be found. The recent discovery of the high activity 
of Cu-ZSM-5 in this reaction (7,2 and references therein) has thus renewed interest in 
the decomposition of NO as an alternative possibility for the removal of NO in polluting 
emissions. An example is the reduction of NO in diesel-engine vehicle emissions for 
which noble-metal three-way catalysts do not operate efficiently. In the last two years, 
however, interest in the Cu-ZSM-5 system has shifted to its use in the reduction of NO 
in the presence of organic reducing agents (mainly hydrocarbons) (3-7), due to the 

0097-6156/94/0552-0022$08.00/0 
© 1994 American Chemical Society 
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3. CENTI ET AL. Cu-Based Zeolites and Ondes in the Conversion of NO 23 

sensitivity of this system to poisoning (for example, by S0 2 (4)) and partial inhibition of 
the activity in the presence of 0 2 . For the reduction of NO by organic compounds, on the 
contrary, oxygen promotes the reaction. However, it was soon found that several catalytic 
systems also are active in the conversion of NO by hydrocarbons and oxygen, including 
ZSM-5 exchanged with other transition metals, Cu-oxide supported on oxides such as 
alumina and the zeolite or oxide support itself (3-7), besides Cu-ZSM-5. On the contrary, 
Cu-ZSM-5 shows unique activity in the decomposition of NO even with respect to other 
Cu-zeolites. In addition, Cu-ZSM-5 also shows very high activity for the decomposition 
of N 2 0 (8), another reaction with interesting practical applications, but less demanding 
than decomposition of NO. On the other hand, CuO-A1203 is preferable over Cu-zeolites 
for the reduction of NO by NHj/Oi in the presence of a high concentration of S0 2 in order 
to realize the contemporaneous removal of S0 2 and NO from flue gas (9). CuO-Si02 

samples are also active in this reaction (10). The presence of gaseous oxygen has a 
considerable influence on the activity of these samples in the reduction of NO by NH 3 . 
For example, the specific activity per copper ion in the presence of 0 2 on Cu-Si02 

decreases as copper loading increases and decreases in the absence of 0 2 (11). The exact 
opposite effect is shown by the selectivity to N 2 0 in this reaction. In addition, an inverse 
correlation has been observed between activity in NO conversion by NH 3 in the presence 
and in the absence of gaseous oxygen of various copper-based samples (supported on 
different oxides or on zeolites (77)); the most active samples in the presence of 0 2 were 
found to be the less active in the absence of 0 2 . 

Copper-based zeolites and oxides, therefore, show interesting catalytic properties in 
the conversion of nitrogen oxides to N2 which can be usefully applied for the development 
of improved technologies for cleanup of polluting emissions, but there are two main open 
questions in the literature about i) the analogies or differences between the mechanisms 
of NO conversion and nature of active sites on copper-loaded oxides and zeolites and ii) 
the effect of O2 in the modification of the surface reactivity of these two classes of 
samples. The aim of the research reported here was to contribute to the discussion of these 
questions reporting a comparison of the behavior of copper-based zeolites and oxides in 
NO conversion in the presence or not of gaseous oxygen. 

Experimental 

Copper-loaded oxides were prepared by an incipient wet impregnation method using 
copper-acetate solution and subsequent drying and calcination up to 450°C. If not 
otherwise indicated, the amount of copper in the various samples is 4.8% wt (as CuO). 
γ-Α1203 (RP531 from Rhone-Poulenc, 115 m2/g), Si0 2 (RP540 from Rhone-Poulenc, 
250 m2/g), Z r0 2 (prepared by the sol-gel method (11), 115 m2/g) and Ti0 2 (prepared by 
the sol-gel method, 73 m2/g) were used as supports. The last one was obtained by 
controlled hydrolysis of titanium-isopropoxide in the presence of CH3COOH. After 
calcination, the Ti0 2 sample was in the anatase form, as confirmed by XRD analysis. 

The Cu-exchanged zeolite samples were prepared following an ion-exchange 
procedure analogous to that reported by Iwamoto et al. (12) and Li and Hall (13). The 
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24 ENVIRONMENTAL CATALYSIS 

amount of copper exchanged was determined by a titrimetic method. Parent zeolites were 
commercial ZSM-5 (EKA-Nobel; S1O2/AI2O3 = 30 or 49) and ZSM-5 synthesized 
according to the conventional procedure reported previously ( S1O2/AI2O3 = 164) (14). 
Boron pentasyl zeolite (hereinafter abbreviated as BOR; SiC>2/B203=24) was also 
synthesized using a similar procedure (14). The degree of ion-exchange was calculated 
as 2· (amount of Cu)/(amount of Al or B). Hereinafter the samples will be briefly indicated 
as Cu- Z S M - 5 ( J C J ) and Cu-BOR(jc,y), where χ indicates the S1O2/AI2O3 or S1O2/B2O3 

ratio, respectively, and y the degree of ion exchange. 
The catalytic tests of NO conversion were carried out in a quartz flow reactor at 

atmospheric pressure. The inlet and outlet flow of the reactor were continuously 
monitored by on-line mass quadrupole analysis with a suitable computer program to 
determine reagent and product compositions and to check the Ν, H and Ο balances. 
Details on the method of preparation of the various samples and on the methodology and 
apparatus for the catalytic tests have been reported previously (9,11). 

Fourier-transform infrared (IR) measurements were made at room temperature in the 
transmission mode using the self-supported disk technique and a conventional IR vacuum 
cell and gas-manipulation ramp. Before adsorption of NO, the samples were evacuated 
(10"4 Torr) at 450°C, then cooled to room temperature in an oxygen atmosphere and 
finally gaseous oxygen was removed at room temperature following the method of 
Giamello et al. (15). 

Results 

Reactivity of NO on Copper-loaded Oxides. The pretreatment of the catalyst before 
the catalytic tests has a considerable influence on the transient activity of copper-loaded 
oxides in the conversion of NO to N 2 . This is shown in Table I which compares the 
anaerobic transient activity of CuO-Al203 in the NO conversion to N 2 of samples 
pretreated with 02, pure helium or H 2 . Helium induces a slight reduction of copper sites 
creating surface oxygen vacancies that are restored by the oxygen of NO which leads to 
the consequent formation of N 2 up to complete saturation of reduced sites. The transient 
activity in NO conversion of CuO-Al203 derives thus from the saturation of surface 
oxygen vacancies created during the pretreatment More reducing pretreatments increase 
the number of sites created, but the activity declines to zero after enough time-on-stream 
in all cases. When 0 2 is cofed with NO, a decrease in the transient activity is observed 
(Fig. la) due to the competition between 0 2 and NO in the reoxidation of oxygen 
vacancies. It should be noted that the 0 2 to NO inlet ratio is about 75. The transient activity 
in the conversion of NO, however, does not decrease proportionally (Fig. la), suggesting 
that NO has a higher reactivity than 0 2 towards reoxidation of surface oxygen vacancies. 

The presence of O2 also modifies the selectivity to N2 (Fig. lb) which is 100% in the 
absence of O2 and decreases to about 65-70% in the presence of O2 due to the formation 
of N2O. The selectivity, however, is nearly independent of the activity and thus of the 
number of oxygen vacancies, indicating the absence of cooperative effects between sites 
in the reaction mechanism. Changing the nature of the support for copper oxide in the 
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3. CENTI ET AL. Cu-Based Zeolites and Oxides in the Conversion of NO IS 

Time, min 

Time, min 

Fig. 1 Comparison of the transient conversion of NO at 300°C (a) and selectivity to 
by-products φ) of CuO-Al203 in the presence or absence of 02 in the feed. Sample 
pretreatment: 450°C for 30 min in a flow of 2% H^elium followed by cooling to 
300°C in helium. Experimental conditions: 800 ppm NO, 0% or 6% 02, W/F A o = 
2.5· 10-2 g-hA. 
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26 ENVIRONMENTAL CATALYSIS 

Table L Conversion of NO at 300°C on CuO-Al 20 3 as a function of time-on-stream and 
of the type of pretreatment 

Time-on-stream, min 
NO conversion, % 

Time-on-stream, min 
o7 

Type of pretreatment 
He H7 

0 3 100 100 
5 0.2 32 92 
10 - 5 70 
15 - 0.2 40 
20 - - 7 
30 - - -

Pretreatment at450°C for 30 min [02 (flow of 6% 0 2 in helium), He (flow of pure helium) 
and H2 (flow of 2% H 2 in helium)] followed by cooling to 300°C in a helium flow. Exp. 
conditions: 800 ppm NO, W/F A o = 2.5· 10'2 g-h/L 

S1O2, T1O2, and Z1O2 series qualitatively similar results were obtained. In all cases, only 
transient activity in NO conversion after a preliminary reduction is observed, without any 
significant activity in steady-state conditions up to about 500°C. 

Effect of 02. In the presence of 0 2 , on the contrary, the nature of the support 
influences considerably the type of by-products in NO conversion. On CuO-A1203 and 
CuO-Si02, when the pretreatment is made in an O^elium flow, no reaction products 
are observed in the entire range of reaction temperatures up to 500°C using as reactants 
1000 ppm NO and 6% 0 2 . For lower reaction temperatures (around 300°C) in the first 5 
minutes of time-on-stream a small conversion of NO is noted (around 5-10%), but due 
only to the formation of adsorbed species (no reaction products). After approximately 5 
min the conversion of NO is nearly zero. On the contrary, using Ti0 2 and Zr0 2 as supports 
for CuO, a strong adsorption of NO is observed for over 3 hours of time-on-stream as 
well as the formation of N 0 2 and N 2 0 as reaction products (Fig. 2 a and b, respectively). 
Very small amounts of N 2 were also noted (of the order of 20 ppm), but due to the highly 
probable error in such determinations deriving from the possible leakage of air, they are 
omitted from the Figures. The formation of N 0 2 and N 2 0 takes account of about 20-30% 
of the fraction of converted NO. The lack of Ν balance is due to adsorbed species 
remaining on the catalyst. No other reaction products were, in fact, noted. Furthermore, 
when the temperature of the catalyst was raised after these catalytic tests, the clear 
desorption of nitrogen oxide species was observed (see below). It should also be noted 
that without 0 2, NO does not adsorb on the catalyst. In fact, any product desorbs from the 
catalyst surface after the interaction with NO at 300°C when the reaction temperature is 
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NO conv. -±- ppm N02 ppm N20 
100 

75 

50 I 
Q . 

25 

80 120 

Time,min 

160 

100 100 

ε α α 

Time,min. 

Fig. 2 Conversion of NO in the presence of 0 2 and formation of by- products on 
CuO-Ti02 (a) and CuO-Zr02 (&)· Sample pretreatment: at the same reaction 
temperature (450°C for 30 min) in a flow of 6% Oj/helium. Exp. conditions: 0.5 g 
of sample, 6 L/h total flow rate, 1000 ppm NO, 6% 0 2 , reaction temperature 400°C 
(a) and 350°C φ). 
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28 ENVIRONMENTAL CATALYSIS 

increased up to 500°C. On the contrary, when NO interacts with the catalyst in the 
presence of 0 2 , relevant amounts of desorption products are observed. This clearly 
indicates that these adsorption phenomena are related to the products of transformation 
of NO in the presence of oxygen or to surface changes induced from the presence of 0 2 . 

The analysis of the products of thermal desorption after these catalytic tests (Fig. 3) 
showed that a temperature increase of the samples leads to the desorption of O2, NO and 
N2O. These desorption products reasonably derive from the thermal decomposition of 
surface nitrite- or nitrate-like species formed by oxidation of NO by O2 during the 
catalytic tests at 300°C. It is worthwhile to note that apparently two different species are 
present on the surface, one which decomposes at around 330°C and another which 
decomposes at higher temperatures (around 400°C). In fact, two distinct peaks for oxygen 
are noted (Fig. 3). The two adsorbed nitrogen oxide species, however, give rise to two 
different reaction products, the first one forming N2O and the second one reforming NO. 
N2O is also one of the reaction products observed, although in low amounts, indicating 
the apparently unexpected effect of a reduction of NO catalyzed from O2. Both CUO-Z1O2 
and CUO-T1O2, in fact, are inactive towards NO conversion in the absence of O2, when 
prereducing treatments are avoided. It should also be pointed out that for the first 
desorption peak at around 330°C (Fig. 3) the formation of O2 is higher than that of N2O, 
the opposite of that observed for the higher temperature desorption peak. This suggests 
that the formation of N2O does not derive from the disproportionation of a (NO)2 dimer 
forming N2O and Ο.5Ο2 or an exchange reaction between 3 NO to form N2O and NO2, 
but rather from a different mechanism. A tentative suggestion is that the reaction occurs 
between a (N02) 5* and (ΝΟ$)^~ - like adsorbed species to form N2O and 2Ο2. More 
detailed studies are obviously necessary to clarify this mechanism and the differences in 
the behavior in comparison with copper-alumina and silica samples. The higher 
temperature desorption peak, on the contrary, derives from the simple decomposition of 
a nitrate-like species to reform NO and O2. Results in line with these observations have 
been noted in a study of the products of thermal decomposition after adsorption of NO 
and NO2 over Cu-ZSM-5 samples (16). 

Activity of Cu-Zeolite Samples. In contrast to the behavior of copper-loaded oxide 
samples, Cu-ZSM-5 shows a high activity in the anaerobic decomposition of NO 
(conversion up to over 90%, depending on the reaction conditions and level of copper 
exchange) with a maximum in NO conversion at about 500°C, in agreement with literature 
results (1,12,13). N 2 is selectively formed in this reaction with minor amounts of N 0 2 

(selectivity of around 2-4%) deriving probably from the catalyzed oxidation of NO by 
the 0 2 generated in the decomposition reaction. In fact, homogeneous, secondary 
reactions downstream from the reactor were minimized by heating all connection lines 
up to the head of the mass quadrupole detector used to monitor the composition in these 
experiments. 

The activity of Cu-ZSM-5 depends considerably on the concentration of NO. Figure 
4 shows that high conversions of NO are possible only for high concentrations of NO 
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3. CENTI ET AL. Cu-Based Zeolites and Oxides in the Conversion of NO 29 

-^"02 ^"NO -^-N20 

300 325 350 375 400 425 450 

Temperature, °C 

Fig. 3 Products of thermal desorption (reaction temperature increased at a rate of 
20°C/min) in a helium flow (6 L/h) of CuO-Zr02 after 3 hours of time-on-stream at 
300°C in the presence of 1000 ppm NO and 6% 0 2 . Before increasing the reaction 
temperature, gaseous species were removed in a helium flow for 5 min at 300°C. 

Fig. 4 Effect of NO concentration on the conversion of NO and selectivity to N 0 2 

(the remaining being N ^ at 500°C over Cu- ZSM-5(49,115). Experimental 
conditions: 1.5 g of catalyst, 6 L/h total flow rate. 
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30 ENVIRONMENTAL CATALYSIS 

(above around 10000 ppm), a negative aspect for what concerns the potential applicability 
of the catalyst In fact, the fitting of the experimental results shows that the apparent 
reaction order for the dependence of the NO depletion rate from the concentration of NO 
is around L8. The fitting is based on the use of a monodimensional plug-flow reactor and 
an irreversible reaction of order n. In order to derive a reasonable kinetic reaction model 
which can explain this order of reaction, it is useful to utilize a Langmuir-Hinsheelwood 
(LH) approach. In should be noted that various infrared evidences suggest as key step 
in the mechanism the formation of a dinitrosyl species on copper ions (15,17,18) . It is 
possible thus to derive a LH kinetic reaction model based on the decomposition of a 
dinitrosyl species reversibly formed from a mononitrosyl species. The following reaction 
rate of NO depletion can be thus derived: 

(krltot).KvKT[NO]2 

l+Kv[NO]+KrKT[NO]2 

where lM indicates the total number of active sites, and K 2 the equilibrium constants 
for the reversible formation of mono- and di-nitrosyl species and k! the specific rate 
constant per active site. The values of conversion (solid line in Fig. 4) calculated using 
this rate expression [eq. (1)] and a monodimensional PFR reactor model correctly fit the 
experimental results at 500°C using the following kinetic parameters determined from 
non- linear regression analysis: (k rl t o t) = 1.441-10"2, K x = 8.684· 102 and K 2 = 1.082· 10"1. 
This reaction model agrees with our IR evidences (see below) taking into account that 
IR data show only relatively stable surface species. Reaction intermediates may be thus 
evidenced only when their transformation is slowed down significantly making the IR 
studies at much lower temperatures than those of catalytic tests. At higher temperatures, 
however, the reaction mechanism may be different. The correct fitting of the experimental 
results (Fig. 4) using a kinetic model based on the reversible formation of dinitrosyl 
species, on the other hand, supports the correctness of the hypothesis of mechanism. 

The nature of the copper species present in the zeolite considerably influences the 
catalytic behavior in the decomposition of NO. Compared in Fig. 5 are the activities in 
the anaerobic decomposition of NO of four Cu-zeolite samples. In the first two the 
S1O2/AI2O3 ratio of the zeolite is 49, in the third the Al content is three times lower 
(S1O2/AI2O3 = 164) and finally in the last sample Al was substituted with Β (S1O2/B2O3 

= 24) in order to have a high number of Br0nsted acid sites, together with a much lower 
acid strength ( 19). The preparation procedure for these four samples was exactly the same 
(ion-exchange with diluite aqueous Cu-acetate solution of the zeolite in the Na + form), 
except for the Cu-ZSM-5(49,115) sample for which the exchange procedure was repeated 
three times in order to increase the degree of copper exchange. Figure 5 also summarizes 
the amount of copper in these samples; in all cases neither crystalline CuO was observed 
by XRD analysis nor the presence of a separate phase of amorphous copper oxide was 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

23
, 1

99
4 

| d
oi

: 1
0.

10
21

/b
k-

19
94

-0
55

2.
ch

00
3

In Environmental Catalysis; Armor, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



3. CENTI ET AL. Cu-Based Zeolites and Oxides in the Conversion of NO 31 

Table Π. Summary of the nitrogen oxide species detected by infrared analysis after 10 
min in contact at room temperature with 55 torr of NO on Cu- ZSM-5(49,115) (a), 
Cu-ZSM-5(64,264) (b) and Cu-ZSM-5(49,60) (c) 

sample IR band, cm1 attribution 
a,b,c 2131 ( N O ^ - i C u 2 * ] 
a,c 1912 NO^-fCu 2*] 
b 1890 NO - [Cu 2 + or Na*l 

a,c 1823,1734 (NO) 2-[Cu 2 +] 
a,c 1811 NO^-fCu"^ 
a,b 1626,1613,1571 (N0 2 r-[Cu 2 + ] 

found by scanning electron microscopy. The results clearly show that notwithstanding 
the apparent analogy between these samples, very different activities can be obtained in 
the anaerobic decomposition of NO. 

Infrared data, summarized in Table Π, give some useful further data to clarify this 
different behavior, taking into account the above discussed limits of the information on 
the reaction mechanism which can be derived from IR studies. Various nitrogen oxide 
species form by interaction of NO at room temperature on the samples pretreated at 450°C 
under vacuum in order to clean the surface, but then cooled to room temperature in an 
O2 atmosphere in order to have mainly C u 2 + ions; gaseous O2 was then removed at room 
temperature. On the most active sample [Cu-ZSM-5(49,115)] mono- (both partially 
positively and negatively charged due to the interaction with Cu or Cu ions) and 
dinitrosyl species were detected together with a partially positive NO2 species and 
nitrite-like species. The dinitrosyl species, in particular, rapidly disappear for longer 
contact times. In the same sample with a lower Cu-exchange level [Cu- ZSM-5(49,60)] 
the same species are present, but the series of bands connected to the nitrite-like species 
are much less intense. On the contrary, in the sample with a very low activity 
[Cu-ZSM-5(164,264)] and similarly in the BOR(24,38) sample, the bands attributed to 
the dinitrosyl species and to negatively charged mononitrosyl species are absent, the band 
attributed to a positively charged mononitrosyl species shifts from 1912 to 1890 cm"1 

indicating the weakening of coordination with C u 2 + ions, and the series of bands near 
1600 cm"1 attributed to (N02)"-like species become the most intense. It should also be 
mentioned that IR characterization of NO adsorption on CuO-Zr02 and CuO- AI2O3 also 
shows the presence of a band centred near 1890 cm"1 in both samples, indicating the very 
weak coordination to C u 2 + ions. 

In conclusion, IR evidences, in agreement with literature data (15,17,18), indicate 
that only when copper ions interact with the strong Br0nsted acid sites of the zeolite to 
form isolated C u 2 + species (made more ionic by the coordination to Al) may partially 
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32 ENVIRONMENTAL CATALYSIS 

positive mononitrosyl species and dinitrosyl species form which are intermediate to N 2 

formation. 

Conversion of NO in the Presence of 02. Compared in Figure 6 is the activity of 
Cu-ZSM-5(49,115), Cu-ZSM-5(164,264) and Cu-BOR(24,38) samples in the conversion 
of NO in the presence of 6% 0 2 . On the contrary to the literature data (1,12,13), which 
indicate that 0 2 deactivates the conversion of NO at 500°C on Cu-ZSM-5 due to the 
inhibition of the spontaneous reduction of copper ions, we found that the presence of 
oxygen promotes the conversion of NO at low temperatures (around 250°C). In fact, in 
the absence of 0 2 , all these samples are inactive at these low temperatures. In the presence 
of 0 2 , a maximum in activity at around 350°C is observed (Fig. 6). This temperature 
nearly corresponds to that for the maximum in the rate of the reversible formation of N 0 2 

from NO and 0 2 . N0 2 , in agreement, is one of the main reaction products due to the 
catalyzed oxidation of NO. In fact, it was found that the conversion of NO depends on 
the amount of catalyst (Cu-ZSM-5), with a selectivity to N0 2 nearly independent of the 
conversion. However, together with a product of oxidation of NO, products of reduction 
of NO (N 20, N ^ are also detected (see below). It should be also evidenced that the aerobic 
activity of Cu-zeolites significantly changes with time-on-stream (Fig. 7). The conversion 
of NO is initially nearly total, but rapidly declines after around 1 hour of time on stream 
up to nearly steady-state conditions. In addition, a significant lack of Ν balance is noted 
for the shorter times-on-stream. The formation of all products, in fact, is initially low and 
increases progressively. Furthermore, heating of the catalyst in a helium flow up to 500°C 
induces the desorption of significant amounts of NO, 0 2 , N 2 0 and N 2 , similarly to what 
observed for CuO-Zr02 (Fig. 3) apart from a higher desorption of N 2 0 and N 2 . The 
formation of reduction products in the conversion of NO in the presence of 0 2 is clearly 
the most interesting aspect The conversion of NO is not selective to N 2 , but the results 
evidence that different surface pathways of NO conversion in the presence of 0 2 may 
lead also to reduction products in conditions where the zeolite is not active without 0 2 . 
It is interesting to observe that the formation of all products increases with time-on-stream 
up to arrive to a nearly steady-state condition after around 1 hour. Reasonably, this effect 
may be attributed to the formation and increase on the surface of the catalyst of adsorbed 
nitrogen oxide species. Further transformation of these surface species leads to the 
formation of reduction products of NO, tentatively with a mechanism similar to that 
previously discussed for the formation of N 2 0 on CuO-Zr02. 

Figure 8 compares the catalytic behavior at 250°C after 1 hour of time-on-stream in 
the presence of 0 2 of the same samples of Fig. 6. The different Cu-zeolites show similar 
behavior, apart from minor changes in the activity and selectivity to the various products, 
nothwithstanding the considerable difference in activity shown in the anaerobic 
conversion of NO at higher temperature (compare Fig. 5 and Fig. 6). This suggests that 
at lower reaction temperatures and in the presence of 0 2 the nature of the active sites and 
the reaction pathways for NO conversion markedly differ from those in the anaerobic 
decomposition, even if N 2 forms in both cases. 
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3. CENTI ET AL. Cu-Based Zeolites and Oxides in the Conversion of NO 33 

Fig. 5 Comparison of the conversion of NO at 500°C in the anaerobic decomposition 
of NO over Cu-ZSM-5(49,115), Cu-ZSM-5(49,60), Cu-ZSM-5(164,264) and 
BOR(24,38). For nomenclature of these samples see Experimental. The amount of 
copper in these samples, expressed as % w/w of CuO, is also given in the Figure. 
Experimental conditions: 4% NO, 1.5 g of catalyst, 6 L/h total flow rate. 

0' 1 ' 1 1 1 ' 1 • 1 1 • 1 • • 1 • • ' ' 1 ' • ' ' 1 1 • • ' 1 

150 200 250 300 350 400 450 
Temperature of Reaction, *C 

Fig. 6 Effect of the reaction temperature in the conversion of NO in the presence of 
0 2 over Cu-ZSM-5(49,115), Cu-ZSM-5(164,264) and Cu-BOR(24,38). 
Experimental conditions: 1000 ppm NO, 6% 02, 0.5g of catalyst, 6 L/h total flow 
rate. Conversion data after 1 hour of time-on-stream. 
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34 ENVIRONMENTAL CATALYSIS 

Fig. 8 Comparison of the conversion of NO and selectivity to N0 2 , N 2 0 and N 2 at 
250°C in the presence of 0 2 on Cu-ZSM-5(49,115), Cu-ZSM-5(164,264) and 
Cu-BOR(24,38).Experimental conditions: 1000 ppm NO, 6% 02,0.5g of catalyst, 6 
L/h total flow rate. Catalytic data after 1 hour of time-on-stream. 
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Table ΙΠ. Comparison of the conversion of NO and selectivity to products at 250°C 
(after 2 hours of time-on-stream) over Cu-ZSM-5(49,115) and over the parent zeolite not 
exchanged with copper [H-ZSM-5(49)] 

Sample Com.NO,% Selectivity, % Sample Com.NO,% 
N O 2 N 2 N 2 0 

Cu-ZSM-5(49,115) 32 37 39 19 
H-ZSM-5(49) 59 78 - 20 

Exp. conditions: 1000 ppm NO, 6% 02,0.5g of catalyst, 6 L/h total flow rate. 

The anaerobic activity toward formation of N 2 from NO can be attributed to the 
presence of copper. Table III, in fact, compares the activity at 250°C of 
Cu-ZSM-5(49,115) with that of the corresponding parent zeolite (H* form) not 
exchanged with copper [H-ZSM-5(49)]. The parent zeolite is more active toward NO 
conversion to N0 2 , but does not form N 2 . Only low selectivities to N 2 0 are observed. 

Discussion 

Influence of 02 on the Reaction Mechanism of NO Conversion. Two main 
transformation mechanisms have been proposed to explain the activity of Cu-ZSM-5 in 
the decomposition of NO (1,13,15,17,1820): i) a redox mechanism based on the 
spontaneous reduction of copper sites on the zeolite and reoxidation by NO (the first step 
is the rate determining) and ii) a mechanism involving the intermediate formation of a 
dinitrosyl copper species which then decomposes directly to N 2 + 0 2 or via a more 
complex mechanism with the intermediate formation of an oxidized nitrogen oxide 
species (Cu-N02 like). The two mechanims have obvious analogies and, in fact, it was 
observed that the oxidation state of copper (Cu2+ and Cu+) has a significant role on the 
nature of adsorbed nitrogen oxide species. Nevertheless, the presence of oxygen has a 
different effect in the two cases: in the first oxygen simply competes with NO for the 
reoxidation of reduced copper sites, whereas in the second case modifies the nature of 
the adsorbed species. According to the first mechanism thus only an inhibition may be 
expected, but in the second case more complex phenomena may occur and a promotion 
in some cases can be also expected. Literature data (1,13) clearly show that at high 
temperature (around 500°C) oxygen deactivates the conversion of NO on Cu-ZSM-5 and 
our result are in agreement with this indication. However, we found in addition that at 
low reaction temperatures (around 250°C) oxygen promotes the conversion of NO due 
to its catalyzed oxidation to N0 2 , giving rise also to the formation of reduction products 
ofNO(N2OandN2). 

The reaction at low temperature in the presence of oxygen (LTO) is thus not selective 
to N 2 such as that at high temperature (ΗΤΑ) which is deactivated by oxygen. However, 
LTO results indicate that a different reaction pathway on Cu-zeolites may be also possible 
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36 ENVIRONMENTAL CATALYSIS 

which leads also to the formation of N 2 , even though not selectively. Reasonably, thus, 
different mechanisms of NO conversion are predominant in the two reaction conditions. 

It is also interesting to note that also different copper species may be responsible for 
the two reaction mechanisms. For the ΗΤΑ mechanism isolated copper ions intereacting 
with the strong Br0nsted sites of ZSM-5 are required, whereas in the LTO mechanism 
different copper species are important, even though the comparison with the behavior of 
Cu-loaded oxides evidences a specific role of the zeolite structure also in this case. 

Present data do not allow to discuss in deep the possible mechanism of promotion by 
O 2 of NO conversion at low temperature. It may be observed, however, that H-ZSM-5 
is active in the oxidation of NO to N O 2 , but not in the formation of reduction products 
of NO (Table ΙΠ), apart from small amounts of N 2 O . In addition, the formation of these 
reduction products may be tentatively attributed to the further transformation of adsorbed 
nitrogen oxides species, reasonably oxidized, formed initially from the interaction of NO 
and O 2 with the catalyst surface (Fig. 7 ) . Analysis of the products of thermal desoiption 
after the catalytic tests in NO+O2 conversion on CuO-ZrOo (Fig. 3) suggests the possible 
mechanism of N 2 O formation by reaction between ( N O 2 ; and (Νθ3)δ" like adsorbed 
species. This hypothesis of mechanism is based only on the stoichiometry of N 2 O and 
O 2 desorption products (Fig. 3), but is also in agreement with IR data on the nature of 
adsorbed nitrogen oxide species. Obviously these data do not proof this mechanism which 
requires much more detailed studies, but can be considered as a working tentative 
hypothesis for the analysis of the catalytic effects discussed above. It should be noted, 
however, that recent literature data (21) further support this hypothesis. A similar 
mechanism may also explain the formation of N 2 O in the LTO mechanism on Cu-zeolites, 
whereas the formation of N 2 reasonably derives from the consecutive transformation of 
N 2 O . Cu-zeolites in comparison with CuO-ZK)2 and CUO-T1O2 sample have thus 
tentatively a higher rate of N 2 O formation from adsorbed oxidized nitrogen oxide species 
and higher rate of the consecutive decomposition of this intermediate to N 2 . More studies, 
however, are necessary to demonstrate this tentative reaction mechanism. 

Comparison between Cu-based Zeolites and Oxides. After a slight prereduction such 
as the simple treatment at 450°C with a helium flow, all CuO loaded oxides are initially 
very active in NO decomposition even at low temperature (300°C), but rapidly the activity 
declines to zero. This suggests that a main difference between Cu-based oxides and 
Cu-ZSM-5 is the much higher rate of spontaneous reduction of copper sites in the latter 
sample, which lead to the higher steady-state activity in NO decomposition. On the other 
hand, IR data evidence also the different nature of adsorbed nitrogen oxide species in the 
two series of samples (Table Π and text). In particular, in Cu-ZSM-5 the stretching of the 
mononitrosyl species (positively charged) is found at higher frequency (1912 cm"1) in 
comparison with the corresponding one in Cu- loaded oxides or inactive Cu-zeolites 
(1890 cm"1). This indicates the stronger coordination of NO with Cu 2 + ions in active 
Cu-ZSM-5 with respect to other samples. The formation of dinitrosyl species in this 
sample can be also detected. These evidences point out the different electronic 
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3. CENTI ET AL. Cu-Based Zeolites and Oxides in the Conversion of NO 37 

characteristics of surface copper ions in the active or not active samples towards 
steady-state anaerobic decomposition of NO. The shift to higher frequencies of NO 
stretching implies a higher electron donation to copper ions with a consequent weakening 
of N-O bond and thus easier pathway towards decomposition. On the other hand, the 
higher electron acceptor characteristics of copper ions in the Cu-ZSM-5 zeolite and lower 
tendency towards back donation to NO, implies also the easier tendency in the 
spontaneous reduction of copper by los s of oxygen. It is thus evident that these two aspects 
are closely related. Results also indicate that these characteristics of copper ions derive 
from the type of interaction with the strong Br0nsted sites of the zeolite. When this 
interaction does not occur, this specific copper species does not form and the zeolite is 
anactive in the high temperature anaerobic decomposition of NO. 

In the presence of O2 and at lower reaction temperatures, however, different types of 
surface properties becomes important. It is also worthnoting that H- ZSM-5 is very active 
in the oxidation of NO to NO2. This suggests a possible specific role of acid site or more 
reasonably of defect sites of the zeolite induced by the interaction of oxygen with strong 
Br0nsted sites in analogy with the interpretation of the enhanced low temperature 
aromatization rate of propane in the presence of O2 on H-ZSM-5 (22). CuO-Zr02 and 
CUO-T1O2 are also active in the oxidation of NO to NO2, on the contrary of Q1O-AI2O3 

and CUO-S1O2 samples. The oxidation of NO to NO2 and the parallel formation of 
relevant amounts of adsorbed nitrogen oxide species are thus key factors which determine 
the possibility of further conversion to reduced nitrogen oxide species. These factors are 
apparently more related to the acid-base characteristics of the catalyst or to the surface 
changes induced by oxygen than to the presence of specific copper species. The latter, 
however, are important for the further transformation of these adsorbed oxidized nitrogen 
species, even though they seem to be not the only one active, because small amounts of 
N2O using H-ZSM-5 are also observed (Table ΙΠ). Present data do not allow to discuss 
more in deep the nature of the possible copper species responsible for the further 
transformation of adsorbed nitrogen oxides to N2O and N2, but Cu-zeolites show also in 
this case a higher activity with respect to CuO-Zr02 and CUO-T1O2. Cu- oxide on alumina 
or silica, on the contrary, are inactive in the step of NO oxidation. 

Conclusions 

The analysis of the effect of 0 2 on the reactivity of various copper-based samples 
supported on oxide or zeolites has shown that 0 2 markedly modifies the surface reactivity 
of copper species toward NO conversion. Furthermore, the results suggest that different 
types of copper species are probably active in the presence of 0 2 with respect to those 
responsible for the high activity of Cu-ZSM-5 in the anaerobic decomposition of NO. 
The reactivity of copper-based samples in the reduction of NO by organics in the presence 
of 0 2 thus probably involves different active sites than those necessary for the 
decomposition of NO. 

It should also be pointed out that the results obtained for the aerobic NO decomposition 
on Cu- zeolites indicate that conversion of NO is promoted at low temperatures by the 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

23
, 1

99
4 

| d
oi

: 1
0.

10
21

/b
k-

19
94

-0
55

2.
ch

00
3

In Environmental Catalysis; Armor, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



38 ENVIRONMENTAL CATALYSIS 

presence of O 2 with the non-selective formation of products of reduction (N 2, N 2 0) 
together with products of oxidation (N02). On the contrary, N 2 is selectively formed at 
higher reaction temperatures, but 0 2 deactivates this reaction. This suggests a difference 
in the reaction mechanism between low and high reaction temperatures. Even though the 
reaction mechanism may be only tentatively hypothesized, results suggest the possibility 
of disproportionation between (NO^ 5* and nitrite- nitrate-like species to give N 2 or N 2 0 
and0 2. 
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Chapter 4 

Deactivation of Cu-ZSM-5 
Probable Irrelevance of Modest Zeolite Degradation 

Compared to Cupric Sintering to CuO 

       Karl C. C. Kharas1, Heinz J. Robota1, and Abhaya Datye2 

1AlliedSignal Research & Technology, Des Plaines, IL 60017-5016 
2The University of New Mexico, Albuquerque, NM 87131-1341 

Cu-zeolite catalysts enable NOx reduction in gas streams that model 
oxidizing emissions from advanced lean-burn engines but are not 
durable and deactivate after catalysis at 800 °C. Precisely determined 
variation of micropore volumes correlate well with catalyst 
deactivation. CuO can be observed in catalytically or hydrothermally 
deactivated catalysts but not in fresh catalysts by XRD. High 
resolution TEM reveals a loss of crystallinity of the zeolite in thin 
regions of the exterior surfaces of zeolite crystal grains. Two 
phenomena accompany, and probably cause, catalyst deactivation: 1. 
superficial amorphization of the crystalline zeolite and 2. sintering of 
CuO and resultant local destruction of zeolite crystallinity in the 
vicinity of sintering oxides of Cu. 

Cu-ZSM-5 can reduce NO under net oxidizing conditions (1-14) but the performance 
is not durable (15). Catalytic deactivation of Cu-ZSM-5-387 caused more substantial 
declines in pore volume than simple hydrothermal aging in air at comparable 
temperatures (15). Catalysis induced sintering of the initially present copper species 
to CuO, as shown by EXAFS and XRD(15). We suggested that deactivation is 
caused primarily by this sintering process and that degradation of the crystalline 
zeolite was subsidiary in cause and secondary in effect (15). 

Here we report more extensive laboratory characterization of Cu-ZSM-5-207 
deactivation. As was the case with Cu-ZSM-5-387, we observe sintering of copper 
species to CuO as deactivation proceeds. High resolution TEM reveals additional 
phenomena that appear consistent with our overall model of catalyst deactivation. 

0097-6156/94/0552-0039$08.00/0 
© 1994 American Chemical Society 
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Experimental 

The ZSM-5 was purchased from PQ Corporation (H-ZSM-5, CBV 8020, lot ZN 10, 
Si/Al = 30.5). Samples were suspended in deionized water and treated with 
sufficient cupric acetate solution to provide an overall Cu/Al atom ratio of about 1.0. 
The resulting material, Cu-ZSM-5-207, the primary catalyst studied here, has a 
nominal cupric ion exchange content is 207% and a Cu/Al mol ratio of 1.035. After 
stirring overnight, the addition of small amounts of concentrated ammonia raised the 
pH of the solution to 7.5. After holding the pH constant for 2 hr, the suspension was 
filtered and dried. Subsequently, the Cu-ZSM-5 was calcined typically at 400 °C, 
but sometimes at 500 °C, 600 °C, 700 °C, or 800 °C. 

Powder X-ray diffraction data were collected by standard methods with a 
Rigaku diffractometer equipped with a rotating anode X-ray source. Micropore 
volume determinations were obtained from Ar sorption data using Micromeritics 
Instrument Corporation ASAP 2000M porosimeter. TEM analysis was performed 
using a JEOL 2000 FX microscope. 

Catalytic treatments use simulated lean-burn gas mixtures found in the patent 
literature (6,7). Specifically, the model A/F 18 gas mix contained 3000 ppm CO, 
1000 ppm H 2 , 1600 ppm C^, 1200 ppm NO, 3.2% 0 2, 10% C0 2 , 10% H 2 0, 
balance N 2 . The chemical equivalence ratio (oxidants/reductants) for this mixture is 
3.54. Generally, 1 gram of 20-40 mesh granules is used in catalytic evaluations 
where the volumetric flow rate is 5 liters/minute. A space velocity of about 120,000 
hr"1 results. Hydrocarbon conversion was monitored with a FID (Rosemount 
Analytical Model 400A), NOx reduction with a NOx chemiluminescent analyzer 
(Rosemount Analytical 951A set to determine NOx), 0 2 with an Horiba 
Magnetopneumatic analyzer (MPA-21), CO and N 2 0 with nondispersive IR analyzers 
(Rosemount Analytical 880). The N 2 0 analyzer is equipped with filters to 
compensate for C0 2 and, in particular, CO present in the gas stream. At high CO 
conversion and low N 2 0 concentrations, the analyzer registers "negative" amounts 
of N 2 0. 

Results 

Figure 1 shows performance of fresh Cu-ZSM-5-207. As reported previously (1-5), 
Cu-ZSM-5 can reduce NO under net oxidizing conditions. If NO reduction under 
these conditions were durable, emissions could be controlled from lean-burn engines 
that offer increased fuel economy and correspondingly decreased C0 2 emissions. 
Catalysts offering NO reduction under oxidizing conditions should not produce much 
N 2 0 since N 2 0 is itself believed to be a potent greenhouse gas. Reassuringly, this 
catalyst produces little N 2 0 in this fully formulated synthetic exhaust. This confirms 
the relevance of previous studies performed under more idealized conditions that 
reported high selectivity of NO reduction to N 2 (1-5). 

Figure 2 shows performance of Cu-ZSM-5-207 both when fresh and after 
one hour of catalytic treatment at A/F 18 at various temperatures. Noticeable 
deactivation follows one hour of catalysis at 600 °C. However, a 4 hour calcination 
in static air at 600 °C results in fresh performance essentially indistinguishable from 
the fresh catalyst shown in Figure 2 which had been calcined to only 400 °C. 
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Inlet Temperature, °C 
Figure 1. Conversion of NO, HC (propene), CO, 0 2 (in %) and N 2 0 formation 

(in ppmv) as a function of temperature. NO reduction over fresh Cu-
ZSM-5-207 bends over as temperature increases; little N 2 0 is formed. 

Fresh After 700°C catal — Δ - -
After 600°C catal -o— After 750°C catal x- -

Inlet Temperature, °C 

After 800°C catal 
After 831°C ΗΤΑ 

500 600 100 200 300 
Inlet Temperature, °C 

Figure 2. Conversion vs. temperature of fresh Cu-ZSM-5-207 and of Cu-ZSM-5-
207 after one hour of catalysis at A/F 18 at stipulated temperatures or 
after hydrothermal aging. Stepwise deactivation is observed after one 
hour catalytic treatment at increasingly high temperatures; hydrothermal 
treatment at 831 °C is worst of all. 
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Subjecting the material calcined at 600 °C to one hour of catalysis at 600 °C causes 
deactivation comparable to that shown in Figure 2 (15). Sequentially greater 
deactivation follows sequentially hotter catalytic treatments. Deactivation after one 
hour of hydrothermal treatment at 831 °C is a little more severe than one hour of 
catalysis at 800 °C. The exotherm across the catalyst bed during catalysis at 800 °C 
is about 50 °C, so the temperatures of the two treatments are similar. The time spent 
at high temperature may be a little longer for the hydrothermal aging since the 
cooling rate was slower. As detailed below, other differences are observable 
between the 800 °C catalytically aged and the hydrothermally aged catalysts. 

Figure 3 shows the evolution of micropore volume as a function of catalyst 
treatment. Micropore volumes shown here were calculated from the Ar sorption data 
using the Horvâth-Kawazoe method (16). Pore volume corresponding to pore 
diameters less than 9 Â is considered zeolitic micropore volume in these 
measurements. Both the Horvâth-Kawazoe and the T-plot methods provide similar 
pore volume loss results. Since this is true, the higher precision Horvâth-Kawazoe 
method was used. Analysis of differential pore volume vs. pore diameter reveals the 
fresh material to possess a step function pore size distribution centered at 5.4 -
5.5 Â, which conforms well with known crystallographic properties of ZSM-5 (Π
Ι 9). The slit-pore assumption inherent in the Horvâth-Kawazoe method does not 
result in incorrect estimates of the diameter of the cylindrical pores of ZSM-5. 

The pore size distribution after catalysis or aging is no longer a simple step 
function. Several maxima in the differential pore volume appear between 5 - 6 Â 
and another small local maximum occurs at about 8.0 Â. Interestingly, less 
micropore volume is lost after hydrothermal aging than after catalysis at comparable 
temperatures (Fig. 3). Both atmospheres contained the same amount of steam, and, 
if anything, the hydrothermal aging may have been a little more severe since the 
catalyst was exposed to high temperatures for a longer time. Although increasingly 
hot catalysis results both in uniformly decreasing micropore volumes and uniformly 
declining performance, aged performance doesn't correlate precisely with micropore 
volume. The hydrothermally aged catalyst is more severely deactivated but has lost 
a smaller fraction of its original micropore volume. 

Figure 4 reveals formation of CuO, as detected by X-ray diffraction, in the 
aged but not in the fresh catalyst. Two reflections of CuO, centered at 35.5° and 
38.7° 2Θ, grow in as severity of catalyst treatment increases. Features at 35.75°, 
36.05°, and 37.20° 2Θ appear to arise from (080); (800) and (035); and (-562), (-713), 
(354), (534) reflections of H-ZSM-5, respectively (19). Crystallite sizes of CuO 
cannot be extracted from these data since both observed reflections have 
contributions from two crystallographic planes: (002) and (-111) for 35.5° 2Θ and 
(111) and (200) for 38.7° 2Θ, but the CuO crystallites must be at least 4 nm to be 
seen by XRD. The increasing magnitude of these two reflections relative to the 
zeolitic reflections suggests that as the severity of aging increases a larger fraction 
of total copper occurs as crystalline CuO. Unlike what was observed in Cu-ZSM-57-
387, no crystalline Cu20 is observed (15). 

Figure 5 shows the formation of a halo due to amorphous material as the 
severity of catalytic treatment increases. A broad halo, centered at about 23° 2Θ but 
observable from 11° to 39.9° 2Θ, is essentially absent in the fresh catalyst but is 
pronounced in materials aged catalytically at 800 °C or hydrothermally at about 
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Figure 3. Micropore volume, determined by Ar sorption, as a function of 
deactivation severity: micropore volume decreases after catalytic or 
hydrothermal treatments do not correlate precisely with catalytic 
deactivation. 

* CuO • 

λ /ν 831°C ΗΤΑ / 

Λ / \ 800°C catalysis 

Λ Λ 750°C catalysis 

\ A 700°C catalysis 

Λ 600°C catalysis 

Λ Fresh 

1 1 1 1 ι 1 ι 1 1 ι 1 
34 35 36 37 38 39 40 

2Θ 
Figure 4. X-ray diffraction patterns of the various Cu-ZSM-5-207 samples reveal 

sintering of copper species to CuO correlates with deactivation. 
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831 °C. The halo is observed due to the presence of crystallographically amorphous 
silica-alumina. Copper does not contribute to the halo. Initially, it is not detectable 
crystallographically and appears highly dispersed. The copper crystallizes to CuO 
after severe treatments. Zeolite crystallinity degrades somewhat with increasingly 
severe treatments. 

Of six reflections attributable to the zeolite examined in detail, three show 
substantial decreases in relative intensity as aging severity increases, two show 
moderate intensity declines, while one appears not to be affected. These data are 
gathered in Table I. Maximum intensities of the various reflections are tabulated 
relative to the intensities (defined as 100) of the corresponding fresh material. 
Relative zeolite crystallinity of a series of similar samples is generally measured by 
scaling the maximum intensity of a strong reflection to the maximum intensity of an 
arbitrarily chosen reference (20). We choose the fresh material as the reference. 
One could measure relative crystallinity using integrated intensities rather than 
maximum intensities; both methods provided equivalent trends for Cu-ZSM-5-387 
(15). Since CuO is absent in the fresh material, the background intensities at angles 
where CuO reflections grow in are defined as 100. With the exception of data for 
the material treated catalytically at 800 °C, CuO relative intensities increase 
monotonically with severity of the aging. Intensities of the material that had been 
exposed to 800 °C catalysis appear systematically low for unknown reasons. For 
example, the zeolite reflection at 29.90° 2Θ is about constant for this series except 
for the 800 °C sample. If the 29.90° 2Θ reflection for this sample is scaled to 100, 
the CuO intensity at 35.55°2Θ is 143 and at 38.65°2θ is 146, which is similar to the 
750 °C sample. 

Table I. Relative intensities of selected reflections of ZSM-5 and CuO 
ZSM-5 CuO 

23.05° 23.90° 24.35° 29.90° 36.05° 37.20° 35.55° 38.65° 
Fresh 100 100 100 100 100 100 100e 100" 
600°C 108 110 96 111 101 100 123 108 
700°C 97 101 87 107 96 95 138 137 
750°C 93 100 87 107 97 94 143 145 
800°C 72 77 75 84 87 88 120 123 
831°C AHTA 88 93 85 100 94 95 151 165 

•Background intensity defined as 100 

If one scales the intensity of the major ZSM-5 reflections (23.05° through 
24.35° 2Θ) to the 29.90° 2Θ zeolite reflection, the loss of crystallinity of ZSM-5 after 
catalysis at 800 °C appears comparable to the material that underwent hydrothermal 
aging. Zeolite crystallinity, as assessed by maximum diffraction intensities of 
several reflections, degrades modestly. However, the amount of amorphous 
material, as indicated by the intensity of the amorphous halo, increases with aging 
severity. 

An impervious shell of amorphous material forms on the exterior of crystals 
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of TPZ-3 after steaming at 676 °C (21). Although the abstract indicates the surface 
area of the steamed TPZ-3 (as determined by N 2 BET measurements) was reduced 
to essentially that of the exterior of the crystallites (21), which is not what we 
observe for Cu-ZSM-5, we wanted to examine this possible mode of catalyst 
deactivation. Our efforts have concentrated on the fresh material, material exposed 
to catalytic conditions at 800 °C, and the hydrothermally aged material. 

The fresh zeolite appears crystalline right up to the edge of the crystal. 
"Postage stamp" perforations due to 1-dimensional pores along the 010 direction can 
be observed in Fig 6. Not all regions of the fresh catalyst exhibit such extremely 
high crystallinity out to the exterior surface. The lattice fringes of the fresh material 
shown in Fig. 7 appear to stop about 7 Â from the exterior surface. This smearing 
out of the fringes may be an artifact due to imaging through a portion of material 
insufficiently thick to have the periodicity required to produce lattice fringes. No 
evidence of sintered copper-containing materials is evident in the fresh material. The 
copper (presumably cupric) species appear to occur as small, highly dispersed 
species, unresolvable at the resolution (3 Â) of the microscope used. 

The catalytically "aged" material shows evidence of an amorphous film at the 
surface, sintering of copper to relatively large, dark (dense) objects (which XRD 
indicates should be CuO), and a pitted, "karst" topography suggestive of voids. (A 
referee suggests that the amorphous film might be carbon since the catalyst is 
expected to be black after reaction. Our catalysts, which are tested in the presence 
of steam, are not black but rather blue-gray and contain only 200-300 ppm C. 
Through discussion with other researchers in the area, we find that catalysts tested 
in the absence of steam are, indeed, black. Since both the catalytically used and 
hydrothermally aged catalysts show the film, film formation is not uniquely due to 
catalysis. The fresh materials were subjected to the same treatment in the 
microscope, but do not reveal films. The films in the aged, deactivated materials 
probably are not artifacts due to microscopy.) Fresnel contrast from the sample as 
one goes through focus is akin to that expected for voids. When they are apparent, 
fringes due to crystalline zeolite are mottled. This could be due to either amorphous 
material on the "top" and "bottom" of the materials or, more likely, due to beam 
damage. The used catalyst appears more susceptible to beam damage than the fresh 
material. Figure 8 exhibits all of these features. Numerous 30-40 Â copper particles 
appear in this image; three are pointed out. We have observed Cu particles as large 
as 400 Â in other photos. We have yet to observe any Cu particles on the exterior 
surface of a zeolite sample aged catalytically. The copper particles in catalytically 
aged materials tend to occur in regions that apparently contain voids. Two probable 
voids are pointed out. However, not all regions apparently containing voids are 
associated with copper particles. As copper sinters to CuO particles larger than the 
micropore diameter of ZSM-5 (about 5.5 Â) on the interior of Cu-ZSM-5 particles, 
local destruction of the initially crystalline zeolite should occur(22). 

However, when we hydrothermally aged H-ZSM-5 to dealuminate it and then 
made Cu-ZSM-5 in an otherwise normal fashion, agglomerates of CuO are clearly 
observable by TEM on the exterior surface of the zeolite. Catalytic properties of the 
pre-dealuminated Cu-ZSM-5 are consistent with CuO, as expected, and very little 
NO is reduced. We believe the sintered CuO tends to occur on the interior of the 
ZSM-5 particles that were aged catalytically. 
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46 ENVIRONMENTAL CATALYSIS 

Figure 6. This TEM image of fresh Cu-ZSM-5-207 reveals "Postage stamp" 
perforations at the edge of the zeolite particle due to 010 channels 
showing the fresh catalyst to be crystalline out to exterior edges. 
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Figure 7. This TEM image, together with others not shown, fail to reveal copper-
containing particles observable by TEM in the fresh catalyst while the 
zeolite appears crystalline to the exterior surface. 

Figure 8. This TEM image of a material subjected to catalysis at 800 °C exhibits 
sintered copper, an amorphous film, and features that may be due to 
void regions inside the zeolite. 
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The lattice fringes appear to stop about 15-40 Â short of the exterior surface 
of the zeolite in the catalytically aged sample. Apparently, exposure to catalytic 
gases can cause some amorphization of the zeolite. Figure 9 shows: (a) two dark 
particles attributable to CuO, one of which is pointed out; (b) the zeolite to display 
a pitted morphology, as pointed out; and (c) lattice fringes that run to within 8-25 
Â of the exterior edge. Other photos reveal regions where lattice fringes appear to 
stop as far as 80 Â from the nearest visible exterior edge. The amorphized surface 
layer is thin. 

The hydrothermally aged material is similar to the material treated 
catalytically at 800°C. Amorphous films, typically 40 Â thick and dark particles 
attributable to CuO are both observed. Figure 10 shows lattice fringes that stop 
about 25-35 Â from exterior edges while Figure 11 shows lattice fringes that stop 
as far as 80 Â from exterior edges. Figure 10 also shows regions apparently devoid 
of lattice fringes (and are therefore probably amorphous) and dark spots attributable 
to CuO about 30-35 Â across. 

Discussion 

Catalysis at 600 - 800 °C causes subsequent loss of performance and changes of 
several catalyst features generally associated with deactivation. Specifically, losses 
of microporosity, sintering of cupric species to cupric oxide, formation of an halo in 
the X-ray diffraction pattern due to amorphous material and a thin film on zeolite 
exteriors, and a pitted "karst" topography of the zeolite, consistent with voids and 
often associated with putative CuO particles, are all observed. It is interesting to 
assess which phenomena correlate best with catalyst deactivation. 

The thin amorphous films observed by TEM are apparently porous since 
micropore volumes remain considerable. The films forming in Cu-ZSM-5 after 
hydrothermal treatments or catalytic treatments (that are also hydrothermal since 
steam contents are comparable) apparently do not form an "impervious shell" as 
occurred in TPZ-3 (21). Films of comparable thickness occur in materials 
deactivated to different degrees. It would be instructive to show that this film does 
not contribute substantially to deactivation. Experiments concerning this point 
continue. 

Catalyst deactivation does not correlate exactly with pore volume loss. 
Catalysts subjected to catalytic treatments do show monotonically decreasing activity 
and pore volumes as treatment severity increases. However, the hydrothermally aged 
catalyst is least active but does not have the lowest pore volume. Pore volume 
measurements provide insight regarding zeolitic degradation. The degree of zeolitic 
degradation following hydrothermal aging is not greater than less highly deactivated, 
catalytically used materials. 

Hydrothermal aging does appear to result in somewhat more sintering of 
cupric species to CuO. Bulk CuO is relatively inactive for selective reduction of 
NO. Catalyst deactivation correlates most strongly overall with the degree of 
sintering to CuO. 

Sintering of copper species to CuO appears to be the dominant pathway 
toward deactivation of Cu-ZSM-5 as a catalyst for selective NO reduction. 
Degradation of ZSM-5, an unusually stable zeolite, appears to have subsidiary 
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Figure 9. This TEM image of a material subjected to catalysis at 800 °C reveals 
30-50 Â films formed after 800 °C catalysis, copper-containing 
particles, and "karst" regions consistent with voids. 

Figure lO.This TEM image of the hydrothermally aged material reveals films of 
similar thicknesses to those formed during high temperature catalysis. 
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50 ENVIRONMENTAL CATALYSIS 

Figure ll.This TEM image of the hydrothermally aged material reveals copper 
particles and an amorphous (presumably silica-alumina) film. 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

23
, 1

99
4 

| d
oi

: 1
0.

10
21

/b
k-

19
94

-0
55

2.
ch

00
4

In Environmental Catalysis; Armor, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



4. K H A R A S E T A L . Deactivation of Cu-ZSM- 5 51 

importance. One can envision the sintering process to consist of two important 
elementary processes. Ligand substitution at cupric ions in the zeolitic environment 
results in cupric ion migration. Exchange of water ligands in aqueous cupric 
solutions occurs near the diffusion control limit, and is 10 orders of magnitude faster 
than, for example, substitution of water ligands around [Al] 3 + (23). It is plausible 
that migration of extraframework cupric species may be faster than migration of 
framework Al. Previous nmr work (15) suggests that dealumination of Zn-ZSM-5 
is largely suppressed during hydrothermal aging at 800 °C. Formation of larger 
copper-containing clusters from smaller ones should be thermodynamically favored 
(24). Dehydration of growing cupric clusters should be favorable at high 
temperatures, in spite of the hydrothermal environment. Slowing this process is a 
daunting task. 

Conclusion 

Cu-ZSM-5 is confirmed to reduce NO under oxidizing conditions. The catalyst 
appears selective toward production of N 2 since only small amounts of N 2 0 are 
formed. The catalyst is unstable and deactivates considerably after brief periods of 
catalysis at elevated temperatures. Not much zeolitic degradation occurs. 
Increasingly severe catalyst treatments result in increasing degrees of sintering of 
copper species to CuO. The sintering of the catalytically active components, rather 
than degradation of the metastable support, probably dominates deactivation. 
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Chapter 5 

Catalytic Reduction of NO by Hydrocarbon 
in Oxidizing Atmosphere 

Importance of Hydrocarbon Oxidation 

                 H. W. Jen and H. S. Gandhi 

Chemical Engineering Department, Ford Research Laboratories, Ford 
Motor Company, Mail Drop 3179, 20000 Rotunda Drive, 

Dearborn, MI 48121-2503 

The reduction of NO by C3H6 in excess O2 was studied over 
Cu/ZSM5, Cu/γ-Al2O3, Pd/ZSM5, and Au/γ-Al2O3. The catalyst with 
higher activity of C3H6-oxidation incurred the reduction of NO at lower 
temperature. The effects of various reaction parameters were also 
examined in detail, especially for Cu/γ-Αl2O3. Under the integral 
reaction conditions studied, the effects of P(C3H6) and P(O2) on the 
conversion of NO varied with temperature. There is little effect of 
P(NO) on the conversions of C3H6 and NO. The activity profiles 
against temperature also varied with space velocity for Cu/ZSM5 
catalyst. The interrelated effects of the reaction parameters suggests that 
the evaluation of lean-NOx catalysts cover a broad range of reaction 
conditions. These observed results can be explained by relating the 
reactivity pattern of NO-reduction to the activity of hydrocarbon 
oxidation. 

Automobiles equipped with three-way-catalysts (TWC's) operate at an air/fuel ratio 
(A/F) around the stoichiometric value. Catalytic reduction of NO to N2 decreases 
precipitously as A/F increases to an excess of 02 in the exhaust (lean condition). 
There have been commercial efforts to apply lean-burn engine technology for 
enhancing fuel economy and lowering pollutants (1-2). Even with lean-burn engines 
most cars may still need catalysts to further lower the emissions in order to meet the 
coming regulation standards. However, no manufacturer has yet utilized a catalyst 
specifically developed to decrease NO x emission under lean conditions. Thus, a 
catalyst, other than the current TWC's, is a requisite for the application of lean-bum 
engine technology to production vehicles. 

Direct decomposition of NO is too slow to be a viable method for removing 
N O x from automobile exhaust (3), even over recently developed Cu-based zeolite 
catalysts (4-8). The selective reduction of NO by NH3 has been used for stationary 
exhaust, but the method is not practical for automobiles. Recently, the reduction of 
NO by hydrocarbons under lean conditions has been reported for Cu-based zeolites (9-
11). This reaction has also been examined on non-Cu/zeolite catalysts (12-20). 

0097-6156/94/0552-0053$08.00/0 
© 1994 American Chemical Society 
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54 ENVIRONMENTAL CATALYSIS 

Cu/ZSM5 is among the most active catalysts studied (21-22). These results prompt 
our interest in developing catalysts that under lean conditions catalyze the reduction of 
NO by residual hydrocarbons in the exhaust. 

In contrast to these recent reports, a previous study (23) showed that the 
activities of Cu/ZSM5 catalysts under slightly lean conditions were not high enough 
for practical application on automobiles. This contrast is understood now because the 
activity is dependent on the concentration of 02 (U). In the process of evaluating 
potential catalysts, we also found that the activities were strongly dependent on 
reaction conditions. Similar work by others has shown that the relative order of the 
activities for two catalysts can be reversed by changing the temperature or space 
velocity (10,16-17). These results suggest that the activity measurement or 
comparison should cover a broad range of reaction conditions. An applicable 
explanation for the interrelated effects can serve as a guideline for the evaluation 
process and for establishing reaction mechanism. At present there is no reported study 
exploring in detail the interdependence of the reaction parameters. 

In this report, the effects of temperature, space velocity, and the concentration 
of each reactant on the catalytic reduction of NO by C3H6 were examined. The NO-
conversion for various catalysts with different activities of hydrocarbon oxidation 
were compared. The oxidation of hydrocarbon is proposed as a key step to explain the 
experimental results. 

Experimental 

All the catalysts used in this study were powders. Cu/ZSM5 (Si/Al = 15, 2.47 wt% 
Cu) was obtained from UOP. Οι/γ-Αΐ2θ3 (2 wt%) was prepared by wet-impregnation 
of γ-Αΐ2θ3 (Degussa, 60-80 mesh) with Cu(N03)2 solution, drying at 70°C, and 
calcination at 450°C for 4 hours. Pd/ZSM5 (5.4 wt%) was prepared by ion-exchange 
of H-ZSM5 (UOP, Si/Al = 15) with Pd(NH3)4Cl2 in a solution of 3 χ 10 " 2 M, 
washing the powder after the exchange, and drying at 100°C. Au/y-Al203 (2 wt%) 
was prepared by wet-impregnation of γ-Αΐ2θ3 with HAuCl4 solution, drying at 
100°C, and calcination at 500°C. Prior to activity measurements, the catalysts were 
generally pretreated in situ at 550°C in a flow of 20% O2/N2. 

The activity under steady state reaction conditions was measured. For the 
activity measurement, a mixture of reaction gases was passed through the catalyst 
powder which was sandwiched between two layers of quartz wool in a 0.75 inch I.D. 
quartz reactor tube. Two buttons of ceramic monolith were used to hold the catalyst 
bed in place. The downstream button was drilled through to fit a thermocouple tube 
(O.D. = 1/16 inch) with the tip of the tube touching the bottom of the catalyst bed. The 
standard reaction mixture flowing at 3 1/min contained 500 ppm NO, 500 ppm C3H6, 
3% 02, and N2 as balance to achieve atmospheric pressure. The concentrations of 
NO, C3H6, and occasionally O2 were monitored continuously. The change in the 
concentration was used to calculate the conversion of each reactant. The detectors 
were Beckman Model 951 for NO, Model 400A for C3H6, and Model OM11EA for 
02- Because of the presence of excess 02, the NO-detector was set to measure the 
sum of NO and NO2. 

For the Al203-based catalyst about 1 gram sample was used to obtain 
reasonable conversion of NO. For the ZSM5 based catalyst about 0.5 g sample was 
used and the conversion of NO was generally substantial. The back pressure from 
using a larger load of ZSM5 based catalyst would be too high for the reactor system 
used in this study. It was realized that packing a uniform and continuous layer of 
catalyst bed from the 0.5g sample was sometimes not successful. Some reactions were 
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repeated over different loads of Cu/ZSM5 catalysts and different activities were 
measured, but the reactivity patterns were generally found to be the same. Therefore, 
this report is mainly focused on the effect of reaction parameters on the reactivity 
patterns over catalysts. The data in each table or figure were obtained from the same 
load of catalyst. 

The experimental data were obtained mostly under integral reaction conditions 
since a substantial conversion of NO can only be achieved with a high conversion of 
C3H6. The values in Table I were obtained by simply plotting the logarithm of the 
integral reaction rate against the logarithm of the initial concentration of a reactant. 
Thus, the calculated dependence on the initial reactant concentration, P 0 , in Table I 
are empirical. Table I is used only to show the broad features of the reactions, e.g. the 
effects of temperature and the initial reactant concentration, because many reports in 
the literature show the effect of a parameter on the activity only at one set of reaction 
conditions. No attempts are made to use the apparent kinetic parameters to develop a 
quantitative reaction model. 

Results 

Cu/ZSM5. Under the standard reaction condition, the NO and C3H6 conversions 
increased with the temperature up to 530°C (Figure 1). The conversions were low at 
temperatures below 400°C. Thus, a reasonable Arrhenius plot was made from a 
separate experiment in the 300 - 400 °C range (Figure 2) resulting in the apparent 
activation energies (Ea) of 11± 3 kcal/mol for NO conversion and 10 ± 2 kcal/mol for 
C3H6. The result indicates a possibly common rate determining step. One of the 
reason why the rate is used in Figure 2 is that the correct rate equation is not known 
and the simple relationship, R = k[NO]a[C3H6]̂ [02]c, is unlikely the right rate law 
based on the result of NO conversion vs. temperature. Bennett and coworkers (25) 
report a similar E a for C3H6 conversion but their E a for NO conversion is about twice 
of our result. They obtained E a from the rate constants of a simple rate equation 
derived from a spinning basket reactor system. This can be the reason of difference. In 
addition, the catalysts used may be different since their catalyst would yield only 6% 
NO-conversion at 400 °C with 5% O2, 800ppm C3H6 and 500ppm NO (the flow is 
equivalent to 3.1 1/min over one gram catalyst). 

In the range from 1.5% to 4.5% O2, there was virtually no effect of O2 
concentration on the NO conversion in agreement with other reports (77, 24). At 3% 
O2, the conversion of NO increased monotonously with the partial pressure of C3H6. 
The empirical relationship, Rate(NO) «= P0(C3H6)°-66, was obtained at 475 °C in the 
range from 100 to 500 ppm C3H6. The similar effect of P(C3H6) has been reported 
by others (14, 25). 

The effect of space velocity in Figure 3 was obtained in a different flow reactor 
equipped with G. C. to analyze the effluents. The profile of NO-conversion was 
shifted to higher temperature by applying higher space velocity, but the activity 
converged around 500 °C. In contrast to many reports (10-11,26), the NO-conversion 
profiles against temperature are not convex up to 600 °C. Neither is the result in 
Figure 1. This is due to the difference in the catalysts or the reaction conditions used. 
The lower activity in Figure 1 is probably due to the inappropriate packing of catalyst 
bed. 

Cu/y-Al203. In contrast to Cu/ZSM5, a maximum at 420 °C was observed in the 
NO conversion over the CU/V-AI2O3 catalyst, while the conversion of C3H6 rose to 
100% with increasing temperature (Figure 4). As in the case of Cu/ZSM5, the 
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Figure 1. Effect of Temperature on NO- and C3H6-Conversion over 
0.5 g Cu/ZSM5 in Standard Reaction Mixture 
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Figure 2. Arrhenius Plot for Cu/ZSM5 in Standard Reaction Mixture 
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Figure 3. Effect of Row Rate on The Activity over Cu/ZSM5 (0.15g, 
1000 ppm NO, 500 ppm C3H6,3% 02) 

100 

80 
c 
ο 
'w 60 -
ω 
> 

20 -

Ο C3H6| 
• NO I 

I ι 0 | Q i Q ' φ ι 

• • 

300 350 400 450 500 550 600 650 

T(°C) 
Figure 4. Effect of Temperature on NO- and C3H6-Conversion over 
lg G1/AI2O3 in Standard Reaction Mixture 
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Arrhenius plot was made at low temperatures resulting in E a = 15 ± 3 kcal/mol for 
NO conversion and 13 ± 2 kcal/mol for C3H6. 

The effect of 02 concentration is shown in Figure 5 for three temperatures 
selected below and above the temperature for maximum NO conversion (Tmax) in 
Figure 4. At 300°C, the conversion of NO increased monotonously with increasing O2 
concentration. At 350°C or 482 °C, the NO-conversion increased sharply by the 
increase of O2 concentration from 0% to 0.2% and decreased by the additional 
increase of O2 from 0.2% to 3%. The decrease in the profile is steeper at 482 °C than 
at 350 °C. It is noted that there was substantial conversion of NO at 0% 02 and 482°C 
indicating the direct reaction of NO and C3H6 at high temperature. At all 
temperatures, the conversion of C3H6 increased following the increase in 02 
concentration. The dependence of the NO-conversion on the initial concentration of 
O2 is shown in Table I. The empirical dependence on P0(02) for the conversion rate 
of NO or C3H6 varies with temperature. 

Table I. Rate Dependence on Initial Reactant Concentration over Cu/y-Al203 
(Rate(RE)oc {P0(NO)}a Rate(RE) ~{P0(C3H6)}b, Rate(RE) ~ {P0(02)}c) 

τ cc) RE a b c 

300 NO 1.0 0.25 0.21 
C3H6 0.0 0.61 0.39 

350 NO Ν. M. 0.44 -0.09 
C3H6 Ν. M. 0.74 0.18 

482 NO 1.0 0.74 -0.36 
C3H6 0.0 0.93 0.05 

Ν. M. : not measured. 

The conversion of NO increased with C3H6-concentration (Figure 6), like the 
results for Cu/ZSM5. It is noted that the NO conversion at 350°C in 3% 02 was larger 
than that at 482°C for P(C3H6) < 250 ppm. Neither the NO nor the C3H6 conversion 
was affected by a change in P(NO) over the range of 500 - 2500 ppm (Figure 7). 
When expressed in terms of reaction rate, the rate dependence on P(NO) is 1 for the 
NO reaction and 0 for the C3H6 reaction at 300°C or 482°C (Table I). Apparently, the 
rate of C3H6 converted was invariant with the rate of NO reaction at constant 
temperature, O2 concentration, and C3H6 concentration . 

The experimentally determined dependencies on the reactant concentrations are 
summarized in Table I. As stated previously, these values are not necessarily the true 
reaction orders. They are used only to show the empirical relationship between the 
reaction rates and the reaction parameters under the conditions studied here. 

Pd/ZSM5. This catalyst is comparatively active for hydrocarbon oxidation with 
100% C3H6 conversion above 350°C in 3% O2, while 15% is the maximum 
conversion for NO at 270°C (Figure 8) which is much lower than 420 °C for Cu/γ-
AI2O3. The effect of P(02) on the conversion of NO varies with temperature (Figure 
9). The conversion of NO increased at 208 °C but decreased at 372 °C as the O2 
concentration was increased from 1.5% to 6%. 
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Figure 6. Effect of C3H6-Concentration on NO- and C3H6-
Conversion over lg CU/AI2O3 (500 ppm NO, 3% 02,3 l/min) 
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Figure 7. Effect of NO-Concentration on NO- and C3H6-Conversion 
over lg CU/AI2O3 (500 ppm C3H6, 3% 02, 3 l/min) 
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Figure 8. Effect of Temperature on NO- and C3H6-Conversion over 
0.6 g Pd/ZSM5 in Standard Reaction Mixture 
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5. JEN & GANDHI NO Reduction by Hydrocarbon in Oxidizing Atmosphere 61 

Αιι/γ-Αΐ2θ3· The catalyst is much less active for the oxidation of C3H6 (Figure 10) 
in comparison to the other catalysts described above. The conversion of NO was 
significant only at or above 450 °C with a maximum value of 5%. 

Discussions 

The experimental results have shown that the catalytic conversion for NO under lean 
conditions is not only dependent on the type of catalyst but is also very sensitive to 
reaction conditions. This implies that the relative activities of different catalysts are 
dependent on the experimental conditions. For example, the activity for Pd/ZSM5 at 
270°C is 15% which is larger than that for Cu/ZSM5, but above 400°C Cu/ZSM5 is 
much more active. Sato et al. (10) reported that AI2O3 was more active than 
Cu/ZSM5 at a space velocity below 10,000 hr 1, but the relative activity was reversed 
at space velocities above 10,000 hr 1 . The interrelated effects of reaction parameters 
are clearly illustrated by the variation of the empirical rate dependencies with 
temperature for Οι/γ-Αΐ2θ3 (Table I). Thus, we propose that the evaluation of 
potential catalysts needs to incorporate a wide range of reaction parameters and 
encompass conditions close to those in actual engine exhaust. 

Scheme A is proposed to help explain the observed results. This simple scheme 
lists the feasible reactions between the reactants without involving any detailed 
surface interactions. Our results can not be used to either confirm or refute any of the 
possible mechanistic features that others have suggested, e.g. NO adsorption (27-29), 
NO2 formation (13, 14), NO decomposition (30), or reduction-oxidation of the 
catalyst (31-32). The scheme is similar to that suggested by Hamada et al. (13, 14). 
However, the importance of hydrocarbon oxidation is stressed here and only NO is 
involved without the need to invoke any other NO x intermediate species. 

The complete oxidation of one C3H6 molecule requires nine oxygen atoms. The 
amount of NO converted is not sufficient to supply the oxygen for the C3H6 
conversion in our results that substantial conversion of NO was detected under lean 
conditions. The majority of C3H6 was converted by reacting with 02- C3H6 can react 
directly with NO at 482 °C over Οι/γ-Αΐ2θ3 (Figure 5) or at 372 °C over Pd/ZSM5 
(Figure 9) as evidenced by the NO conversion in the absence of O2. The direct 
reduction of NO by C3H7OH was reported (24) over Cu/ZSM5 at 482 °C. At 500 °C, 
little conversion of NO was observed over Cu/ZSM5 (11,24). Thus, the occurrence of 
the direct reduction is related to the reaction temperature, the catalyst, and the 
reductant used. 

However, the direct reduction can not be used to explain why, by increasing the 
02 concentration from 0% to 0.2%, the NO conversion at 482°C increased from 40% 
to 62 % as the C3H6 conversion increased from 10% to 82% (Figure 5), Nor can it 
explain why at lower temperatures (e.g. 300°C or 350°C in Figure 5) the NO 
conversion reached significant values only in the presence of 02- Also, there was no 
effect of P(NO) on the conversion of C3H6 (Figure 7). Thus, 02 has to be involved in 
the selective reduction of NO under lean conditions and NO is not directly involved in 
the determining step of C3H6 oxidation. These observations lead to a simple 
explanation that NO is reduced by reacting with an intermediate generated from the 
incomplete oxidation of C3H6 as shown in Scheme A. The empirical relationship of 
Rate(NO) P0(NO)l agrees with this simple explanation, too. 

The intermediate can be further oxidized by 02 with no chance of reacting with 
NO. The complete oxidation of C3H6 by 02 is then a side reaction competing with 
NO reduction. The effect of P(02) on the conversion of NO in Figure 5 implies that 
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Figure 10. Effect of Temperature on NO- and C3H6-Conversion over 
0.75g AU/AI2O3 in Standard Reaction Mixture 
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the conversion of NO may be increased by decreasing P(02) at high temperature and 
vice versa. The detrimental effect of increasing P(02) at high temperature indicates 
that the competition of the side reaction increases with temperature. This increasing 
competition explains the observation of a convex profile in the plot of NO-conversion 
against temperature (Figure 4). The temperature of the maximum activity, T m a x , for 
the selective reduction of NO by hydrocarbon is related to the oxidation of 
hydrocarbon. Over a catalyst, the value of T m a x would decrease as the combustibility 
of the hydrocarbon used increases, as shown by Hamada et al. (14) for the order of 
Tmax: CH3OH « C2H5OH « C3H7OH < C3H6 < C3H8. 

For the catalysts with various activities of hydrocarbon oxidation, the order of 
Tmax values should be the reverse order of the oxidation activity. Our results agrees 
with the expectation: T m a x = 270 °C for Pd/ZSM5 (figure 8), 420 °C for CU/V-AI2O3 
(Figure 4), or ~600°C for Au/y-Al203 (Figure 10). Thus, one important feature of the 
catalyst for the selective reduction of NO under lean conditions is to promote the 
incomplete oxidation of the reductant used. The catalyst with high activity for the 
complete oxidation of hydrocarbon would result in low concentration of 
intermediate(s) and low NO conversion. The catalyst with low activity for the 
oxidation would need high temperature to generate substantial concentration of 
intermediate(s) for NO reduction, which may poses a problem for practical 
application. 

Scheme A basically agrees with that proposed by Hamada et al. (13,14) and that 
suggested by Bennett et al. (25). However, we present more data to support the 
scheme and stress the importance of hydrocarbon oxidation. In a recent paper (33), 
Sasaki et al. propose that the reduction of NO by C3H8 over H-ZSM5 involves the 
direct reaction of NO2 with C3H8 under lean conditions. By the estimation from their 
report the direct interaction alone can not explain why the amount of oxygen provided 
by the NO2 conversion is less than the demand for C3H8 oxidation. Thus, O2 has to 
be involved in the overall reaction scheme. In addition, the direct interaction of 
hydrocarbon with NO2 can not explain our result that the conversion of C3H6 was 
unchanged as the NO conversion increased linearly with P(NO) (Figure 10). 

It has been shown that CO or H2 is unlikely the reactive intermediate under lean 
conditions (22,34). There have been reports about the reactive intermediates for the 
reduction of NO: carbon species (25), oxygenates (24), isocyanate (-CNO) (35), and 
C(O) species on carbon surface (36). Our current results can not confirm any one of 
them. However, it is proposed that the stable oxygenates (such as aldehydes, alcohols, 
and ketones) may not be the reactive intermediates because these oxygenates resulted 
in lower reduction temperature for NO than the corresponding hydrocarbons (14) or 
the effect of P(02) on the NO conversion was different between the two types of 
reductants (24). 

Under our reaction conditions, it was found that the there was little NO 
conversion over H-ZSM5 which turned black after the reaction up to 600 °C. Black 
color was not observed for Q1/AI2O3, while the color was seen on the Cu/ZSM5 
powders after the reaction. Therefore, the presence of carbon deposit does not warrant 
a good activity for NO conversion. The reactive intermediates is produced in the 
process of incomplete oxidation of the hydrocarbon before being further oxidized. We 
can only speculate that the carbon deposit generated over Cu/ZSM5 catalyst during 
the reaction may act as another source of reductant for NO. The requirement of high 
temperature to generate reactive intermediates from the oxidation of the deposit may 
be one reason why the NO conversion over the Cu/ZSM5 catalyst was flat over a wide 
range of high temperatures (Figure 1 and 3), in contrast to the result over CU/AI2O3. 
If the reaction profile was extended to higher temperature in Figure 1 or 3, the convex 
curve might be observed. The above speculation is consistent with our results that the 
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SCHEME A 

Vf 

N 2, COx> H 20 

HC 
+ Oo 
(Π-1) COx > H20 

+ NO 
[HClox (ΙΠ-2) 

N2, CO x, H 20 

[HC]QX : intermediates from partial oxidation of hydrocarbon 

reactivity pattern for the reaction is closely related to the oxidation of reductant. 
Further work is needed to isolate and identify the intermediate(s). Also, the 
explanation linked the intermediate(s) to the experimental observations has to be 
rationalized. 

Conclusion 

1. Empirical rate dependencies on the reactants were obtained for Cu/y-Al203 
and the numbers varied with temperature. The catalytic activity for the reduction of 
NO under lean conditions is dependent on not only the type of catalyst but also the 
reaction conditions. The evaluation of potential catalysts should be done for a broad 
range of conditions encompassing the operating range of lean-burn engines. 

2. A simple scheme is proposed for the selective reduction of NO under lean 
conditions. One key factor in the reaction is the oxidation of the hydrocarbon. The 
experimental results can be explained by the balance between the complete oxidation 
and the partial oxidation of the hydrocarbon to produce reactive intermediates. 
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Chapter 6 

X-ray Photoelectron Spectroscopy 
of Cu-ZSM-5 Zeolite 

                   L. P. Haack and M. Shelef 

Scientific Research Laboratory, Ford Motor Company, Mail Stop 3061, 
P.O. Box 2053, Dearborn, MI 48121-2053 

The determination of the oxidation state of copper in Cu
-exchanged ZSM-5 is important for understanding its role in the 
mechanism of decomposition and selective reduction of NO. The 
task is difficult using any of the common methods. Here we 
evaluate the use of XPS. This work confirms that prolonged 
exposure of the material to the X-ray or neutralizing electron 
beam, needed for signal acquisition, partially reduces the Cu-ions 
in situ. Contrary to some prior reports such reduction by 
dehydration during heating up to 500°C was not observed. Heat 
treatment under oxidizing conditions induces changes in the 
populations of Cu2+ ions in different spatial coordinations. At the 
same time, the severe oxy-reduction treatments do not appear to 
cause any Cu migration out of the zeolite framework. 

Copper-exchanged ZSM-5 zeolite is currently the subject of intense study because 
of its activity in NO decomposition and selective reduction in excess oxygen (i). 
While the recent literature indicates that there may be more active or selective 
catalysts for these reactions (2), Cu-ZSM-5 will likely be used in any case as the 
template for unraveling the mechanism, and to gain a deeper understanding of 
the operation of zeolite catalysts in general. 

An important part in deciphering the mechanism is the identification of the 
active site, which in the case of the reduction or decomposition of NO, must 
allow for the formation of dinitrogen; i.e. the pairing of nitrogens in NO. In the 
original scheme of Iwamoto (7) and in other schemes (5) this site was assigned 
to the cuprous ion. Considering the very strong oxidizing conditions of the 
reaction, the plausibility of this assignment has been called into question (4). To 
be able to identify different oxidation states, preferably under conditions similar 
to those of actual use, unambiguous experimental measurements are required. 

0097-6156/94/0552-0066$08.00/0 
© 1994 American Chemical Society 
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6. HAACK & SHELEF X-ray Photoelectron Spectroscopy ofCu-ZSM-5 Zeolite 67 

To follow the changes in the oxidation state of copper in Cu-ZSM-5 electron 
paramagnetic resonance (EPR) (3,5,6) is the method of choice. There are several 
difficulties with its use under any conditions apart from vacuum at low 
temperatures because even the adsorption of inert gases alters the signal from the 
paramagnetic C u 2 + ions located at specific sites in the zeolite (6). 

Here we attempt to explore whether X-ray photoelectron spectroscopy (XPS), 
a technique thought to be less sensitive to interferences in the identification of 
oxidation states, can be of use. XPS has been used previously to investigate X-
and Y-type Cu-exchanged zeolites (7-10) which have a relatively high Al content 
and concomitant high Cu-loadings, as well as to determine copper speciation in 
a copper-containing intercalation phase (11) and to identify the oxidation state 
of copper in spent catalysts on different supports (12). Recently there was one 
XPS study of the Cu-ZSM-5 zeolite (13). In the present work the oxidation state 
of copper in copper-exchanged ZSM-5 zeolite was determined following various 
in situ oxidizing and reducing treatments at atmospheric pressure, and the results 
were compared with those of a previous study (13) where heat treatments were 
conducted in vacuo. 

Experimental 

Explicit details describing the XPS analytical system and attached catalytic reactor 
have been reported in an earlier paper (14). A summary of the experimental 
conditions pertaining to this study is given below. 

Copper-exchanged ZSM-5. The H-ZSM-5 zeolite, exhibiting a S i 0 2 / A l 2 0 3 

molecular ratio of 30, was purchased from the PQ Corporation, Zeolites & 
Catalysts Division. The zeolite was 40 at.% exchanged with copper (1.31 wt.% or 
0.41 at.% overall Cu, as determined by ICP-MS). The sample is close in 
composition to the one used in ref. 13 where the Si/Al atomic ratio was 13.4and 
the exchange was 46 at. %. The zeolite powder was pressed into a 6-mm diameter 
pellet to allow for reactor treatment and analysis by XPS. 

XPS Analytical System. Spectra were acquired on an M-Probe XPS spectrometer 
manufactured by Surface Science Instruments, VG Fisons, using monochromatic 
AlKa X-rays (1486.7 eV, 80W) focused to a 1200-/*m diameter beam. Unless 
stated otherwise, total time for acquisition of the Cu core level spectrum was 10 
min. The relatively low X-ray power, large spot diameter, and short acquisition 
time were chosen to insure that minimal reduction of the cupric ion by the X-ray 
flux occurred during analysis, which has been observed by others (9,10,13) for the 
sensitive zeolite structure. A low energy (1-3 eV) electron flood gun and a Ni 
charge neutralization screen placed 1-2 mm above the sample were employed to 
minimize surface charging effects (15). The analyzer was operated at a 150-eV 
pass energy. Binding energies reported for the Cu 2p 3 / 2 core level spectra were 
referenced to the Si 2p line at 102.9 eV, i.e. adventitious aliphatic C Is line at 
284.6 eV. All binding energy positions quoted in this work were measured to an 
accuracy of ± 0.2 eV. The raw data from the Cu 2p 3 / 2 core level spectra were 
smoothed using the Savitsky-Golay method. Photoionization yields of the Cu 
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68 ENVIRONMENTAL CATALYSIS 

2p 3 / 2 and Si 2p lines were normalized to give Cu/Si atomic ratios by means of 
routines based on Scofield's photoionization cross-section values (76). 

The samples were treated in a PHI Model 04-800 Reactor System mounted 
directly onto the preparation chamber of the spectrometer (14). The treatments 
were carried out at 500°C and atmospheric pressure for 6 h, after which the 
samples were cooled in the flowing reactor gases to below 100°C (about 30 min). 
At this point gas flow was ceased, and the reactor door was opened to vacuum. 
Samples were transferred between the reactor and spectrometer in vacuo to 
eliminate contamination and reoxidation by air. The reactor gases used were Ar 
(99.9995%), 0 2 (99.98%), H 2 (99.9995%) and CO (99.99%), purchased from 
Matheson. 

Results and Discussion 

Cu-exchanged ZSM-5 sample A was subjected to the sequence of treatments 
given in Table I. Each reactor treatment, at 500°C for 6 h, was followed 
immediately by XPS analysis. After analysis, the sample was transferred back 
into the reactor for the next successive treatment, and so forth. A second sample, 
B, was subjected to 0 2 and CO treatments only, to discern how CO treatment 
directly after oxidation compares to CO treatment after the cyclic oxidative and 
reductive treatments subjected to sample A. Table I also includes 9 
measurements of the Cu/Si atomic ratio attained after the different treatments, 
plus the mean and standard deviation of these measurements. The mean Cu/Si 
atomic ratio of 1.58 Χ 10"2 was close (within a standard deviation of ± 0.27) to 
1.33 Χ 10"2, the value derived for the sample bulk from ICP-MS. The lowest 
Cu/Si ratios measured by XPS for sample A, 1.34 X 10'2, 1.22 Χ 10"2 and 1.31 
x 10"2, appeared after reductive Treatment Nos. 2, 5 and 7, respectively. 
(Treatment No. 2, a 400-min XPS acquisition, was in essence equivalent to a 
reductive treatment, as will be explained later under the "Discussion" section.) 
However this trend was not observed in sample B, since the Cu/Si ratio 
measured after reductive CO treatment was 1.70, consistent with the higher ratios 
measured for sample A, after oxidative treatments. Nonetheless, it should be 
noted that even after the harsh reduction in Treatment No. 5 no substantial 
surface migration of Cu out of the zeolite structure was evidenced by XPS, which, 
assuming surface Cu at these low levels remains mostly dispersed, would have 
been observed as an enhanced Cu/Si atomic ratio. 

Figure 1 shows the Cu 2p 3 / 2 core level spectra acquired for sample A 
initially, and after reactor treatments at 500°C in 0 2 , Ar, and again in 0 2 

immediately following reduction in H 2 . The sequence of these spectral 
acquisitions corresponds to Treatment Nos. 1,3, 4 and 6, respectively, in Table 
I. For all spectra, the Cu core level consisted of two main peaks at 933.5 and 
936.5 eV, referred to as peaks I and II, respectively, and a corresponding broad 
satellite peak centered at 944.5 eV (943.5 eV in the initial spectrum). The 
presence of C u 2 + is confirmed by the appearance of the satellite peak (7), which 
is absent in Cu° and C u 1 + states. The binding energy for peak I, 933.5 eV, is 
similar to that observed for CuO (17). However, the binding energy noticed for 
peak II is considerably higher, indicating that 1) the copper oxidation state is 
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Table I. XPS Cu/Si atomic ratio of Cu-exchanged 
ZSM-5 as a function of treatment 

Sample Treatment No. (Description) Cu/Si Ratio x 10* 

1.33a 

1 (initial, 10-min XPS acquisition) 1.42 
2 (initial, 400-min XPS acquisition) 1.34 
3 (500°C 0 2) 1.73 
4 (500°C Ar) 1.68 
5 (500°C H 2) 1.22 
6 (500°C 0 2) 2.04 
7 (500°C CO) 1.31 

1 (500°C 0 9) 1.79 
2 (500°C CO) 1.70 

158 (027)b 

lIn the bulk of the Cu-ZSM-5 sample, as determined by ICP-MS. 
'Mean (standard deviation), both samples. 

936.5 

950 945 940 935 
Binding Energy (eV) 

930 925 

Figure 1. XPS Cu 2p 3 / 2 core level spectra of Cu-exchanged ZSM-5 zeolite 
A) initially, B) after oxidation at 500°C for 6 h, C) after heating in Ar at 
500°C for 6 h and D) after reduction in H 2 at 500°C followed by oxidation 
at 500°C for 6 h. 
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probably +2, and 2) that this state is highly ionic in nature; i.e. a binding energy 
of ~936eV is observed for CuF 2 (18). Within the zeolite framework, this species 
may be more properly viewed as being coordinatively unsaturated. While the 
binding energy positions of both peaks I and II are consistent with divalent 
copper, the satellite envelope represents a combination of peaks, each 
corresponding to one of the C u 2 + core lines (9). However, since the peak 
definition under the satellite envelope is quite subtle, no attempt is made to 
deconvolute this region. The satellite peak is uniquely associated with the C u 2 + 

state because in this case two channels for core level screening, a local and non
local one, are possible during the photoemission process. For C u 2 + the 
photoelectron emitted is screened either by the 3d9 electrons, or by the 3d9 

electrons plus one electron from the ligand. The former gives rise to the satellite 
peak, while the later, being equivalent to a full 3d 1 0 configuration as is present 
in Cu° and Cu 1 + , contributes to the main core line. 

The core level peaks I and II, previously observed in Cu-ZSM-5 (13) as well 
as in copper-exchanged X- and Y-type sodium zeolites (9), have been assigned 
by Contarini and Kevan to tetrahedrally and octahedrally coordinated C u 2 + , 
respectively. This assignment of both peaks to the cupric ion was supported by 
ESR measurements where both states were shown to be associated with the 
paramagnetic response. It was suggested that the octahedrally coordinated C u 2 + 

in the zeolite was hydrated, with the cupric ions coordinated by three framework 
oxygens and three water molecules. In an XPS study of Cu-ZSM-5 and Cu-Y 
zeolite by Jirka and Bosacek (75), two peaks with similar binding energies were 
present. Peak II has been observed to disappear after prolonged in vacuo heat 
treatment and then reappear after exposure to ambient air, i.e. water vapor. For 
the Cu-exchanged ZSM-5 in this work, the initial Cu 2p 3 / 2 spectrum (Figure 1A) 
showed a more prominent peak at 933.5 eV (peak I). After heating in 0 2 at 
500°C the peak at 936.5 eV (peak II) was enhanced (Figure IB), while an 
additional heating in Ar (Figure 1C), essentially an inert heat treatment, did not 
change this spectrum. In addition, after a subsequent reduction in H 2 and 
reoxidation in 0 2 (Figure ID), peak II virtually displaced peak I. Thus, 
treatment under oxidizing conditions gradually shifts the coordination of the 
cupric ions towards a configuration associated with the peak having the higher 
binding energy. Once the copper has been reduced to the metallic state (vide 
infra) and reoxidized, most copper ions, at the examined exchange level, end up 
in the higher binding energy state. 

These results differ somewhat from those of Jirka and Bosacek. However, 
reactor treatments in this study were done at atmospheric pressure, whereas in 
both refs. 9 and 13 the heat treating was accomplished in vacuo. It is postulated, 
based on the extensive work of Kucherov et al. (5,6) and at variance with Jirka 
and Bosacek, that the coordination of the cupric ions in Cu-ZSM-5 and Cu-Y 
zeolite differs. According to Kucherov a CuH-ZSM-5 sample exchanged to 20% 
by copper and dehydroxylated at 500°C, i.e. very close to that used in this work, 
contains two differently coordinated isolated Cu ions. Both kinds of C u 2 + ions 
are coordinatively unsaturated; one in a square-planar configuration and the 
other in a square pyramidal configuration. These unsaturated cupric ions do 
coordinate a wide variety of ligands upon adsorption, oxygen molecules included 
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(5), so it is probable that not only hydration may induce changes in coordination 
leading to the observed changes in binding energy. Also, consider that 
coordination changes can be induced in Cu-ZSM-5 by mere adsorption of non-
polar adsorbents (6). 

Figure 2 compares the Cu 2p 3 / 2 spectrum obtained initially to those obtained 
after reductive treatments. Spectra A, B, C and D correspond to Treatment Nos. 
1, 2, 5 and 7 in Table I, respectively. In contrast to the initial spectrum of the 
copper-exchanged zeolite observed after a 10-min spectral acquisition (Figure 
2A), after a 400-min spectral acquisition (Figure 2B) the satellite peak and peak 
II (936.5 eV) of the Cu 2p 3 / 2 core line disappeared, while the peak at 933.5 eV 
persisted. The disappearance of the satellite peak implies a reduction of the Cu 
below the +2 state. The remaining peak at 933.5 eV did not shift, but the 
binding energy is also consistent with what has been observed previously for Cu 1 + 

by Jirka and Bosacek after X-ray induced reduction in Cu-ZSM-5. 
The Cu 2p 3 / 2 spectrum obtained after H 2 reduction is shown in Figure 2c. 

The satellite peak was absent, and the core level peak was shifted to 932.0 eV. 
One may conclude that after these severe reduction conditions the copper was 
reduced to metallic Cu°. The binding energy observed is consistent with that 
reported previously for Cu metal (9). Reduction by CO (Figure 2d) also caused 
the satellite peak to disappear, implying a reduction of the copper below the +2 
state. However, a broad core level peak appeared, centered between 933.5 and 
932.0 eV. It is reasonable to assume that the less severe reduction in CO may 
have reduced the copper to a mixture of C u 1 + and Cu° states. This agrees 
completely with the previous observation that the cupric ions in Cu-ZSM-5 are 
more easily reduced by H 2 than by CO (5). A second reduction with CO was 
performed on sample B, after the sample was subjected to an initial oxidation 
only (Table I). The Cu 2p 3 / 2 core level spectrum obtained from that sample was 
identical to that of sample A shown in Figure 2d. 

In principle, a more precise definition of the chemical state of copper could 
have been obtained by measurement of the Auger parameter (19). Such 
information would have been helpful to differentiate the reduced states of copper 
found in Figure 2. As it happens, the most intense copper Auger line, Cu 
L 3 M 4 5 M 4 5 , is considerably broader, and only about half as intense as the Cu 
2p 3 / 2 core line. This means that at the low levels of copper present in the ZSM-
5 zeolite, a large acquisition time would have been necessary to obtain an 
accurate measurement of the kinetic energy of the Cu L 3 M 4 5 M 4 5 line. During 
this time, any further X-ray induced reduction of copper would have been 
inevitable, and the measurement would no longer reflect the original state of 
copper associated with the Cu 2p 3 / 9 core level obtained after a short acquisition 
time of 10 min. Thus, for this system, measurement of the Cu Auger parameter 
is impractical. 

Conclusions 

The results of this study indicate that Cu-ZSM-5 is stable with respect to the 
migration of the Cu-ions out of the zeolitic framework up to 500°C under severe 
non-hydrothermal oxy-reductive treatments. Although explicit assignments of 
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932.0 

933.5 

950 945 940 935 930 925 
Binding Energy (eV) 

Figure 2. XPS Cu 2p 3 / 2 core level spectra of Cu-exchanged ZSM-5 zeolite 
A) after a 10-min acquisition, B) after a 400-min acquisition, C) after 
reduction in H 2 at 500°C for 6 h and D) after reduction in CO at 500°C for 
6h. 

configurations of Cu in the zeolite structure to the specifically observed Cu 2p 3 / 2 

lines could not be made, it was nevertheless shown that heat treatment under 
oxidizing conditions induces changes in the populations of C u 2 + ions in different 
spatial coordinations. One state is similar in binding energy to CuO, while the 
other state appears to be highly ionic in nature, i.e. coordinatively unsaturated. 
The Auger parameters necessary for the unambiguous assignment of the reduced 
copper states can only be obtained in the low-Cu specimens (i.e. Cu exchanged 
into high Si/Al ratio zeolites) when simultaneous in situ instrumentally induced 
reduction is made possible during the long acquisition times. This will be still 
more difficult to avoid in the interpretation of data obtained under less definable 
conditions such as those encountered in real catalytic practice. 
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Chapter 7 

Catalysts for Cleanup of NH3, NOx, and CO 
from a Nuclear Waste Processing Facility 

      R. Gopalakrishnan, J. Davidson, P. Stafford, W. C. Hecker, and 
                  C. H. Bartholomew1 

Catalysis Laboratory, Department of Chemical Engineering, Brigham 
Young University, Provo, UT 84602 

Performance of Cu-ZSM-5, Pt/Al2O3 and Cu-ZSM-5 + Pt/Al2O3 for NH3 

(425-750 ppm) and CO (~1%) oxidation in the presence of NO (250 ppm), 
O2 (14-15%) and H2O (~20%) was studied as a function of temperature. 
Pt/Al2O3 is more active for NH3 and CO oxidation, while Cu-ZSM-5 is 
more selective for conversion of NO and NH3 to N2. NH3 and CO are 
completely oxidized above 300°C on Pt/Al2O3, while on Cu-ZSM-5 about 
99% of NH3 and NO are converted to N2 at 450-500°C, although only 
about 50% of CO is converted to CO2. The selectivity of Cu-ZSM-5 for 
conversion of NH3 and NO to N2 is about 100%, while selectivities of 
Pt/Al2O3 for N2 and N2O are 35-40% and 20-40% respectively. However, 
the activity and selectivity of a Cu-ZSM-5 + Pt/Al2O3 dual catalytic 
system are very high, converting 99% of NH3, 94% of NO, and 100% of 
CO simultaneously at 485°C with a 100% selectivity to N2. 

An interesting application of emissions control catalysts occurs in management and 
immobilization of spent radioactive fuels and wastes in the nuclear industry. During 
nuclear waste processing (NWP) NO x (NO and N0 2 ) and CO pollutants are typically 
discharged at levels of 1-3% to a waste gas stream. It is necessary to control both NO x 

and CO emissions in order to comply with current and anticipated regulatory 
requirements. 

In earlier work, Thomas and coworkers (1-3) found that NO x in a NWP off gas 
(also containing 2% CO, 3% C0 2 , 14% 0 2 , 20% H 2 0 and the remainder of N 2) could 
be removed from levels of 10,000 - 30,000 ppm to 300-1,000 ppm by selective 
catalytic reduction with ammonia over a commercial H-mordenite catalyst at 300-
500°C. Based on this work it was anticipated that at high conversion rates of NO x , 
ammonia slippage of 100-500 ppm might occur. However, acceptable levels of 
ammonia slippage for SCR facilities are generally 5-10 ppm to prevent ammonium 
nitrate and sulfate formation downstream of the reactor. Moreover, the extent to which 
CO is converted during SCR on mordenite catalysts under these conditions is 
apparently low. Accordingly, the need for an additional catalytic reactor designed for 
clean-up of ammonia, NO x and CO to low ppm levels is anticipated; ideally, the 
catalyst used in this reactor should be capable of catalyzing simultaneously the 
oxidations of CO and NH 3 and the selective catalytic reduction (SCR) of NO x with 
ammonia. 
^rresponding author 

0097-6156/94/0552-0074$08.00/0 
© 1994 American Chemical Society 
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7. GOPALAKRISHNAN ET AL. Cleanup ofNH3, NQ, and CO 7 5 

The principal objective of this study was to investigate the activity/selectivity 
behavior of Cu-ZSM-5, Pt/Al 2 0 3 , and a combined Cu-ZSM-5 + Pt/Al 2 0 3 system for 
simultaneously oxidizing ammonia and CO and reducing NO x under conditions 
applicable to NWP. Pt/Al 20 3 was selected as a candidate catalyst because of its known 
high activity for CO oxidation and SCR of NO x with NH 3 (4,5). Cu-ZSM-5 was 
chosen as a test catalyst for N H 3 and NO x removal because of its promising 
performance as an SCR catalyst using hydrocarbon (6-8) and N H 3 (9,10) reducing 
agents. Although H and metal ion exchanged mordenite have been studied widely for 
NO x reduction by N H 3 (3,11-17) it appears that only two preliminary studies have 
reported on ZSM-5 catalysts (9,10). For example, NC-300 (Zeolon 900H), a 
mordenite based catalyst from Norton company, is a well known commercial SCR 
catalyst for NO x reduction by N H 3 (Norton Company. "NC-300 Catalysts for NOx 

Removal"; commercial report, 1992). In general, it is observed that NO x conversion 
increases on H-mordenite with increasing temperature at a given space velocity, then 
passes through a maximum and decreases above a certain temperature at which direct 
oxidation of N H 3 becomes a significant competing reaction (11,14). Catalytic activity 
decreases with increasing space velocity and presence of water vapor, S0 2 etc. 
(11,12,17). A dual catalyst system, H-mordenite/2.2% Cu-mordenite, decreases the 
temperature window of maximum NO conversion (-100%) from 500-550°C to 350-
400°C at a space velocity of 241,000 tr1 (13). 

Co and Cu ion exchanged Y-zeolites (18,19) and S i0 2 supported CuO (20) 
have also been tested for SCR activity using NH 3 as the reducing agent; while relevant 
to the performance of zeolite catalysts for NO reduction with NH 3 the previous work 
has not adequately defined the performance of such catalysts for NWP applications. 
This paper reports the results of comprehensive tests on Cu-ZSM-5, Pt/Al 2 0 3 , and Cu-
ZSM-5 + Pt/Al 2 0 3 dual catalysts over wide ranges of conversion, temperature and 
species concentration representative of NWP applications. 

Experimental 

Materials. The Cu-ZSM-5 used in this study was previously investigated for the SCR 
of NO by propane (5); it consisted of 1% Cu ion-exchanged into a ZSM-5 (Si/Al = 21) 
supplied by the PQ corporation. The promoted Pt/Al 2 0 3 catalyst was supplied by the 
Engelhard Corporation. 

Nitric oxide (>99% pure, 3000 ppm in He), N H 3 (>99.5% pure, 2000 ppm in 
He), and 10% CO in He were obtained from the Matheson gas company. Helium and 
oxygen tanks were purchased from Whitmore Oxygen Co., Salt Lake City, UT. Gases 
other than NO and NH 3 were dried with zeolite traps. 

Procedure and Equipment. Oxidation of CO and N H 3 and reduction of NO 
on Cu-ZSM-5 and Pt/Al 2 0 3 catalysts were investigated at near atmospheric pressure 
over a temperature range of 150-550°C in a quartz flow microreactor. In a typical 
experiment, about 0.3 g of Cu-ZSM-5 or 0.5 g of Pt catalyst was used to obtain a space 
velocity of 63,000-65,000 h _ 1. The reactor system was equipped with an on-line Gas 
Chromatograph (Hewlett Packard 5890), a NO/NOx analyzer (Rosemount Analytical, 
Model 951 A), an NH 3 gas analyzer (Rosemount Analytical, Model 880) and an Allen 
CO/HC infrared analyzer. The analyzers and GC were calibrated every other day using 
appropriate calibration gases (NO, NH 3 , CO, C 0 2 , N 2 0 , and N 2) obtained from the 
Matheson gas company. Concentrations of NO, NH 3 , and CO were measured before 
and after reaction and conversions were plotted as a function of temperature. 
Concentrations of NH 3 , NO, N0 2 , and CO were measured by continuous analyzers to 
within ± 2-3%, while concentrations of N 2 0 and C 0 2 could be analyzed by GC to 
within ±5%. However, measurement of the N 2 concentration was less reproducible 
and hence, it was calculated based on a N-material balance by assuming NO, N 0 2 and 
N 2 0 as the only other N-containing products. 
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The flow reactor used in a previous study (6) was modified to incorporate water 
vapor and NH3 in the feed stream to the reactor cell and a condenser to trap the water 
vapor in the effluent. The reactant gas mixture was bubbled through a water reservoir 
heated at a fixed temperature to maintain an appropriate concentration of water vapor. 
NH 3 was introduced just before the reactor cell. It was found that NH3 was completely 
soluble in water, and hence none was detected in the gas phase. In this case, the 
dissolved NH3 was estimated using an aqueous N H 3 analyzer (Orion model 720A) by 
collecting water every 30 minutes. 

Results and Discussion 

CO Oxidation. The results of CO oxidation tests carried out on Cu-ZSM-5 at 
different space velocities are presented in Figure 1. At a space velocity of 10,000 h _ 1, 
CO conversion apparently reaches 100% at 400°C. However, at a higher space 
velocity (65,000 hr1), CO conversion does not exceed 90% even at 500°C. Moreover, 
the presence of 28% water vapor considerably reduces CO conversion levels; for 
example, a maximum of only 55% conversion is obtained at 500°C. Thus, Cu-ZSM-5 
is limited to CO clean-up applications involving dry conditions, high reaction 
temperatures or lower space velocities. 

CO conversion versus temperature data for Pt/Al203 are likewise shown in 
Figure 1. CO oxidation in the absence of water is extremely rapid, as indicated by 
100% conversion at 280°C. Unlike Cu-ZSM-5, the presence of water vapor enhances 
CO conversion on Pt/Al203; indeed 100% conversion is obtained at 258°C. The 
increase in CO conversion could be due to promotion of the water-gas shift reaction by 
the Pt catalyst. 

Ammonia Oxidation/SCR of NO. A range of NH 3 slippages (50-500 ppm) is 
anticipated for NWP clean-up (1-3) depending upon the fluctuations in N H 3 feed 
concentration and in temperature of the SCR beds. Hence, NH3 oxidation activity tests 
were conducted starting with an excess of NH 3 ; for example, [NH3] = 500 ppm, [NO] 
= 0 or 250 ppm, [CO] = 1%, and [02] = 14%. 

Cu-ZSM-5. Results of NH3 oxidation activity (in the absence of NO) obtained 
under dry and wet conditions on Cu-ZSM-5 are presented in Figure 2. Conversion of 
NH3 is relatively low below 400°C, while 99% conversion to all products is obtained 
only at greater than 500°C. Nevertheless, the selectivity towards N2 formation is better 
than 95% at all temperatures; no N2O is formed. NH3 oxidation to NO and NO2 is the 
competing reaction with less than 5% selectivity. Although the presence of 22% water 
decreases the NH3 conversion at temperatures lower than 500°C, it increases the N2 
selectivity to about 100% at 500°C. Addition of 250 ppm of NO and 1% CO improves 
the conversion efficiency of the catalyst for NH3 and NO to N2 at lower temperatures, 
reaching 96% at 450°C (Figure 2). It should be remembered that reduction of NO by 
NH3 is a highly favorable reaction at these temperatures. Hence, NH3 is probably 
oxidized by at least two routes; with dioxygen and with NO. A maximum of 100% is 
apparently reached at 337°C. Nevertheless, the conversion significantly decreases 
above 337°C, suggesting that NH3 oxidation by dioxygen to NO x is a competing 
reaction with SCR of NO by NH3 at high temperatures. It appears, however, that NH3 
oxidation by dioxygen does not occur up to temperatures around 500°C in the presence 
of water. With addition of water the conversion of NH3+NO to N2 is decreased at 
lower reaction temperatures. 

The role of water in the NH3 oxidation/SCR reaction is not clear. However, it 
is possible that water vapor could affect the concentration and strength of Bronsted 
acid sites on the zeolite surface, which in turn could act as sites in the SCR reaction. 
Water vapor might also affect the surface concentration of hydrogen through the water-
gas-shift (WGS) reaction. Under these conditions, however, CO conversion is only 
about 46% at 483°C indicating that SCR and NH3 oxidation are the dominant reactions 
on Cu-ZSM-5 compared to CO oxidation and CO WGS. Moreover, the results for Cu-
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0 200 400 600 
Temperature (°C) 

Figure 1. Conversion vs. temperature behavior of Cu-ZSM-5 and Pt/Al203 
catalysts for CO oxidation with 14% 0 2 . (i) Cu-ZSM-5; • : GHSV 
= 10,000 rr 1 and no water, O: GHSV = 65,000 hr1 and no water, O: 
GHSV = 65,000 h-1 and 28% water, (ii) Pt/Al 20 3 , GHSV = 63,000 
h"1, Δ: no water and • : 16% water. 

0 200 400 600 
Temperature (°C) 

Figure 2. Ammonia oxidation with 14% 0 2 on Cu-ZSM-5 at various 
conditions, (i) GHSV = 64,000 hr1, [ N H 3 ] = 425 ppm; O: no water, 
• : 22% water, (ii) GHSV = 64,000 hr1, [NH3] = 425 ppm, [NO] = 
250 ppm, [CO] = 1%; O: no water, Δ: 22% water. 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

23
, 1

99
4 

| d
oi

: 1
0.

10
21

/b
k-

19
94

-0
55

2.
ch

00
7

In Environmental Catalysis; Armor, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



78 ENVIRONMENTAL CATALYSIS 

ZSM-5 in Figure 1 suggest that CO conversion by the WGS reaction is probably less 
important than by reaction with dioxygen. 

Effects of NH3/NO ratio on N H 3 , NO, and CO conversions in the presence of 
water on Cu-ZSM-5 are summarized in Figures 3-8. NH3 conversion is higher at lower 
NH3 /NO ratios at reaction temperatures below 400°C but nearly independent of 
NH3/NO ratio at 500°C as all approach 100% conversion (Fig. 3). NO x conversion is 
90-100% over a wide range of conversion at NH3/NO ratios of unity or greater (Figure 
4). Apparently, the maximum conversions of NO and N H 3 to N 2 (-100%) are 
observed for an NH3/NO ratio of unity (Figure 5). Again, the only nitrogen-containing 
products other than N 2 are NO and N O 2 ; no N 2 O formation is observed up to 500°C. 
Even in the case of NH3/NO >1, Cu-ZSM-5 appears to oxidize the excess NH3 with a 
high selectivity to N 2 (see Fig. 5). On the other hand, CO conversion is generally only 
10-40% in the temperature range of 350-500°C with little dependence on NH3/NO 
ratio (maximum CO conversion of 60% occurs at 500°C and NH3/NO = 0.5; see Figure 
6). This indicates that sinces the mordenite catalyst in the front end of the NWP clean
up process is relatively inactive for CO oxidation, a backup to the Cu-ZSM-5 catalyst 
(possibly a layer of Pt/Al203) will probably be necessary for complete CO oxidation. 

Figures 7 and 8 summarize the conversion behavior for Cu-ZSM-5 as a 
function of NH3/NO ratio at the optimum operating temperature of 450°C. The data in 
Figure 7 indicate that greater than 90% conversion of ammonia and NO to N 2 occurs 
mainly at NH3/NO ratios of 1-2. Moreover, the data in Figure 8 show that ammonia 
slip is also quite low under these conditions. For example, for NH3/NO ratios of 1-2 
NH3 slip at 450°C is only 5-25 ppm. Ammonia slip may be lowered by (1) operating 
at an NH3/NO ratio of 1 or less, (2) increasing reaction temperature, and (3) decreasing 
space velocity (adding more catalyst). Thus, for simultaneous removal of NH3 and NO 
the optimum NH3/NO ratio is one. 

Ρί/Αΐ2θ3 catalyst. Ammonia conversion on Pt/Al203 reaches 100% above 
250°C in the presence of 14% 0 2 at a GHSV = 63000 rr1 (Figure 9). However, the Pt 
catalyst suffers from low selectivity to N 2 . That is, large quantities of N 2 O (32% at 
330°C) and NO x (62% at 500°C) are produced above 250°C. This observation agrees 
well with the data of Katona et al. (27) that above 250°C the N 2 selectivity decreases 
and N 2 O and NO formation increase. It appears that addition of water does not 
substantially affect the N H 3 oxidation behavior (compare Fig. 10 with Fig. 9). 

Ammonia oxidation/SCR activity of the Pt/Al203 catalyst was studied as a 
function of temperature in the presence of a mixture of N H 3 , NO, O 2 , and H 2 O (see 
Figure 11). N H 3 is completely oxidized above 300°C. Apparently a large quantity of 
N 2 0 (-84%) is produced at 226°C due to NH 3 oxidation/NO reduction. At 
temperatures above 270°C NO conversion and N 2 O production decrease very 
significantly to 53 and 47% at 385°C, 37 and 36% at 414°C, and 2 and 14% at 482°C; 
however, N O 2 production increases to about 14% and N 2 production increases to about 
31% at 482°C. Thus, at 311°C the 750 ppm of total nitrogen equivalents (originally 
present in the feed as 500 ppm N H 3 and 250 NO) leaves the reactor as 2% N H 3 , 1% 
N0 2 , 78% N 2 0 , 17% N 2 , and 7% NO (10 ppm NH 3 , 8 ppm N0 2 , 292 ppm N 2 0 , 64 
ppm N 2 , and 21 ppm NO). 

It appears that N H 3 is consumed on the Pt/Al203 catalyst in at least two 
reactions: (1) direct oxidation by O 2 and (2) oxidation by NO. Since the formation of 
N 2 and N 2 O at lower reaction temperatures (250-330°C) correlates with higher 
conversions of NO, it is probably due to SCR of NO by N H 3 and N 2 O could be an 
intermediate of NO reduction at high temperature. The substantial decrease in NO 
conversion and in the formation of N O 2 above 300°C suggests that oxidation of N H 3 to 
NO x is favored at higher reaction temperatures. 

Figure 12 summarizes the ammonia conversion activity of the Pt/Al203 catalyst 
as a function of temperature in a mixture of NO, O 2 , CO, and H 2 O . The conversion 
trends are similar to those of Figure 11 for which no CO was present. However, NO 
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Figure 4. 

Ammonia conversion vs. temperature during its oxidation with 14% 
O2 over Cu-ZSM-5 in the presence of NO, CO and H 2 0 as a 
function of NH3/NO ratio. GHSV = 64,000 rr 1, [NO] = 250 ppm, 
[CO] = 1%, [H20] = 20%; • : NH3/NO = 0.5, Ο: NH3/NO = 1.0, O: 
NH3/NO = 2.0, Δ: NH3/NO = 3.0. 

NO conversion vs. temperature during ammonia oxidation with 14% 
0 2 over Cu-ZSM-5 in the presence of NO, CO and H 2 0 as a 
function of NH3/NO ratio. GHSV = 64,000 hr1, [NO] = 250 ppm, 
[CO] = 1%, [H20] = 20%; • : NH3/NO = 0.5, Ο: NH3/NO = 1.0, O: 
NH3/NO = 2.0, Δ: NH3/NO = 3.0. 
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Figure 5. Selectivity of NH3 and NO to N2 over Cu-ZSM-5 in the presence of 

NO, CO and H 2 0 as a function of NH3/NO ratio. GHSV = 64,000 hr 
1, [NO] = 250 ppm, [02] = 14%, [CO] = 1%, [H 20] = 20%; • : 
NH3/NO = 0.5, Ο: NH3/NO = 1.0, Ο: NH3/NO = 2.0, Δ: NH3/NO = 
3.0. 

100 

' π—LJ r" 1 1 
200 300 400 500 

Temperature (°C) 

Figure 6. CO conversion vs. temperature during ammonia oxidation with 14% 
0 2 over Cu-ZSM-5 in the presence of NO, CO and H 2 0 as a 
function of NH3/NO ratio. GHSV = 64,000 rr 1, [NO] = 250 ppm, 
[CO] = 1%, [H20] = 20%; • : NH3/NO = 0.5, Ο: NH3/NO = 1.0, O: 
NH3/NO = 2.0, Δ: NH3/NO = 3.0. 
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Figure 7. Effects of NH3/NO ratio on the conversions of NH3, NO, and CO 
and selectivity to N2 at 450°C on Cu-ZSM-5. • : CO conversion, O: 
NO conversion, Ο: NH3 conversion, and Δ: conversion to N2. Data 
from Figures 3-6. 

0.0 1.0 2.0 3.0 
NH3/NO ratio 

Figure 8. Comparison of selectivity to N2 and NH3 slippage at 450°C on Cu-
ZSM-5 as a function of NH3/NO ratio. Data from Figures 3-6. 
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Figure 9. Ammonia oxidation with 14% 0 2 on Pt/Al2C>3. GHSV = 63,000 h"1, 
[NH3] = 500 ppm. • : NH3 conversion, • : conversion to NO, 
conversion to NO2, O: conversion to N 2 0 , and Δ: conversion to Ν2· 

100 200 300 400 500 
Temperature (°C) 

Figure 10. Ammonia oxidation with 14% O2 on Pt/Al203 under wet condition. 
GHSV = 63,000 h-l, [NH3] = 500 ppm. • : NH3 conversion, O: 
conversion to NO x , O: conversion to N 2 0 , and Δ: conversion to Ν2· 
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Figure 11. Ammonia oxidation with 14% O2 in the presence of NO and H 2 O on 
Pt/Al 2 0 3 . GHSV = 65,000 h-l, [NH3] = 500 ppm, [NO] = 250 ppm, 
and [H 20] = 18%. • : NH3 conversion, O: NO conversion, O: 
conversion to N O 2 , A: conversion to N2O, and ffl: conversion to N2. 

I 1 1 1 1 
100 200 300 400 500 

Temperature (°C) 

Figure 12. Ammonia oxidation with 14% O2 in the presence of NO, CO and 
H 2 0 on Pt/Al 2 0 3 . GHSV = 65,000 h"1, [NH3] = 500 ppm, [NO] = 
250 ppm, [CO] = 1%, and [H20] = 18%. • : N H 3 conversion, O: NO 
conversion, • : CO conversion, O: conversion to NO2, Δ: conversion 
to N 2 0 , and ffl: conversion to N 2 . 
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conversion is significantly reduced by the presence of CO below 250°C. A maximum 
of only about 60% NO conversion is obtained at 260°C (Fig. 12), while about 100% 
conversion is observed in the absence of CO (Fig. 11). Both NH3 and CO are 
completely oxidized above 300°C. About 70% N 2 0 is produced at 268°C which is 
14% lower than in Figure 11 suggesting that CO reduces N 2 0 formation. At 
temperatures above 300°C NO and N 2 0 conversions decrease, N 0 2 formation 
increases to about 9%, and conversion of nitrogen to N 2 increases to about 20% 
(Figure 12). For example, at 328°C the 750 ppm of total nitrogen equivalents 
(originally present in the feed as 500 ppm N H 3 and 250 NO) leaves the reactor as 2% 
NH 3 , 8% N 0 2 , 38% N 2 0 , 23% N 2 , and 29% NO (10 ppm NH 3 , 64 ppm N0 2 , 144 ppm 
N 2 0 , 85 ppm N 2 , and 218 ppm NO). The results of Figure 12 further support the 
hypothesis that NH 3 is oxidized in at least two reactions; in direct oxidation with 0 2 

and in SCR of NO. Also, N 0 2 appears to be formed at high temperatures due to NH 3 

oxidation with 0 2 , while NO is mostly consumed via the SCR mechanism. In general, 
the results of NH 3 oxidation and SCR of NO by NH 3 reactions are consistent with the 
earlier reports on Pt catalysts (22-25). Although Pt is a good oxidation catalyst, it 
suffers selectivity limitations for N 2 , N 2 0 , and NO formation. To our knowledge no 
study has been reported on a Pt system for the NH 3-NO SCR reaction in the presence 
of CO. Moreover, there are some significant differences compared with the SCR 
reaction without CO. 

The Combined Cu-ZSM-5 + Pt/AI 20 3 System. The catalytic activity of the 
combined Cu-ZSM-5 + Pt/Al 2 0 3 catalyst system was determined with equal amounts 
of the two catalysts (0.46 cc) each packed in series (Cu-ZSM-5 followed by Pt/Al 20 3) 
and separated by about a 3 to 5 mm thickness of quartz wool. The reaction conditions 
and the results are presented in Figure 13. 

The data indicate that the dual catalyst system is very active for the 
simultaneous removal of NH 3 , NO, and CO from a NWP offgas with high selectivity to 
N 2 and desirably low selectivity to N 2 0 . For example, at 485°C the conversions of 
NH 3 , NO, and CO are 99%, 94%, and 100% respectively while selectivities for N 2 and 
N 2 0 are 94 and 0% respectively. The incomplete NO conversion suggests that about 
6% N H 3 slips through Cu-ZSM-5 even at 485°C, which is subsequently oxidized to 
NO on Pt/Al 2 0 3 . N 2 0 is formed at low temperatures, its formation reaching a 
maximum of about 28% at 285°C, but dropping to 0% at 425°C. It is reasonable to 
assume that N 2 0 formation occurs at low temperatures on Pt/Al 2 0 3 because (1) 
selectivity to N 2 0 formation on Cu-ZSM-5 is negligible (Figs. 2 and 5) and (2) a 
significant amount of NH 3 slips through Cu-ZSM-5 due to its low SCR/NH3 oxidation 
activity at low temperatures (Figs. 2 and 9 and Table I). At temperatures above 285°C 
the N 2 0 formation decreases, since N H 3 slippage through Cu-ZSM-5 decreases. In 
other words, N H 3 conversion via SCR/NH 3 oxidation reactions increases with 
temperature on Cu-ZSM-5. However, about 60-70% CO slippage through Cu-ZSM-5 
is expected even at 485°C (Fig. 6). The 100% CO conversion on the dual catalytic 
system (Fig. 13) indicates that the CO not converted in the Cu-ZSM-5 bed is 
completely oxidized by Pt/Al 20 3 . 

Based on the results of this study, it appears that both Cu-ZSM-5 and Pt/Al 2 0 3 

have promise as clean-up catalysts for NWP applications. However, the two catalysts 
differ significantly in their activity/selectivity behavior. They have, for example, 
different optimum operating temperature windows for NH 3 , NO x and CO clean-up 
applications as summarized in Table I. Cu-ZSM-5, for example, effectively converts 
NH 3 and NO x to N 2 with a selectivity of about 100% in the temperature range of 450-
500°C at NH 3/NO ratios of 0.5 to 1.5 in the presence of CO and water vapor (Figures 3 
and 4). However, the application of Cu-ZSM-5 has two potential disadvantages: (1) its 
temperature window is narrow and high enough (450-500°C) that thermal stability of 
the catalyst could be a problem, and (2) its CO removal efficiency is considerably low 
(only 40-50% conversion even at 500°C). Sintering of zeolites in steam at 
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temperatures above 500°C is a recognized problem (26-28). The Pt catalyst, on the 
other hand, has a very wide temperature window for CO and NH3 oxidation. CO, for 
example, is completely oxidized to C 0 2 above 250°C (Figure 1) and NH3 is 
completely oxidized above 300°C (Figures 9-12). However, the Pt catalyst suffers 
from a serious selectivity limitation. A maximum selectivity to N 2 of only 40% is 
obtained in the presence of NO, CO and H 2 0 (Figure 12) at 400°C and it decreases to 
32% at 475°C. Also, a large quantity of N 2 0 is produced (70-85%) at low 
temperatures (250-300°C). This is a serious problem since N 2 0 is a green house gas 
and ozone destroyer. Nevertheless, N 2 0 formation is reduced to 20-25% as the 
temperature is raised to 500°C. 

TABLE I. Summary of catalytic performance of Cu-ZSM-5, Pt/alumina, and Cu-
ZSM-5 + Pt/alumina catalysts for the removal of NH 3 , NO x and CO. Data from 

Figures 3-6, 12, and 13 
Properties Cu-ZSM-5 Pt/alumina Cu-ZSM-5 + Pt/alumina 
Optimum temperature 
window (°C) 

450-480 330-500 425-500 

Conversion61 

N H 3 (%) 
CO (%) 
NO (%) 

94-99 
43-47 
98-100 

98-100 
100 
6-29 

99 
100 
88-94 

Selectivity61^ 
N 0 2 (%) 
N 2 0 (%) 
N 2 (%) 

0 
0 
96-98 

7-13 
22-32 
32-40 

1-2 
0 
95-97 

Conversions and selectivities are estimated at the optimum temperature window. 
b 100 χ cone, of product formed/Total cone, of N-containing gases in the feed. 

Hence, the Pt catalyst might be operated at higher reaction temperatures (450-500°C) 
to lower N 2 0 production. Interestingly, the dual catalyst system, Cu-ZSM-5 + 
Pt/Al203, combines the best features of these two catalysts, i.e., it is very active for 
NH3, NO, and CO clean-up with high selectivity to N 2 and negligible production of 
N 2 0 at temperatures of 425-500°C. Indeed, the conversions of NH 3 , NO and CO in 
this optimum temperature window are 99, 88-94, and 100% respectively, while 
selectivities to N 2 and N 2 0 are 88-94 and 0% respectively. 

Comparison of NO x reduction by NH3 on metal ion-exchanged ZSM-5 with 
previous work. Table II summarizes the previously reported research on NO x 

reduction by NH3 on metal ion exchanged ZSM-5 studied under different conditions. 
It appears that there were only two studies reported previously on metal ion (Cu and 
Pt) exchanged ZSM-5 (20,21) and the data are very preliminary. Teraoka et al. (21) 
tested Cu-ZSM-5 and Pt-ZSM-5 for simultaneous removal of NO and S0 2 at GHSV = 
12,000 h"1. Only NO and S0 2 conversions were measured; NH3 conversion and the 
SCR activity were not measured. Also, effects due to CO were not studied. However, 
the combined Cu-ZSM-5 + Pt-ZSM-5 system was found to convert all NO and S0 2 at 
300°C (27). Centi et al. (22) studied the role of copper sites in NO reduction on Cu-
ZSM-5, Cu-Si0 2, Cu-Vycor, and V 2 0 5 - T i 0 2 catalysts at 3,000-5,000 tr 1. N H 3 

conversion and the effects due to CO and S0 2 were not investigated. This paper 
reports new results on Cu-ZSM-5 and the Cu-ZSM-5 + Pt/Al203 dual system using 
NH3 as a reducing agent in the presence of CO and at high space velocity (65,000 h"1) 
applicable to NWP. This is probably the first paper to report a detailed study on the 
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200 250 300 350 400 450 500 

Temperature (°C) 

Figure 13. Conversion vs. temperature behavior of Cu-ZSM-5 + Pt/Al2U3 dual 
catalytic system for simultaneous removal of NH3, NO, and CO from 
NWP offgas in the presence of O2 and water vapor. GHSV = 65,000 
h"1, [NH3] = 500 ppm, [NO] = 250 ppm, [CO] = 1%, [O2] = 14%, 
and [H2O] = 20%. • : NH3 conversion, O: NO conversion, O: CO 
conversion, Δ: conversion to N2, and ffl: conversion to N2O. 

SCR of NO by NH3 with a complete nitrogen material balance and analysis of all the 
important species including N H 3 , NO, CO, and N2O gases. 

Summary and Conclusion 

Pt/alumina and Cu-ZSM-5 catalysts were studied on a laboratory scale for clean-up of 
NO x , N H 3 , and CO in nuclear waste processing (NWP). The results indicate that both 
catalysts have useful temperature windows in which simple oxidation of CO and 
ammonia and reduction of NO x with NH3 occur readily. Although significantly more 
active for these oxidation and reduction reactions, the Pt/alumina catalyst suffers from 
selectivity limitations in complex reactant mixtures, i.e., conversion to N2 is only 35-
40%; moreover in the temperature range of 200-300°C a large fraction of an NO, N H 3 , 
O2 mixture is converted to N2O (60-85%) while in a mixture of NO, N H 3 , CO and O2 
much of the nitrogen is oxidized to NO x at higher reaction temperatures. Cu/ZSM-5, 
on the other hand, reduces the reactant NO with NH3 to N2 with 100% selectivity over 
the temperature range of 260-450°C (in a reactant mixture of NO, N H 3 , CO, O2, and 
H2O); stoichiometric amounts of ammonia are completely converted above about 
350°C, while in a mixture of NH3 /NO = 2, complete conversion of ammonia occurs at 
475°C. The drawbacks of the Cu/ZSM-5 catalyst are (i) that only 20-40% of the CO in 
this reactant mix is oxidized in the temperature range of 300-500°C and (ii) >95% NH3 
conversion can be achieved only at high temperatures (above 450°C) under which 
conditions Cu-ZSM-5 may suffer from thermal deactivation. In general, the Pt catalyst 
performs better for oxidation reactions, and Cu-ZSM-5 performs better for the selective 
catalytic reduction of NO by NH 3 . A combination of the two catalysts (Cu/ZSM-5 and 
Pt/alumina- in that order) cleans-up NO x , N H 3 , and CO to low ppm levels; at 485°C 
the conversions of N H 3 , NO, and CO are 99%, 94%, and 100% respectively; 
selectivities to N2 and N2O are 94% and 0%. 
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Chapter 8 

Mobile Engine Emission Control: 
An Overview 

                  John N. Armor 

Air Products & Chemicals, Inc., 7201 Hamilton Boulevard, 
Allentown, PA 18195 

Recalling the origin and importance of control of NOx emissions from the preceding 
section in this book, the other half of the NOx problem emerges. Here the story is 
more developed because automotive emission control catalysts have been 
commercialized for over 20 years. Current catalysts allow automobile companies to 
meet the mandated standards for removal of hydrocarbons [HCs], CO, and NOx (1). 
Recent Clean Air Act Amendments will require significantly greater reductions in the 
future. Stringent local standards in California and Vermont will require up to a tenfold 
reduction in emissions by the late 1990's. Here new opportunities will emerge for 
catalytic solutions providing higher activity, lower temperatures, less rhodium, and lean 
engine operation. 

NOx control is linked with HC and CO control as well. In addition fuel 
economy and maximum power vary considerably with the air:fuel ratio. Typical three 
way catalysts contain Rh, Pt and often Pd with base metal additives on monolith 
supports (300-400 channels per square inch) and operate at 300-900°C. Rh is present 
to promote reduction of NO to N2. Pd and/or Pt is used for CO and HC oxidation, 
especially during cold starts. CeO2 (~20 wt% of wash coat A12O3) is added to promote 
the water gas shift reaction, store O2 under lean (fuel deficient) conditions, stabilize 
noble metal dispersion against thermal damage, and alter CO oxidation kinetics (2). 

There has been a great deal of effort to search for less costly alternatives to 
Noble metals without much success (3). Other opportunities for research include 
catalysts effective for the normal fluctuations in emissions, especially during cold start 
and catalysts useful for alternate fuels. Short term needs include raising catalyst 
performance guarantees from 50,000 to 100,000 mi and reducing the effects of such 
poisons as lead, phosphorous, and sulfur (4). 

For greater fuel efficiency, an alternative is the lean burn engine. Unfortunately, 
this engine fails to provide sufficient NOx control with the current 3-way catalyst unless 
one goes to unacceptable HC emission levels (5). Until NOx emissions can be handled, 
the development of lean burn engines will be delayed. 

0097-6l56/94/0552-0090$08.00/0 
© 1994 American Chemical Society 
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In addition there is a need for catalytic converters to handle diesel engine 
exhaust. Diesel engines run in excess O2, at lower temperatures (150-500°C) and their 
emissions are complicated by the presence of particulates and higher SO2/SO3 levels. 
Under these oxidizing conditions, three way catalysts are inappropriate for NOx 
control. Various traps, off-line regeneration, and flow through catalysts are being 
considered (6). In 1994, the Clean Air Act requires a >50% reduction in particulates 
and by 1998 a drop in NOx levels by 20% in the U.S. There is a tradeoff between 
particulates and NOx, because engine designs can prolong combustion and reduce 
particulates- but NOx emissions increase! Relatively high levels of sulfur compounds in 
diesel fuel adds a further complication. Diesel exhaust treatment has to handle solid, 
liquid, particulate, and gaseous components. Diesel oxidation catalysts (7) can oxidize 
the liquid portion of the particulates, gaseous HCs and CO but do not address NOx 
emissions. These latter catalysts have been used on >60,000 fork lift trucks and mining 
vehicles since 1967. Similar to gasoline engines, they use honeycomb monolith 
supports with a Pt and/or Pd on high surface area carriers. One future focus for diesel 
emissions will be on NOx removal and treatment via NOx decomposition or reduction 
with hydrocarbons. 

From the Symposium's session on Mechanisms of NOx Removal, Robert 
McCabe summarized presentations related to mobile engine emissions as follows: "The 
sub-session on stoichiometric NOx removal dealt mostly with rhodium-containing 
catalysts. The keynote address, Why Rhodium in Three-way Automotive Catalysts, (M. 
Shelef, Ford Motor Company) surveyed the attributes of Rh which have resulted in its 
current status as the noble metal of choice for NOx conversion in automotive exhaust 
Shelef noted the ability of highly dispersed Rh to adsorb NO in a dinitrosyl 
configuration, and suggested the Rh may be distinguished from other noble metals in its 
ability to promote N-pairing in adsorbed NO molecules prior to N-0 bond rupture. 
Theoretical support for Shelef s arguments was offered by T. R. Ward (work carried 
out at Cornell University) who presented results of molecular orbital calculations which 
indicated that Rh is more likely than either Pt or Pd to form paired interactions between 
gem-dinitrosyl NO molecules. In contrast to the dinitrosyl mechanism, studies by G. B. 
Fisher (General Motors), Β. E. Nieuwenhuys (Univ. of Leiden) and D. N. Belton 
(General Motors) all dealt with dissociative mechanisms of NOx reaction on extended 
metal surfaces. Fisher compared rates of NO reduction on Pt-Rh alloy single crystals 
with those on Pt (111) and Rh (111), respectively, and found that the alloys were 
generally intermediate in their activity between Pt and Rh. Nieuwenhuys examined N 2 

vs. NH 3 product selectivity in the reaction steps such as N-atom recombination. Belton 
used isotope experiments and electron-beam dissociation of adsorbed NO(a) + N(a) 
N2(g) + O(a) (not important) and NO(a) + Ν (a) -* N 2 0 (g) (important). R. Gorte (U. 
of Pennsylvania) exarnined NO reduction by CO on model Pt/ceria and Rh/ceria 
catalysts. Interactions between the metal and ceria were weak in the case of Pt but 
strong in the case of Rh as evidenced by the generation of C 0 2 with the simultaneous 
reduction of near-surface ceria during temperature-programmed desorption of CO." 

Ron Heck of Engelhard led the session on automotive emission control catalysts 
and summarized the papers in his section as follows: "The Evolution of Automobile 
Exhaust Emission Control - K. Taylor: Her keynote address involved the evolution of 
the automotive catalyst from the oxidation catalyst in the mid 1970's to the current 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

23
, 1

99
4 

| d
oi

: 1
0.

10
21

/b
k-

19
94

-0
55

2.
ch

00
8

In Environmental Catalysis; Armor, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



92 ENVIRONMENTAL CATALYSIS 

three way catalysts for nitrogen oxides, carbon monoxide and hydrocarbons. A new 
generation of catalysts will be required to meet the recently adopted Federal and 
California regulations for the 1990's. The immediate challenges are lower hydrocarbon 
emissions and 100,000 mile durability. La3+ Modified Al203 as a Support for Ce02 -
G. W. Graham, P. J. Schmitz, R. K. Usmen, R. W. McCabe and W. L. Watkins: 
Studies were conducted to show the effect of lanthanum on the ceria used in the 
automotive catalyst. The ceria is considered the key component for maintaining oxygen 
storage during rich perturbation of the automobile engine. If lanthanum is incorporated 
in the gamma alumina before the ceria is added, a higher ceria dispersion and a greater 
range of reversibility of the ceria was obtained. This is beneficial for activity and 
durability of a three way catalyst. NOx Control in Lean Burn Engine Exhaust - B. 
Bykowski and M. Heimlich: For lean burn engines, the three way catalyst is ineffective 
for NOx reduction. Studies were conducted with engine exhaust on different types of 
zeolite catalysts for selective reduction of NOx using exhaust hydrocarbons as the 
reactant. Short term conversions of NOx up to 95% were obtained, however the 
durability of the zeolites remains a serious challenge. Distinguishing Between 
Chemical and Physical Promotion Mechanisms by Ce02 in Pt, Rh Three-way 
Automotive Catalysts Under Practical Industrial Conditions - J. G. Nunan and H. J. 
Robota: In order to better understand the function of ceria in the three way catalyst, 
engine aging studies were conducted on catalysts with and without ceria. Adding ceria 
enhanced the carbon monoxide conversion but not the water gas shift reaction. Aging 
without ceria reduced both the carbon monoxide and nitrogen oxides conversion. Also 
it was noted in the aging studies that a platinum/rhodium alloy was formed, and the 
ceria appeared to prevent alpha alumina formation at the higher temperature (850°C). 
Adding ceria to the aged catalyst restored fresh activity. Interaction of NO and CO on 
Rh/Si02 and Ce-RhlSi02 Catalysts: A transient In-Situ IR Spectroscopic Study - G. 
Srinivas, C. Chuang and S. Debnath: Infrared studies were conducted for a better 
understanding of the carbon monoxide and nitrogen oxides reaction over rhodium/ceria 
and ceria/rhodium/silica catalysts. Studies indicated that cyanide and isocyanate are 
intermediates in the reduction reaction." 

Robert Farrauto led the later session on diesel emission control catalysts and 
summarized the papers in this session as follows: "Palladium Only Catalysts For 
Closed Loop Control: A Review by J. Summers and W. B. Williamson: The 
development of a Pd only catalyst for three way control of CO, HC and NOx in 
gasoline fueled vehicles was announced. It contains proprietary oxides to promote the 
Pd and is now commercially in practice in at least three automobile applications. This 
development represents a cost savings to the automotive industry in that the more 
expensive Pt and Rh, currently present in most automobile converters, is not necessary. 
Treatment of Diesel Exhaust Using A Novel Oxidation Catalyst by K. E. Voss, J. K. 
Lampert, R. J. Farrauto, R. M. Heck and G. Rice: A base metal oxide catalyst 
deposited on a flow through honeycomb for oxidation of diesel particulates was 
described. Traces of Pt can be added to enhance the oxidation of CO, and HC with 
minimal production of sulfates. This new catalyst will be commercialized in the US for 
trucks in May 1994. The Effects of Support Material and Noble Metal On The 
Catalytic Oxidation of Diesel Exhaust Gases by T. I. Maunula, M. A. Harkonen, M. I. 
Kivioja, Τ. Ο. B. Slotte and K. Oy: This paper described a comparison of Pt, Pd and 
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Rh on various supports for the oxidation of CO, HC and S0 2 emitted from the exhaust 
of a diesel engine. Pt was shown to be the most active catalyst and the A1203 carrier 
the most likely to store sulfates. Catalytic Diesel Engine Emission Control: Oxidation 
of NO to NO2 In The Presence of S02 Over Pt/Zr02/S04 by E. Xue, K. Seshan, P. L. 
D. Mercera, and J. R. H. Ross: Their premise was that N0 2 can oxidize the soot 
generated in diesel exhaust. The importance of support acidity for the oxidation of NO 
to N 0 2 and S0 2 to S0 3 was investigated using a Pt based catalyst. Platinum 
impregnated Zr02/S04 superacid enhanced the oxidation of both gaseous species. 
Catalytic Decomposition of Nitrous Oxide On Metal Exchanged Zeolites by John N. 
Armor, P. J. Cook, T. S. Farris, P. J. Battavio, T. A. Braymer and Yuejin Li: A family 
of zeolite exchanged catalysts were reported to be effective for the decomposition of 
N 2 0 in 0 2 and H 2 0 containing environments (8). The authors reported that Cu and Co 
exchanged onto ZSM-5 and 11, mordenite, beta, and ferrierite are effective." Several 
of these presentations are included in this section on Mobile Engine Emissions Control. 
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                Chapter 9 

Palladium-Only Catalysts for Closed-Loop 
Control 

              J. C. Summers and W. B. Williamson 

AlliedSignal Environmental Catalysts, P.O. Box 580970, 
                              Tulsa, OK 74158 

The commercialization of palladium-only closed-loop control 
automotive catalysts represents a significant technology breakthrough. 
The use of a single noble metal catalyst to simultaneously control 
hydrocarbon, CO and NOx emissions has been developed, extensively 
evaluated by automobile manufacturers and demonstrated opportunities 
in meeting the more stringent emission standards. Palladium-only three
-way catalysts not only can have the durability performance of 
commercial platinum/rhodium catalysts, but also have performance 
advantages and offer cost reduction opportunities. Palladium improves 
HC emission control for gasoline, methanol or methanol/gasoline 
blends, and natural gas applications. Palladium technologies have 
superior thermal stability to conventional rhodium-containing 
technologies for higher exhaust temperature applications, which may be 
necessary for achieving low emission vehicle (LEV) and ultra low 
emission vehicle (ULEV) HC standards. 

The roles of the various noble metals (platinum, palladium and rhodium) used in 
automotive emission control catalysts to simultaneously convert hydrocarbon (HC), CO 
and N O x emissions from closed-loop control vehicles were defined from research in the 
1970s(l,2). In brief summary, platinum and palladium were necessary to control HC 
and CO emissions both during lightoff and warmed-up operation(3) while rhodium was 
considered essential in controlling NOx emissions(4), although it was well known that 
both platinum and palladium could convert some N O x about the stoichiometric point 
(1,5,6) (Figure 1)(6). Furthermore, platinum was preferred over palladium because it 
was more poison resistant to gasoline and motor oil contaminants (i.e., lead, phosphorus 
and sulfur compounds)(7,8), although palladium was more resistant to thermal sintering 
than platinum(9,10,ll). 

It has been recognized for some time that there were problems connected with 
palladium usage. These included alloy formation with rhodium(12,13), platinum(14), 

0097-6156/94/0552-0094$08.00/0 
© 1994 American Chemical Society 
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S100 
φ 

ο 

Figure 1. Durability of single noble metal catalysts at stoichiometry after severe 
engine aging for lOOh at 850°C inlet temperatures. (Reproduced with 
permission from ref. 6. Copyright 1991 Society of Automotive 
Engineers, Inc.) 
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96 ENVIRONMENTAL CATALYSIS 

and lead (15), as well as poisoning by sulfur compounds and lower activity for 
oxidizing C 3 or higher molecular weight paraffins(16). 

The idea of using a single noble metal to simultaneously control HC, CO and 
N O x emissions about the stoichiometric point was first proposed in 1968 by Esso 
workers(17). However, the first serious attempt to develop an automotive emission 
control catalyst technology employing only a single noble metal to simultaneously 
control HC, CO and N O x did not occur until the early 1980s. 

H. S. Gandhi and co-workers at Ford Motor Company demonstrated that 
palladium, in the presence of base metal promoters, could convert significant quantities 
of N O x (in addition to HC and CO) about the stoichiometric point(18-21). In the 
presence of Mo0 3, palladium's activity and selectivity for converting NO to N 2 was 
significantly improved, exhibiting performance characteristics analogous to 
rhodium(18,19). This work was followed by the development of W0 3 containing 
palladium catalysts(20a). These palladium formulations were characterized as having 
good saturated hydrocarbon activity performance coupled with an enhanced capability 
of selectively reducing NO to N 2 . 

The importance of these studies exceeded the technology developed, as the 
technology was never commercialized. However, for the first time, the potential of 
using a single noble metal to control automotive emissions in a practical closed-loop 
environment was demonstrated. 

H. Muraki and researchers at Toyota Motor Company published a series of 
papers in the mid-to-late 1980s describing their attempts to modify the three-way 
catalytic performance of palladium by the addition of lanthanum oxide. The Toyota 
researchers reported that lanthanum weakens the strength of adsorption of hydrocarbons 
on palladium(22,23), promotes the CO and NO reaction in the presence of 
hydrocarbons(22), increases the activity and selectivity of NO reduction by H 2 to 
N2(24), and hinders the reduction of palladium oxide(23). It should be noted that these 
studies were conducted with fresh catalysts and in the absence of S0 2 in the reactor 
feedstream. 

During the late 1980s, J. C. Summers and co-workers at AlliedSignal applied 
palladium-only three-way technology to a variety of vehicle applications. The 
technology used a proprietary base metal promoter package that increased the 
effectiveness and durability of palladium. The initial objective in the early stages of 
their development effort was noble metal cost reduction achieved by the substitution 
of palladium for the more expensive platinum and rhodium(25-27,6). The performance 
target of the early generation of technology was to achieve approximate equivalency to 
commercially loaded platinum/rhodium catalysts. For example, in one comprehensive 
durability study the goal was to achieve equivalence in durability performance of a 
2.0g/L palladium (56g/ft3) catalyst with a relatively low-loaded 0.7g/L platinum/rhodium 
(5/1 @ 20g/cf) catalyst(26). (Note: Noble metal concentrations are expressed as grams 
of noble metal per volume of ceramic monolith substrate with nominal cell geometry 
of 62 square cells/cm2). 

Significantly lower platinum/rhodium usage can be achieved by using a 
combination of palladium technology with improved platinum/rhodium technology in 
a two-catalyst system to replace current production platinum/rhodium three-way 
catalysts. A catalyst system using a platinum/rhodium technology followed by a 
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9. SUMMERS & WILLIAMSON Pd-Only Catalysts for Closed-Loop Control 97 

palladium catalyst (Figure 2) improved stoichiometric CO and NOx conversions and 
significantly lowered the light-off temperature for 50% conversions over a current 
production technology (Table I). 

Table I - Use of Pd-Only Technology 
for 50% Pt/Rh Reduction 

Dyno Aged: 150h 760-850°C Inlet 
Fuel-Cut Cycle 

Conversion (450°C, 30K/h) 
Stoichiometric A/F = 14.56 Pt/Rh Pt/Rh+ Pd 

HC 94 96 
CO 80 88 
NOx 76 88 

50% Conversion 
HC 389°C 361°C 
CO 386 360 
NOx 367 356 

Catalyst Vol (L) 1.52 1.52 

With further improvements in palladium-only technology, the development 
emphasis changed as the superior HC activity and durability performance of palladium 
was demonstrated in applications for gasoline (28,29), methanol(30) and compressed 
natural gas(31,32). With the enactment of the 1990 Clean Air Act and the more 
stringent California emission standards, the use of palladium technology showed 
considerable promise in controlling HC emissions. 

Palladium Performance Characteristics 

An acceptable palladium-only closed-loop catalyst technology for modern vehicle 
application needs to exhibit 

• Comparable thermal durability to conventional platinum/rhodium catalysts. 
Acceptable NOx performance. 

• Acceptable tolerance to poisoning by exhaust stream lead and sulfur 
compounds. 

Current state-of-the-art palladium-only technology performance will be examined 
with respect to these issues. 

Thermal Durability Performance. The thermal durability performance of 
platinum/rhodium and palladium/rhodium catalysts is strongly dependent on noble metal 
loading(33) and platinum or palladium/rhodium ratio(34). However, for a series of 
platinum/rhodium catalysts having a 5/1 ratio, durability performance is generally 
known to be essentially constant at total noble metal loadings above 1.4-1.8g/L (40-
50g/cf). 

This is not the case for palladium-only catalysts. Even at much higher noble 
metal loadings, palladium-only catalyst show increasing performance with increasing 
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98 ENVIRONMENTAL CATALYSIS 

palladium loadings( 12,29). Table 11(29) shows the effect of palladium loading on the 
conversions of HC, C O and N O x at the stoichiometric point, and Figure 3(29) gives the 
temperature-conversion performance of the catalysts. These data suggest that 
increasing relatively low cost palladium loadings is an inexpensive way of improving 
the durability performance of three-way catalysts. 

Table II - Pd Loading Effects on 
Durability Performance 

Aging Cycle: lOOh, 760°C Inlet Temperature 
+ 50h, 850°C Inlet Temperature 

Aging Fuel: Commercial Unleaded 

Pd Loading Integral Conversion (%) 
(g/L) HC £ 0 NOx 
0.68 91 83 76 
1.71 91 82 76 
3.4 93 90 78 
17.0 97 90 82 

(Reproduced with permission from Ref 29. 
Copyright 1993 Society of Automotive Engineers, 
Inc.) 

To test the effectiveness of the first generation AlliedSignal technology, the 
durability performance of a 2.0g/L palladium catalyst was extensively compared with 
a platinum/rhodium catalyst (0.71 g/L, 5/l)(26). The catalysts were aged on 
dynamometer cycles of increasing thermal severity, and then evaluated under a variety 
of dynamometer and vehicle conditions. A vehicle aging durability study of 40,000 km 
(25K miles) duration was also conducted. The HC and CO conversion performance of 
the palladium catalyst was equivalent or superior to the commercial platinum/rhodium 
catalyst (Figures 4 and 5)(26). Increasing the thermal severity of the aging resulted in 
an increasing performance advantage for the palladium-only catalyst. 

About the stoichiometric point, the N O x conversion across the palladium catalyst 
was equivalent or superior to the commercial platinum/rhodium catalyst (Figure 5). 
Rich of the stoichiometric point, the platinum/rhodium catalyst was clearly superior to 
the palladium catalyst. With increasing thermal severity of the aging, the palladium 
catalyst improved relative to the platinum/rhodium catalyst at the stoichiometric point, 
but its disadvantage increased rich of the stoichiometric point. 

At the highest aging temperatures (maximum inlet temperature = 850°C), the 
palladium was significantly more effective than the platinum/rhodium catalyst in 
converting HC and CO from a stoichiometric exhaust. This is important during the 
warm-up portion of the FTP-75 vehicle evaluation cycle. The relative FTP-75 
performance of the two pairs of aged catalysts was a function of vehicle configuration 
(Table III)(26). A tight air/fuel control system and/or with slightly lean calibration 
could largely compensate for the rich side N O x disadvantage of the palladium catalyst. 
Solving the weakness in N O x control was a major research objective. 
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PVRh TWC "A" 
5/1 @ 1.4g/L 

1.52L 

vs. 

Pt/Rh TWC Pd 
5/1 @1.4g/L 2.6g/L 

0.76 0.76L 

Front Rear 

Figure 2. System comparison of 50% Pt-Rh reduction by using Pd catalysts. 

Temp(°C) 
50% Conversion 

0 5 10 15 20 

Pd Loading (g/L) 

Figure 3. Beneficial effects of increased Pd loadings on HC light-off 
performance. (Reproduced with permission from ref. 29. Copyright 
1993 Society of Automotive Engineers, Inc.) 
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By 1992 the level of palladium-only technology had advanced to the point that 
it exhibited considerably better durability performance than a highly loaded 
platinum/rhodium (5/1, 1.4g/L) catalyst (Table IV)(28). Furthermore, this 
platinum/rhodium technology is considerably more thermally durable than the 
platinum/rhodium catalyst from the earlier studies. With this accomplishment, 
palladium-only closed-loop control technology became a reality. 

Table ΠΙ - Vehicle Evaluation of Pd-Only 
TWC Catalysts 

FTP Performance: 1982 Chevrolet Citation 

Modal 
Summary Pd TWC Type Pt/Rh TWC Type 
Total FTP-75 Washcoat Washcoat 

HC 89 84 
CO 76 60 
NOx 72 64 

(Reproduced with permission from Ref. 26. Copyright 
1989 Society of Automotive Engineers, Inc.) 

Table IV - Comparison of the Durability Performance 
of a Sulfur Tolerant Pd Catalyst and a 

Commercial Pt/Rh Catalyst 
Aged: lOOh, 850°C Fuel-Cut Cycle 

Evaluation Gasoline: Commercial Unleaded (90ppmS) 

Conv. (%) 
Stoich Point 450°C, 30K/h 
CA/F = 14.56Ï Ed Pt/Rh 

HC 95 93 
CO 96 73 
NOx 92 78 

Conv. (%), A/F = 14.25 
HC 65 57 
CO 33 33 
NOx 94 96 

Temp CC 50% Conv.) 
HC 351 408 
CO 351 410 
NOx 354 391 

(Reproduced with permission from Ref 28. Copyright 
1992 Society of Automotive Engineers, Inc.) 
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9. SUMMERS & WILLIAMSON Pd-Only Catalysts for Closed-Loop Control 103 

Rich NOx Performance. A fundamental issue associated with palladium-only three-
way catalyst technology is lower rich A/F N O x durability(20). In earlier studies 
conducted during the 1980s, no acceptable solution was found to this problem. The 
importance of rich A/F N O x conversion performance has decreased over the last few 
years with improvements in fuel management systems. With tighter A/F control, the 
catalysts are less exposed to rich exhaust. 

The earlier generation of AlliedSignal catalysts had excellent N O x conversion 
performance about the stoichiometric point, but poor rich N O x conversions(26). 
However, across vehicles with tight air/fuel ratio control, they gave a similar 
performance to the platinum/rhodium catalyst. The latest generation of palladium 
technology has essentially solved the rich side N O x conversion problem in addition to 
its superior stoichiometric conversion performance(28) coupled with tighter A/F ratio 
control. 

Lead Poisoning. Palladium is well-known to be much more susceptible to poisoning 
by lead and phosphorus than platinum(8,21). Rhodium is also particularly susceptible 
to poisoning by lead and phosphorus(12). Hence, the issue is not deactivation of 
palladium versus platinum, but rather deactivation of palladium versus rhodium. Since 
it is not apparent that a palladium-only catalyst would be less poison-resistant than a 
platinum/rhodium catalyst, the durability performance was compared for a palladium-
only (2.0g/L) and a platinum/rhodium (0.71g/L, 5/1). The lead fuel content was 13mg 
Pb/L (the maximum allowable level for European gasolines) and the maximum catalyst 
inlet temperature was only 625°C, a condition that favors lead poisoning. 

The HC, CO and N O x conversion performance of the catalysts are shown in 
Figure 6(26). These data indicate that these palladium catalysts have comparable 
poison resistance to platinum/rhodium catalysts. The conversions at the stoichiometric 
point are essentially equivalent and slightly greater than those in Figure 5 due to the 
lower aging temperature. The rich-side HC conversion of the palladium catalyst is 
greater than that of the platinum/rhodium catalyst, and the rich-side N O x conversions 
are similar. 

S02Poisoning. Sulfur dioxide is known to mhibit the catalytic performance of noble 
metals(35). Recent vehicle studies(36) have confirmed earlier laboratory studies. 
Conventional wisdom teaches that palladium is poisoned to a greater extent than 
platinum catalysts. This is certainly true when the metals are supported on alumina. 

The impact of variable levels of S0 2 on the performance of palladium, 
platinum/rhodium and palladium/rhodium catalysts was evaluated in a recent study(28). 
For one early level of palladium-only technology, both rhodium-containing catalysts 
were significantly more resistant to S0 2 poisoning than the palladium-only catalyst. 
The platinum/rhodium catalyst was more resistant than the palladium/rhodium catalyst. 
However, all three noble metal formulations were poisoned to some degree. 

The performance measures of the palladium-only catalyst most seriously 
poisoned by S0 2 were rich side N O x conversions and the temperature-performance 
obtained at the stoichiometric point. Increasing the gasoline sulfur level from 14ppm 
to 6000ppm resulted in a systematic loss of performance. 
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An advanced sulfur tolerant palladium-only technology was also compared to 
the same platinum/rhodium technology while the sulfur gasoline content was varied 
from 14ppm to 500ppm (Table V)(28). The C O and N O x FTP-75 performance of the 
two catalysts were similar and poisoned to about the same extent, but the palladium-
only catalyst had superior H C performance. The advanced palladium-only catalyst was 
significantly less poisoned by S0 2 than the platinum/rhodium catalyst. Unlike the 
earlier generation of palladium-only technology, the sulfur tolerant technology exhibited 
N O x performance and low temperature (Bag 1) performance at least equivalent to that 
of the platinum/rhodium technology. 

Effect of Exhaust A/F on Aging. The various noble metals sinter at varying rates 
depending on air/fuel ratio(37,38). For example, platinum supported on alumina sinters 
more readily in oxygen than in hydrogen, whereas palladium supported on alumina 
sinters more readily in hydrogen than in oxygen. 

Table V - FTP-75 Performance 

Sulfur HC CO NOx 
Level (g/mi) (g/mi) (g/mi) 

Catalvst mm Total Total Total 
Pd 14 0.07 1.72 0.18 

90 0.09 2.2 0.23 
500 0.1 2.42 0.24 

Pt/Rh 14 0.1 1.78 0.17 
90 0.14 2.15 0.26 
500 0.19 2.86 0.25 

(Reproduced with permission from Ref. 28. Copyright 
1992 Society of Automotive Engineers, Inc.) 

The impact of high temperature exposure of rhodium supported on alumina as 
a function of aging environment is much more complicated. Not only does sintering 
occur, but in an oxidizing environment at sufficiently high temperature, rhodium 
appears to enter the alumina lattice and be irreversibly lost for catalyzing the three-way 
reactions(39,40). 

Exposing platinum/rhodium automotive catalysts to a net oxidizing exhaust at 
sufficiently high temperatures (>700°C) is very deleterious to their durability 
performance(41). Under such conditions platinum sinters and rhodium interacts 
irreversibly with the alumina support. Much of the research and development activity 
of the 1980s was aimed at identifying catalyst formulations that would be resistant to 
such exhaust operating conditions(42). Palladium-containing catalysts, on the other 
hand, were thought to be particularly susceptible to performance loss upon rich air/fuel 
high temperature exposure. Recent work with advanced formulations suggest that this 
may not be the case(43). 
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106 ENVIRONMENTAL CATALYSIS 

The impact of aging environment on the durability performance of palladium-
only and platinum/rhodium catalysts has been systematically evaluated(29). Pairs of 
these catalysts were aged for 100 hours on aging cycles employing a stoichiometric 
exhaust or a stoichiometric exhaust with superimposed lean fuel cuts (A/F «22) for 
about 8% of the total aging time. The aging catalyst inlet temperature was varied from 
760 to 900°C. The data obtained from these experiments are contained in Figures 7 
through 9(29). For aging in a continuous stoichiometric exhaust there was a slightly 
larger loss of performance for the palladium catalyst than the platinum/rhodium catalyst 
(Figure 8). When lean spikes were introduced into a stoichiometric exhaust, there is 
almost no effect on the performance of the palladium-only catalyst. The 
platinum/rhodium catalyst, however, suffered a significant loss of three-way and light-
off performance (Figure 7). 

These results indicate that Pd catalysts are competitive with Pt/Rh catalysts for 
stoichiometric operation, and will be most effective for the leaner calibrations in pursuit 
of improved fuel economy. The preferred mode of operation for lowest emissions is 
at the stoichiometric point and rich excursions are inevitable. Palladium performance 
for these conditions can be maintained by also incorporating slightly lean excursions 
periodically(21). Of course, tighter fuel control systems will also benefit 
platinum/rhodium systems in minimizing lean excursions at high temperature conditions. 

Palladium Manifold-Mounted Converter Advantages. The key to excellent catalytic 
control of HC emissions is to place an active highly durable catalyst as close to the 
engine manifold as feasible(e.g.,44). This is especially true for controlling Bag 1 
emissions, where the great majority of HC emissions occur. 

Palladium-only three-way technology can have excellent thermal stability(28,29). 
The latest generation of technology is superior to the more conventional rhodium-
containing technologies. This fact suggests its potential applicability for use in high 
temperature locations, e.g., near the engine manifold. 

A palladium manifold converter by itself is particularly effective in controlling 
total hydrocarbon emissions. On the other hand, the significantly larger (but cooler 
operating) underfloor converter reduces the total FTP-75 hydrocarbon emission by a 
much smaller fraction as illustrated in Figure 10(29). For hydrocarbon control, the 
manifold catalyst had a conversion of 92% which accounted for the far majority of the 
total hydrocarbon performance. The underfloor catalyst only contributed to 5% of the 
total catalyst performance. The manifold reactor also does a majority of the total CO 
and N O x conversion. Note that the greatest contribution of the underfloor converter is 
for N O x performance under high speed and high space velocity operation. 

The California low emission (LEV) and even ultra low emission (ULEV) vehicle 
standards were achieved using a 1987 2.5L TBI Buick Somerset retrofitted with a small 
engine-mounted converter containing a palladium-only catalyst using a non-optimized 
converter system(29). An important element to that accomplishment was the strong 
relationship that exists between durability performance and loading associated with 
palladium catalysts. 

A useful method of assessing relative tailpipe emissions can be obtained by 
plotting cumulative emissions (weighted) throughout the FTP-75 test cycle. Weighting 
factors are applied to the emissions in the same manner as bag weighting occurs: 0.43 
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Effect of high-temperature fuel-cut aging (8% of lOOh) on Pd-only and 
Pt/Rh catalyst activity. (Reproduced with permission from ref. 29. 
Copyright 1993 Society of Automotive Engineers, Inc.) 
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Figure 8. Effect of stoichiometric aging temperature for lOOh on Pd-only and 
Pt/Rh catalyst activity. (Reproduced with permission from ref. 29. 
Copyright 1993 Society of Automotive Engineers, Inc.) 
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Figure 9. HC light-off durability of Pd-only and Pt/Rh catalysts as a function of 
aging and peak temperatures for lOOh. (Reproduced with permission 
from ref. 29. Copyright 1993 Society of Automotive Engineers, Inc.) 
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Figure 10. Relative performance contributions of aged manifold and underfioor Pd 

catalysts in a two converter system. (Reproduced with permission from 
ref. 29. Copyright 1993 Society of Automotive Engineers, Inc.) 
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110 ENVIRONMENTAL CATALYSIS 

for Bag 1, 1.0 for Bag 2 and 0.57 for Bag 3. Three aged converter system results were 
plotted in this manner: (1) 2.6g/L palladium underfioor only; (2) 2.6g/L palladium 
manifold and underfioor; and (3) 10.6g/L palladium for both the manifold and 
underfioor locations (Figure 11)(29). 

When the 2.6g/L palladium underfioor catalyst was evaluated without a manifold 
catalyst, it was found that nearly 60% of the weighted total hydrocarbons were emitted 
during the first 320 seconds of the test. It failed to meet the LEV standard after only 
300 seconds into the test. The majority of the hydrocarbon emissions were due to the 
relative ineffectiveness of the catalyst during the cold start portion of Bag 1. A 
significant amount of hydrocarbons are emitted during the high speed acceleration. 

When the 2.6g/L palladium manifold catalyst was added to the system, the 
weighted total hydrocarbon emissions were decreased significantly during the cold start 
portion of Bag 1. Not only did this converter system meet the hydrocarbon LEV 
emission standards, but the C O and N O x LEV standards as well. The 10.6g/L 
palladium manifold and underfioor catalyst system met the extremely demanding ULEV 
standards. 

When using the dual catalyst system, there are two additional factors to consider 
when determining the amount of noble metal used: catalyst location and catalyst 
volume. Figure 12(29) summarizes the results of using two noble metal loadings in two 
catalyst locations. The line graph shows the weighted tailpipe hydrocarbon emissions 
for each catalyst set, and the bar graph indicates the total noble metal loading for the 
catalyst set. 

As expected, Set 1 which uses the least noble metal had the poorest hydrocarbon 
catalyst performance, and Set 4 which uses the most noble metal had the best 
hydrocarbon catalyst performance. Set 2 has a high noble metal loading in the larger 
underfioor catalyst, and the noble metal usage is much higher. Set 3, which has the 
high noble metal loading in the manifold catalyst has a relatively low noble metal usage 
because of the small manifold catalyst volume. In this case, the hydrocarbon catalyst 
performance does not correspond with noble metal usage, but rather with the placement 
of the noble metal. The application of the higher loading in the manifold catalyst 
resulted in more effective use of the metals. 

Conclusions 

AlliedSignal's program to develop palladium-only three-way automotive catalyst 
technology has yielded a new emission technology breakthrough demonstrating the 
following advantages and opportunities: 
(1) Palladium-only three-way catalyst technologies are effective alone or in 

conjunction with rhodium-containing technologies to lower both platinum and 
rhodium usage and noble metal costs. 

(2) Palladium-only catalysts have superior H C conversion performance relative to 
conventional platinum/rhodium catalysts for a variety of fuels including 
gasoline, methanol or methanol/gasoline blends, and compressed natural gas. 

(3) The use of high loadings of the relatively inexpensive palladium in small 
manifold catalysts offer superior thermal durability and light-off performance 
relative to platinum/rhodium catalysts. 
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Figure 11. FTP-75 accumulative weighted emissions of three system configurations 
relative to various low emission vehicle standards. (Reproduced with 
permission from ref. 29. Copyright 1993 Society of Automotive 
Engineers, Inc.) 
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Figure 12. Effect of manifold/underfloor Pd loadings (g/L) on total FTP-75 
hydrocarbon emissions relative to total system metal loading. 
(Reproduced with permission from ref. 29. Copyright 1993 Society of 
Automotive Engineers, Inc.) 
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112 ENVIRONMENTAL CATALYSIS 

(4) Manifold and close-coupled palladium-only three-way catalysts are effective for 
lowering hydrocarbon emissions to help meet California's LEV and ULEV 
standards. For cooler underfioor locations, palladium-only catalysts are also 
effective for CO and N O x emission control performance. 

(5) State-of-the-art palladium-only catalysts exhibit particularly good CO and N O x 
performance about the stoichiometric point after severe high temperature aging. 
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Chapter 10 

Differences in Behavior of Pt, Rh, and 
Pt—Rh Alloy Surfaces toward NO Reduction 

       Bernard E. Nieuwenhuys1, Jacobus Siera1, Ken-ichi Tanaka2, and 
Hideki Hirano2 

1Gorlaues Laboratories, Leiden University, P.O. Box 9502, 2300 RA 
                    Leiden, Netherlands 

                 2The Institute for Solid State Physics, University of Tokyo, 
7-22-1 Roppongi, Minato-ku, Tokyo 106, Japan 

Rh is the key component of the automotive three-way catalyst for the 
conversion of NOx to nitrogen. In the present paper we focus on the 
mechanisms of NO reduction reactions, the factors determining the 
activity and the selectivity of metal catalysts toward NO reduction and 
our understanding of the different behavior of Pt, Rh and Pt-Rh alloy 
catalysts. Major emphasis will be on NO-hydrogen reactions. The 
routes leading to N2, NH3 and N2O formation will be addressed. The 
excellent performance of Rh will be discussed in relation to the 
behavior of this metal in NO adsorption, dissociation, interaction with 
N, O, CO and H. It will be shown that the surface structure and alloy 
formation can affect the behavior of the precious metals toward NO 
reduction. 

The automotive three-way catalyst is an excellent catalyst for purification of 
automotive exhaust gas. Its high activity and selectivity combined with its 
outstanding thermal stability and resistance to poisoning make it a very effective 
catalyst. The active components include the precious metals platinum or palladium 
and rhodium. 

In 1992 the automotive catalyst already accounted for 34% of the total 
demand for Pt and for 87% of the Rh demand.(i) Pt is an effective catalyst for 
the oxidation of CO and hydrocarbons. Rh is superior to Pt for the NO reduction 
to N 2 (2): 

2NO + 2CO -> 
2NO + 2H2 -> 

N 2 + 2C0 2 

N 2 + 2H20 
(la) 
(2a) 

NO can also react to the undesired N 2 0 and NH 3 with overall reactions 

0097-6156/94/0552-0114$09.08/0 
© 1994 American Chemical Society 
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10. NIEUWENHUYS ET AL. Behavior ofPt, Rh, and Pt-Rh Alloy Surfaces 115 

It has been found that the reduction of NO by CO is much slower than by H 2 . (3-
5) Hecker and Bell (6) showed that in H2/CO mixtures most of the NO reduction 
over supported Rh occurs through the consumption of H 2 even when the CO 
partial pressure exceeds the H 2 partial pressure. The selectivity of Pt to promote 
NO reduction to N 2 rather than to NH 3 is poor especially at low temperatures. (4) 
Rh is the essential ingredient of the automotive catalyst for the selective conversi
on of NO to N 2 . (2) It has been found that Pt and Rh form alloy particles in the 
three-way catalyst. (7,8) Alloy particles often exhibit catalytic properties (e.g. 
selectivity, activity, stability and poison resistance) different from those of the 
constituent metals. Despite of the wildspread use of the bimetallic Pt-Rh catalysts, 
only a few studies have been published concerning the performance of Pt-Rh alloy 
catalysts in the relevant reactions. (5,9-17) This contrasts with the monometallic 
Pt and Rh catalysts about which several investigations have been reported. 

In view of the enormous importance of bimetallic Pt-Rh catalysts we have 
investigated in our laboratories the properties of various Pt-Rh alloy single crystal 
surfaces and supported Pt-Rh alloy catalysts. (5,9-16) In this paper we describe 
comparative studies of NO reduction with hydrogen over several Pt-Rh alloy, pure 
Pt and pure Rh catalysts, in the form of both well defined single crystal surfaces 
and silica supported catalysts. The main purpose of this paper is to review our 
current knowledge concerning (1) the mechanisms of the various NO reduction 
reactions, and their relative contributions (2) our understanding of the different 
behavior of Pt and Rh in NO reduction and (3) the effects of Pt-Rh alloy formati
on and of surface structure. 

Experimental 

For details concerning the experimental equipment and procedure used, the reader 
is referred to our previous papers. (5,9-16) The experiments with single crystals 
were carried out in UHV systems with base pressures better than 2xl0"10 mbar. 
The sample was cleaned by cycles of Ar-ion bombardment, oxidation and reducti
on cycli and flashing to high temperature in vacuum. The activity and the 
selectivity measurements over the supported catalysts were performed in a single-
pass fixed-bed flow reactor operating at atmospheric pressure. The gases used 
contained a mixture of 5% of the reactive gases in helium. The gas flow in the 
system was 20 cmVmin. Analysis of the gas stream containing the products was 
accomplished using a computer controlled quadrupole mass spectrometer, which 
was differentially pumped by a turbomolecular pomp group. During the measure
ments the catalyst temperature was increased with a linear heating rate of 4.5 
K.min"1. This heating rate was sufficiently slow to maintain steady-state reaction 
rate conditions at each temperature. 

In order to avoid possible support effects, Si0 2 was used as the support for 
the noble metal particles. Pt and Rh catalysts were prepared by homogeneous 
precipitation of Aerosil 200 (200 m2/g) with aqueous solutions of either Rh(N03)2 

2NO + H 2 -> 
2NO + CO -> 
2NO + 5H2 -> 

N 2 0 +H 2 0 
N 2 0 +C0 2 

2NH3 + 2H20 

(2b) 
(lb) 
(2c) 
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or H2Pt(OH)6. The alloy catalysts were also prepared by homogeneous precipitati
on of Aerosil 200, but with both precursors in acqueous solution. The metal 
loading of all catalysts was 5 wt%. Each catalyst was calcined overnight at 383 Κ 
and, subsequently, reduced in flowing H 2 at 673 Κ for 16 h. All catalysts were 
examined using X-ray diffraction to determine the average particle size, and, in 
the case of the alloy catalysts, to ensure that alloy particles had been formed. 
Metal surface areas were determined by CO adsorption assuming a 1:1 stoichio-
metry between noble metal atoms on the surface and adsorbed CO molecules. 
These measurements showed that the difference in specific surface areas of the 
catalysts was less than 25% 

Results and Discussion 

NO reduction over silica-supported catalysts. The experiments were performed 
in a single-pass fixed bed flow reactor operating at atmospheric pressure. The gas 
stream contained 5% of the reactive gases. For the NO + CO reaction argon was 
used as carrier gas with a flow of 30 cm3 min"1. For the NO + H 2 reaction helium 
was used as carrier gas with a flow of 20 cm3 min"1. The catalyst temperature was 
increased according to a standard temperature-time program starting at room 
temperature. The linear heating rate of 4.5 Κ min"1 was sufficiently slow to 
maintain steady-state reaction rate conditions at each temperature. To assess the 
effect of catalyst aging, each catalyst was measured three times for each gas 
composition. First, the freshly reduced catalyst was measured. After exposing the 
catalyst to the reaction mixture at the maximum reaction temperature of 673K the 
series of experiments using the same catalyst was repeated twice. The results of 
the last series of measurements were similar to those of the 2nd series within 
experimental accuracy. Generally, the freshly reduced catalyst was somewhat 
more active than the aged catalyst. However, this effect was small and completely 
reversible after reduction. X-ray diffraction showed that the mean particle size of 
the aged catalyst was equal to that of the fresh catalyst. The results presented here 
concern the results obtained for the aged catalysts. 

Five different catalysts have been selected viz. pure Pt, 25 at % Rh, 50 at 
% Rh, 75 at % Rh and pure Rh. For illustration the figures 1 and 2 show exam
ples of the performance of some of these catalysts under our standard experimen
tal conditions using about 200 mg of catalyst and a constant number of surface 
atoms of precious metal. The results for the NO reduction reactions are summari
zed in the figures 3 and 4, which show the temperature required to achieve a 
constant turnover frequency versus the catalyst composition. The turnover 
frequency is defined as the number of NO molecules reacting per second per 
metal (Pt and Rh) atom on the catalyst surface. The number of metal atoms on the 
surface per gram catalyst was estimated on the basis of CO adsorption. 

Since a mass spectrometer was used for gas phase analysis the selectivity 
of the NO + CO reaction towards N 2 0 and N 2 could not be determined. In earlier 
work it was found that N 2 0 is a major product for the NO + CO reaction over 
supported Rh. (6) For the NO + H 2 reaction large concentrations of N 2 0 and NH 3 
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AOO 500 600 T(K) 

Fig.la NO conversion, reaction of NO + CO (1/1) over 
a) Pt; b) Pto^-Rho^; c) Rh on silica catalysts 

1 r— 
300 400 500 600 

T(K) 

Fig.lb NO conversion, reaction of NO + H 2 (1/1) over 
a) Pt; b) Pt^-Rho^; c) Rh on silica catalysts 
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Rh 
•N2 
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Pt 

300 

/ 
/ 

·Λ·. 
•7 

N2 

500 700 T(K) 

PtsoRhso 

700 T(K) 

Fig.2 Variation of the product distribution with temperature for pure Pt, 
Pt^Rhos and pure Rh. NO/H2 = 1 
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T(K) 

400-

350-

300 
100 

τ 
20 

Fig.4 

τ 1 r 

40 60 
Rh(bulk)% 

Temperature required for a constant turnover frequency of 0.005 s"1 for the 
NO + H 2 reaction over Pt-Rh alloys as a function of the bulk composition 
for two NO/H 2 ratios. · : NO/H2 = 1, B: NO/H2 = Vs. 
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were found in addition to N 2 . For a NO/H2 ratio of Vfe, all the catalysts produce 
large amounts of NH 3 at Τ below 525K. The differences in selectivity are smaller 
than for the NO/H 2 ratio of 1/1, shown in figure 2. 

The relevant observations can be summarized as follows. 
• Much higher temperatures are required for achieving a high NO conversion 

using CO as reducing agent than with hydrogen. This observation is in 
agreement with that reported by Kobylinski and Taylor (3) and by Hecker 
and Bell. (6) 

• Synergetic effects like enhancement of the reaction rate for the Pt-Rh alloy 
catalysts, compared with the pure component catalyst are absent. In all 
cases, the activity of the alloy catalyst is between those of the pure Pt and 
pure Rh catalysts. 

• For the CO + NO reaction, the activities of Rh and the Rh rich alloy vary 
only slightly with the flow composition whereas for Pt and the Pt rich 
alloy the influence of the flow composition is large. 

• For the NO + H 2 reaction, the activity of the Pt catalyst varies only 
slightly with changing flow composition whereas for the Rh containing 
catalysts the influence of the flow composition is large. 

• Rh and Rh rich alloys are much better catalysts for the NO + CO reaction 
than Pt and Pt rich alloys both under CO rich as under CO lean conditions. 

• Pt is a much more active catalyst in the low temperature reaction between 
NO and H 2 than Rh or Rh containing catalysts. 

• For the NO + CO reaction the activity of the Pt^-Rho^ catalyst is almost 
equal to that of the pure Rh catalyst. For stoichiometric and CO lean 
mixtures, the Pt^-Rh^ alloy has an activity for the NO + CO reactions 
almost equal to that of Rh. Under reducing conditions, however, its activity 
is between those of Pt and Rh. The Pto^-Rho^ catalysts show an activity, 
equal to that of pure Pt under net-reducing conditions. Under stoichiome
tric and net-oxidizing conditions, its activity is between those of Pt and 

• For the NO + H 2 reaction all Rh containing catalysts have the same 
activity as Rh at stoichiometry. In excess hydrogen Pt^-Rho^ has an 
activity intermediate to those of Pt and Rh. Pt^-Rh^ and Pt^-Rho^ have 
the same activities as that of pure Rh. 

• Rh has a better selectivity toward N 2 formation, while Pt produces relative
ly large amounts of N 2 0 and NH 3 at temperatures below 525K. 

Mechanistic studies using a PtOJ5-Rho75 (100) single crystal surface as a model 
catalyst. It has been suggested that N 2 is formed via dissociation of NO (18,19) 

Rh. 

NO, 'ads 'ads (3) 

followed by either a reaction of N a d s with NO a d s or with Ν 

'ads -> N 2 + 0 { 

-> N 2 

'ads (4) 
(5) 

The relative contribution of (4) and (5) to the formation of N 2 is not known. The 
mechanism of ammonia formation is unclear. The most likely mechanisms are 
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hydrogénation of N a d s formed by (3): 

N a d s + 3H a d s -> NH 3 (via NH a d s and NH 2 a d s) (6) 

or hydrogénation of molecularly adsorbed NO: 

NO a d s + 3H a d s -> NH 3 + O a d s (7) 

The O a d s of reactions (3), (4) and (7) reacts with H a d s to water or with CO to C0 2 . 
The mechanism of N 2 0 formation has not been investigated in detail. Most likely, 
it is formed via 

NO a d s + N a d s -> N 2 0 (8) 

or via reaction between two molecularly adsorbed NO molecules: 

2NO a d s -> N 2 + 20 a d s (9) 

In principle, also the following path should be considered: 

2N a d s + O a d s -> N 2 0 (10) 

In an attempt to shed more light on the mechanisms of the various 
reactions and their relative contributions, a detailed study has been carried out 
concerning NO adsorption, decomposition and reduction under widely different 
experimental conditions on the Pto.25-Rho.75 (100) surface. (75) This alloy surface 
was selected as a well defined model catalyst for the automotive catalyst. The 
composition of the Pt-Rh (100) surface is about 42% Pt ad 58% Rh following 
annealing at HOOK. However, the actual surface composition may vary during the 
experiments. Thermal desorption spectroscopy (TDS), reactivity and selectivity 
studies were performed including the use of isotopically labelled NO and NH 3 

molecules and, in addition, the surface sensitive techniques electron energy loss 
spectroscopy (EELS), Auger Electron Spectroscopy (AES) and Low Energy 
Electron Diffraction (LEED). Some of the results are summarized now. 

Spectroscopic data. At 520K the surface was exposed to a reaction mixture 
consisting of lxlO"7 mbar NO and 5xl0"8 mbar H 2 . Under reaction conditions the 
(lxl) structure, representative of the clean surface, changes into the c(2x2) surface 
structure. Analysis of the c(2x2) surface by means of TDS, AES and EELS, 
indicated that atomic nitrogen was the main surface species present. For compara
tive purposes similar experiments were carried out on the Rh(100), Pd (100) and 
Pt (100) surfaces. (20) Figure 5 illustrates some of the results. Accumulated Ν 
atoms ordered in the c(2x2) surface structure were found both on Pt-Rh(lOO) and 
Rh(100), but not on Pt(100). In the presence of H 2 or D 2 at a crystal temperature 
of 400K a nitrogen-hydrogen vibration was found. Its intensity depends strongly 
on the partial pressure of hydrogen. Evacuation of H 2 and D 2 results in a quick 
loss of the signal. Based on these results it is concluded that hydrogénation of Ν 
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3 
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ND X ΝΗχ 

2420 3240 

P t - R h d O O ) 
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Fig.5 In situ EELS spectra of c(2x2)-N on the Rh(100) and Pt-Rh(lOO) surface 
in equilibrium with a hydrogen deuterium mixture at 10"7 Torr and a 
temperature of 400K. The intensity of the N-H signal is 1.6 larger on 
Rh(100) than on Pt-Rh(lOO). 
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can occur via: 

N a d s + x H a d s - NH x > a d s (11) 

The hydrogénation of atomic nitrogen is largely reversible. By means of AES it 
was established that the N/Rh signal ratio was decreased only a little during the 
hydrogen treatment. This indicates that complete hydrogénation of the atomic 
nitrogen to NH 3 can occur but with a very low rate only under these experimental 
conditions. It appears that the intensity of the N-H EELS signal varies with the 
square root of the hydrogen pressure: 

IN-H = A P h 2

, / 2 (12) 

Furthermore, N-H scissor vibrations were absent in the EELS spectra. Both 
observations indicate that the dominant NHX adsorption complex is NH a d s and not 
N H 2 a d s or N H 3 a d s . Hence, eq.(ll) can be rewritten to 

N a d s + H a d s * NH a d s (13) 

Attempts to form a N-layer on the Pt(100) surface by means of the NO-H 2 

reaction were unsuccessful. The NO and H 2 partial pressures were varied from 
10"8 to 10 mbar and the temperature was varied from 400 to 600K. Formation of a 
nitrogen overlayer was not observed under these conditions. 

In one series of experiments temperature programmed reaction spectrosco
py experiments were performed. In the presence of a NO + hydrogen (H2 or D2) 
flow (~ 2x10~7 mbar) the largest ammonia formation is observed around 500K 
(heating rate used ~ 3 Ks"1). However, if the surface was precovered with 1 5 N 
prior to exposure to the 1 4NO + hydrogen flow, ammonia resulting from 1 5 N was 
already found at 435K. These results which have been described in more detail 
elsewhere (15), show that Ν atoms on the surface can react with hydrogen to 
ammonia at a temperature of 435K. On the basis of these observations and the 
EELS results we can conclude that hydrogénation of atomic nitrogen via NH a d s is 
most likely the reaction route to ammonia formation (process 6). 

NO + H 2 and NO + NH3 reactions under steady-state conditions in the 10"6-10" 
8 mbar range. The formation rates of N 2 , NH 3 and N 2 0 as a function of crystal 
temperature are shown in figure 6 for a mixture of 1.2xl0"7 mbar NO and 3.6xl0"7 

mbar H 2 under steady-state conditions. The N 2 and NH 3 formation rates increase 
rapidly from 400K until the maximum rates are obtained at approximately 600K 
for N 2 and at the significantly lower temperature of about 525K for NH 3. Nitrous 
oxide (N20) is only a minor product in the whole temperature range under these 
experimental conditions. N 2 production remains high and almost constant until a 
temperature of about 1000K is reached indicating that the reaction rate in this 
temperature range may be controlled by the collision frequency of NO on the 
surface. Above this temperature the formation rate drops. For reaction mixtures 
with excess of hydrogen the N 2 formation rate is almost independent on the 
hydrogen pressure (0th order) at temperatures from 600 to 800K. The ammonia 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

23
, 1

99
4 

| d
oi

: 1
0.

10
21

/b
k-

19
94

-0
55

2.
ch

01
0

In Environmental Catalysis; Armor, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



124 ENVIRONMENTAL CATALYSIS 

production is about 1st order in hydrogen in the whole temperature range of 400 
to 800K. N 2 0 formation is only observed at relatively high NO pressures and it is 
only slightly affected by changing the hydrogen pressure. Under the conditions of 
these experiments (pN 0 < 5x10~6 mbar) the N 2 formation remains at least a factor 
of 100 larger than the N 2 0 production rate. 

In another series of experiments the H 2 in the gas flow was replaced by 
NH 3 and the 1 4NO by 1 5NO in order to examine the distribution of the two types 
of Ν atoms over the Ν containing products. Figure 7 shows the variation of 
dinitrogen formation rates with increasing temperature in the presence of a flow of 
1.2xl0"7 mbar of 1 5NO and 3.0xl0"7 mbar of 1 4 NH 3 . In the low temperature range 
(Τ < 800K) the rate of 1 4 N 1 5 N formation is larger than the rate of 1 5 N 1 5 N formation 
which in turn is much larger than the 1 4 N 1 4 N formation. It should be noted in this 
context that the 1 4 N (14NH3) concentration in the gas phase is a factor of 2.5 larger 
than the 1 5 N (NO) concentration. The relatively low production of 1 4 N 1 4 N is in 
qualitative agreement with earlier results reported by Otto et al (21) for the NO + 
NH 3 reaction over supported Pt. Using Ν isotopes these authors showed that N 2 

formed over Pt exclusively from NH 3 is only a minor path. Under our conditions 
N 2 is formed over Pt-Rh(lOO) exclusively from NH 3 albeit with a much lower rate 
than from NO + NH 3 and from N0 3 only. Above 700K the rate of 1 4 N 1 5 N 
formation drops rapidly with increasing temperature and the I 5 N 1 5 N production 
becomes larger. The 1 4 N 1 4 N production shows the same temperature dependence as 
that of the 1 4 N 1 5 N production. 

Let us now turn to the mechanisms of dinitrogen formation. Does the 
major step of N 2 formation involve NO decomposition followed by combination 
of two Ν adatoms (process 5) or is it a reaction between adsorbed Ν and adsorbed 
NO (process 4)? A comparison of the 1 4 NH 3 + 1 5NO and NO + H 2 reactions can 
provide valuable information concerning this question. The relevant processes that 
can take place are: 

1 4 NH 3 
5P± 

1 4 NH 3 a d s (14) 
1 5NO 

u N ° a d s 
(15) 

1 4 NH 3 -» N a d s + 3H a d s (16) 
1 5NO ~> Nads + O a d s 

(17) 
2 1 4 N ~> 

2 8 N 2 (18) 
2 1 5 N ~> 3 0 N 2 (19) 
1 4 N + 1 5 N —> 

2 9 N 2 (20) 
1 4 N + 1 5NO —> 2 9 N 2 + O a d s 

(21) 
1 5 N + 1 5NO -> 3°N2 + O a d s 

(22) 

The temperature dependence of the N 2 formation is the same for the NH 3 + 1 5NO 
and the H 2 + NO reactions suggesting that the same processes are involved. The 
Ν combination reactions can occur in the whole temperature range as demonstra
ted by the rate of 2 8 N 2 formation. The production of 2 8 N 2 is much smaller than the 
production of 2 9 N 2 and 3 0 N 2 , while the l 4 NH 3 concentration in the gas phase is a 
factor of 2.5 greater than that of 1 5NO. This may indicate that NH 3 is a slower 
producer of N a d s than NO is. However, this argument is in contradiction with the 
large rate of 2 9 N 2 formation. In our opinion these results point to the importance 
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Fig.6 Steady state formation of N2(0), NH 3 (•) and N 2 0 (Δ) on the Pt-Rh(lOO) 
surface in the presence of 1.2xl0"7 mbar NO and 3.6xl0"7 mbar H 2. 
(Reproduced with permission from reference 15. Copyright 1992 Elsevier 
Science Publishers BV.) 
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Fig.7 Steady state formation rates of N 2 over Pt-Rh(lOO) with amu 28(Δ), 29(D) 
and 30( · ) in the presence of l,2xl0"7 mbar 15NO and 3.0xl0"7 mbar 1 4 NH 3 . 
(Reproduced with permission from reference 15. Copyright 1992 Elsevier 
Science Publishers BV.) 
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of the reactions of N a d s with NO a d s (processes 21 and 22) for N 2 formation in the 
lower temperature regime (Τ < 700K). In the temperature range between 700 and 
900K the rate of 2 9 N 2 production decreases with a factor of two. The rate of 3 0 N 2 

formation, on the other hand, becomes only marginally smaller. This suggests that 
the reactions involving NO a d s and N a d s become less important than the combination 
reactions of two Ν adatoms. However, the 2 8 N 2 formation rate decreases also 
strongly in this temperature range showing that NH 3 becomes a less effective N a d s 

producer than NO in this temperature range. At a temperature of HOOK the rate 
of 2 8 N 2 formation is a factor of 1.5 smaller than at 600K, the rate of 2 9 N 2 formati
on a factor of 2.5 and the rate of 3 0 N 2 formation is only slightly lower. Hence, it 
can be concluded that in a high Τ range (HOOK) the importance of the Ν combi
nation reaction is much larger than in the low temperature range and that ammoni-
a becomes a less effective Ν producer than NO. 

NO + H 2 and NO + NH 3 reactions in the 10 mbar pressure range. The reacti
ons were studied at different temperatures and for various reactant ratios. As 
examples figure 8 shows the reduction of NO with hydrogen at 550K for NO/H 2 

ratios of 1/5 and 1. At Τ < 500K and a NO/H2 ratio of 1/5 most of the NO reacts 
at low conversion to N 2 and the formation of NH 3 is larger than that of N 2 0. 
However, as the temperature increases above 500K the NH 3 production exceeds 
the N 2 production and N 2 0 formation essentially ceases. The rate of NO conversi
on is much slower for the NO/H2 ratio of unity than for the ratio of 1/5. N 2 

production is only slightly affected by the lowering of H 2 pressure. However, NH 3 

decreases drastically by lowering the hydrogen pressure. As a result the selectivity 
toward dinitrogen is much improved by lowering of the H2/NO ratio. The hydro
gen pressure was varied from 1.2 mbar to 24 mbar using a constant NO pressure 
of 1.2 mbar. It appeared that the reaction order in hydrogen is essentially zero for 
N 2 and N 2 0 formation and about unity for NH 3 formation under these conditions. 
This pressure dependence is almost similar to that observed for the low pressure 
experiments. 

In order to gather additional information concerning the contributions of 
the possible mechanisms leading to the various reaction products, the 1 5NO + 
1 4 NH 3 reaction was also studied in the pressure range of 10 mbar. Some results are 
shown in figure 9 for a 1 5NO/ 1 4NH 3 ratio of 1 at 600K. 
The relevant observations are: 
1) The N 2 formation rates decrease in the order rate 1 4 N 1 5 N > rate 1 5 N 1 5 N > 

rate 1 4 N 1 4 N. 
2) 1 4N 1 4NO is not formed under these experimental conditions. 
3) 1 4N 1 5NO is formed with a higher rate than 1 5N 1 5NO. 
4) at 600K the N 2 0 concentration reaches a maximum concentration after 

three minutes and decreases subsequently. 
The results will be discussed now. It should be emphasized that NO 

decomposition, NH 3 decomposition, N 2 0 decomposition, NO + H 2 reaction and 
NH 3 + NO reaction can occur simultaneously. Hence, useful information concer
ning one specific reaction is only obtained in the beginning of the reaction when 
the conversion is still low. The results obtained in the higher pressure regime are 
in line with those obtained in the low pressure regime and the discussion can, 
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Fig.8 Formation of N 2 , NH 3 and N 2 0 over Pt-Rh(lOO) at 550K using a NO/H 2 

ratio of 1/5 (a) and 1/1 (b), total pressure is 3 mbar. 
(Reproduced with permission from reference 15. Copyright 1992 Elsevier 
Science Publishers BV.) 
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Fig.9 The observed reaction products for the 1 5NO + 1 4 NH 3 reaction over Pt-
Rh(100) as a function of reaction time at 600K at a 1 5NO/ 1 4NH 3 ratio of 1 
and a total pressure of 3 mbar. 
(Reproduced with permission from reference 15. Copyright 1992 Elsevier 
Science Publishers BV.) 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

23
, 1

99
4 

| d
oi

: 1
0.

10
21

/b
k-

19
94

-0
55

2.
ch

01
0

In Environmental Catalysis; Armor, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



128 ENVIRONMENTAL CATALYSIS 

therefore, be brief and focus on the differences. The most striking differences are 
(1) the relatively high selectivity to N 2 0 in the higher pressure regime, and (2) the 
relatively high selectivity to ammonia. The observation (1) is completely in line 
with the expectations based on the mechanism for N 2 0 formation via process (8) 
requiring a high concentration of molecularly adsorbed NO. The dissociation of 
NO is inhibited by a high concentration of adsorbed NO as discussed before. It 
has also been described in the literature that for the NO reduction reaction a silica 
supported Rh catalyst is largely covered with NO. (6) On the other hand in the 
low pressure regime Rh surfaces are covered with N a d s . (22) As the temperature 
increases the concentration of NO a d s will decrease due to desorption and the 
selectivity to N 2 0 should decrease. This expectation is indeed consistent with the 
observations. 

The same argument can be used for the interpretation of the relatively high 
selectivity to NH 3. A high concentration of N a d s favors a high selectivity to N 2 via 
process (5). A low concentration of N a d s favours the formation of NH 3 (process 
(6)). Obviously, the N a d s concentration at 600K in the 10 mbar pressure regime is 
lower than in the 10"7 mbar regime. It has been described that the selectivity to 
NH 3 on supported metals like Pt and Rh increases with increasing temperature up 
to a maximum Tm after which it decreases (4), for Pd and Pt Tm is about 600K. 
The maximum temperature used in this study was 600K and, hence, the increasing 
selectivity to NH 3 observed when the temperature increases is in agreement with 
these literature data. 

The results obtained for the 1 5NO + 1 4 NH 3 reaction in the 10 mbar range 
are also completely in agreement with the models described in previous sections. 
1 4 N 2 0 is not formed, while 1 4N 1 5NO and 1 5 N 2 0 are both formed, showing that N 2 0 
is only formed via process (8). At 600K the formation rate of 1 4N 1 5NO is faster 
than that of 1 5 N 2 0 suggesting that NH 3 is a better producer of Ν than NO at this 
temperature. 1 4 N 2 formation is not detected at 550K while at 600K the rate of 1 4 N 2 

formation is much smaller than that of 1 4 N 1 5 N and 1 5 N 2 . This observation again 
suggests that process (4) is the dominant path for N 2 production in this low 
temperature range. 

The molecular picture that emerges from this work is the following one. At 
low temperatures (Τ ~ 450K) the majority of the adsorbed species is NO while Ν 
is only a minor species. Adsorbed hydrogen is very mobile and can easily react 
with either Ο or Ν provided that it can find a vacant site in the neighborhood of 
an adsorbed Ο or Ν atom. The concentration of vacant sites is rather low in this 
temperature range. As the temperature increases the concentration of NO becomes 
lower and the concentration of N a d s increases. When the NO a d s concentration 
becomes much lower than the N a d s concentration the rate of process (8) and, 
hence, the selectivity to N 2 0 becomes low. For N 2 formation via process (4) high 
concentrations of both N a d s and NO a d s are required, for N 2 formation via process 
(5) a high concentration of N a d s is required. Consequently, process (4) has a large 
contribution to the N 2 formation in the lower temperature range and process (5) 
dominates in the higher temperature range. The selectivity to NH 3 increases with 
increasing temperature in the temperature range 300-600K. This again suggests 
that the dominant mechanism of NH 3 formation is via process (6) and not via 
hydrogénation of NO a d s. The selectivity to NH 3 will be the largest at a temperature 
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where both the N a d s and H a d s concentrations are sufficiently high. The strong 
positive reaction order in hydrogen pressure shows that the concentration of H a d s is 
the limiting factor under the experimental conditions used. At very high tempera
ture the reaction rates of both NH 3 and N 2 formation will decrease because of the 
decrease of N a d s and H a d s concentrations. Obviously, this temperature depends 
strongly on the absolute NO and H 2 pressures and on the surface used. Rh with its 
much stronger metal-N bond strength will exhibit a much better selectivity toward 
N 2 than Pt with its weaker metal-N bond strength in the high temperature range. 
The observed decrease in selectivity toward NH 3 at very high temperatures can be 
attributed to a combination of limited availability of H at high temperature and the 
high rate of NH 3 decomposition. 

The final point to be discussed is the factor determining the selectivity 
toward N 2 0 and N 2 at low temperatures. 

The availability of a vacant site • near to NO a d s and N a d s may play a central role. 
A situation like the one sketched under b may possibly result in N 2 formation, 
whereas situation a will result in N 2 0 formation. 

The picture described above certainly needs several refinements. For 
example, the distribution of NO a d s, N a d s , O a d s and H a d s over the surface is not 
known. It was found that N a d s forms a c(2x2) surface structure on the Pt-Rh(lOO) 
surface in a large range of coverages. Hence, it is likely that Ν islands are formed 
on the surface. N 2 via process (4) and N 2 0 via process (6) are then formed at the 
boundaries of Ν and NO islands. Most probably, NH 3 is also formed at the 
boundaries of the Ν islands. 

Comparative studies of NO reduction by hydrogen over Pt, Rh and Pt-Rh 
alloy single crystal surfaces. This section describes the reduction of NO by 
hydrogen over the (111), (100) and (410) surfaces of a P t ^ - R h ^ single crystal 
and the pure Pt(100) and Rh(100) single crystal surfaces. The purpose of this 
section is to establish the effects of the surface structure and alloying on the 
kinetics and selectivity of the NO-H2 reaction. 

For illustration figure 10 shows the conversion of NO and the formation of 
NH 3 , N 2 and N 2 0 over the five surfaces at a temperature of 575K. The reaction 
was studied in the batch reactor at a total pressure of 6 mbar and a NO/H2 ratio of 
1 to 5. The conversion of NO over Rh(100) proceeds much slower than over 
Pt(100). However, the selectivity to dinitrogen is much better for the Rh(100) 
surface. The conversion of NO over Pt-Rh(lll) is slower than over Pt-Rh(lOO). 
The only reaction product formed over Pt-Rh(lll) is ammonia. The NO conversi
on over Pt-Rh(410) is slower than over the Pt(100) and Pt-Rh(lOO) surfaces but 
higher than over the Pt-Rh(lll) surface. The selectivity toward N 2 is relatively 
high. Figure 11 and 12 summarize the results for the activity expressed as 
conversion after 3 minutes of reaction time at 520K and the selectivity toward N 2 

formation at a NO conversion of 10% for 520 and 575K. 

o | o " | o 
NiNNiN •INN"! 
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Fig. 10 Formation of N 2 , NH 3 and N 2 0 at 575K for NO/H 2 = 1/5 and a total 
pressure of 6 mbar. 
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Figure 10. Continued. 
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Fig. 11 NO conversion after 3 minutes of reaction time at 520K. 
(Adapted from reference 16.) 
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Fig. 12 Selectivity (0-100%) of the NO-H2 reaction toward N 2 determined at a total 
conversion of 10% at a) 520K and b) 575K. (Adapted from reference 16.) 
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After the reaction was stopped, the reactor was evacuated and the sample 
was analyzed by AES, EELS and LEED. The results are summarized in table I. It 
should be noted that the information concerning the physical and chemical state of 
the surfaces is obtained after the reaction was stopped and the surface composition 
and structure may not be the same as under the reaction conditions. However, as 
will be shown further on, the results provide useful additional information which 
may lead to a better understanding of the processes taking place on the various 
surfaces. Dissociation of the NO molecule (step 3) is very sensitive to the surface 
structure and composition. This is illustrated by the very low activity for bond 
scission of the Pt(lll) surface and a high dissociation rate on the Pt(410) surface. 
(23) The high activity for NO bond scission of the Pt(410) surface may be due to 
an enhanced interaction of the oxygen atom at the step sites. Masel (23) suggested 
that the Pt(410) surface structure exhibits an electron orbital symmetry at these 
sites which matches the symmetry of the antibonding orbitals of the NO molecule. 
This causes a strong weakening of the N-0 bond strength and dissociation may 
occur. It is known that NO dissociation occurs more efficiently on Rh than on Pt 
surfaces. (9,24) The order in intrinsic activity for N-O bond breaking is Pt-
Rh(410)> Rh(100) > Pt-Rh(lOO) > Pt(100) > Pt-Rh(lll). It is also well establis
hed that a number of free metal sites is needed for NO dissociation. (24) 

Table I. LEED, EELS observations and Auger signal intensity ratios after the 
reduction of nitric oxide by hydrogen over Pt, Rh and Pt-Rh single crystal surfaces at 
a total pressure of 6 mbar, a NO/H 2 ratio of 1/5 and a temperature of 520K, divided 
by the (a) Rh 3 0 2 and (b) Pt6 4 AES signal intensity 

Surface N380 O510 LEED EELS 

Pt-Rh(lll) 0.0573 0.006a diffuse(lxl) NO 
Pt-Rh(lOO) 0.038a 0.0553 c(2x2) Ν 
Pt-Rh(410) 0.065a 0.0353 (2x1) Ν 
Pt(100) 0.013b 0.006b diffuse(lxl) N+NO 
Rh(100) 0.045a 0.0123 c(2x2) Ν 

The adsorption of the H 2 molecule proceeds with a relatively low sticking 
probablity on Pt and Rh surfaces at 400-500K. The sticking probability of 
hydrogen depends on the surface structure. On the Pt(100) surface a higher 
sticking probability is measured than on the Pt(lll) surface. The dissociation of 
the H 2 molecule proceeds very fast on group VIII metals at 400-500K. (19) 

On the Pt-Rh(lOO) and Rh(100) surfaces it was found that hydrogénation 
of N a d s (step 6) occurs at 400-450K. NH a d s was found as a major surface interme
diate when N a d s was exposed to hydrogen. The formation of NH 3 via N a d s + 3H a d s 

was found at a temperature of 450K. The decomposition of NH 3 over Pt surfaces 
increases in the order (111)<(100)<(210). (25) The NH surface intermediate may 
decompose before total hydrogénation has occurred. The formation of H 2 0 is a 
very fast process. (79) 
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The combination of two N a d s adatoms (step 5) occurs in a wide temperature 
range. This step also strongly depends on the surface structure and the metal being 
used. On Rh surfaces the metal-N bond is stronger than on the corresponding Pt 
surfaces. The metal-N bond strength increases in the order (111) < (100). In 
contrast to the Pt(100) surface where desorption of nitrogen occurs almost 
instantaneously at the reaction temperatures considered, build-up of N a d s takes 
place on the Rh(100), Pt-Rh(lOO) and Pt-Rh(410) surfaces. 

The NO a d s + N a d s reaction can give N 2 ( g ) + O a d s or N 2 0 ( g ) via steps 4 and 8, 
respectively. On Pt-Rh(lOO) it was found that step 4 is a main route through 
which N 2 ( g ) is formed in the temperature range below 600K. At higher temperatu
res step 5 is the dominant mechanism for N 2 formation. Little is known about the 
specific contributions of steps 4 and 5 over Pt and Rh surfaces. 

A slow conversion over Pt-Rh(lll) is observed in combination with a high 
selectivity towards NH 3 («100%). It is known that dissociation of NO is slow over 
the Pt-(lll) surface, and that the behaviour of Pt-Rh alloy surfaces towards NO 
dissociation displays a Pt-like behaviour at high NO coverages. (26) Under 
reaction conditions the Pt-Rh(lll) surface is largely covered by NO and the 
coverages of N a d s and O a d s are small. The only reaction product is NH 3 . NH 3 may 
be formed through process (6) as over Pt-Rh(lOO) or via an [NOH] intermediate 
(process (7)). Gorodetskii et al (27) reported the formation of [NOH] on Pt. 
However, the [NOH] intermediate was found to be unstable at temperatures higher 
than 400K. The formation of NH 3 is favored over the formation of N 2 0 or N 2 . No 
ordered LEED structures were observed on Pt-Rh(lll), indicating that the NO 
molecules do not form large ordered islands. Thus, for the Pt-Rh(lll) surface it is 
assumed that step (3) occurs relatively slow, and N a d s reacts to NH 3 through step 
(6). N-N combination is unlikely due to the low concentration of N a d s . The 
formation of N 2 and N 2 0 is below the limit of detection, indicating that steps (4) 
and (8) do not take place at a detectable rate. 

The conversion of NO over the Pt-Rh(lOO) surface after 3 min. reaction 
time at 520K is almost 70% and the selectivity towards N 2 is 32%. The normali
sed N 3 8 0 e V AES signal intensity is 0.038 and for the O 5 1 0 e V normalised signal 
intensity a value of 0.055 has been found. By EELS it was found that the N 3 8 0 e V 

signal intensity is caused by nitrogen atoms. This surface is covered by a small 
amount of NO a d s, and a larger amount of N a d s . A Ν c(2x2) surface structure was 
observed. Islands of Ν adatoms may facilitate the formation of N 2 via step 5. The 
large O 5 1 0 e V signal is partly due to the formation of subsurface oxygen. Thus, for 
this surface NO dissociation occurs easily and the formation of N 2 through step 
(5) will be fast. The high activity indicates that free sites remain available during 
the reaction. These sites probably consist of Pt atoms since the Rh atoms will be 
covered by N a d s . 

Over Pt(100) the highest NO conversion rate was observed at low tempera
tures and the selectivity towards N 2 is 60% at 520K. The dissociation of NO over 
Pt(100) proceeds easily provided that vacancies are available. The Pt(100) surface 
exhibits a higher selectivity toward N 2 than the Pt-Rh(lOO) alloy surface at 520K. 
Pure Rh, however, has a higher selectivity toward N 2 than pure Pt. This may be 
explained by an effect of strongly bound nitrogen atoms on the rhodium atoms 
surrounding the platinum atoms. At 520K, the nitrogen atoms adsorbed on Rh 
sites are strongly bound to the surface and the formation of N 2 is slow. If an NO 
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molecule dissociates on Pt sites, the nitrogen atoms may be surrounded by a 
matrix of strongly bound nitrogen atoms on Rh sites. The formation of N 2 will be 
slow at this temperature and the subsequent hydrogénation of this N-atom on the 
Pt-site can occur. On Pt(100), the nitrogen atom may recombine with NO, or Ν on 
other neighboring Pt-sites forming N 2 or N 2 0 and N 2 respectively. The formation 
of NH 3 through N a d s + H a d s , over "isolated" Pt-sites is reduced. This may explain 
the enhanced NH 3 production over the Pt-Rh(lOO) alloy surface at 520K in 
comparison with pure Pt(100). The high conversion of NO over the Pt-Rh(lOO) 
and Pt(100) surfaces is explained by the intrinsic high NO dissociation activity 
combined with the relatively low M-N bond strength on platinum which prevents 
that the reaction is inhibited by blocking of active sites by N a d s . At 575K, the 
selectivity towards N 2 over the Pt-Rh(lOO) surface is higher than over the Pt(100) 
surface. At this temperature the enhancement of the N 2 production over Pt-
Rh(100) may be ascribed to N-N combination from sites containing few or more 
Rh atoms. N 2 production over the Rh(100) surface is observed at 575K. 

The dissociation of NO proceeds relatively easily on Pt-Rh(410). The 
nitrogen atoms adsorbed at the steps of the single crystal surface have an enhan
ced adsorption energy. The activity will decrease due to the higher number of 
metal sites which are occupied by strongly bound nitrogen. At the step sites an 
enhanced decomposition may also take place before total hydrogénation to NH 3 

has occurred. The oxygen concentrations near the surface layer is also large. The 
LEED pattern after the reaction points to a (2x1) surface structure. The single 
crystal surface may facet under the reaction conditions. However, if this would be 
the case, desorption of the adsorbates restores the structure characteristic of the 
fcc(410) surface. 

The selectivity toward N 2 has the highest value over the Rh(100) surface. 
However, the conversion of NO is low at temperatures below 600K, due to the 
high concentration of strongly bound nitrogen atoms. The high selectivity toward 
N 2 can be explained by the high concentration of nitrogen atoms on the surface. A 
c(2x2) surface structure was found be means of LEED. The relatively low O 5 1 0 e V 

AES signal indicates that this structure consists mainly of N a d s . Therefore, it is 
believed that large islands of N a d s are formed during the reaction. This facilitates 
the formation of N 2 via step (5). By EELS it was found that NH a d s can actually be 
formed on the Rh(100) surface. However, NH 3 is not formed under the described 
reaction conditions. The low rate of NH 3 formation may be caused by a low H a d s 

concentration in the N a d s islands and the formation of NH species at the bounda
ries of these islands only. Also, an enhanced decomposition of NH could take 
place on Rh. The low activity for the NO/H2 reaction at 520K is ascribed to the 
low concentration of free active sites available for reaction. Most of the metal 
atoms are blocked by nitrogen atoms, or NO molecules. At 575K, N 2 0 formation 
is observed, this indicates that even at this temperature the number of free sites 
must be relatively small. The N 2 0 intermediate will decompose into N 2 and O a d s if 
a sufficient number of vacancies is available. If these vacancies are absent, N 2 0 
will desorb from the surface. 

Comparison of NO reduction over silica supported catalysts and single crystal 
surfaces. The differences in activity and selectivity found between silica suppor-

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

23
, 1

99
4 

| d
oi

: 1
0.

10
21

/b
k-

19
94

-0
55

2.
ch

01
0

In Environmental Catalysis; Armor, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



136 ENVIRONMENTAL CATALYSIS 

ted Pt and Rh catalysts are in line with those found between Pt and Rh single 
crystal surfaces and, hence, most likely the same mechanisms are operative. 

Rh is a much better catalyst for the NO reduction by CO than Pt, an 
observation that is consistent with literature data. For this reaction the effect of 
changing feed composition was small for Rh under our experimental conditions. 
Hecker and Bell (6) reported that for NO conversions below 50% a Rh catalyst is 
almost saturated with adsorbed NO. Variation of the NO and CO partial pressures 
at low NO conversion (< 50%), however, showed competitive adsorption of the 
two reactants. This observation has been made before and, indeed, in a number of 
UHV studies the reaction rate is shown to be very slow functions of the chosen 
NO/CO ratio. (21,28-30) For Pt, our results point to a significant CO inhibition. 
This result may indicate that CO does inhibit the dissociative adsorption of NO on 
the Pt surface. NO dissociation requires an ensemble of more than one vacant Pt 
atom. In a survey on the catalytic properties of Pt, Ru and Pd toward NO reducti
on with CO or H 2 , Kobylinski and Taylor (3) noticed that especially on Pt the NO 
reduction is strongly inhibited by CO. Since then CO inhibition on Pt has been 
observed in many other studies. Using IR, Alikina et al (31) showed that CO 
prohibits NO adsorption on the surface and is also able to displace preadsorbed 
NO at room temperature. Under low pressure conditions, CO poisoning was 
observed by Schwarz and Schmidt. (32) Only in large excess of NO, their CO 
precovered Pt(100) surface could be saturated with NO. 

In the reduction of NO with H 2 , Pt is more active than Rh. This is in 
agreement with a study by Kobylinski and Taylor (3) who found, that Pt is more 
active than Rh in the NO + H 2 reaction, but that Rh is more active than Pt in the 
NO + CO reaction. Furthermore, they showed that both on Pt and Rh catalysts, 
the reaction temperature for 50% NO conversion is considerably lower when H 2 is 
used as the reductor instead of CO. 

The better activity of Rh for the NO + CO reaction, may be attributed to 
the better activity of Rh in the NO dissociation which is often assumed to be the 
rate determining step. However, this model fails to explain the better activity of Pt 
for the NO + H 2 reaction, because NO dissociation proceeds more rapidly on Rh 
than on Pt. Therefore, a different rate determining step should be considered. On 
Rh the reaction takes place at temperatures that are much higher than the NO 
dissociation temperature. Apparently, the reaction rate is limited by the presence 
of Ν and NO on the Rh surface. 

Since the light-off temperatures on the Pt catalyst for the NO + H 2 reaction 
are not far above the temperatures at which NO dissociates under UHV conditi
ons, it is not certain whether NO dissociation or NO desorption initiates the 
reaction on Pt. 

The selectivity for the reduction of NO with hydrogen toward N 2 rather 
than NH 3 or N 2 0 is the second factor determining the overall performance of the 
catalysts. Pure platinum catalysts produce much NH 3, while pure rhodium 
catalysts produce mainly N 2 . This difference can again be understood on the basis 
of the relative concentrations of atomic hydrogen and atomic nitrogen on the 
surface of the catalyst. When the concentration of atomic nitrogen is relatively 
low as on a platinum catalyst, the NH 3 production will be high. On rhodium the 
NO dissociation proceeds more easily, the Rh-N bond strength is higher than the 
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Pt-N bond strength and thus the atomic nitrogen concentration will be higher, 
resulting in higher N 2 production. 

Both the activity and the selectivity of the Pt-Rh alloy catalysts are 
between those of the constituent metal catalysts. 

A factor that could influence the behavior of the alloy catalysts is the 
effect of the particle size on both selectivity and activity. There are however, no 
indications that the contribution of this possible effect might have a larger 
contribution to the catalyst performance than that of alloying alone. Moreover, the 
difference in particle sizes was not more than 10% (around 170 Â). 

The catalytic performance of Pt-Rh alloy catalysts has been correlated with 
the surface composition expected on the basis of our single crystal work. (9,10) 
The surface composition of the Pt-Rh alloys varies strongly with the experimental 
conditions such as the gas phase composition. (9,10,12) Clean Pt-Rh alloy 
surfaces are enriched with Pt. Adsorbates can easily induce segregation of Pt or 
Rh to the surface. Oxygen in the gas phase induces a Rh surface segregation 
because of the high Rh-O bond strength relative to that of Pt-O. For the NO + CO 
and NO + H 2 reactions the activity of the Pt^-Rh^ alloy catalysts is like pure Rh 
under net-oxidizing conditions, whereas under net-reducing conditions its activity 
is between those of Pt and Rh. This may suggest that the surface composition 
varies with the experimental conditions from almost pure Rh under net-oxidizing 
conditions to, perhaps, a bulk-like surface composition under net-oxidizing 
conditions. However, the selectivity of this catalyst for the NO + H 2 reactions is 
different from both Pt and Rh. This indicates that this catalyst contains Pt atoms 
in the surface that influence the selectivity. The activity of the P t ^ - R h ^ alloy 
catalyst is almost equal to that of pure Pt under net-reducing conditions whereas 
its activity is between those of Pt and Rh under stoichiometric and net-oxidizing 
conditions. Again, this suggests that the surface composition changes with the 
feed composition. 

The properties of the P t ^ - R h ^ alloy catalysts are noticeable. Both for the 
NO + CO and NO + H 2 reactions its activity is like that of pure Rh under net-
oxidizing, stoichiometric and net-reducing conditions. Under net-oxidizing conditi
ons a behavior like that of pure Rh may indeed be expected. However, under net-
reducing conditions the presence of both Pt and Rh atoms should be expected on 
the surface. The relatively high activity of this catalyst for the NO + CO reaction 
might be caused by a beneficial effect of the presence of both Rh and Pt: the low 
CO inhibition on Rh sites and a beneficial effect of Pt on, for example, the 
amount of Ν or NO on the surface. For the NO + H 2 , however, the presence of Pt 
atoms does not seem to diminish the inhibition effect of NO, probably because of 
the lower reaction temperatures. 

In conclusion, it was shown that the catalytic properties of silica supported 
Pt-Rh alloy catalysts are strongly dependent on the gas phase composition, the 
bulk composition of the alloy particles and the reaction temperature. A complex of 
factors determine the activity of the different catalysts. Under oxidizing conditions 
at sufficiently high temperatures Rh segregation to the surface takes place. This is 
reflected in the catalytic activity of the Pt-Rh alloys which can vary between that 
of pure Pt and pure Rh. No synergism, caused by alloying of Pt with Rh was 
observed. The differences in activity and selectivity observed for the different 
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catalysts, can be explained in terms of specific properties of the pure metals 
toward the adsorbates. Although our results show that the behavior of the alloy 
catalysts vary between those of Pt and Rh, care must be taken when interpreting 
the results in terms of absolute surface concentrations of Pt and Rh. The activity 
of an alloy catalyst depends on the surface composition of the metal particles. 
However, the relationship between activity, selectivity and surface composition 
may be complicated for a number of reasons. The catalytic behavior will vary 
with the concentration and the size of the various ensembles of atoms on the 
surface. All the reaction steps (molecular adsorption, dissociation, reaction 
between the species on the surface) may depend in a different way on the 
distribution of atoms over the surface. Also the small effect of alloying on the 
binding energies of adsorbed atoms and molecules may play a subtle, additional 
role on the catalytic performance of the alloy catalysts. 

Concluding remarks 

It was shown that the catalytic properties of silica supported Pt-Rh alloy catalysts 
are strongly dependent on the gas phase composition, the bulk composition of the 
alloy particles and the reaction temperature. A complex of factors determine the 
activity of the different catalysts. Under oxidizing conditions and at temperatures 
higher than 600K, Rh segregation to the surface takes place. This is reflected in 
the catalytic activity of the Pt-Rh alloys which can vary between that of pure Pt 
and pure Rh. No synergism because of the alloying of Pt with Rh was observed. 
The differences in activity, observed for the different catalysts can be explained in 
terms of the specific properties of the pure metals toward the adsorbates. The 
activity and the selectivity of the NO-H 2 reaction over Pt, Rh and Pt-Rh surfaces 
depend strongly on the metal and surface structure. The selectivity is determined 
by the relative concentrations of NO, Ν and Ν adsorbed on the various surfaces. 

In fresh automotive exhaust catalysts the precious metals are well distribu
ted in the form of small crystallites with sizes between 0.5 and 5 nm. During 
ageing a severe loss of Pt surface area occurs due to sintering. Rh, however, 
remains in a highly dispersed state probably because it is partly in an oxidized 
state whereas the Pt particles remain metallic. The morphology and composition 
of the catalyst particles change continuously during operation. Pt-Rh alloy 
particles are formed under reducing conditions. Under oxidizing conditions de-
alloying takes place resulting in Rh oxide particles separated from metallic Pt and 
Pt-Rh alloy particles. Cerium changes continuously its valency, noble metal-A1203 

(expecially Rh) interactions, Ce-noble metal and Ce-support interactions can 
occur. Hence, a continuous restructuring and modification of catalytic behavior 
can occur. All these effects make the automotive three-way catalyst to one of the 
most dynamic catalysts in use. 
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Chapter 11 

Adhesion of Rh, Pd, and Pt to Alumina 
and NO Reactions on Resulting Surfaces 

Model Calculations 

        Thomas R. Ward1, Pere Alemany2, and Roald Hoffmann3 

Department of Chemistry and Materials Science Center, Cornell 
University, Ithaca, NY 14853-1301 

We report here approximate molecular orbital computations of adhesion 
and NO reduction in the Three Way Catalyst, modeled by a monolayer of 
either Rh, Pd or Pt on the (0001)O and (0001)Al faces of α-Al2O3. 
Platinum and palladium form stable interfaces with both oxygen and 
aluminum faces. Only the aluminum interface is stable with rhodium. 
Depending on the nature of the interface, the Fermi level of the composite 
systems varies dramatically. This, in turn, affects the adsorption mode, 
molecular or dissociative, of nitric oxide. From our study, it appears that an 
oxygen-platinum interface is best suited for both dissociative adsorption of 
NO as well as the coupling of two adsorbed nitrosyls to form a reduced 
dinitrosyl species with significant N-N double bond character. 

Although nitric oxide was recently named molecule of the year for some of its 
physiological properties, it remains a major pollutant. In this respect, the 1990 
amendments to the Clean Air Act set some stringent standards for the automotive industry 
(7).To meet some of these by the end of the millennium will take much work, one in 
which chemistry must participate. We believe that quantum mechanical modeling may aid 
in this effort. 

Since 1981, rhodium has been a major component in automotive catalysts in order 
to meet the standards for NO x emissions (2). Although the nitrosyl reduction mechanism 
has not been fully elucidated, it is generally accepted that nitrosyls adsorbed on group 9 
metal surfaces (3-6) dissociate more readily than ongroup 10 ones (7-13). This is often 
believed to be a key factor in determining the greater efficiency of Rh vs. Pd or Pt in the 
nitrosyl reduction process in the Three Way Catalyst (T WC). 

There is strong experimental evidence for the dissociative adsorption of NO on Ir, 
Mo, Al , Pt, Rh, Ru Ni, Ti, and Zn (8,14). In addition to linear M(NO)+, bent M(NO)- (75-
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11. WARD ET AL. Adhesion ofRh, Pd, and Pt to Alumina 141 

19), and atomic Ν and Ο adsorption, surface dinitrosyl species, M(NO)2, have been 
reported on Pd(100)(20), Pd(l 11) (21) and Pt(l 11) surfaces (22,23). 

What if these dinitrosyl species were reaction intermediates in the nitric oxide 
reduction mechanism? In such a case, the formation of an N-N bond would preceed the N-
O bond cleavage. This appears to be the case for many gas phase reactions involving NO. 
As early as 1918, Bodenstein postulated the presence of a nitrosyl-dinitrogen dioxide pre-
equilibrium to account for the third order rate law of many gas phase reactions involving 
NO (24,25). 

The actual TWC systems consist of metals supported on oxides. Much 
experimental work has been done on Cr-Si02 (26,29) as well as Ni-SiO2(30,31). In both 
cases dinitrosyl species, M(NO)2, have been detected. Such dinitrosyl entities are also 
present with transition metals supported on alumina, e.g. Rh (32,33), Cr, Mo, W (34) and 
Co (35,36). More recently, aluminosilicates (zeolites) have received increasing attention 
as supports. Again, dinitrosyl species recur in this field, i.e., Cr (37), Co (38), Fe (40) and 
Rh (41,42) exchanged into X or Y zeolites, as well as Cu1 exchanged into ZSM-5 zeolites 
(43). 

Adsorbed dinitrosyl entities have received little attention as possible intermediates 
in the transition metal mediated reduction of nitric oxide. Their frequent occurrence, 
especially with supported catalysts, triggered our curiosity. 

Therefore, we set out to analyze the possible role of dinitrosyl entities as possible 
intermediates in the nitric oxide reduction mechanism, by means of the extended Hiickel 
methodology. To do this we shall study the adsorption of nitric oxide and a dinitrosyl 
moiety on bare metals, rhodium, palladium and platinum, as well as on metals supported 
on alumina. 

Geometry 

Since our main purpose here is the comparison of NO and N2O2 adsorption on bare and 
supported metal catalysts, the transition metals were modeled by a slightly modified three 
layer slab with the same geometry for all three metals. Rh, Pd and Pt crystallize in the fee 
structure with cell parameters 3.804, 3.891 and 3.924 Â respectively (50). In this study, 
we used the value of 3.803 Â for all three metal model slabs. This value leads to a 
triangular (hexagonal close-packed) mesh with an M-M distance of 2.70 À for each layer. 
The inter-layer separation is 2.20 Â for the (111) face. The results obtained using this 
geometry are in close agreement with a previous study where the correct cell parameters 
were chosen (57). 

The extended Hiickel method does not allow reliable optimization of interatomic 
distances, so we must fix these. It is necessary to keep distances constant, so as to obtain a 
relative ordering of bond strengths for the systems considered. With this in mind, we set 
the N-O distance to 1.17 Â and the M-N distance to 1.8 Â for all calculations. 

Since the coupling of two adsorbed nitrosyls will be considered, yielding a 
dinitrogen dioxide, we include two NOs per unit cell. This simplifies the analysis, since 
both reactant 1 and coupled product 2 have the same number of FMO's. We shall focus on 
the interaction of the frontier orbitals of the adsorbate with the surface. For the adsorbate's 
FMO's, we introduce labels which hint at their origin, derived from 5aand 2π. 

In the starting geometry, both nitrosyls lie parallel to each other, 2.70 Â apart. At 
this separation, the in- and out-of-phase linear combinations of the FMOs show practically 
no splitting. Bringing the two nitrosyls together in the yz plane, as depicted above, lifts the 
degeneracy of the π χ and ny orbitals. As the nitrogens approach, the FMO's with N-N 
bonding character are stabilized, and the splitting between the in- and out-of-phase 
combinations becomes substantial. In 2, the N-N distance was set to 1.44 Â (57). A Walsh 
diagram for the coupling of two NO molecules with the formation of an N-N bond is 
presented in Figure 1. 
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Before considering specific adsorption geometries for both 1 and 2, let us compare 
the molecular orbital energies of the adsorbates to the DOS of the metal slabs. Figure 2 
depicts the DOS of the three three-layer slabs RI13, Pd3 and Pt3, as well as the MO levels 
for a nitrosyl and those of a dinitrogen dioxide 2. Clearly, the band widths differ 
significantly from slab to slab, rhodium having the widest d-band. 

In our previous contribution, we showed that for nitrosyl chernisorption, the energy 
term E° - E°j in the second order perturbation expression (1) dominates (57). Independent 
of adsorption geometry, we found that the energy match controls the stabilization energy. 

For a nitrosyl molecule, the 2π* level is occupied by one electron. The computed 
N-O overlap population for a pair of nitrosyls 1 is 1.13. Upon interaction with a surface, if 
this level is located above the Fermi level, electrons will be dumped from the 2π* level 
into the slab, resulting in a strengthening of the N-O bond, Figure 3a. If the 2π* level is 
located below the Fermi level, the electron flow is reversed, weakening the N-O bond, 
Figure 3b. This latter situation corresponds to backbonding in the Blyholder model, the 
bonding being provided to a great extent by the 5σ Metal interaction (52). Therefore, 
by inspecting the electron occupation in the 2π* level once the interaction with the slab is 
turned on, it is possible to predict whether the N-O bond is strengthened or weakened 
upon interaction. 

On the M(l 11) face of the metals there are three common adsorption geometries of 
a linear nitrosyl adsorbate to consider: on-top M(NO) 3a, bridging-M(NO) 3b and 
capping M(NO) 3c. However, we must bear in mind that we need two nitrosyls in close 
proximity in order to couple them. The various adsorption geometries of linear M(NO) are 
depicted below: 

From these starting geometries, we may consider a number of coupling paths to 
afford adsorbed N 2 O 2 2. Three of these are depicted below: 

We shall discuss in detail the on-topM(NO) 3a geometry and the corresponding 
coupled product bridging Μ ( Ν 2 θ 2 ) 4a. Keeping in mind that the energy term in (1), 
which is independent of adsorption geometry, dominates, similar results are expected for 
these geometries. The reader should refer to a the complete account of this work for details 
on other geometries (53). 

We may now turn on the interaction between the adsorbate and the slab. From 
Figure 2a, we predict a good interaction for all 5σ and 2π levels of NO 2 adsorbed on 
Rh(lll). As all these levels are all located "in the d band", a good interaction is expected. 
The palladium situation is quite different, Figure 2b. Since the d band is significantly 
narrower for palladium than for rhodium, the 2π levels are expected to interact only 
weakly with the d band. The 5σ levels lie at the top of the d band, and their interaction 
with the palladium slab is expected to be good. The platinum situation is intermediate 
between rhodium and palladium, Figure 2c. Again, the width of the d band allows 
prediction of the strength of interaction: the 5σ levels interact very strongly, whereas the 
2π levels, lying slightly above the d band, should interact moderately with the platinum 
slab. 

From our computations, it appears the interaction between 5σ levels and the slab is 
more or less independent of the nature of this latter. By comparing both 5σ electron 
occupations after interaction for all metal situations, these numbers vary little. Of the two 
electrons present before interaction, ~0.25 electrons are donated to the slab. On the other 
hand, the 2π electron occupation varies dramatically. For this FMO, the resulting electron 
occupation is 0.90, 0.09 and 0.28 for on-top Rh(NO), on-top Pd(NO) and on-top Pt(NO) 
respectively. Upon interaction with either Pd or Pt, the electron present in the 2π FMO has 
been dumped into the metal slab (Figure 3): the computed N-O overlap populations are 
0.91, 1.32 and 1.23 for on-top Rh(NO), on-top Pd(NO) and on-top Pt(NO) respectively. 
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Figure 2 a-c). Total DOS of a three layer metal slab M3 where a) M = Rh; b) M = Pd; 
c) M = Pt d) MO levels of NO ; e) MO levels of N2O2 2. 
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Since the N-O Overlap Population of free nitric oxide is 1.13, it appears that the strength 
of interaction between the 2π FMO and the slab determines the electron flow and therefore 
the adsorption mode: dissociative for Rh and molecular for Pd and Pt. 

The same analysis can be carried out for the coupled product adsorbed on the 
various metal slabs, Figure 2e. The 2πγ+ level is shifted up in energy to 3.68 eV upon 
coupling. Its interaction with either metal slab will be insignificant. For the rhodium slab, 
all other levels are expected to interact strongly with the metal surface. Since for the 
palladium case only the 5σ+ level lies within the d band, no other level will interact very 
significantly with the slab. Finally, for N 2 O 2 2 adsorbed on platinum, except for the 2π ν

+ 

and 2%-, all other levels lie in the d band, and, therefore, their interactions with the metal 
slab are expected to be good. In the case of adsorbed N 2 O 2 2, we should focus both on the 
N-O and N-N overlap population. Indeed, we wish to have a coupled product with a strong 
N-N bond and an N-O bond as weak as possible. For comparison, we may consider two 
limiting structures, dinitrosyl 2 and hyponitrite 5, and their respective N-O and N-N 
overlap populations. The hyponitrite 5 corresponds to a reduced dinitrosyl with a 6π 
electron system. 

The computed N-N and N-O overlap populations, as well as the Fermi levels for 
bridging Μ ( Ν 2 θ 2 ) 4a are summarized in Table I. Again in this case, rhodium stands out. 
The N-O overlap population points towards that of a single bond as in 5 whereas the N-N 
overlap population is intermediate. 

Table I. Overlap Populations and Fermi Level for bridging Μ ( Ν 2 θ 2 ) 

bridging Rh(N202) bridging Pd(N<>0?) bridging Pt(N202) 
E/(Ev) -8.57 -9.54 -9.57 
N-O OP 0.84 1.11 1.03 
N-N OP 0.70 0.61 0.62 

Next we shall study the adhesion of these metals on alumina, and its consequences 
on the nitric oxide reduction. 

Models 

Computational constraints prevents us from using the γ-Αΐ2θ3 modification as the support. 
Instead, we used C1-AI2O3, which has a considerably smaller unit cell, and has been shown 
to be usable as the support in the TWC (54,55). 

C1-AI2O3 has a corundum structure with all aluminum atoms in an octahedral 
coordination geometry, while γ-Αΐ2θ3 has a vacant spinel structure with aluminum atoms 
both in octahedral and tetrahedral holes of the structure (56). From our previous 
experience, adhesion properties are not strongly affected by the coordination geometry of 
the surface aluminum atoms (57,58). The most important factor is the surface Al/O ratio 
for each face. Thus, it seems reasonable to assume that adhesion strength on the (0001)0 
and the (0001)A1 faces of C1-AI2O3 will give lower and upper bounds for the adhesive 
properties of transition metals on different forms of alumina. The main features of the 
DOS for γ-Αΐ2θ3 will closely resemble those of C1-AI2O3; only the magnitude of the 
interaction of surface states with the metal bands may differ. 

The choice of γ-Αΐ2θ3 as a support is due to a great extent to its high surface area. 
This allows a high dispersion of the precious metal. In our models, we must assume 
coverages of 1ML (MonO and MonA\) or 2/3ML ( M 2 A I ) , while in industrial catalysts the 
metal coverage used is never higher than 0.1 ML. The particle size of the noble metal rafts 
in a fresh TWC is less than 50 Â. This can increase to 1000 Â, or more, at the high 
temperatures of vehicle operation. Since most of the catalytic activity is preserved (59), we 
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may consider our metal coverage of LOML as approximating such large rafts. However, 
we cannot simulate interactions between the adsorbates and the support. The formation of 
rafts or islands thicker than one layer is also not incorporated in our models. This 
phenomenon can lead to adsorption of NO on a different face of the metal or to 
simultaneous interactions of the adsorbate with metal and support. 

Other effects that have been omitted in our models are modifications of metal -
support interactions due to dopants in the oxide phase (NiO, Ce02). Nickel oxide is added 
to the system to inhibit the diffusion of the precious metal in the spinel (59). Cerium oxide 
is added to prevent sintering of the catalyst and to increase the dispersion of the noble 
metal. Finally, physical characteristics of the support (polycrystalline, rough surfaces, 
diffusion of metal into oxide and of Al or Ο into the metal) were not included in our 
simulations either. 

Our model of the interface consists of the superposition at a fixed distance (2.0 Â) 
of two two-dimensionally infinite slabs of oxide and metal, respectively. Keeping this 
interface distant constant allows us to compare trends in adhesion energies. Comparable 
results were obtained with a 2.5 Â separation. In our previous study (57,58), the metal 
geometry was adjusted to fit the rigid CC-AI2O3 slab. Since our main purpose here is the 
comparison of NO and N2O2 adsorption on bare and supported metal catalysts, a different 
approach was followed. The transition metals were modeled by a slightly modified three 
layer slab with the same geometry for all three metals (vide infra). 

The oxide slab has been modified to provide epitaxy with the rigid metal slab. Our 
model consists of four layers of close-packed oxygen atoms with interlayer O-O distance 
of 2.70 Â. Three layers of aluminum cations, occupying two-thirds of the octahedral holes 
between oxygen layers, and a passivating hydrogen layer on the back surface of the slab, 
complete our model for the (0001)0 face. In our model slab all aluminum atoms between 
two oxygen layers are located in a single plane, centering octahedral holes. All Al-O 
distances have the value 1.903 Â. 

The (0001)A1 face is modeled by a slab obtained by removal of both the topmost 
oxygen layer and one of the aluminum atoms on the first aluminum layer. Figure 4 shows 
a schematic representation of two views of the (0001)0 surface model slab. 

Adhesion 

Let us review briefly the results of our earlier study of the interfaces formed between first 
row transition metals and different faces of C1-AI2O3 (57,58). Two main interactions were 
found to dictate the adhesive properties: 
a) Net destabilizing O-M interactions (See schematic diagram 6) are responsible for the 
weak (or even repulsive) adhesion energies found for oxide surfaces with high oxygen 
concentration. Filling of an interface M-O* band leads to a highly unfavorable situation in 
the case of high d-electron counts (late transition metals). 
b) Aluminum cations on the oxide surface are capable of forming strong charge transfer 
bonds with the metal. These bonds result from interaction of empty aluminum dangling 
bond states with the d band of the metal 7. 

A balance of both interactions determines the adhesion of a particular transition 
metal to C1-AI2O3. The most important factor is the ratio of Al/O atoms directly exposed to 
the metal surface. Aluminum-rich surfaces are predicted to form strong interfaces with 
almost all first transition row metals, while oxygen-rich surfaces do not result in strong 
interfaces, especially with late transition metals. The coordination geometry of atoms at 
the surface does not seem to be a major factor in determining adhesion properties for 
different faces. For instance, calculations of the adhesion energy for first row transition 
metals on different faces of C1-AI2O3 surfaces indicates that the (0001)0 and the (0001)A1 
surfaces give upper and lower bounds for the adhesion energies. Surfaces with 
intermediate Al/O ratios yield interfaces with intermediate energies. 
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Figure 4. Top and side views of the (0001)0 surface model slab of C1-AI2O3. 
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These findings agree with recent experimental results by Ealet and Gillet for the 
alumina (-1012) surface (60) as well as Gorte et al work on alumina (0001) (61,62). 

Results 

Table II shows the adhesion energy values obtained for both the (0001)0- and the 
(0001)A1-Metal interfaces. For simplicity, we abbreviate these as M3CWO and M3^nAl, 
respectively. M3 symbolizes a three layer metal slab. Surprisingly, we obtain stable 
interfaces for both Pd and Pt with the (0001)0 surface, Pà^onO and VX^onO. Such 
stabilization was not observed for Ni in our previous work (57,58). The charge transfer, 
AqM(e")> (Table II) also indicates the magnitude of the charge transferred to the metal 
(positive values) or to the ceramic (negative values). 

Table II. Adhesion energies and charge transfer for the (0001)0 and the (0001)A1 metal 
interfaces, M30/2O and M^onAl respectively 

M^on 0 M30/1AI ionic contribution 
eV/uc J/m2 Aqvi(e") eV/uc J/m2 AqM(e-) eV/uc J/m2 

Rh 0.483 0.409 +0.11 -3.616 -3.059 -0.32 -0.874 -0.739 
Pd -0.921 -0.779 +0.16 -1.999 -1.691 +0.11 -0.135 -0.114 
Pt -0.324 -0.274 +0.16 -2.508 -2.122 -0.24 0.000 0.000 

uc refers to unit cell 
AqM(e") refers to the charge transfer 

For the interaction with the aluminum surface a different factor, ionic charge 
transfer, has to be included in our discussion. This term arises from the electrons being 
transferred from the slab with the highest Fermi level to the other slab. It gives an 
additional stabilizing factor for the interface. In a one-electron calculation, such as the 
extended Hiickel one we use, this ionic component is overestimated. In order to assess the 
relative magnitude of ionic charge transfer and covalent interactions we performed two 
separate calculations with interfacial separations of 2.0 and 10.0 Â, respectively. At an 
interfacial distance of 10.0 Â all overlap terms between orbitals of both slabs, metal and 
ceramic, are zero, and the entire stabilization energy comes from the ionic term. The last 
entry of Table II shows that the magnitude of ionic charge transfer is important for Rh, 
moderate for Pd, and non-existent for Pt. Analysis of the changes in average charge on the 
metal atoms leads to the qualitative diagram shown in Figure 5. From this figure we can 
see that the interface with Rh is unstable for the (0001)0 surface, RI130/ÎO, but strongly 
stabilized when interacting with the (0001 )A1 surface, Rh^onAl. Important ionic charge 
transfer to the empty aluminum dangling states and the good energy match of these with 
the d band of the metal provide a substantial adhesion energy in this case. 

The case of palladium, with stable interfaces for both Pâ^onO and Pd3<mAl, is 
more complicated. Interaction of the d-band with the 02p band gives a destabilizing 
contribution that is overcome by the attractive interaction of the empty metal s band with 
the 02p band of the oxide. The s-band lies much lower for palladium than for rhodium, 
and is able to interact much more (better energy match) with the oxide band. This 
mechanism of interface stabilization is corroborated by the electron transfer to the metal: 
almost all charge has been transferred to the s levels of palladium. The low lying bands of 
palladium also give rise to an ionic charge transfer term, in an opposite direction in this 
case, electrons flowing from the oxide to the metal. 

The interaction with platinum is intermediate between those of rhodium and 
palladium. The position of the Fermi level of the metal slab in this case does not permit 
any ionic charge transfer in either direction. For the (0001)0 surface, Pi^onO, a weak, 
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attractive adhesion energy is found. The repulsive (02p-Md) and attractive (02p-Ms) 
interactions do not balance, and the latter slightly dominates. For the interface formed with 
the (0001)A1 surface, Pt30/iAl, a good energy match of the metal d band with the dangling 
aluminum states provides better stabilization compared to palladium, Pd3<mAl. Compared 
to rhodium, however, the absence of ionic charge transfer and poorer energy match results 
in a weaker interface. 

Our models of supported catalysts will consist of a single layer of metal atoms on 
both oxide surfaces, MonO, and aluminum surfaces, Mo/iAl, respectively. It is thus 
important that all the trends, especially the change in the position of the Fermi level upon 
interaction, found for the three layer slab models, be reproduced for these simpler cases. A 
comparison of both models (3 layer vs. 1 layer) shows good agreement in the basic 
features of the interaction. The changes observed for the Fermi levels agree in direction in 
all cases, although there is some variation in magnitude. The Fermi levels for all three 
metals, M = Rh, Pd, Pt, and interfaces are presented in Table III. 

Table III. Summary of Fermi level variation (eV) as a function of interface and metal 
Ef (Vh) Ε/· (MionO) Ef (M^onAl) Ef (UonO) Ef (MonAl) Ef (M9.AI) 

Rh -8.62 -8.38 -8.68 -8.28 -9.56 -8.38 
Pd -10.97 -10.20 -10.73 -10.26 -10.71 -9.48 
Pt -9.76 -9.35 -9.77 -9.48 -10.39 -8.61 

A model with metal coverage of 0.667ML, where the transition metal atoms sit in 
the empty aluminum positions of the surface, has also been considered. In this case, a 
mixed Al/M layer, abbreviated M2AI 8 (M = Rh, Pd, Pt), is exposed to the adsorbate. The 
Fermi level for all three metals rises in this situation, compared to the bare metal slabs 
(Table III). 

Supported Catalysts 

As shown above, the support affects dramatically the Fermi level of the metal ceramic-
composite system. Let us now study the consequence of this on the adsorption of both NO 
and N2O2. This is best accomplished graphically by comparing the Fermi level variation 
to the resulting N-O Overlap Population. 
on-top M(NO) 3a. In Figure 6a, we plot the Fermi levels for the on-top M(NO) 3a 
geometry with M = Rh, Pd and Pt. Along the abscissa we report the various metal-support 
interactions for M3, the bare metal three-layer slab, a one-layer slab over an oxygen layer, 
M0/1O, a one-layer slab over an aluminum surface, MonAl, and the mixed layer slab, 
M2AI. The dotted line marks the energy level of the 2π* orbital of a pair of nitrosyls 1. 
From this figure alone, we conclude that the ceramic support significantly affects the 
Fermi level of the composite system, and consequently the electron flow between 
adsorbate and slab. Clearly, the rhodium slab stands out, with its Fermi level consistently 
above the 2π* level. For all slabs, the metal on the mixed layer M2AI gives rise to the 
highest Fermi levels. In fact, the on-top Pt2Al(NO) situation (Ef - -8.25 eV) has a higher 
Fermi level than both the bare rhodium slab, on-top Rh3(NO), (Ef = -8.45 eV) and on-top 
Rho/iAl(NO) (Ef = -8.59 eV). 

In Figure 6b, we report the N-O Overlap Population as a function of metal slab and 
all four adhesion situations. The horizontal line corresponds to the N-O overlap population 
for a pair of nitrosyls 1 (1.13). From our computations, it appears the interaction between 
both 5σ+ and 5σ~ levels and the slab is more or less independent of the nature of this latter 
(vide infra). Therefore, we can expect the N-O overlap population to correlate closely with 
the Fermi level. This is nicely reflected in the comparison the Fermi level for various slabs 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

23
, 1

99
4 

| d
oi

: 1
0.

10
21

/b
k-

19
94

-0
55

2.
ch

01
1

In Environmental Catalysis; Armor, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



152 ENVIRONMENTAL CATALYSIS 

α-ΑΙ203 (0001)0 α-ΑΙ203(000Ι)ΑΙ Rh Pd Pt 

Figure 5. Qualitative illustration of charge transfer between metal and ceramic. 
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and adhesion situations in Figure 6a with the corresponding N-O overlap population 
(Figure 6b). As the Fermi level rises above the 2π* level, the N-O overlap population 
drops below that of free N-O (1.13), indicative of bond weakening in the adsorbate. For all 
three slabs, this effect is most dramatic for the M2AI situation. 
bridging M(N2C>2) 4a. We turn to the coupled product dinitrogen dioxide 2. At this stage, 
we shall not only focus our attention on the N-O overlap population, but also on the N-N 
overlap population. We wish to form an intermediate N2O2 2, with a strong N-N bond and 
a weak N-O bond — product-like, N2 + O2, in the sense of the Hammond postulate. 

From on-topM(NO) 3a, a nitrosyl-nitrosyl coupling most naturally leads to 
bridging Μ(Ν2θ2) 4a. The Fermi level, as well as N-O and N-N Overlap Populations, are 
presented in Figure 7 a, b and c, respectively. 

Here again, the rhodium Fermi levels are consistently highest and the 
corresponding N-O overlap population smallest. As the Fermi level rises, e.g. bridging 
RhonO(N202) and bridging Rh2Al(N202), the 2πν" FMO gets populated. This is reflected 
by a decrease in the N-N Overlap Population, since this orbital has both N-N and N-O 
antibonding character (Figure 7c). It is therefore no surprise to see the N-N Overlap 
Population of both bridging Rh2onO(N202) (0.73) and bridging Rh2Al(N202) (0.67) 
smaller that those of either palladium or platinum analogs, where this same FMO is hardly 
populated. 

We also examined the computed reaction enthalpy of on-top M(NO) 3a -* 
bridging Μ(Ν2θ2) 4a as a function of metal and interface. The detailed results are not 
presented here, but reaction intermediate 2 seems energetically accessible in most cases. 
Consistently, the smallest reaction enthalpies are encountered with platinum as a catalyst, 
and/or metal oxide interfaces. The extended Hiickel calculations predict the reaction on-
top PtonO(NO) -» bridging PtonO(N202) to be thermoneutral. However, we do not trust 
these calculations in their quantitative detail. In this particular case, the N-O overlap 
population varies from 0.88 to 0.82 and, correspondingly, a strong N-N bond is formed 
(0.74). This overlap population is intermediate between that of dinitrogen dioxide 2 (0.61) 
and that of hyponitrite 5 (0.80). 

Clearly, there are other situations, especially with rhodium-based catalysts, where 
the coupled product has significant N-N double bond character, but the energetics of the 
reaction leading to their formation are somewhat unfavorable. 

Conclusion 

The present study has focused on adhesive as well as catalytic properties of rhodium, 
palladium and platinum on C1-AI2O3. Despite our simplified model of a supported catalyst, 
we think that interesting conclusions can be extracted. Our hope is that these results will 
aid in the development of more elaborate models, that will, in turn be able to give results 
of direct applied interest. 

The trends noted for the variation of the Fermi level as a function of metal-ceramic 
interface indicate that the ceramic may be more than an inert support. Aluminum-metal 
and oxygen-metal interfaces are predicted to be stable for both palladium or platinum. The 
oxygen-metal interface, unstable for rhodium, is predicted to be particularly favorable 
both for dissociative adsorption of NO, as well as for a coupling reaction, yielding a 
reduced form of N2O2. Therefore, a catalyst with a platinum oxygen interface seems 
competitive with one containing a rhodium aluminum interface. 

Eventually, other ceramics with less electronegative elements could be tested, as a 
higher Fermi level for the ceramic should be reflected in the Fermi level of the resulting 
catalysts. 
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• Rh 
a Pd 
s Pt 

a) «3 

(b) 

Figure 6. a) Fermi level variation for on-topM(NO) and b) resulting N-O overlap 
population. The horizontal line in a) corresponds to the 2π* energy of nitrosyl and b) 
corresponds to the N-O overlap population a pair of nitrosyls 1. 

Figure 7. a) Fermi level variation for bridging Μ(Ν2θ2) 4a; b) resulting N-O Overlap 
Population and c) resulting N-N Overlap Population. The horizontal line corresponds 
to a) the 2jty- level of N2O2 2; b) the N-O Overlap Population of N2O2 2 and c) the 
N-N Overlap Population of N2O2 2. 
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Appendix 

Tight-binding extended Hiickel calculations, with a weighted Hy approximation, have 
been applied throughout this paper. All computational details, including extended Hiickel 
parameters for all atoms can be found in the full account of this study (53). 
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                   Chapter 12 

Interaction of NO and CO on Rh-SiO2 and 
Ce-Rh-SiO2 Catalysts 

A Transient In Situ IR Spectroscopic Study 

         Girish Srinivas, Steven S. C. Chuang, and Santanu Debnath 

Department of Chemical Engineering, The University of Akron, 
Akron, OH 44325-3906 

In situ infrared spectroscopic studies of NO-CO reaction on Rh/SiO2 and 
Ce-Rh/SiO2 reveal that Si-NCO and Rh-NCO are the dominant species 
during the reaction at 723 K. The growth rate of Rh-NCO is greater than 
that of Si-NCO on the Ce-Rh/SiO2 catalyst at the beginning of the reaction. 
In contrast, the concentration of Rh-NCO and Si-NCO increases at about 
the same rate on the prereduced and preoxidized Rh/SiO2. Steady-state 
isotopic transient study at 573 Κ shows that Si-NCO is a spectator species 
under reaction conditions; the addition of Ce increases the reactivity and 
decreases the average residence time of intermediates leading to CO2 over 
Rh/SiO2. 

Rh has been successfully used in three-way catalysts to control the emission of NO x 

from automobile exhaust (1-4). Due to the shortage of Rh and the increasingly stringent 
standards for NO x emission, continuing improvement of the catalyst performance and 
development of substituents remain to be major challenges in the area of environmental 
catalysis. Investigation of adsorbed species on the Rh catalyst during NO-CO reaction 
could lead to a better understanding of how Rh catalyzes the reaction and help to 
improve catalyst performance. 

Infrared (IR) studies have shown that CO may chemisorb on Rh in the forms of 
linear CO and bridged CO on the reduced Rh site as well as linear CO and gem-
dicarbonyl on the Rh + site (5-10). The mode of adsorption and stability of the adsorbed 
CO depend on the surface state and the chemical environment of the catalyst. 
Adsorption of NO on metals displays three modes of adsorbed NO: a cationic Rh-NO+ 

species, a neutral Rh-NO species, and an anionic Rh-NO" species (10-13). In situ 
infrared studies reveal that adsorbed NO is the dominant species on the Rh surface with 
a small coverage of NCO and adsorbed CO during NO-CO reaction over Rh/Si02 at 
463-523 Κ and NO conversion below 50% (14,15). Increasing NO conversion 
increases the coverage of adsorbed CO and NCO. 

Cerium has been an important promoter in three-way catalysts (16-20). The 
major role of Ce has been identified to be (a) storage of oxygen, (b) stabilization of 
AI2O3 and metals, (c) promotion of the water-gas shift reaction, (d) suppression of N2O 
formation and (e) modification of the kinetics (rate law) of the reaction. It remains 

0097-6156/94/0552-0157$08.00/0 
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158 ENVIRONMENTAL CATALYSIS 

unclear how Ce modifies the intrinsic kinetics, i.e., the intrinsic rate constant k, and the 
surface coverage of intermediates Θ, resulting in an increase in the overall reaction rate 
of the NO-CO reaction, k (the reactivity of intermediates) is the reciprocal of τ ( the 
residence time of intermediates) if the reaction of intermediates leading to gaseous 
product is a first-order irreversible reaction (27). Determination of k and Θ requires the 
use of steady-state isotopic transient technique. Steady-state isotopic pulse technique 
incorporated with in situ IR has been developed to investigate the effect of Ce on the 
dynamic behavior of adsorbed species and the residence time of intermediates leading to 
C O 2 during the CO-NO reaction. This study provides an insight into the catalysis of 
NO-CO reaction under reaction conditions. 

Experimental 

The Rh/Si02 catalyst (5 wt% Rh) was prepared by incipient wetness impregnation of 
RhCl3-3H20 (Alfa) onto a silica support (Strem); the Rh-Ce/Si02 catalyst (atomic ratio 
of Rh:Ce = 1:1 containing 5 wt% Rh) was prepared by co-impregnating a solution of 
RhCl3-3H20 (Alfa) and Ce(N03)3*6H20 (Alfa) onto the silica support (Strem). The 
catalysts were dried in air overnight followed by reduction in flowing H2 at 673 Κ for 8 
hours. During pulse CO chemisorption at 303 K, the Rh/Si02 catalyst chemisorbed 
17.4 μ mol CO/gm catalyst; and the Ce-Rh/Si02 catalyst chemisorbed 28.5 μ mol 
CO/gm catalyst. An in situ infrared reactor cell capable of operating upto 873 Κ and 6 
MPa was used for the NO-CO reaction. The catalysts were pressed into disks and 
placed in the reactor cell. The catalysts were further prereduced or preoxidized at 573 Κ 
before the reaction study. The reaction mixture consisted of CO/Ar (Commercial 
grade), NO (UHP) and He (UHP) controlled by mass flow meters. 

An inlet system was designed to introduce an abrupt change in the concentration 
of CO in the form of a 1 3 CO pulse or step change from l2CO to 1 3 CO (27). Since the 
1 3 C O has the same chemical properties as 1 2 CO, a change in the concentration from 
1 2 CO to 1 3 C O would not affect the environment of the catalyst surface and the total 
concentration of all CO species. The 1 2 CO contained 2% Ar, an inert gas, which was 
used to determine the effect of flow pattern through the reactor and transportation lines 
on the transient response. The change in concentration of adsorbed species was 
monitored by an FT-IR spectrometer with a resolution of 4 cm - 1. The effluent from the 
reactor was monitored continuously using a Balzers QMG 112 quadrupole mass 
spectrometer. Steady-state IR spectra were recorded using 32 co-added scans and 
transient spectra, using 3 co-added scans. 

Results and Discussion 

Steady-State NO-CO Reaction on Prereduced and Preoxidized Rh/Si02-
Figure 1 shows the IR spectra of the prereduced and preoxidized Rh/Si02 catalysts 
during NO-CO reaction at 723 Κ with a CO:NO = 5:1 ratio (CO: 12.5 cm3/min, NO: 
2.5 cm3/min and He: 28 cm3/min). The prereduced catalyst was reduced in flowing 
hydrogen at 573 Κ for 1 hour and the preoxidized catalyst was oxidized in flowing air at 
573 Κ for 1 hour. Both the prereduced and preoxidized catalysts achieved nearly total 
conversion of NO at 723 K. No NO2 was detected and the amount of CO2, N2 and 
N 2 O could not be quantified due to overlapping of signals in the mass spectrometer. 
The spectra for the prereduced Rh show a strong band at 2288 cm"1, attributed to an 
isocyanate species (NCO) adsorbed on the S1O2 support (11-15). A shoulder band at 
2173 cm - 1 is assigned to an isocyanate species (NCO) on the Rh metal (14,15,22) and a 
shoulder band at 2358 cnr1 is due to CO2. A weak band appearing at 2003 cm - 1 is due 
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Figure 1. IR spectra of steady-state NO-CO reaction on prereduced Rh/Si02 
and preoxidised Rh/Si02 catalysts. 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

23
, 1

99
4 

| d
oi

: 1
0.

10
21

/b
k-

19
94

-0
55

2.
ch

01
2

In Environmental Catalysis; Armor, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



160 ENVIRONMENTAL CATALYSIS 

to linear CO on the reduced Rh surface. The intensity of linear CO decreased with 
reaction time. In contrast, the intensity of NCO species on Rh and S1O2 grew with 
reaction time, regardless of the reaction temperature. The NCO species remained on the 
catalyst surface following a long period of flowing He. The behavior of NCO observed 
here at 723 Κ is consistent with previous studies at 463-523 Κ (14,15) showing that 
Si-NCO is very stable in the presence and absence of reactants. 

The preoxidized catalyst exhibited similar IR spectral features with a low 
intensity of the isocyanate species. No chemisorbed NO species were observed in the 
case of either prereduced or preoxidized Rh. Linear CO is the only adsorbed CO 
present on the surface of both prereduced and preoxidised catalysts at 723 K. The 
presence of linear CO could be due to the use of a high ratio of CO to NO. The excess 
CO chemisorbs as linear CO while most of the NO was rapidly converted to products. 
Hecker and Bell reported that preoxidised Rh is more active for the NO-CO reaction 
than prereduced Rh catalyst and both catalysts exhibit similar IR spectra after a long 
break-in period (14). The slow growth of NCO on the preoxidised Rh as compared to 
that on the prereduced Rh could be due to the high activity of the preoxidized Rh which 
is more effective than prereduced Rh in removing adsorbed NO and CO before they 
could be converted to NCO. 

Steady-State NO-CO Reaction on Ce-Rh/Si02. Figure 2(A) shows the IR 
spectra of the steady-state reaction on Ce-Rh/Si02 catalyst carried out under the same 
condition as that of prereduced and preoxidized Rh/Si02 catalysts. Nearly complete 
conversion of NO was observed. The spectra show prominent bands due to isocyanate 
species at 2288 and 2178 cm"1, attributed to those chemisorbed on S1O2 and on the Rh 
metal, respectively. The development of these bands is slower and the Rh-NCO band 
observed at 27 min is more prominent than that observed on prereduced or preoxidized 
Rh/Si02. The intensity of Rh-NCO, which grows at a higher rate than that of NCO on 
the support, reached steady-state after 15 min of reaction. The intensity of Si-NCO 
continued to increase during the reaction. 

In order to investigate the effect of CO lean and NO lean atmospheres on the Ce-
Rh/Si02 catalyst performance, the catalyst was subjected to an abrupt stoppage of CO 
or NO flow. Figure 2(B) shows the IR spectral features observed following abruptly 
stopping either CO or NO flow to the reactor at 723 K. Following 11 min of steady-
state reaction where Rh-NCO and linear CO slowly approach steady-state, the NO flow 
was terminated abruptly. Figures 3 (A) and (B) show the mass spectroscopic (MS) 
analysis of the effluents during the transient experiments. Shutting NO flow to the 
reactor resulted in the decrease in the CO2 IR band while the remaining bands showed 
no variation except the slight increase in the linear CO band. The effluents from the 
reactor indicated a decrease in the CO2 concentration following the stoppage. The IR 
spectra, following stopping CO flow to the reactor, showed the following: (i) an almost 
total disappearance of the Rh-NCO band at 2178 cnr 1 (ii) a decrease in the Si-NCO 
band at 2288 cm - 1, and (in) the disappearance of the linear CO band at 2009 cm - 1. The 
disappearance of the chemisorbed CO band is accompanied by an enhancement of the 
Rh(NO)+ band at 1900 cm"1 while the CO2 band at 2358 cm"1 remained present. 
Stopping CO flow also resulted in a momentary and abrupt enhancement followed by a 
decrease of the gaseous CO2 concentration in the effluent. This suggests that gaseous 
CO is an inhibitor for the formation of CO2. Similar observations on the negative order 
dependence of the reaction rate with respect to the partial pressure of CO on 
Ce-Rh/Al203 have been reported (18). 

Steady-State Isotopic Transient Study. Transient isotopic studies were 
performed on Rh/Si02 and Ce-Rh/Si02 catalysts at 573 Κ under near complete 
conversion of NO. The studies were undertaken by pulsing 10 cm 3 of 1 3 C O into a 
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SRINIVAS ET AL. NO and CO on Rh-Si02 and Ce-Rh-Si02 
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Figure 2. (A) IR spectra of steady-state NO-CO reaction on Ce-Rh/Si02 
(B) IR spectra following transient of stopping NO flow 
and CO flow on Ce-Rh/Si02. 
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A 

CO/NO/He 
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Figure 3. M S . analysis of the transient on Ce-Rh/Si02 
(A) during stopping of NO flow (B) during stopping of CO flow 
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steady-state flow of CO/Ar-NO-He. The ratio of CO:NO was maintained at 1:1 during 
the transient study. Figure 4 shows the normalized MS analysis of the transient pulse 
on Rh/SiC>2. Figures 5 (A) and (B) show the IR spectra and difference spectra during 
the transient isotopic study on Rh/Si02. Steady-state IR spectra before the pulse shows 
the following bands: (i) a prominent Si-NCO band at 2295 cm*1, and a weak Rh-NCO 
band at 2160 cm"1 and, (ii) a prominent CO2 band at 2358 cm"1 and a weak Rh-NO" 
band at 1683 cm - 1. Pulsing 1 3 CO into a 1 2CO/Ar flow did not shift the intensity and 
wavenumber of the Si-NCO band indicating that this species is a spectator species 
during the formation of CO2. A downward shift of CO2 and Rh-NCO bands 
immediately, followed by an upward shift back to the original wavenumber can be 
clearly observed in the difference spectra obtained by subtracting the spectrum taken 
before the pulse from each transient spectra. 

The turnover frequency for CO2 formation (TOF) can be expressed in terms of 
intrinsic rate constant (k) and coverage of intermediate species (0); 

TOF = k*0 = (l/x)*0, 

where τ is the residence time of the intermediate (2123). Since there was almost total 
conversion of NO, the TOF determined does not represent the intrinsic activity of the 
catalyst and the coverage, 0, was not determined. Preliminary study shows that the 
coverage can be determined at lower temperatures where the conversion is lower; 
however, the lower temperature may result in a different surface chemistry of the 
catalysts. The residence times of the carbon-containing species leading to CO2 
formation for Rh/Si02 has been calculated from the normalized curves shown in Figure 
4, taking into account the residence time of the inert Ar representing the inherent delay 
due to the reactor and transportation lines (21). 

Figure 6 shows the MS analysis during the isotopic transient experiment on 
Ce-Rh/Si02. Symmetry in 1 2 CO and 1 3 CO responses indicated that there was no 
perturbation to the total concentration of gas phase CO (including both 1 2 C O and 
1 3 CO). The response of the 1 3 CO and 1 3 C02 curves indicate that the formation of 
1 3 C02 is faster than the desorption of 1 3 C0. The residence times for 1 3 C 0 desorption 
and intermediates leading to 1 3 C02 formation are smaller than those obtained for 
Rh/Si02. Figures 7 (A) and (B) show the IR spectra and difference spectra during the 
isotopic pulse on Ce-Rh/Si02. Steady-state spectra before the pulse show the CO2 
band at 2358 cm"1, Si-NCO band at 2309 cm"1, Rh-NO+ band at 1913 cm"1 Rh-NO" 
band at 1691 cm"1 and N2O bands at 2241 and 2205 cm"1. Introducing a 1 3 CO pulse 
into 1 2CO/Ar flow resulted in a downward shift of CO2 bands, immediately followed 
by an upward shift to their original wavenumbers. There was, however, no change in 
the intensity and wavenumber of the Si-NCO band, indicating that it was a spectator 
species. Rh-NCO did not exhibit a distinct IR band at 573 K. PreUrninary study at 523 
Κ shows that the rate of displacement of Rh-N1 3CO is slower than that of formation of 
1 3 C02. This result suggests that Rh-NCO is also a spectator species, consistent with 
Hecker and Bell's suggestion (75). 

Oh has reported (18) that on Ce-Rh/Al203, catalysts containing 0.5 wt% Ce 
exhibit essentially the same activity as RI1/AI2O3, but catalysts containing 2 wt% or 
more of Ce show a significandy higher activity than RIÎ/AI2O3. The catalyst used in this 
study has a Ce loading of 6.8 wt% and exhibits a significant increase in the mtrinsic rate 
constant as compared to Rh/Si02, agreeing well with reported high activity of Ce-
RI1/AI2O3 from the study undertaken by Oh (18). 
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Figure 4. MS analysis of the transient during isotopic pulse over 
prereduced Rh/Si02. 
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Figure 5. (A) IR spectra during isotopic pulse over prereduced Rh/SiC)2-
(B) Difference spectra of Figure 5 (A). 

ι 

0.8 

0.6 

0.4 

0.2 

0 

-0.2 

0.2 

0 

-0.2 

-0.4 

-0.6 

-0.8 

-1 

- — u c o 
---•uco2 

- τ,, = 0.09 min 

\ τ „ =0.05 min 

\ C02 1 

1 1 1 

f: m/e = 28 
/ : m/e = 44 

/"' Ar 

Time (min) 

Figure 6. MS analysis of the transient during isotopic pulse over Ce-Rh/Si02. 
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Figure 7. (A) IR spectra during isotopic pulse over prereduced Rh/Si02-
(B) Difference spectra of Figure 7 (A). 

Conclusions 

Steady-state isotopic pulse technique has been developed to investigate the kinetics of 
the NO-CO reaction under reaction conditions. The major chemisorbed species 
observed during the NO-CO reaction at 723 Κ on Rh/Si02 and Ce-Rh/Si02 is an NCO 
species on S 1 O 2 . The Ce-Rh/Si02 catalyst also showed a higher intrinsic rate constant 
for C O 2 formation and a lower residence time of intermediates leading to C O 2 than 
those for Rh/Si02. Combined in situ IR and transient isotopic studies on Rh/Si02 and 
Ce-Rh/Si02 have shown that the NCO is a spectator species during the NO-CO 
reaction. 
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Chapter 13 

Power Plant Emissions: An Overview 

                  John N. Armor 

Air Products & Chemicals, Inc., 7201 Hamilton Boulevard, 
Allentown, PA 18195 

Most people probably do not appreciate the magnitude of the problem with regard to 
stack gas emissions from power plants. The combustion of fossil fuels is conducted in 
the presence of excess air and results in huge volumes of emissions of low levels of 
NOx, SOx, CO, and particulates. Although emitted at low concentrations [ppm levels], 
the number of sources and the total volume of the emissions are large and thus 
contribute significantly to atmospheric pollution. 

The primary gaseous pollutants generated from power plants are NOx and SOx. 
The combustion of coal generally converts about 95% of the sulfur content to SO2, 
about 1 or 2 % to SO3, and the remainder to solid sulfur compounds in the ash; US 
coals contain ~0.5 to 5. % sulfur. Current commercial technologies used to control 
SO2 emissions from coal-fired boilers include wet scrubbing of the flue gas with a lime 
or a limestone slurrry, spray drying of the lime slurry in the flue gas, and several less 
prevelant processes that produce elemental sulfur or a concentrated stream of SO2 
which may be further processed to sulfuric acid. Some of the wet scrubbing processes 
produce a commercial grade of gypsum. Commercial methods of controlling NOx 
emissions from coal-fired boilers include combustion modifications, natural gas 
reburning, selective catalytic reduction [SCR], and selective non-catalytic reduction 
[SNCR] (1,2). The method of choice is usually determined by regulatory requirements 
and process economics. NOx control at power plants by SCR is discussed in the 
overview chapter on "NOx Removal" The thermal methods of NOx removal are not 
discussed in this book. 

Norman Kaplan of the US Environmental Protection Agency led the sessions on 
catalytic approaches to power plant emissions. He summarized the papers in this area 
as follows: "Speakers in the session cited experience with selective catalytic reduction 
(SCR) for control of NOx emissions in Japan and Germany. Systems were categorized 
as high dust, low dust, and tail end. Applications of the high dust configuration 
predominate in foreign applications. The advantages and disadvantages of catalyst 
types (e.g., plate, honeycomb, various compositions) were contrasted based on some 
German experience with power plant applications. Some data indicated acceptable 

0097-6156/94/0552-0170$08.00/0 
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catalyst activity (80-100% of initial level) for periods of >18,000 hours of operation. 
Systems are usually designed to emit less than 1 ppm of unreacted ammonia when 
installed, and about 5 ppm at the end of the useful catalyst life. The SNOX process, of 
Danish origin, for simultaneous catalytic NOx reduction and S0 2 control by catalytic 
conversion to sulfuric acid was described as having the capability for >95% control of 
both pollutants, with fewer problems caused by unreacted ammonia. The advantages of 
a family of catalysts for various applications including coal-fired boilers, nitric acid 
plants, and refinery heaters were cited with indication of commercial experience. Most 
of the catalytic processes described above employ vanadium pentoxide/titanium dioxide 
catalysts with various modifiers. Another process being developed in Germany for 
reducing NOx at low temperature using an activated carbon pseudo catalyst was also 
described and compared to the more prevalent V205/TÎ02 processes. R. A. Dalla 
Betta, et al (Catalytica, Inc.) reported on New Catalytic Combustion Technology for 
Very Low Emissions Gas Turbines. They described their new process for catalytic 
methane combustion in gas turbines by burning methane at about 1300°C with a 20 
milli-second residence time at 10 atmosphere pressure. Here the levels of NOx will be 
less than 10 ppm. The metal monolith support provides rapid transfer of heat and thus 
the catalyst avoids over-heating beyond 1300°C. Apparently the equilibrium between 
Pd and PdO helps limit the catalyst temperature to 1300°C. They obtain less than 1 
ppm of NOx and less than 2 ppm of CO at 11 atmospheres with 10,000 liter/minute of 
air using a 2" diameter catalyst. They are working with several turbine companies to 
evaluate the technology." Several of these presentations are included in this section on 
Power Plant Emissions. 

References 
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Chapter 14 

NOx Abatement by Selective Catalytic 
Reduction 

               G. W. Spitznagel, K. Hüttenhofer, and J. K. Beer 

Power Generation Group KWU, Siemens AG, Freyeslebenstrasse 1, 91058 
Erlangen, Germany 

Since 1986 more than 50 coal fired boilers in the FRG have 
been equipped with Siemens SCR catalytic converters for 
NOx-control. Especially in high dust applications plate type 
catalytic converters have proven to achieve optimum perfor
mance even under the worst flue gas conditions. In this con
nection, the proper design of catalytic converters concerning 
geometry and chemical composition is essential for reliable 
operation. This resulted in the development of a new poison
ing resistant catalytically active material. Experience from 
more than five years of operation downstream of coal- fired 
boilers with various catalysts is presented. New application 
areas for catalysts, e. g. DeNOx air preheaters or combined 
dioxin and NOx control for waste incineration plants, and 
inital operating results with this new technology are pre
sented. 

The Federal Republic of Germany has an installed power plant capacity 
of 109.7 GWei. 23.6 GW or 22% of this total capacity is provided by nu
clear power, 6.9 GW or 6% by hydroelectric power and 1.2 GW or 1% by 
renewable sources of energy. The lion's share, 78 GW or 71%, of the en
ergy supply is based on fossil fuels (see table I), mainly coal (1). 

If one considers the emissions from a typical hard coal-fired 
750 MW plant (see Figure 1), it soon becomes apparent that in a densely-
populated country such as the Federal Republic of Germany and espe
cially at times when the environmental awareness of the citizens is clear
ly on the increase, legislators are forced to introduce strict environmen
tal standards. 

0097-6156/94/0552-0172$08.00/0 
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14. SPITZNAGEL ET AL. NQ Abatement by Selective Catalytic Reduction 173 

Table I: Generating capacity in FRG (status 1990) without new federal 
countries according to (1) 

Type of Power Source 
Generating 
Capacity 
[GW] 

Percentage 

Nuclear 23.6 21.5 
Water 6.9 6.3 
Hardcoal 39.5 36.0 
Lignite 12.3 11.2 
Oil 9.7 8.9 
Gas 16.5 15.0 
Others 1.2 1.1 
Total 109.7 100.0 

Dust emissions from power plants (see Figure 2) were restricted as 
early as 1964 and as of 1975 the SO2 limits were reduced even further in 
North Rhine Westphalia. However, a definite step toward emission con
trol was made when the Ordinance on Large Combustion Facilities came 
into force 1983 which prescribed a reduction in SO2 emissions to 
400mg/m3 (140 ppm) by 1988 (by installing flue gas desulfurization 
plants) and by the Conference of Environmental Ministers 1984 which 
limited NOx emissions from power plants to 200 mg/m3 (97 ppm) as of 
1988 to 1990 (2). In the meantime, licensing practice in urban areas in 
the FRG for new power plants demands levels of 50 mg S02/m3 (17.5 
ppm) and 100 mg NOx/m3 (49 ppm). 

Up to now, approximately 150 power plants in the FRG with a 
combined electrical rating of 33,000 MW have been backfitted with SCR 
DeNOx equipment (see Figure 3). While primary measures are usually 
sufficient to meet NOx limits in lignite-fired plants, technology SCR 
DeNOx has established itself and been proven on an industrial scale in 
over 95% of hard coal-fired power plants (3), while other processes proved 
unsuitable for technical reasons (e.g. achievable abatement efficiency) or 
owing to problematic secondary emissions (e.g. N2O in SCNR (4)). 

Catalytic Material and Shapes of Catalysts 

The heart of an SCR DeNOx plant is the catalytic converter (see Figure 
4). It is usually a ceramic mass based on titanium dioxide, to which the 
active components, oxides of vanadium and tungsten or molybdenum, are 
added. Despite this significant similiarity between all SCR DeNOx cata
lytic converters there are great variations in their activity and geometry. 

When the SCR DeNOx technology came to Germany in 1984, cata
lytic converters were well-suited to Japanese power plant requirements 
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174 ENVIRONMENTAL CATALYSIS 

Without Flue Gas Cleaning With Flue Gas Cleaning 

Figure 1: Media and end products of a 750 MW hard coal fired power 
plant with and without flue gas cleaning 
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Figure 2: Development of emission standards in the FRG 

DeNO Y 
MW 

30 000 

20 000 -

10 000 -

0.1 % Active carbon 
3 % SNCR 

— 97 % SCR 

2 % Active carbon 
4 % SCR 

- f - 94 % Primary 
measures 

Hard coal Lignite 

Figure 3: DeNOx measures in German coal fired power plants 
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I 
N2, H20, 0 2 , S02(S03) 

Figure 4: Schematic view of a SCR DeNOx reactor 
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(high-grade coals, base load operation, boiler with dry ash extraction) but 
these special conditions meant the manufacturers had only developed a 
few models (5). The special requirements of German power plants, such 
as frequent load changes in intermediate load power plants, slag tap fur
naces with ash recirculation and the use of coal from all over the world 
(USA, Poland, Australia, etc.) or German high inerts coal, forced 
Siemens to develop the plate-type catalytic converter (6) in addition to li
censing the honeycomb-type catalytic converter. This development made 
it possible to gain extensive know-how on the selection and fabrication of 
the correct type and design of catalytic converter, active surface and ma
terial activity to suit the application (7). 

Plate-type catalytic converters are typically used in high-dust con
figurations, i.e. immediately downstream of the boiler at a point where 
the flue gases have already reached the optimal temperature for the 
DeNOx reaction of about 350°C (660°F). The distance between the cata
lyst plates is 4-6 mm which results in a specific surface area of 280-
380 m2/m3. Honeycomb-type catalytic converters, on the other hand, per
form better in low-dust areas, i.e. downstream of dust collection and 
desulfurization of flue gases. In this configuration, they form very com
pact DeNOx reactors with channel openings of 3-4 mm and specific sur
face areas of 650-900 m2/m3. Honeycomb-type catalytic converters are 
used less often in very high-dust applications (however in moderate dust 
laden flue gases both systems are comparable). Typical channel openings 
are 6 mm, which result in surface areas of 480 m2/m3 (see table Π). 

Table Π: Selection of catalytic converter according to operating 
conditions 

Fuel Arrangement 
Dust 
concentration 
gr/scf 

Tempera
ture 
range °F 

Type 
Spec. 
surface area 
m2/m3 

Remarks 

High inerts 
coal 

Before ΑΡΗ (high dust) 

Other arrangements 
see hard coal 

>6.5 610-810 Plate 285-350 

Hard coal Before ΑΡΗ (high dust) 

After FGD (low dust) 

After charcoal FGD 
(low dust) 

<6.5 

<0.02 

< 0.002 

610-810 
610-810 

540-630 

390-480 

Honeycomb 
Plate 

Honeycomb 

Honeycomb 

427/486 
330-380 

751/881 

881 

Depending 
on opera
tion condi-
stions 

Oil LS/HS Before ΑΡΗ (high dust) 

After FGD (low dust) 

<0.05 

<0.02 

660-840 

570-660 

Honeycomb 

Honeycomb 

550/654 

751 

Gas < 0.002 540-720 Honeycomb 881 
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178 ENVIRONMENTAL CATALYSIS 

Catalytic Converter Arrangement 

For new power plants, a high-dust configuration (see Figure 5) is prefer
able. On the one hand, this configuration involves less capital invest
ment since neither complicated flue gas piping routes nor a reheat sys
tem have to be installed and on the other hand, no additional energy 
costs are caused by the reheat system in normal operation. For the above-
mentioned reasons, the high-dust configuration is also preferable for 
backfitting operations provided this configuration is practicable, which it 
usually is. 

Apart from oil or gas-fired power plant units, plate-type catalytic 
converters are preferable in high dust and high sulfur applications in 
coal-fired power plants. There are four reasons for this: 
1. Plate-type catalytic converters are less prone to blockage owing to 

their structure which permits slight vibration of the individual plates 
(adhering dust is continually dislodged). As it can be seen from Figure 
6 in addition to this effect dust deposition on the plate-type catalytic 
converter is lower than on the honeycomb type due to its geometric 
properties. 

2. Plate-type catalytic converters have a higher resistance to erosion 
than their ceramic-base counterparts. As soon as the metal mesh is 
exposed on the end face of the catalyst plate, erosion does not progress 
further into the element in contrast to the all-ceramic honeycomb ma
terial (see Figure 7). 

3. Plate-type catalytic converters have very thin plates and therefore 
only a small area of the cross-section is obstructed. This results in low 
pressure drop across the catalytic converter. 

4. As S02-conversion is a bulk reaction the lower installed catalytic 
mass in a plate-type catalytic converter leads to lower SO2/SO3 con
version rates. 

Plate-type catalytic converters are fault tolerant systems concern
ing poor flue gas distribution, highly erosive fly ashes, blockage of the 
system, frequent coal and load canges. 

Selection Criteria for a Catalytic Converter 

Figure 8 shows the basic types of SCR DeNOx catalytic converters. 
First and foremost, the dust content of the flue gas is the critical 

factor in selection of the catalyst geometry, which the honeycomb-type 
catalytic converter has an advantage in dust-free or low-dust flue gases 
the plate-type catalytic converter is advantageous in dust-laden flue 
gases. 

With plate-type catalytic converters, geometry can be tailored to 
the dust content of the flue gases to be treated. In extremely high-dust 
applications (40-50 g/m3 « 17-22 gr/scf), 6 mm gaps are preferable be-
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High-dust (HP) Arrangement 

Low-dust (LP) Arrangement 

Figure 5: Catalytic converter arrangements (the low dust 
arrangement is often also referred to as tail gas 
arrangement) 
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Figure 6: Dust deposition on catalytic converters as a function of 

geometric and fluid dynamic parameters 

Flue gas 
Fly ash 

Erosion 
attack 

Catalytic 
material 

Center 
metal 
plate 

Plate Type Catalyst Honeycomb Type Catalyst 

Figure 7: Principle of erosion resistance of catalytic converters 
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Figure 8: Basic types of SCR DeNOx catalytic converters 
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tween the plates while the gap between the plates in lower dust applica
tions (5-15 g/m3 « 2 - 7 gr/scf) is reduced to 4 mm. 

Another significant parameter for selection of catalytic converters 
is the SO2 content of the flue gas. If an attempt is made to increase the 
activity of a catalytic converter in terms of the NOx reaction, SO2 oxida
tion increases simultaneously (see Figure 9). However, the sulfuric acid 
concentration produced by this reaction should be kept to a level which 
ensures that plant items downstream of the catalytic converter do not 
suffer any damage as a result. This means that it is possible to optimize 
the chemical composition with regard to the initial activity of the cata
lyst for every application. 

However the initial activity of a catalyst is not the only critical 
factor, but also the aging or poisoning behavior in flue gas conditions. 
One well-known catalyst poison is arsenic. Arsenic concentration can be 
increased by a factor of 20, in slag tap furnaces with ash recirculation 
compared to boilers with dry ash extraction. As a result, titani
um/tungsten catalysts in particular are deactivated extremely quickly, 
therefore a titanium/molybdenum catalyst ensures longer service life in 
a slag tap furnace despite its lower initial activity (8) (see Figure 10). 

All in all, this situation was unsatisfactory and consequently 
Siemens has developed a new active phase (9) by thorough investigation 
of the poisoning mechanism. This new phase not only achieves but even 
exceeds the initial activity of Ti/W catalysts and in addition offers the 
poisoning resistance of Ti/Mo catalysts (10). Catalytic converters can 
therefore be fabricated with this new generation of active material, 
which will lead to optimal results, especially for coal firing. 

Operating Results 

Concerning the activity behavior in boilers with dry ash extraction al
most, all catalysts behave as expected or even if much better. This means 
that the guaranteed service lives could be achieved or even significantly 
exceeded (see figure 11). 

In slag tap furnaces, it can be seen that all catalysts containing 
molybdenum perform as expected, i.e. deactivation is not excessive (see 
Figure 12) and that the deactivation correlates to the AS2O3 content of 
the flue gas. 

In Figure 13 the blockage frequency of plate-type and honeycomb-
type catalysts is compared. These catalysts have been operated down
stream of a boiler with two DeNOx reactors in high dust arrangement 
one of which containing a honeycomb-type catalyst and the other a plate-
type catalyst. Both catalysts were therefore subjected to identical condi
tions. While a large number of channels are blocked in the honeycomb-
type catalyst, only a few are blocked in the plate-type catalyst (see Figure 
13). 
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Activity 
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Operating time [h] 

Figure 10: Typical activity profile of DeNOx catalysts downstream 
boilers with high AS2O3 content in the flue gas (eg: slag tap 
furnaces with 100% ash recirculation) 
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Figure 11: Activity profiles for selection of catalysts used in German 
power plants 
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Figure 12: Activity profiles of poisoning resistant catalysts downstream 
of slag tap furnaces 
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Figure 13: Comparison of blockage in a honeycomb and a plate-type 
catalytic converter after approx 10000 h of operation 

Looking at the erosion pattern in Figure 14 it can be seen that the 
erosion stops in the plate-type after the metal mes has been exposed, 
while erosion continues through the full thickness of the all-ceramic hon
eycomb type (compare Figure 7). Both types of catalytic converters were 
exposed to comparable flue gas conditions. 
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Figure 14: Erosion resistance of plate-type and honeycomb-type 
catalytic converters in high dust installations 

New Applications 

Applications of this catalytic converter system are not limited to station
ary DeNOx reactor designs or locations downstream of power plant boil
ers. In those applications where only low NOx reduction is required, the 
catalytic converter can be integrated into the air preheater, especially 
when available space in the power plant is very limited (see Figure 15). 
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Furthermore, catalytic converters can be used for combined abate
ment of NOx, dioxins and furans downstream of refuse incineration 
plants (see Figure 16). Although these abatements can be achieved by us
ing common DeNOx catalytic converters, investigations have been made 
in order Modified catalysts have been developed, which can have differ
ent chemical composition and/or pore structure. With these catalysts, the 
necessary catalyst volume can be significantly reduced. Dioxin and furan 
abatement efficiencies up to > 99.5% are possible (11). 

•· 
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Figure 16: Combined NOx and PCDD/PCDF reduction with SCR cata
lytic converters 

Conclusions 

An SCR DeNOx reactor with a SIEMENS plate-type catalytic converter 
is a proven, low-fault system which achieves high NOx abatement effi
ciencies (> 90%) and which has proven successful in particular in flue 
gases with a high dust content and high concentrations of problematic 
elements. This catalytic converter may also be integrated into the air 
preheater. Furthermor the catalyst can be used for a simultaneous NOx 
and PCDD/PCDF reduction. 
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Chapter 15 

Foreign Experience with Selective Catalytic 
Reduction NOx Controls 

Phillip A. Lowe1 and William Ellison2 

1Intech Inc., 11316 Rouen Drive, Potomac, MD 20854-3126 
2Ellison Consultants, 4966 Tall Oaks Drive, Monrovia, MD 21770-9316 

A summary description of the technology, including applications 
upstream and downstream the flue gas particulate controls 
(termed high and low dust applications, respectively, in the 
literature) and applications downstream of the flue gas 
desulfurization controls (termed tail gas applications in the 
literature) is provided. The operating and maintenance 
experience from Germany and Japan is discussed in detail. 
Critical issues that need to be considered before the technology 
is applied to US, high sulfur coal service are highlighted. 

Japanese Experience 

In 1970 the Japanese initiated the use of selective catalytic reduction (SCR) 
technology for NOx control on large electric utility boilers, including coal, oil, 
and gas service. The primary reactions governing the process are: 

4N0 + 4NH3 + 0 2 •* 4N 2 + 6H20 

2N02 +4NH3 + 0 2 •* 3N2 + 6H20 

Depending upon the catalyst materials, the optimum reaction 
temperature is 300 - 400°C. Although this is termed a reduction catalyst, 
it is really a strongly oxidizing catalyst. In fact, the oxidation of other 
materials in the boiler flue gas, as will be discussed below, is one of the 
competing reactions that can lead to other operating problems. The 
efficiency of the NOx reduction depends upon a number of factors such as 
the temperature of the flue gas, the NOx concentration (especially for low 
NOx conditions typical of gas firing), the amount of ammonia and its 

0097-6156/94/0552-0190$08.00/0 
© 1994 American Chemical Society 
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distribution relative to the NOx distribution within the flue gas, the amount 
of dust present in the flue gas, the S 0 2 concentration in the flue gas, the 
amount and form of flue gas trace material concentrations, and to a lessor 
extent the amount of oxygen present. Engineers typically characterize the 
reaction as a function of the space velocity (the flue gas volumetric flow rate 
divided by the catalyst volume) or the linear velocity and the catalyst active 
area (the surface area exposed to the flue gas). 

Initial coal-fired commercial service began in 1980(1). In general, the 
Japanese use dry bottom boilers (e.g., non slagging boilers) which fire high 
quality coal (less than 1 % sulfur and 10% ash) and which operate in a base 
load mode. However, the Japanese have reported that they have operated 
at least one plant(2) with 2.5% sulfur coal and no performance degradation 
was experienced. The Japanese commercially developed two systems for 
placing the catalyst into the boiler-flue gas system, the high dust and the low 
dust configurations. Since many of their plants use high temperature 
electrostatic precipitators (ESP), a low dust design was developed which 
removed the flue gas particles before the gas entered the SCR housing. This 
is shown in Figure 1. If the ESP were a low temperature device, the SCR 
was placed immediately downstream of the boiler outlet and the 
configuration was termed the high dust design because the catalyst had to 
operate under the full particulate loading conditions of the boiler flue gas. 
Although the Japanese identified a tail-end design, it was not developed until 
the Germans determined it was needed for applications at power plants 
which used a slagging or wet bottom boiler, and in which part or all of the 
particulates collected at the ESP are re-introduced into the boiler to slag them 
for disposal. In the tail end system, the SCR is placed downstream of the 
flue gas desulfurization (FGD) equipment. 

There are advantages and disadvantages of each of the basic 
configurations. If physical space exists immediately downstream of the 
boiler, the high dust design is often preferred because of its estimated lower 
costs. Catalyst volumes of 21.2 to 42.4 ft3/MWe have been reported in 
conversations with Germans, however, the U.S. EPA(3) has reported the 
volumes are 60-120 ft3/MWe. The larger volumes are for high dust 
applications, the smaller volumes are for tail end applications. After 
examining 624 U.S. boiler retrofit applications, the EPA(4) concluded that 
space requirements greatly favored the application of tail end SCR systems. 
In the high dust design, potential impurities within the flue gas make the 
catalyst design more important, and in fact during the initial Japanese and 
German high dust applications many operating problems were experienced 
(SCR system vendors now stat that they understand the causes of those 
earlier problems and have corrected them in their present offerings). 
The low dust and tail end designs eliminates most of the particulate loading 
problems, but there still have been fouling problems with the air preheater (or 
a gas-gas reheater) in some low dust applications. If the ESP is a low 
temperature device, it also requires some flue gas reheating, which is a 
penalty on the total plant thermal efficiency. The tail end configuration treats 
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a very clean flue gas, but it has the highest flue gas reheating requirement. 
Its reheat requirements can decrease the plant operating efficiency by 1 -3%, 
which is a significant economic penalty for a power plant. 

Even after the extensive Japanese development and pilot plant 
operations, there were some initial problems, principally with the formation 
of deposits on the catalysts and down stream equipment and the physical 
erosion of some catalysts. Studies showed that ammonium bisulfates were 
forming, and they were depositing on the equipment or mixing with ash 
particles and the mixture was depositing on the equipment. Considerable 
Japanese additional product development was undertaken jointly by the 
utilities and the catalyst developers. The trade offs between the various 
operating parameters resulted in catalysts that had a wide operating range 
but also had considerable performance variability over the range. The trade 
off is illustrated in Figure 2 which shows the NOx performance and the 
oxidation of sulfur dioxide to trioxide as a function of the flue gas 
temperature. 

Most coal applications (especially high fuel sulfur applications) need 
to have the oxidation potential below 1 % if ammonia salt (sulfite and 
bisulfate) problems are to be eliminated.The Japanese utility-supplier 
development teams eventually developed a long life, reliable SCR system for 
reducing NOxemissions. Their approach included(5,6): changing the catalyst 
materials to control the reaction; using a dummy initial section or providing 
flue gas velocity controls to resist erosion of actual catalyst material; having 
the SCR provide a total of 80% or less NOx control from the NOx 
concentration that entered the SCR housing (however, recent designs have 
increased the NOx removal to 90+ %); reformulating the catalyst designs to 
reduce its potential to oxidize sulfur dioxide to sulfur trioxide; reducing of the 
amount of ammonia injected by about 10-15 percent from the design 
specification (and thus lowering the attainable NOx reduction); operating the 
SCR only during steady operations (it often is operated during slow 
transients); employing strict limitations on low temperature SCR operations; 
and operating with low sulfur fuels and low ash content coals. Because of 
continuing problems with instrumentation, control of the process has been 
based upon using calculated values of NOx and ammonia, the measured 
values are principally used as a trim signal for the control setting (however, 
recent German designs have been able to use measured NOx values as a 
control signal). The result has been the elimination of the severe fouling of 
the catalyst and down stream equipment and the erosion of the catalysts 
that was experienced during the initial commercial applications. Stable, long 
term, effective NOx control is now being reported. 

Although the Japanese design are for 80-85% NOx removal, the 
plants usually operate at 70-75% removal. This reduction in NOx removal 
efficiency was accepted in order to assure that the plant availability remains 
high, and it was also done in recognition that the instrumentation was not 
accurate enough to control the process at the very limit of its capability with 
a high level of confidence needed in the Japanese plant operational plans. 
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194 ENVIRONMENTAL CATALYSIS 

However, recent reports indicate that improved catalyst and system designs 
and operating controls allow for the operation of the NOx removal at its full 
design rate. 

In Japan, although the basic SCR system has remained relatively 
unchanged from the initial designs, the catalyst itself has been the subject 
of continuing improvement through research and development. During the 
decade of 1980 to 1989, the Japanese catalysts have become 15-20% more 
reactive in their NOx conversion ability while reducing the pressure drop 
across the catalysts by 5-10% and the volume required to house the 
catalysts by up to 60%(7). 

Flue gas flow straighteners to reduce flow maldistributions at the SCR 
reactor inlet, the use of flue gas velocity upper limits in the catalyst region, 
and the use of parallel flow catalyst geometries helped control erosion and 
plugging problems (plate type catalysts are now predominantly used for coal-
fired service). The use of fuel additives normally used in boilers to keep the 
burners clean had to be suspended as another measure to control catalyst 
plugging by dust In recent German work(8) with oil-fired.boilers additives 
were developed to reduce the impact of high vanadium content oils on the 
formation of S0 3 during combustion. The additive has been successfully 
tested in pilot plant and operating plant studies, however the tests did not 
involve SCR units. Nevertheless, the German SCR suppliers are reporting 
this work as having demonstrated that they can use additives without 
harming the SCR system. 

Extensive work has been performed on the modeling and design of the 
ammonia injection system in order to provide a well mixed, uniform 
distribution of ammonia into the SCR reactor. Multiple rows of catalyst 
sections are used in the SCR reactor (up to 7 separate rows have been 
employed, but 3 to 5 is normal(9)), and careful control of ammonia injection 
is used to help reduce ammonia slip (ammonia slip is the amount of ammonia 
that bypasses the SCR unreacted). Ammonia slip of 10-20 ppm was initially 
considered acceptable, but 2-5 ppm at the end of the catalyst life is now the 
current Japanese practice (in Germany the slip is typically less than 1 ppm). 
The limiting of the amount of excess ammonia also reduces the duty on the 
catalyst and the potential to produce bisulfates. The result has been a more 
rugged and longer life catalyst, but that solution has been a tradeoff since it 
has lowered by 10-20% the amount of NOx reduction that can be achieved 
in actual operations. 

Both metal and ceramic base materials are used for holding the active 
catalyst material in place. The metal is more resistant to breakage and 
generally leads to a lower gas pressure drop. The ceramic is lighter in 
weight. Both designs are suitable for many applications, estimated costs 
seem to be a major factor in the selection process. Heck et. al.(10) have 
argued that plate catalysts are preferred for high sulfur applications as they 
are easier to formulate for low S0 2 to S0 3 oxidation potential. Spitznagel et. 
al.(11) have reported that in Germany plate type designs are preferred for 
high dust applications or where a high fault tolerance would be desirable 
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(fault tolerance was defined as unplanned for conditions such as poor flue 
gas distribution, highly erosive fly ash in the flue gas, etc.). 

The start-up and shut down of the plant and the SCR system can be 
an item of concern. The main SCR problem during these operational periods 
is the potential for damage to the catalyst by oil or oil mist and soot or 
moisture. The plant start-up is normally done with a light fuel oil until the 
exhaust gas temperature is proper for SCR operation. The Japanese (and the 
Germans) do not operate their SCR systems during the start-up and shut 
down periods. For each operating system there is a minimum flue gas 
temperature, below which operation with ammonia injection favors bisulfate 
formation with its potential deposition problems. Fires in the SCR catalyst 
due to ignition of uncombusted start-up heavy oils that had deposited on the 
catalyst surface have occurred in Japan(7). This suggests that in the U.S. 
for those plants that have a high unburned carbon carryover, control of 
carbon deposition in the SCR housing will be a special design consideration. 

An important maintenance activity is the actions taken to control or 
remove soot and ammonium bisulfate deposits(6). Different utilities use 
different but related approaches. For example, at the coal-fired Shimonoseki 
Station, on-line soot blowing of the air preheater is done three times per day 
for two hours at a time (in Germany, normal soot blowing is once per shift, 
even if there is no SCR installed). Blowing is done from the hot and the cold 
side of the unit. Two tons of steam per hour are used. At other plants, 
water washing is used, using up to 2,500 tons of wash water per wash for 
a 375 MW boiler system. This introduces ammonia and other minerals into 
the waste water system, which requires additional environmental processing 
before the water can be released off site. It is noted that washing does not 
replace soot blowing requirements, and it can not be performed while the 
SCR is hot. It is, however, an effective way to remove bisulfate deposits 
from the SCR housing. It is not expected to be used more than once or 
twice a year. 

Of special interest for U.S. considerationsd 2) is the special example 
of the Takehara Station Unit #1, a 250 MW coal-fired boiler. It burns a 2.3-
2.5% sulfur coal. Because of the sulfur, the sulfur dioxide loading in the flue 
gas is 1,800 ppm. To control the formation of sulfur trioxide, and 
subsequently ammonia bisulfate production, a catalyst that only converts 
0.1-0.2% of the dioxide to trioxide was developed. This performance occurs 
if the ammonia slip is limited to less than 0.2% of the injected ammonia. At 
such conditions, the maximum NOx control is less than 70%. At NOx 
control above 85%, the dioxide conversion increases to about 1%. In 
addition to bisulfate concerns, it was found that the coal ash deposits CaSi 
on the catalyst surface, which acts to decrease the catalyst activity. In low 
dust operating configurations, that causes a 10% catalyst deactivation after 
about 20,000 hours of operation. In a high dust operation, the catalyst 
deactivation would be about 40% during the same time period. 
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196 ENVIRONMENTAL CATALYSIS 

German Experience 

1983 legislation in West Germany (Federal Republic of Germany) imposed 
stringent regulations to drastically reduce NOx emissions from large 
boilers(13). The German utilities conducted over 70 pilot plant 
demonstration tests to prepare for the transfer of the Japanese SCR 
technology to German operating conditions. The Germans used both 
slagging and non slagging boilers (wet and dry bottom) and only low 
temperature ESPs. Their coals included more ash and sulfur than that 
typically used in Japan. During the pilot plant tests, it was found that the 
practice of recycling part of the ESP fly ash to the boiler for slagging and 
disposal increased the arsenic content in the flue gas (arsenic was a trace 
element in the coal ash). The resulting concentration was enough to poison 
the SCR catalyst, so the tail end or cold side SCR configuration was selected 
to mitigate this. With the SCR placed after the FGD, it was felt that the SCR 
would only have to treat a very clean flue gas. The retrofitting of NOx 
removal systems on existing West German boilers larger than 110 MWe was 
completed by 1990, resulting in an average 70% reduction in utility plant 
NOx emissions. 

Design and operation by West German electric utilities for installation 
of SCR has included the following general considerations! 14,15): 

H i g h D u s t S C R Configurations. Prior Japanese SCR experience for coal is 
not broadly applicable. 

German plants burn a wide variety of low-rank domestic coals 
as well as coal cleaning waste (middlings) i.e. ballast coal with 
a high content of inerts and impurities; Japanese power stations 
typically burn high-quality imported coals. 
Slagging-type boilers are common in Germany, but not in 
Japan. 
At least 90% NOx removal is required at some German plants 
while Japan utilities typically had to accomplish no greater than 
80% 

The SCR reactor housing is arranged to receive standardized catalyst 
modules, e.g. 2 m χ 1 m, that can accommodate either honeycomb or plate 
catalysts. See Figure 3 for plate and honeycomb reactor comparisons. 
Plate types of catalyst have a higher resistance to deposition and erosion 
from the flue gas particulates, the honeycomb is self-supporting and allows 
for greater catalyst exposure and thus less catalyst volume(H) and is 
preferred in tail end or low dust designs. This design approach provided for 
a maximum competition among all suppliers of replacement catalyst, which 
ultimately had the impact of a 50% reduction in the costs of catalysts (while 
in Japan standard modules were not specified and thus each supplier tailored 
its design to unique physical dimensions. As a result, while in Germany the 
catalyst costs decreased, in Japan they were steady or rose slightly(9). 

Detailed flow model testing is routinely used to help ensure adequate 
flue gas flow distribution in the SCR reactors. For a few power stations, a 
by-pass around the SCR reactors was used at boiler start-up and shut down 
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Honeycomb Plate 

Figure 3. Configurations for Parallel Flow SCR Reactors 
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to avoid the hazard of fuel residue deposits on the catalyst. The need for a 
by-pass depends upon the boiler type, coal burned, number of shut downs 
per years, etc. and in many cases it has not been required. 

Anhydrous liquid ammonia supply, typically shipped only by rail or sea, 
is invariably used (except when aqua ammonia is mandated, as for plants in 
populated areas). In some instances, government regulations call for double-
wall designs for ammonia pipes and tanks as well as the use of underground 
tank placement while incorporating a means of preventing entry of ammonia 
leakage into the underlying soil. Such strict design requirements have 
resulted in doubling and tripling of the cost of the ammonia storage and 
supply systems. In high dust installations, almost 90% of the ammonia slip 
is absorbed on fly ash particles. It takes very little ammonia to make ash 
unsalable. The odor threshold is reached when ammonia content reaches 80 
mg/kg of ash - equivalent to 3 ppm ammonia slip measured at the air-heater 
inlet when firing ballast coal, or 1.5 ppm when firing high-quality, low-ash 
coal. 

To preserve catalyst life in high dust SCR installations in wet bottom 
boiler service, it has been necessary in some stations but not all to modify 
plant operation so as to recycle to the furnace only a portion of the fly ash 
catch usually so remelted. New German arsenic resistant SCR catalysts have 
removed this restriction on fly ash recirculation(16). Additionally, lime or 
limestone may be added to the coal to limit the poisoning effect of arsenic 
by bonding it as calcium arsenate. 

In earlier designs to maintain temperature during part load and cyclic 
boiler operation, an economizer by-pass was provided, either on the flue gas 
or feedwater side. This expensive addition and complication is not required 
for the tail end SCR configuration. As noted above, new high dust SCR 
designs coupled with soot blowing have allowed the German designers to 
eliminate the need for an economnizer by-pass. 

Catalyst designs with a pitch of 7.0 to 7.5 mm have proved 
themselves in high-dust application. While this is true for both the plate and 
the honeycomb systems, the plate type appears to be less susceptible to 
fouling as well as to abrasion by fly ash(11). 

In spite of the extensive pilot plant testing, initially some operational 
problems were encountered. The most significant have been the poisoning 
of the catalyst with alkali materials or arsenic from the trace amounts present 
in the coal ash and the impacts due to oxidation of S0 2 to S0 3. Most 
poisoning problems occur if the total alkali content in the coal ash is greater 
than 10% by weight(21), but problems have occurred when the weight 
concentration is as low as 4%. Normally, the main alkali problems have 
been associated with arsenic and potassium. However, most of the 
operational problems were not catalyst related, they were typical scale-up 
problems such as flow distributions or temperature conditions. In all cases, 
the Germans have reported that they now understand the basis for any 
problem that occurred, and that there have not been repeat problems in their 
later plants. 
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There have been instances of significant corrosion as well as visible 
sulfuric acid mist discharge from the stack. Weiler and Ellison(15) report a 
tendency of the S0 3 to foul the air preheater by sulfuric acid caking and 
condensation. These conditions are aggravated by low ash content coal. 
Even with gross S0 2 emissions of only 1,500 to 2,000 mg/Nm3, (540 to 
720 ppmv), precautions are necessary to minimize the rate of S0 3 formation 
in the catalyst reactor. With S0 3 concentrations of over 30 mg/Nm3 and fly 
ash loadings of only 10,000 mg/Nm3, preheater plate surfaces must be 
enameled and washed periodically (air preheater redesigns have eliminated 
the need for washing). With low-grade coal, acid condensation problems on 
downstream equipment has occurred, air preheater fouling has not been 
encountered, and high fly ash loading (60,000 mg/Nm3) is believed to adsorb 
and thereby counteract a significant portion of the S0 3 formed. The 
potential for the release of acid aerosols from the stack is a significant 
problem since wet FGD systems are designed for S0 2 absorption and 
typically cannot completely reduce sulfuric acid aerosol emissions. To 
correct this, sootblowing schedules have been modified to keep the boilers 
cleaner and flue-gas temperatures have been lowered to between 350° and 
365°C (660° and 960°F) to reduce SOo concentrations at the air-heater inlet 
from 80 mg/m3 (22 ppm) to 20 mg/rrr (6 ppm). 

The SCR system can also impact the wet limestone FGD system(17) 
by oxidizing manganese in the limestone. This results in a dark solid that 
makes the FGD catch (gypsum) unsalable in Germany. Also, there is a 
concern that the high dust SCR may oxidize mercury, which makes it soluble. 
The mercury then would contaminate the FGD waste water system. In any 
case, ammonia contamination of the FGD waste water has occurred, but only 
when the ammonia slip was allowed to be above 5 ppm. These SCR/FGD 
interactions could, in the U.S., increase the requirements for water treatment 
environmental controls; in Germany all wet FGD plants are equipped with 
waste water treatment plants. 

Although the designs were based upon extensive catalyst testing, in 
some plants(18,19) the original estimated lifetime and the control of 
ammonia slip could not be simultaneously achieved. Also, the asymptotic 
decrease in catalyst activity experienced in pilot plants became a linear 
decrease in activity in operating plants (this may not be a real phenomenon 
but only a reflection of the uncertainties in the catalyst activity 
measurements). However, the catalyst life usually met the supplier's 
guarantees. 

Tail End or Cold Side Configurations. Rotary regenerative heat exchangers 
principally are used to raise the flue gas temperature to the SCR operating 
condition. Additional heat exchangers are need to assure proper temperature 
regulation. The SCR reactors do not require catalyst cleaning. The penalty 
in power plant efficiency can be as great as 1-3%. Also, with the use of 
rotary regenerative heat exchangers the internal raw gas leakage has been 
disadvantageous (4-5% leakage), particularly at part load. The smaller the 
plant, the greater has been the leakage. 
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Tail end systems entail high operating expenses because of the 
intermediate flue-gas heating required and the added fan power requirements 
to send the treated flue gas to the stack. Honeycomb catalysts using a pitch 
of 3.6 to 4.2 mm that have been almost exclusively applied for tail end 
applications have proven themselves in this service without the need for soot 
blowing. 

In specific German power plant applications utilizing Ljungstroem heat 
exchangers both for FGD reheat and for boosting SCR inlet temperature, 
unique catalyst fouling has occurred. In some German tail end installations, 
after only a few thousand operating hours, an extremely high fall off in 
catalyst activity was observed, particularly in the first layers of the plate type 
modules(20). This decline in catalyst effectiveness was attributed to the 
formation of a coating of silicon compounds on the catalyst surfaces, 
generally caused by the presence of silicon fluoride (SiF4). Sulfuric acid, 
which condenses onto the FGD flue gas reheater plates, traps SiF4 and HF. 
These compounds combine and later split at the clean gas side into highly 
corrosive hydrogen fluoride and SiF4. Solution to the problem proved to be 
the injection of lime hydrate downstream of the ESP. This compound reacts 
with acid gases to form calcium sulfate, calcium fluoride, and other calcium 
halide compounds. These solids are removed either in the FGD unit or by 
sootblowing after they deposit on the plates in the flue gas reheater. 

In the case of a low dust SCR system installation serving a wet bottom 
boiler, catalyst fouling was a special problem. After a service time of 10,000 
hours, ammonia slip rose to more than 10 ppm in order to maintain an 86% 
design NOx removal efficiency. Deposition of silicon-based material was 
determined to be the sole reason for this catalyst surface poisoning, and the 
condition has since been resolved. 

Application of SCR Technology to US High Sulfur Coal Service 

It is clear that there is not a single best SCR design configuration. Each has 
advantages and disadvantages, and ultimately site-specific conditions will 
dictate the final selection. Table I shows the results of prior commercial 
decisions. 

The Japanese decision were make mostly in the 1970s and early 
1980s and were applied to both new plants and to retrofits to existing 
plants. The primary basis for selecting the high dust or low dust 
configuration appears to have been based on an analysis of the problems that 
might occur due to particulate material impacting the catalyst and also on the 
availability of a high temperature ESP. 

In West Germany, the decisions were made in the early to mid 1980s 
and were applied predominantly as retrofits to existing plants. The decisions 
to select the tail end configuration appears to have been made on the basis 
of concern for catalyst poisoning in the slagging boiler plants where the ESP 
fly ash was recirculated (in whole or in part) back to the boiler to be slagged 
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for disposal or because space limitations precluded the use of high dust 
designs. However, this are a significant number of high dust SCR systems 
on German slag tap boilers. As noted above, that increased the 
concentration of alkali materials (e.g., arsenic, etc.), which were found to 
deactivate the catalyst. Otherwise, the tail end configuration was considered 
to be too expensive due to its flue gas reheat requirements. 

TABLE I. SCR Distribution in Utility Coal-Fired Power Plants 

SCR Percent of Installed Boiler Capacity 

SCR Configuration West Germany(16) Japan(7) 

High Dust 63 66 
Low Dust 1 34 

Tail End 36 -

Perhaps the single most important conclusion is that in spite of 
extensive development in both Japan and Germany, design and design scale-
up problems have occurred when the pilot plant designs were scaled to 
commercial size (however, in all cases the plant operators and SCR suppliers 
have been able to overcome any operational problems and to continue to 
provide significant NOx control with the SCR systems). Coal sulfur levels are 
often higher in the U.S. compared to Japanese and German experience. 
These concerns have used to justify the need for a U.S. pilot plant program, 
but the information also suggests that it will be difficult to anticipate all of 
the U.S. commercial operating plant conditions in the pilot plant operations. 
The U.S. has such a program underway, but unfortunately the system 
designers who successfully developed designs in Germany and Japan are not 
always included in the teams developing the U.S. pilot plants. Pilot plant 
operational problems have been reported: 

Significant catalyst deactivation either due to surface 
contamination or poisoning. 
Greater than expected ash loading and plugging on the catalyst. 
Silica deposition on the catalyst in a tail end configuration, 
suggesting an unanticipated fly ash interaction at this location. 
S0 3 formation in the tail end applications, leading to bisulfate 
deposits in the reheat heat exchangers. 

The adverse effects of S0 2 to S0 3 conversion by high dust SCR 
systems in Germany have been most pronounced at power stations firing 
high grade (low ash content) coal that experience frequent boiler load swings 
and weekend shutdowns. This problem is also associated with operating 
boilers under fouled steam tube conditions, which increase the boiler outlet 
temperatures by up to 30°C. This type of operating condition is anticipated 
in U.S. plants. The higher flue gas temperature will increase the SCR S0 2 

to S0 3 conversion rate, leading to a significantly increased potential for 
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bisulfate formation. This could be particularly troublesome in high sulfur coal 
operations. 

In some German high dust SCR applications firing high-ash coal 
cleaning waste (middlings) with a total solid particulate loading as high as 
60,000 mg/Nm3 (26 grain/DSCF)f honeycomb type catalysts have had to be 
replaced by plate type catalysts to gain higher abrasion resistance and for 
reduced susceptibility to fouling by gas-borne fly ash. This condition may be 
important for many U.S. applications. 

Conclusions 

The U.S. applications at plants that experience large load swings or daily 
shut down and start-up will be challenging. These operational conditions 
have not been examined in great detail in Japan. There has been more 
detailed consideration for such daily operational requirements in Germany, 
many of their plants experience similar operating patterns. In addition, the 
regulators in those countries have allowed a time period during start-up or 
shut down when the NOx control is not required. This is done to assure that 
the catalyst is not deactivated by bisulfates which could form at low 
temperature operational conditions that occur at start-up and shut down. 
However, U.S. regulators have historically required control during all transient 
conditions. This remains an unproven SCR operating condition that needs 
special attention for U.S. applications. 

Most problems probably can be avoided if the U.S. SCR system 
suppliers rely upon commercial Japanese and German plant experiences 
when the operating conditions (e.g., coal quality, operating transients, etc.) 
are similar to the expected U.S. conditions. When conditions change from 
the existing experience base, it will be even more important for the U.S. 
suppliers to have detailed access to the Japanese and German suppliers. 
Also, pilot plant studies can be used to help reduce the level of uncertainty 
for a specific U.S. application, but it is important to re-emphasize that the 
pilot plant test results are not always directly transferable to full-scale plants. 
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Chapter 16 

Low-Temperature Selective Catalytic Reduction 
NOx Control 

                   Phillip A. Lowe 

Intech Inc., 11316 Rouen Drive, Potomac, MD 20854-3126 

The early German applications of SCR NOx control technology 
to slagging coal-fired boilers were based upon Japanese 
technology. Unanticipated problems such as catalyst poisoning 
by arsenic led the Germans to commercially develop a different 
SCR configuration, called the tail end or cold side application. 
Initial tail end applications used the Japanese/German SCR 
technology developed for 300-400 °C operation for an SCR 
application where the flue gas was at 90-150 °C. This resulted 
in a considerable economic penalty to reheat the flue gas to the 
SCR operating temperature. This paper discusses operational 
experience and new catalyst formulations that suggest that the 
tail end configuration may now be more economic than other 
SCR configurations, especially for U.S. coal-fired retrofit 
service. 

Low Temperature SCR Experience 

A companion paper(1) describes the development of SCR technology in 
Japan and Germany. Essentially, three configurations have been developed 
for locating the SCR reactor in the flue gas: the high dust design where it is 
located before the particulate control and is subjected to all of the 
contaminants in the flue gas but where the flue gas is in the catalyst's 
operating range; the low dust design where a high temperature particulate 
control is installed and the SCR can be located downstream of that device; 
and the tail end design where the SCR reactor is located downstream of the 
sulfur control process where the resulting clean flue gas temperature is 
below 150 °C. The configurations are shown in Figure 1. 

The Germans operated over 70 pilot plants to test Japanese SCR 
designs under German coal-fired utility boiler operating conditions. From 
these tests and a few of the early operating systems on several wet bottom 

0097-6156/94/0552-0205S08.00/0 
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(e.g., slagging boilers) boilers, an unexpected premature deactivation of the 
catalyst was observed. It subsequently was found that the practice of 
recycling the fly ash catch from the particulate control back to the boiler to 
slag it also recycled the trace impurities of the coal ash. Alkali materials and 
especially arsenic were concentrated in the flue gas by this process, and 
their resulting concentrations poisoned the SCR catalysts. One solution to 
this problem was to place the SCR catalyst reactor downstream of all of the 
flue gas treatment processes (the particulate and the acid gas controls). At 
this location, the SCR treated a relatively clean flue gas. However, the flue 
gas had to be reheated from its final temperature back to the SCR operating 
temperature. This resulted in a 1-4% penalty in the overall thermal efficiency 
of the power plant, a very significant cost. In addition, the initial cost 
estimates assumed that the tail end catalysts would have the same operating 
life as those that operated in the contaminated high dust flue gas 
configuration, and in fact the early applications used the same SCR catalyst 
formulations rather than reformulating the catalyst to take advantage of the 
very clean operating environment of the tail end configuration. For a number 
of site specific reasons, the initial tail end SCR systems cost nearly three 
times the initial capital than did the initial high dust systems. These 
economic conditions (the failure to optimize the tail end SCR to its operating 
conditions, the flue gas reheat penalty, and the high capital costs for the 
initial tail end applications) resulted in a conventional wisdom that the high 
dust configuration is more economic and is the preferred SCR configuration. 
As is often the case with conventional wisdom, it does not keep up with new 
developments and thus may not generally be applicable to many new 
situations. 

There have been a number of specific problems with the high dust 
configuration. It is recognized that in each case where a problem has been 
identified the designers and plant operators have made adjustments to allow 
the continued operations of the plant. Thus, many of these problems have 
been "solved", although if the same conditions do not exist at the next plant 
the solution may not be applicable or at least optimized. Thus, it is 
instructive to consider these issues and how they impact high dust 
configuration applications. These include: 

1. The high dust system may significantly restrict the operating range of 
the boiler since the flue gas must be delivered at above 300 °C or else 
catalyst poisoning by bisulfates can occur in addition to the failure of 
the catalyst to provide the required level of NOx reduction. To 
address this, boiler economizer bypass ducts have been installed, 
especially if the plant is to cycle to low power levels, When this is 
done, the plant thermal efficiency deteriorates significantly at low 
power conditions, a fact usually not addressed in cost comparisons 
between the high dust and tail end designs. Of course, if a low sulfur 
fuel is used or if boiler cycling is not required, this concern may not be 
relevant. 
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2. The high dust system requires the installation of soot blowers and the 
use of a dummy initial catalyst section. The soot blowers are required 
to control the dust buildup on the catalysts, which can block the flow 
distribution and reduce the overall NOx reduction while increasing the 
ammonia bypass. The dummy catalyst layer is a sacrificial element 
which the initial dust particles impact and erode rather than impacting 
and eroding the catalyst itself. In the U.S., the catalyst is composed 
of metals that are considered as being toxic, thus any erosion of the 
catalyst may lead to serious air toxic emission problems. However, it 
is noted that new catalyst formulations are more resistant to erosion 
and if the fly ash is soft enough they may eliminate the need for 
sacrificial material. However, when sacrificial material and soot 
blowing are required, the resulting larger more complicated reactor 
system increases its capital and installation costs (soot blowing has 
been reported to increase the capital costs by about five percent). 

3. In a high dust system the most highly reactive catalysts can not be 
used because such catalysts also convert S0 2 to S0 3. Sulfur trioxide 
can form sulfuric acid which attacks the flue gas ducting and 
downstream equipment, it also forms ammonium bisulfate, a sticky 
material that plugs and fouls downstream equipment. The use of less 
reactive catalysts results in the need for larger SCR reactors with their 
inherent impact on capital costs and places very stringent control 
requirements on the ammonia injection system (ammonia bypass of 
the SCR reactor must be less than 5 ppm and often less than 1-3 
ppm). Restricting ammonia flow means that the upper limit of NOx 
control is effectively less than 90% and probably less than 80-85%. 
A net result of these conditions has been that the catalysts have an 
operating life of about 2-4 years (some plants have operated for 5 
years before additional catalyst material was required). It is noted that 
more reactive catalysts that still limit the conversion of S0 2 to S0 3 

has been an area of active research. Thus, new catalyst formulations 
may reduce the impact of this concern. 

4. In Japan over time, the operational control of the startup period at one 
plant became lax (not an unusual condition in a power plant). As a 
result, unburned fuel left the boiler and become imbedded in the dust 
on the SCR reactor. Subsequently, the SCR reactor oxidized the fuel 
and the resulting fire caused considerable damage. Although this 
problem in not an inherent problem with high dust SCR designs, it 
does demonstrate the coupling between the boiler and the high dust 
configuration SCR reactor, which can cause restrictions on the boiler 
operation. 

5. Usually in retrofit conditions, there is very limited space available near 
the boiler for locating the high dust SCR reactor. When the SCR is to 
be connected to the duct work, the plant outage is long and may take 
over several months to complete. If the boiler walls must be 
penetrated in order to install bypass ducting, the costs and time delays 
can be significant. Plant shutdown increases costs as replacement 
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power must be purchased during the plant shutdown period. Most 
economic comparisons between high dust and tail end configurations 
ignore this important cost element. Although new construction 
sequencing concepts can reduce the down time required, high dust 
systems are inherently more difficult and time consuming to install in 
retrofit than are tail end configurations. 

6. The use of slagging boilers that increased the concentration of arsenic 
in the flue gas lead to catalyst poisoning. On of the initial solutions 
was to introduce the tail end configuration or to modify the boiler 
operation to eliminate the recycling of fly ash to the boiler (now some 
new catalyst formulations are more resistant to arsenic poisoning and 
can be used in high dust, slagging boiler applications). In addition, 
some slagging boilers have been found3 to produce SiF4, which under 
some part load conditions can deposit silicon on the catalyst of a high 
dust system. The silicon acts as a poison. This illustrates that all of 
the potential deposition/poison conditions may not be recognized 
before plant operations occur. While the same concern can be stated 
for tail end configurations, their inherently cleaner operating 
environment lowers the potential for such an unanticipated problem to 
occur. 
There are a number of specific advantages, and some problems, 

associated with the tail end configuration: 
1. As noted above, the flue gas must be reheated to the SCR operating 

temperature, which can cause up to a 4% reduction in the plant 
efficiency. As a result, several catalyst vendors and plant operators 
are developing low temperature SCR catalysts. With the newer 
catalyst formulations becoming available, it appears that the penalty 
can be limited to a 1 % or less decrease in the plant thermal efficiency. 

2. In a tail end system, the SCR is decoupled from the boiler and thus all 
part load operations can be performed as needed. Also, very 
importantly, boiler upsets and changes in the trace impurities of the 
fuel do not apply a direct impact on the SCR catalyst. Thus, the tail 
end design is inherently more flexible in terms of being able to 
successfully accommodate future (and presently unanticipated) 
changes in the power cycle or fuel. Since the system may have to be 
applied for over 40 years, this provides a significant increase in the 
plant owner's ability to accommodate changes that though presently 
unanticipated will nevertheless occur. 

3. Tail end SCR designs can take advantage of the relatively clean flue 
gas (small trace element concentrations, low S0 2 concentrations) to 
use a highly reactive catalyst. This decreases the catalyst volume; at 
present the volume is typically one half of that required for a high dust 
design(13). Also, the catalyst life in clean flue gases has been 
demonstrated to be 10-15 years. These conditions significantly 
decrease the initial capital costs of the system as well as the ongoing 
operating costs. 
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4. Ammonia bypass can be set by environmental considerations and not 
to control the formulation of bisulfates (however, if a recuperative heat 
exchanger is used the ammonia slip and overall NOx removal 
efficiency of the SCR system is lowered). However, a larger allowable 
ammonia discharge means that the catalyst can be operated with 
confidence over the full operating life at 904-% NOx removal 
efficiencies. 

5. Aside from the very first few installations, the net impact of all of 
these considerations has been that the tail end SCR costs, in practice, 
have been the same or lower than similar sized high dust systems. 
Perhaps the best indication of the desirability of a given SCR design 

is the choice of the market place. Krueger(2) has identified the installed 
capacity (MW thermal) and the number of individual SCR units used at 
German and non German VGB affiliates. The details of the non German 
affiliates were not provided, but Table I shows the results for the German 
utilities. It shows that the initial applications selected the high dust 
configuration. But more of the newer plants have used the tail end 
configuration. 

New Operating Information and SCR Designs 

Some German plantsO) reheat the flue gas using a rotary heat reheater that 
introduces a small amount of hot untreated flue gas into the flue gas 
downstream of the desulfurization unit but upstream of the SCR unit. The 
introduced impurities have led to contamination of the SCR catalysts. The 
solution has been to improve the thermal efficiency of non contact reheaters 
or to use natural gas or some other clean fuel to reheat the flue gas prior to 
its being treated by the SCR system. However, the loss of catalyst activity 
in tail end applications has been much less than that experience by high dust 
systems(4), and the loss of catalyst activity in many of the high dust 
systems has been less than originally expected(5). Plants in Japan with SCR 
reactors treating flue gas with a cleanliness similar to that found in tail end 
plants have experienced 11-15 year catalyst lives(6). 

The high dust SCR system has been found to affect the flue gas 
desulfurization (FGD) process at some plants(7). Sulfuric acid formed by the 
SCR catalysts has oxidized manganese in the FGD process, making the FGD 
sulfate product unacceptable to the building industry. Mercury oxidized by 
the SCR catalysts becomes soluble and ends up in the FGD waste water, 
complicating its treatment process. Tail end configurations do not have 
these complications. One interesting approach to controlling the sulfuric acid 
formation in high dust systems is to burn coals that have alkali ash or else 
a small amount of lime is added to the coal. The theory is that the lime or 
alkali neutralizes the acid as it is formed. 

One of the early promising low temperature SCR designs was 
developed by Stadtwerke Duesseldorf (8,9,10). In this process, a two reactor 
system based upon using activated lignite coke or activated coke was 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

23
, 1

99
4 

| d
oi

: 1
0.

10
21

/b
k-

19
94

-0
55

2.
ch

01
6

In Environmental Catalysis; Armor, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 
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T a b l e I. G e r m a n S C R Utility A p p l i c a t i o n s 2 

Year High Dust SCR 
Capacity, MWt 

Application 
Number 

Tail End SCR 
Capacity, M W t 

Application 
Number 

1985 1468 3 - -

1986 2100 3 - -

1987 3352 5 2142 6 

1988 11580 14 3398 5 

1989 11421 19 16230 25 

1990 8691 12 9764 33 

1991 1916 3 241 5 

1992 - - 900 2 

1993 1637 2 - -
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designed and installed at the 1000 MW Lausward electric power plant, the 
200 MW Garath district heating plant, and the 200 MW Flingern refuse-to-
energy plant. The utility Stadtwerke Duesseldorf has installed the system at 
11 plants that treat over 5 million m3 of flue gas(11). 

In the Duesseldorf two reactor process, the first reactor bed is 
downstream of the FGD unit. It acts as an S0 2 polisher in that it removes 
the final S0 2 contamination from the flue gas. It also removes fine dust, 
metals such as mercury, other acid gases such as HCI, and for the 
incinerators it removes dioxins and furans. Since the metals and other toxic 
materials are removed in the first 100-200 mm of the bed, the bed is 
segmented to collect the trace materials in the leading section and the sulfur 
loaded carbon in the second section. This aids in subsequent disposal or 
recovery treatment of the spent activated carbon. Ammonia is added 
downstream of the first activated carbon reactor and the second reactor acts 
as a SCR catalyst removing the NOx. These reactors operate at 90-120 °C, 
thus they eliminate the need for flue gas reheating and the 1-4% thermal 
penalty associated with that process. Stadtwerke Duesseldorf has found 
that the operating costs of the activated carbon total process system is 
about one half of that of a similar metallic SCR catalyst system, both 
operating in a tail gas system. The operating costs are similar to those of a 
high dust system, but because of the ability to construct the tail gas system 
while the plant was operating (and thus avoiding a long down time to install 
the SCR system), the activated carbon system's capital costs are less than 
those estimated for a high dust system(8). 

In this design, as the first reactor becomes loaded with sulfur or trace 
elements such as mercury, it is discharged and the spent bed material is sent 
to the boiler where it is blended with the fuel. Thus, the particulate and FGD 
systems are the sole points for removal of toxic and acid materials, and their 
design can be optimized for such service. Fresh activated carbon is added 
to the first reactor from the SCR reactor, and fresh activated carbon is added 
to the system at the SCR reactor. This system reduces the NOx from 1,800 
to 200 mg/m3 (about 900 to 100 ppm), under special operating conditions 
150 mg/m3 was achieved(9). 

However, the utility needs to achieve 100 mg/m3 NOx discharges 
(which are achievable by the metallic SCR catalysts), so they are examining 
other catalysts to replace the activated carbon NOx control portions of the 
system. They are examining zeolite and titanium oxides which will operate 
at 100-120 °C (zeolite) or 170-250 °C (titanium oxides). These catalysts will 
require some flue gas reheating. Zeolite can be considered as a potential 
catalyst because of the clean nature of the flue gas. In a high dust 
environment, earlier German pilot plant tests showed that the zeolite became 
plugged and then failed prematurely. Although it is more expensive to 
operate the catalysts at the high end of their temperature range due to the 
need to reheat the flue gas, the zeolite and titanium catalysts are more 
efficient at reducing the NOx at high temperatures. In tests(9) at 170 °C, 
NOx reductions of 95% have been observed; at 140-150 °C, zeolite and 
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titanium dioxide produced 75% and 80% NOx reductions, respectively. If 
the stoichiometric balance of ammonia to NOx is increased above 1, some 
N20 production is formed(12) with the zeolite catalysts. Keeping the 
ammonia to NOx ratio at 0.9 eliminates this problem(9). 

Other manufacturers are reported to be developing catalysts! 11) that 
operate at 100-150 °C. The Shell International Chemie(13,14) has been 
developing a titanium/vanadium catalyst that will operate at 120-350 °C for 
90% NOx conversion. The greater the inlet NOx concentration, the greater 
the NOx percent reduction achieved. It has been applied commercially at 
chemical plants in Europe and at a refinery in Los Angeles. It requires a low 
dust and S0 2 environment, making it potentially suitable for the tail gas SCR 
configuration for coal- or waste-fired plants. 

U.S. Application Considerations and Conclusions 

A key issue for U.S. coal-fired SCR applications is that the U.S. coals contain 
as much as 2-6 times the amount of sulfur as compared to coals burned in 
Japan and Germany. The resulting additional S0 3 in the flue gas is a serious 
concern, since the addition of ammonia and the effects of the catalyst itself 
both lead to the production of ammonia bisulfate. The bisulfate is a serious 
problem since it plugs and fouls downstream equipment and it can severely 
shorten the catalyst life. Sulfate aerosols often are not adequately controlled 
by wet FGD scrubbing, and may be discharged from the plant stack. 

German operating experience with fuels with higher sulfur levels has 
shown that the SCR system can produce sulfuric acid which results in acid 
attack of downstream equipment and the emission of sulfuric acid aerosols, 
even if a wet FGD system is used. Solutions to this type of problem have 
included lowering the boiler flue gas outlet temperature, adding lime to the 
flue gas, changing soot blowing and cleaning schedules, and limiting the 
boiler operating range. Since U.S. coals may have even greater sulfur 
contents, this could be an area of specific concern for SCR applications to 
U.S. coal-fired service conditions. A key lesson learned is that just 
monitoring the SCR effectiveness by catalyst activity measurements is 
insufficient to control sulfur-related problems(5). 

Although specialized high dust SCR catalysts can be developed and 
demonstrated for U.S. operating conditions, it would be simpler and there 
would be a greater assurance that the design used at one plant could be 
transferred to another plant if tail gas SCR systems were developed. 
However, it is recognized that with proper engineering and development, 
either the high dust or the tail gas system should be a suitable NOx control 
for U.S. conditions. 
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Chapter 17 

Family of Versatile Catalyst Technologies 
for NO x Removal in Power Plant 

Applications 

R. M. Heck, J . M . Chen, Β. Κ. Speronello, and L . Morris 

Engelhard Corporation, 101 Wood Avenue, South Iselin, N J 08830-0770 

Limits on NOx emissions from power plant installations often result in 
the use of catalytic emission control systems. The optimum type and 
size of the abatement system depends on a variety of performance 
requirements that are unique to each installation. The main design 
variable that affects the selection of the NOx selective catalytic 
reduction catalyst is operating temperature. A family of versatile 
catalyst technologies has been developed by Engelhard to control NOx 

over a wide range of temperature and exhaust gas composition. The 
technical differences between the catalyst technologies are discussed. 
Commercial installations are reviewed. 

Oxides of nitrogen formed during combustion are caused either by the thermal fixation 
of atmospheric nitrogen (thermal NO^) or by conversion of chemically bound nitrogen 
in the fuel.(7) Selective catalytic reduction (SCR) is recognized as the most effective 
commercial technology to control N O ^ emissions from chemical plants and stationary 
power sources. The operating environment and process constraints for S C R systems 
vary greatly from one installation to another. These constraints, which include 
pressure drop limits, duct dimensions, exhaust gas particulate content, ammonia limits 
in the exhaust (i.e. N H 3 slip), S 0 2 oxidation limits, temperature and N O ^ 
concentration, all impact catalyst and system design. 

For optimal performance under these varied constraints, catalysts o f different 
physical and catalytic properties are required. Tailoring for these constraints, 
Engelhard has developed composite honeycomb S C R catalyst formulations which 
provide a high degree of flexibility to meet specific system configuration and 
performance needs. The composite catalyst is manufactured by bonding a layer of 
catalytic ingredients onto strong, thin walled ceramic honeycomb supports. This 
design results in both substantially reduced catalyst volume, and several unique 
selectivity characteristics^). 

0097-6156/94/0552-0215$08.00/0 
© 1994 American Chemical Society 
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216 ENVIRONMENTAL CATALYSIS 

This paper reviews some of the more critical factors that affect emissions 
control systems and describes how the specific requirements of such systems are better 
satisfied with a family of catalyst formulations and gives a summary of commercial 
installations. 

Composite Catalyst Features 

The three classes of reactions that can be catalyzed by a commercial S C R catalyst are 
given in Table I. They include the N O ^ S C R reaction itself, plus ammonia oxidation 
and S 0 2 oxidation to S 0 3 . The S C R reaction between Ν Ο Λ and N H 3 to form N 2 and 
water is the preferred reaction which removes NO^. from the exhaust stream. 
Ammonia oxidation consumes N H 3 in competition with the S C R N O ^ reaction, and is 
undesirable because it lowers Ν Ο Λ removal efficiency and increases N H 3 consumption. 
These competing reactions are shown schematically as a function of operating 
temperature in Figure 1. S 0 2 oxidation is undesirable because the resultant S 0 3 can 
react with excess N H 3 in the exhaust stream to form ammonium bisulfate that can plug 
and corrode downstream equipment. Combining these effects, the S C R N O ^ catalyst 
is required to possess high S C R activity together with low activities for both ammonia 
and S 0 2 oxidation. These properties depend on both catalyst chemical composition 
and catalyst structure. 

Detailed kinetic analyses have revealed that with honeycomb catalysts, the S C R 
N O j reaction rate is limited by a combination of gas phase mass transfer to the 
honeycomb surface and pore diffusion into the catalyst layer. (2,3) Under these 
conditions, all N O ^ conversion occurs in an extremely thin layer of the catalyst surface. 
In contrast, the rates of the S 0 2 and N H 3 oxidation reactions are mostly controlled by 
kinetic rates over the catalyst active sites and by the total weight of catalytic material 
in the reactor. Under these conditions, S 0 2 and N H 3 penetrate deeply into the 
catalyst layer. 

Since only a thin layer of catalyst is needed to achieve maximum N O ^ 
conversion, and since extra catalyst below the necessary surface layer contributes to 
the undesirable oxidation reactions, the composite catalyst structure (with its thin 
catalytic layer) has inherently better selectivity compared to either extruded or plate 
designs (where the catalyst wall comprises a relatively massive layer o f catalytic 
material).(7) 

Selective Catalyt ic Reduction of Ν Ο χ 

Selective catalytic reduction (SCR) of NO^. with ammonia was first discovered and 
patented by Dr. Gunther Cohn at Engelhard. (4) This initial work was targeted at nitric 
acid tail-gas exhausts, and used precious metal catalysts. It was not until the mid-
1970's, however, that S C R entered widespread commercial use in Japan using base 
metal catalysts. The key performance criteria for S C R are analogous to complete 
oxidation systems: N O ^ conversion, pressure drop, catalyst/system life, cost, and 
minimum S 0 2 oxidation to S 0 3 (for systems firing liquid fuels). Temperature is the 
single most important variable in N O ^ SCR. N o S C R catalyst can operate 
economically over the whole temperature range possible for power plant applications. 
A s a result, three general classes of catalysts have evolved into commercial use: 
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Table I. Important Chemical Reactions Over Ν 0 Λ S C R Catalyst 

Preferred 
Activity Level 

NOx SCR 

4NH3 + 4NO + 0 2 — • 4N2 + 6H20 High 

4NH3 + 2N02 + 0 2 — • 3N2 + 6H20 High 

S02 Oxidation 

2S02 + 0 2 — • 2S03 Low 

NH 3 Oxidation 

4NH3 + 502 • 4NO + 6H20 Low 

4NH3 + 302 • 2N2 + 6H20 Low 

Selective NOx Removal: 
Reactants: NH3, NOx, 02 

NH3 Oxidation And 
Decomposition: 
Reactants: NH3, 02 

T e m p e r a t u r e T e m p e r a t u r e 

Figure 1. Competing Reactions in S C R NO^. 
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precious metals for operation at temperatures between 177 and 290°C, base metals for 
operation at temperatures between 260 and 450°C, and zeolites for operation at higher 
temperatures. The important catalyst characteristics for each operating temperature 
range are discussed below. 

L o w Temperature Operation 

L o w temperature, precious metal S C R catalysts have been installed on a small number 
of power plant turbines firing natural gas. Sensitivity to poisons makes precious metal 
S C R catalyst unsuitable for most co-generation applications, since variations in exhaust 
sulfur levels of as little as 0.4 ppm can shift the catalyst temperature window 
completely out of a system's operating temperature range.(5) In addition, operation 
on liquid fuels is further complicated by the potential for deposition of ammonium-
sulfate salts within the pores of the catalyst. However, once these limitations are 
realized and the proper design models developed, low temperature S C R systems 
provide the S C R system designer with an additional degree of design freedom. 

Because the Ν Ο χ concentration in a combustion turbine exhaust is generally 
very low, the characteristic of low temperature S C R systems to manufacture nitrous 
oxide ( N 2 0 ) is not usually an issue. In other types of systems operating with higher 
concentrations of N O ^ and ammonia, a low temperature S C R system w i l l generate 
proportionally more nitrous oxide. Since nitrous oxide has been linked to both the 
destruction of stratospheric ozone and contribution to the greenhouse effect, there are 
reasonable odds that its emission w i l l be controlled in the future. 

The operating temperature range for low temperature S C R catalysts is 
determined by the balance between the S C R and ammonia oxidation reaction listed 
below and shown schematically in Figure 1.: 

SCR: 4 N O + 4 N H 3 + 0 2 — • 4 N 2 + 6 H 2 0 

Oxidation: 4 N H 3 + 5 0 2 — • 4 N O + 6 H 2 0 
4 N H 3 + 3 0 2 — • 2 N 2 + 6 H 2 0 

A t low temperatures the S C R reaction dominates and N O ^ conversion increases with 
increasing temperature. But as temperature increases, the oxidation reactions become 
relatively more important. Eventually as temperature increases further, the destruction 
of ammonia and generation of N O ^ via the oxidation reactions causes overall NO^. 
conversion to reach a plateau and finally decrease with increasing temperature. The 
general form of this curve is shown in Figure 2. For low temperature S C R catalysts, 
the peak in N O ^ conversion (>90%) typically occurs in a 40°C window between 177 
and 316°C. 

M e d i u m Temperature Operation 

The most popular S C R catalyst formulations are those comprising V 2 0 5 supported on 
T i 0 2 ( V / T i ) . Ingredients such as tungsten and molybdenum may be added to diminish 
S 0 2 oxidation activity and improve operation above 425°C but the basic formulation 
remains generally the same. These catalysts operate best in a temperature range 
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between 288 and 450°C. They are generally active and durable catalysts that have 
functioned well in power plant systems since the mid-1980's. 

Medium temperature V / T i catalysts have curves of N O ^ conversion vs. 
temperature that are similar to low temperature catalysts (see Figures 1 and 2). N O ^ 
conversion rises with increasing temperature to a plateau and then falls as ammonia 
oxidation begins to dominate the S C R reaction. However, for these medium 
temperature catalysts, the peak conversion occurs over a broad temperature range and 
the response is usually more gradual than with low temperature catalysts. 

Medium temperature V / T i S C R catalysts have one clear weakness compared to 
both low temperature precious metal and high temperature zeolite based catalysts; V / T i 
catalysts are irreversibly deactivated by extended exposure to temperatures above 
450°C. This is caused by the transformation of the high surface area anatase form of 
titania to the lower surface area rutile form. In contrast, typical precious metal S C R 
catalyst formulations may be heated to temperatures well above 538°C without 
excessive deactivation, and high temperature catalysts w i l l operate at temperatures as 
high as 510 to 593°C depending on the formulation. 

H i g h Temperature Operat ion 

The suitability of zeolite catalysts for S C R above 450°C has been known since the 
1970's.(6) They have received limited acceptance for power plant applications, 
however, at least in part because their upper operating temperature limit 
(approximately 510°C) was lower than the exhaust temperature of the most popular 
turbine designs. Since the heat recovery boiler had to be split to accommodate either 
V / T i or zeolite catalysts, most systems used the more active medium temperature V / T i 
formulations. Recently Engelhard commercialized NOxCat Z N X zeolite S C R catalyst 
with the capability to operate at temperatures as high as about 593°C.(2) When N O ^ 
is present this catalyst does not oxidize ammonia, so its N O ^ conversion continually 
increases with increasing temperature. This catalyst is designed to operate in the direct 
exhaust of combustion turbines; either ahead of the heat recovery boiler or in simple 
cycle systems without heat recovery boilers. 

Overa l l S C R Operat ion 

Figure 3 summarizes the operating temperature ranges for the different S C R catalyst 
formulations. For temperatures between 177 and 219°C NOxCat L T - 1 catalyst 
provides optimum N O ^ removal. NOxCat L T - 2 catalyst w i l l provide the best 
performance for systems that operate between 249 and 321°C. For medium 
temperatures in the range of 300 to 425°C, NOxCat V N X V / T i catalyst yields the 
optimum N O ^ removal efficiency. Finally, for temperatures between about 400 and 
593°C NOxCat Z N X catalyst maximizes N O ^ conversion. This family of catalyst as 
designated in Table II, provides coverage over essentially the full temperature range 
possible for power plant applications. 
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Table II. Effective Operating Temperature Ranges for Commercial N O ^ 
Catalysts 

Product Temperature Range, ° C 

NOxCat LT-1 1 7 7 - 2 1 9 

NOxCat L T - 2 249 - 321 

NOxCat V N X 300 - 425 

NOxCat Z N X 400 - 593 

Table III. Engelhard's S C R Catalyst Experience 

Flow 
Application Catalyst (lb/sec) Fuel Start-up 

Gas Turbine 
(1) BBC (50MW) VNX 650 NG 11/90 
(2) Westinghouse 251 VNX 422 NG 10/92 
(1) Kawasaki 1 ZNX 23 NG 2/91 
(1) Allison 3.5 VNX 38 NG 9/91 

(1) Rolls Royce 25 MW VNX 259 NG 8/92 

(1) GE Frame 7 VNX 669 NG 10/93 
(1) LM-2500 VNX 157 NG 5/93 
(1) LM-6000 VNX 283 NG 4QJ93 

Reciprocating Engine 
(1) 800 Hp VNX 8 NG 1993 

(1) 2000 Hp VNX 97 NG 1985 
(2) 4000 Hp VNX 23 NG/OG 1986 

(3) 1500 Hp ZNX 9 NG 5/91 

Industrial Heater/Boiler 
(1) Refinery Heater VNX 84 NG 10/90 
(1) Refinery Heater ZNX/VNX 46 NG 10/90 

(1) Boiler VNX 26 NG 10/90 

(1) Annealing Furnace VNX 29 NG 1991 
(5) Refinery Heater VNX 16-31 NG 3/91 
(1) Refinery Heater VNX 39 NG 6/91 

Chemical Plant 
(1) Process Off-Gas ZNX 4 CP 8/90 
(1) Nitric Acid Plant VNX 99 NG 3/91 

Field Tests 
(8) Gas Turbines VNX/ZNX NG 1987 

(1) Coal Boner · LD VNX Coal 1985 
(1) Coal Boiler · LD VNX/ZNX Coal 1987 

(1) Coal Boiler · HDW VNX/ZNX Coal 1989 
(1) Coal Boiler - HDD VNX/ZNX Coal 1989 
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Commercial Experience 

A number of SCR NO^ systems containing the vanadium/titania (VNX) and zeolite 
(ZNX) catalysts are now installed in commercial installation for gas turbines, 
reciprocating engines, industrial heaters and boilers and chemical plants. These 
installations are summarized in Table III. Note that the commercial installations 
include gas turbines, reciprocating engines, industrial heaters/boilers and chemical 
plants. A number of installations have been in operation for over five years. All of 
the commercial installations are meeting performance for NO^ conversion, NH 3 slip 
and pressure drop. Also a number of field tests have been successfully conducted on 
coal fired boilers. 

Conclusion 

Operating requirements for NO^ control varies substantially with each application. The 
dominant factor for design of an SCR NO .̂ system is the operating temperature. A 
number of catalyst formulations are needed to meet the requirements of the wide range 
of exhaust temperatures. Engelhard has developed a family of catalysts for selective 
catalytic reduction of NO^ designated NOxCat SCR. These different catalyst have 
been optimized to function best in each different power plant environment thus 
covering the complete range of operating temperatures. 
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Chapter 18 

NOx Control by Catalytic Combustion 
of Natural Gas 

S. K. Agarwal1, B . W . - L . Jang1, R . Oukaci2, A . Riley2, and G . Marcelin2 

1 R e s e a r c h Triangle Institute, P . O . Box 12194, Research Triangle 
Park , NC 27709 

2 Department of Chemica l and Pet roleum Engineering, Universi ty 
of Pi t tsburgh, Pi t tsburgh, PA 15261 

The formation and destruction of NOx in the catalytic combustion of 
methane have been studied using a series of La1-xSrxCoO3 catalysts. 
The emissions of NOx are less than 3 ppm under lean combustion 
conditions at temperatures as high as 1000 °C. The NOx 

concentration increases as the temperature is increased above that 
needed for complete methane conversion. CO concentration is 
negligible at this temperature. The characterization of catalysts by 
temperature-programmed desorption (TPD) and temperature
-programmed reduction (TPR) shows changes in their oxidation
-reduction properties due to Sr substitution which in turn affects the 
performance for methane combustion and NOx reduction. 

Natural gas is an important fuel for industrial combustion systems. Environmental 
regulations have led to greater emphasis on developing combustion techniques that 
reduce pollutant emission levels from conventional combustors. Catalytic 
combustion offers an alternative energy conversion process with many potential 
advantages over conventional combustors. Because the catalytic combustion process 
can be stabilized under lean fuel conditions, it can operate at a much lower 
temperature than conventional combustors, resulting in reduced emissions of N O x 

and other undesirable products of combustion. As an example, regulations of 
various types are currently forcing N O x emissions to near 25 ppm in most of the 
United States in stationary gas turbines. Regulations in Southern California and 
parts of the Northeast require N O x levels less than 10 ppm, which can currently be 
met only by postcombustion gas treatment, such as selective catalytic reduction. 
Regulatory initiatives in Southern California and elsewhere may further restrict N O x 

emissions. 
Despite intense efforts to study the catalytic combustion (7-7), N O x reduction (8-

12), and N O x decomposition (13-16), very little has been reported on the 
fundamental surface chemistry leading to the formation and destruction of N O x 

0097-6156/94/0552-0224$08.00/0 
© 1994 American Chemical Society 
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18. AGARWALETAL. NQ Control by Combustion of Natural Gas 225 

under real catalytic combustion conditions. This work reports the use of L a ^ 
x S r x C o 0 3 perovskite-type catalysts for methane combustion and N O x control with 
the objective of examining the effect of catalytic surface reactions on the N O x 

formation and destruction during catalytic combustion. Perovskite catalysts, 
especially those containing cobalt, have been shown to be relatively stable and active 
at the elevated temperatures of advanced combustion systems (6,7). These catalysts 
have also been reported to be active for N O x destruction (15,16). 

Experimental 

Catalyst Preparat ion. A series of L a 1 _ x S r x C o 0 3 catalysts with varying Sr content 
(x = 0.0, 0.1, 0.25, 0.5, and 1.0) was prepared by precipitation technique. 
Appropriate amounts of nitrate salts of La , Co, and Sr were dissolved in distilled 
water. The solution was heated to 70 °C and stirred on a heating plate. The 
corresponding hydroxides were precipitated by adding tetramethyl ammonium 
hydroxide to the solution. The slurry was filtered and the solid was washed with 
distilled water. The wet cake was dried overnight at 120 °C and calcined at 900 °C 
for 10 hours. Small amounts of the catalysts were further calcined at 1100 °C for 
6 hours to examine the catalyst stability at higher temperature. 

Reaction System. A fixed-bed laboratory-scale reactor system was used in this 
study. Figure 1 shows the schematic of this reaction system. The reactor consists 
of a 7-mm-I.D. and 40-cm long quartz tube. The reactor was heated in a single zone 
tube furnace and the temperature was controlled to ±1 °C by a temperature 
controller. The catalyst bed, supported on quartz wool, corresponded to the middle 
of the heated zone of the furnace. 

The gas flow rates were controlled by electronic mass flow controllers (MFCs) . 
A portion of the mixed feed stream was continuously vented through a four-port 
valve. This valve arrangement allowed for the analysis of either the feed or the 
effluent without disrupting the gas flow to the reactor. A needle valve was used 
before the reactor to build the pressure to 10 psig, as required for proper operation 
of the feed M F C . 

Effluent gases were analyzed for C H 4 , 0 2 , C O , C 0 2 , N 2 , N O , N 2 0 , and N 0 2 

using an H P 5890 gas chromatograph (GC) and a chemiluminescent N O x analyzer. 
A n 80486 personal computer with H P Chemstation software was used to control the 
G C . 

Temperature-Programmed Reduction. Temperature-programmed reduction (TPR) 
experiments were carried out using an A M I - 1 temperature-programmed desorption 
(TPD) system (Altamira Instruments) equipped with a thermal conductivity detector 
(TCD) . The sample temperature was measured with a K-type thermocouple placed 
very close to the catalyst bed in order to ensure accurate temperature measurement. 
The T C D signal and the sample temperature were automatically recorded using a 
software package provided by Altamira Instruments. 

Prior to TPR, all catalysts were pretreated in a flow of A r (30 cc/rnin) at 200 °C 
for about 1 hour and then cooled to 50 °C, in an inert atmosphere. The T P R was 
carried out using a 5 percent H 2 / A r gas mixture. About 50 to 100 mg of catalyst 
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226 ENVIRONMENTAL CATALYSIS 

sample were used in each case. The temperature of the sample was linearly ramped 
from 50 to 900 °C at a rate of 5 °C/min. The H 2 consumption due to reduction was 
monitored using the T C D . 

Temperature-Programmed Oxygen Evolut ion. Temperature-programmed oxygen 
evolution (TPOE) was carried out using a thermal analysis (TA) 2950 system with 
a thermogravimetric analyzer (TGA) module. The weight loss for all the catalysts 
was obtained by heating the sample in N 2 (flow rate = 30 cc/min) from 50 to 1000 
°C using a linear ramp rate of 5 °C/min and holding at 1000 °C for 100 minutes. 
Approximately 8 to 18 mg of the sample was used in all cases. 

Results and Discussion 

Catalyt ic Methane Combust ion. The methane combustion activities of the various 
strontium substituted L a 1 . x S r x C o 0 3 perovskites are compared in Figure 2. Addition 
of small amounts of Sr(x = 0.1) resulted in a significant increase in the catalyst 
activity for methane combustion. The activity of catalysts with χ = 0.25 and χ = 0.5 
was similar and between the activities of Sr-0 and Sr-0.1. However, the activity of 
Sr-1 was very low. Note that all catalysts, except Sr-1, exhibited a perovskite phase. 
The exceptionally low activity of Sr-1 for methane combustion can be explained by 
its nonperovskite type structure. Similar optima in methane combustion activity over 
L a 1 _ x S r x C o 0 3 were observed by Seiyama (6) and Ara i et al. (4). 

It is interesting to compare the catalytic combustion over these perovskites with 
noncatalytic combustion (gas phase). The results for gas-phase combustion are also 
shown in Figure 2. The activity of gas-phase reaction was significantly lower than 
for all the perovskites, but higher than the reaction over Sr-1 at 875 °C. In other 
words, it appears that the Sr-1 catalyst serves as a sink to the gas-phase generated 
radicals. It is well known that catalytic combustion at high temperature includes 
both heterogeneous and homogeneous reactions, and that the contribution of those 
reactions to the combustion is a function of reaction conditions and catalytic 
properties. Previous reports (3,17,18) showed that the catalytic surface tends to 
inhibit gas-phase ignition of the fuel mixture. Most of the time the inhibition effect 
is over-shadowed by the high activity of heterogeneous reaction. However, the 
inhibition effect of the Sr-1 catalyst on the homogeneous reaction can be clearly 
seen in the comparison in Figure 2. 

The effect of temperature on methane conversion and on C O and N O x emissions 
during catalytic and noncatalytic combustion is summarized in Figure 3. The 
methane combustion activity of Sr-0.5 catalyst calcined at 1100 °C is lower 
compared to the same catalyst calcined at 900 °C. This is likely related to the lower 
surface area of the higher temperature calcined catalyst (0.45 m 2/g) compared to the 
lower temperature calcined catalyst (3.8 m 2/g). 

Differences in the oxidation activity of the various catalysts were clearly seen in 
the C O emissions. In general, the C O concentration in the effluent stream increased 
at reaction temperatures above 700 °C, passed through a maximum, and then 
decreased with temperature. Maxima in C O concentration over the catalysts were 
observed at 875 °C. It was, however, lower (850 °C) in the gas phase. Also , the 
maximum in C O concentration was higher in the absence of catalyst. A s expected, 
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'Set@ 10 psig 

Ρ ) Reactor 

MFC: Mass Flow Controller 
GC: Gas Chromatograph 
ΝΟχ: ΝΟχ Analyzer 
Ρ: Pressure Gauge 
4P: Four Port Valve 

Figure 1. Schematic of reactor system. 

450 500 550 600 650 700 750 800 850 900 950 

Temperature (°C) 

Figure 2. Gas phase combustion and catalytic combustion over L a 1 . x S r x C o 0 3 

catalysts. 3.8% C H 4 in air; 70,000 cc/hr/g space velocity. 
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J 1 1 1 1 I I L 

• Sr-0.5 Calcined @ 900 ° C 
• Sr-0.5 Calcined @ 1100 °C 
V Gas Phase 
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Temperature, °C 

Methane conversion, N O x formation and C O emission as a function 
of temperature over perovskite catalysts and gas phase reaction. 3.8% 
C H 4 in air; 70,000 cc/hr/g space velocity. 
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N O decomposition over L a 1 _ x S r x C o 0 3 catalysts. 4,950 ppm N O in 
helium; 1,600 cc/hr/g space velocity. 
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at 875 °C, the C O concentration over the low temperature calcined catalyst was 
lower than over the high temperature calcined catalyst. Note that the temperature 
at which the C O concentration became negligible corresponded with the complete 
conversion of methane in all cases. 

The N O x concentration in the effluent stream was very low (less than 1 ppm) up 
to about 850 °C. Above this temperature, a jump in the N O x concentration to about 
2.0 to 2.5 ppm was observed. Interestingly, this temperature (Tc) corresponded to 
the temperature at which the methane combustion was complete and C O 
concentration was zero. 

The low N O x concentration at temperatures below Tc would at first suggest that 
the reduction of N O x with C H 4 and/or C O can be the pathway for N O x destruction. 
A s a result, the decomposition of N O and the reduction of N O with C H 4 and C O 
were examined under catalytic combustion conditions. Because of microscopic 
reversibility, any catalyst that promotes N O decomposition w i l l also promote N O 
formation, with no net reduction in N O x emissions. Catalysts that are active for 
N O x decomposition should also be active for N O x reduction since N O x 

decomposition is believed to be the first step in the reduction reaction (17,18). 
The N O decomposition activity of various L a 1 _ x S r x C o 0 3 catalysts is compared in 

Figure 4. The perovskite catalysts can decompose N O into N 2 and 0 2 at high 
temperature; however, the kinetics are very slow as is evident from the very low 
space velocity, 1,600 cc/hr/g, used for N O decomposition compared to 70,000 
cc/hr/g used for methane combustion. In general, the addition of Sr to L a 1 _ x S r x C o 0 3 

increased the activity for N O decomposition. The effect of gas-phase oxygen on the 
N O decomposition activity was also examined. The addition of oxygen inhibited the 
N O decomposition activity suggesting that N O decomposition may have a limited 
role in N O x control during catalytic combustion. 

The reduction of N O with C O and methane was examined over Sr-0.5 catalyst 
at 50,000 cc/hr/g space velocity and the results are summarized in Figure 5. Clearly, 
C O is a much stronger reducing agent for N O reduction than C H 4 . While the 
conversion of N O reached 80% (maximum possible because of N O / C O 
stoichiometry used in the experiment) with C O at temperatures as low as 500 °C, 
the conversion of N O with methane was significant only above 650 °C. Note that 
these experiments were conducted in the absence of any gas-phase oxygen. 

To simulate the real catalytic combustion conditions, the effect of gas-phase 
oxygen on N O reduction was examined. In the cases of both C O and C H 4 as 
reducing agents, the addition of a small amount of gas-phase oxygen completely 
inhibited the reduction of N O . Similar results have been observed by Iwamoto and 
Hamada (19). These results suggest that N O decomposition and N O reduction with 
C O and C H 4 may be of limited significance in controlling N O x emissions during 
catalytic combustion. The low N O x concentrations observed during lean catalytic 
combustion may probably be due to the lower reaction temperature. 

The addition of Sr to L a C o 0 3 resulted in considerable differences in the activity 
for methane combustion and N O decomposition reactions. While an optimum in the 
methane combustion activity was observed with the Sr content in the L a 1 _ x S r x C o 0 3 

catalyst, the N O decomposition activity increased monotonically with the Sr content. 
To correlate the changes in the catalytic properties with the physico-chemical 
properties, the catalysts were characterized by T P R and T P O E . 
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200 300 400 500 600 700 800 

Temperature (°C) 

Figure 5. N O reduction by C O and methane as a function of temperature over 
Sr-0.5 catalyst. 50,000 cc/hr/g space velocity. N O / C O reaction: 
5,000 ppm N O and 4,000 ppm C O ; N O / C H 4 reaction: 4,200 ppm 
N O and 4,000 ppm C O . The diluent was helium. 
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Figure 6. T P R profiles for L a 1 _ x S r x C o 0 3 catalysts. 
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The T P R profiles for the catalysts are shown in Figure 6. In all cases three 
distinct signals were observed: a low temperature peak (LTP) at 370 to 410 °C; an 
intermediate temperature peak (ΓΓΡ) at 435 to 465 °C; and a high temperature peak 
(HTP) at 500 to 640 °C. 

The L T P and ITP are typical of what is observed in supported Co catalysts and 
can be considered to be the easily reducible cobalt. The H T P most likely 
corresponds to reduction of the bulk phase. Integration of the signals gives the 
relative reducibility of the various perovskites. The relative areas of these signals 
are summarized in Table I. While the H T P area remained almost unchanged, the 
L T P and the ΓΓΡ areas increased with the Sr content. The total reducibility of the 
catalyst increased with increasing Sr content. Since the ease of reduction may be 
associated with the lability of oxygen in the catalyst, it seems that the oxygen 
lability can be varied by varying the Sr content in the perovskite. 

Table I . Degree of Reduction for Var ious Perovskite Catalysts 

Run LTP+ITP HTP Total Amount of 
No. Catalyst (area/g ) (area/g) Co Reduced (%) 

1 Sr-0 19.4 21.9 65.5 

2 Sr-0.1 21.3 19.3 71.9 

3 Sr-0.25 27.8 21.0 79.6 

4 Sr-0.5 34.0 18.5 83.0 

The T P O E experiments for all catalysts exhibited similar weight loss profiles, i.e., 
virtually no weight loss until a very distinct loss at 725 to 810 °C. The weight loss 
in this region can be attributed to the oxygen evolution. The amount of oxygen 
evolved from the catalysts was calculated from their weight loss and is summarized 
in Table Π. It can be seen that although the temperature of oxygen evolution did 
not change significantly with a change in Sr content, the amount of oxygen evolved 

Table II . Amount of " O " Evolved F r o m Var ious Perovskites 

Catalyst 
Weight Loss 

(%) 

Amount of "0"a 

Evolved 
famol/g) 

Total "O" in 
Catalyst 
^mol/g) 

Temperature13 

(°C) 

Sr -0 0.8840 107.8 12,200 786 

Sr-0.1 1.0600 132.5 12,500 789 

Sr-0.25 1.3738 177.2 12,900 795 

Sr-0.5 2.0018 272.2 13,600 798 

a The experimental error is ± 10%. 
b Temperature of oxygen evolved obtained from the differential of weight loss 

curve. It refers to the temperature at which the rate of oxygen evolution is 
maximum. 
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increases linearly with an increase in Sr content. The amount of oxygen evolved 
corresponded to ca 0.9% of the total oxygen atoms in the Sr-0 catalyst. This 
number increased to ca 2% for Sr-0.5. This again suggests increasing lattice oxygen 
with an increase in Sr content. These results suggest that the increase in methane 
conversion and N O decomposition activity with Sr addition may be related to the 
oxygen lability in the catalyst. 

Conclusion 

The addition of Sr to L a C o 0 3 causes considerable changes in the oxidation-reduction 
properties of these materials. The methane conversion exhibits an optimum with the 
Sr content in the catalyst, showing a maximum at x=0.1. The N O x emissions are 
very low under lean catalytic combustion conditions, with the concentration being 
below 3 ppm at temperatures up to 1000 °C. The N O x reduction reactions with C O 
and methane have limited significance in controlling the N O x emission during 
catalytic combustion. The low N O x emission during lean catalytic combustion is 
probably due to the low temperature. 
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Chapter 19 

Contemporaneous Removal of SO 2 and NO 
from Flue Gas Using a Regenerable 
Copper-on-Alumina Sorbent—Catalyst 

G . Centi1, N. Passarini2, S. Perathoner1, and A. Riva1 

1 Dipar t imento d i C h i m i c a Industriale e dei Mate r i a l i , Via le 
Risorgimento 4, 40136 Bologna, Italy 

1 Divis ione Servizi A u s i l i a r i , En ichem A N I C , Piazza le Bo ld in i 2, San 
Donato Milanese , Italy 

The kinetics and reaction mechanism of SO2 oxidation-sorption (DeSOx) and 
simultaneous reduction of NO by NH3/O2 (DeNOx) on copper oxide on 
alumina are presented with reference to the development of this system for 
the application to a dry technology for the removal of SO2 and NO from flue 
gas based on a regenerable sorbent-catalyst. The DeSOx reaction kinetics and 
differences for fresh and for stabilized samples and the influence of pellet 
diameter and support porosity characteristics on the efficiency of SO2 capture 
are reported. Aspects of the nature of the active copper sites and differences 
between fresh and stabilized samples, regenerability of sulphated samples 
and behavior of copper-on-alumina in the conversion of NO to N2 by NH3/O2 

during the simultaneous capture of SO2 are also discussed. 

The worldwide trend toward lower levels of pollutant emissions from power generating 
plants has spurred significant interest in the development of new less costly technologies 
capable of reducing emissions of SO2 (DeSOx) and N O x (DeNOx). State-of-the-art power 
plants employ individual unit operations for SO2 and N O x control. Wet or dry flue gas 
desulphurization (FGD) systems can achieve 70 to 90% SO2 removal, depending on 
process design, fuel characteristics and emission regulations, and selective catalytic 
reduction (SCR) systems are also achieving more than 80% N O reduction. A process 
design integrating SO2 and N O x removal in a single unit operation offers the potential 
for reducing the cost of environmental control; such a design, however, should adhere to 
the following requirements: 
• minimum waste production or the formation of valuable by- products 
• rnirtimization of energy use, especially in the cooling or reheating of flue gas, i.e. the 

technology must operate at the same temperature as that of the flue gas after the first 
economizer (around 350°C) 

0097-6156/94/0552-0233$08.00/0 
© 1994 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

23
, 1

99
4 

| d
oi

: 1
0.

10
21

/b
k-

19
94

-0
55

2.
ch

01
9

In Environmental Catalysis; Armor, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



234 ENVIRONMENTAL CATALYSIS 

• considerable flexibility of application to different situations and the possibility of an 
efficient retrofit to existing power generation plants 

• high efficiency of SO2 and N O abatement 
• low overall cost 

The combined removal of SO2 and N O using a dry process based on a regenerable 
copper-on-alumina sorbent-catalyst potentially fullfills these requirements and economic 
evaluations show a distinct advantage over possible competitive technologies (1). Various 
research groups have studied this technology (2 and references therein). In this work we 
shall discuss, i n particular, the results obtained in a research program carried out within 
the framework of the E . E . C . B R I T E - E U R A M program. 

Process Layout 

The basic layout of the process is shown in Figure 1 together with the main chemical 
reactions involved. The copper-on-alumina catalyzes the oxidation of SO2 to SO3 which 
immediately reacts with the sorbent-catalyst to form surface metal- sulphate species. A t 
the same time, copper ions catalyze the conversion of N O to N2 i n the presence of O2 

and added ammonia. The contemporaneous formation of sulphate species due to SO2 

capture has relatively little influence on the rate of this reaction in contrast to V-T1O2 

based monolith- type catalysts used in commercial S C R DeNOx technologies (3). When 
the sorption capacity of the catalytic material is exhausted, the solid is transferred to a 
regeneration unit where a reducing agent (H2- containing mixtures, CH4) is added; a 
stream containing a high concentration (30% or more) of SO2 is produced which can be 
sent to a conventional process for the generation of concentred H2SO4 or possibly of S. 
The regenerated sorbent- catalyst is then transferred again to the reaction unit following 
previous reoxidation of the reduced copper. 

The process is thus basically carried out in two main sections: the reaction unit for the 
oxidation-sorption of SO2 and reduction of N O by NH3/O2 which operates at 
temperatures of around 350°C and the regeneration unit operating at about 500°C. The 
first reactor can be configured in different ways and the choice of the type of reactor 
(fluid-bed, gas-solid trickle bed and radial mobile-bed) (4) differentiates the various 
research projects on this topic. However, two important parameters associated with the 
type of reactor (a low pressure drop across the reactor and a low rate of sorbent- catalyst 
degradation by attrition) can be rmnimized by using a radial- type mobile-bed reactor. 
We shall refer in the following sections to the development of the catalyst-sorbent for 
this type of reactor configuration. 

The Copper-on-Alumina System 

The copper-on-alumina catalytic system has some advantages over other possible 
catalytic systems for this combined reaction of S 0 2 and N O removal (2,4-77): 
• less demanding reaction conditions for the regeneration than those required for many 

other metal sulphates in combination with a sufficiently high rate of SO2 capture 
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Table I. Textural properties of alumina pellets used as the support for copper oxide in 
the preparation of the sorbent-catalyst for the tests of simultaneous DeSOx-DeNOx 

Sample 
Pellet diameter 

range, mm 
Surface Area, 

m2lg 
Mean diameter 

of pore, Â 
Total pore 

volume, cm Ig 

A 2.7-3.8 111 230 0.78 

Β 1.7-2.7 160 263 1.07 

C 1.7-2.7 168 300 1.20 

• good D e N O x reaction rate in the presence of high SO2 concentrations and little 
influence of the parallel process of sulphate formation 

• high DeSOx and D e N O x activity at reaction temperatures compatible with those of 
the flue gas (around 350°C) 

• good stability over extended operations (high number of reaction- regeneration 
cycles) in terms of both reactivity and mechanical properties 

• relatively low costs of preparation. 
Using this sorbent-catalyst it is therefore possible to design a process with efficiencies 

in SO2 and N O removal above 90% with interesting overall economics. We shall discuss 
here some of the main catalytic, kinetic and mechanistic aspects of this system in 
particular for the DeSOx reaction in order to evidence aspects of its reactivity and 
characteristics useful for the further development of this sorbent-catalyst system and of 
this technology for flue-gas cleanup. 

Experimental 

Copper-on-alumina samples were prepared by incipient wet impregnation using an 
aqueous Cu-acetate solution and pure γ - Α 1 2 0 3 spherical pellets. Table I summarizes the 
main textural characteristics of the three types of dumina supports used. The amount of 
copper in the final catalyst was 4.5% wt as CuO. After impregnation and drying, the 
pellets were calcined at 500°C to decompose the acetate anions. The mean copper content 
in the final catalyst was checked by atomic adsorption spectroscopy. The homogeneous 
distribution of copper within the pellet diameter was verified by scanning electron 
microscopy (SEM). Reported in Figure 2a is a S E M micrograph of a copper-on-dumina 
sample prepared on type A alumina pellets (see Table I), whereas Figure 2b shows the 
corresponding C u distribution maps obtained with x-ray C u K ^ microprobe which 
evidences the homogeneous dispersion of copper within the pellet 

Catalytic and sorption tests were made in a quartz flow microreactor usually containing 
an amount of sample in the 1-5 g range in the form of powder (around 0.1 mm mean 
diameter) or pellets. The reactor inlet and outlet compositions were monitored 
continuously using an on-line mass quadrupole apparatus connected to a computer for 
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19. CENTI ET AL. Removal of S02 and NO from Flue Gas 237 

F i g . 2 (a) Scanning electron micrograph of a copper-on-dumina sample (on type A 
alumina, see Table I) and (b) corresponding distribution map of copper within the 
pellet as determined by C u microprobe. 
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the elaboration of the data and control of mass balances. The total flow rate was usually 
12 L / h ; synthetic gas mixtures with the compositions reported in the figure legends were 
used in these tests. SO2 sorption tests with a constant SO2 concentration were made, on 
the contrary, by monitoring the weight change in a thermobalance flow apparatus. Further 
details on the apparatus for these tests and on the preparation procedure of the samples 
have been previously reported (2,4,11). Kinetic parameters were calculated using a 
non-linear regression analysis procedure (77). 

Kinetic data for the study of the DeSOx reaction were obtained in a microbalance flow 
apparatus using the sample grounded in particles with a mean diameter of 0.1 mm, 
because this apparatus allows to determine a direct relationship between rate of SO2 
capture and degree of sample sulphation. However, in order to check the absence of 
significant mass transfer limitations in the microbalance system, kinetic data obtained in 
this apparatus were used to fit the results obtained in a continuous flow fixed bed reactor 
by using an appropiate reactor model. The correct description of the latter results allows 
to exclude the presence of significant interphase mass transfer limitations in the type of 
microbalance apparatus used for the kinetic studies. More details on this apparatus were 
previously reported (77). 

Results and Discussion 

Behavior during the Simultaneous Removal of S 0 2 and NO. Figure 3 shows a typical 
result obtained at 350°C over copper-on-alumina in the reduction of N O by NH3/O2 
during the simultaneous oxidation-sorption of S 0 2 . The data were obtained in a fixed-bed 
microreactor using a synthetic gas composition in order to show more clearly and discuss 
the reaction kinetics and mechanism. It should be mentioned, however, that results in 
good agreement with those of Figure 3 were obtained using real flue gas deriving from 
a high-sulfur content gasoil and about hundred times higher amounts of the 
sorbent-catalyst. The catalytic behavior refers to the activity of a stabilized sample after 
several cycles of reaction- regeneration. In fact, an initial change in the catalytic and 
sorption reactivity was observed during about the first 3-5 cycles of reaction- regeneration 
and then the behavior remains approximately constant for extended operations (2). We 
shall refer hereinafter to a stabilized sample after this initial change in reactivity in 
comparison to that of a fresh initial sample. Some aspects of the nature of this 
transformation w i l l be discussed in the following sections. 

A t 350°C a nearly complete conversion of N O is observed with a selectivity to N2 of 
about 94-97% due to the formation of small amounts of N2O (around 20- 40 ppm) (Fig.3). 
No ammonia slip was detected even in the presence of excess ammonia with respect to 
the stoichiometric NH3 to N O ratio of 1.0, because any excess ammonia remains adsorbed 
on the catalyst In the first minutes from the starting of the feeding of the reacting mixture 
the conversion of N O is less than 100%, but rapidly reaches values of around 100%. This 
is related to an initial competition between adsorption of ammonia to form ammonium 
bisulphate and reaction of NH3 with N O to form N2 (6). In fact, it was previously shown 
(6) that the activity in the N O conversion with NH3/O2 in the absence of S 0 2 of 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

23
, 1

99
4 

| d
oi

: 1
0.

10
21

/b
k-

19
94

-0
55

2.
ch

01
9

In Environmental Catalysis; Armor, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 
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copper-on-alumina samples is nearly independent of the presence on it of sulphate 
species. However, when sulphate species are present on the catalyst, a greater induction 
time is observed due to the competition between ammonia reaction with N O and with 
sulphate species. In addition, the mechanism of N O conversion over these catalysts 
probably involves the intermediate formation of nitrate-like species on the catalyst surface 
(7,8). Part of the init ial change in the catalytic D e N O x reactivity of stabilized 
copper-on-durriina is also related to the progressive accumulation of nitrate-like species 
on the catalyst surface and their role in the DeNOx reaction mechanism (7,8). When the 
reaction temperature is lowered to about 300°C, the first mechanism of competitive 
formation of ammonium bisulphate becomes more relevant with a marked decrease in 
the initial conversion of N O and slower rate of reaching nearly complete conversion. 

The removal of SO2, due to its oxidation and sorption in the form of surface 
metal-sulphate complexes, is initially complete. After approximately one hour, the SO2 
starts to be detected in the reactor outlet stream and the percentage of SO2 removal 
progressively decreases. The breakthrough time (defined as the time when the SO2 outlet 
concentration becomes higher than 5% of the inlet value) and the rate of SO2 removal 
decay obviously depend on the amount of sorbent-catalyst and its copper content as wel l 
as on the SO2 molar flow rate. However, as we shall discuss later, the dispersion of copper 
in the particle grains, the porosity of the dumina support and the particle diameter are 
dso additiond very important factors. 

Aspects of the Mechanism of S 0 2 Capture. The mechanism of oxidation-sorption of 
S 0 2 in the form of a regenerable surface metd-sulphate species over copper-on-dumina 
has been previously discussed in detail on the basis of reactivity measurements (2), 
infrared studies (2,9) and chemicd andysis data (10), but i t is worthwhile to review briefly 
the key aspects useful for the discussion in the following sections and to add some further 
evidence which can better clarify some aspects. Sorption tests both in a flow reactor and 
in a thermogravimetric apparatus clearly show that the in t i d rate of S 0 2 uptake is high 
and tends to decrease proportionally to the amount of sulphate species on the catdyst 
For the higher times in contact with the flow, the S 0 2 to C u molar ratio can be higher 
than the stoichiometric vdue for the complete transformation of C u O to C u S 0 4 , 
depending mainly on the reaction temperature (2,4,8). A t a temperature above about 
320°C, limiting vdues of S 0 2 to C u ratio in the 1.5-2.0 range can be obtained. This is 
clear evidence that the dumina support actively participates in the mechanism of S 0 2 

capture. Accordingly, the S 0 2 to C u ratio was found to depend considerably on the type 
of metd-oxide support (4). Sorption tests furthermore suggest that copper catalyzes the 
oxidation of S 0 2 to S 0 3 , but S 0 3 does not desorb in the gas phase and immediately reacts 
to form surface metd sulphates. The infrared characterization of S 0 2 interaction with the 
copper-on-dumina (2,9) confirms that different metd sulphates form at different reaction 
rates. The various surface sdphate species observed were assigned to bidentate species 
linked to copper, duminium or copper- duminium ions. The latter species probably form 
at the interface of copper- oxide surface islands embebbed in the dumina matrix. The 
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formation of bulk- type A 1 2 ( S 0 4 ) 3 or C u S 0 4 species, on the contrary, is of minor 
importance, explaining why this catalyst does not rapidly loos its reactivity and 
mechanica l strength properties i n consecutive reaction-regeneration cycles 
notwithstanding the severe chemical transformations involved in the reaction and 
regeneration steps. 

These metal sulphates are also characterized by different reducibilities and, in fact, in 
the first reaction cycle only about half of the amount of sulphate species on the catalyst 
can be eliminated in the regeneration step. This is shown in Figure 4 which reports the 
weight change observed during the regeneration step (using 2% H2 at 420°C) in 
consecutive cycles of sulphation (at 250°C with 0.8% SO2) and regeneration. Weight 
changes lower than 0 as equivalent SO2 to C u ratio are related to the reduction of copper 
oxide to metallic copper. In the first cycle only a part of the sulphate species formed can 
be regenerated, whereas after approximately 4 cycles all the sulphate species formed can 
be regenerated in the consecutive step. Figure 4 also clearly shows that the rate of 
regeneration of the sample after the first sulphation steps is lower than the rate for 
stabilized samples due to a change in the nature of the surface copper species. It is 
interesting to note that for the lower times-on-stream a clear autocatalytic effect on the 
rate of reduction can be observed especially in the first cycle (Fig. 4). This is related to 
the formation of limited amounts of CuS species in the reduction of CUSO4 by H2. It is 
reasonable to assume that CuS catalyzes the reduction through an hydrogen spillover 
mechanism (5). The further reduction of CuS to metallic copper forms H2S which, in 
fact, is detected in small amounts in the reduction by H2 (5,8). The use instead of CH4 
as the reducing agent gives rise to only SO2 in the regeneration step (5). 

The DeSOx reaction mechanism can thus be summarized as follows: copper ions 
catalyze the oxidation of SO2 to SO3 in the presence of gaseous oxygen forming a 
probably S-bonded chemisorbed SO3 species that further reacts with a nearlying copper 
site or migrates to A l sites forming a bidentate sulphate species characterized by low 
symmetry and partially coordinating water molecules. For the higher sulphate coverages 
the latter mechanism probably becomes the one which controls the overall reactivity, but 
its relative contribution to the overall sorption rate decreases in stabilized samples as 
compared to fresh copper-on-alumina. 

Kinetics of the DeSOx Reaction. In the contemporaneous removal of S 0 2 and N O on 
copper-on-alumina two different types of kinetic processes are present, the first one 
involves the oxidation-sorption of S 0 2 with a progressive decrease in the reaction rate as 
a function of the degree of sulphation (we shall refer hereinafter to S O ^ C u molar ratio 
or briefly as S/Cu to indicate the degree of sulphation) and the second one a catalytic 
process of N O reduction, the rate of reaction of which is nearly independent of S/Cu. In 
order to l imit the rate of solid transport between the reaction and regeneration units (Fig. 
1) that considerably affects the life-time of the sorbent-catalyst and overall economics, 
an efficient use of the sorption capacity of the copper-on-alumina is necessary, ie. a S/Cu 
ratio around 1.0 or above in the exhausted sample before regeneration must be achieved. 
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Fig. 3 Removal of S 0 2 and N O at 350°C on stabilized copper-on-aliirnina i n 
simultaneous DeSOx-DeNOx experiments. Exp. conditions: 800 ppm N O , 824ppm 
N H 3 , 3 % 0 2 , 1 9 9 0 ppm S 0 2 , 1 g catalyst, flow rate 12 L /h . 
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Fig. 4 Weight change (as equivalent S/Cu) per gram of copper-on-alumina as a 
function of time-on-stream in contact with a flow of 2% H 2 i n helium at 420°C for 
the sample after different cycles of sulphation-regeneration. 
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Due to the progressive decrease in the rate of S 0 2 capture as a function of S/Cu, in order 
to have a 90% or higher removal of S 0 2 , the gas- solid contact time in the radial-type 
mobile-bed reactor used in this project (see above and F ig . 1) is determined by the DeSOx 
deactivation kinetics, i.e. the gas-solid contact time required for the complete conversion 
of N O is significantly lower. We shall therefore discuss here only some aspects of the 
DeSOx reaction kinetics. 

Fresh Sorbent-Catalyst A complete analysis of the DeSOx reaction kinetics on a fresh 
copr^r-on-alumina sample has been previously reported (11), but we shall briefly add 
here some further data or comments on some previous results in order to highlight the 
key aspects useful for the following discussion. 

A s indicated in the section on the DeSOx reaction mechanism, the sulphation process 
of copper-on-dumina involves the formation of surface bidentate sulphate species linked 
to copper or to alumina sites either on not-covered alumina particles or at the 
dumina-copper oxide interface region. In fact, even for loadings with copper oxide 
corresponding to the theoreticd, complete coverage of dumina with a bidimensiond 
copper oxide f i lm (approximately 5% wt as C u O for an dumina of around 100 m 2 /g) , 
patches of uncovered dumina are present For higher copper loadings, the segregation of 
C u O microcrystallites is observed which negatively affects the life-time resistance of the 
sorbent- catdyst in severd cycles of reaction-regeneration and conditions of solid 
transport 

Infrared andysis of the sulphation process (2,9) suggests that SO2 is catalytically 
oxidized on copper sites to form S-bonded SO3 which can then react with a second copper 
site or migrate on the surface to A l sites. From the kinetic point of view, this reaction 
mechanism can be modelled assuming two parallel reactions of formation of the two 
sulphate species involving different type of sites and first or second reaction orders. 
Alternatively, two consecutive reactions or a more complex kinetic reaction network can 
be considered that better simdates the reaction mechanism suggested by IR data (11). 
The fitting of the experimentd vdues of S/Cu as a function of the time in contact with a 
large excess flow containing a constant concentration of SO2 and of the reaction 
temperature in the 250-350°C range indicates that only two models are in good agreement 
with the experimentd data. The first is based on two parallel reactions: 

where C u and A l indicate the concentration of free active sites of copper and dumina, S' 
achernisorbed S 0 2 molecule and CS and A S are surface sdphate species linked to copper 
or durnina, respectively. The second reaction network is based on a sequence of reactions 
in agreement with the experimentd evidence and can be formally written as follows: 

2Cu + S ' - ^ - > CS (1) 

A l + S ' - k - i A S (2) 

C u + S ' v ^ S* (3) 
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S* + C u - * i - > C S (4) 

S* + A1 A S + C u ^ (5) 

C u r e d + 0 2 — ^ ~ > C u (fast) (6) 

where eq. (3) corresponds to the oxidation of chemisorbed S 0 2 (S') by free C u sites 
fonning chemisorbed S 0 3 (S*) which can then interact with a second neighboring copper 
site forming a surface copper-sulphate (CS) or alternatively can migrate to A l sites to 
form a surface aluminum-sulphate (AS) leaving a reduced copper site rapidly regenerated 
by 0 2 . This second kinetic mechanism fits the results better [2.6% mean error as compared 
to 4.3% mean error for the mechanism according to eq.s (1) and (2)] (77) and especially 
provides a better description of the results in the intermediate range of reaction 
temperatures. This is shown in Figure 5 which compares the fit of the experimental values 
at different reaction temperatures (symbols) obtained according to model 1 [eq.s (1) and 
(2)] and model 2 [eqs. (3)-(6)]. Experimental data for this comparison were obtained in 
a microbalance apparatus. One should observe that at 350°C both models describe the 
experimental results well and that reaction temperatures lower than about 350°C were 
not convenient due to the presence of the competitive reactions on the conversion of N O 
discussed above. On the other hand, the kinetic reaction model based on eq.s (1) and (2) 
can be integrated analytically in the simple form: 

j_ (kvs>>cu0-t a l ^-WH) ( 7 ) 

cu ι + (kvsycu0t cu0

y J w 

where C u 0 and are the initial concentrations of C u and A l (mol/g) at zero 
time-on-stream (t=0), respectively, and S' the concentration of chemisorbed S 0 2 . The 
analytical form of eq. (7) combined with the good fit at 350°C suggests that this reaction 
model may be more conveniently used for practical purposes. Table Π reports the best 
values of the kinetic parameters at 350°C obtained according to model 1. 

Figure 6 shows the dependence of the initial rate of sulphation at 350°C on the 
concentration of SO2 in the reacting mixture. The initial rate (value extrapolated at zero 
degree of sulphation of copper-on-dumina from the dependence of S/Cu from 
time-on-stream and SO2 concentration obtained in a microbdance apparatus) does not 
depend l inerdy on the SO2 concentration. The dependence indicates a phenomenon of 
saturation of the active sites for the chemisorption o f SO2 accord ing to a 
Langmuir-Hinshelwood kinetic model. However, it can be observed that in the range up 
to about 3000 ppm of SO2, which is that more interesting for the application of the 
technology, the approximation of first order dependence (shown in F ig . 6 with a dashed 
line) can be considered sufficiently accurate: 

S ^ K s o r ^ (mol/L) (8) 

where K S Q 2 = 6.37· 10"2. The concentration of oxygen instead does not affect the overall 
rate when in excess to S 0 2 . 
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2 

Time, min 

Fig. 5 Change in the S/Cu ratio as a function of time-on-stream and reaction 
temperature in a fresh copper-on-alumina. Symbols: experimental data. Dashed line: 
values calculated for model 1 [eq.s (l)-(2)]. Solid line: values calculated for model 
2 [Eq.s (3)-(6)]. Exp. conditions: S 0 2 and 0 2 concentration (constant as a function 
of time on stream), 0.8% and 5.4% v/v, respectively. 

20 

6 

0 2 4 6 8 10 

S0 2 concentration, ppm ( · 1 0 3 ) 

Fig. 6 Dependence of the initial rate (at zero degree of sulphation) of S 0 2 capture 
at 350°C on the S 0 2 concentration. 
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Table Π. Best values of kinetic parameters at 350°C according to model 1 [eq.s (7)] 
determined for both fresh and stabilized copper-on-dumina samples (copper content 

Sample 
ki 

L-g-mor 2 -min _ 1 

ko 
L-mol" -min - 1 

Al0ICu0 

fresh 1.992E7 8.513E2 0.863 

stabilized 4.367E7 1.322E3 0.587 

It should also be pointed out that Figure 5 clearly shows that the sulphation process is 
a slower process than the regeneration (compare the time-on-stream dependence of the 
S/Cu ratio in Fig.s 5 and 4). Furthermore, temperatures higher than about 350°C in the 
reaction are not worthwhile, because above this temperature the parallel reaction of NH3 

oxidation becomes predominant with a reduction in the efficiency of N O removal. O n 
the contrary, in the regeneration unit, higher reaction temperatures and rates are preferable 
in order to form a highly concentrated stream of SO2. However, above about 500°C the 
stability and life-time of the sorbent-catalyst decrease considerably. 

Stabilized Sorbent-Catalyst After the first 3-4 cycles of reaction-regeneration, the 
sorbent-catalyst reactivity towards S 0 2 oxidation-sorption or regeneration reaches a 
stationary condition, as discussed above. This stationary condition is characterized by the 
presence of a fraction of sulpahte species linked to A l sites not-reduced during the 
regeneration step, but also by a different reactivity of copper sites towards both S 0 2 

oxidation-sorption and regeneration. This is probably related to a change in the nature 
and distribution of copper species (9). Initially, copper ions are present as patches of a 
surface spinel-type C u A l 2 0 4 species embedded in the alumina matrix, but during 
regeneration very small particles of metallic copper form which, in the absence of sulphate 
species, tend to reform the surface copper spinel by oxidation (12). The presence of 
sulphate species on dumina (not eliminated during the first regeneration step), however, 
probably inhibits the transformation and thus very small highly reactive particles of C u O 
form, the sintering of which is inhibited by the residud sdphates. The copper particles 
remain therefore in a highly dispersed state. 

The kinetic analysis of the rate of SO2 capture as a function of the degree of surface 
sulphation confirms this tentative mechanism. Reported in Table Π are best kinetic 
parameters found at 350°C for fresh and stabilized copper-on- dumina, according to eq. 
(7) based on two parallel reactions. Comparison of the kinetic parameters shows that as 
compared with the fresh catalyst, the stabilized catdyst has fewer surface sites of dumina 
available for the sulphation reaction (A1q) and higher vdues of the kinetic constants of 
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reaction, according to the mechanism of surface transformation from the fresh to 
stabilized sample discussed above. 

Role of Pellet Size and Porosity of the Support. The development of the 
copper-on-dumina for industrial application requires the use of support pellets with 
mechanical strength, texture and size characteristics suitable to minimize the pressure 
drop across the mobile-bed reactor and the formation of fines during the pneumatic 
transport between the various sections of the process (Fig. 1). Therefore the development 
of a system suitable for the desired final application demands a series of constraints on 
the characteristics of the sorbent-catalyst in terms of pellet diameter and form, porosity 
and surface area, and methodology of preparation which, on the other hand, considerably 
affect the overall rate of S 0 2 capture and thus the reactor design. 

The influence of the pellet diameter on the S/Cu vs. time-on-stream curves at a constant 
SO2 concentration is shown in Figure 7. Results show that both durnina characteristics 
and pellet diameter considerably affect the rate of SO2 capture. O n the other hand, even 
for larger pellets the copper distribution may be assumed rather homogeneous as shown 
in F ig . 2. Therefore, the influence of pellet diameter on the rate of SO2 capture may be 
mainly attributed to intraparticle diffusiond limitations on SO2. The andysis of the curve 
shape for the pellets with the larger diameter in comparison to that of the same sample in 
the form of powder suggests that the efficiency of sorbent-catdyst utilization passes 
through a maximum due to the in i t id presence of an intraparticle gradient of SO2 
concentration which progressively moves toward the inner core of the pellet for the 
progressive exhaustion of outer shells and at the same time a change in the rate constant 
of reaction due to the decrease in the amount of free A l and C u sites. While it is evident 
that the classicd "shrinking core" or "shell progressive" model is unable to describe 
correctly the reaction of sulphation of copper-on- dumina, models such as the 
"gram-micrograin" model of Sohn and Szekely (13) or other possible models of reacting 
porous solids (14) do not give presently an accurate description of the experimentd 
results. Further studies are thus necessary to model the sdphation reaction in large 
copper-on-dumina pellets. The porosity and texturd characteristics of the dumina 
pellets dso have a considerable effect on the resdts as shown in Figure 7 which compares 
S/Cu vs. time-on-stream curves for dumina pellets with the same externd diameter (2.7 
mm), but the different texturd properties summarized in Table I. A s the mean diameter 
of the pores increases, the relative influence of diffusiond limitations on SO2 decreases 
sensibly. The presence of the intraparticle diffusional limitations discussed above has a 
considerable effect on the behavior in the reactor and especially the breakthrough time. 
This is shown in Figure 8 which compares the resdts in a fixed bed reactor for two 
commercid dumina samples (A and Β of Table I) characterized by different texturd 
properties and different particle size distributions. It can be seen that the proper design 
of the characteristics of the dumina support can have a considerable effect on the 
efficiency of utilization of copper-on-dumina in SO2 oxidation-sorption and thus on the 
overall process economics which are highly dependent on this factor. 
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m B-0.1 mm Φ B-1.7 mm A B-2.7 mm 

T i m e , Min 

Fig. 7 Influence of pellet diameter and textural characteristics of the alumina support 
on the change in the S/Cu ratio at 350°C as a function of the time-on-stream. Shown 
in the inset on an expanded scale is the dependence for the shorter contact times. In 
the legend the letter indicates the type of dumina according to Table I and the 
following number the diameter of the pellet used. Exp. conditions: S 0 2 and 0 2 

concentrations (constant as a function of time-on-stream), 0.26% and 2.4% v/v, 
respectively. 
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75 

Ο 
(0 
g 50 
Ο 
Ε 
Φ 

Γ£ 

25 

ι * . 
V 

ft* 

ΑΙ ,Ο, support 
• A-pellet 
• Α-powder 
• B-pellet 

V. 
ν 

20 40 60 80 

Time, min 

100 120 140 

Fig . 8 Breakthrough curves of S 0 2 sorption at 3 5 0 ° C using s tabi l ized 
copper-on-alumina samples (4.5% w t copper as CuO) and types A and Β alumina 
(see Table I for characteristics and range of particle size for these samples). Exp. 
conditions: 3 g of sorbent-catalyst, 12 L K / h of total flow, 2035 ppm S 0 2 , 3 % 0 2 . 
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Conclusions 

The contemporaneous removal of SO2 and N O from flue gas using a dry process based 
on a regenerable copper-on-alumina sorbent-catalyst makes it possible to obtain 
efficiencies of 90% or more in the removal of these pollutants at reaction temperatures 
of around 350C. The copr^r-on-alumina can be easily regenerated by a reduction 
treatment and shows stable activity in several cycles of reaction-regeneration. The slower 
process of the overall technology is related to the DeSOx reaction kinetics and the decay 
of the rate of SO2 capture as a function of the degree of sulphation. Proper design of 
support characteristics can minimize the presence of diffusional limitations on this rate 
and therefore maximize the efficiency in the use of the sorption capacity, reducing the 
rate of solid recirculation which has a negative influence on the life-time of the 
sorbent-catalyst 
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Chapter 20 

Pt—ZrO2 Catalysts for the Oxidation 
of NO and SO 2 

Effects of Sulfate 

E . Xue, K. Seshan, P. D. L . Mercera, J. G. van Ommen, and 
J . R. H . Ross 1 

Faculty of Chemical Technology, University of Twente, P.O. Box 217, 
7500 AE Enschede, Netherlands 

Pt/ZrO2-SO4= catalysts showed higher activities for the oxidation of NO 
and S O 2 and higher selectivity for NO oxidation than the un-sulphated 
Pt/ZrO 2 catalyst. The presence of sulphate in the catalysts had significant 
influence on the desorption characteristics of NO and N O 2. An increase 
in the surface acidity and interaction between the surface sulphate groups 
with the oxygen in Pt oxides were probably the reasons for the 
improved behaviour of the sulphate-treated catalyst. It was found that a 
Pt/ZrO 2 catalyst after ageing in NO+SO 2+O 2 gas mixture exhibited a 
higher catalytic selectivity for NO oxidation than did the fresh sample; 
the presence of sulphate on this aged catalyst was observed by FT-IR 
and TPR experiments. 

In order to meet legislative requirements for the emission of diesel engine exhaust, 
especially that of soot (particulates) and N O x , a catalytic post-treatment of the exhaust is 
necessary. One of the catalytic approaches is using nitrogen dioxide, which could be 
obtained by catalytically oxidizing nitric oxide present in the oxygen rich diesel exhaust, 
to oxidize soot to less harmful CO2 (1 ). Catalysts based on noble metals such as Pt 
have been found to be good for the oxidation of N O to NO2 (1,2). However, the SO2 
present in the exhaust would be also oxidized over Pt catalysts to SO3, the sulphates 
would then be formed and adsorbed on the soot, resulting in an increase of the apparent 
weight of the soot emitted (2,3). Development of the catalysts which would selectively 
oxidize N O to N 0 2 without oxidising SO2 to SO3 is, therefore, of essential importance. 

The surface acidity is known to be one of the important factors which can modify 
the performance of catalyst i n many catalytic reactions. It is also known that the 
presence of sulphate on a Ζ1Ό2 or PV&O2 catalyst can modify remarkably the surface 

Current address: Department of Industrial Chemistry and Life Science, University 
of Limerick, Plassey Park, Limerick, Ireland 

0097-6156/94/0552-0250$08.00/0 
© 1994 American Chemical Society 
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acidity and as a consequence change the behaviour of the catalyst in catalytic reactions 
(4,5). It is therefore very interesting to see how a sulphate modification would 
influence a Pt/ZrC>2 catalyst for the oxidation of N O and SO2. This is studied in this 
work by examining the performance of a Pt/Zr02 catalyst in the reactions, before and 
after the sulphate modification. 

In many cases the presence of SO2 in exhaust gases has a negative effect on the 
performance of catalysts. This is normally attributed as a poison effect of SO2 and/or the 
formation of sulphate on the catalyst. For example, surface sulphate has been observed 
on γ - Α ΐ 2 θ 3 when contacted with a gas mixture containing SO2 and O2 (6,7). It is 
interesting to see whether there would be sulphate formation on the Pt/Zr02 catalyst, 
and i f so, how the performance of the catalyst would be affected. This is also examined 
in the present work. 

Experimental 

Catalyst Preparation. The details of the catalysts used in this study are given in 
Table 1. Monocl inic Ζτθ2 (RC-100, Dai ichi Kigenso Kagaco Kogyo Inc., Japan) was 
used as support in this study. The Ζ1Ό2 powder was first calcined at 500 °C in air for 15 
hours and then pressed into pellets, crushed and sieved into grains of size ranging from 
0.3 to 0.6 mm. This material is termed below as ZrOi-0. 

Pt(NH3)4Cl2 (Johnson Matthey Chemicals, U . K . ) was used as precursor in 
preparing the platinum containing catalysts. A standard material, designated Pt/Zr02, 
was made by dry impregnation of Z1O2-O with precursor containing 1 wt % of Pt, 
drying at 100 °C and calcination at 500 °C for 2 h. Pt/Zr02-1NS was prepared as 
follows: 5 g of Z r O 2 - 0 was first contacted with 1.1 cm3 of I N H 2 S 0 4 , dried at 100 °C 
for 2 h, and then impregnated with Pt(NH3)4Cl2î the resultant material was dried once 
more at 100 °C for 2 h and the catalyst was finally calcined at 500 °C in air for 2 h. 
Pt/Zr02-5NS was prepared by the same procedure as that for Pt/Zr02-1NS, but 5 N 
H 2 S 0 4 was used instead of I N H 2 S 0 4 during the sulphation of Z1O2-O; Pt/Zr0 2-5NS 
therefore has a higher sulphate content than does Pt/Zr02-1NS. 

Table 1 The catalysts prepared 

Catalyst Total area SO4- load Pt load Pt dispersion 
/ m 2 g _ 1 / w t % / w t % /% 

Z r O 2 - 0 46 0 - -
P t / Z r 0 2 41 0 1 38 
P t /Z r0 2 -1NS 43 1 1 < 5 
P t /Z r0 2 -5NS 37 5 1 < 5 

Activity Measurements. The activity experiments were carried out in a fixed bed 
reactor system. The gas composition and flow were controlled by means of mass flow 
controllers. A Nitrogen Oxidise Analyzer (Model 8840, Monitor Labs Inc. U S A ) was 
used to measure the concentration of N O and NO2, continuously. The concentration of 
SO2 was monitored on line by a Defor SO2 Analyzer (Maihak G m b H , Germany). The 
experimental parameters such as reaction temperature, inlet gas concentration and flow 
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were all controlled by a computer programme and monitored by a Apple l i e computer 
connected to the system. The conversions of both N O and SO2 over were determined by 
measuring the concentration changes between inlet and outlet of the reactor. Table 2 
shows the experimental parameters used in this study. These corresponded to those in a 
typical diesel exhaust (8-12). The catalyst load i n the reactor for the activity 
measurement was 1.00 g, and the reaction gas mixtures were NO+O2, SO2+O2 or 
NO+SO2+O2. 

Table 2 The experimental conditions 

Temperature rc 2 0 0 - 4 0 0 
Pressure /atm. 1 
Catalyst load in reactor /mg 1000 
Gas volume flow /cm3 min-i 400 
Inlet gas composition 

N O /ppm 500 
S0 2 /ppm 50 
O2 /vo l . % 10 
N 2 

- balance 

Temperature Programmed Desorption (TPD). Temperature programmed 
desorption experiments were conducted in the same set-up as that used for the activity 
measurements. The pre-treating gas was led over the catalyst bed t i l l the maximum 
reaction temperatures (400 °C). The catalyst was then cooled to room temperature in the 
same gas stream. The gas flow was changed to N2 and catalyst bed was purged in N 2 

for about one hour. After the signals for N O , NO2 and/or SO2 from the analyzers had 
dropped to zero, T P D was started in N 2 (400 cm3 min-i) with a heating rate of 10 °C 
min- i . The concentrations of the desorbed N O , NO2 and/or SO2 were recorded as a 
function of temperature. 

Results 

Catalytic Activities and Selectivity. A series of activity experiments were carried 
out to see the effect of sulphate treatment on the performance of the catalysts listed in 
Table 1. The results of the experiments are shown in Figures 1 to 4. 

Figures 1 and 2 show the N O conversions over the catalysts, in the absence and 
presence of SO2, respectively, as function of reaction temperature. The thermodynamic 
equilibrium conversions for N O oxidation under the conditions used are plotted as 
dotted lines. It can be seen that the sulphate-modified catalysts, Pt/Zr02-1NS and 
Pt/Zr02-5NS, both show higher N O conversions than does the non-modified Pt/Zr02 
catalyst, either in the presence or in the absence of SO2. It should be noted that there are 
two points at 400 °C which are even higher than the equilibrium conversions, one for 
Pt/Zr02-1NS in Figure 1 and the other for Pt/Zr02-5NS in Figure 2. Although the exact 
reason for the larger conversion is not yet clear, one possibility which can be considered 
is that the N O was partly decomposed over the catalyst at this temperature. Comparing 
Figure 1 with Figure 2, it is clear that the difference in the performance between Pt/ZrC^ 
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OH • 1 — · 1 • 1 « — ι 1 1 
200 250 300 350 400 450 

Temperature °C 

Figure 1 N O conversions in the absence of S02 (NO=500 ppm, O2=10 %), over 
( O ) Pt/Zr02; (A ) Pt/Zr02-1NS; ( • ) P t / Z r 0 2 - 5 N S ; (...) equiïibrium 
conversion of N O . 

Temperature °C 

Figure 2 N O conversions in the presence of S02 (NO=500ppm, SO2=50 ppm, 
O2=10 %), over (X ) ZrO2-0; (O) Pt/Zr02; (A ) Pt/Zr02-1NS; ( • ) 
Pt/Zr02-5NS; (...) equilibrium conversion of N O . 
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OH • 1 i 1 « 1 ' 1 « 1 
200 250 300 350 400 450 

Temperature °C 

Figure 3 S 0 2 conversions in the absence of N O (SO2=50ppm, O2=10 %), over 
( O ) Pt/Zr02; ( À ) Pt/Zr02-1NS; ( • ) Pt /Zr02-5NS. 

100 τ J* 1 

1 

80 

60-

40-

20 

450 

Temperature °C 

Figure 4 SO2 conversions in the presence of N O (NO=500 ppm, SO2=50 ppm, 
O2=10 %), over (X) ZrO2-0; (O) Pt/Zr02; (A ) Pt/Zr02-1NS; ( • ) 
Pt/ZK)2-5NS. 
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and the sulphate-modified catalysts, Pt/ZrC>2-lNS and Pt/ZrC>2-5NS, was more 
pronounced when SO2 was present than when SO2 was absent. This is very significant 
because SO2 is present under real conditions. It was observed earlier (2) that the 
presence of SO2 suppressed the conversion of N O over a Pt/Si02 (EuroPt-1) catalyst. 
The same trend was observed over Pt/Zr02 (open circles in Figures 1 and 2) but the 
influence was almost negligible in the case of Pt/Zr02-1NS (closed triangles in Figures 
1 and 2) however, the trend was reversed for Pt/Zr02-5NS (closed squares in Figures 1 
and 2); i.e. when SO2 was present, the conversions of N O went up with this catalyst. 

The conversions of SO2 versus temperatures, both in the absence and presence of 
N O over the various catalysts, are shown in Figures 3 and 4. A higher activity for the 
oxidation of SO2 was observed over the sulphate-modified catalysts, Pt/Zr02-1NS and 
Pt/Zr02-5NS, than that over Pt/Zr02, both in the presence and absence of N O . A 
promotional effect of N O on the oxidation of SO2 was observed over all three catalysts 
(see Figures 3 and 4), although this effect was less pronounced compared to that over 
the Pt/Si02 (EuroPt-1) catalyst (2). The Ζ1Ό2-Ο support showed negligible conversions 
of N O and SO2 (points χ in Figures 2 and 4) compared to those over the Pt-containing 
catalysts. 

The selectivity factor, SR , defined as the ratio of the number of moles of N O 
converted to that of SO2 converted, is plotted against the reaction temperatures for 
various catalysts in Figure 5. The results show clearly that the sulphate-modified 
catalysts give much higher selectivity than the unmodified catalysts, especially at lower 
temperatures. (It should be noted that the N O conversions at temperatures higher than 
350 °C are limited by the equilibrium, N O + 1/2 O2 <-> NO2, and that the SO2 
conversions reach almost 100 %; a comparison of the selectivity factors has therefore 
little significance at higher temperatures). It can be seen from Figure 5 that P t / Z K V I N S 
gave a better selectivity for N O oxidation than did Pt/Zr02-5NS. However, it was 
observed that the best selectivity was obtained for the Pt/Zr02 catalyst aged in the 
reaction gas mixture (open diamond in Figure 5). 

Ageing Tests. Figure 6 shows the conversions of N O and SO2 over Pt/Zr02 and 
Pt/Zr02-5NS as a function of ageing time at the constant temperature of 300 °C. Before 
the ageing tests, both catalysts had been used for the activity test in the NO+SO2+O2 
gas mixture in temperature range of 200 °C to 400 °C for about 4 hours and then cooled 
to room temperature; the catalyst was then heated to 300 °C and the ageing test was 
started. Experimental values start at t = 4 h; this corresponds to the moment when the 
gas mixture NO+SO2+O2 was switched from the bypass to the reactor. 

It can be seen that the N O conversion over the Pt/Zr02 catalyst decreased slightly 
while that of SO2 decreased relatively rapidly with time, especially in the first few 
hours. That the data of N O and SO2 conversions at the starting point are different from 
those in Figure 2 is due to the fact that catalyst had previously been used for the activity 
test (i.e., it had been 'aged' in the reaction gas for 4 hours), the trends of the changes in 
the conversions of N O and SO2 are more interesting here. The selectivity of the Pt/Zr02 
catalyst after ageing for 14 hours increased remarkably (see also in Figure 5). Over the 
Pt/Zr02-5NS catalyst, however, the conversions of N O and SO2 both remained 
constant with time. 

TPD. The T P D results for the different catalysts after different pre-treatments are given 
in Figures 7 to 9, which show the concentrations of N O , NO2 and SO2 as a function of 
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01 1 1 1 1 1 1 1 1 1 1 
200 250 300 350 400 450 

Temperature °C 

Figure 5 The selectivity of the catalysts for the oxidation of N O over that of SO2. 
( O ) Pt/Zr02; (A ) Pt/Zr02-1NS; ( • ) Pt/Zr02-5NS; ( O ) Pt/Zr02 aged 
in the reaction mixture. 

100 τ 1 

80-

OH 1 • 1 1 1 
0 4 8 12 16 

Time, hours 

Figure 6 Conversions of N O and SO2 upon ageing (at 300 °C) for Pt/Zr02 and 
Pt/Zr02-5NS. Inlet gas: NO=500 ppm, SO2=50 ppm, O2=10 %. 
( Ο ) N O conversion, WZ1O2; ( Δ ) SO2 conversion, Pt/ZK)2; ( · ) N O 
conversion, Pt/Zr02-5NS: (A ) SO2 conversion, Pt/Zr02-5NS. 
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temperature. The details of catalyst load and the pre-treating gases used are given in the 
figures. Figure 7 shows the N O and NO2 desorption curves for Pt /Zr02 after the 
catalyst was pre-treated with 500 ppm of N O . It can be seen that the desorption of N O 
(solid line) occurs over a broad temperature range, with a series of three maxima: peak I 
has a maximum at a temperature around 100 °C, peak II is centered at around 200 °C and 
peak ΙΠ is at about 390 °C. Peak Π appears to be the predominant form of desorption of 
N O from Pt /Zr02 . A small amount of NO2 was desorbed from Pt/ZK>2 at high 
temperatures (dotted line), the peak being centered at about 370 °C. 

The T P D results of P t / Z r 0 2 - 5 N S after pre-treatment with 500 ppm of N O are 
shown in Figure 8. The N O desorption (solid line) appears to be less broad than that 
over Pt/Zr02. The desorption curve seems to be composed mainly of a desorption peak 
centered at about 90 °C and a small peak centered at about 200 °C; these seem to 
correspond respectively to the peaks I and Π in Figure 7. The NO2 desorption occurs 
only at low temperature (dotted line), the peak is relatively large and this is thus very 
different from that for P t /Zr0 2 -

The results of T P D of SO2 from the different catalysts after pre-treatment with an 
SO2+O2 mixture are plotted in Figure 9. A l l the catalysts showed similar behaviour for 
the desorption of SO2. Desorption started at around 300 °C over all the catalysts and 
continued up to about 450 °C, the increase being fastest with Pt/Zr02-5NS and slowest 
with Pt/Zr02. 

T P R . T P R experiments were carried out using both fresh and used Pt/Zr02, P t / Z K V 
1NS and Pt/Zr02-5NS catalysts. The results are shown in Figures 10 to 12, in which 
H2 uptake is shown as a function of temperature for each catalyst, fresh and used. 

The T P R trace of the fresh Pt/Zr02 catalyst shows one reduction peak at around 
190 °C but the T P R trace of the used P t / Z r 0 2 shows two peaks (Figure 10). The low 
temperature peak is similar to that of the fresh catalyst; the second H2 uptake peak 
appears at a higher temperature, the peak maximum being at about 440 °C. 

Figure 11 shows the T P R patterns of the fresh and used Pt/ZK)2-1NS samples. 
There are two peaks visible in the T P R trace of the fresh catalyst: one appears with a 
maximum at around 200 °C and the other at about 480 °C. The T P R trace of the used 
catalyst shows at least two peaks, one centered at about 200 ~ 250 °C and the other at 
about 450 °C. The peak for the used sample of Pt/Zr02-1NS at the higher temperature 
appears to be relatively very large. 

The results for T P R of P t / Z r 0 2 - 5 N S are shown in Figure 12. The T P R curves of 
both fresh and used catalysts show a great similarity and almost overlap each other. The 
reduction peaks occur only at higher temperature with a peak maximum around 440 °C. 
There is Utile evidence of a peak at lower temperatures. 

F T - I R Spectra . In order to try to identify the presence of sulphate on the catalyst 
surface, FT- IR spectra of the catalysts were recorded after different treatments, and the 
results are summarized in Figure 13. In general, the assignment of the bands which 
appear in the spectra is as follows. The band at wavenumber around 3400 cm" 1 is 
related to surface hydroxyl group while the bands at around 1630 cm" 1 , 1400 cm" 1 and 
740 c m - 1 correspond to the (monoclinic) zirconia. The bands appearing at around 1230 
cm" 1 ,1140 cm" 1 and 1040 cm" 1 are typical of surface sulphates on zirconia (5 J3). 
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0.5 

Temperature °C 

Figure 8 T P D of N O and NO2 for Pt/Zr02-5NS (400 mg), pretreatment of the 
catalyst: N O = 500 ppm. (—) N O signal; (—) NO2 signal. 
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Temperature °C 

Figure 9 T P D of S02 for the different catalysts, pretreatment of the catalysts: 
S 0 2 = 500 ppm, O2 = 10 %. ( O ) Pt/Zr02, l g ; (A ) Pt /Zr02-1NS, l g ; 
( • ) P t / Z r 0 2 - 5 N S , l g . 

90 τ —1 

S 60-

Temoerature °C 

Figure 10 T P R traces of the fresh and used Pt/ZrCte catalysts. (O) fresh sample, 
100 mg; ( · ) used sample, 100 mg. 
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Figure 12 T P R traces of the fresh and used Pt/Zr02-5NS catalysts. ( • ) fresh 
sample, 100 mg; ( • ) used sample, 100 mg. 
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? ?ÎTÎ ? 

I 1 1 1 1 1 
4000 3250 2500 1750 1000 250 
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Figure 13 FT- IR spectra of the catalysts after different treatments, (a) fresh 
Pt/Zr02; φ) used Pt/Zr02; (c) fresh Pt/ZrCfc-lNS; (d) fresh Pt/Zr02-
1NS after TPR; (e) fresh Pt/Zr02-5NS; (/) fresh Pt/Zr02-5NS after 
T P R ; (g) used Pt7Zr02-5NS. ( • ) O H - group; ( Ο ) Ζτθ2; ( φ ) surface 
sulphate group. 
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A s can be seen from the spectra, the fresh Pt/ZrC>2 (Figure 13, spectrum a) 
shows no surface sulphate; both fresh Pt/ZrC>2-lNS (spectrum c) and Pt/ZrC>2-5NS 
(spectrum e) show the presence of sulphate on the catalyst surface, there being 
relatively more on Pt/ZrC>2-5NS. O f the used catalysts, both the non-sulphate-treated 
Pt /Zr02 (spectrum b) and Pt/Zr02-5NS (spectrum g) show similar spectra with strong 
sulphate bands; after H2 reduction (in the T P R system), the sulphate bands of the used 
sample of Pt/Zr02-1NS (spectrum d) were diminished compared with those in the fresh 
P t / Z r 0 2 - 1 N S (spectrum c), while the intensity of the surface sulphate bands of 
Pt /Zr02-5NS after reduction (spectrum f) were smaller than those of the fresh sample 
of Pt/Zr02-5NS without H2 reduction (spectrum e). 

Discussion 

The Effect of Sulphate on the Adsorption/Desorption Characteristics of 
the Catalysts. It is wel l established that the major effect of sulphate treatment of Ζ1Ό2 
is a change in the surface acidity due to the formation of a superacid Zr02-S04= (4). 
The introduction of Pt onto Zr02-S04= is reported to increase the surface acidity even 
further; a Pt/Zr02-S04= catalyst has much stronger surface acidity than a non-sulphated 
Pt/ZK)2 catalyst (14). The difference in the surface acidity is expected to influence the 
adsorption /desorption features of the catalyst and therefore to affect the performance of 
catalyst 

The gas molecules used in this work, N O , NO2, SO2 and SO3, are all acidic. The 
adsorption of these acidic molecules is therefore l ikely to become less extensive and/or 
weaker on the Pt/Zr02-S04= catalyst, a material which has been treated with sulphate 
and which is therefore more acidic, i n comparison to the non-sulphate-modified 
Pt /Zr02. The results of T P D of N O , NO2 and SO2 measurements, as shown in Figures 
7 to 9, are in agreement with this, showing decreases in the adsorption strength of these 
molecules on Pt /Zr02-5NS. The desorption of N O shifts to lower temperatures with 
Pt/Zr02-5NS in comparison to that on Pt/ZK)2 (Figures 7 and 8); the desorption of NO2 
from Pt /Zr02-5NS occurs also only at the lower temperature (Figures 7 and 8). The 
desorption of SO2 also shows the same trend (Figure 9). 

The maximum reaction activity requires the optimum strength of the adsorption of 
reactant molecules on the catalyst surface. The weakening of adsorption strength of the 
reactant molecules can therefore lead to two different effects on the activity, depending 
on the original strength of adsorption. If the original adsorption of the reactants was too 
strong, the weakening of the adsorption would result in a promotional effect on the 
activity because the reactant molecules gain more mobility on the catalyst surface; in 
contrast, i f the original adsorption was already fairly weak, further weakening of the 
adsorption strength of the reactants would reduce the catalytic activity since the reaction 
molecules would desorb before the surface reaction takes place. The former situation 
seems to apply in our case since the adsorption of N O and/or NO2 as wel l as of SO2 
seems to be rather strong on the non-sulphate WZ1O2 (Figures 7 to 9) in comparison to 
the sulphate-modified P t /Zr02-5NS; thus, an enhancement of the activity for the 
oxidation of N O and that of SO2 over the sulphate modified catalysts, Pt/Zr02-1NS and 
Pt /Zr02-5NS, is expected. 

The mechanism of the adsorption/desorption of NO2 and SO2 on a Pt catalyst is 
likely to be quite complicated, not only because of the different adsorption states present 
(see the multi-peak features of the T P D spectra, Figures 7 to 9) but also because of the 
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possible existence of an interaction between N O x and SO2, as was shown in the earlier 
work for the Pt/SiC>2 catalyst (2). The reaction mechanism on the Pt /Zr02-S04 = catalyst 
may also be modified due to the presence of the surface sulphate groups. For example, 
the N O oxidation reaction is probably changed from having a mechanism of the 
Langmuir-Hinshelwood type on Pt /Zr02 to having an Eley-Rideal type on Pt/Zr02-
S04=. Figure 14 shows these two types of the reaction scheme. A s shown in Figure 7 
that there is a fair amount of N O adsorbed on the surface of Pt /Zr02 catalyst at the 
reaction temperatures (250 ~ 400 °C) , the reaction may take place predominantly 
between the adsorbed N O and oxygen; however, in the case of Pt/Zr02-S04= catalyst 
the adsorption of N O in the same temperature range is much less (see Figure 8) that the 
oxidation of N O may preferably occur between the gas N O molecules and the surface 
oxygen. Further studies are required to elucidate the exact nature and mechanism of the 
surface reactions. 

The Effect of Sulphate on the Surface Pt. The T P R trace of the freshly calcined 
PtyZr02 catalyst showed a H2 uptake peak with maximum at around 190 °C (Figure 10); 
this peak is believe to correspond to the reduction of the surface Pt oxides since a T P R 
experiment with the Z r 0 2 support alone did not show any H2 uptake peak in this 
temperature range. The T P R measurement for the fresh sample of P t / Z r 0 2 - 1 N S , 
however, showed two H2 consumption peaks (Figure 11). The peak at lower 
temperature can be considered to be caused by the reduction of the surface Pt as this 
peak appeared in the same temperature range as that of the fresh Pt/ZK)2 catalyst. The 
peak at higher temperature, which was also observed with either the used Pt/Zr02 or the 
used Pt/Zr02-1NS catalysts, is probably related to the reduction of the surface sulphate 
groups (these surface sulphate groups w i l l be discussed later in the following section). 
In case of the fresh Pt/Zr02-5NS catalyst, the T P R measurement showed that the H2 
uptake occurred mainly at high temperature and the peak at the low temperature range 
seemed to be absent (Figure 12). These results indicated that the surface Pt became less 
reducible by H 2 when the sample had been pre-sulphated, for example, with 5 N 
H2SO4; this probably means that the reduction of surface Pt of the catalysts is affected 
by the presence of surface sulphate. 

Hoso i et al (15) have also observed that the hydrogen adsorption ability of 
P t /Zr02-S04 = was much lower than that of Pt /Zr02 catalyst, but gave no reason for the 
phenomenon. One possibility is that Pt could be trapped in a cage of surface sulphate 
groups or 'buried' under a layer of sulphate during the calcination. This may explain the 
lower accessibility of the Pt to H2 in the T P R experiments and the lower Pt dispersion 
values (see Table 1); it cannot, however, explain the observed increase in the catalytic 
activity of the sulphate-modified catalysts. Formation of Pt sulphate may be ruled out 
since it is not stable at the calcination temperature we used, for instance Pt(S04)2 # 4H 2 0 
w i l l be decomposed at 150 °C (16). Another possibility would be that surface sulphate 
bonded to the zirconia support may interact with the surface Pt through oxygen in Pt 
oxides; the former modifies the surface acidity of the catalyst and the latter makes the Pt 
oxides less reducible but probably helps the reduction of the surface sulphate. This may 
explain the observed higher catalytic activity, lower reducibility of surface Pt and lower 
measured Pt dispersion values when surface sulphate is present. From the present study 
it is difficult to visualize the exact picture, however, the assumption of surface sulphate 
sitting on the Ζ1Ό2 and interacting with the surface Pt oxides seems more favourable 
from the point of view of the experimental observations. 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

23
, 1

99
4 

| d
oi

: 1
0.

10
21

/b
k-

19
94

-0
55

2.
ch

02
0

In Environmental Catalysis; Armor, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



264 ENVIRONMENTAL CATALYSIS 
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N O Ο 
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Figure 14 Two possible schemes of the N O oxidation reaction on the catalyst: 
Langmuir-Hinshelwood (L-H) type and Eley-Rideal (E-R) type. 
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The Reduction of Surface Sulphate. The results of the F T - I R measurements 
(Figure 13) show clearly the presence of the surface sulphate groups in the fresh 
Pt /Zr02-1NS (spectrum c) and fresh Pt/Zr02-5NS (spectrum e), both being sulphate-
modified catalysts, though the intensities of sulphate bands are relatively different. 
Figure 13 also shows that the fresh P t /Z r0 2 -1NS after the T P R experiment (spectrum 
d) gave a similar spectrum to that of fresh Pt/ZrC>2 catalyst (spectrum a) and that the 
sulphate bands in the spectrum (f) of the fresh Pt/Zr0 2-5NS catalyst after T P R were 
substantially weaker than those of the fresh sample of Pt/Zr02-5NS (spectrum e\ 

The reduction of the surface sulphate by H 2 treatment can also be seen from the 
T P R results. Comparing the T P R patterns of the fresh P t / Z r 0 2 - 1 N S and Pt/Zr0 2-5NS 
catalysts (Figures 11 and 12) to that of the fresh (un-sulphated) Pt/ZrC>2 catalyst (Figure 
10), there was an extra H 2 uptake peak shown up at higher temperature for the 
sulphated catalysts; since the difference between these catalysts was mainly that the 
former catalysts were pre-sulphated thus hold sulphate on their surface but not the latter 
one, the appearance of this extra peak may be attributed to the reduction of the surface 
sulphate by H2. The relative difference in the intensity of the high temperature reduction 
peaks in T P R patterns between the fresh sample of P t / Z r 0 2 - 1 N S and Pt/Zr0 2-5NS 
(Figures 11 and 12) may therefore be due to the relatively different amounts of surface 
sulphate present on the catalysts. After the T P R experiment part of the surface sulphate 
in the samples had been removed, the sulphate bands in the spectra measured with these 
samples were thus weakened. From these observations it may be concluded that the 
surface sulphate can be removed (at least partly) by a H2 treatment. 

The Sulphation of P t / Z r 0 2 by Ageing in an N O + S 0 2 + 0 2 Mixture. The 
changes in the activity of the Pt /Zr02 catalyst upon ageing (Figure 6) indicate that the 
catalyst surface changes markedly in the reaction environment. F T - I R results (Figure 
13) show that the used P t / Z r 0 2 sample gave a similar spectrum to that of the fresh 
Pt/Zr0 2-5NS sample (comparing spectrum b to spectrum g); this implies that surface 
sulphates were probably formed on the P t / Z r 0 2 catalyst after use. The results o f T P R 
measurements with the P t / Z r 0 2 samples (see Figure 10) show also that sulphates were 
present on the used sample, as can be seen from the appearance of the extra H 2 uptake 
peak at high temperature in the T P R curve (closed circles). 

These results indicate that sulphates are formed on the surface of Pt/ZrC>2 after use 
in a reaction gas mixture containing NO+SO2+O2. The formation of the sulphate on the 
catalyst may be responsible for the change of its performance. It is possible that under 
the reaction conditions, the SO2 was converted into SO3 over the catalyst, this SO3 
could then combine with the surface O H " group to give surface S 04= species which may 
react further with the Z1O2 support to form Zr02-S04=; as a consequence, the surface Pt 
was modified. This is perhaps the reason for the catalytic selectivity being improved 
gradually with time. In case of the pre-sulphated catalysts, the sulphation may have been 
occurred during calcination of the catalysts; therefore there would be no ageing effect to 
be expected. 

In the discussion of the results for the Pt/Si02 catalyst (2) we showed that some 
sort of complex surface species ( N x - S y - O z ) may be formed on the catalyst surface when 
both N O and SO2 are present in the feed gas. The presence of this surface species has a 
negative impact on the performance of the catalyst in two ways: one is that it causes a 
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decrease in the overall conversions of N O but an increase in that of SO2; the other is that 
it leads to a partial deactivation of the catalyst. The results of the present study on 
Pt /Zr02 catalyst, however, show a very different picture: the presence of NO+SO2+O2 
i n the feed gas can be of benefit to the performance of a Pt /Zr02 catalyst for both the 
oxidation of N O and of SO2 due to the formation of surface sulphate species, probably 
on the zirconia. 

Catalyst Acidity. It is known that the surface acidity of P t / Z K ^ - S O ^ r is quite 
different from that of Pt /Zr02. A Pt/ZK)2 catalyst has mainly Lewis acid sites on the 
surface and a Pt/Zr02-S04= has both Brônsted and Lewis acid sites (14). The Lewis 
acidity of Pt/Zr02-S04= is stronger than that of P t /Z iC^ ; the Lewis acidity of P t / Z r 0 2 -
S04= is easily converted to Brônsted acidity by the presence of H2O (5). It is probable 
that the stronger Lewis acidity favours the desorption of adsorbed product molecules 
from the catalyst surface and therefore promote the oxidation reaction; the presence of 
Brônsted acidity does not favour the reaction but may be helpful in the formation of 
S 0 4 = on the surface; this w i l l be especially so in the case when SO2+O2 is passed over 
the catalyst and when S 0 4 = formation gives rise to more Lewis acid sites. 

The Effect of Sulphate Treatment on the Surface Area of the Catalysts. It 
is reported that a sulphate-modified zirconia shows a higher surface area than does the 
non-sulphate zirconia; for example, a Ζ1Ό2 sample prepared from Z r O C l 2 has a surface 
area of 100 m2 g-i while a sulphate Ζ1Ό2 sample gives 187 m2 g-i, both after calcination 
at 500 °C (5,17 J8). The increase in surface area as a result of the sulphate treatment 
has been explained by Arata (5) as being due to cracking of the oxide into fine particles 
and also to delayed crystallization of the zirconia. The sulphate-modified catalysts 
prepared in this work, Pt/Zr02-1NS and Pt/Zr02-5NS, however showed no increase in 
the surface area compared to that of Pt/Zr02 (see Table 1). This may be due to the fact 
that the zirconia we used had already been calcined at 500 °C; it had already crystallized 
before the sulphate treatment. It can be concluded that the change in surface area of the 
support is unlikely to be the reason for the change in the catalytic activity and selectivity. 

The Properties of the Aged Pt/Zr02 Catalysts. W e have discussed that the 
catalytic behaviour of a Pt/Zr02 catalyst changes upon ageing, the aged catalyst showed 
the presence of residual sulphate on the surface which is considered to be responsible 
for the change of the performance. It should be noted that the type of P t /Zr02-S04 = 

catalyst formed by ageing Pt/Zr02 in the reaction gas mixture was not exactly the same 
as those prepared by pre-treating the Z1O2 support followed by impregnation with Pt 
salt, this can be seen by comparing the results of Figure 6 with those of Figures 2 and 4 
that the aged Pt/Zr02 catalyst exhibited a much higher selectivity for the oxidation of N O 
over that of S 0 2 than the Pt/Zr02-1NS and Pt/Zr02-5NS catalysts, although the activity 
for the oxidation of N O was slightly lowered. The T P R pattern of the used (aged) 
P t / Z r 0 2 sample was also different from those of freshly made Pt /Zr02-1NS and 
Pt /Zr0 2 -5NS catalysts (Figures 10 to 12). From the FT- IR spectra of Figure 13, it can 
also be seen that the bands at around 1240 c m " 1 are different for the used Pt /Zr02 
(spectrum b) and the fresh Pt/Zr02-5NS (spectrum e) catalysts. 
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Conclusions 

The fol lowing conclusions can be reached in this study. P t / Z r 0 2 - S 0 4 = catalysts, 
prepared by pre-treating ZrC>2 with sulphuric acid, have much higher activity for the 
oxidation of N O and of SO2 than does the non-sulphated Pt/Zr02; the selectivity for the 
N O oxidation is also improved by the sulphate modification. The modification of the 
surface acidity seems to be the major cause of the change of the catalytic behaviour. 

When a P t / Z r 0 2 catalyst is aged in a gas mixture containing NO+SO2+O2 it 
shows a higher catalytic selectivity for the oxidation of N O over that of SO2. The 
formation of surface sulphates on the aged Pt/Zr02 catalyst was observed with the F T -
IR and T P R experiments. The interaction between the Z i O 2 - S 0 4 = and Pt sites on the 
catalyst was probably responsible for the modification effect of the surface sulphates. 
The sulphate groups in the catalysts, either introduced by pre-treating support Zr02 with 
H2SO4 or formed during ageing of the catalysts, can be at least partly removed by a H2 

treatment 
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Chapter 21 

Future Fuels: An Overview 

John N. Armor 

Air Products & Chemicals, Inc., 7201 Hamilton Boulevard, 
Allentown, PA 18195 

The title of this section of the book is different from the narrower title of 
"Reformulated Gasoline" used for the Symposium. Reformulated gasoline is just one 
aspect of the impact of catalysis upon the need for new or improved fuels. A major 
reformulation of gasoline is now required in the USA by the Clean Air Act Amendment 
of 1990. Reformulated fuels include oxygenates as a major source of clean-burning, 
high octane liquid fuel. Oxygenates added to gasoline burn more efficiently and 
provide lower CO and ozone levels. Methyl tert-butyl ether [MTBE] is readily 
produced by the reaction of methanol with isobutylene over solid acid catalysts. MTBE 
is currently one of the largest and fastest growing chemicals in the USA. In addition to 
reformulating gasoline, alternative fuels are being considered, such as methanol, other 
alcohols, natural gas, and propane because they may be cheaper, more readily available, 
or offer cleaner emissions upon combustion. Also, new solid acid superacid catalysts 
are needed for low temperature, selective isomerization of normal to branched alkanes 
in order to increase the octane number of gasoline. Opportunities abound in catalysis 
to enhance productivity, reduce production costs, increase product selectivity, simplify 
process steps, and reduce energy consumption (1). 

With regard to methanol as a fuel, a lot of research is focused on higher 
conversion routes to methanol from syngas [CO/H2], slurry phase routes which 
efficiently remove heat, and lower temperature catalysts. However, momentum is 
building for producing methanol directly from methane, instead of converting methane 
to C O / H 2 and then to methanol. It certainly would be more attractive to reduce this 
two step route to one exothermic reaction which might also be able to cogenerate 
energy. It would also be attractive to convert methane to other high quality motor 
fuels. In addition, the direct oxidation of hydrocarbons to alcohols with molecular 
oxygen would be particularly attractive by avoiding current multiple step processes. 
This needs to be done with greater selectivity, yield, and catalyst life to the resulting 
oxygenate. With the growth of M T B E , there is a large demand for isobutylene as a 
feedstock. Improved catalytic technology to convert Ο hydrocarbons directly to 

0097-6156/94/0552-0270$08.00/0 
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isobutylene by dehydrogenation or oxidative dehydrogenation would be particularly 
attractive. 

Olefin alkylation in refineries is traditionally carried out using sulfuric acid or 
hydrofluoric acid. Concerns over their corrosiveness as well as potential safety and 
environmental hazards associated with these acids is raising interest in alternative 
catalytic materials. Such issues (1) have already forced one refinery to spend $100 
mill ion to replace or modify its H F usage. 

Improved technology is also required to maximize the production of motor fuels 
from heavier petroleum based distillates and residues. Superior catalysts are necessary 
to remove sulfur to permit higher selectivity and milder process conditions in 
hydrodesulfurization and hydrodenitrification processes. In addition, future trends to 
process heavier petroleum feedstocks wil l increase the demand for hydrogen in 
refineries (2). Processes which co-produce hydrogen wi l l be particularly attractive in 
future refinery schemes. Beyond the need for more hydrogen within the refineries, 
hydrogen is often regarded as the fuel of the future, especially because it is clean 
burning. Process technologies are needed which produce hydrogen without using fossil 
fuels. 

A half-day session on catalysts related to the Reformulation of Gasoline was 
assembled by R. Wormsbecher of W . R. Grace and chaired by T. Roberie also of W . R. 
Grace. Dr . Roberie provided the following summary of the session: "The focus of the 
papers in this session was mainly on catalysts, catalytic technologies and strategies to 
be used by the petrochemical and refining industries and catalysts' suppliers for meeting 
the requirements for gasoline reformulation as imposed by the 1990 Clean A i r Act 
Amendments. The keynote speaker, Ugo Bozzano of U O P , began with an excellent 
overview of both the use and short comings of EPA ' s complex model for predicting the 
effect of individual gasoline properties on automobile emissions. The remainder of the 
session, in general, dealt with two of the most pressing issues facing the petrochemical 
industry today - iso-olefin production for oxygenates and sulfur reduction in gasoline. 
According to presentations from W . R. Grace and Engelhard, the need for iso-olefins 
could be met through the use of novel F C C catalysts which have significantly reduced 
hydrogen transfer activity which lowers the conversion rate of iso-olefins to 
isoparaffins. Lyondell Petrochemical also described a method for increased iso-olefin 
production using a unique skeletal isomerization process designed for butene and 
pentene isomerization. Sulfur reduction in gasoline was viewed as being a key but 
complicated issue for refineries facing reformulation. For high sulfur feeds, the 
potential for lowering sulfur in gasoline from the F C C unit to acceptable limits via 
catalysts cracking was shown to be feasible. Mechanistic studies using model 
compounds have shown that F C C catalysts, currently under development, can affect the 
cracking of sulfur compounds, particularly thiophene derivatives, through both 
hydrogen transfer and zeolite pore restriction mechanisms." 

Manuscripts of two of these presentations were accepted for publication in this 
book. A paper by J. Barin Wise and D . Powers of Lyondell Petrochemical Co. 
describes a new process with high yield and selectivity for the isomerizaton of normal 
olefins to iso-olefins for the production of blendable ethers in the production of 
reformulated gasoline. Another paper by scientists at W . R. Grace & Co. explores the 
possibility of catalytically reducing the sulfur content of gasoline produced in an F C C 
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unit. Obviously, these two manuscripts and the brief reports in this overview describe 
only a small part of the active research being done in future fuels via catalysis. Perhaps 
at the next international symposium on this topic more authors wi l l be able to report 
additional progress in the area of Future Fuels. From the introductory comments 
provided in this overview, there are certainly lots of opportunities. 
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Chapter 22 

Highly Selective Olefin Skeletal Isomerization 
Process 

J . Barin Wise and Don Powers 

Lyondell Petrochemical Company, 8280 Sheldon Road, P.O. Box 777, 
Channelview, T X 77530-0777 

The 1990 Clean Air Act has increased the demand for blendable 
ethers while at the same time reducing vapor pressure limits. The 
California Air Resources Board (CARB) has recently required 
further olefin reduction as well. Iso-olefins are required for the 
production of several of these ethers. One attractive route for 
production of additional ethers is the isomerization of normal olefins 
to iso-olefins using new high selectivity catalysts. In the case of C5 

olefins, the isomerization and subsequent etherification of these 
components provides additional oxygenates while reducing vapor 
pressure and olefin content. Previous development work has 
illustrated the difficulty in achieving high selectivities with 
reasonable cycle lengths. The new Lyondell Process meets these 
objectives while maintaining relatively low capital costs. 

Recent implementation of the 1990 United States Clean A i r Ac t has created an 
increased demand for oxygenates for use in gasoline blending. M T B E , currently 
the primary oxygenate used in gasoline blending, is produced using isobutylene as a 
primary component. Isobutylene is also required for production of E T B E . 

In addition, future regulations restricting the level of olefins in gasoline are 
expected since olefins have been shown to promote the formation of ozone in the 
atmosphere (7). Figure 1 shows a distribution of olefins in gasoline based on 
carbon number. 

Olefins enter the atmosphere primarily through the evaporation of gasoline. 
The olefin evaporation rate increases as the carbon number decreases. Figure 2 
shows the average vapor pressure of olefins versus carbon number. 

The relative potential for the formation of ozone by various olefins can be 
represented by the product of the reactivity, vapor pressure and distribution in 
gasoline. Figure 3 shows the relative potential of olefin formation by carbon 
number. 
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Figure 1: Distribution of Gasoline Olefins (Reproduced with permission from 
reference 1. Copyright 1993 K . Rock) 

Figure 2: Vapor Pressure of Gasoline Olefins (Reproduced with permission from 
reference 1. Copyright 1993 K . Rock) 

Figure 3: Relative Ozone Potential of Gasoline Olefins (Reproduced with 
permission from reference 1. Copyright 1993 K . Rock) 
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In order to meet the increased demand for oxygenates while reducing olefin 
content and vapor pressure in gasoline, the petrochemical and refining industries 
w i l l not only require additional quantities of iso-olefins such as isobutylene and 
isoamylene to form ethers such as M T B E , E T B E and T A M E but w i l l also require 
an alternate disposition for current olefins in gasoline. Lyondell Licensing, Inc. a 
wholly owned subsidiary of Lyondell Petrochemical Company, is working to 
increase the supply of iso-olefins while reducing the level of olefins in gasoline with 
a unique Olefin Skeletal Isomerization Process (2). 

Background 

Three years ago, Lyondell Petrochemical Company identified a need for technology 
to convert normal butylènes, produced during operation of its steam cracker, to 
isobutylene for the production of M T B E . 

A t the time, no technology was commercially available for the isomerization 
of normal butènes to isobutylene. The only proven technology available was to 
isomerize η-butane to i-butane followed by a dehydrogenation step to produce 
isobutylene. Capital requirements for these technologies are high with significant 
licensing fees. A review of literature and patent information suggested that 
difficulties with rapid catalyst deactivation and substantial by-product formation 
made most options commercially unattractive (5-6). 

Lyondell concluded that in order for this process to be commercially 
feasible, a low cost fixed bed catalytic process was required. Such a system was 
expected to require less capital investment and be easier to operate than a moving 
bed system. In addition, the injection of halogen or acid was to be avoided due to 
safety, environmental and metallurgical concerns. In order to meet these criteria, 
Lyondell set out to develop a process which would exhibit long cycle times between 
regenerations while providing near equilibrium yields of isobutylene with high 
selectivity. 

Isobutylene and isoamylene yields are limited to equilibrium concentrations 
in the product stream. For C4 olefin isomerization, 42 wt.% isobutylene (based on 
butènes in the feed) represents the equilibrium concentration at optimal reactor 
temperature, pressure and space velocity. Equilibrium yields of isoamylenes, which 
consist of 2-methyl-2-butene and 2-methyl-l-butene, at reaction temperature, 
pressure and space velocity total 73 wt.% based on pentenes in the feed. 

Once a successful catalytic process was developed for butene isomerization, 
pentene isomerization would be even easier since the activation energy for skeletal 
isomerization of C5*s is lower than that of C4S. 

Catalyst Screening and Commercial Testing 

A small Bench Scale Reactor was used to screen catalysts and evaluate process 
conditions. The size of this unit was ideally suited for testing catalyst preparations 
produced at the laboratory scale. This reactor operates 24 hours per day on a 7-day 
per week schedule. These studies led to early initial success and many subsequent 
improvements in catalyst performance. Figure 4 shows this unit, which occupies 
three hoods within the laboratory. This unit continues to operate to evaluate 
catalyst improvements. 
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Figure 4: Bench Scale Reactor (under vent hoods) 

Figure 5: Process Development Unit 
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After initial success with the bench scale reactor, Lyondel l began work in a 
larger existing pilot plant called the "Process Development Unit" (Figure 5). 

Catalyst samples for this unit were prepared at a larger semi-works scale in 
order to obtain information on scale up of the catalyst manufacturing process. This 
unit was then used to test the effect of multiple catalyst regenerations on catalyst 
performance. The larger unit also provided an opportunity for intermediate scale up 
before going on to larger scale commercial equipment. 

In order to fully demonstrate the operability of this process, a commercial 
demonstration was performed using existing equipment at the Channelview plant. 
The process was operated for a three month period using raffinate Π feed at an 
average rate of 3,000 B P S D . During this time, commercial M T B E product was 
produced using an existing M T B E unit. A t the conclusion of this three month test, 
the demonstration unit was converted back into its original service due to product 
inventory requirements. Figure 6 shows a photograph of the commercial reactors 
used for this demonstration. When available, this unit w i l l be used to test further 
improved catalyst formulations. 

The catalyst that was used to test n-butene isomerization to isobutylene was 
also used to isomerize n-pentenes to isoamylene at the laboratory scale. The initial 
results from this testing were extremely positive. 

Results and Discussion 

The goal of the catalyst development program was to develop a catalyst that would 
convert normal olefins to iso-olefins at near thermodynamic equilibrium 
concentrations with minimal by-product formation. The operating conditions are 
low pressure, typically just above atmospheric, with temperatures between 720 and 
810 ° F . 

The catalyst of choice is a zeolite containing extrudate exhibiting long cycle 
lengths between regenerations. This catalyst converts η-olefins to iso-olefins at 
yields slightly below equilibrium with high selectivity to the iso-olefin being 
produced. The catalyst does not require the addition of halogens, acids or steam to 
maintain activity. Conversion and selectivity reflect the feed (FD) and effluent 
(EFF) concentrations of butene-1 ( B l ) , cis and trans Butene-2 (B2) and isobutylene 
(IB1). Conversion is defined as follows: 

(wt.% B l + wt.% B2)FD - (wt.% B l + wt.% B 2 ) E F F 
Conversion, wt.% = χ 100 

(wt.% B 1 + w t . % B2)FD 
selectivity is calculated as: 

(wt.% IB1)EFF - (wt.% IB1)FD 
Selectivity, wt.% = χ 100 

(wt.% B l + wt.% B 2 ) F D - ( w t . % B l + wt.% B 2 ) E F F 
and yield is calculated as: 

(wt.% IB 1)EFF - (wt.% IB 1)FD 
Yie ld , wt.% = χ 100 

(wt.% B 1 + w t . % B2)FD 
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Figure 6: Commercial Demonstration Unit 
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Figure 7 graphically illustrates the improvement in catalyst performance 
achieved as a result of our catalyst development program. This figure shows the 
isobutylene yield versus run time characteristic of this process. The time scale 
represents a single catalyst cycle. Isobutylene yields have been normalized for 
butene content in the feed. Commercial raffinate-Π feed with 72% butene content 
was used to feed the reactor. A component breakdown of commercial raffinate-Π is 
presented in Table I. 

Catalyst improvements in the development program have focused on 
reducing the catalyst coking rate to improve cycle time while maintaining 
conversion and selectivity. The improvement illustrated in Figure 7 is a result of 
modifications made in the catalyst preparation process. 

Figure 8 shows the high selectivity to isobutylene that is typically achieved 
using our catalyst. Wi th each catalyst improvement, the data clearly shows a 
significant increase in run time at equilibrium isobutylene yield. 

Another way to represent this data is to look at the average yield and 
selectivity over a given catalyst cycle time. Figure 9 shows the average conversion, 
selectivity and yield for this catalyst over a 290 hour (12 day) cycle. Over this 
cycle time, the average conversion of normal butènes is 44% with a selectivity to 
isobutylene of greater than 90%. 

Figure 10 shows the same information to an average cycle time of 480 hours 
(20 days). In this case, the average selectivity to isobutylene increases to 92 wt.%. 
The increase in average selectivity partially compensates for the decrease in 
conversion exhibited by the longer cycle. The resulting yield of isobutylene 
decreases by only 2.7 wt.%. The primary by-products formed are gasoline boiling 
range material and small amounts of propylene. 

Through experimentation, we have also seen evidence of saturates 
conversion in butene isomerization early on in the cycle. This conversion of 
saturates is demonstrated in figure 11. 

Figure number 12 shows the results from a recent laboratory scale test of our 
improved second generation catalyst using T A M E raffinate as the feedstock. 
Feedstock characteristics for T A M E unit raffinate feeding an isomerization unit are 
shown in Table Π. The average conversion, average selectivity and yield of 
isoamylene are shown for a cycle time of 206 hours. The selectivity to isoamylene 
starts out at greater than 90 wt% and approaches 100 wt.% as the cycle progresses. 
This increase in average selectivity partially compensates for the decrease in 

Table I. Raffinate-II Composition 

Isobutane 
Isobutylene 
1-Butene 
n-Butane 
t-2-Butene 
c-2-Butene 

4.86 wt.% 
1.69 wt.% 

41.87 wt.% 
23.31 wt.% 
17.20 wt.% 
10.95 wt.% 
0.12 wt.% C 5 + 
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B e n c h Scale Reactor - Generat ion Resul ts 
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Figure 7: Isobutylene Y i e l d vs. Run Time 
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Figure 8: Selectivity vs. Run Time 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

23
, 1

99
4 

| d
oi

: 1
0.

10
21

/b
k-

19
94

-0
55

2.
ch

02
2

In Environmental Catalysis; Armor, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



22. WISE & POWERS Highly Selective Olefin Skeletal Isomerization Process 281 

Improved Second Generation 
290 Hour Cycle Time 
44 wt.% Conversion 
90 w t % Selectivity 

Lights <0.1 wt. % 
Propylene 0.5 w t % 
Isobutylene 39.6 w t % 
C+ 4.0 w t % 

Y i e l d based on Butènes in Feed 

Figure 9: Butene Isomerization Results 

Improved Second Generation 
480 Hour Cycle Time 
40 wt.% Conversion 
92 w t % Selectivity 

Lights <0.1 wt. % 
Propylene 0.3 wt. % 
Isobutylene 36.9 wt. % 
r + 2.8 w t % 

Y i e l d based on Butènes in Feed 

Figure 10: Butene Isomerization Results to 480 Hours 
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Figure 11: Saturates Conversion 
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Improved Second Generation 

206 Hour Cycle Time 

65 wt.% Conversion 

95 w t % Selectivity 

Lights 0-0 w*- % 

Isobutylene 0 · 4 w t - % 

Isoamylenes 6 0 · 8 ^ % 

r + 1.0 wt. % 
^6 

Y i e l d based on Pentenes in Feed 

Figure 12: Pentene Isomerization Results 

Improved Second Generation 

336 Hour Cycle Time 

62 w t % Conversion 

98 wt.% Selectivity 

Lights 0.0 wt. % 

Isobutylene 0.2 wt. % 

Isoamylenes 61.0 wt. % 

C+ 0.8 wt. % 
ο 

Y i e l d based on Pentenes in Feed 

Figure 13: Pentene Isomerization Results to 336 Hours 
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conversion exhibited by the longer cycle. The primary by-products formed are 
gasoline boiling range material and small amounts of C4 and C3 olefins. 

Figure number 13 shows the same information to a cycle time of 336 hours. 
In this case, the average selectivity to isoamylene increases to 98 wt.%. Average 
conversion to this cycle time showed a marginal decrease to 62 wt.% indicating that 
yield continues at equilibrium with the effluent pentenes. 

The butene and pentene isomerization processes are characterized by low capital 
cost and simple design. Figure 14 shows a process flow diagram for the Butene 
Isomerization process. 

In this flow scheme, cold feed to the Isomerization Unit is vaporized and 
heated in a set of feed/effluent exchangers prior to final heating to reaction 
temperature in the fired heater. This heat integration greatly improves overall 
energy efficiency. 

The reactor effluent, after cooling in the feed/effluent exchangers, is then 
compressed to a pressure at which butylènes can be condensed using cooling water. 
This compressor discharge is then fed to a distillation column for removal of 
heavies prior to being sent to an M T B E unit. 

Either an electric motor or steam turbine can be used to drive the 
compressor for this application. If refrigeration is available, then the compression 
requirement can be reduced or eliminated. 

Figure 15 depicts a process flow scheme for a Pentene Isomerization 
Process. The higher boiling point for pentenes eliminates the need for compression. 
A s a result, the C5 olefins exiting the reactor can easily be condensed with cooling 
water. The light ends are removed by distillation and the column bottoms are sent 
to a T A M E unit. The option of using a column to remove light ends may not be 
necessary i f the small amount of light ends can be tolerated in the T A M E unit 

Table II. T A M E Raffinate Composition 

Propylene 
Propane 
Isobutane 
t-2-Butene 
c-2-Butene 
n-butane 
3-methyl-l-butene 
Isopentane 
1- Pentene 
n-pentane 
t-2-Pentene 
c-2-Pentene 
2- methyl-2-butene 

1.93 wt.% 
0.49 wt.% 
0.59 wt,% 
0.65 wt.% 
1.32 wt/% 
0.96 wt.% 
1.16 wt.% 

57.77 wt.% 
2.72 wt.% 
7.75 wt.% 

16.63 wt.% 
6.20 wt.% 
0.47 wt.% 

Process 
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MTBE UNIT 
RAFFTNATE 

C4's To 
MTBE UNIT 

C5+ 

Figure 14: Process Flow Diagram for Butene Isomerization 

Figure 15: Process Flow Diagram for Pentene Isomerization 
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raffinate. For those who choose to install a D M E tower in the T A M E unit, the light 
ends w i l l be removed along with the oxygenates. 

A t the end of each operating cycle, the reactor is taken off-line and the 
catalyst is regenerated. Regeneration is accomplished by flowing a preheated 
mixture of air and nitrogen over the catalyst. Regeneration is either once-through 
or flue gas can be recycled to conserve nitrogen. 

Conclusion 

The Lyondell catalyst system has been tested commercially and offers long cycle 
lengths, high yield and high selectivity. The Lyondel l Olefin Isomerization Process 
is simple in design and operation and is the low cost process option for the 
production of iso-olefins to meet the growing demand for oxygenates such as 
M T B E , E T B E and T A M E . 

A s a reflection of Lyondell's commitment to Licensing of this process, 
Lyondell Licensing, Inc. has joined forces with C D T E C H , a partnership between 
A B B Lummus Crest Inc. and Chemical Research & Licensing Co. , to further 
develop and commercialize the Lyondell Olefin Isomerization Process. 
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Chapter 23 

Reaction Kinetics of Gasoline Sulfur 
Compounds 

Catalytic Mechanisms for Sulfur Reduction 

Robert H . Harding 1, Robert R. Gatte1, Jacqueline A. Whitecavage1, and 
Richard F. Wormsbecher2 

1Research Division and 2Grace-Davison Chemical Division, W.R. Grace & 
Company—Conn., 7379 Route 32, Columbia, M D 21044 

One of the key elements of gasoline reformulation is the reduction 
of the gasoline-range sulfur compounds produced by fluid catalytic 
cracking (FCC). This paper probes the reaction kinetics of 
refractory gasoline-range thiophene derivatives (thiophene, 
tetrahydrothiophene, and alkylthiophenes) in an effort to determine 
the mechanisms of sulfur compound cracking in the FCC unit. The 
gasoline-range sulfur compounds were analyzed using gas 
chromatography with an atomic emission detector. Our results 
show that the FCC catalyst affects the cracking of sulfur compounds 
through hydrogen transfer mechanisms. An experimental FCC 
catalyst is shown to reduce gasoline sulfur content in the Davison 
Circulating Riser (DCR™) pilot unit. Model compound tests show 
that the activity of the catalyst is due to both its catalytic and 
adsorptive properties. 

Recent environmental legislation has had broad impact on the fuel industry. The 
1990 C l e a n A i r A c t requires reformulated gasoline to have lower aromatics, lower 
sulfur content, and higher oxygen content than current gasoline. In this paper we 
focus on the gasoline sulfur content. Since gasoline sulfur content reversibly 
inhibits the activity of automobile catalytic converters, average gasoline sulfur 
content is expected to be dramatically lowered by the C lean A i r A c t . In addition, 
the Cal i fornia A i r Resources Board has restricted average sulfur content to 40 
p p m after 1996. Since regular grade gasoline averaged 384 p p m i n 1990 (Nat ional 
Petroleum Refiners Associat ion survey), sulfur reduction w i l l be a high priority for 
refiners i n the coming decade. 

There are several methods currently available to reduce gasoline sulfur 
content. The most effective single variable is the choice of gas o i l . The use of 
low sulfur gas o i l feedstocks can reduce gasoline-range sulfur dramatically. 

0097-6156/94/0552-0286$08.00/0 
© 1994 American Chemical Society 
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23. HARDING ET AL. Reaction Kinetics of Gasoline Sulfur Compounds 287 

However, the gas o i l poo l is evolving towards more refractory, high-sulfur 
feedstocks. Increased hydrotreating and hydrodesulfurization are other options 
for large refineries. However, currently 50% of the refineries lack sufficient 
hydrotreating capacity to achieve desulfurization(7). In addition, severe 
hydrotreating significantly alters the gasoline composition, typically leading to 
lower octane numbers. Since fluid catalytic cracking ( F C C ) naphtha contributes 
between 75 and 90% of the sulfur i n the gasoline pool(2), methods which affect 
F C C gasoline sulfur content directly would also be desirable. 

In this paper we explore the possibility of catalytically reducing sulfur 
content of the gasoline produced i n the F C C unit. In riser and fixed bed studies, 
approximately 4 % of the gas o i l sulfur compounds produce gasoline-range sulfur 
products. O u r measurements with a G C A t o m i c Emiss ion Detector show that 
gasoline-range sulfur compounds are primari ly thiophene derivatives and 
benzothiophene (J). Therefore we have studied the reaction kinetics of 
thiophene, alkylthiophenes, and tetrahydrothiophene, and the effect of F C C 
catalyst properties on their reaction pathways. O u r results show that the primary 
reaction products of thiophene in a realistic hydrocarbon environment are 
alkylthiophenes and tetrahydrothiophene which remain i n the gasoline range. The 
tetrahydrothiophene cracks readily to form H 2 S . The latter pathway is the primary 
catalytic route to the removal of sulfur compounds from the gasoline range. 
Alkylthiophenes react through isomerization and chain-cracking, and our 
measurements show that the rate of chain-cracking and dealkylation is not 
affected by the proximity of the S atom (e.g. 2-hexylthiophene and 
3-hexylthiophene crack at the same rate). 

The sulfur products of a standard U S Y - b a s e d catalyst and a new 
experimental catalyst termed G S R ™ (Gasoline Sulfur Reduct ion) are compared. 
The results show that the G S R technology reduces the sulfur content of the final 
gasoline by 15% i n riser tests. Our model compound results show that the G S R 
technology dramatically increases the cracking rate of tetrahydrothiophene. 
Sorption of sulfur compounds also plays a strong role i n G S R activity. 

Experimental 

The hexadecane, thiophene, tetrahydrothiophene, and 2-ethylthiophene used i n 
this experiment were a l l 9 9 + % purity gold label A l d r i c h products. The 3-n-
hexylthiophene and the 2-n-hexylthiophene were 99% purity products from T C I 
A m e r i c a and Lancaster, respectively. E a c h of the sulfur compounds were mixed 
with hexadecane to a 5000 ppm sulfur level, determined by L E C O sulfur analysis. 
Hexadecane conversion was determined by gas chromatography (Hewlett Packard 
5890 equipped with a 19091S-001 50 m Fused Si l ica Capi l lary column). Complete 
separation of the peaks was achieved with the temperature program: 0 to 35 °C 
at 3 ° C / m i n , 1.5 ° C / m i n to 70 °C, 3.0 ° C / m i n to 250 °C, hold at 250 °C for 5 
minutes. Repeated chromatograph runs demonstrated a variat ion of less than .1 
w t % i n the final hexadecane concentrations. 

F o r the model compound tests, each catalyst was pressed to 40/80 mesh 
size, placed i n a quartz reaction tube, and preheated for 30 minutes at 500 °C 
under 10 c c / m i n nitrogen flow. The reaction tube was maintained at temperature 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

23
, 1

99
4 

| d
oi

: 1
0.

10
21

/b
k-

19
94

-0
55

2.
ch

02
3

In Environmental Catalysis; Armor, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



288 ENVIRONMENTAL CATALYSIS 

with a three zone furnace and actual catalyst temperature was measured with a 
type Κ thermocouple i n the center of the catalyst bed. The model compound 
mixture was pumped into the reaction chamber with a syringe infusion pump 
(Harvard Apparatus #22) at the rate of .6 g /min . Ni t rogen was co-fed with the 
hydrocarbons at the rate of 10 c c / m i n set by mass flow controller. The products 
of the cracking reactions were collected for three minutes. Thus, the product 
selectivities represent an average over a deactivating catalyst. Space velocity was 
varied by changing the amount of catalyst i n the reactor tube. T o maintain 
constant reactor heat capacity the catalyst was diluted with alundum ( E M Science, 
calcined for 2 hrs. at 1300 °F) to a constant bed volume of 4 m l . A l u n d u m alone 
shows less than 1 % conversion for these hydrocarbons. 

L i q u i d products were collected i n an ice bath and then analyzed on the gas 
chromatograph. The volume of the gas products was determined by water 
displacement. The gas products were analyzed by F I D and T C D on a V a r i a n 
V i s t a 6000 Gas Chromatograph equipped with a 50 m Chrompack Fused Si l ica 
column 7515. Only mass balances above 97% are reported in this study. 

Kine t ic measurements were performed on three catalysts: A U S Y zeolite-
based catalyst with unit cel l parameter 24.24 Â; A R E Y zeolite-based catalyst with 
4.73 w t % rare earth content and unit cel l parameter 24.49 Λ; and a U S Y zeolite 
/ G S R catalyst that is a modification of the U S Y catalyst with G S R technology. 
A l l three catalysts have the same active matrix with surface area of 24 m 2 / g . In 
order to simulate the steam-deactivation that occurs in the commercial unit, prior 
to cracking experiments each catalyst was steam-deactivated for 4 hours at 1500 
°F (95% steam, 5 % air). 

The riser cracking results were obtained with the Davison Circulat ing Riser 
( D C R ™ ) reaction unit, a 5 kg scale model riser unit described i n ref. 4. This 
pilot-scale testing unit is a moving fluidized bed that continuously circulates F C C 
catalysts from the riser reaction zone to a regenerator where the coke is removed 
from the catalyst i n an oxidizing steam environment. The D C R study was 
performed with a low sulfur gas o i l characterized i n Table I. 

The Gas Chromatography A t o m i c Emiss ion Detector ( G C A E D ) permits 
very accurate determination of the ppm concentrations of sulfur species. The 
technique is described i n detail i n ref. 5. 

Results and Discussion 

T o evaluate the cracking kinetics of gasoline-range sulfur compounds, we 
examined the cracking of thiophene, tetrahydrothiophene, 2-n-hexylthiophene, and 
3-n-hexylthiophene as mixtures with hexadecane at the 5000 ppm S level. The 
sulfur compounds were tested with hexadecane i n an effort to maintain a 
reasonable hydrocarbon environment during the thiophene derivative cracking. 
Ear l i e r results (2) showed that to a first approximation, the conversion level of the 
co-reacting hexadecane (which ranged from approximately 5-80% conversion level 
i n these studies) had no effect on the overall rate of sulfur compound cracking. 

The catalytic cracking products of thiophene in hexadecane over a rare 
earth Y catalyst ( R E Y ) are shown i n Figure 1. The primary products are 
ethylthiophene, methylthiophene and tetrahydrothiophene. A small quantity of 
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23. HARDING ET AL. Reaction Kinetics of Gasoline Sulfur Compounds 289 

H 2 S was also measured. These results show that the primary reaction pathway for 
thiophene under industrial F C C conditions is alkylation with the co-reacting feed 
and hydrocarbon product species. A second major pathway is hydrogen transfer 
to produce the saturated tetrahydrothiophene ring. A l l of the reaction products 
remained in the gasoline range except for the hydrogen sulfide. O u r later 
experiments with tetrahydrothiophene show that the hydrogen sulfide measured 
i n this experiment is probably derived from the secondary cracking of 
tetrahydrothiophene. 

Table I. Feedstock Properties 

A P I @60 F 27.8 

A n i l i n e Pt. F 182 
Sulfur wt% 0.47 
Tota l Ni t rogen wt% 0.07 
Conradson Carbon w t % 0.16 

N i p p m 0.14 
V ppm 0.10 
F e ppm 0.4 

Simulated Dist i l la t ion: 
V o l % T e m p ° F 

ibp 338 
10 486 
20 549 
40 640 
60 762 
80 840 
90 916 
fbp 1065 

T o determine the cracking rates of the sulfur compounds relative to 
hexadecane we use a technique described in ref. 6 for determining the cracking 
kinetics of model compound mixtures in F C C . Determining the ini t ia l rates of 
reaction is a challenging problem in fluid catalytic cracking due to the complex 
convolution of catalyst deactivation, competitive adsorption between products and 
reactants, and volume expansion. T o avoid these problems, we crack a binary 
mixture of two model compounds and determine their relative reaction rates with 
the following technique. 

The cracking of the mixture can be represented by two coupled nonlinear 
equations 
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Ρ 
r β 
0 

Thiophene Conversion (wt%) 
Figure 1: Sulfur product yields of thiophene over the R E Y catalyst. T h e 
thiophene was tested as a 5000 ppm S mixture with n-hexadecane to maintain 
a realistic hydrocarbon environment. 

%Hexadecane Left 

K-0.1 K-11.3 K-1.1 ° REY x USY 

Figure 2: Relat ive ut i l izat ion curves of thiophene, 2-ethylthiophene, and 
tetrahydrothiophene over R E Y ( • ) and U S Y ( x ) . The axes represent the 
percent of each reactant that remains after cracking. Sulfur compounds were 
tested as a 5000 ppm S mixture with n-hexadecane. 
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dCH KH kHfH [UGx]-Nl[VE\ (1) 

" dt ~ U[K,£H + Kfs + ZjlCn-CJK^ + 

d£s Ks Σ , k5fs [UG*]-NI[VE\ (2) 

~ dt ~ U[K^H * KSCS + HJCn-CJKjtg + Z /C^-CJfy i^WWa' 

where subscripts H and S represent hexadecane and the sulfur compound 
respectively, C is the concentration, Κ is the Langmuir-Hinshelwood-Hougen-
Watson ( L H H W ) adsorption constant, k is the first order reaction rate constant 
through the j th reaction pathway, G and Ν are the decay parameters for time-on-
stream r , C 0 is the ini t ial concentration i n the reaction mixture, Kj is the 
adsorption constant of the products through reaction pathway j , nj is the 
stoichiometry of reaction pathway j , and [ V E ] represents the volume expansion of 
the mixture. 

W e reduce eqs. 1 and 2 by examining d C H / d C s and find that 

(3) 

B y examining the relative conversions of hexadecane and the sulfur 
compound i n this manner we use equation (3) to determine a ratio of effective 
first order rate constants K ' that is independent of the decay rate, most 
competitive sorption terms, and the volume expansion of the mixture. In Figure 
2 we plot C H vs. C s for thiophene, 2-ethylthiophene, and tetrahydrothiophene for 
the R E Y catalyst. T o examine the effect of hydrogen transfer, we also include 
U S Y for the thiophene mixture. W e find that thiophene has l / 1 0 t h the overall 
reaction rate of hexadecane under these conditions. N o difference is observed 
between the two faujasite types, which indicates that the increased hydrogen 
transfer kinetics of the R E Y does not alter the relative cracking rates of the 
thiophene and the hexadecane. The hydrogen transfer steps affect only secondary 
reactions i n this model compound mixture. The reaction rates of 
tetrahydrothiophene and 2-ethylthiophene were similarly determined to be 11.3 
and 1.1 times as fast as hexadecane, respectively. 

Appl ica t ion of this multi-component cracking technique is more complex 
i n the case of 2-hexylthiophene cracking, since a primary reaction is isomerization 
to 3-hexylthiophene. The reaction pathways are drawn schematically i n Figure 3. 
A correction to eq. 3 is necessary to compensate for the re-isomerization of the 
3-hexylthiophene to 2-hexylthiophene (with rate KXJ). W e have cracked both 
2-hexylthiophene and 3-hexylthiophene i n mixtures with hexadecane i n an effort 
to unravel this effect and to determine whether the proximity of the S atom affects 
the cracking rates of the alkyl chain. Results are shown i n Figure 4. W e find that 
the rate of disappearance of both species are identical (Κχ= Ky «3.9 times the 
cracking rate of hexadecane). This rate does not include isomerization. The 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

23
, 1

99
4 

| d
oi

: 1
0.

10
21

/b
k-

19
94

-0
55

2.
ch

02
3

In Environmental Catalysis; Armor, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



292 ENVIRONMENTAL CATALYSIS 

Hexadecane (H) 3-n-Hexylthiophene (X) 2-n-Hexylthiophene (Y) 

Λ / W A / W 0 1 

d (X+Y) 
d H 

+Kx X +Ky Y 
Kh H 

+Kx (X+Y) 
Kh H 

Figure 3: React ion schematic for hexylthiophene cracking. B y examining the 
change of both hexylthiophene isomers with respect to the change i n 
hexadecane concentration, we are able to determine the ratio of K x and K H . 

H 
e 
χ 
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100 
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m 

* REY (2-n) 

1 1 

+ USY (3-n) X REY (3-n) K-0.18 

I I 1 I 1 I 1 

10 20 30 40 50 60 70 
% Hexylthiophene Left 

80 90 100 

Figure 4: Relat ive uti l ization curves of hexylthiophene and hexadecane. T h e 
axes represent the percent of each reactant that remains after cracking. 
3-n-hexylthiophene was tested with both R E Y ( x ) and U S Y ( + ). 
2-n-hexylthiophene was tested with R E Y (*). 
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overall disappearance rate of hexylthiophene cracking ( K X + K X I or K Y + K Y I i n the 
schematic) is 5.5. Since both species fall on the same line, the cracking rate of 
alkyl chains is insensitive to the proximity of the S atom. A g a i n we find that the 
hydrogen transfer rate of the catalyst does not affect the rate of hexylthiophene 
uti l izat ion: U S Y and R E Y produce the same overall cracking rates. 

Developing Sulfur Technology. Based on this kinetic information, Grace Davison 
has been developing a new proprietary technology for sulfur reduction i n the fluid 
catalytic cracking unit referred to as G S R (Gasoline Sulfur Reduct ion) . Figure 
5 shows a comparison of the gasoline-range sulfur compounds produced by the 
standard U S Y catalyst and U S Y / G S R in the D C R riser unit. These results are 
described in more detail i n ref 4. The plot shows a 60 p p m reduction i n sulfur 
concentration for a full range gasoline, which is approximately a 15% decrease. 
The G S R technology represents the first F C C catalyst system that provides a 
significant reduction of gasoline sulfur. 

Table II . Reduction of Gasoline-range Sulfur Compounds 
with GSR Technology 

D C R Riser Data , Interpolated to 66% Conversion 

Approximate 
Sulfur Product (ppm) U S Y U S Y / G S R %change 

Mercaptans 2.7 0.0 -100% 
Thiophene 27.5 23.8 -13% 
Methylthiophenes 67.1 59.6 - 1 1 % 
Tetrahydrothiophene 10.3 6.1 -40% 
Q-thiophenes 87.8 73.3 -16% 
C 3 -thiophenes 60.5 54.3 -10% 
C 4 -thiophenes 63.3 53.5 -16% 
Benzothiophene 127.2 119.9 - 6 % 

% Feed Sulfur 
Hydrogen Sulfide 35.2 41.4 + 17% 
Sulfur i n Gasol ine 3.8 3.0 - 2 1 % 
Sulfur i n L C O / H C O 57.5 54.1 - 6 % 

Table II compares the sulfur concentrations derived from these two 
catalysts. W e find that most of the sulfur compounds are removed i n proport ion 
to their concentration, which suggests a strong adsorptive component to the 
removal. However, mercaptans and tetrahydrothiophene are removed at a 
significantly higher rate by the G S R technology. W e examined the relative 
ut i l izat ion rates of tetrahydrothiophene and hexadecane for U S Y and U S Y / G S R . 
The results are shown in Figure 6. Compar ing these results with Figure 2, we find 
that unl ike thiophenic compounds, tetrahydrothiophene cracks at a much slower 
rate for U S Y than for R E Y (2.5 vs 11.4 times the rate of hexadecane cracking, 
respectively). The G S R technology dramatically increases the cracking/removal 
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Figure 5: A comparison of the sulfur concentration in the gasoline produced 
i n the Dav ison Circulat ing Rise r ( D C R ) by U S Y (A ) and U S Y / G S R (O). 
Results are shown for both the full range gasoline (T9o=380°F) and a cut 
gasoline ( T ^ S O O T ) . (Reproduced with permission from ref. 4.) 

Figure 6: Relat ive uti l izat ion curves of tetrahydrothiophene and hexadecane 
with U S Y ( · ) and U S Y / G S R (+) catalysts. 
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rate of tetrahydrothiophene from U S Y , returning it to the cracking rate of the 
high hydrogen transfer catalyst R E Y . Increases i n hydrogen sulfide production 
confirm that this removal is catalytic i n nature. 

Conclus ion 

This study focussed on the cracking activity of sulfur compounds i n the gasoline-
range. Since G C A E D results show that gasoline-range sulfur compounds are 
primari ly thiophene derivatives, we used binary mixture experiments to determine 
the cracking rates of thiophene, tetrahydrothiophene, 2-ethylthiophene, and the 
hexylthiophenes with respect to hexadecane. The results show that th gasoline-
range sulfur compounds have significant cracking rates under F C C conditions, but 
that the primary reaction pathway is alkylation of the thiophene ring. Hydrogen 
transfer to tetrahydrothiophene and subsequent ring opening to form H 2 S is the 
primary mechanism to remove sulfur from the gasoline. O u r results show that the 
posit ion of the alkyl chain with respect to the sulfur atom does not dramatically 
influence the cracking rate. 

O u r results also show that the reaction rates of sulfur compounds i n 
gasoline span approximately two orders of magnitude. W e find that 
tetrahydrothiophene reacts very rapidly over zeolite catalysts. W e speculate that 
the small amount of tetrahydrothiphene observed i n F C C gasoline is primari ly 
derived from the cyclization of gas o i l mercaptans and disulfides, rather than from 
hydrogen transfer of gasoline-range thiophene derivatives. Hexadecane and its 
cracking products provide a hydrogen-rich environment relative to a gas o i l . 
Therefore we expect that hydrogen transfer to thiophenes may be slower i n an 
actual F C C feed than i n our model compound experiments. 

A new catalyst technology referred to as G S R removes sulfur compounds 
from gasoline through both adsorption and catalytic routes. The G S R technology 
primari ly enhances the cracking of tetrahydrothiophene to H 2 S . The developing 
G S R technology may give the refiner a low-capital alternative to feed 
hydrotreating or hydrodesulfurization in order to meet the requirements of the 
C lean A i r A c t . It should be particularly useful for reducing the sulfur level i n the 
F C C naphtha to desired levels. 
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Chapter 24 

Volatile Organic Compounds: An Overview 

John N. Armor 

Air Products & Chemicals, Inc., 7201 Hamilton Boulevard, 
Allentown, PA 18195 

Like automotive catalysts, the area of heterogeneous catalysts for the control of volatile 
organic compounds [VOC] is an established technology and business. There are 
several detailed reviews on this topic (1,2) which include opportunities for using 
catalysts to resolve tougher emission control problems (3,4). The Clean Air Act of 
1990 calls for a 90% reduction in the emissions of 189 toxic chemicals (70% of these 
are VOCs) over the next 8 years. Catalytic VOC destruction at certain concentrations 
permits oxidation at lower temperatures which saves fuel costs and avoids other 
emissions problems. Typical catalysts include metal oxides and Pt or Pd supported 
alumina on a metal mesh, a ceramic honeycomb, or on beads. Key operational 
parameters are temperature, space velocity, contaminant level and composition, and 
poisons or inhibitors. In the field, impurities and poisons, especially sulfur and 
chlorohydrocarbon compounds, can limit optimal performance. Recently developed 
catalysts are designed to extend the useful life of oxidation catalysts by improving their 
tolerances to these poisons. Because of the low contaminant levels (~1000 ppm) and 
the large volumes of gas to be heated, it is necessary to use very active catalysts 
operating at low temperatures . There are a number of new catalysts being developed 
as well as several others already commercially available. 

Catalytic combustion is a way to control V O C s and includes methane 
combustion and C O oxidation (5). [Thermal combustion is also another popular 
alternative.] Beyond traditional combustion, areas where catalysts are used to eliminate 
V O C emissions include: can, paper and fabric coating chemicals; manufacture of 
organic chemicals (e.g., acrylonitrile, formaldehyde, cumene, caprolactam, maleic 
anhydride, etc.); plywood manufacture; tire production; asphalt blowing; odor control 
from fish meal processing; odor control from offset printing; évaporants from waste 
water plants; volatiles from urine ; oxidation of formaldehyde emissions; removal of 
gasoline vapors; and contaminated air within a submarine. 

One common technique for catalytic incineration employs an afterburner with a 
catalyst to promote the oxidation of V O C s to CO2 and H2O. Generally the waste gas is 
pre-heated to ~300°C using natural gas or oi l fuel burners. A mixing chamber 

0097-6156/94/0552-0298$08.00/0 
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downstream from the preheater distributes the combustion products from the burner 
into the waste gas. Following the mixing chamber is a catalyst bed usually consisting of 
finely divided Pt /AhCh on a ceramic or metal structure. A heat exchanger follows to 
transfer heat from the hot exhaust gas to the cooler, inlet waste gas (4). 

Jerry Spivey and Sanjay Agarwal of the Research Triangle Institute led the 
sessions on V O C s . They summarized the papers within there sessions as follows: A 
total of 16 papers were presented in this full day session on V O C Control. Increased 
environmental awareness, coupled with governmental regulations, has resulted in 
control requirements for V O C emissions from various sources. In addition to 
conventional catalytic oxidation, other technologies, including photocatalytic oxidation, 
are being developed as an alternative. The advantage of photocatalytic oxidation is the 
very low temperature required for this process. Dave Ollis (North Carolina State 
University) discussed the prospects and promises of this technology for V O C control. 
A l i T. Raissi (Florida Solar Energy Center) showed a specific application of 
photocatalysis: destruction of nitroglycerin vapors. A Gervasini (Universita di Milano) 
discussed the use of only ozone to lower the reaction temperature for V O C oxidation. 
The catalytic oxidation of a wide variety of V O C s , including hydrocarbons, 
chlorocarbons, chlorofluorocarbons, and nitrogen-containing compounds was 
presented. These types of compounds present a challenge since they poison many 
traditional deep oxidation catalysts. Steve Homeyer (Allied Signal) discussed a new 
family of commercial catalysts for the destruction of nitrogen-containing compounds. 
A . R. Amundsen (Engelhard) also discussed the development of a commercial catalyst 
for chlorocarbon destruction. Martin Abraham (University of Tulsa) also discussed the 
oxidation of amines using P d and other catalysts. Gary Masonick (Prototech) showed 
how to regenerate oxidation catalysts. Several interesting applications of V O C control 
were discussed in this session. Linda Parker (New Zealand Institute for Industrial 
Research) presented an interesting application of removing ethylene and C O from fruit 
cold storage containers. Of the various catalysts investigated for this application, a Pt-
zeolite was found to be the most active with complete conversion of ethylene below 
100°C. C 0 2 lasers represent another application of oxidation catalysis where there is a 
need to continuously convert C O to C 0 2 . Kenneth Brown (Old Dominion University) 
discussed the noble-metal/reducible-oxide catalysts developed by N A S A for this 
application. Joe Rossin (Geo Centers) discussed the transient response of oxidation 
catalysts for military applications, where very high conversion and minimal deactivation 
are essential. Variations of catalytic oxidation system are being developed to improve 
the overall system performance. Y u r i Matros (Washington University) described the 
reverse flow process for V O C oxidation. This process offers low energy requirements, 
making it cost effective for gases with fairly low V O C concentrations. In addition to 
metal oxides, other materials such as zeolites are also being examined for V O C 
oxidation. S. Karmakar and S. Chatterjee (University of Akron) described the metal 
exchanged/impregnated zeolite catalysts for the oxidation of chlorocarbons and CFCs . 
Russell Drago (University of Florida) and Mark Vandersall (Rohm and Haas) showed 
the applicability of Ambersorb® carbon-based catalysts for chlorocarbon and 
hydrocarbon oxidation. Eric Lundquest (Rohm and Haas) presented work on related 
catalysts for the esterification of industrial chemicals, reducing waste and V O C 
emissions. 
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Many of the presentations within this day long session are described further 
within this section of the book. Topical areas reflecting future research needs in V O C s 
include: increased catalyst life; reduced operating costs via catalyst improvements 
[temperature, activity, resistance to poisons, etc.]; and extended catalyst performance. 
The latter refers to making these catalysts operate under more extreme conditions, such 
as the catalytic oxidation of trace impurities in aqueous media or the ability of a catalyst 
to remove a wider spectrum of volatile organic components. 
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Chapter 25 

Catalysts for Low-Temperature Oxidation 
of Ethene 

Linda M. Parker and John E . Patterson 

The New Zealand Institute for Industrial Research and Development 
(Industrial Research Limited), P.O. Box 31-310, Lower Hutt, New 

Zealand 

The focus of this work was to develop a catalyst for complete 
oxidation of volatile organic contaminants at temperatures less than 
100°C, one application being the removal of ethene from fruit storage 
areas. A wide range of catalysts were surveyed using a mini-reactor 
coupled to a mass spectrometer and a total hydrocarbon detector. For 
300 ppm ethene, 0.6% O2 in N 2 with a volume space velocity of 60000 
h-1, all the oxide materials tested reacted at >300°C. Pt asbestos and 
Pd alumina gave 50% conversion at 145°C, but for Pt and Pd on 
zeolites this was ~100°C. HZSM-5 also behaved as an oxidation 
catalyst with 100% conversion of ethene at 200°C. Reactivity of 
PtCsNaY(T) remained constant after conversion of 5 g ethene/ g 
catalyst. 

This work describes the initial development of a low temperature oxidation catalyst 
for the removal of ethene from fruit storage areas. Ethene is a gaseous plant 
hormone that causes fruit ripening, and removal to less than 0.03 ppm is important 
to preserve fruit in an unripened state. The catalysts must also function with reduced 
oxygen concentrations and in the presence of water. For example, in kiwifruit cool 
stores the atmosphere is controlled at 2% oxygen and 5% carbon dioxide with 100% 
humidity at 0°C. 

For catalytic oxidation of volatile organic contaminants (VOCs) , large volumes 
of air must be heated to the reaction temperature of the catalyst. To improve 
efficiency heat exchangers can be used to heat the incoming air to the catalyst 
reaction temperature. Commercial units are available for ethene removal from fruit 
coolstores which use this method with a supported platinum catalyst held at ~270°C 
(7). The contaminant could also be removed by sorption at room temperature 
followed by desorption and catalytic oxidation of the concentrate (2) at a higher 
temperature. A third alternative is to develop a catalyst which reacts at as low a 
temperature as possible. Development of a low temperature oxidation catalyst would 

0097-6156/94/0552-0301$08.00/0 
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302 ENVIRONMENTAL CATALYSIS 

enable a simpler and less expensive reactor system that could be used in 
transportation containers and shop storage areas. 

Other applications are envisaged for low temperature oxidation catalysts, such 
as improvement of quality of air inside buildings by removal of organics, such as 
formaldehyde, released by synthetic materials. The "ultimate" goal is a catalyst which 
w i l l completely oxidize all V O C s in a gas stream at its inlet temperature (3). For this 
highly active, non specific catalysts are required. The temperature at which oxidation 
occurs depends upon both the reactant and the catalyst, with most reactions recurring 
above 200°C, well above the "ultimate" goal (3). Only a few heterogenous oxidation 
reactions have been reported to occur below 50°C (eg 3,4*5). 

Both metal oxides and supported noble metals are useful oxidation catalysts. 
Metal oxides in which the metal can assume more than one valence state, are p-type 

semi-conductors, and produce a surface on which oxygen w i l l readily chemisorb. 
Oxides of V , Cr , M n , Fe, Co , N i and C u are typical examples. Metal oxides have a 
lower activity than noble metal catalysts but they have greater resistance to some 
poisons, especially halogens, A s , Pb and P. The noble metals remain in their reduced, 
metallic state under most conditions and provide surface sites for dissociative 
adsorption of oxygen. Only Pt and P d are used in practical systems because of their 
stability and cost. Reaction occurs either between adsorbed oxygen and a gas phase 
reactant, or with both oxygen and the reactant sorbed on the surface. 

In most noble metal oxidation catalysts the metal is deposited on a high 
surface area support such as alumina (6,7,8,9), silica (5) and zirconia (10). Zeolites 
are also suitable supports, but have not been widely used for practical oxidation 
catalysts. Their main applications are in synthesis reactions such as the conversion 
of alkanes to aromatics (11,12,13). The use of zeolites as substrates for oxidation 
catalysts would give the following advantages over simpler substrates: 

1. There are a wide range of zeolite structures available with variable aluminium 
concentrations, enabling zeolites with specific properties to be selected as 
catalyst supports. 

2. They have high internal surface areas and can preferentially sorb reactants. 
3. They enable much greater control over metal particle size distribution than do 

other supports (14,15) because the restricted dimensions in zeolites isolate 
encaged metal particles from each other and stabilise small metal clusters. 
Addit ion of cations such as C a 2 + , M g 2 * , C u 2 + , N i 2 + , C r * and M n 2 + alter the 
mechanism of noble metal particle formation during catalyst preparation by 
blocking the small cages of the zeolite (16) or impeding the migration and 
coalescence of primary particles. This also assists in retaining a greater 
dispersion of noble metal in the product (17). 

4. Additional cations (including H + ) can be incorporated to alter catalyst 
reactivity. For example, the presence of protons (Bronsted acid sites) gives 
additional reactions characteristic of zeolite acid sites (18). For palladium 
zeolites it is suggested that complexes of the type [Pd n H z ] z + are formed which 
greatly increases the rate of some reactions (1920). 
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Oxidation catalysts for ethene have been developed for partial oxidation to 
ethene oxide. These are silver sponge (22) or silver on a support such as γ Α 1 2 0 3 (22), 
and they are typically operated at >230°C. A zeolite impregnated with silver (30% 
Ag°Ca 2 + A) was reported to give an ethene conversion and yield of ethene oxide 
comparable to other catalysts (23). Complete oxidation of ethene was reported over 
vanadium oxide catalysts between 440 to 500°C (24) but no other references to low 
temperature, complete oxidation of ethene have been found. In this work a wide 
range of possible catalysts for ethene oxidation have been surveyed. A mini-reactor 
coupled to a mass spectrometer and a total hydrocarbon detector enabled the oxidation 
temperature of ethene for each catalyst to be determined. The most promising 
catalysts appeared to be noble metal supported on zeolites. These were then tested 
under constant reaction conditions. The effects of reduced oxygen concentration and 
increased humidity were determined to obtain an indication of catalyst reactivity in 
fruit coolstore atmospheres. 

Exper imenta l 

Preparat ion of Catalyst Samples. 

Zeolites Used. H Z S M - 5 (prep #816) was synthesised as described in a patent 
application (25) and contained 1.48 wt % A l . Silicalite (prep 3, 7/4/86) was 
synthesised as described by Parker et al. (26) with 0.14 wt % A l . Zeolite Y (Linde 
Y , SK40 , lot no. 9680801014) (8.5 wt % A l ) and zeolite 5 A (Linde batch #1457220) 
were obtained from Union Carbide, U S A . Zeolite Y Got #ST1192) was obtained as 
pellets containing 25 parts alumina to 100 parts zeolite from Tosoh, Japan and 
contained 15.8 wt% A l (including the binder). 

Nomenclature of Ion Exchanged Zeolite samples. The sample names are 
given with the metal then the cations preceding the zeolite name. For example, 
M PtCaNaY(L)" represents a sample for which C a 2 + then P t 2 + were exchanged into 
N a + Y zeolite. The P t 2 + was then reduced to the metal before catalysis. The " L " 
designates a sample of Linde Y and a "T" designates a sample of zeolite Y from 
Tosoh. 

Ion Exchange of Zeolites. The zeolites were first exchanged in a 0.5 M of 
the appropriate salt solution, then filtered and washed. This was followed by 
exchanging two times in saturated solutions of either P t ( N H 3 ) 4 C l 2 or Pd(NH3) 4 Cl 2 

solutions containing excess ammonia. The zeolite Y samples were heated on a steam 
bath to increase the degree of exchange. The samples were filtered, washed and 
dried. 

Analysis of Zeolites. Analysis for Pt was carried out by digestion in hot aqua 
regia followed by A A spectroscopy. The other cations were analysed by H F / H C 1 0 4 

digestion followed by A A or A E spectrosopy. 
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Other Catalysts. AlINi Hydrotalcite: was prepared by heating 0.01 mole 
A 1 ( N 0 3 ) 3 . 9 H 2 0 , 0.02 mole N i ( N 0 3 ) 2 . 6 H 2 0 , 0.05 mole N a O H and 0.15 mole Ν 3 ^ 0 3 

in 35 m l H 2 0 at 80°C in a sealed container for 2 days. 
Mixed iron oxide: was prepared by heating 0.01 mole A1(S0 4 ) 3 . 18H 2 0 , 0.02 mole 
F e S 0 4 . 7 H 2 0 and 0.1 mole N a O H in 35 m l H 2 0 at 80°C in a sealed container for 2 
days. The crystalline product was identified by Xray Diffraction as F e ^ and F e ^ . 
Cerium oxide: was a laboratory grade reagent. 
Unsupported P-V-0 salt: A mixture of phosphorus and vanadium salts were prepared 
following the method of Centi et al.(27). The solution was evaporated then calcined 
at 400°C. 
P-V-0 on zeolite Y: This was prepared following the method of Centi et al.(27). 
This was filtered without washing and dried at 50°C for 1 h in air. 
Platinum and Palladium on Iron Sand Ceramics: Porous iron sand ceramic (28) was 
ground then: A . 0.01 g P d ( N H 3 ) 4 C l 2 dissolved in 1 m l water was added to 0.20 g 
ground ceramic, mixed then dried overnight under vacuum. B . ~0.2 g of bright 
platinum (Matthey PBV158) was mixed with 0.23 g ground ceramic. 
Pt asbestos: contained 5% Pt and was supplied by Hopkin and Will iams. 
Pd on activated alumina: contained 10% Pd and was supplied by Fluka A G Buchs 
S G . 
Pd on charcoal: contained 10% Pd on activated charcoal and was supplied by Menu 
A G Darmstadt 
Silver sand: was prepared in this laboratory with silver deposited on silica sand using 
a method for preparation of mirrors by silver deposition. 

Catalyst pretreatment. The metal ion exchanged zeolites were pretreated before 
testing to obtain the reduced metal. The sample was reduced by heating from room 
temperature at 10°C/min. to 300°C in a 1% i y A r gas stream and holding for 1 hour. 
The sample of l iquid bright Pt on iron sand was reduced by gently heating over a 
flame. 

Catalyst testing Method . The mini-reactor system for catalyst testing is shown in 
figure 1. The catalyst (-10 mg) was held in a glass tube by silica wool to give a bed 
1.3 m m diameter and ~7 mm deep placed in a temperature controlled furnace. The 
sample tubes could be readily interchanged and the packed sample retained for further 
study. For initial experiments the gas flow rate was controlled at 10 ml/min by a 
needle valve. In later experiments, the gas flow rate was more precisely controlled by 
a fixed capillary leak at -1 ml/min. The reacted gas was analyzed by a Dycor 
M A 1 0 0 M mass spectrometer and/or a total hydrocarbon detector (29) which was very 
sensitive for traces of ethene. Sample temperature, output from the total hydrocarbon 
detector and mass spectra were recorded against time using speciality software (30). 
Experiments were carried out by heating the sample to 300°C then cooling at 
12°C/min, to reduce effects of sorbed ethene. For catalysts that reacted at less than 
100°C ethene was also sorbed during cooling, obscuring the minimum reaction 
temperature. To determine reaction temperatures, stepping experiments were carried 
out in which the catalyst was held at constant temperature until a steady state was 
reached. 
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Results and Discussion 

Tables I, Π and ΙΠ show the results of the catalyst survey under three different sets 
of conditions. The results from the cooling experiments can be used to rank the 
catalysts in order of activity. Lowering the mass flow rate of ethene reduces the 
observed reaction temperatures, with the lowest temperatures observed for 140 ppm 
ethene at 6000 h"1 (Table ΙΠ). This results in physisorption of ethene on the zeolites 
partially obscuring most reaction temperatures in the cooling experiments. Therefore 
stepping experiments were also carried out. Although differences in measured 
temperatures were observed, both the cooling and stepping (steady state) experiments 
ranked the catalysts in the same order of activity. The only exceptions were the 
copper exchanged zeolites which sorbed ethene very strongly. 

Cerium oxide was the only oxide that reacted with ethene below 300°C (Table 
I). Figure 2 shows the results obtained with a sample of ground iron sand ceramic 
where no reaction was observed. This is effectively a "blank run" and shows that no 
measurable reaction occurs on the reactor surfaces under the experimental conditions. 

The silver catalysts tested showed low reactivity, with silver on silica sand 
reacting above 300°C. Silver deposited on zeolite 5 A (AgCaA) strongly sorbed 
ethene giving a low T 1 0 % of ~60°C. However, the carbon dioxide ion signal showed 
that the oxidation reaction started at ~150°C but was not complete by 300°C. 

For Pt on asbestos (figure 3), reaction of ethene is clearly shown by a drop in 
ethene and oxygen concentrations and the total hydrocarbon detector signal. A 
corresponding increase in carbon dioxide concentration occurred, with no other 
products observed. Increasing the oxygen concentration in the gas stream decreased 
the reaction temperature, with T 5 0 % dropping from 145°C to 105°C (compare Table I 
and Table Π). 

The P d on charcoal catalyst was not effective above 200°C because the 
charcoal oxidised before oxidation of ethene occurred. P d on alumina (figure 4) was 
slightly more reactive than Pt on asbestos, but decreased in activity with increasing 
oxygen content ( T 5 0 % rose from 155 to 165°C and T 1 0 0 % rose from 156 to 190°C). 
The carbon dioxide signal increased slowly with temperature after the ethene and 
T H D signals declined, suggesting that partial oxidation products may have also 
formed. 

Some Pt and P d zeolite samples showed greater reactivity than Pt on asbestos 
and P d on alumina. Distinct differences were also observed between zeolites loaded 
with Pt and those with Pd. For example, for Pd on zeolite Y , addition of C a 2 + cations 
increased the ethene reaction temperature but for Pt on zeolite Y the reverse occurred 
For PdCaNaY(L) increasing oxygen and decreasing ethene concentrations in the gas 
stream also increased the reaction temperature, similar to the effect observed for P d 
on alumina (see figures 5 A and B) . For P tCaNaY increasing the oxygen 
concentration greatly decreased the reaction temperature in a similar manner to Pt 
asbestos (see figures 6 A and B) . These differences imply different ethene reaction 
mechanisms for Pt and Pd catalysts, with perhaps only partial oxidation occurring 
over Pd catalysts. Therefore the Pt catalysts were investigated in more detail as 
catalysts for complete oxidation are required. 

A series of catalysts were prepared with different cations in a similar manner 
and tested under the same conditions. The ethene oxidation results, ranked in order 
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CATALYST 

THERMOCOUPLE 

TOTAL HYDROCARBON 
DETECTOR 

CAPILLARY 
REAGENT GAS 

MASS SPECTROMETER 

Figure 1. A schematic diagram of the mini-reactor system used for catalyst testing. 

50 100 150 200 
temperature (°C) 

250 

Figure 2. Results for 300 ppm ethene and 0.6% oxygen in nitrogen over i ron sand 
ceramic at 60000 h*1. The total hydrocarbon detector signal ( ) and the mass 
spectrometer ion signals of ethene ( ) and carbon dioxide 
( ) are shown versus the iron sand ceramic temperature. 
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Table I: Summary of catalyst tests for 300 ppm ethene and 0.6% 0 2 i n N 2 at 
a volume space velocity of 60000 h"1. The catalysts were cooled at 
12°C/min from 300°C. 

Catalyst 1"w% 1*5»% Two* 
(THD) (THD) (THD) ( C O ^ 

A l / N i hydrotalcite >300 >300 >300 >300 
iron sand ceramic >300 >300 >300 >300 
liquid bright Pt on iron sand ceramic >300 >300 >300 >300 
P d on iron sand ceramic >300 >300 >300 >300 
M i x e d iron oxides >300 >300 >300 >300 
unsupported P / V salt >300 >300 >300 >300 
P - V - 0 on Y >300 >300 >300 >300 
silver sand treated with H Q >300 >300 >300 >300 
cerium oxide -300 >300 >300 >300 
A g C a A - 6 0 280 >300 >300 
P d on charcoal >200 >200 >200 >200 
C u N a Y ( L ) 30? 45?, >300 >300 

150 
P d C u H Z S M - 5 140 180 225 >300 
H Z S M - 5 166 176 200 -
PtNH4NaY(L) 27? 150 214 235 
P d on alumina 120 146 156 200 
Pt on asbestos 92 145 174 200 
PdCaNaY(L) 83 136 230 230 
P d H Z S M - 5 62 106 254 235 
PdNaY(L) 36 103 176 >300 
C u Z S M - 5 29 47 161 >300 
P d C a Z S M - 5 28? 105 158 216 
PtCaNaY(L) 40 100 160 215 

Tio%» T 5 0 % and T 1 0 0 % are the temperatures, in °C, at which the given percentage of 
ethene has reacted, as measured by the total hydrocarbon detector (THD). 
Tioo% ( C O ^ is the temperature above which the C 0 2 evolution is constant. 
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Table Π: Summary of catalyst tests with 130 ppm ethene in air at a volume 
space velocity of 60000 h"1. The catalysts were cooled at 12°C/min 
from 300°C 

Catalyst ^50% 
(THD) (THD) (THD) (CO,) 

PdCaNaY(L) 174 235 310 >300 
Pt silicalite 138 169 220 -200 
P d C u H Z S M 5 126 165 209 >300 
P d on alumina 124 165 190 >300 
P t H N a Y ( L ) 30 150 190 180 
PtCsNaY(T) 85 113 150 150 
Pt on asbestos 76 105 131 188 
P tCaNaY(L) 51 66 92 -100 
P tCuNaY(L) 46 58 77 115 

τιο%» T5o% and τιοο% the temperatures, in °C, at which the given percentage of 
ethene has reacted, as measured by the total hydrocarbon detector (THD). 
Tm% ( C O ^ is the temperature above which the C 0 2 evolution is constant. 

0 50 100 150 200 250 3θ8 
temperature (°C) 

Figure 3. Results for 300 ppm ethene and 0.6% oxygen in nitrogen over P t on 
asbestos at 60000 h"1. The total hydrocarbon detector signal ( ) and the mass 
spectrometer ion signals of ethene ( ), oxygen ( ) and carbon dioxide 
( ) are shown versus catalyst temperature. 
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Table ΙΠ: Summary of catalyst tests with 140 ppm ethene in N 2 with 0.3% 
oxygen at a volume space velocity of 6000 h"1 

Pt Na other test 1"s»% Two* 
Catalyst wt% wt% cation wt type ( ° Q ( ° Q ( ° Q 

% (THD) (THD) (THD) 

H Z S M - 5 0 - 0 step >180 190 200 
cool - 2 0 - 2 0 - 3 0 

C u Z S M - 5 0 - - step >70 - 150 
cool 90 100 120 

P t H Z S M - 5 #2 0.25 0.06 0 step 130 135 140 
cool 46 89 150 

Pt silicalite 0.08 0.07 0 step 95 105 130 
cool 30 85 100 

P tBaNaY(L) 3.84 0.11 1.14 (Ba) step >100 105 110 
cool 55 70 90 

P t H N a Y ( L ) 2.80 1.41 0 step 90 105 110 
cool 20 28 33 

P t C u Z S M - 5 1.76 0.08 0.05 (Cu) step >80 95 100 
cool 20 40 65 

P t M g N a Y ( L ) 2.93 1.32 0.45 (Mg) step - 83 100 
cool 22 30 60 

P tCaNaY(L) 1.00 0.47 4.14 (Ca) step 75 85 105 
cool 20 35 45 

PtCsNaY(T) 3.17 1.11 0.01 (Cs) step - 60 70 
cool 20 22 27 

P t H Z S M - 5 #1 0.71 0.10 0 step - - 60 

cool: the catalyst was cooled from 300°C at 12°C/min 
step: the catalyst was held at a constant temperature until a constant ethene 

concentration was obtained 
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0 50 250 300 100 150 200 
temperature (°C) 

Figure 4. Results for 300 ppm ethene and 0.6% oxygen in nitrogen over P d on 
a lumina at 60000 h ' 1 . The total hydrocarbon detector signal ( ) and the mass 
spectrometer ion signals of ethene ( ) and carbon dioxide ( ) are shown 
versus catalyst temperature. 

100 150 200 
temperature (°C) 

Figure 5 A . Results for 300 ppm ethene and 0.6% oxygen in nitrogen over 
P d C a N a Y ( L ) at 60000 h"1. The total hydrocarbon detector signal ( ) and the 
mass spectrometer ion signals of ethene ( ) and carbon dioxide 
( ) are shown versus catalyst temperature. 
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temperature (°C) 

Figure 5B. Results for 130 ppm ethene in air at 60000 h*1 over P d C a N a Y ( L ) at 
60000 h"1. The total hydrocarbon detector signal ( ) and the mass 
spectrometer ion signals of ethene ( ) and carbon dioxide ( ) are shown 
versus catalyst temperature. 

0 50 100 150 200 250 30(9 
temperature (°C) 

Figure 6 A . Results for 300 ppm ethene and 0.6% oxygen in nitrogen over 
P t C a N a Y ( L ) at 60000 h ' 1 . The total hydrocarbon detector signal ( ) and the 
mass spectrometer ion signals of ethene ( ) and carbon dioxide 
( ) are shown versus catalyst temperature. 
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0 50 100 150 200 250 30(9 
temperature (°C) 

Figure 6 B . Results for 30 ppm ethene in air at 60000 h"1 over PtCaNaY(L) at 
60000 h ' 1 . The total hydrocarbon detector signal ( ) and the mass 
spectrometer ion signals of ethene ( ) and carbon dioxide ( ) are shown 
versus catalyst temperature. 

0 50 100 150 200 250 30(9 
temperature (°C) 

Figure 7. Shows the effect of adding water vapour to 140 ppm ethene and 0.3% 
oxygen in nitrogen reacting over PtCaNaY(L) at 6000 h"1. The total hydrocarbon 
detector signal with out water vapour ( ) and with water vapour( ), and 
the mass spectrometer ion signal of carbon dioxide without water vapour ( ) 
and with water vapour( ) are plotted versus catalyst temperature. 
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of increasing reactivity, are shown in Table ΙΠ along with the Pt and cation 
concentrations. The Pt concentration varied with different cations for the same 
zeolite. This may be an effect of the additional cation. The Pt concentration is also 
greater for zeolites with higher aluminium concentration as they have a greater cation 
exchange capacity. The lowest Pt concentration is recorded for silicalite, a low 
aluminium form of Z S M - 5 . 

The bulk Pt concentration was not the most important criteria for reactivity. 
For zeolite Y , there was no correlation of Pt concentration with reactivity. For Z S M -
5, the best catalyst was produced with a Pt content of 0.71%. However, in the 
silicalite sample with only 0.08% Pt a high proportion of Pt must be held in reactive 
sites as it was more reactive than a Z S M - 5 sample containing 0.25% Pt. H Z S M - 5 
with zero Pt also functioned as an oxidation catalyst above 180°C. For this catalyst 
there was a very narrow temperature range between no reaction and compete reaction. 
A t less than 180°C no reaction occurred but above 200°C complete reaction occurred. 
Evolved carbon dioxide increased as ethene decreased and no other products were 
observed. 

Catalyst reactivity appears to be influenced by the zeolite structure with Z S M -
5 producing more reactive catalysts at lower bulk Pt concentrations than zeolite Y . 

For zeolite Y , the presence of an additional cation influences reactivity and 
perhaps dictates Pt uptake. However, there is no obvious correlation between cation 
charge or ionic radii of the additional cation and catalyst reactivity. More detailed 
catalyst characterisation is required to determine how the cations have effected the 
nature of the reactive Pt particles. The C u 2 + exchanged zeolites had a very high 
sorption capacity for ethene, resulting in low results for T 1 0 % and T 5 0 % i n the 
experiments where the sample was cooled at 10°C/min. A temperature stepping 
experiment for C u Z S M - 5 showed that no reaction occurred at 70°C, but complete 
reaction occurred from 150°C. Addition of Pt to this catalyst increased reactivity with 
100% reaction occurring from 100°C. 

In fruit cool stores atmospheric conditions include low oxygen concentrations 
and -100% humidity at 0°C. Tables I and ΙΠ show that the catalysts function well 
at a low oxygen concentration with the reaction temperature depending upon the 
ethene mass flow rate. Water vapour has little effect on the reaction temperature as 
shown in figure 7, where no significant difference was observed when water vapour 
was added into the gas stream by a bubbler at 20°C. 

Catalyst lifetimes for two catalysts were tested. P t H Z S M - 5 was held at 60°C 
in a flow of 130 ppm ethene in air at 10 ml/min for 3V4 days. Constant reactivity was 
observed over that period. For PtCsNaY(T), a gas stream of 1% ethene in air was 
passed over the catalyst held at 100°C. After 66 h, 100% conversion was still 
occurring. The catalyst had converted 5 g ethene/ g catalyst with no loss of activity. 

Conclusions 

W e have produced a range of ethene oxidation catalysts that are effective below 
100°C in the low oxygen and high humidity conditions typically found in cool store 
atmospheres. These catalysts are the zeolites Z S M - 5 and Y , with Pt incorporated. 
Additional cations have a marked effect on the activity of zeolite Y with P tCsNaY 
and P tCaNaY being the best catalysts. However, no correlation with cation charge 
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or ionic radii was noted. More detailed study of the catalysts is required to 
understand these effects and to prepare improved catalysts. 

W e have also shown that H Z S M - 5 , without Pt, functions as an oxidation 
catalyst for ethene. Copper exchange of both Z S M - 5 and zeolite Y results in a zeolite 
that has a very high sorption capacity for ethene. C u H Z S M - 5 reacted with ethene at 
temperatures ~50°C lower than H Z S M - 5 . 
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Chapter 26 

Transient Response of a Monolithic Oxidation 
Catalyst 

Effects of Process Conditions 

Alec A. Klinghoffer and Joseph A . R o s s i n 1 

Geo-Centers, Inc., 10903 Indian Head Highway, For t 
Washington, MD 20744 

The transient response of a monolithic oxidation catalyst has been 
investigated by exposing the catalyst to high concentration pulses of 
chloroacetonitrile. For the purposes of this text, transient response is 
defined as the rate at which the catalyst temperature (and hence 
activity) increases with time following a step change in concentration. 
Experiments were conducted employing air inlet temperatures of 365, 
500 and 435°C, challenge concentrations of 5,000 and 10,000 ppm 
(v/v) and a residence time of 0.25 seconds. Both the feed and effluent 
concentration of chloroacetonitrile, and the catalyst temperature were 
monitored simultaneously in real-time. Results indicate that increasing 
the challenge concentration from 5,000 to 10,000 ppm (v/v) greatly 
increases the transient response of the catalyst. Also, for air inlet 
temperatures of 435°C, the rapid increase in the catalyst temperature 
results in a greater than 99.9% removal of the challenge dose. 

Present air purification systems designed for removal o f chemical warfare (CW) agents 
from air streams are based solely on activated, impregnated carbon, namely A S C 
whetlerite. While these filters function well against a wide range of chemical agents, 
they possess several shortcomings. First, the present day carbon filter has a limited 
capacity for agents which are removed by chemical reaction and those which are 
weakly adsorbed. Second, prolonged environmental exposure has been shown to 
reduce the capacity of these filters for agents which are removed by chemical reaction 
(/). The result of these shortcomings is to impose change-out and disposal 
requirements which may present logistical burdens to the user. Alternative filtration 
processes, such as catalytic oxidation, are currently under investigation in an effort to 
develop technologies which may alleviate the above mentioned burdens. 

^rresponding author 

0097-6156/94/0552-0316$08.00/0 
© 1994 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

23
, 1

99
4 

| d
oi

: 1
0.

10
21

/b
k-

19
94

-0
55

2.
ch

02
6

In Environmental Catalysis; Armor, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



26. KLINGHOFFER & ROSSIN Response of a Monolithic Oxidation Catalyst 317 

The nature of a chemical attack coupled with the high toxicity o f agent molecules 
makes the separation of C W agents from streams of air a complex process. During a 
chemical attack, high concentrations (in excess of 1%) of nonpersistent gases (such as 
cyanogen chloride, hydrogen cyanide and phosgene) can be achieved within seconds of 
bomb burst, and can be maintained for a few minutes prior to decay (2). Due to the 
high toxicity associated with many C W agents, an air purification system wil l be 
required to remove in excess of 99.9% of the dose of agent challenged to the filter 
during the attack. When confronted with a rapid change in concentration, such as the 
scenario described above, a catalytic filter would be expected to behave as follows. 
Initially, the catalyst bed would be at a temperature consistent with that of the inlet air. 
A t the on-set of the chemical attack, the temperature of the catalyst bed wil l begin to 
rise, ultimately approaching its adiabatic value which, depending on the agent, may be 
several hundred degrees above the temperature of the inlet air. As the catalyst 
temperature approaches its adiabatic value, the performance of the catalyst is expected 
to increase significantly; i.e. the effluent concentration is expected to rapidly decrease. 
However, the rate at which the catalyst temperature increases may be such that a 
significant dose of agent may pass through the catalyst bed unreacted prior to the 
catalyst achieving its adiabatic temperature. 

Studies involving the transient response of oxidation catalysts which have been 
reported in the open literature have focused on automotive applications. Young and 
Finlayson (3-5) developed a mathematical model to study the transient response of a 
monolithic catalyst for scenarios encountered by automobiles. Their results indicated 
that under certain conditions, the adiabatic catalyst temperature could be achieved in 
less than one minute from cold start (cold catalyst exposed to hot exhaust gas). Similar 
numerical results have been reported by Oh and Cavendish (6) and Heck et al. (7). For 
chemical defense applications, i f the catalyst temperature rises rapidly relative to the 
duration of the chemical attack, then the dose of agent which elutes from the catalyst 
bed during the transient phase may be minimal. Should this be the case, the system can 
take advantage of the heat generated by the chemical reaction, and thereby reduce the 
energy cost. On the other hand, i f the increase in catalyst temperature is slow relative 
to the duration of the chemical attack, then the performance of the catalyst wi l l be 
representative of that achieved during isothermal operation. Should this be the case, a 
relatively high air inlet temperature, and corresponding high energy cost, may be 
required to achieve the desired reduction level. 

A study is currently underway aimed at evaluating catalytic oxidation as a means 
of providing breathable air for military collective protection applications (e.g. airframes, 
shelters and vehicles). The initial phase of this effort involves investigating the 
performance of commercially available catalysts against model compounds, i.e. 
compounds which are structurally similar to specific C W agents but less toxic. In the 
present study, chloroacetonitrile ( C 1 C H 2 C ^ N ) has been chosen as a model compound 
for cyanogen chloride (C1C=N). These two compounds are similar, with the exception 
that the chlorine atom associated with cyanogen chloride has been replaced by a -
C H 2 C 1 group to make chloroacetonitrile. Results obtained with model compounds wil l 
be compared to those obtained with C W agents at a later date. Through the use of 
model compounds, the amount of agent testing required during full scale testing can be 
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greatly minimized, thereby reducing test costs and minimizing risks to the operators. 
Results o f a kinetic rate study conducted over a 1% Pt/Al2C>3 catalyst (8) indicated that 
the oxidation of chloroacetonitrile is nonlinear in reactant concentration and strongly 
inhibited by the adsorption of hydrochloric acid, a reaction product. A monolithic 
oxidation catalyst was selected for this investigation. These materials are currently 
employed by the automotive industry to control exhaust emissions, although other 
applications do exist (9,10). Desirable properties of this catalyst include high reactivity, 
low thermal mass, and excellent thermal stability. The objective of the present study is 
to evaluate the effects of challenge concentration and air inlet temperature on the 
transient response of a monolithic oxidation catalyst following exposure to a step 
change in chloroacetonitrile concentration. In order to meet this objective, techniques 
were developed to deliver a pulse concentration to the catalyst bed, and to monitor the 
feed and effluent concentrations of chloroacetonitrile in real time. 

Experimental Methods 

Materials. Reagent grade chloroacetonitrile was purchased from Aldrich Chemical 
Company. The catalyst employed in this study was purchased as a commercial 
automotive catalytic converter from Walker Muffler, Inc. The monolith had square 
channels and possessed a cell density of 62 channels/cm2. The chemical composition of 
the washcoat was determined using energy dispersive X-ray spectroscopy (EDS) 
employing a Tracor Northern 5700 E D S / W D S automation system interfaced with a 
J E O L 35CF scanning electron microscope. Analyses were performed at six discrete 
locations within an individual channel. Results of the analyses were averaged together 
and provided the following composition (by weight): 12% cerium, 0.2% rhodium, 
1.6% palladium, 0.7% platinum, 85% aluminum oxide. Since the washcoat thickness 
was approximately 0.05mm, it was felt that the contribution of the cordierite substrate 
did not interfere with the analyses. 

Catalyst Preparation. Catalyst samples were prepared by first separating the 
catalytic converter housing from the catalyst. Once separated, catalyst samples were 
cut from the monolith block using a 3.5 cm diameter diamond tipped core saw. The 
resulting catalyst core was approximately 3.1 cm in diameter and 5.4 cm long, yielding 
a volume of approximately 40 cm 3 . Extreme care was taken to cut the catalyst core 
perpendicular to the ends of the monolith block. The outer surface of the catalyst core 
was coated with a thin layer of alundum cement. A thin layer o f glass wool was then 
wrapped around the catalyst core, which was then loaded into a 3.2 cm i.d. Pyrex 
reactor. Preparing and loading the catalyst in this manner served to improve the seal 
between the catalyst core and reactor wall and thus minimized by-passing o f the feed 
stream. Once loaded, six 0.08 cm diameter fine wire thermocouples were place at 
discrete locations within separate channels of the monolith. Five of the thermocouples 
occupied channels located near the center of the monolith. These thermocouples were 
placed at distances of 0.5, 1.0, 3.1 4.0 and 5.0 cm from the entrance of the catalyst, 
respectively. A sixth thermocouple was located within a channel half way between the 
centerline and the reactor wall at 1.7 cm from the entrance of the monolith. The 
number of channels obstructed by the thermocouples (six) was small relative to the 
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number of channels which remained open (over 470). Therefore, the effects o f the 
thermocouple location on the residence time wil l be minimal. 

Equipment . A schematic representation of the fixed bed reactor system is illustrated 
in Figure 1. Dry, oil-free air from a P S A air dryer was metered to the reactor using 
either a 0-5 or 0-20 Nl/min mass flow controller. N l (normal liter) is defined as one 
liter of dry air at 0°C and one atmosphere pressure. The water saturator was by-passed 
so that the experiments could be conducted in dry air. This is because the presence of 
water in the feed stream can effect the performance of the mass spectrometer used to 
analyze the reactor effluent. Previous studies have indicated that the presence of water 
in the feed stream has no effect on the rate at which the reactant chloroacetonitrile is 
oxidized (#). Chloroacetonitrile was delivered to the air stream as a saturated vapor 
from a sparger system. A separate stream of P S A dried air was metered to the sparger 
system using a 0-0.5 Nl/min mass flow controller. The sparger system consisted of a 
series of three 250 ml polytetrafluoroethylene jars. A l l jars were filled to approximately 
75% capacity with liquid chloroacetonitrile. The sparger system was completely 
submerged in a temperature controlled, circulating water bath. A back pressure 
regulator was located down stream of the sparger system and was used to maintain a 
constant pressure of 11 psig over the liquid chloroacetonitrile contained within each 
sparger. The concentration of chloroacetonitrile in the stream exiting the sparger 
system was controlled by adjusting the temperature of the water bath. The 
concentrated chloroacetonitrile stream exiting the sparger system was delivered to a 
three-way stream selector valve. This valve served to vent the stream to a fiime hood, 
or deliver the stream to the main air stream. 

The reactor consisted of a 3.2 cm i.d. Pyrex tube approximately 100 cm long. 
The top 60 cm of the reactor (preheat zone) were filled with 4 mm glass beads. The 
glass beads provided further mixing of the feed gas as well as surface area for heating 
the incoming feed stream to reaction temperature. The catalyst core was located 
approximately 7 cm below the preheat zone. The reactor assembly was housed in an 
8.9 cm diameter aluminum block. The aluminum block was electrically heated, and the 
temperature of the catalyst was controlled by controlling the temperature of the 
aluminum block. Two 50 liter scrubbing vessels, filled with water, were located 
following the reactor. These vessels served to remove acid gas reaction products from 
the effluent stream, thus preventing corrosion of the back pressure regulator, located 
downstream of the vessels. The back pressure regulator was used to maintain a 
constant pressure of 4.5 psig on the system. A l l feed and effluent lines were 
constructed of 316 stainless steel tubing and were electrically heated to approximately 
90°C. 

A small portion of the feed stream, diverted at a point just before the preheat 
zone, was delivered to a Hewlett-Packard 5890 gas chromatograph equipped with a 
flame ionization detector (FID) for analysis. The concentration of chloroacetonitrile in 
the feed stream was determined in real-time by delivering the sample stream (flow rate 
equals 200 Nml/min) directly to the FID, without the use of a column. The 
concentration-time profile of the feed was obtained from the height of the peak 
recorded on a Hewlett-Packard 3 396A integrator. Catalyst temperatures from each of 
the six thermocouples were monitored in real-time using an Omega OM500 multi-
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Figure 1 : Schematic Representation of Catalytic Reactor System. 
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channel data logger. This unit reported all temperatures simultaneously at 5 second 
intervals. Immediately following the reactor, a portion of the effluent stream was 
delivered to the Hewlett-Packard 5971A mass spectrometer for analysis. Quantitative 
effluent concentrations of chloroacetonitrile were determined by continuously 
monitoring the parent ion of chloroacetonitrile ( M W = 75). 

Procedure. Pulse challenge data were recorded employing air inlet (inlet to the 
catalyst) temperatures of 365, 400 and 435°C at a reaction pressure of 4.5 psig and a 
residence time (calculated at 0°C, one atmosphere) of 0.25 seconds for feed 
concentrations of 5,000 and 10,000 ppm. In all cases, the duration of the pulse was 
three minutes. Runs were initiated by first allowing the catalyst to reach the desired 
operating temperature in air flowing. A pulse challenge of chloroacetonitrile was 
delivered to the system as follows. First, air was allowed to flow through the sparger 
system at the desired flow rate for at least 30 minutes prior to the initiation of the 
challenge to allow for equilibration. During this time, dry air was flowing through the 
reactor, and the concentrated chloroacetonitrile stream was vented to a fiime hood. 
Following the equilibration period, the run was initiated by diverting the concentrated 
chloroacetonitrile stream to the dry air stream. The run was terminated following three 
minutes by returning the concentrated chloroacetonitrile stream to vent. During the 
challenge, the chloroacetonitrile feed and effluent concentrations, as well as the catalyst 
temperatures, were monitored continuously. 

Results and Discussion 

Transient Response to a Step Change in Concentration. During the pulse testing, 
no attempts were made to identify reaction products. However, effluent analyses were 
performed while operating the catalyst under steady-state conditions. Reaction 
products consisted of C 0 2 , HC1 and N O x (no attempts were made to identify water). 
N o products of partial oxidation were observed. Figure 2 illustrates the feed and 
effluent concentration of chloroacetonitrile as a function of time during a three minute 
pulse challenge. Results reported in Figure 2 correspond to a challenge concentration 
of 10,000 ppm, an air inlet temperature of 400°C, and a residence time of 0.25 seconds. 
In reporting all concentration data, dead time, i.e. the time required for the feed and 
effluent streams to travel to their respective analytical devices, has been taken into 
account. The observance of low concentrations of chloroacetonitrile in the effluent 
prior to time zero has been attributed to axial diffusion of the pulse and/or errors 
associated with the estimation of dead time. Figure 3 reports the corresponding axial 
catalyst temperature profiles prior to and at discrete times during the challenge. 
Temperature measurements are reported for thermocouples located near the center 
most channels of the monolith. The size of the thermocouple was such that the channel 
was severely obstructed. Therefore, the temperature measurements reported are 
assumed to be representative of the solid catalyst rather than the fluid stream. 
Although attempts were made to operate the reactor adiabatically, radial temperature 
gradients were observed. 

Results presented in Figure 2 show that the feed concentration profile very nearly 
represents that of a pulse. The feed rises rapidly to the desired concentration, which is 
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Figure 2: Feed and Effluent Concentrations of Chloroacetonitrile as a Function o f Time 
During a 10,000 ppm Pulse Challenge. A i r inlet temperature = 400°C, residence time = 
0.25 s. 

850 

Φ 
5 650 

û - 5 5 0 
Φ 

*~450 

350 

t = 0.0 m 
t * 0.5 m 

t - 1.0 m 

t - 2.0 m 
t = 3.0 m 

-1 8 1 2 3 4 5 6 
Length, c m 

Figure 3: Axia l Catalyst Temperature Profiles at Discrete Times During a 10,000 ppm 
Chloroacetonitrile Puise Challenge. A i r inlet temperature = 400°C, residence time = 
0.25s. 
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maintained for three minutes, then decreases rapidly upon termination. Figure 2 shows 
that the effluent concentration of chloroacetonitrile decreases significantly over the 
duration of the challenge, from 1,300 to 9 ppm. The decrease in concentration is due 
to a rapid increase in the catalyst temperature throughout the duration of the challenge, 
as shown in Figure 3. Oxidation reactions are highly exothermic. For the oxidation of 
chloroacetonitrile, the heat o f reaction is estimated to be 1,050 kJ/mol. Based on the 
heat o f reaction, an adiabatic temperature rise on the order of 350°C would be expected 
for the 10,000 ppm challenge. Heat transfer and mass transfer/chemical reaction within 
a monolith is a complex process and has been discussed previously (3-7,9,11-13). Prior 
to the introduction of the challenge, the entire catalyst is at a temperature consistent 
with that of the inlet air (400°C). Upon introduction of the challenge, the catalyst 
temperature begins to rise as a result of the heat generated by the chemical reaction 
accumulating within the catalyst. A t 0.5 minutes, the temperature of the catalyst has 
increased somewhat uniformly following the first centimeter, indicating that the 
reaction is distributed over the entire length of catalyst (as opposed to a large fractional 
conversion occurring near the entrance). If a large fraction of reactant were consumed 
within a region near the entrance to the catalyst, then the reaction occurring over the 
remainder of the catalyst would be minimal, as would the corresponding heat 
generation. Should this be the case, the increase in temperature near the end of the 
catalyst would be much less than that observed near the entrance, and the conversion 
would be significantly higher than the 87 to 95% levels observed over this period of 
time. A t one minute, the catalyst temperature has increased significantly over the first 
centimeter; however, at 3.1 cm, the catalyst temperature begins to decrease in the axial 
direction. This result indicates that a large fraction of the reactant (90% or more) is 
being consumed upstream of the 3.1 cm thermocouple, and results in the presence of a 
"hot spot", i.e. a location within the catalyst bed where the temperature is at a 
maximum. The continued increase in the catalyst temperature with time past the 3.1 cm 
mark is a result o f heat transfer from the fluid stream. A t two minutes into the 
challenge, the temperature of the catalyst at the "hot spot," located one cm into the 
catalyst, has risen substantially, nearly 300°C above the air inlet temperature. This 
temperature increase corresponds to 80% of the adiabatic temperature rise, and 
provides direct evidence that a large fraction of the reactant is been consumed over the 
first centimeter o f the catalyst. B y oxidizing the majority of the reactant near the front 
of the catalyst, the remainder of the catalyst can be used to achieve very high levels of 
concentration reduction, 99.85% in this instance. Just prior to termination of the 
challenge, the temperature of the "hot spot" has risen approximately 350°C above the 
air inlet temperature, and corresponds well with the expected adiabatic temperature 
rise. It should be noted that during the final minute of the challenge, the effluent 
concentration has not decreased significantly, from 15 to 9 ppm, even though the 
temperature of the catalyst has increased over the entire length. A t these high 
temperatures, it is likely that the reaction has become severely limited by external mass 
transfer resistances. As a result, increases in the catalyst temperature wil l not 
significantly effect the effluent concentration (conversion). 
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Effects of Challenge Concentration on Transient Response. Decreasing the 
challenge concentration results in decreasing the heat value associated with the feed 
stream, thereby reducing the potential to raise the catalyst temperature. Figure 4 
compares the effluent concentration of chloroacetonitrile as a function of time for 
challenge concentrations of 5,000 and 10,000 ppm. Data presented in this figure were 
recorded employing an air inlet temperature of 400°C, a residence time of 0.25 
seconds, and a pulse duration of 3 minutes. The challenge concentration profiles have 
been omitted from this figure due to crowding. Figure 5 reports the temperature o f the 
"hot spot" as a function of time during the 5,000 and 10,000 ppm challenges. Since the 
location of the "hot spot" changed with time, the temperatures reported in Figure 5 
correspond to the location within the catalyst which achieved the greatest temperature 
upon termination of the challenge. Decreasing the challenge concentration resulted in 
decreasing the concentration of chloroacetonitrile first observed in the effluent stream 
from about 1,300 ppm to about 200 ppm. These values correspond to conversions of 
87 and 96%, respectively. The increase in conversion with decreasing challenge 
concentration was to be expected based on the results of Klinghoffer and Rossin (8), 
who have shown the oxidation of chloroacetonitrile to be nonlinear in concentration. 
The effluent concentration decreased throughout the duration of the challenge for both 
feed concentrations, however, the effluent concentration decreased at both a faster rate 
and to a greater degree for the 10,000 ppm challenge. For example, following one 
minute, the effluent concentration has decreased slightly more than one order of 
magnitude for the 10,000 ppm challenge, while for the 5,000 ppm challenge, the 
effluent concentration has decreased by only a factor of four. Further, just prior to 
termination, the effluent concentration has decreased two orders o f magnitude for the 
10,000 ppm challenge, while for the 5,000 ppm challenge, the effluent concentration 
has decreased by a factor of 40. As shown in Figure 5, the increased rate at which the 
effluent concentration decreased for the 10,000 ppm challenge can be attributed to the 
temperature of the "hot spot" increasing at a greater rate and to a greater extent. This 
behavior is to be expected, since, by virtue of its greater concentration, the 10,000 ppm 
challenge has the potential to generate more heat. 

Figure 6 reports axial catalyst temperature profiles recorded two minutes into the 
challenge. Results presented in this figure show that decreasing the challenge 
concentration has resulted in locating the "hot spot" further into the catalyst. For the 
5,000 ppm challenge, the catalyst temperature recorded one cm into the monolith has 
increased only 50°C above the air inlet temperature, while for the 10,000 ppm 
challenge, the temperature at this location has increased nearly 300°C. These 
temperature rises correspond to 25 and 80%, respectively, of the adiabatic value and 
indicate that a much greater conversion has occurred over the first centimeter o f the 
monolith when employing the 10,000 ppm challenge. Based on the location of the "hot 
spot", one would expect a greater fractional conversion for the 10,000 ppm challenge, 
since a significantly greater conversion is achieved over the first centimeter o f the 
monolith. However, this is not the case, as essentially the same conversion is achieved 
upon termination of the challenge for both runs. The reason for this behavior has been 
attributed to the presence of radial temperature gradients, which were more significant 
(as a result o f the greater temperatures) for the 10,000 ppm challenge. 
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Figure 4: Effluent Concentration of Chloroacetonitrile as a Function of Time for 5,000 
and 10,000 ppm Puise Challenges. A i r inlet temperature = 400°C, residence time = 
0.25 s. 
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Figure 5: Temperature o f the Catalyst "Hot Spot" as a Function o f Time for 5,000 and 
10,000 ppm Chloroacetonitrile Challenges. A i r inlet temperature = 400°C, residence 
time = 0.25 s. 
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Figure 6: Axia l Catalyst Temperature Profiles Recorded Two Minutes Into the Run for 
5,000 and 10,000 ppm Chloroacetonitrile Challenges. A i r inlet temperature = 400°C, 
residence time = 0.25 s. 

10000 

Ε 
α 
α 
c 
ο 

c 
φ 
ϋ 
c 
ο 
ϋ 

1000 

100 

10 

• ^ ^ ^ s 3 6 5 c 

ο ν 

ο m \ ^ • 400 C 

Δ \ 

Δ \ l = 435 C ο 
^ ^ ^ ^ ^ 

1 
-.5 0 .5 1 1.5 2 2.5 3 3.5 

Time, min 
Figure 7: Effluent Concentrations of Chloroacetonitrile as a Function of Time During a 
Pulse Challenge for A i r Inlet Temperatures of 365, 400 and 435°C. Challenge 
concentration = 10,000 ppm, residence time = 0.25 s. 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

23
, 1

99
4 

| d
oi

: 1
0.

10
21

/b
k-

19
94

-0
55

2.
ch

02
6

In Environmental Catalysis; Armor, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



26. KLINGHOFFER & ROSSIN Response of a Monolithic Oxidation Catalyst 327 

Effects of Air Inlet Temperature on Transient Response. Increasing the air inlet 
temperature wil l result in increasing the rate of chemical reaction. Figure 7 shows the 
effluent concentration of chloroacetonitrile as a function of time for air inlet 
temperatures of 365, 400 and 435°C. A l l data reported in this figure employ a 
challenge concentration of 10,000 ppm, a residence time of 0.25 seconds, and a pulse 
duration of three minutes. Figure 8 reports the temperature of the "hot spot" as a 
function of time for the three air inlet temperatures reported. Since the location of the 
"hot spot" changed with time, the temperatures reported in Figure 8 correspond to the 
location within the catalyst which achieved the greatest temperature upon termination 
of the challenge. Note from the results presented in Figures 7 and 8 that increasing the 
air inlet temperature resulted in increasing the rate at which the effluent concentration 
decreased, as well as increasing the rate at which the temperature of the "hot spot" 
increased. For the run conducted with an air inlet temperature of 435°C, the effluent 
concentration decreased rapidly over the first minute of the challenge. This behavior 
corresponds well with an equally rapid increase in the temperature of the "hot spot," to 
335°C above the air inlet temperature, recorded over the same time period. For the run 
conducted with an air inlet temperature of 365°C, the effluent concentration does not 
begin to decrease at an appreciable rate until approximately two minutes into the 
challenge. Correspondingly, the temperature of the "hot spot" begins to increase at an 
appreciable rate at this time. It should be noted that in the case of the run which 
employed an air inlet temperature of 435°C, the temperature rise of the catalyst (390° 
C) exceeded the adiabatic value (350°C). This result has been observed by others in 
both experimental (73) and modeling (5,7) studies, and is a result of the rate of mass 
transfer/chemical reaction being greater than the heat transfer rate. 

It is interesting to note that although the runs conducted with air inlet 
temperatures of 365 and 400°C achieved similar "hot spot" temperatures, the effluent 
concentrations achieved just prior to termination of the challenges are significantly 
different; 400 versus 9 ppm, respectively. Based on the "hot spot" temperatures, one 
would expect the effluent concentrations to be similar. The data presented in Figure 9 
provide an explanation for these observations. Figure 9 reports the axial catalyst 
temperature profile recorded two minutes into the challenge for each of the three air 
inlet temperatures. Results presented in this figure show that increasing the air inlet 
temperature placed the "hot spot" closer to the inlet. For example, two minutes into 
the challenge, the hot spot shifts from 4.0 cm to 1.0 cm and 0.5 cm as the air inlet 
temperature is increased from 365 to 400 to 435°C, respectively. The shifting o f the 
"hot spot" towards the entrance of the monolith is consistent with the numerical results 
reported by Heck et al. (7). B y locating the "hot spot" closer to the inlet, the remainder 
of the catalyst may be used to achieve high concentration reductions. For the run 
conducted at 365°C, the "hot spot" is located so far into the catalyst that an insufficient 
volume remains to achieve the high concentration reductions. Therefore, although the 
runs conducted with air inlet temperatures of 365 and 400°C achieved similar "hot 
spot" temperatures, the difference in the effluent concentrations achieved upon 
termination of the challenge can be attributed to the location of the "hot spot." 

For applications such as chemical defense where one must focus on the dose of 
reactant which elutes through the catalyst prior to the achievement of steady-state 
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Figure 8: Temperature o f Catalyst "Hot Spot" as a Function o f Time During a Pulse 
Challenge for A i r Inlet Temperatures of 365, 400 and 4 3 5 ° C Challenge concentration 
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Figure 9: Axia l Catalyst Temperature Profiles Recorded Two Minutes Into the Run for 
Ai r Inlet Temperatures o f 365, 400 and 435°C. Challenge concentration = 10,000 
ppm, residence time = 0.25 s. 
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(adiabatic) conditions, the transient response of the catalyst becomes an important 
design consideration. The results shown in Figures 7 through 9 indicate that changes in 
the air inlet temperature effect not only the initial conversion, but also the rate at which 
the catalyst temperature increases (thus the rate at which the effluent concentration 
decreases) and the location of the "hot spot." The location of the "hot spot" is very 
important. Should, as in the case of the run conducted with an air inlet temperature of 
365°C, the "hot spot" be located well into the catalyst, a high conversion cannot be 
achieved at any time during the challenge. Also important in minimizing the dose which 
elutes through the catalyst during the transient period are the initial conversion and rate 
at which the catalyst temperature increases. Results presented in Figure 7 show that for 
an air inlet temperature of 400°C, the catalyst functions quite efficiently, achieving low 
effluent concentrations, once sufficient catalyst temperatures have been achieved. 
However, because of the magnitude of the initial effluent concentration (1,300 ppm) 
and the rate at which the catalyst temperature increases, only a 97.6% reduction of the 
challenge dose is achieved. Further increasing the air inlet temperature to 435°C 
reduces the initial effluent concentration (140 ppm) and increases the rate at which the 
catalyst temperature increases sufficiently to allow for a 99.91% reduction of the 
challenge dose. 

Conclusions 

Both the challenge concentration and air inlet temperature can have a significant effect 
on the transient response of the catalyst. Decreasing the challenge concentration results 
in decreasing the initial effluent concentration of chloroacetonitrile, and decreasing the 
rate that the catalyst temperature increases. Decreasing the challenge concentration 
also affects the location of the "hot spot," placing it further into the catalyst as the 
challenge concentration is decreased. Increasing the air inlet temperature results in 
locating the "hot spot" closer to the catalyst entrance, decreasing the initial effluent 
concentration, and increasing the rate at which the catalyst temperature increases. 
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Chapter 27 

Low-Temperature Deep Oxidation of Aliphatic 
and Aromatic Hydrocarbons 

Mark T. Vandersall1, Stephen G. Maroldo 1, William H . Brendley, Jr . 1 , 
Krzysztof Jurczyk2, and Russell S. Drago 2 

1Research Laboratories, Rohm and Haas Company, Spring 
House, PA 19477 

2Department of Chemistry, University of Florida, Gainesville, FL 32611 

A new series of low temperature oxidation catalysts have been 
developed that comprise first-row transition metal oxides 
dispersed on a new class of synthetic carbonaceous supports, the 
Ambersorb adsorbents. Data are reported here demonstrating 
high conversion using these catalysts for the deep oxidation of 
aliphatic and aromatic compounds to CO 2 and H 2 O. The 
process temperatures required are only 175-250 °C, which is a 
substantial reduction over conventional oxidation systems. As 
such, these catalysts should offer cost advantages over the use of 
adsorption on activated carbon or thermal or catalytic oxidation 
for environmental control and remediation. 

P u b l i c awareness of the ha rmfu l effects of vo la t i l e organic chemica l ( V O C ) 
emiss ions a n d n o n - v o l a t i l e o rgan ic c o m p o u n d s has l e d to i n c r e a s i n g l y 
stringent envi ronmenta l regulations. The citizens of the w o r l d are d e m a n d i n g 
clean air, clean water, and p o l l u t i o n free l a n d to safeguard our biosphere not 
o n l y for the present but also for centuries to come. These concerns have been 
hea rd b y the chemica l i ndus t ry i n general , w h i c h is p u r s u i n g the goa l of 
cleaner, safer, and more efficient plants. The control of V O C emiss ions a n d 
di f f icul t to dispose of by-products is of key impor tance . W h i l e the p r i m a r y 
objective is the e l i m i n a t i o n of processes p r o d u c i n g haza rdous waste , the 
management a n d control of harmful by-products are of immedia te concern. 

Th i s paper w i l l present the impor tan t roles p l a y e d b y the synergis t ic 
association of new, nove l carbonaceous adsorbents w i t h catalytic technology i n 
protec t ing the env i ronment b y the deep ox ida t ion of a l iphat ic a n d aromatic 
hydrocarbon pollutants. 

A t present, two technologies are u t i l i z ed for the control of semi-volat i le 
and volat i le organic c o m p o u n d emissions. Both have inherent drawbacks . 

0097-6156/94/0552-0331$08.00/0 
© 1994 American Chemical Society 
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332 ENVIRONMENTAL CATALYSIS 

1. G r a n u l a r A c t i v a t e d C a r b o n ( G A C ) - G A C is u s e d as a c o n t r o l 
technology to adsorb V O C s f rom air a n d water streams. (2) G A C is, 
however , dependent o n opera t ing condi t ions to be effective. For the 
a d s o r p t i o n of o rgan ic chemica l s f r o m air , for e x a m p l e , r e la t ive 
h u m i d i t y can adversely affect the adsorp t ion capaci ty of the carbon 
for these organics, w i t h the decrease becoming very significant as the 
r e l a t i v e h u m i d i t y of the V O C s t r e a m is i n c r e a s e d a b o v e 
a p p r o x i m a t e l y 50%. In add i t i on , G A C is genera l ly r ebedded after 
b r e a k t h r o u g h r e q u i r i n g t ranspor ta t ion of the haza rdous chemica l 
conta ined o n the G A C to incinerators located at specific sites. These 
l a rge v o l u m e s of G A C are t r anspor ted as haza rdous wastes for 
regenera t ion or d i sposa l , thereby increas ing costs a n d genera t ing 
concerns over safety issues. 

2. T h e r m a l O x i d a t i o n - T h e r m a l ox ida t i on of V O C s is u sed p r i m a r i l y 
w i t h a i r - s t r ipp ing as a means of destruct ion of hazardous wastes.(2) 
Th i s me thod of operat ion is associated w i t h h igh energy requirements 
a n d opera t ing costs because of the h i g h temperatures r equ i r ed for 
incinerat ion. 

In cooperat ion w i t h the U n i v e r s i t y of F lo r ida , w e have deve loped a n e w 
series of l o w temperature catalysts that compr i se t rans i t ion me ta l ox ides 
d i spersed o n a n e w class of synthetic carbonaceous adsorbents (Amber so rb 
adsorbents ; A m b e r s o r b is a reg i s te red t r ademark of R o h m a n d H a a s 
C o m p a n y ) . (3) These patented adsorbents, sometimes ca l led carbon molecular 
sieves ( C M S ) , offer a va r ie ty of pore s ize d i s t r ibu t ions w i t h h i g h in te rna l 
surface area a n d h i g h d i f fus iv i ty of organic molecules to active meta l ox ide 
sites.(4,5) In add i t ion , these adsorbents function as robust catalysis supports . 

P r e v i o u s w o r k has s h o w n that A m b e r s o r b a d s o r b e n t - s u p p o r t e d 
t r ans i t ion me ta l ox ides are effective catalysts for the deep o x i d a t i o n of 
ha logenated hydrocarbons at l o w temperatures.(3) The studies descr ibed i n 
this pape r further demonst ra te ex t remely h i g h convers ions for the deep 
o x i d a t i o n of a l ipha t ic and aromat ic hydroca rbons to CO2 a n d H2O. The 
catalyt ic process temperatures are l o w , t yp i ca l l y i n the range of 170-250 °C 
w h i c h is a subs tan t i a l r e d u c t i o n over c o n v e n t i o n a l t h e r m a l o x i d a t i o n 
s y s t e m s . ( 2 ) P r e l i m i n a r y resul ts w i t h butane , hexane, a n d to luene are 
presented. 

E x p e r i m e n t a l 

T h e c a r b o n s u p p o r t s u s e d i n this s t u d y w e r e syn the t ic carbonaceous 
adsorben ts f r o m R o h m a n d H a a s C o m p a n y ( A m b e r s o r b 563 a n d 572 
adsorbents ) . (4 ,5) T h e A m b e r s o r b adsorbents are m a d e b y the patented 
p y r o l y s i s of su l fona ted s ty rene -d iv iny lbenzene copo lymer s . The process 
p roduces adsorbents w i t h tai lorable and reproduc ib le surface area a n d pore 
v o l u m e d i s t r ibu t ion . The adsorbents are spher ica l part icles w i t h diameters 
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27. VANDERSALL ET AL. Oxidation of Aliphatic & Aromatic Hydrocarbons 333 

between 300 and 850 μ ι η . P r io r to use, the carbons were d r i ed at 120 °C under 
v a c u u m for at least 18 hours. 

Catalysts were prepared b y impregnat ion to incipient wetness.(6) M e t a l 
ni t rate salts were pu rchased f rom Fisher Scientif ic C o m p a n y a n d A l d r i c h 
C h e m i c a l C o m p a n y , Inc. In a typ ica l preparat ion, an appropr ia te amoun t of 
the ni trate salt of the des i red t rans i t ion meta l {e.g., C o ( N 0 3 ) 2 - 6 H 2 0 ) was 
d i s so lved into a so lu t ion of 10% methanol i n water. The amount of so lu t ion 
used was that requi red to f i l l a l l of the pores of the adsorbent. Th is meta l salt-
conta in ing so lu t ion was then added d ropwise to the adsorbent, w h i l e s t i r r ing, 
over the course of about 15 minutes. A t the end of the add i t ion , the adsorbent 
was d a m p i n appearance but no l i q u i d phase was present. Th i s i m b i b e d 
s ample was a l l o w e d to s tand for app rox ima te ly four hours a n d then was 
p laced into a 110 °C v a c u u m oven to d ry overnight . F o l l o w i n g the d r y i n g , the 
meta l - loaded adsorbent was p laced into a 3.75 c m diameter quar tz pyro lys i s 
tube a n d heated, unde r a n i t rogen a tmosphere , to 360 e C for t w o hours . 
T h e r m o g r a v i m e t r i c analys is w i t h mass spectral ana lys is of the off gases 
i n d i c a t e d that these temperatures were sufficient to v o l a t i l i z e the ni trate 
groups , l eav ing the metal oxide on the carbon surface. 

Catalysts were tested i n a pyrex glass reactor w i t h an internal diameter 
of 10 m m a n d w i t h a coarse glass frit as a bed support . A type J thermocouple 
was taped to the outs ide of the glass at a pos i t ion approx imate ly 1 c m above 
the frit, and the entire reactor was w r a p p e d w i t h fiberglass tape a n d flexible 
h e a t i n g tape. T h e t empera tu re w a s c o n t r o l l e d w i t h a C o n t r o l s a n d 
A u t o m a t i o n , L t d . M o d e l 9000 P I D control ler u s ing the the rmocouple as the 
sensor. Temperature regula t ion was quite good , general ly w i t h i n 1 °C of the 
setpoint. 

The feed gases used i n these tests were either de l ivered f rom a cy l inder 
or, for the case of hexane and toluene, f rom passing air t h rough an imp inge r 
tube f i l l e d w i t h the organic l i q u i d . In some exper iments , water was also 
present i n the feed stream. This was generated b y pass ing the air t h rough a 
M i l l i g a n jar f i l l ed w i t h water and then o n to the imp inge r tube. F l o w rate was 
cont ro l led by needle valves or b y use of a Porter Instrument C o . M o d e l V C D -
1000 f l o w controller . A c t u a l f l o w rates were measured w i t h a H u m o n i c s Inc. 
O p t i f l o w 520 d ig i ta l soap-f i lm flowmeter. 

P r o d u c t gases were a n a l y z e d b y gas c h r o m a t o g r a p h y u s i n g t w o 
different techniques. One technique i n v o l v e d s a m p l i n g the gas t h r o u g h a 
sep tum w i t h a gas syr inge and then injecting this sample into a V a r i a n M o d e l 
3700 gas ch roma tograph ( G C ) . In the other me thod , on- l ine analys is was 
achieved b y sampl ing the produc t gas stream w i t h a 6-port rotary va lve and a 
1 c m 3 sample loop moun ted o n a Hewle t t -Packard M o d e l 5880A G C . Fo r the 
latter case, a 1 m χ 1/8" stainless steel 1% SP-1000 o n 6 0 / 8 0 C a r b o p a c k Β 
c o l u m n was used. F lame ion iza t ion detectors were used o n both G C systems. 
C o n v e r s i o n s w e r e ca l cu la t ed as the difference o f the in le t a n d out le t 
concentrations, expressed as a percentage of the inlet concentration. 
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334 ENVIRONMENTAL CATALYSIS 

Results and Discussion 

Surface areas a n d pore v o l u m e d i s t r ibu t ions of the ca rbon suppor t s were 
d e t e r m i n e d b y n i t r o g e n p o r o s i m e t r y u s i n g a M i c r o m e r i t i c s A S A P - 2 4 0 0 
poros imeter . T y p i c a l values for these materials are s h o w n i n Table I. Fo r 
c o m p a r i s o n purposes , data are a lso s h o w n for a s t a n d a r d vapor -phase 
granular activated carbon (Calgon C a r b o n C o r p . T y p e B P L , 12x30 mesh). The 
pore vo lumes l is ted were calculated b y the porosimeter u s ing the B J H method . 
This m e t h o d uses the Ha l sey equat ion for the adsorbed layer thickness and the 
K e l v i n equa t ion for the cap i l l a ry condensed v a p o r a n d is w i d e l y - u s e d to 
characterize meso and macroporous solids.(7) The pore size classification used 
corresponds w i t h I U P A C - r e c o m m e n d e d definitions.(8) The B J H pore v o l u m e 
dis t r ibut ions for both u n d o p e d A m b e r s o r b 572 adsorbent a n d 5% (by weight ) 
C o O o n A m b e r s o r b 572 adsorbent are s h o w n i n F i g u r e 1. The n i t rogen 
poros imet ry data indicate that there is r ough ly a 15% loss i n surface area and 
the t-plot mic ropore v o l u m e of the suppor t due to incorpora t ion of the meta l 
oxide . 

Table I. T y p i c a l properties of the carbon supports 
Proper ty Amberso rb 563 Amber so rb 572 C a l g o n T y p e 

adsorbent adsorbent B P L 12x30 
B E T surface area ( m 2 / g ) 550 1100 1100 
M i c r o p o r e v o l u m e ( c m 3 / g ) 0.23 0.41 0.47 
M e s o p o r e v o l u m e ( c m 3 / g ) 0.14 0.19 0.07 
M a c r o p o r e v o l u m e ( c m 3 / g ) 0.23 0.24 0.03 
B u l k densi ty ( g / c m 3 ) 0.53 0.49 0.48 

T o determine the hydrophob ic i ty of the carbonaceous supports used i n 
this s tudy , water vapo r adsorp t ion isotherms were measu red b y expos ing 
p r e d r i e d , w e i g h e d samples of the adsorbents to atmospheres of con t ro l l ed 
h u m i d i t y for two weeks. Prev ious experience h a d s h o w n that this two-week 
p e r i o d was sufficient for each sample to reach e q u i l i b r i u m w i t h the headspace 
water v a p o r concent ra t ion . The re la t ive h u m i d i t y for each sample was 
established by us ing standard sulfuric ac id solutions for w h i c h the h u m i d i t y as 
a func t ion of so lu t ion compos i t ion is w e l l known.(9) The specific uptake of 
water was compu ted for each adsorbent at each relative h u m i d i t y , a n d these 
data are s h o w n graphica l ly i n F igure 2. In general , the A m b e r s o r b adsorbents 
are m o r e h y d r o p h o b i c than typ ica l G A C s (compare w i t h C a l g o n T y p e B P L 
carbon) a n d , i n par t icu la r , A m b e r s o r b 563 adsorbent is subs tant ia l ly m o r e 
hyd rophob ic , h a v i n g o n l y about 25% of the water uptake of C a l g o n T y p e B P L 
carbon. 

C o n v e r s i o n of hexane was measured u s i n g a f lowrate of 3 c m 3 / m i n 
hexane i n air. For these experiments , a catalyst we igh t of 1.0 g was u t i l i z e d , 
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27. VANDERSALL ET AL. Oxidation of Aliphatic & Aromatic Hydrocarbons 335 

Figure 1. B J H pore v o l u m e dis t r ibut ion for Ambersorb 572 adsorbent a n d 
for 5% C o O on Amberso rb 572 adsorbent. 

572 

563 

Relative humidity (%) 

Figure 2. Wate r vapor adsorpt ion isotherms for the carbonaceous 
supports . 
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co r r e spond ing to an approx imate space ve loc i ty (SV) of 150 h " 1 . Ca ta lys t 
c o m p o s i t i o n a n d reac t ion cond i t i ons , a l ong w i t h the i n i t i a l h y d r o c a r b o n 
convers ion , are s h o w n i n Table II. In general, convers ion fel l w i t h t ime, w i t h 
deact ivat ion taking place more q u i c k l y at l ower temperatures. For the runs at 
250 °C, the decrease i n convers ion was on ly a few percent at 100 hours t ime o n 
stream, whereas for the runs at 175 °C, convers ion fell to the 50% leve l i n the 
same t ime pe r iod . The deact ivat ion curve for one of the catalysts tested is 
s h o w n i n F igure 3. The catalysts cou ld , however , be reactivated b y swi t ch ing 
the feed stream to air (no hydrocarbons) and increasing the temperature to 250 
°C for 15 hours , whe reupon the convers ion returned to 99.8%. 

Table II. Conve r s ion us ing hexane feed stream 
Hexane Dopant Dopant Suppor t Temperature Ini t ia l 
(ppmv) level (%) ( Ό convers ion (%) 

2000 5 M n O 572 250 99.9 
1000 5 M n O 572 200 99.8 
1000 5 M n O 563 250 99.7 
1000 5 M n O 563 175 99.9 
2000 5 C o O 572 250 99.9 
1000 5 C o O 572 200 99.8 
1500 5 Z n O 572 175 99.9 
1000 10 Z n O 563 175 99.9 

Th i s pat tern of deact iva t ion is suggest ive of a " c o k i n g " m e c h a n i s m 
w h e r e b y , at l o w e r temperatures , depos i t i on of carbon or other p a r t i a l l y 
o x i d i z e d organics at the active sites or i n the tranport pores leads eventual ly to 
loss of act ivi ty . H e a t i n g the catalyst to h igher temperatures w i t h an air feed 
can ev ident ly ox id ize and burnoff these coke products and recover the activity. 
The apparent i n d u c t i o n pe r iod s h o w n i n F igu re 3 suggests that b u i l d u p of a 
substant ia l amount of carbonaceous deposits m a y be necessary before any 
reduct ion i n reaction rate is observed. A d d i t i o n a l w o r k is necessary, however , 
to further unders tand the details of the deactivation mechanism. 

Butane convers ion was measured i n a s imi la r fashion u s i n g a f lowrate 
of 3 c m 3 / m i n butane i n air a n d 1.0 g of catalyst (SV 150 r r 1 ) . Ca ta lys t 
c o m p o s i t i o n a n d reac t ion cond i t ions , a l ong w i t h the i n i t i a l h y d r o c a r b o n 
convers ion , are s h o w n i n Table III. The catalysts tended to deactivate more 
q u i c k l y w i t h the butane feed than they d i d w i t h hexane. A c t i v i t y at 175 °C is 
also apparent ly lower as s h o w n b y the in i t i a l convers ion of 51% for 5% M n O 
o n A m b e r s o r b 572 adsorbent. 

To luene conver s ion was also measured i n a s imi l a r fashion u s i n g a 
f lowrate of 3 c m 3 / m i n toluene i n air but w i t h a charge of 2.0 g of catalyst (SV 
75 h - l ) . Cata lys t compos i t ion and reaction condi t ions , a long w i t h the in i t i a l 
hyd roca rbon convers ion , are s h o w n i n Table IV . For these runs, v i r t ua l l y no 
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27. VANDERSALL ET AL. Oxidation of Aliphatic & Aromatic Hydrocarbons 337 

Figure 3. Deact ivat ion of 5% Z n O on Amberso rb 572 adsorbent at 175 °C 
w i t h a feed stream of 1500 p p m v hexane. 
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338 ENVIRONMENTAL CATALYSIS 

deac t iva t ion of the catalyst was seen d u r i n g 105 hours of t ime o n stream. 
Speciat ion of the p roduc t gases indicated that the major p roduc t gas was CO2. 

Table ΙΠ. Conve r s ion us ing butane feed stream 
Butane Dopan t Dopant Suppor t Temperature Ini t ial 
(ppmv) level (%) (°C) convers ion (%) 
30000 5 M n O 572 250 99.8 

2000 5 M n O 572 175 50.8 
5000 5 C o O 572 250 99.8 

Table IV . Conve r s ion us ing toluene feed stream 
Toluene Dopan t Dopant Suppor t Temperature Ini t ial 
(ppmv) level (%) ( Ό convers ion (%) 

600 5 C o O 572 210 99.0 
1300 5 C o O 563 250 99.9 

A d d i t i o n a l tests were r u n at a m u c h h igher concentrat ion of toluene 
v a p o r u s i n g water as a co-feed (22000 p p m v of each species) a n d w i t h a 
f lowrate of 50 c m 3 / m i n and 1.0 g of catalyst (SV 2500 h" 1 ) . Fo r these runs , 
three catalysts w i t h v a r y i n g levels of C o O were used. The convers ions are 
s h o w n i n Table V where it is clear that, despite the short contact t ime, the h i g h 
concentrat ion, a n d the l o w temperature, g o o d convers ion is achieved. These 
data suggest that, under these condit ions, metal l oad ing levels as l o w as 1% b y 
w e i g h t are qui te effective. The surface areas, pore v o l u m e s , a n d to luene 
convers ions of these catalysts decreased as the meta l l o a d i n g l e v e l was 
increased. These changes m a y be due to either poor d i spers ion of the meta l 
o x i d e (aggrega t ion i n the mic ropores ) or to a decrease i n the to luene 
di f fus iv i ty because of transport pore constriction. A d d i t i o n a l w o r k is p l anned 
to characterize the C o O dispers ion and to measure the effective d i f fus iv i ty of 
to luene i n these catalysts w h i c h s h o u l d be h e l p f u l i n u n d e r s t a n d i n g the 
observed changes. 

Table V . C o n v e r s i o n us ing toluene feed stream at short contact times 
Toluene Dopant Dopant Suppor t Temperature Ini t ial 
(ppmv) level (%) (°C) convers ion (%) 
22000 1 C o O 572 175 95.5 
22000 2 C o O 572 175 80.6 
22000 10 C o O 572 175 77.5 
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Conclusion 

These p r e l im ina ry results c lear ly show that f i rs t -row t ransi t ion metals, w h e n 
d i spe rsed o n A m b e r s o r b adsorbent suppor ts , are effective catalysts for the 
deep o x i d a t i o n of a l i pha t i c a n d a romat ic c o m p o u n d s at r e l a t i v e l y l o w 
temperatures. A l t h o u g h the flowrates used i n this w o r k are genera l ly l o w e r 
than those typ ica l for commerc ia l thermal or catalytic o x i d a t i o n systems, i t 
s h o u l d be possible to op t imize the catalyst compos i t ion to reduce the requi red 
contact t ime w h i l e ensur ing near 100% h y d r o c a r b o n des t ruc t ion efficiency. 
Because these catalysts are effective at l o w operat ing temperatures, the energy 
requirements for a catalytic ox ida t ion uni t u s ing these materials are expected 
to be s ignif icant ly l ower than for convent ional ox ida t ion systems. A s a result, 
the opera t ing costs of such a sys tem s h o u l d be l o w e r a n d therefore y i e l d 
significant savings over the lifetime of an envi ronmenta l remedia t ion project. 

A s catalyst suppor t s , the A m b e r s o r b adsorbents appear to offer a 
un ique combina t ion of advantages. The h i g h surface area of these adsorbents, 
i n conjunct ion w i t h s ignif icant meso- and macroporos i ty , s h o u l d a l l o w the 
synthesis of h i g h l y dispersed catalysts w i t h h i g h diffusivi ty . Consequent ly , as 
s h o w n above, excellent ac t iv i ty can be ob ta ined at r e l a t ive ly l o w process 
temperatures. In add i t ion , the hyd rophob ic nature of the supports s h o u l d be 
benef ic ia l i n processes where h i g h water v a p o r concentrat ions are present, 
either b y offering reduced sensi t ivi ty to water i nh ib i t i on of active sites, or b y 
enhanced h y d r o t h e r m a l s tabi l i ty under process cond i t ions where s i l i ca or 
a l u m i n a supports w o u l d be unsuitable. 
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Chapter 28 

Deep Oxidation of Chlorinated Hydrocarbons 

Russell S. Drago1, S. C. Petrosius1, G. C. Grunewald1, and 
William H . Brendley, Jr . 2 

1Department of Chemistry, University of Florida, Gainesville, F L 32611 
2 Rohm and Haas Company, Spring House, PA 19477 

Catalysts comprising metal oxides dispersed in Ambersorb® 

carbonaceous adsorbents are shown to be effective in the 
decomposition of halogenated hydrocarbons by air at and below 
250° C. A wide range of chlorinated hydrocarbons are 
converted selectively to CO2, CO and HCl. Surprisingly the 
Ambersorb adsorbent supports exhibited significant activity in 
the absence of metal oxide species. Trends in reactivity with 
catalyst variation suggest that the carbonaceous adsorbent pore 
content and acidity are determining factors in the catalytic 
activity. Kinetic studies of methylene chloride decomposition 
over undoped Ambersorb adsorbent show a first order 
dependence on C H 2 C l 2 concentration and an activation energy 
of 11.0 kcal/mol. Further examination of the catalytic 
decomposition process suggests that a source of hydrogen, 
either as a component of the chlorinated hydrocarbon or as an 
added reagent, is necessary to regenerate the catalyst. Water not 
only served this function but also was found not to saturate the 
active site for adsorption. 

Halogena ted hydrocarbons have enjoyed widesp read acceptance as solvents 
i n the chemica l indus t ry because of their relative inertness i n chemica l 
processes a n d their abi l i ty to dissolve many organic compounds . H o w e v e r , 
the toxici ty and carcinogenic properties of halogenated organics have ra i sed 
indus t ry awareness of the need for proper d isposa l of these hazardous 
materials (1). Indeed, pub l i c awareness has l e d to more stringent emiss ion 
regulat ions b y the federal, state, and loca l government agencies. 

Presently, air s t r ipp ing and incinerat ion are the preferred m e t h o d of 
d i sposa l bu t temperatures exceeding 1000 Κ are requi red to obta in complete 
decompos i t ion (2,3). H i g h l y toxic materials such as d i o x i n are often fo rmed 
as byproducts . W i t h l o w concentration of contaminant i n the gas phase, the 
process becomes exceedingly inefficient as the entire v o l u m e of gas mus t be 
heated to the combust ion temperature. Incinerator fuel costs alone m a y reach 
40% of the total operat ing costs (4). Consequent ly , deve lopment of 

0097-6156/94/0552-0340$08.00/0 
© 1994 American Chemical Society 
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28. DRAGO ET AL. Deep Oxidation of Chlorinated Hydrocarbons 341 

low-temperature processes for halogenated waste d i sposa l can offer 
significant improvement over present methods. 

Sp ivey (5) presents an exhaustive rev iew (to 1987) of low-temperature 
oxida t ive decomposi t ion catalysts for appl ica t ion i n env i ronmenta l 
remedia t ion . The majority of the catalysts can be put in to t w o categories: 
t ransi t ion meta l oxides (either unsuppor ted or adsorbed onto an inorganic 
ox ide support) a n d suppor ted noble metals. The noble meta l catalysts ( P d , 
Pt , R h , Ru) are poor choices for ox ida t ion of halogenated hydrocarbons 
because of their h i g h expense a n d their propensi ty to po i son ing b y the CI2 
a n d H C 1 p r o d u c e d i n the reaction (6,7). A number of patents have been 
i ssued for destruct ion of halogenated hydrocarbons w i t h meta l ox ide 
catalysts (8) bu t o p t i m u m temperatures for these systems are usua l ly >300° C 
a n d the halogenated hydrocarbon concentration typ ica l ly is l i m i t e d to less 
than 10,000 p p m . 

Th i s s tudy investigates Amberso rb carbonaceous adsorbents as catalyst 
for the catalytic combust ion of halogenated hydrocarbons at l o w 
temperatures (<250° C ) . Ana lyses of the factors in f luenc ing react ivi ty, such as 
temperature, atmosphere a n d pore structure of the adsorbent p rov ide ins ight 
in to the reaction mechanism. 

Experimental 

The Amber so rb carbonaceous adsorbents u t i l i z ed i n this s tudy a n d their 
relevant structural properties are l is ted i n Table I. These adsorbents are 
p repa red b y the patented pyro lys i s of sulfonated s tyrene-divinylbenzene 
resins a n d have ve ry reproducible surface areas and pore v o l u m e s (9). 

Table I. Structural Parameters of Ambersorb Adsorbents 

Adsorben t Surface A r e a M i c r o p o r e 
V o l u m e V o l u m e 
(Te?/*) (ml/2) 

Mesopore 
V o l u m e 
( m l / s ) 

M a c r o p o r e 
V o l u m e 
(ml/2) 

A m b e r s o r b 563 600 0.22 0.16 0.24 

A m b e r s o r b 572 1200 0.49 0.26 0.24 

Ch lo r ina t ed reactants were purchased f rom A l d r i c h C h e m i c a l 
C o m p a n y as were the meta l salts. A l l gases (air, hyd rogen , h e l i u m , argon, 
a n d nitrogen) were s u p p l i e d b y L i q u i d A i r C o m p a n y . 

React ion products were ana lyzed o n a V a r i a n 3700 gas chromatograph 
e q u i p p e d w i t h a 3 m χ 1/8" stainless steel Poropak Q (100/120 mesh) c o l u m n 
a n d a thermal conduct iv i ty detector. L i g h t gases ( C O 2 , C O , N o , O 2 , H 2 O ) 
were ana lyzed o n a 15' χ 1/8" Carboxen 1000 (60/80 mesh) c o l u m n o n the 
same detector. G C M S was accompl ished o n a V a r i a n 3400 G C associated 
w i t h a F innegan 700 ion-trap mass spectrometer. Poros imet ry data were 
per formed o n a Micromer i t i c s 2300 porosimeter. 

The reactor for a l l runs w a s a packed-bed, 10 m m diameter glass f l o w 
reactor. A coarse glass frit supports the catalyst. The reactor tube is heated 
either w i t h a commerc ia l ly available Thermolyne Briskheat f lexible electric 
heat tape or a resistance o v e n consist ing of n ichrome w i r e w r a p p e d a r o u n d a 
4" pyrex tube w i t h quartz w o o l pack ing mater ia l for even heat ing. The 
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342 ENVIRONMENTAL CATALYSIS 

heat ing element is cont ro l led b y a d ig i t a l temperature controller m o d e l C N -
2041 (Omega Engineer ing) equ ipped w i t h a J-type thermocouple a n d once 
equi l ibra ted p r o v i d e d temperature control to ±2° C . 

A 2.0 g sample of catalyst (48 m m b e d height) i s used i n the 
experiments and the sample is covered w i t h a 15 c m length of glass beads for 
m i x i n g a n d heat ing the reactants p r io r to catalyst contact. A m o d e l FL-320 
rotameter (Omega Engineer ing) is used to obta in flow control of gas feeds 
f r o m 0.2 m l / m i n u p to 50 m l / m i n . A soap bubble meter i n the post-catalyst 
zone is u sed to determine overa l l flow rates of the gases. The halogenated 
reactants are de l ive red w i t h an air stream either b y pass ing the gas t h rough a 
reservoir or b y p u m p i n g a l i q u i d feed to the top of the hea ted zone w i t h a 
cus tom-bui l t mo to r i zea syr inge p u m p . The vapor pressure of the 
h y d r o c a r b o n a n d the temperature of the reservoir determines the substrate 
concentrat ion i n the air stream for the reservoir de l ive ry method ; the rate of 
the constant de l ive ry v o l u m e sets the concentration for the syr inge method . 
The typ ica l hydroca rbon concentration is 60,000 p p m for o p t i m u m 
decompos i t ion efficiency at 1.0 i r d / m i n air flow. The l i q u i d v o l u m e feed rate 
for the halogenated reactants are 0.01-0.05 m l / h r for the reservoir m e t h o d 
a n d 0.05-0.10 m l / h r for the syringe p u m p method . 

Gas samples taken before a n d after the catalyst b e d are c o m p a r e d to 
determine conversions. A ha logen mass balance is per formed b y col lec t ing 
the H X p r o d u c e d i n an aqueous N a O H bubbler p laced at the reactor outlet 
a n d back-t i t rat ing to quantify the H X produced . The mass of the catalyst i s 
checked after react ion to determine i f loss of carbonaceous suppor t occurs; for 
a l l experiments at 250° C there i s no we igh t loss of the catalyst, even after 150 
hours of reaction. 

A l l catalysts are prepared b y a pore- f i l l ing m e t h o d (to inc ip ien t 
wetness) whe reby o n l y enough solvent is used to ffll the v o i d space of the 
adsorbent; this procedure ensures intimate contact of the dopant so lu t ion 
w i t h the interior support surface (meso a n d micro-pores) . The soluble 
precursor species CrÔ3, T1CI4, K M n O ^ C e ( N Û 3 ) 3 , S b C l ç , N H 4 V 0 3 , ^ S O ^ , 
C o ( N 0 3 ) 2 a n d F e C l 3 are u t i l i z e d i n the catalyst preparations. The solvent i s 
water i n a l l cases except for T1CI4 where CH9CI2 is used. Once impregna ted , 
the catalysts are converted to the hydra t ed oxide or oxych lo ro forms i n a 
n u m b e r of different ways . T i t a n i u m tetrachloride is h y d r o l y z e d i n mois t air 
whereas i r o n a n d an t imony chlor ides are treated w i t h base to ob ta in the 
oxides . I n a l l other cases, heat ing of the impregnated suppor t to the react ion 
temperature of 250° C under air leads to ox ide format ion. The catalysts are 
a l l 14% meta l ox ide b y mass unless otherwise noted. 

Results and Discussion 

Catalytic Combustion Reactivity Studies. Methy lene ch lor ide w a s selected 
as ou r i n i t i a l s tudy of the catalytic combus t ion or halogenated hydrocarbons 
because of its h i g h vapor pressure a n d the h y d r o g e n balance: 

C H 2 C 1 2 + 0 2 — > C 0 2 + 2HC1 (1) 

The react ion obv ious ly is more compl ica ted than s h o w n i n E q u a t i o n (1) 
because carbon monox ide is observed occasionally i n the exit stream. 
Regardless of the f ina l carbon product ( C O or C O 2 ) the ch lo r ide -hydrogen 
balance is the same. The activities of the meta l o x i d e / A m b e r s o r b 
carbonaceous adsorbent catalysts for the above reaction at 250° C are 
presented i n Table Π. Unexpec ted ly , the control experiments w i t h u n d o p e d 
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28. DRAGO ET AL. Deep Oxidation of Chlorinated Hydrocarbons 343 

A m b e r s o r b adsorbents l e d to substantial ox ida t ion of C H 2 Q 2 . T h i s i s 
consistent w i t h detai led studies of oxidat ive d e h y d r o ç e n a t i o n reactions over 
ox ide catalysts w h i c h report (10-13) that oxygen-containing carbon species i n 
the coke fo rmed f rom hydroca rbon reacting at acidic sites p lays a n impor tan t 
role i n the redox chemist ry (14). 

Table Π illustrates the catalytic act ivi ty of A m b e r s o r b adsorbent 
supports w i t h C r C ^ , K M n 0 4 / C e ( N 0 3 h a n d T1O2. These meta l ox ide 
catalysts g ive conversions higher than 90% a n d i n the case of the c h r o m i u m 
catalysts, the convers ion is essentially 100%. These results demonstrate the 
ab i l i ty of the meta l o x i d e / p o r o u s Amberso rb adsorbent catalysts to 
comple te ly destroy chlor inated hydrocarbons f rom a contaminated air 
stream. A l u m i n a - s u p p o r t e d C r o C ^ i s reported to be effective i n the catalytic 
decompos i t ion of methylene chlor ide (4) and ch loroform (15) at temperatures 
r ang ing f rom 350° C to 550° C . H o w e v e r , a r a p i d d rop i n act ivi ty of this 
catalyst occurred b y loss of the metal as volat i le C r C ^ C l ^ N o vo la t i l i z a t i on of 
the meta l species occurs w i t h the Amberso rb res in catalysts even after 150 
hours of cont inuous reaction. 

O n e w i l l observe that i r o n and an t imony oxide suppor ted o n 
A m b e r s o r b adsorbents g ive conversions w h i c h were l ower than that of the 
suppor t itself. The preparat ion of b o t h of these catalysts invo lves treatment of 
the ch lor ide precursor w i t h s o d i u m hyd rox ide to obta in the hyd ra t ed ox ide . 
It is conjectured that this w o u l d neutral ize any acidic sites o n the 
carbonaceous res in a n d suggests that the catalytic combus t ion react ion is 
in f luenced b y the res in ac id i ty as reported i n the decompos i t ion of 1,2-
dichloroethane over Ti02/SiC>2 (16). T o investigate the importance of ac id ic 
sites, a f ive g r a m sample of Amberso rb 563 adsorbent w a s w a s h e d w i t h 8.3 χ 
10 " 2 moles of aqueous ammonia . A measurable d r o p i n act iv i ty 
app rox ima t ing 10-15% is observed w i t h this system. A d d i t i o n of 8.8 χ 10 "3 
moles of s o d i u m h y d r o x i d e to 5 grams of Amber so rb 563 res in produces an 
even larger d rop i n act ivi ty of -30 to 40%. It is our conc lus ion that adsorbent 
ac id i ty influences the catalytic act ivi ty of the u n d o p e d catalyst suppor t i n the 
deep ox ida t ion reaction. 

Pore Structure . Pore structure of the carbonaceous adsorbent is a 
de te rmin ing factor i n adsorpt ion efficiency (9) and , therefore, has a significant 
impac t o n the catalytic efficiency of the low-temperature decompos i t ion 
process. W e bel ieve that the pore size d i s t r ibu t ion w i t h A m b e r s o r b 
adsorbents a l lows for facile di f fus ion of reactant molecules to active sites i n 
the pore inter ior a n d to the meta l oxide for catalytic destruct ion a n d for r a p i d 
d i f fus ion of products out of the porous carbonaceous adsorbent. The 
ava i lab i l i ty of macropores (>500 A ) , mesopores (500-20 A ) a n d micropores (< 
20 A ) is significant. 

R e a c t i v i t y S tud ies . I n add i t i on to methylene chlor ide , a number of other 
halogenated hydrocarbons were e m p l o y e d i n the catalytic combus t ion 
react ion a n d the results are presented i n Table ΙΠ. The A m b e r s o r b 563/C1O3 
catalyst i s used a n d flow rates a n d reactant feed rates are v a r i e d to i l lustrate 
that op t imiza t ion of these variables can l ead to effective ox ida t ion . A n 
aromatic reactant, 1,2,4-trichlorobenzene, w a s u t i l i z e d as a m o d e l for 
po lych lo r ina ted b ipheny l s (PCBs) a n d i t is observed that the react ivi ty is 
comparable to that seen for methylene chlor ide under s imi la r condi t ions . 
Comple t e decompos i t ion of tr ichlorobenzene is expected w i t h catalyst 
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344 ENVIRONMENTAL CATALYSIS 

Table II . Activity of Various Ambersorb Adsorbent Catalysts 
in the Catalytic Combustion of Methylene Chlor ide a 

Cata lys t C o n v e r s i o n ( % ) b 

Amber so rb 563 69 (±3) 
A m b e r s o r b 563/CrC>3 99.9 (±0.1) 
A m b e r s o r b 563 ( N a O H ) 32 (±4) 
A m b e r s o r b 563 ( Ν Η 4 φ wash) 52 (±4) 
A m b e r s o r b 563, CrC>3 d 48 (±3) 
A m b e r s o r b 572 78 (±3) 
Amber so rb 5 7 2 / C r U 3 99.9 (±0.1) 
Amber so rb 5 7 2 / K M n 0 4 / C e ( N 0 3 ) 3 95 (±1) 
Amber so rb 5 7 2 / Τ ι Ο ο 93 (±1) 
Amber so rb 5 7 2 / Η 2 £ θ 4 83 (±3) 
Amber so rb 572/V2Os 82 (±3) 
A m b e r s o r b 572 /Coba l t O x i d e 75 (±4) 
A m b e r s o r b 572 / I ron O x i d e 65 (±4) 
Amber so rb 5 7 2 / S b 7 O s c 52 (±3) 

a 250° C , 1 m l / m i n air f l ow, 2.0 g catalyst, [CH2CI2]=60,000 p p m , 72 h o u r 
react ion t ime. 

h Convers ions based o n G C analysis a n d H C 1 p roduct quantif ication. 
c M e t a l ch lor ide-doped carbon support treated w i t h base to obta in h y d r a t e d 

meta l ox ide species. 
d A layer of A m b e r s o r b 563 over a layer of C1O3, separated b y a p l u g of 

glass w o o l . 

concentrat ion op t imiza t ion a n d longer residence times. The c o m p o u n d 
1,1,2,2-tetrachloroethane is h y d r o g e n deficient, bu t can be decomposed i f an 
external h y d r o g e n source is p r o v i d e d . Water can per form this funct ion. 
Better conversions are anticipated w i t h op t imiza t ion of the amount of water 
added . Methy lene b romide serves to illustrate that b romina ted organics can 
be o x i d i z e d effectively. 

Exper iments w i t h 1,2-dichloroethane ( D C E ) demonstrate the influence 
of water o n catalytic reactivi ty (Table HI). Fo r the D C E reaction, the molecu le 
contains sufficient h y d r o g e n for the complete ox ida t ion to H C 1 w i t h the 
remainder fo rming water according to the f o l l o w i n g equation: 

C l - C H 2 - C H 2 - C l + 5 / 2 0 2 —>2HC1 + 2 C 0 2 + H 2 0 (2) 

React iv i ty of D C E under s tandard reaction condi t ions w i t h A m b e r s o r b 
5 7 2 / Ή 0 2 is impress ive w i t h >99% conversion. U p o n a d d i t i o n of water to the 
react ion at a feed rate about 10 t imes that of D C E , the act ivi ty is s t i l l h i g h at 
94% convers ion. W i t h the u n d o p e d Amberso rb support , the convers ion w i t h 
water a n d w i thou t water is ident ica l at 97% (±2). These results are i n stark 
contrast to literature reports for the reaction cata lyzed b y zeolites (17) where a 
decrease of be tween 10 and 60% were observed w i t h water add i t ion . L Z - Y 5 2 
zeoli te i n our system s h o w e d significant water sensi t ivi ty. These 
observations indicate that Amberso rb catalyst systems d o not exhibi t 
compet i t ive adsorpt ion of water w h i c h is a major factor k n o w n to occur w i t h 
aluminosi l icates . 
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C a r b o n tetrachloride is a m o d e l c o m p o u n d for the general category of 
fu l ly chlor inated , non-olefinic hydrocarbons. Table ΙΠ identif ies the results of 
the catalytic destruct ion of carbon tetrachloride us ing u n d o p e d A m b e r s o r b 
563 adsorbent. The convers ion after five hours is 73% compared to a 
convers ion of 68% for methylene chlor ide under ident ica l condi t ions . 
Energies for C - C l bonds i n chlor inated methane derivat ives are typ ica l ly o n 
the order of 20-25 k c a l / m o l lower than the corresponding C - H b o n d energies, 
i nd ica t ing the rmodynamic favorabi l i ty of C - C l b o n d cleavage over C - H b o n d 
cleavage. Th i s c o u p l e d w i t h a 2:1 ratio of C - C l bonds i n C C I 4 versus C H 2 C I 2 
accounts for the increased reactivity. The decline of act ivi ty after 120 hours 
demonstrates that a reactant is be ing depleted; i n this case i t i s most l i k e l y the 
h y d r o g e n necessary to fo rm the H C 1 product . A d d i t i o n of water at 0.06 
m l / h r increases convers ion f rom 5% to 15%. A t 0.60 m l / h r the convers ion 
rises to 47%, indica t ive of water p r o v i d i n g the h y d r o g e n needed for 
convers ion to H C 1 a n d C O 2 . The reaction is i n effect a h y d r o l y s i s reaction. 
The excess water requi red over the stoichiometric amounts i l lustrates that 
water is not used efficiently i n this reaction. 

It i s desirable to attain l ower temperatures for the deep o x i d a t i o n 
react ion i n order to app ly the technology to exist ing adsorbent regenerat ion 
methods w h i c h operate at 140 to 170°C i n steam regeneration (9). A m b e r s o r b 
adsorbents, u t i l i z e d i n groundwater remedia t ion a n d wastewater 
pur i f ica t ion , m a y be in-s i tu regenerated w i t h steam to remove adsorbed 
organic contaminants and attain in i t i a l pore v o l u m e capacity. Cata ly t ic 
ox ida t i on at these lower temperatures w o u l d not o n l y remove these organic 
contaminants bu t also s imul taneously destroy the organic c o m p o u n d . The 
catalytic ox ida t ion of C H 2 C I 2 w a s performed at l ower temperatures i n the 

Eresence of water vapor and these results are presented i n F igu re 1. 
Tndoped Amber so rb 563 carbonaceous adsorbent is the catalyst a n d water is 

i n t roduced b y saturating the air stream i n a water bubbler before contact ing 
the reactor. W i t h a water-saturated air f l ow, a fa i r ly smooth decl ine i n 
ac t iv i ty is observed d o w n to 150° C where 15% convers ion is observed. 

A c t i v a t i o n Energy . A n A r r h e n i u s plot for the temperature range of 250 to 
375°C is s h o w n i n Figure 2 for a f l ow rate of 3 m l / m i n . The act ivat ion energy 
(Ea) d e r i v e d f rom a least squares treatment o n this p lo t i s 11.0 k c a l / m o l 
(A=177.5s- i ) , w h i c h is comparable to that observed for the same react ion over 
c e r i u m a n d c h r o m i u m oxides suppor ted o n zeolites (17). The l o w va lue of 
the act ivat ion energy compared to even the weaker C - C l b o n d dissocia t ion 
energy (73 k c a l m o l ' l i n CCI4) indicates substantial interact ion of species 
fo rmed i n the t ransi t ion state w i t h the catalyst. 

Ca ta lys t Charac te r iza t ion . Porous carbon catalysts have been f o u n d to 
possess h i g h meta l d i spers ion a n d this effect has been observed b y scanning 
electron microscopy (SEM) (18). Scanning electron micrographs of 
A m b e r s o r b 563 are presented i n F igure 3 (6000 a n d 30,000 magnif icat ion) . A t 
6000 magnif ica t ion , there is a large fault i n the sample w h i c h p rov ides a v i e w 
of the inter ior pore structure ar i s ing f rom the copolymer precursor. The 
m i c r o g r a p h at 30,000x illustrates the detai l for a pore of macroporous 
d imens ions w i t h mesopores observed as sma l l cracks i n the s u r r o u n d i n g 
surface. Mic ropores , created d u r i n g the pyro lys i s of the copo lymer , are too 
s m a l l to see but are ci ted to be the def in ing character w h i c h accounts for the 
molecular s i ev ing act ion observed for m a n y carbon materials (19-21). 
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Figure 1. Activity of Ambersorb 563 adsorbent in the Deep Oxidation of 
Methylene Chloride as a Function of Temperature in the Presence 
of Water (ca. 0.01 ml/hr). 

1.5 1.6 1.7 1.8 1.9 2.0 

(1/T)*1000 (1/K) 

Figure 2. Arrhenius Plot (First Order, In k vs. Temperature "1) for the 
Deep Oxidation of Methylene Chloride at 3/ml/min. Air Flow 
and 2.0 g Catalyst Sample. Linear Regression Gives a Best-Fit 
Line of in k=(-5.543 χ 1(P)(1/T) + 5.179. These Values Give 
E a = 11.0 kcal/mol and Arrhenius Constant = 177.5 s"1. 
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348 ENVIRONMENTAL CATALYSIS 

Figure 3(a). Scanning Elec t ron M i c r o g r a p h of Amber so rb 563 adsorbent, 
6000X Magni f i ca t ion . 

F igure 3(b). Scanning Elec t ron M i c r o g r a p h of A m b e r s o r b 563 adsorbent, 
30,000X Magni f i ca t ion . 
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28. DRAGO ET AL. Deep Oxidation of Chlorinated Hydrocarbons 349 

The micrographs i n F igure 4 are of C1O3/563 catalyst at 6000 a n d 
30,000 magnif icat ion, respectively, a n d reveal some quali tat ive in fo rmat ion 
about catalyst structure. Th i s sample has been heated to 250°C a n d used i n a 
catalytic reaction for an extended pe r iod of t ime. O n e m i g h t expect that 
Ο Ο β , w h i c h has a me l t ing po in t of 195°C, w o u l d mel t and r e c r y s t a l û z e u p o n 
coo l ing in to aggregates, or large crystallites, unless i t w a s h i g n l y d ispersed 
a n d anchored to the surface. The absence of large crystallites observed i n 
F igure 4 is strong evidence that d ispers ion and adhes ion to in ternal surface 
sites has occurred. The synergistic activity of 5 6 3 / & Ο β catalyst presented i n 
Table Π is also indicat ive of Sus h i g h leve l of d i spers ion a n d attachment of 
meta l ox ide to the carbonaceous surrace. 

Table I V presents porosimetry data c o m p i l e d o n A m b e r s o r b 572 
adsorbent a n d Amberso rb 572/meta l oxide catalysts. These data i l lustrate 
c lear ly a t rend t o w a r d decreasing surface area a n d micropore v o l u m e , w i t h 
l i t t le change i n mesopore vo lume . The macropore v o l u m e numbers suggest a 
decrease w i t h meta l l oad ing leve l bu t i t is general ly considered that n i t rogen 
poros i ty is not ve ry reliable for macropore v o l u m e determinations. 

Table IV. Porosimetry Data on Metal-doped Ambersorb Catalysts 

Ambersorb 572/CoO doped 
1% CoO/572 2% CoO/572 10% CoO/572 

B E T Surface A r e a ( m 2 / g ) 1204 1088 903 

t-plot micropore v o l u m e (cc/g) 0.457 0.406 0.336 

Pore V o l u m e Di s t r ibu t ion (cc/g) 
micropores: 
mesopores: 
macropores: 

0.495 
0.220 
0.237 

0.443 
0.221 
0.215 

0.368 
0.195 
0.162 

A d d i t i o n a l studies of Scanning Elec t ron M i c r o s c o p y ( S E M ) w i t h 
Ene rgy Dispers ive Spectrometry (EDS) and Transmiss ion Elec t ron 
M i c r o s c o p y ( T E M ) were used o n metal -doped Amber so rb resins to determine 
the gross d i s t r ibu t ion of the metal a n d the morpho logy of the meta l deposi ted 
w i t h i n the pores. S E M - E D S o n Amberso rb 572 impregna ted w i t h Z n O or 
C u O gave interesting data as revealed i n Table V . 

The count data indicate the two samples are different i n their 
d i s t r ibu t ion of meta l oxide. Amberso rb 5 7 2 / Z n O counts are reasonably 
constant across theinterior of the Amberso rb adsorbent bead , suggest ing that 
the meta l oxide concentration is invar iant to pos i t ion whereas the A m b e r s o r b 
5 7 2 / C u O shows a greater concentration of metal oxide near the bead surface. 
The m o r p h o l o g y or the meta l oxide w i t h i n the pores of the A m b e r s o r b res in 
w a s invest igated us ing T E M techniques. Th i s technique confi rms meta l ox ide 
present i n the meso-and micropores w i t h the meta l oxide f inely d ispersed 
a n d not c logg ing the pores. These data suggest that the meta l ox ide m a y 
reside i n the meso a n d micropores or on ly i n the macro-meso pores 
depend ing o n size and the dif fusivi ty of the meta l oxide i n the solvent used 
for pore penetration. I n any case there is a h i g h leve l of d i spers ion for the 
meta l ox ide o n the support . 
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350 ENVIRONMENTAL CATALYSIS 

Figure 4(a). Scanning E lec t ron M i c r o g r a p h of CTO^/563,6000X 
Magni f i ca t ion . 

F igure 4(b). Scanning E lec t ron M i c r o g r a p h of C r 0 3 / 5 6 3 , 3 0 , 0 0 0 X 
Magni f i ca t ion . 
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28. DRAGO ET AL. Deep Oxidation of Chlorinated Hydrocarbons 351 

Table V . S E M - E D S Count Data for Ambersorb/Metal Oxide 

Ambersorb 572/ZnO Ambersorb 572/CuO 

5263 3412 
5565 2551 
5484 2436 
5518 2452 
4573 3213 

Conclusions 

A number of meta l oxides suppor ted o n Amber so rb carbonaceous adsorbents 
have s h o w n abi l i ty to decompose halogenated organic compounds to C O o , 
C O a n d H X at l o w temperatures. Surpr i s ing ly and unexpectedly, A m b e r s o r b 
adsorbents demonstrate catalytic activity w i thou t meta l oxides . These 
adsorbents demonstrate catalytic activity because of acidic sites w i t h i n the 
pore d is t r ibut ion . Fast kinetics are due to the presence of macro-meso- a n d 
micropores present i n the adsorbents. The metal ox ide d o p e d A m b e r s o r b 
adsorbents revealed the meta l is present i n the macro-meso- a n d mic ropore 
r eg ion i n some cases a n d o n l y i n the macro a n d meso i n other cases. I n 
add i t i on , there is a significant d ispers ion of the metal as v i e w e d b y S E M a n d 
T E M . 

The presence of hyd rogen , either as part of the reactant molecule (as i n 
C H 2 C I 2 ) or as part of an addi t ive such as water , w a s de te rmined to be 
impor tan t for efficient decomposi t ion of the organic to carbon oxides a n d H X . 
Excess water i n the reaction stream d o not inh ib i t the reaction i n any w a y a n d 
even p romoted the reaction at l ower temperature. 

Amber so rb adsorbents and metal-oxide d o p e d A m b e r s o r b resins s h o w 
potent ial for envi ronmenta l catalysis destruct ion of halogenated 
hydrocarbons i n bo th l i q u i d a n d vapor phase remedia t ion applicat ions. 
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Chapter 29 

Low-Temperature Catalytic Combustion 
of Volatile Organic Compounds Using Ozone 

Antonella Gervasini, Claudia L . Bianchi, and Vittorio Ragaini 

Dipartimento di Chimica Fisica ed Elettrochimica, Università di Milano, 
Via Golgi 19, I-20133 Milan, Italy 

A coupled technique utilizing a combustion catalyst and ozone as 
oxidant was used to perform the complete combustion of several 
volatile organic compounds (VOC), such as halogenated and non
-halogenated aliphatic and aromatic molecules. The decrease of the 
catalytic combustion temperature when using ozone as oxidant 
instead of oxygen, led to a remarkable reduction of energy 
consumption. VOCs were fed at low concentration (≤ 2000 ppm in air) 
as pure compounds as well as in mixtures. On the selected catalyst, 
barium promoted copper-chromite oxide supported on alumina (Ba-CuO
-Cr2O 3 /Al 2 O 3 ) , a comparative study of the combustion of several 
compounds with and without ozone was performed. The formation of 
hazardous products of incomplete combustion (PIC) was verified. 
Surface characterization by XPS analysis of the catalyst in fresh 
form and after use was performed in order to find out structure
-activity relationships. 

Volatile organic compounds (VOCs) have long been regarded as source of air 
pollution due to their harmful effects on human health and on environment. A 
variety of industrial processes, for instance, for the manufacture of organic 
chemicals, polymers, and herbicides, as well as processes involving printing, 
painting, and cleaning and degreasing of metals, vent many different VOC and 
halogenated VOC wastes (7). 

According to their commercial value and vented amount, VOCs can be treated 
in order to either recover or eliminate them. In the former case, adsorption on 
charcoal and condensation methods are used (7). As concerns the elimination, the 
preferred technologies are the thermal and the catalytic combustion {2,3). In 
the combustion of VOCs, the desired reaction is the complete oxidation to 
harmless compounds as C O 2 and I^O. HC1 and, in some cases, C ^ are also present 
among the products when chlorinated VOCs are destroyed (4). 

In the absence of dusts and catalyst poisons, the use of the catalytic 
combustion is preferred to the thermal one from economic considerations (7). In 
fact, a remarkable reduction of energy consumption is effective, due to the 

0097-6156/94/0552-0353$08.00/0 
© 1994 American Chemical Society 
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lower operating temperatures with respect to those of thermal combustion 
systems. The catalytic incinerators can be energetically self-sufficient or they 
require a moderate amount of auxiliary fuels. 

When low V O C concentrations have to be treated (i.e., from 1000 to 2000 
ppm), the heat of combustion could be too low to auto-sustain the reaction. 

Temperatures ranging from 300 to 350°C have to be reached to make active the at-
present usual catalysts. The au to-su stained state is particularly difficult to 
be achieved when compounds with low heat of combustion, as halogenated V O C s , are 
destroyed. 

The increase of temperature following the adiabatic combustion of a given 
V O C can be calculated as a function of its concentration in air by means of the 
relevant heat of combustion. The trends of such increases of temperature for the 
V O C s employed in this work are reported in Figure 1. The combustion heat data 
are collected in Table I. Figure 1 shows that the catalyst should be active at 

temperatures around 100°C to allow a self-sustained reaction with non-
chlorinated V O C s at concentration of 5 g /Nm 3 and with chlorinated V O C s at 
concentration as high as 15 g /Nm 3 or more. With the aim of performing the V O C 
combustion at such low temperatures, low temperature oxidation catalysts ( L T C ) 
(5) and/or new technologies are under study. 

Several types of catalytic systems have been successfully used to eliminate 
V O C s , the most interesting ones belong to two categories: transition metal 
oxides, such as Cr, Cu, Fe, M n , and supported noble metal catalysts (Pd and Pt) 
(5-7). The noble metal catalysts are the most active ones, however they are 
severely inhibited in their performance by the halogen atoms, as recently 
suggested in literature (4,8). 

A catalytic technology in which ozone is used as oxidant to perform the 
complete combustion of various classes of V O C s has never been reported in 
literature, as far as the authors know. Ozone is a powerful oxidizing agent, 
exceeded in its oxidation potential only by fluorine (9). The strong 
electrophilic nature of ozone imparts to it the ability to react with a wide 
variety of organic and organometallic functional groups (10). Most of the ozone 
reactions are based on the cleavage of carbon-carbon double bond and on reaction 
with nucleophilic compounds. The coupled technique, in which a catalyst and 
ozone are utilized, has been studied in order to realize low temperature V O C 
combustions. 

In this study, comparisons among catalytic combustions carried out with and 
without ozone are reported. 

Exper imenta l 

Mater ia ls and Catalysts. The V O C s used in this work were all commercial 
products of guaranteed degree of purity (> 99.0 %). The various aliphatic, 
aromatic, and halogenated V O C s are listed in Table I. 

A s a toxicity index, the Threshold Limit Value ( T L V ) formerly known as 
Maximum Allowable Concentration ( M A C ) was chosen (77). 

The standard enthalpy of combustion (A C H°) of each compound, was calculated 
according to the stoichiometry of complete combustion to C O 2 and H 2 O for 
hydrocarbon compounds and to the following reactions for the other organics: 
C 3 H 6 0 + 4 0 2 = 3 C 0 2 + 3 H 2 0 

C H 2 C 1 2 + 0 2 = 2 C 0 2 + 2 HC1 

C 2 C 1 4 + 2 0 2 = 2 C 0 2 + 2 C l 2 

C 7 H ? C 1 + 8.5 0 2 = 7 C 0 2 + HC1 + 3 H 2 0 
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a, dichloromethane 

b, p-chlorotoluene 

c, acetone 

d, benzene 

e, toluene 

f, styrene 

g* cyclohexane 

h, carbontetrachtoride 

I, tetrachkxoethylene 

Figure 1. Calculated adiabatic Δ Τ following the complete combustion of 
the used V O C s (see reactions in Experimental) as a function of their 
concentration in air. 
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Table I. General Properties of the Studied VOCs 

a 0 b 
Name Formula Mol. Weight TLV 

ppm mg/m3 kcal/mol kcal/g 

Benzene C 6 H 6 
78.11 10 30 -759.2 -9.72 

Cyclohexane C6H12 84.16 300 1050 -885.2 -10.5 
Toluene C 7 H 8 92.13 100 375 -903.7 -9.81 
Styrene C 8 H 8 

104.14 50 215 -1022.7 -9.82 
Acetone C 3 H 6 0 58.08 750 1800 -404.1 -6.96 
Carbon- CCI4 153.84 5 32 -71.3 -0.46 

tetrachloride 
Dichloromethane CH2C12 

84.94 100 350 -115.3 -1.35 
Tetrachloro- C2C14 165.85 50 340 -186.3 -1.12 

ethylene 
p-Chlorotoluene C7H7CI 126.58 50 260 -858.2 -6.78 

a TLV = Threshold Limit Values for VOCs are expressed in parts per 
million (ppm) which stands for parts of gases or vapors per million 
parts of air as well as in milligrams per cubic meter (mg/m3). 
b ACH°= Average values of the standard combustion enthalpy in the 
temperature range from 300 to 1000°C. 

Table II. Physico-Chemical Characteristics of the Catalysts 

Catalyst* Code Metal content Surface area P.A.B.D.6 

(M - %) (m2/g) (g/cm3) 

Pd/Al203 PDL Pd- 0.5 200 0.4 
Pd/Al203 PDH Pd- 1.0 200 0.4 
Pt/Al203 PTL Pt - 0.5 200 0.4 
Pt/Al203 PTH Pt - 1.0 200 0.4 

Ba-CuO-Cr2Û3/Al203C BCC Ba- 5.4 110̂ - 77* 1.0 
Cu- 23.2 
Cr- 21.9 

Fe 20 3/Al 20 3 FEO Fe- 17.3 140 0.7 

a All the catalysts are in extrudate physical form. 
b P.A.B.D. = Packed Apparent Bulk Density. 
c Commercial code: Cu-1230 E. 
d Surface area of the non thermal treated catalyst and after 

thermal treatment of the catalyst at 450°C. 
e Surface area of the catalyst after thermal treatment at 700 and 

900°C. 
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The ACH° values, averaged in the temperature range from 300 to 1000°C, are 
reported in columns 6 and 7 of Table I. 

All the catalysts were kindly supplied from Engelhard Industries Italy. 
They are listed in Table II together with their physico-chemical 
characteristics. Three different types of catalyst formulations were tested: 
supported noble metal catalysts at low metal content, Pd and Pt at 0.5 %, (PDL 
and PTL) and at high metal content, Pd and Pt at 1 %, (PDH and PTH), supported 
mixed copper-chromite oxide, (BCC), and supported iron oxide (FEO). The support 
was alumina for all of the catalysts. All the catalysts were used as received. 
The BCC sample was also utilized after calcination in air at 450, 700, and 
900°C. 

Physico-Chemical Analysis. X-ray photoelectron spectra (XPS) were collected in 
an M-Probe apparatus (Surface Science Instruments). The source provided 
monochromatic ΑΙ Κα radiation (1486.60 eV). The energy scale was calibrated with 
reference to the 4f7/2 level of a freshly evaporated gold sample (84.00 eV), the 
2p3/2 level of copper (932.47 ± 0.10 eV), and the 3s level of copper 
(122.39 ± 0.15 eV). A spot size of 200 χ 750 μπι and a pass energy of 25 eV were 
used for the single region acquisition spectra; the resolution was 0.74 eV. An 
electron gun was used working with a value of 3 eV. The Is level of hydrocarbon 
contaminant carbon (284.60 eV) was used as internal reference. The spectra were 
carried out on powder samples pressed on an insulating adhesive tape. The 
pressure in the analysis chamber averaged 5 χ 109 mbar. The spectra were 
collected at several points in repeated samples in order to check the 
reproducibility (± 0.20 eV). The XPS peaks were deconvoluted using a peak-
fitting routine. The lines used in the fitting of a peak envelope are defined 
according to their centered position, half-width, shape (Gaussian or Lorentzian 
distribution), and intensity. The best fit of the experimental curve by a 
tentative combination of bands were searched. 

BET surface area was measured by Sorptomatic 1900 series (Carlo Erba 
Instruments) by nitrogen adsorption at liquid nitrogen temperature. 

Laboratory Plant and Experimental Procedure. The laboratory plant had a total 
capacity of 50 Nl/h. It schematically consisted of a dosing pump for VOC 
injection, a thermostated mixing chamber, an ozonizer, and an electrically 
heated tubular quartz reactor (Ragaini, V.; Bianchi, C L . ; Forcella, G.; 
Zanzottera, G.; Gervasini, A. Proc. Int. School for Innovative Technologies for 
Cleaning the Environment, 1993, in press.). 

For each run 2 cm3 of catalyst in extrudate physical form was introduced in 
the reactor (700 mm long, with 200 mm isothermal zone, 15 mm i.d.). The reactor 
temperature, controlled by a programmer, was allowed to change at constant rate 
from ambient up to 600°C. The reaction was carried out at a space velocity of 
20,000 h 1 [(N cm3 air/h)/cm3 catalyst] (space velocity of 5,000 h 1 was 
utilized in special runs) under a continuous stream of the reactant gas in air 
at atmospheric pressure. Dosed amounts of VOCs, as pure compounds as well as in 
mixtures, were mixed with air in the thermostated mixing chamber before being 
introduced in the reaction line. The VOC concentrations ranged from 250 to 2000 
ppm (v/v). 

The ozonizer (HRS Engineering, Italy) was set just before the catalytic 
reactor. Ozone was generated from air by electric discharge (i.e., corona 
effect). Typical runs was performed at fixed frequency (1000 Hz) and peak 
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voltage 15-20 k V . The ozone concentration at the inlet and at the outlet of the 
reactor was not quantitatively analyzed. However, from the characteristics of 
the ozonizer it is possible to know the amount of ozone generated. The ozone 
concentration ranged from 1 to 2 % (w/w) in air. Regarding the ozone 
concentration at the outlet of the reactor, it is well known that ozone 
thermally decomposes to oxygen; its half-life is dependent on temperature and on 
oxygen concentration (9). Taking into account the conctact time of the reacting 

gases (0.2 s) and the reactor temperature (from 50 to 500°C) during the 
reaction, it is certain that ozone was quite absent at the outlet of the reactor 

The air stream outcoming from the reactor was analyzed by an on-line gas-
chromatograph (Perkin Elmer, Sigma-115) equipped with a F ID detector. The 
column, 1 m long, was packed with 1.75 % bentone 34 on 100/120 Supelcoport. For 
each run, a plot of the residue concentration of V O C vs. temperature was 
constructed. 

Two traps, a cold trap for the collection of condensable products of 
incomplete combustion (PIC) and a silver sponge trap for trapping the 
hydrochloric acid vapors, were placed between the catalytic reactor and the gas-
chromatograph. 

Results and Discussion 

Reactivity in the Combust ion W i t h and Without Ozone. The activity of the 
various catalysts was compared for the combustion of styrene and toluene. The 
reactions were performed under a continuous stream of reagents in air, varying 

the temperature from 100 up to 600°C. 
Figure 2 shows the concentration profiles of styrene as a function of 

reaction temperature for the noble metal supported catalysts ( P D L , P D H , P T L , and 
PTH) and for the mixed oxide catalyst ( B C C ) . In the Figure, the points represent 
the lowest V O C concentration achieved at each temperature. A l l the catalysts 

displayed activity starting from 100°C. A s expected, the noble metal catalysts 
showed the greater activity. However, the B C C catalyst could satisfactorily 
compare with the other ones. The T L V of styrene (50 ppm) was reached in the 

temperature range from 180 to 240°C according to the following catalyst activity 
order: P T H > P D H > P D L > P T L > B C C . 

The analogous concentration profiles obtained for the combustion of toluene 
on B C C and F E O are reported in Figure 3. In this case, the catalysts did not 

show activity at temperatures lower than 250°C. Temperatures of 400 and 450°C 
were required to abate the toluene concentration below its T L V (100 ppm) with 
B C C and F E O , respectively. Higher temperatures were required to remove toluene 
with respect to styrene, being styrene more reactive because of its ethylenic 
double bond. 

Among the studied catalysts, B C C was chosen to carry out the study of the 
effect of ozone in the catalytic destruction of chlorinated and non-chlorinated 
V O C s . This catalyst was more active than the other base metal oxide catalyst 
considered, F E O . On the other hand, the activity of B C C was not so far from the 
ones displayed by the noble metals, that were employed as high activity 
reference catalysts. Noble metals, even i f more active, were not suitable for 
combustion reactions involving halogenated compounds, as they are severely 
deactivated by halogen atoms (4,8). 

Copper-chromite catalysts are used in a variety of chemical processes, 
including hydrogénations, hydrogenolysis, hydrations, dehydrogenations, as well 
as oxidations (12,13). B C C is a typical copper-chromite catalyst containing a 
copper oxide and copper chromite spinel phase. A barium compound is added in the 
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300 

Temperature (°C) 

Figure 2. Concentration profiles of styrene during catalytic combustion 
without ozone on P D L (—A—), P D H (—•—), P T L ( ~ X - - ) , PTH(—O—), and 
B C C (—0~) catalysts, as a function of temperature. Feed concentration, 
250 ppm. 

2000 ι « ι 1 1 

100 200 300 400 500 

Temperature (°C) 

Figure 3. Concentration profiles of toluene during catalytic combustion 
without ozone on B C C (—<>—) and F E O (--#--) catalysts, as a function of 
temperature. Feed concentration, 1700 ppm. 
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formulation as a stabilizer. The catalyst activity is very sensitive to thermal 
treatment procedures in the various gas atmospheres, being that the surface Cu 
and Cr species are easily subjected to transformations of their oxidation 
states. 

B C C was employed for the catalytic combustions in the as-received form and 

after calcination treatments in air at 450, 700 and 900°C. Table III reports the 
results of the combustion, performed both with and without ozone, of three V O C s 
of different chemical nature: an oxygenate (acetone), a hydrocarbon (toluene), 
and a halogenated (dichloromethane) compound. The thermal treatment of the 
catalyst caused a loss of activity in every case, particularly detectable when 
oxygen was utilized as oxidant. The most remarkable activity loss was observed 

after calcination of B C C at 700°C. Minor decreasing of the activity was observed 

after treating the catalyst at temperatures higher than 700°C. The behavior can 
be connected to changes in Cu and Cr oxidation states on the catalyst surface 
following the thermal treatment, as it w i l l be described and discussed later. 

Table III shows that the complete abatement of acetone was obtained at 

250°C on as-received B C C , and at 300°C or more on air calcined B C C . For toluene, 

such a complete abatement occurred at temperatures around 300°C on both as-

received and 450°C-calcined catalyst, whilst it was achieved at 400°C on the 

catalyst calcined at 700°C. On the contrary, the combustion of toluene was far 

from total at reaction temperatures up to 400°C when the calcination treatment 

was performed at 900°C. Dichloromethane, for which higher abatement temperatures 

were in any case necessary, was fully removed at temperature as high as 500°C. 
In this case, the catalyst thermal treatment at high temperatures (> 700°C) 
affected its activity to a lesser extent. It can be noticed on the basis of the 
data of Table III that the use of ozone always permitted to achieve higher V O C 
abatements. 

To test the influence of ozone when used as oxidant, a series of combustion 
runs of a wider number of pure and mixed V O C s were performed. As-received B C C 
was employed, being more active than the calcined catalyst. Comparisons between 
the catalytic combustions with/without ozone on B C C catalyst, performed on a 
series of non-halogenated {14) and halogenated V O C s (Ragaini, V . ; Bianchi, C . L . ; 
Forcella, G . ; Zanzottera, G . ; Gervasini, A . Proc. Int. School for Innovative 
Technologies for Cleaning the Environment, 1993, in press.), were previously 
reported. In these studies, the effect of the electric discharge in air to 
generate ozone, as a function of the used peak voltage, on the decomposition of 
various V O C s was also discussed. 

In Figure 4, the temperatures required to achieve 50 % destruction of three 
hydrocarbons, one oxygenate and four chlorinated organics with or without ozone 
are compared. The abatement of aromatic and chlorinated compounds was strongly 
affected by ozone, whilst acetone was poorly affected. Styrene, dichloromethane 
and p-chlorotoluene were found to be particularly sensitive to the presence of 

ozone. In fact, even at temperatures lower than 50°C, they were 50 % abated. Not 
only the nature of V O C but their concentration too is an important parameter in 
order to obtain better abatements when using ozone instead of oxygen. As 
discussed in Ref. 14 the use of ozone as oxidant was particularly powerful at 
low V O C concentration (i.e., < 1000 ppm). Decreasing the V O C concentration, the 
[VOC]/[03] ratio increases, leading to an increase of attack points of O3 on V O C 
molecule. 
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Table III. Catalyt ic Act iv i ty of B C C Catalyst in the Combust ion of 
Three V O C s W i t h and Without Ozone as a Funct ion of 

Catalyst Treatment 

H . T . T . ^ o f 
C a t a l y s t 

( ° C ) 

none 450°C 700°C 900°C 

R e a c t i o n 
temperature % Conversion (v/v) 

without with without with without with without with 
ozone ozone ozone ozone 

Acetone (feed 1300 ppm) 

60 0 20.7 0 0 0 0 0 0 
100 0 22.5 0 15.0 0 0 0 0 
200 65.5 66.2 33.4 61.0 13.1 37.5 18.5 31.6 
250 100 100 82.4 93.5 74.0 85.5 71.4 83.6 
300 100 100 100 100 100 100 98.6 99.0 
400 100 100 100 100 100 100 100 100 

Toluene (feed = 570 ppm) 

120 0 46.0 
140 0 65.4 
200 64.6 84.2 
260 89.6 95.6 
300 96.5 100 
400 100 100 

- - 0 
5.3 55.0 -

14.0 64.9 0 
82.1 88.4 23.0 
97.4 99.3 60.2 

100 100 96.4 

28.2 0 29.6 
- 0 38.3 

30.9 9.3 70.0 
52.4 33.9 77.2 
80.3 53.3 89.6 
99.1 84.8 98.7 

Dichloromethane (feed 

100 0 42.8 
200 7.8 57.4 
300 55.2 87.4 
400 96.2 98.0 
450 100 99.4 
500 100 100 

500 ppm) 

0 25.0 0 
13.8 35.2 0 
60.2 66.0 19.2 
94.8 97.0 58.6 
99.0 99.4 82.4 

100 100 95.0 

25.8 0 25.0 
29.8 3.2 37.2 
36.8 16.6 41.8 
78.6 69.6 83.8 
89.8 91.2 95.4 
97.0 95.2 98.0 

H .T .T . = High Temperature Treatment. 
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250- -

I 
Benzene Toluene Styrene Acetone CCI4 CH2CI2 C2CI4 p-CI-Tol 

I I without 03 with 03 

Figure 4. Comparison of the temperatures required to achieve 50 % 
abatement by catalytic combustion with and without ozone on a series of 
pure V O C s on B C C catalyst in as-received state. Feed concentrations: 
benzene, 1000; toluene, 1000; styrene, 250; acetone, 1100; 
carbontetrachloride, 1000; dichloromethane, 500; tetrachloroethylene, 
1000; p-chlorotoluene, 250 ppm. 
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The catalytic combustion profiles of a ternary mixture of toluene, acetone, 
and dichloromethane in relative amounts 1:2:1, respectively, for a total feed of 
2370 ppm of the organic mixture are compared in Figure 5 with the profiles of 
the relevant pure compounds fed separately in the same amount as in mixture. 

In the runs without ozone (Figure 5 a), the three organics lay roughly on a 
unique curve. Only the chlorinated compound was abated with little more 
difficulty. This one was destroyed at lower temperatures when fed in mixture 
than when it was fed as pure compound. On the contrary, pure toluene and acetone 
were better abated than in mixture. 

A different behavior was observed in the catalytic combustions performed 
with ozone (Figure 5 b). In the mixture, toluene was preferentially destroyed 
with respect to acetone and dichloromethane. Both toluene and acetone were more 
easily abated when fed as pure compounds than as V O C mixture. In the combustion 
with ozone, dichloromethane was abated at lower temperatures when it was as pure 
compound, because the other organics, in particular toluene, successfully 
competed in the reaction with ozone. 

Pure toluene was found to be easier abated, with or without ozone, than in 
mixture also with other organic compounds, for instance, hydrocarbons as 
benzene, styrene, and cyclohexane. 

During the combustion of chlorinated organics the formation of hydrochloric 
acid and chlorine could be effective. A silver sponge trap was placed after the 
reactor to block these products. After the reaction the silver sponge was 
weighted; appreciable gain of mass was not detected in any case. 

X P S Characterizat ion. Considerable dispute exists with regard to the identity 
of the active species in copper chromite catalysts. Depending upon the type of 
application, different active species have been claimed (75). This suggested 
that we performed a detailed X P S analysis on B C C catalyst. 

B C C catalyst was initially characterized in the as-received state followed 

by characterization after calcination treatments in air at 450, 700, and 900°C. 
The Cu(2p 3 / 2 ) spectra of B C C catalyst are shown in Figure 6. In the as-

received state, two distinct Cu species were detected by deconvoluting the 
experimental curve. A t higher binding energies (B.E.) , a Cu(II) species was 
detected. It can be assigned to either CuO or Cu(OH)2 on the basis of its energy 
value, 934.5 eV (75,76). A second Cu species at lower B . E . (932.4) was assigned 

to Cu(I) species. After calcinations at 450 and 700°C, a broad and lower-B.E. 
peak was observed in the B . E . region of the Cu(II) species, indicating the 

presence of unstable copper species. Upon calcination at 900°C, the sole 
presence of a Cu(I) species was revealed. This is in agreement with what is 
known about the trend of copper to reduce itself to lower oxidation states 
during high temperature treatments. 

Cr(2p 1 / 2 ,2p 3 / 2 ) X P spectra of B C C catalyst are reported in Figure 7 as a 
function of catalyst heat treatment. Cr(III) was the dominant species present on 
B C C catalyst in the as-received state as well as after the calcination 
treatments, (B .E . = 576.5). The presence of Cr(VI) species was detected at 
higher B . E . , 579.3 eV, on the as-received B C C catalyst and after the 

calcinations at 450 and 700°C. After calcination at 900°C, the Cr(VI) species 
disappeared. Clearly, Ba stabilized the Cr(VI) state under conditions where it 
would normally decompose. In fact the thermal decomposition of C r 0 3 into Ο"2θ3 
is known to occur with only gentle heating. 

The deep modifications that were observed when comparing the activity of 

B C C in the as-received form and after thermal treatment at 450°C with the 
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100 200 300 400 
Temperature ( C) 

x Toluene, mix. • Acetone, mix * DichJorometh., mix. 

Toluene, pure Dichlorometh., pure 

Figure 5. Comparison of toluene, acetone, and dichloromethane catalytic 
combustion on B C C catalyst, in as-received form, as pure compounds and 
as ternary mixture (Feed concentrations: toluene, 570; acetone, 1300; 
dichloromethane, 500 ppm), without ozone (a) and with ozone (b). 
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Cu (II) 
a) 

cud) 

Cu (II) cJ 

cud) 

948.4 928.4 
B.E.(eV) 

Figure 6. Cu(2p 1 / 2 , 2p 3 / 2 ) spectra for B C C catalyst in the as-received 

state (a), after calcination at 450°C (b), 700°C (c), and 900°C (d). 
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Cr(VI) C r ( , , , ) a ) 

Cr (110 
b) 

Cr(lll) c ) 

Cr CIIO d) 

585.7 571.7 
B.E.(eV) 

Figure 7. Cr(2p i / 2 ,2p 3 / 2 ) spectra for B C C catalyst in the as-received 

state (a); after calcination at 450°C (b), 700°C (c), and 900°C (d). 
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activity of B C C treated at higher temperatures (700 and 900°C) apart from the 
type of V O C (Table III) can be connected to the changes of the Cu surface 
species rather than to changes of Cr species, as detected by X P S analysis. A 
definite amount of Cu(I) and Cu(II) species seems to be an important requirement 
to obtain a high activity combustion catalyst. Regarding the Cr species, 
important modifications on the catalyst surface could not be detected following 

the thermal treatments up to 700°C. The disappearance of Cr(VI) and Cu(II) 

species on B C C calcined at 900°C did not cause a further decrease of the 
catalytic activity in every case. 

X P spectra of the used B C C catalyst, after toluene combustion with ozone, 

in the as-received form and after thermal treatment at 900°C, were collected 
too. The peak area ratios of Cr(III) to Cr(VI) , and of Cu(I) to Cu(II) species, 
permitted a comparison between the fresh and used catalyst. The Cr(III)/Cr(VI) 
ratio in as-received B C C decreased from 12 to 7 going from the fresh to the used 
catalyst, whilst the Cu(I)/Cu(II) ratio decreased from 4 to 0.6. A n analogous 

increase of Cr(VI) and Cu(II) species was observed for the used 900°C-calcined 
catalyst. In this case, the Cr(III)/Cr(VI) and the Cu(I)/Cu(II) ratio were 4 and 
0.2, respectively. 

The observed surface oxidation of catalyst after use can be ascribed to the 
oxidant ozone power. This behavior can indicate that the oxidant action of ozone 
occurs not only in the gaseous phase but also on catalyst. Ozone decomposition 
probably gives rise to the formation of active oxygen radicals on the catalyst 
surface. 

Micropol lu tan t Analysis . It is well known that the catalytic combustion of 
halogenated organics minimizes the possibility of production of hazardous 
products of incomplete combustion (PIC), such as polychlorodibenzodioxines 
(PCDDs) and polychlorodibenzofurans (PCDFs), with respect to thermal processes 
(2). However, the formation of C l 2 instead of HC1, when not sufficient hydrogen 
is present in the feed, as organic matter and/or water vapor, can increase the 
possibility of formation of such pollutants (77). 

Two possibilities can be invoked to explain the formation of P C D F s and 
P C D D s (18): i) the formation of chemically similar precursor substances, such as 
chlorinated phenols, during the combustion process, ii) de novo synthesis from 
chemically different precursor compounds and sources of chlorine during the 
combustion. 

The formation of P C D D and P C D F compounds could be effective in particular 
when mixtures of halogenated and aromatic V O C s are destroyed. Moreover, the 
presence of ozone, used as oxidant, that is more able than oxygen to form cyclic 
ozonide structures (9,70), could favor the formation of P C D D s and P C D F s . 

To investigate this possibility, P C D D s and P C D F s were searched among the 
products of the catalytic combustion of a benzene and tetrachloroethylene 

mixture performed with ozone. The reaction was carried out at 350°C by feeding 
1000 ppm of a 1:1 molar mixture (10 Nl/h) at space velocity of 5000 h 1 . The gas 
outstreaming the reactor was condensed in a cold trap during 134 h. As concerns 
the P C D D compounds, only pentachlorodibenzodioxine and heptachlorodiben-
zodioxine were found at a concentration of 0.445 and 0.230 ng/Nm 3 , respectively. 
Tetrachlorodibenzodioxine, the most toxic dioxine (relative toxicity 1 according 
to the German Office of Health), and hexachlorodibenzodioxine (relative toxicity 
0.001), were absent. Regarding the P C D F compounds, pentachlorodibenzofuran, 
hexachlorodibenzofuran, heptachlorodibenzofuran, and octachlorodibenzofuran were 
found at a concentration of 0.592, 0.466, 0.308, and 0.538 ng/Nm 3 , respectively. 
Tetrachlorodibenzofuran was absent. 
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The results show a reassuring situation. The most toxic dioxines and furans 
(i.e., the tetrachlorodibenzodioxine and tetrachlorodibenzofuran) were not found 
among the products of combustion. The sum of all the dioxine and furan compounds 
is 2.58 ng /Nm 3 . This value is about three order of magnitude less than the 
limits for the emission of such pollutants in air. Moreover, the very low amount 
of P C D D and P C D F compounds produced during the combustion can suggest that a low 
amount of free chlorine is released during the combustion. H Q or HCIO, from 
chlorine and water reaction, could be the main chlorinated products formed. 

Conclusions 

The innovative technique employed in this work, in which the catalytic removal 
of V O C s is assisted by ozone, appears really efficient to remove pure as well as 
mixed V O C s at low temperature. The decrease of reaction temperature leads to a 
remarkable reduction of energy consumption. In fact, by a comparison between the 
energy needed to generate ozone (i.e., 5-10 W h / m 3 air) and the energy saved by 
using ozone, in terms of decreasing of reaction temperatures, it results that an 
amount of 10-15 W h / m 3 of energy was saved, depending on the type of V O C 
oxidized. 

The technique is particularly useful for the treatment of medium-low V O C 
concentrations in air. It is noteworthy the efficiency of this coupled technique 
also for the removal of halogenated organics without the formation of toxic 
micropollutants. 
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Chapter 30 

Other Opportunities for Catalysts 
in Environmental Problems: An Overview 

John N. Armor 

Air Products & Chemicals, Inc., 7201 Hamiliton Boulevard, 
Allentown, PA 18195 

The actual number of applications of catalysis to solve environmental problems is quite 
large (1). A number of topics were only touched upon in this symposium, and those 
manuscripts are grouped together within this section of the book. Topics which were 
not discussed at all within this Symposium included: catalysts for the preparation of 
HFCs as replacements for CFCs, removal of ozone emissions; removal of nitrous oxide; 
destruction of toxic gases such as nerve gas; alternative catalytic technology to displace 
the use of chlorine-based intermediates in chemical synthesis and processing; and waste 
minimization. 

With the implementation of the Clean Air Act Amendments of 1990, there are 
intense efforts by companies that produce or consume chemicals to reduce the amount 
of chemical waste they generate. Where even small amounts of multiple by-products 
are produced, at a multi-million pound per year scale, these by-products can become 
sizable in volume (see Table I). Disposal costs or imposed reduction of waste by local 
regulations will force suppliers and users to minimize the generation of waste. 
Alternatively, one can try to avoid undesirable by-products by developing new process 
routes or finding ways to convert these "wastes" into marketable products. For 
example a process which uses formaldehyde, a known carcinogen, is now much less 
desirable than one which uses alternative Ci feedstocks (e.g., methanol, CO/H2, etc.). 

There are a number of processes for removing SOx from exhaust streams. The 
problem is there is still no universally acceptable solution. Figure 1 shows the 
atmospheric sulfur cycle showing the number of ways sulfur enters the atmosphere (3). 
In the atmosphere SOx contributes to atmospheric pollution and smog. It is a major 
contributor to acid rainfall. Current commercial approaches to remove SOx from stack 
gas exhausts produce large quantities of sulfur by-products which need to be sold or 
buried. Large amounts of elemental sulfur are produced by petroleum refineries in the 
process of desulfurization of petroleum feedstocks. In the United States, the preference 
for burial of waste has come under increasing economic pressure as the availability of 

0097-6156/94/0552-0372$08.00/0 
© 1994 American Chemical Society 
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374 ENVIRONMENTAL CATALYSIS 

Table I. Production of by-products 

Product K g of By-product per K g 
of products 

Product (tons) 

Bulk Chemicals 
Pharmaceuticals 
Fine Chemicals 

Oi l Refinery -0.1 
<1 - 5 
2 5 - 1 0 0 
5 - 5 0 

10 6 - 10 8 

104 - 1 0 6 

10 - 10 3 

10 2 - 10 4 

(Reprinted with permission from reference 2. Copyright 1992 Society of 
Chemical Industry.) 

acceptable disposal sites diminishes and as society becomes less tolerant of "throw 
away" disposal approaches. We need to produce a more valuable, marketable sulfur 
by-product or develop more efficient technologies for treating the sulfur waste. 

Among the manuscripts within this book are two papers that focus on specific 
approaches to removal of sulfur oxides and the intermediates involved. They represent 
only a sampling of a great deal of work on this topic; yet there is a need for much more 
because the problem has no clear solution. In addition there are two other papers 
dealing with niche opportunities for catalysis. Robert Farrauto of Engelhard 
summarized these papers as follows: "Catalytic Bromine Recovery From HBr Waste by 
Ρ F . Schubert, R. D . Beatty, and S. Mahajan: A new catalyst and process for the 
oxidation of H B r to B r 2 , and its subsequent recovery was described. The unidentified 
catalyst functions below 300°C, and the process utilizes multitubular heat exchangers to 
control the large reaction exotherms. The process has been satisfactorily demonstrated 
in a pilot plant reactor for over 600 hours. Commercialization is planned. Application 
of Supported Gold Catalysts in Environmental Problems by S. Tsubota, A . Udea, H . 
Sakurai, T. Kobayashi and M . Haruta: This investigation reported on the use of gold 
supported on F e 2 0 3 containing supports for low temperature oxidation of C O and 
select hydrocarbons. Other gold containing catalysts were found active for N O 
reduction with C O (using C o 3 0 4 as a support) and the hydrogénation of C 0 2 (using 
Z n O and T i 0 2 as supports). 
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Chapter 31 

Reduction of SO 2 to Elemental S over Ceria 
Catalysts 

Wei Liu and Maria Flytzani-Stephanopoulos 

Department of Chemical Engineering, Massachusetts Institute 
of Technology, Cambridge, M A 02139 

Bulk cerium oxide, pure or doped with other rare earth 
oxides is a good catalyst for the reduction of SO 2 with CO to 
elemental sulfur at temperatures above 500 °C. The 
production of COS is negligible over these catalysts when a 
feed gas of stoichiometric composition([CO]/[SO2]=2) is used. 
The effect of dopant oxides on the catalytic activity of ceria is 
correlated with the change of oxygen ionic conductivity and 
vacancy energetics that the dopants impart into the ceria 
lattice. The highest activity is observed with a CeO 2 catalyst 
doped with 1 at % La 2O3. Effects of water vapor on the 
catalyst activity and selectivity are discussed. 

D e s u l r u r i z a t i o n of combus t i on exhaust gases is present ly a cost ly process 
often i n v o l v i n g c o m p l e x flow sheets a n d " th row-away" sorbents. D i rec t ly 
r e d u c i n g su l fur d i o x i d e to e lementa l sulfur over a catalyst is at tractive, 
because i t produces a salable p roduc t w i thou t any s o l i d waste to dispose of. 
Several processes have been p roposed and deve loped over the last twenty 
years. T h e A l l i e d C h e m i c a l catalyt ic S O 2 r educ t ion w i t h na tu ra l gas was 
a p p l i e d to S02-rich(>5%) smelter off-gases(2). Di rec t f lue gas reduc t ion b y 
synthesis gas ove r an u n d i s c l o s e d catalyst is u n d e r d e v e l o p m e n t b y the 
Parsons C o m p a n y ( 2 ) . H o w e v e r , bo th processes require an expensive C l a u s 
p lan t to comple te the e lemental sulfur recovery. 

O t h e r processes unde r deve lopment are two-stage, d r y regenerative flue 
gas c leanup processes, w h e r e b y d i lu t e -S02 streams are scrubbed i n a metal 
ox ide sorber a n d then, i n the regenerator the spent sorbent is regenerated 
for re-use w i t h c o n c o m i t a n t e m i s s i o n o f a concen t ra t ed S O 2 s t r eam 

0097-6156/94/0552-0375$08.00/0 
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sui table for sulfur recovery. The regenerator-off gas has o n l y a fraction of 
the f lue gas v o l u m e , a n d contains no oxygen . Recove ry of su l fur f rom this 
type gas i n a single-stage catalytic converter, a v o i d i n g the mult is tage C l a u s 
plant , w o u l d decrease the cost a n d accelerate the commerc i a l i za t i on of the 
d r y regenerat ive f lue gas c leanup process. 

T h e d i r e c t r e d u c t i o n o f S O 2 b y C O to e l e m e n t a l s u l f u r i s 
t h e r m o d y n a m i c a l l y favorable but i t proceeds v e r y s l o w l y i n the absence of 
a catalyst . A secondary undes i rab le react ion can occur be tween C O a n d 
e lementa l su l fur f o r m i n g C O S , w h i c h m a y also reduce S O 2 to e lemental 
sulfur t h rough react ion 3. C O S is more toxic than S O 2 a n d its p r o d u c t i o n 
s h o u l d be m i n i m i z e d i n a sulfur recovery process. 

S 0 2 + 2 C O = 2 C 0 2 + l / x S x (1) 

C O + l / x S x = C O S (2) 

2 C O S + S O 2 = 2 C 0 2 + 3 / x S x (3) 

A l t h o u g h r eac t i on 1 has cons ide rab le b a c k g r o u n d , n o subs tan t i a l 
c o m m e r c i a l experience exists and o n l y some labora tory s tudies have been 
repor ted. R y a s o n an Hark ins(3) tested C u , P d , A g , C o or N i suppor ted o n 
a l u m i n a as catalysts for the s imultaneous reduc t ion of S O 2 a n d N O by C O . 
The S O 2 r e d u c t i o n b y C O o n F e / A l 2 0 3 a n d C U / A I 2 O 3 catalysts was 
e x t e n s i v e l y s t u d i e d b y K h a l a f a l l a , et alf4,5) a n d Shor t , et a l (6,7), 
r e spec t ive ly . Bazes et al(8) inves t iga ted the pe rovsk i t e s L a C o 0 3 a n d 
C u C o 2 0 4 , a n d the o x i d e mix tu re C e 0 2 - C o 3 0 4 as catalysts for the same 
reaction. T h e p r o d u c t i o n of C O S usua l ly proceeds to a subs tant ia l extent 
o n these catalysts. H a p p e l et al(9,10) l o w e r e d the C O S fo rma t ion rate b y 
u s i n g the perovski te L a T i 0 3 . M o r e recently, H i l b b e r t a n d C a m p b e l l i n , 2 2 i ) 
f o u n d that L a i - x S r x C o 0 3 is an active catalyst for S O 2 r e d u c t i o n b y C O . 
The h ighes t select ivi ty t o w a r d elemental su l fur w a s ob ta ined o n a catalyst 
w i t h x=0.3. 

In a d d i t i o n to the fo rma t ion of C O S d u r i n g the S O 2 r e d u c t i o n b y C O , 
the presence of water i n the feed gas has a major effect o n bo th the catalytic 
ac t iv i ty a n d select ivi ty. The water m a y p o i s o n the catalyst a n d part icipate 
i n the r eac t ions , for e x a m p l e , the wa te r -gas shif t r e a c t i o n . It w a s 
r e p o r t e d ( 5 , 7 ) that w a t e r s i g n i f i c a n t l y p o i s o n e d the C U / A I 2 O 3 a n d 
F e / A l 2 0 3 catalysts , a n d a lso l o w e r e d the r eac t ion se l ec t iv i ty t o w a r d 
e lementa l sulfur. The water vapo r effects o n the other catalysts p r ev ious ly 
s tud ied , however , have not been reported. 

T h e r e d o x r e a c t i o n m e c h a n i s m has been p r o p o s e d for the S O 2 

r e d u c t i o n b y COC20, 22). A c c o r d i n g to this m e c h a n i s m , the reductant 
r emoves o x y g e n f rom the catalyst surface w h i l e the o x i d a n t g ives u p its 
o x y g e n to the ca ta lys t , so that the ca ta lys t surface is cons t an t ly 
r e d u c e d / o x i d i z e d d u r i n g the course of the reac t ion . B u l k c e r i u m o x i d e 
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has been i d e n t i f i e d as an act ive catalyst for the S O 2 r e d u c t i o n i n o u r 
p r e v i o u s work (23 ) . It is w e l l k n o w n that C e 0 2 has h i g h o x y g e n vacancy 
a n d m o b i l i t y , a n d these proper t ies can be further enhanced b y d o p i n g 
other me ta l i ons in to its f luor i te - type crystal lattice. T h e present s tudies 
a t t empt to test i f the ca ta ly t ic a c t i v i t y o f C e U 2 can be i m p r o v e d b y 
i n c o r p o r a t i n g d o p a n t ions in to its lat t ice, a n d to exp lo re other C e 0 2 -

con ta in ing catalysts. 

E x p e r i m e n t a l 

A p p a r a t u s a n d P rocedure . A l l catalysts were tested i n a laboratory-scale, 
p a c k e d b e d f l o w reactor, w h i c h consists of a 1.0 c m I D . χ 50 c m l o n g quar tz 
tube w i t h a p o r o u s quar tz frit p l aced at the m i d d l e for s u p p o r t i n g the 
catalyst . T h e reactor tube is heated b y a L i n d b e r g furnace. The react ion 
tempera ture is m o n i t o r e d b y a quar tz tube sheathed K - t y p e thermocouple 
p l aced at the top of the packed bed a n d control led b y a W i z a r d temperature 
con t ro l l e r . T h e r eac t ing gases, a l l ce r t i f i ed c a l i b r a t i o n gas mix tu re s 
ba l anced b y he l i um(Matheson ) , are measured w i t h rotameters a n d m i x e d 
p r i o r to the reactor in le t . The r e s u l t i n g gas m i x t u r e f l o w s d o w n w a r d 
t h r o u g h the p a c k e d bed . Wate r vapor is in t roduced w i t h h e l i u m b u b b l i n g 
t h r o u g h a heated water bath. The pressure d rop of gas f l o w i n g th rough the 
a s s e m b l y is s m a l l . T h u s , exper iments w e r e ca r r i ed ou t u n d e r nea r ly 
a tmospher i c pressure. A c o l d trap attached at the out let of the reactor is 
u sed to collect the elemental sulfur f rom the p roduc t stream. The p roduc t 
gas s tream, free of sulfur a n d particulates, is ana lyzed b y a H P 5 8 8 0 A Gas 
C h r o m a t o g r a p h ( G C ) w i t h a T h e r m a l C o n d u c t i v i t y D e t e c t o r ( T C D ) . 
H e l i u m is u sed as the G C carrier and reference gas, each at 30 c c / m i n . The 
detector a n d o v e n temperatures are set at 200 ° C a n d 60 ° C , respect ively . 
A 1/4" O . D . χ 6* l o n g p a c k e d c o l u m n of C h r o m o s i l 310(from S U P E L C O ) 
p rov ides g o o d separat ion of C O , C O 2 , C O S , H 2 S , C S 2 , a n d S O 2 under these 
c o n d i t i o n s . T h e T C D s h o w s l i nea r response to a l l the c o m p o u n d s 
m e n t i o n e d above and a detect ion l i m i t o f less than 100 p p m b y vo lume . 

The fresh a n d used catalysts were typ ica l ly act ivated b y heat ing for one 
h o u r i n 10% C O / H e at 600 ° C . Af te r ac t iva t ion , the reac t ing gases were 
i n t r o d u c e d a n d the reac t ion tempera ture was ra i sed to about 650 ° C . 
W h e n a steady-state react ion was reached, the temperature was l o w e r e d 
i n steps of about 50 ° C u n t i l the reac t ion was q u e n c h e d . In catalysts 
eva lua t ion test, the inlet gases of 1 v o l % S O 2 a n d 2 v o l % C O were used, 
w h i l e the to ta l f l o w rate was kep t at 200 seem. T h e p a c k e d height o f 
ca ta lys t b e d w a s a r o u n d 7 m m a n d the contact t ime was 0.01 to 0.05 
g . s / c c ( S T P ) . T h e e lementa l su l fur y i e l d , i.e., the f rac t ion of in le t S O 2 

conver ted in to elemental sulfur , was de r ived f rom the mater ia l balance of 
c a r b o n a n d su l fu r , a n d occas iona l l y checked b y t i t r a t ion of the su l fur 
col lected i n the c o l d trap. 
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378 ENVIRONMENTAL CATALYSIS 

Catalyst Preparation. A l l b u l k catalysts were p repared b y the w e l l - k n o w n 
a m o r p h o u s citrate methodf24) f rom nitrate precursors(f rom A l d r i c h ) . Th i s 
m e t h o d p r o v i d e s w e l l d i spersed m i x e d oxides o r m i x e d ox ide compounds . 
The cata lyst p repared i n this w a y has large fract ion of macropores(>l m m 
i n d iameter) w h i c h facilitates pore diffusion. The prepara t ion procedure is 
o u t l i n e d as fo l lows : meta l nitrates a n d ci t r ic a c i d of m o l a r rat io one are 
d i s s o l v e d i n de - ion ized water , separately; the c i t r ic a c id so lu t ion is a d d e d 
in to the n i t ra te so lu t i on d r o p w i s e unde r constant magne t i c s t i r r ing ; the 
r e s u l t i n g m i x e d s o l u t i o n is concentrated in to a v i scous f l u i d i n a ro ta ry 
evaporator(70 - 80 ° C ) ; the viscous fluid is then transferred o n a d i s h i n a 
v a c u u m o v e n where a s o l i d foam is fo rmed d u r i n g ove rn igh t dry ing(70-
80 ° C , 15 K P a ) ; the s o l i d foam is ca lc ined at 600 ° C i n a muff le furnace 
u n d e r f l o w i n g air for 2-3 hours; the resul t ing s o l i d is c rushed a n d s ieved; 
Part icles be tween 20 to 35 mesh(420-840 μπ ι ) are typ ica l ly used i n the tests. 
T h e s u p p o r t e d ca ta lys ts w e r e p r e p a r e d b y the c o n v e n t i o n a l w e t 
i m p r e g n a t i o n m e t h o d . T h e s l u r r y of the s u p p o r t a n d me ta l n i t ra te 
s o l u t i o n w a s degassed i n v a c u u m so that the ni trate s o l u t i o n fu l ly f i l l e d 
the pores o f the suppor t d u r i n g impregna t ion . The impregna t ed catalyst 
was d r i e d for 10 hours at 100 ° C a n d then ca lc ined for 3 hours at 600 ° C . 
The catalysts tested i n this s tudy are s h o w n i n Table I. 

The catalysts were characterized b y X - r a y p o w d e r diffract ion ( X R D ) for 
c rys ta l l ine phase ident i f ica t ion a n d B E T - N 2 desorp t ion for surface area 
measurement . W e l l c ry s t a l l i z ed C e 0 2 phase was iden t i f i ed b y X R D . The 
X R D ana lys i s a n d surface area measurement were pe r fo rmed o n a R i g a k u 
300 X - r a y Diffractometer and F l o w S o r b Π 2300 M i c r o m e r i t i c s , respectively. 

Results and Discussion 

C e 0 2 Catalyst. F igure 1 shows the exper imenta l results of S O 2 r educ t ion 
b y C O o n the b u l k C e 0 2 catalyst p repared i n this w o r k ( T a b l e I). W h e n a 
feed gas o f l o w e r C O content than the s toichiometr ic was used , any S O 2 

reac ted w a s c o n v e r t e d in to e l emen ta l su l fu r . W h e n the C O content 
exceeded the s to ichiometr ic amount , 100% S O 2 c o n v e r s i o n was ach ieved 
at l o w e r reac t ion temperature, bu t C O S became a major p roduc t . F o r 
example , w h e n the C O to S O 2 ratio was 3, the S O 2 convers ion was 100 % 
w i t h 36 - 62 % y i e l d of elemental sulfur over the temperature range of 530 
to 700 ° C a n d cor responding 64 - 38 % of C O S y i e l d . The elemental sul fur 
y i e l d increased w i t h the reaction temperature. 

In the f o l l o w i n g d i scuss ion and f igures, o n l y the e lementa l sulfur y i e l d 
w i l l be presented. Because a feed gas of near ly s toichiometr ic compos i t ion 
was u s e d a n d the C O S format ion was a lways neg l ig ib le i n these studies , 
the e lementa l sulfur y i e l d corresponds w i t h the S O 2 convers ion . 

Doped C e 0 2 Catalysts. It is w e l l k n o w n that the o x y g e n vacancy a n d 
m o b i l i t y o f C e 0 2 can be enhanced b y i n t r o d u c i n g d i - or t r i -valent me ta l 
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31. LIU & FLYTZANI-STEPHANOPOULOS Reduction of S02 to Elemental S 379 

ions into its lattice. Y 2 O 3 dopant was s tud ied b y W a n g , et al(15). Some of 
their results are l i s ted i n Table Π. Both the oxygen ion ic conduc t iv i ty a n d 
ac t iva t ion en tha lpy v a r i e d w i t h the Y 2 O 3 dopant concentrat ion. 1% Y 2 O 3 

d o p a n t g e n e r a t e d the h i g h e s t o x y g e n c o n d u c t i v i t y a n d the l o w e s t 
ac t i va t i on en tha lpy . Y 2 U 3 - d o p e d c e r i u m o x i d e catalysts(Table I) w e r e 
p r epa red a n d tested i n this w o r k . F i g u r e 2 shows the effect of the Y 2 O 3 

dopan t o n the catalyst act ivi ty. The 1% Y 2 O 3 d o p e d ceria catalyst (Ce02(Y)) 
s h o w e d h ighe r ac t iv i ty than either the pu re C e 0 2 or a 10% Y 2 0 3 - d o p e d 
c e r i a ( C e O 2 ( 1 0 Y ) ) . T h u s , m o r e than 95% e l e m e n t a l su l fu r y i e l d w a s 
ob ta ined ove r the C e 0 2 ( Y ) at 600 ° C , that is , at 50 ° C l o w e r temperature 
than for the other t w o catalysts. 

W h e n t w o t r i -va len t me ta l ions are i n t r o d u c e d i n the C e 0 2 c rys ta l 
structure, one oxygen vacancy is created, 

[ ] + 2 M H M - [ ] - M , 

w h e r e [ ] a n d M denote the oxygen vacancy and t r ivalent dopant cat ion, 
r e s p e c t i v e l y . T h e d o p a n t i o n a n d c rea ted o x y g e n v a c a n c y f o r m 
energet ical ly associated pairs as denoted b y M - [ ] - M . Different dopants w i l l 
b r i n g about different c rys ta l s tructure change a n d interact ion of vacancy-
i o n pa i r , thus resu l t ing i n different oxygen m o b i l i t y . Tab le III l ists some 
e x p e r i m e n t a l r e su l t s f r o m the s tud ie s b y G e r h a r d t - A n d e r s o n a n d 
N o w i c k f l 6 , ) , together w i t h the calculated association en tha lpy b y Butler, et 
al(17). The 1% SC2O3 dopant i n C e 0 2 generated the strongest vacancy- ion 
associa t ion a n d h a d the lowes t o x y g e n conduc t iv i t y a m o n g tr ivalent i o n -
d o p e d ceria. The C e 0 2 ( L a ) h a d comparable oxygen conduc t iv i ty to C e 0 2 ( Y ) 
at l o w tempera ture , bu t h a d a l i t t le l o w e r associat ion en tha lpy than the 
C e 0 2 ( Y ) . T h e expe r imen ta l resul ts o f S O 2 r educ t ion b y C O o n the b u l k 
c e r i u m o x i d e catalyst d o p e d w i t h these elements are compared i n F igure 3 
o n the same tota l surface area basis . M o r e than 95% su l fu r y i e l d w a s 
ob ta ined at 600 ° C for a l l three catalysts. W h e n the react ion temperature 
was l o w e r e d , the sulfur y ie lds o n the Ce02(Sc) a n d C e 0 2 ( L a ) catalysts fe l l 
off s teeply at about 600 ° C a n d 560 ° C , respectively, w h i l e the sulfur y i e l d 
o n the C e 0 2 ( Y ) catalyst decreased g r a d u a l l y f rom 600 ° C The C e 0 2 ( L a ) 
catalyst s h o w e d the highest act ivi ty . 

S h o w n i n F i g u r e 4 is the l ight-off behavior of the react ion of S O 2 w i t h 
C O over different catalysts. Fo r this s tudy, w e started w i t h the fresh catalyst 
w i t h o u t a n y pre t reatment b y a r e d u c i n g agent a n d r a i sed the reac t ion 
t e m p e r a t u r e f r o m 500 to 700 ° C i n a 50 ° C - s t e p , h o l d i n g at e a c h 
tempera ture for h a l f an hour . The reac t ion was l i g h t e d off at the same 
t e m p e r a t u r e ( a r o u n d 650 ° C ) ove r a l l the L a 2 Û 3 - d o p e d cer ia catalysts , 
i ndependen t o f dopan t content a n d the amount of catalyst used. But, the 
react ion d i d not l ight-off o n the Ce02(Sc) catalyst even at temperatures as 
h i g h as 690 ° C Af te r one-hour hea t ing under react ing atmosphere at 690 
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380 ENVIRONMENTAL CATALYSIS 

Table I. Catalysts Tested in This Study 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 

Surface Area 
Catalyst Composition 3 (m2/g) 

fresh b used c 

Ce02 Ce02 34.0 29.0 
Ce02(Y) l a t % Y 2 Q 3 27/23 d 9.5/20 d 

CeO2(10Y) 10 at %Y2Q3 19.8d 19.3d 

Ce<D2(Sc) 1 at % SC2C3 47/30^ 30/27 d 

Ce02(La) 1 at % La203 34.0 19.5 
Ce02(6La) 6 at% La203 32.6 22.8 
CeO2(20La) 20 at %La2Q3 37.5 19.4 
Ce02(35La) 35 at %La2Q3 28.8 17.2 
CeQ2(5Mg+La) 1 at % La203 30.2 22.4 

+ 5 at % M g O 
31.4 25.0 Cu/CeC»2(La) 1.4 wt % C u 31.4 25.0 

Co/Ce02(La) 3.4 wt % Co 30.0 23.0 

Mn/Ce02(La) 1.4 wt % M n 31.0 24.5 

a "at %" denotes the corresponding metal atomic percentage. 
^Measured before use. 
° M e a s u r e d after about 6-hour reaction time on-stream. 
^Fresh catalysts were further calcined for 15 hours at 750 ° C after 3-
hour calcination at 600 ° C 

Table IL Variation of Oxygen Conductivity and Activation Enthalpy With 
Composition of CeO2:Y203 
(data from Wang et al. (15)) 

mole % Ho(ev) a σ (ohm-cm)' 1 

γ 2 θ 3 at 180 ° C at 180 ° C at 580 ° C 

0.0% 0.92 3 x l 0 - 8 2 x l ( H 
1% 0.79 1.8Χ10" 6 8x10-3 
10% 1.15 1.5x10-7 4.5x10-3 
a H a related to σ by Τ σ oc exp(-Ho/ RT) 
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31. LIU & FLYTZANI-STEPHANOPOULOS Reduction of S02 to Elemental S 381 

Tab le ΙΠ. A s s o c i a t i o n E n t h a l p y h A a n d Conduc t iv i t y for S o l i d Solu t ions of 
Different Dopants i n C e 0 2 

(data f rom Gerha r t -Anderson and N o w i c k f l 6 ) ) 

D o p a n t 
Ionic 
r ad ius 

(Â) 

h A ( e v ) a 

1% Ό2Ο3 6 % D 2 0 3 
c r f o h m - c m ) - 1 

1% D 2 Q 3 
a t 4 0 0 ° c 

1.18 0.14/0.26b 0.18 3 . 2 7 x 1 a 4 

Gd3+ 1.06 0.12/0.17b 0.16 5 . 3 X 1 0 4 

γ 3 + 1.01 0.21/0.38^ 0.26 3 . 2 7 x 1 ο 4 

Sc3+ 0.87 0.67/0.62 b - 4.43x10-7 

M g 2 + 0.89 1.23b - -
Ca2+ 1.12 1.12b - -

a h A related to o b y Τ σ oc exp(-(hA+ h n O / R T ) 
' ' da ta calculated b y But ler et a l . i l 7 ) . 

.01 ' > •> • 1 - · · « 1 « « · • 1— 
4 0 0 5 0 0 6 0 0 7 0 0 

R e a c t i o n Tempera ture ( ° C ) 

[ C O ] / S 0 2 ] 4 3 1.8 

E l e m e n t a l S u l f u r Y i e l d • • A 

S 0 2 C o n v e r s i o n • 0 Δ 

1% inlet S 0 2 , 0.017 ι 5»g/cC ( S T P ) 

F igure 1. E l e m e n t a l S u l f u r Y i e l d a n d SQ2 C o n v e r s i o n o n B u l k C e 0 2 

Catalyst. 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

23
, 1

99
4 

| d
oi

: 1
0.

10
21

/b
k-

19
94

-0
55

2.
ch

03
1

In Environmental Catalysis; Armor, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 

http://al.il


382 ENVIRONMENTAL CATALYSIS 
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£ 0.6 
CO 

S 0.4 

ε 

0 . 2 -

ο .ο 

tCO]/[S02]=2 
W/F= 
0.012 s.g/cc(STP) 

/ // ° Ce02,38mg, 0.84 m2 

Ce02(Y), 39mg, 0.77 m2 

CeO2(10Y), 41mg, 0.74m2 

520 720 570 620 670 
Reaction Temperature ( °C) 

Figure 2. Effect of Y 2 O 3 Dopant Content in Ceria on Catalyst Activity. 

1.0 

2 0.8 
·»-« 

Sa 0.6 
00 

c 
ε 
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0 . 4 -
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0.0 

• 3 — j 

[CO]/[S02]=2 
F=200 sccm 

/ / n Ce02(La), 39mg, 0.79m2 

1 s \ ° 
Ce02(Y), 39mg, 0.77 m2 

% Δ Ce02(Sc), 29mg, 0.79 m2 

520 720 570 620 670 
Reaction Temperature ( °C) 

Figure 3. Effect of Different Dopants in Ceria on Catalyst Activity. 
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1.0 

3 0.8-

â 0 . 6 -

2 0.4-

0.2-

0.0 

Π CeO(La), 40mg 
Ο Ce02(La), 90mg 
Δ CeO2(20La), 90mg 
• CeO2(Sc),40mg 

1%S02,2%C0 
F=200 seem 

-0.2 + — — • — • — · — ι 1 1 1 1 ι 1 * 1 1 ι 1 — • • ' I 
5 0 0 5 5 0 6 0 0 6 5 0 7 0 0 

R e a c t i o n Tempera ture ( ° C ) 

F igure 4. L igh t -o f f Behav io r over D o p e d Cer i a Catalysts i n the A b s e n c e 
of A c t i v a t i o n . 

° C , the C e 0 2 ( S c ) catalyst s t i l l appeared pale y e l l o w ( as a fresh ceria), w h i l e 
an ac t iva ted( reduced) catalyst has a da rk b l u e co lo r . T h i s e x p e r i m e n t 
ind ica ted that the L a 2 Û 3 - d o p e d catalyst can be used w i thou t ac t iva t ion b y 
a reduc tan t gas, but, h igher react ion temperature is needed to in i t ia te the 
reac t ion . 

T h e effect o f La2<33 dopan t concent ra t ion o n the fal l-off b e h a v i o r is 
s h o w n i n F i g u r e 5. Increasing the dopant concentrat ion f rom 1 % to 35 at% 
d i d n o t c h a n g e the ca ta lys t p e r f o r m a n c e . O n the o the r h a n d , 
i n c o r p o r a t i o n of 5 at% M g O in to the 1% L a 2 0 3 - d o p e d ce r i a g rea t ly 
d e c r e a s e d the c a t a l y t i c a c t i v i t y . T h e f a l l - o f f t e m p e r a t u r e o v e r 
C e 0 2 ( 5 M g + L a ) catalyst is about 50 ° C higher than that o n the C e 0 2 ( L a ) . 
X R D ana lys i s revealed the existence of o n l y the ceria crys ta l phase i n 
these o x i d e compounds . The vacancy asscoiat ion energy i n M g O - d o p e d 
ceria is 1.23 ev, m u c h higher than that i n the L a 2 0 3 - d o p e d ceria, 0.26 ev, as 
s h o w n i n Tab le ΙΠ. This s t rong association s t ab i l i zed the o x y g e n vacancy 
and thus c a p p e d outs ide o x y g e n o n the C e 0 2 ( 5 M g + L a ) catalyst surface. 
H i g h e r t empera tu re w o u l d be needed to r e m o v e the m o r e s t r o n g l y 
b o n d e d surface capped oxygen to main ta in the r e d u c t i o n / o x i d a t i o n cycle. 
This i ssue w i l l be further addressed later. The C e 0 2 ( L a ) catalyst was used 
i n further s tudies because of its super ior performance. 
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384 ENVIRONMENTAL CATALYSIS 

C e Ο 2 ( L a ) C a t a l y s t . F i g u r e 6 shows the effect o f contact t ime o n the 
e lementa l su l fur y i e l d over the C e 0 2 ( L a ) catalyst. The contact t ime d i d not 
change the p r o d u c t se lect iv i ty . M o r e than 95% sul fur y i e l d w a s a l w a y s 
a c h i e v e d u n d e r comple t e S O 2 convers ion . T h e e lementa l su l fu r y i e l d 
curve f e l l off at a l o w e r temperature w h e n a longer contact t ime w a s used. 
H o w e v e r , above a va lue o f 0.02 g s / c c ( S T P ) contact t ime, the fa l l -of f 
temperature stays at about 500 ° C . This is the temperature associated w i t h 
the r e d u c t i o n of surface capp ing oxygen of ceria accord ing to Y a o a n d Yao 's 
studies(2&). Therefore, w h e n the reaction temperature is b e l o w 500 ° C , C O 
cannot r educe the catalyst surface to p r o v i d e the act ive sites for S O 2 

reduc t ion . T h e catalyst showed g o o d stabil i ty as ind ica ted b y F igure 7. N o 
deac t iva t ion was observed d u r i n g a 11-hour steady-state r u n at 532 ° C . A s 
stated before, o n l y a sma l l amoun t of C O S was f o r m e d w i t h the d r y feed 
gas o f n e a r l y s toichiometr ic compos i t ion . 

F o r the same contact t ime, 0.02 g s / c c ( S T P ) , the fa l l -off t empera tu re 
over the C e 0 2 ( L a ) catalyst s h o w n i n F igure 5 is about 50 ° C h ighe r than 
that i n F i g u r e 6. The feed gas used i n the studies s h o w n i n F igu re 5 was 
con tamina ted b y a s m a l l amount of water vapor(400 ppm) . This ind ica ted 
that the catalyst m a y be po isoned b y water vapor . 

W a t e r V a p o r Effects . The i n t r o d u c t i o n of wate r v a p o r i n the reac t ing 
a tmosphere m a y affect the catalytic act iv i ty b y adsorp t ion o n the catalyst 

7 0 0 

F igure 5. Effects of L a 2 0 3 Dopan t Content and M g O D o p a n t i n C e r i a o n 
Catalyst A c t i v i t y . 
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Figurée. Effect of Contact Time(g-s/cc(STP)) on the Activity of the 
Ce02(La) Catalyst. 
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Figure 7. Long-Term Activity of CeQ2(La) Catalyst at T=532 °C. 
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surface, a n d change the p r o d u c t d i s t r i b u t i o n t h r o u g h the f o l l o w i n g 
react ions: 

C O S + H 2 0 = H 2 S + C 0 2 

C O + H 2 0 = H 2 + C 0 2 

H 2 + [ S ] = H 2 S 

3 / x S x + 2 Η 2 θ = 2 H 2 S + SO2 

(4) 

(5) 

(6) 

(7) 

The [S] i n reac t ion 6 indicates any k i n d of su l fu r source, such as me ta l 
sul f ide a n d adsorbed surface sulfur . The reactions 4-7 l i s t ed above are 
t h e r m o d y n a m i c a l l y f ea s ib l e u n d e r p r e s e n t c o n d i t i o n s . S e p a r a t e 
exper iments car r ied ou t i n our labatory demonstra ted that the C e 0 2 ( L a ) is 
an ac t i ve ca ta lys t for the C O S h y d r o l y s i s ( r e a c t i o n 4), the water -gas 
sh i f t (WGS) reaction(reaction 5), a n d the C l a u s react ion. 9 9 % of C O S was 
h y d r o l y z e d to H 2 S over the tested temperature range f rom 250 to 650 ° C . 

The effects o f water vapor o n the SO2 r educ t ion b y C O are i l lus t ra ted i n 
F igure 8. U p o n the a d d i t i o n of 3% PfeO, three s m a l l peaks of C 0 2 , H 2 S , 

and S O 2 , appea red s imul t aneous ly . The C O 2 peak m a y resul t f rom the 
reaction o f H 2 O w i t h adsorbed C O o n the catalyst surface, a n d the H 2 S a n d 
S O 2 peaks m a y be p r o d u c e d b y the reverse C l a u s reac t ion of adso rbed 
surface su l fu r a n d H 2 O . In the presence of 3% H 2 O , su l fur c o m p o u n d s i n 
the p r o d u c t s t ream consis ted of H 2 S , S O 2 a n d e lementa l su l fur , w h i l e 
C O S w a s n e g l i g i b l e . The ra t io of H 2 S to S O 2 w a s a p p r o x i m a t e l y 
s t o i c h i o m e t r i c , because i n the feed gas the s t o i c h i o m e t r i c ra t io of 
[ C O ] / [ S 0 2 l = 2 was used. W h e n the reaction temperature was l o w e r e d f rom 

660 to 617 ° C , no apparent p r o d u c t d i s t r i bu t ion change was seen. W h e n 
the t empera tu re was l o w e r e d to 580 ° C , the H 2 S decreased a l i t t le w h i l e 
the S O 2 i nc reased a l i t t le . The catalyst q u i c k l y deac t iva ted w h e n the 
t empera ture w a s further l o w e r e d to 540 ° C , w h i l e no deac t iva t ion w a s 
obse rved for the d r y feed gas at this temperature(see F i g u r e 6). L i et 
a i d 9,20) i n their studies of C O adsorpt ion o n cer ia f o u n d that surface O H 
groups i n h i b i t C O adso rp t ion a n d that C O a d s o r p t i o n depends o n the 
degree o f surface dehydroxy la t ion . A p p a r e n t l y , then, i n the present s tudy 
the wa te r v a p o r l o w e r e d the catalyst act ivi ty for S O 2 a n d C O react ion b y 
tak ing u p the act ive surface sites for C O chemisorp t ion . The overa l l effect 
of w a t e r v a p o r is d i s p l a y e d as pa r t i a l p o i s o n i n g o f the catalyst a n d 
p r o m o t i o n o f H 2 S format ion. 

The v a r i a t i o n o f p roduc t gas d i s t r ibu t ion w i t h the [ C O ] / [ S 0 2 ] rat io is 
s h o w n i n F i g u r e 9. The H 2 S format ion increased w i t h the [ C O ] / [ S 0 2 J rat io; 
conve r se ly , the S O 2 concent ra t ion decreased w i t h the [ C O ] / [ S 0 2 l The 
m a x i m u m e lementa l sulfur y i e l d was ob ta ined a r o u n d the s to ich iomet r ic 
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-0.1 1 • • • • • ι • . • • • ι . . . . . , 
0 60 120 180 

Time-On-Stream (min) 
Figure 8. P roduc t D i s t r i b u t i o n w i t h Temperature o n C e 0 2 ( L a ) Cata lys t i n 

the Presence of Wate r Vapor(1 .07% SO2, 2.2% C O , 3% H 2 O ; 

0.043 g-s/cc(STP)). 

[CO]/[S02] 

Figure 9. P r o d u c t D i s t r i b u t i o n w i t h the [ C O ] / [ S 0 2 ] R a t i o on CeC>2(La) 

Cata lys t i n the Presence of Water V a p o r at 610 ° C ( 1 % S O 2 , 1.5 

% H 2 O ; 0.043 g-s/cc(STP)). 
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[ C O ] / [ S 0 2 l ratio. In the region of [CO]/[SC>2] >2, H 2 S m a y be p roduced b y 
h y d r o l y s i s of C O S a n d the react ion of the adsorbed sulfur o n the catalyst 
surface w i t h h y d r o g e n f r o m the W G S r e a c t i o n . In the r e g i o n o f 
[ C O ] / [ S 0 2 ] < 2, C O S format ion is negl ig ib le a n d thus, the H 2 S m a y come 
m a i n l y f r o m the react ion o f surface sulfur w i t h h y d r o g e n . Because m o r e 
reductant gas was consumed to p roduce H 2 S than e lemental sulfur , there 
was not e n o u g h reductant left for the reduct ion o f S O 2 so that some of the 
inlet S O 2 w a s not reduced . This became more o b v i o u s w h e n less C O w a s 
u s e d i n the feed gas. A l t h o u g h the reverse C l a u s r e a c t i o n 7 i s 
t h e r m o d y n a m i c a l l y feasible at h i g h temperature, this reac t ion w o u l d g ive 
a s imul t aneous p r o d u c t i o n of H 2 S a n d S O 2 . Th i s is not the case as s h o w n 
i n F i g u r e 9. Fur ther testing s h o w e d that at a g i v e n temperature the H 2 S 

f o r m a t i o n i n c r e a s e d w i t h the w a t e r v a p o r content . I n a p r a c t i c a l 
a p p l i c a t i o n , s ince the H 2 S a n d S O 2 i n the p r o d u c t s t r eam are i n 
s to ich iomet r ic amoun t w h e n the [ C O ] / [ S 0 2 l is a r o u n d 2, a downs t r eam 
C l a u s reac tor m a y be d i r ec t l y u s e d to conver t the H 2 S a n d S O 2 i n t o 
e l e m e n t a l s u l f u r . A l t e r n a t i v e l y , for a d r y r e g e n e r a t i v e f l ue gas 
desu l fu r i za t ion process, the p roduc t gas f rom the sulfur recovery un i t can 
be recyc led to the sorber after condensat ion a n d col lec t ion o f sulfur . 

Impregna t ed Ce02 (La) catalyst. In another series of tests, t rans i t ion meta l -
i m p r e g n a t e d C e 0 2 ( L a ) ca ta lys t s w e r e i n v e s t i g a t e d . T h e ca t a ly s t 
compos i t ions are s h o w n i n Table I and test results are p lo t ted i n F igure 10. 
S i m i l a r to the p r e v i o u s results w i t h the b u l k catalysts , m o r e than 95% 
e lementa l su l fu r y i e l d c o u l d be ob ta ined at h i g h tempera ture , bu t the 
e lementa l su l fur y i e l d fell off s teeply as the tempera ture w a s decreased. 
T h e C u / C e U 2 ( L a ) ca ta lys t s h o w e d the h i g h e s t a c t i v i t y a n d the 
M n / C e 0 2 ( L a ) was the least active. The C o / C e 0 2 ( L a ) catalyst lost its act iv i ty 
comple te ly at 625 ° C u p o n add i t i on of 2.5% H 2 O , w h i l e the sulfur y i e l d o n 
the C u / C e 0 2 ( L a ) was l owered f rom 97% to 65% due to the fo rmat ion o f 
H 2 S . T h i s v a l u e is a l i t t le h ighe r than the 55% e lementa l su l fur y i e l d 
o b t a i n e d o n the C e 0 2 ( L a ) cata lyst . T h e fa l l -o f f t empe ra tu r e for the 
C u / C e 0 2 ( L a ) catalyst was about 480 ° C . A l t h o u g h the C u suppor ted o n the 
C e 0 2 ( L a ) d i d not s igni f icant ly i m p r o v e the ac t iv i ty a n d selec t iv i ty of the 
C e 0 2 ( L a ) catalyst i n the present s tudy, i t d i d have different performance 
f rom the g - A l 2 0 3 - s u p p o r t e d C u catalyst repor ted i n earl ier literaturef6,7). 
M o r e C O S w a s f o r m e d o n the C U / A I 2 O 3 ca ta lys t t han that o n the 
C u / C e 0 2 ( L a ) , i n d i c a t i n g a s t rong meta l -suppor t in te rac t ion for the latter 
system. 

Mechanis t ic Considerat ions . T w o reac t ion m e c h a n i s m s h a v e b e e n 
p r o p o s e d fo r the r e d u c t i o n o f S O 2 b y C O , n a m e l y the r e d o x 
m e c h a n i s m ( 2 0 / 3 2 ) a n d the C O S i n t e r m e d i a t e m e c h a n i s i n g 2 - 2 3 λ 
A c c o r d i n g to the latter, C O first forms a C O S in t e rmed ia t e w i t h the 
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s u l f i d e d cata lys t , a n d then C O S reduces S O 2 to e l ementa l sul fur . T h e 
ev idence u sed to argue i n favor of this m e c h a n i s m is (i) X R D - d e t e c t e d 
metal sul f ide i n the used catalyst, and (ii) C O S format ion u p o n passing C O 
gas t h r o u g h the catalyst bed . In the present s tudy , o n l y the ce r i a ( C e 0 2 ) 

crys ta l phase w a s f o u n d i n the fresh a n d used cer ia ca ta lys t b y X R D 
analysis . In another test, w h e n the steady-state react ion over the C e 0 2 ( L a ) 
catalyst was reached at 650 ° C , the feed gas was swi tched to H e , and after a 
ten-minute f lush , C O was a l l o w e d to scavenge the catalyst surface for ha l f 
a hour . N o C O S was detected i n the exit gas stream. The same results were 
ob ta ined at 600 ° C a n d 550 ° C . Fur thermore , a s ignif icant amoun t of C O 2 

was re leased d u r i n g the regenerat ion of a spent cer ia catalyst w i t h C O , 
w h i l e n o C O S w a s obse rved . These resul ts a rgue aga ins t the C O S 
in t e rmed ia t e m e c h a n i s m for S O 2 r educ t ion b y C O over cer ia catalysts. 
H o w e v e r , ou r tests have s h o w n that C e 0 2 ( L a ) is also a g o o d catalyst for the 
r educ t ion of S O 2 b y C O S , w i t h more than 96% S O 2 conver ted to e lemental 
sulfur ove r the temperature range f rom 390 to 650 ° C . 

W e pos tu la te that the S O 2 r educ t ion b y C O o n cer ia proceeds v i a the 
redox mechanismC20 / 22): 

C a t - O + C O - » Cat-[ ] + C O 2 

Cat-[ ] + S O 2 -> Ca t -O + S O 

Cat-[ ] + S O - > Ca t -O + S 

W e f o u n d that the catalyst h a d to be p r e - r e d u c e d to in i t i a te the 
r e d u c t i o n / o x i d a t i o n cycle at l o w temperature. Th i s is e v i d e n c e d b y the 
catalyst co lor change. The fresh C e 0 2 was pale y e l l o w a n d h a d no act ivi ty. 
The ac t ivated catalyst appeared dark blue, w h i c h is the characteristic color 
of p a r t i a l l y r e d u c e d C e 0 2 - The react ion proceeds eas i ly o n the catalyst 
pretreated b y a r e d u c i n g agent, such as C O . In contrast, the react ion is 
d i f f icul t to start i n the react ing atmosphere due to the presence of bo th a 
r e d u c t a n t ( C O ) a n d a n o x i d a n t ( S 0 2 ) , a n d m a y need h i g h tempera ture 
(Figure 4). A s one oxygen vacancy is created b y the release of one C O 2 

molecu le , the S O 2 donates its oxygen to that vacancy to f o r m a S O g r o u p . 
The S O is m o b i l e o n the surface u n t i l it f inds another vacancy to donate 
its o x y g e n or a vacancy m a y migra te to a n e i g h b o r i n g site to accept its 
o x y g e n . H i g h o x y g e n m o b i l i t y i n the catalyst w i l l facil i tate the o x y g e n 
transfer f r o m one site to another o n the surface or f rom the b u l k to the 
surface. H o w e v e r , the oxygen vacancy can be taken u p b y other molecules 
ex is t ing i n the react ing gas phase, such as H 2 O and O 2 . The more s t rongly 
these i m p u r i t y o x y g e n atoms attach to the vacancy , the m o r e severe a 
p o i s o n i n g effect they w i l l b r i n g about. The creat ion of o x y g e n vacancies o n 
the surface is , then, a k e y step. 
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390 ENVIRONMENTAL CATALYSIS 

I n c o r p o r a t i o n of dopan t i ons in to cer ia lat t ice enhances the o x y g e n 
vacancy concent ra t ion a n d m o b i l i t y . But , the vacancies created b y the 
dopan t o n a fresh catalyst surface are a lways capped b y the oxygen atoms 
f rom ambien t o x y g e n or water . Therefore, the c a p p i n g o x y g e n has to be 
r e m o v e d to activate the catalyst. The o x y g e n vacancy a n d the dopant i o n 
are associated pairs b y a certain energy. The stronger this association, the 
l o w e r the vacancy energy state is a n d the m o r e s t rong ly the vacancy is 
capped b y an outs ide oxygen . In other w o r d s , s t rong association increases 
the d i f f i cu l ty of r e m o v i n g the c a p p i n g oxygen . The CeC>2(La) mater ia l of 
l o w e r a s soc i a t i on energy t han the C e 0 2 ( V ) , s h o w e d h ighe r ac t iv i ty , 
a l t h o u g h these t w o catalysts have same o x y g e n ion ic conduct iv i ty(Table ΠΙ 
a n d F i g u r e 3). The C e 0 2 ( S c ) has the h ighes t v a c a n c y - i o n associa t ion 
ene rgy a m o n g t r i -va len t i o n - d o p e d cer ia so that the reac t ion cannot 
p roceed(F igure 4) w i t h o u t r e m o v i n g the s t rong ly c a p p e d surface oxygen 
i n a h i g h l y r e d u c i n g a tmosphere . A s d i s c u s s e d ea r l i e r , the v a c a n c y 
assoc ia t ion energy i n the M g O d o p e d cer ia is 1.23 ev(Table ΠΙ) , even 
greater t han that of the C e 0 2 ( S c ) , 0.67ev. A p p a r e n t l y , the a d d i t i o n of 5 
at% M g O in to the C e 0 2 ( L a ) grea t ly s t ab i l i z ed the o x y g e n vacancy a n d 
dec reased the ca ta ly t ic a c t i v i t y (F igu re 5). T a b l e Π Ι ind ica tes that the 
assoc ia t ion energy increases w i t h dopan t content. Therefore, inc reas ing 
the d o p a n t concen t r a t i on does no t necessa r i ly enhance the ca ta ly t ic 
ac t iv i ty . Th i s is ev idenced b y the data s h o w n i n F igu re 5, where increasing 
L a 2 Û 3 dopan t f rom 1 to 35 at % h a d no effect o n the catalyst performance. 
F o r a ca t a lys t , surface a d s o r p t i o n / d e s o r p t i o n processes are a l w a y s 
i m p o r t a n t i n a d d i t i o n to these o x y g e n vacancy a n d m o b i l i t y proper t ies . 
Because M g O is a more basic ox ide than L a 2 0 3 a n d L a 2 0 3 is more basic 
than C e 0 2 , the present results indicate that the ac id /base properties of the 
catalyst p l a y l i t t le role i n the reduc t ion of S O 2 b y C O . 

Conclusions 

C e r i u m o x i d e is an active catalyst for S O 2 r educ t ion b y C O a n d its ac t iv i ty 
can be e n h a n c e d b y d o p i n g L a 2 0 3 in to its lat t ice. M o r e than 95% 
e l emen ta l su l fu r r ecovery can be ach ieved o n C e 0 2 - b a s e d catalysts at 
reac t ion temperatures about 500 ° C or h igher w h e n the feed gas has the 
s to i ch iome t r i c c o m p o s i t i o n . T h e react ion of S O 2 w i t h C O o n the catalyst 
appears to proceed accord ing to the redox mec ha n i sm . The results of ou r 
w o r k demons t ra te a cor re la t ion of the cata lyt ic ac t iv i ty w i t h the o x y g e n 
vacancy m o b i l i t y a n d energetics i n a d o p e d cer ia catalyst . Wate r vapo r 
pa r t i a l l y po i sons the ceria catalysts and promotes the p r o d u c t i o n of H 2 S . 

The e lementa l sulfur y i e l d is l o w e r e d i n the presence of water . A d d i t i o n a l 
w o r k w i t h t rans i t ion meta l m o d i f i e d ce r ium ox ide catalysts is u n d e r w a y to 
address these issues. 
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4 5 0 5 0 0 5 5 0 6 0 0 6 5 0 7 0 0 

R e a c t i o n Tempera ture ( ° C ) 

C u / C e 0 2 ( L a ) • — C o / C e 0 2 ( L a ) 

Δ — M n / C e 0 2 ( L a ) 

F igure 10. A c t i v i t y of M e t a l - I m p r e g n a t e d C e 0 2 ( L a ) Ca ta lys t s i n t h e 
Presence a n d Absence of Water V a p o r . 
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Chapter 32 

Hydrolysis of COS on Titania Catalysts 
Mechanism and Influence of Oxygen 

H . M . Huisman, P. van der Berg, R. Mos, A. J . van Dillen, and 
J . W. Geus 

Department of Inorganic Chemistry, Utrecht University, Sorbonnelaan 
16, P.O. Box 80083, 3508 TB, Utrecht, Netherlands 

The hydrolysis of COS on titania was studied by infra-red spectroscopy. 
The results are compared with the hydrolysis on alumina. At low 
temperatures, the mechanism on titania shows close resemblance to the 
hydrolysis on alumina. The influence of oxygen was investigated by means 
of infra-red experiments and catalytic activity measurements. On the titania 
surface, sulfate formation was observed. The sulfate formation increases 
the surface acidity and thus decreases the rate of hydrolysis. Fast recovery 
of the original activity was observed after reduction of the sulfated surface 
by H2S at relatively low temperatures. This smooth regeneration is the 
cause of the much better oxygen resistivity of titania as compared to that of 
alumina catalysts, and not the fact that surface sulfates do not form. 

The Claus process is used to convert H2S into elemental sulfur. The first stage of this 
process comprises the high-temperature combustion reaction of H2S with O2 to sulfur 
with a yield of 70%, leaving SO2 and H2S in a 1 to 2 mole ratio. The second, catalytic 
stage, involving two or three reactors, is used to convert the remaining SO2 and H2S 
into sulfur. Problems arise when C O S or CS2 are present. Reaction with residual 
hydrocarbons within the burner results in the formation of C O S and CS2. These 
compounds do not easily react over the Claus catalyst. Consequently, SO2 is emitted 
due to the combustion of C O S and CS2 with oxygen within the incinerator (1-4). 

The most favored route for C O S and CS2 conversion is that of hydrolysis to 
H2S (reactions 1 and 2). 

C O S + H 2 0 — > C 0 2 + H 2 S (1) 
C S 2 + 2 H 2 0 — > C 0 2 + 2 H 2 S (2) 

The same catalyst as is used for the reaction between H2S and SO2 in the catalytic Claus 
converters (reaction 3) can catalyze the hydrolysis reactions (2). 

2 H 2 S + S 0 2 —> 3/x S x +2 H 2 0 (3) 

0097-6156/94/0552-0393$08.00/0 
© 1994 American Chemical Society 
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394 ENVIRONMENTAL CATALYSIS 

γ -Alumina is the catalyst most often used for the Claus reaction. Since also the 
hydrolysis of C O S and CS2 is accelerated by γ-alumina, research has been carried out 
aiming to understand the hydrolysis of C O S on alumina (1,5-7). 

The use of γ-alumina, however, brings about severe problems. When oxygen is 
present in the feed, which can be due to insufficient mixing of the gases in the re-heaters 
of the Claus plant, sulfation of the surface of alumina causes deactivation of the catalyst. 
Although the deactivated catalyst can be reactivated in a flow of H2S at elevated 
temperatures, H2S is emitted as SO2 during the regeneration. 

Fiedorow (11) obtained evidence that C O S is adsorbed on the basic sites of the 
alumina surface, probably on basic hydroxyl groups. IR-spectroscopic investigations 
have revealed that the adsorbed C O S reacts to hydrogen thiocarbonate, which 
decomposes subsequently into H2S and CO2 (5,7). Most recently Lavalley et al have 
discussed the poisoning effect of oxygen on the reactivity of γ-alumina catalysts (7). 
The authors claim the increased acidity of the catalyst due to sulfate formation causes the 
poisoning effect of oxygen (7,12). 

Several authors reported on results obtained with titania as a catalyst in this 
reaction. It has appeared that titania is much more resistant against sulfation; 
deactivation caused by oxygen thus does not occur (8-10). 

The aim of our study is to elucidate the better resistance of titania catalysts to 
oxygen. W e first of all investigated the mechanism of C O S hydrolysis on a titania 
catalyst. Therefore an in-situ infra-red study was performed to confirm the 
thiocarbonate mechanism on alumina and to establish whether the same mechanism is 
operative on titania. B y the use of in-situ experiments we can get information on the 
essential steps in the hydrolysis reaction. 

The titania surface shows a close resemblance to the γ-alumina surface; on both 
surfaces acidic and basic hydroxyl groups are present. The γ-alumina surface is 
described by Knôzinger (13). Woning and van Santen studied the titania surface. The 
differences with regard to the acid and base properties between two types of titania 
surfaces, anatase and rutiel, are minor. Anatase contains slightly more basic hydroxyl-
groups (14). The similar properties of titania and alumina surfaces suggest that the 
hydrolysis of C O S proceeds according to the same mechanism on the two oxides. 
Resent results of Lavalley et all . indicate a simular mechanism of C O S adsorption on 
T i 0 2 as on A I 2 Q 3 . Infra-red results show adsorption of C O S in the form of hydrogen 
thiocarbonates and involvement of the hydroxyl-groups of titania in the adsorption of 
C O S (15). 

Futhermore an important question to be answered is whether the deactivating 
influence of oxygen on titania catalysts, analogously to what has been found with γ-
alumina (7,12.), can be attributed to an increased surface acidity caused by the formation 
of sulfate. Although sulfate formation on titania is thermodynamically less favored than 
that on γ-alumina, Saur et al observed sulfate on titania surfaces (16). Busca et al. 
measured a higher surface acidity, when titanium sulfates were used in the preparation 
of the catalyst (17). Lavalley et al. reported a irrevsible deactivation of titania in C O S 
hydrolysis, after impregnating the catalyst with (NH4)2S04 (17). It is therefore not 
likely that the higher resistance of titania to oxygen poisoning is due to the inability of 
the titania surface to react to sulfates, which was suggested by Pearson (2). 

To investigate the formation of sulfate on titania, we used infra-red 
spectroscopy. The influence of the formation of sulfate on the activity of titania in the 
hydrolysis is investigated and discussed. Furthermore, the stability of sulfated titania 
surfaces is studied by temperature-programmed reaction with H2S. 
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32. HUISMAN ET AL. Hydrolysis of COS on Titania Catalysts 395 

Expérimentai 

The experiments were performed on either a titania catalyst from Degussa (P25, 50 
m 2/gram, 85% anatase and 15% rutiel) or an alumina catalyst from Engelhard ( A l 4172 
Ρ, 230 m2/gram). 

The diffuse reflectance infra-red experiments (DRIFT) were carried out using an 
environmental cell (Spectra Tech). The infra-red apparatus was a Perkin Elmer 1620. 
The temperature of the powdered sample was measured with a thermocouple within the 
sample itself, spectra could be measured at temperatures between 300 and 1200 K . 
About 20 ml per minute of gas of 1 bar pressure at 298 Κ was passed through the cell. 
The following gasses were used: N 2 (99.999% purity), 0 2 (99.999%), C O S (97%, also 
containing air, H 2 S , and C 0 2 ) , H 2 S (99.7%), and S 0 2 (99.7%), all supplied by Hoek 
Loos. 1.5% water could be admitted to the gas flow by means of saturation of the N 2 -
flow at 298 K . 

The activity measurements and the T P R measurements were performed in an 
automated microflow apparatus, the gases were sampled every 15 seconds beyond the 
reactor with an on-line quadrupole mass spectrometer (Balzers, Q M E 420, operating 
temperature 398 K ) . Reactivities were measured using 1% C O S , 18% H 2 0 , and balance 
argon at 1 bar (200 ml/minute flow rate, 0.2 gram catalyst, G H S V 12000 hour-i). The 
T P R experiments were carried out using 2% H 2 S in balance argon, the temperature 
ramp was 10 Κ per minute. 

Results and Discussion 

DRIFT experiments with Alumina. After keeping the alumina catalyst for 15 minutes at 
475 Κ in a N 2 flow, the catalyst was cooled down to 325 Κ and N 2 with 30% C O S 
(water-free) was admitted to the sample. After this pretreatment still a large amount of 
adsorbed water and all the surface hydroxyl-groups were present, as was apparent from 
the infra-red spectrum. Figure 1 shows the difference spectra of the catalyst before and 
during exposure to C O S . The spectra recorded at 325, 375, 425 and 475 Κ are 
represented. Infra-red absorption caused by physisorbed C O S was not detected due to 
the absorption of gas-phase C O S , the absorption caused by adsorbed C O S was reported 
at 2000 cm-i (1). The absorptions at 1330 and 1570 cm-i are due to the formation of 
hydrogen thiocarbonates, as was mentioned by Lavalley (7). A t 1230, 1440, and 1650 
cm-i absorption due to hydrogen carbonates is detected. The absorption at 1650 cm-i is 
at the same position as the absorption due the water, but absorption caused by water is 
subtracted by using difference spectra. Upon heating the catalyst from 325 Κ to 425 Κ 
the absorption bands caused by hydrogen thiocarbonate increase and the absorption 
bands caused by water (at 1650 and 3350 cm-i) and caused by hydrogen carbonate 
decrease. Since the spectra have been corrected for adsorbed water using difference 
spectra, desorption of water leads to a negative peak in the spectrum shown in figure 1 
at 1650 cm-i . Measuring the infra-red spectra at 475 K , shows the absorptions due to 
hydrogen thiocarbonate have decreased and they are absent at 525 K . A t 475 Κ and 
higher temperatures C S 2 is observed in the gas phase (1530 cm-i ) , due to the 
disproportionation reaction of C O S to C 0 2 and C S 2 . This reaction only proceeds i f no 
water is present. 

The stability of the adsorbed species is of interest, since the hydrogen 
thiocarbonate is supposed to be an intermediate species in the hydrolysis reaction. The 
absorption spectra as a function of the period of time after removal of the C O S from the 
gas phase is shown in figure 2. During this experiment the temperature was 325 K . 
After removal of C O S from the gas phase, N 2 was admitted to the cell. 
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396 ENVIRONMENTAL CATALYSIS 

1700 ' ' 1 " 12Ô0 cm-i 

Figure 1: difference D R I F T spectra of C O S adsorption on alumina. Spectra are 
recorded at 325, 375, 425, and 475 K . Difference spectra are obtained by 
substacting the spectrum of unexposed alumina at the same temperature. Spectra are 
shifted to prevent overlap. 

1700 ' ' 1 ' 1200 cm-i 

Figure 2: difference D R I F T spectra recorded 0, 3, 10, and 30 minutes after 
exposure of alumina to C O S . Spectra are recorded at 325 K . Spectra are shifted to 
prevent overlap. 
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32. HUISMAN ET AL. Hydrolysis of COS on Titania Catalysts 397 

The spectra (recorded at 325 K ) show a continuous decrease of the hydrogen 
thiocarbonate bands after 3, 10, and 30 minutes, indicating that adsorbed hydrogen 
thiocabonate is not stable and may be an intermediate in the reaction. Also to be noted is 
the initial increase (after 3 minutes), and subsequent decrease of the hydrogen carbonate 
band. This maximum exhibit by the hydrogen carbonate may be attributed to the 
reaction of hydrogen thiocarbonate with water on the surface to hydrogen carbonate. 
More l ikely is, however, that the formation of hydrogen carbonate is caused by the 
increase in the amount of C 0 2 in the gas phase originating from the dissociation of 
hydrogen thiocarbonate. A t higher temperatures (375, 425 K ) similar results are 
obtained, i.e., even a faster decline of the hydrogen thiocarbonate absorptions is 
observed. 

Experiments with 1.5% water present in the gas flow, together with 30% C O S , 
do not lead to absorption bands caused by sulfur containing species in the temperature 
range studied. 

Another experiment was performed to investigate the interaction of H 2 S with the 
alumina catalyst. Admission of H 2 S to the sample did not affect the absorption spectra 
(an absorption at 2550 cm-i caused by the S - H stretch might have been expected 
(19,20)). 

Ti tania . To study the interaction of C O S with titania we followed the same procedures 
as with the above experiment with alumina. After keeping the catalyst at 475 Κ and 
cooling down in Ν 2 to 325 K , 30% C O S in N 2 was admitted to the catalyst. The 
resulting spectra are shown in figure 3. Just as described previously for alumina, 
hydrogen thiocarbonate and hydrogen carbonate have been formed and the amount of 
water on the surface has decreased. 

Nevertheless important differences can be observed. The absorption bands 
caused by hydrogen thiocarbonate are peaking at 1160 and 1590 cm-i , and the bands 
caused by hydrogen carbonate are at 1270 and 1470 cm- 1 . The markedly differing 
frequencies of the hydrogen thiocarbonate absorptions reveal a somewhat different 
configuration of this species on titania. Our results are in contrast with the results of 
Lavalley et all . (15). They found adsorptions due to thiocarbonates at 1577 and 1330 
cm-i, simular to hydrogen thiocarbonates on alumina. This discrepancy might be caused 
by the strongly different amount of C O S admitted to the catalyst. Lavally et al admitted 
350 μπιο ΐ^- ι C O S , while we used a continuous stream of 30% C O S in N 2 . This results 
in a differing amount of C O S adsorbed and might also affects the amount of hydroxyls 
remaining unreacted. Therefore differing adsorption might be expected. 

More important than the difference in structure of the hydrogen thiocarbonate, is 
the influence of the temperature on the steady state concentration of the adsorbed 
species. On the alumina catalyst, the thiocarbonate species are apparent at temperatures 
up to 475 K , whereas on the titania catalyst the bands caused by hydrogen thiocarbonate 
already have disappeared at 375 K . The disappearance of the hydrogen thiocarbonate 
species is accompanied by the appearance of an absorption band at 2550 cm-i (this part 
the spectra is not shown in the figures). This absorption has to be attributed to the 
formation of an S H species (19,20). 

The rate of disappearance of the species adsorbed on titania is also measured, in 
a similar experiment as previously described with alumina. The spectra of the adsorbed 
species shown in figure 4 are recorded at 323 K . After the removal of C O S from the gas 
flow, the bands caused by hydrogen thiocarbonate disappear within about 90 minutes, 
at about the same rate as with alumina. The hydrogen carbonate absorptions seem to 
remain unaffected. 

The live-time of the hydrogen thiocarbonate species is droped steeply when after 
the removal of C O S , 1.5% H 2 0 is added to the gas flow. Instead of the relatively slow 
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1700 1200 cm-i 

Figure 3: difference D R I F T spectra of C O S adsorption on titania. Spectra are 
recorded at 325, and 375 K . Difference spectra are obtained by subtracting the 
spectrum of unexposed titania at the same temperature. Spectra are shifted to 
prevent overlap. 

• HCO2S-
+ HCO3-

1700 1200 c m 1 

Figure 4: difference D R I F T spectra recorded 0 ,3 , and 10 minutes after exposure of 
titania to C O S . Spectra are recorded at 325 K . Spectra are shifted to prevent 
overlap. 
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decrease of the amount of hydrogen thiocarbonate observed when no water is present, 
the hydrogen thiocarbonate absorptions disappear within three minutes with 1.5% H2O. 

The behavior of the infra-red absorption bands caused by hydrogen 
thiocarbonate when the nitrogen flow contains both 30% C O S and 1.5% water reflects 
the behavior during the hydrolysis reaction. The spectra, recorded at 325, 375 and 425 
K , are plotted in figure 5. 

A t 323 Κ no bands due to S -H or hydrogen thiocarbonate are apparent, Only a 
slight increase in the amount of adsorbed H 2 O is measured. Without water in the gas 
flow hydrogen thiocarbonate is present at 325 K , see figure 3. Reaction between water 
and C O S does not take place at this temperature as can be concluded from the non-
formation of C O 2 in the infra-red apparatus (no C O 2 or carbonate is observed in the 
infra-red spectra). A l so in the activity measurements no C O 2 is measured at this low 
temperatures. Therefore, we must conclude that at 323 Κ water is able to block 
adsorption sites for C O S . 

A t 375 K , the formation of hydrogen thiocarbonates is observed when both 
30% C O S and 1.5% water is admitted to the sample. Apparently, water cannot block 
sites at this higher temperature. Consequently, a steady-state concentration of hydrogen 
thiocarbonate is present on the surface, due to reaction of water and C O S . We showed 
previously (figure 3) that without water no hydrogen thiocarbonate is present at 375 K . 
It is evident that without water in the gas flow no detectable amounts of hydrogen 
thiocarbonate are stable on the surface. This is caused by the reaction of C O S with the 
hydroxy 1-groups initially present on the surface to CO2 and H2S. Without water in the 
gas flow the hydroxyl-groups and water molecules on the surface are rapidly exhausted 
and in the steady-state no adsorbed thiocarbonate is present. 

In the spectrum recorded at 425 K , only a decrease in the adsorption due to 
water, and an increase in the adsorption due to hydrogen carbonates is measured (figure 
5). Hydrogen thiocarbonates are not present in high concentrations; the adsorptions at 
1590 and 1160 cm-i are absent or allmost absent. Since the C O S hydrolysis reaction is 
running fast at these temperatures (see further on) we conclude that the decomposition 
of hydrogen thiocarbonates is fast, and that therefore the steady state concentration of 
hydrogen thiocarbonates is low. 

The absorption bands caused by the formation of S H species by exposure of the 
catalyst to C O S at 375 K , can also be measured when 30% H2S is added to the gas 
flow. S H absorptions can be measured at temperatures between 323 and 375 K ; beyond 
375 Κ no detectable amount of S-H is present anymore. On AI2O3 no S -H absorptions 
could be detected. 

The adsorption of H2S is impeded by addition of 1.5% H2O to the gas flow. 
Water apparently can block adsorption sites for H2S, or water can react fast with S -H 
species on the surface to form H2S( g a S ). 

Site-blocking agents. The infra-red experiments indicate that the mechanism of C O S 
hydrolysis involving a hydrogen thiocarbonate intermediate, as described in literature 
for alumina, is also operative with the hydrolysis on titania. The fact that analogous 
mechanisms proceed on alumina and titania can also be demonstrated by adding a small 
amount of pyridine to the gas flow during an activity measurement. Pyridine is able to 
block acid sites on the catalyst surface, and can also create basic sites. Addi t ion of 
pyridine to the gas flow during an activity measurement on alumina results in an 
increase in conversion of C O S . Fiedorow thus concluded that basic sites are involved in 
the reaction mechanism (11). Just as reported for alumina, we observe a steep 
(reversible) increase in activity on admission of pyridine to the gas flow during an 
activity measurement with a titania catalyst. Admission of some formic acid, on the 
other hand, decreases the activity of the titania catalyst. The effects of pyridine and 
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1600 1400 ca H 1200 

Figure 5: difference D R I F T spectra of C O S adsorption on titania. Spectra are 
recorded at 325,375 and 425 K . Difference spectra are obtained by subtracting the 
spectrum of unexposed titania at 325 K . Spectra are shifted to prevent overlap. 

Figure 6a: D R I F T spectra of sulfate formation on titania and alumina. Spectra 
recorded at 675 K . Spectra are recorded after exposure of the samples to SO2/O2. 
Spectra are shifted to prevent overlap, (not difference spectra.) 

Figure 6b: D R I F T spectra of hydroxyl-groups of titania at 675 Κ before and after 
exposure to SO2/O2. 

Figure 6c: D R I F T spectra of hydroxyl-groups of alumina at 675 Κ before and after 
exposure to SO2/O2. 
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formic acid demonstrate the need for basic sites on the titania catalyst, just as was 
demonstrated earlier for the alumina catalyst. The experiments with site-blocking agents 
firmly support the conclusions from the results of the infra-red experiments. 

Formation of sulfates. A simplified sulfation procedure is used to examine the influence 
of oxygen on the hydrolysis activity. Instead of using a H2S, SO2,02 flow, to simulate 
operating conditions within a Claus reactor, we used a SO2, O2 flow in order to prevent 
the formation of elemental sulfur. Most sulfation experiments have been performed at 
675 Κ to accelerate the sulfation process. The higher temperature is chosen because 
sulfation of alumina surfaces is reported to be slower without H2S in the gas flow 
(21,22). Experiments performed at 475 Κ confirm the experimental results obtained at 
675 K , but the formation of sulfate is much slower at 475 K . 

In order to investigate the formation of sulfates on AI2Q3 and T1O2, a gas flow 
containing 20% Ο2 and 20% SO2 in Ν 2 is passed over the catalyst kept at 675 Κ during 
45 minutes. After removal of the O2 and SO2, the infra-red spectra of both alumina and 
titania show absorption bands due to sulfate formation (for alumina at 1360 c m - 1 , for 
titania at 1370 cm- 1 ) . The spectra are presented in figure 6a. The relative amount of 
sulfate present can not be abstracted from the intensity of the infra-red adsorptions; the 
surface area of the samples are different. Futhermore, the use of the diffuse-reflectance 
technique also provides problems in estimation of amount of sulfates present. 

In a flow of pure nitrogen the absorption bands remain, which indicate that the 
formation of sulfates is irreversible at 675 K . The sulfate bands agree with those 
measured by Lavalley (7) and Chang (18). 

The formation of sulfate is accompanied by a shift of the O H stretch vibration to 
lower wavenumbers. The shift to lower wavenumbers is most conclusively measured 
on titania; the O H stretch vibration shifts from 3740-3600 to 3600-3540 cm- 1 . The shift 
is caused by the formation of more acidic O H , probably via the formation of hydrogen 
sulfite (7). The shift in the O H stretch vibration of alumina is only to be seen in a small 
decrease in absorption of the most basic hydroxyl-groups; the hydroxyl-groups with the 
highest wavenumber. The shift of the O H stretch for alumina and titania is shown is 
figure 6b and 6c, respectively. 

Reviewing the results of the infra-red experiments it may be concluded that the 
results do not justify titania being expected to be more oxygen resistant than alumina. 
The hydrogen thiocarbonate mechanism as described in the literature is not only valid 
with alumina but also with titania. Furthermore, the sulfate formation with titania is 
about as severe as with alumina, and is, even more pronouncedly as with alumina, 
responsible for a decrease in the concentration of basic hydroxyl groups. 

Activity test of a sulfated titania catalyst The rate of hydrolysis of COS as a function of 
temperature has been measured before and after a treatment of the titania catalyst with 
10% 0 2 , 1% S 0 2 , and 6% H 2 0 in argon at 675 Κ for 60 minutes. The activity was 
measured as function of temperature between 350 and 650 K . The temperature ramp 
was 10 Κ per minute. The activity curve of the fresh catalyst was identical going up and 
down in temperature. After sulfation the init ial activity, measured going up in 
temperature, was very low. The results are shown in figure 7. 

The treatment with SO 2 and O2 almost completely destroys the initial activity of 
the catalyst. A t rising temperatures, however, the activity starts to recover at about 620 
K , probably caused by the presence of H2S, that results from the hydrolysis of C O S . 
On cooling down, the recovery of the activity is evident; the activity of the catalyst is 
exactly the same as before sulfation. A n alumina catalyst does not exhibit this fast 
recovery of the reactivity. 

The regeneration of the catalyst has been studied using T P R experiments with 
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u * • • ' « • » 
350 450 550 650 

Temperature (K) 

Figure 7: Conversion of C O S as function of temperature with the titania catalyst 
before and after treatment of the catalyst with SO2/O2. 

500 600 700 800 

Temperature (K) 

Figure 8: Temperature programmed reaction of a sulfated titania and alumina 
catalyst. 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

23
, 1

99
4 

| d
oi

: 1
0.

10
21

/b
k-

19
94

-0
55

2.
ch

03
2

In Environmental Catalysis; Armor, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



32. HUISMAN ET AL. Hydrolysis of COS on Titania Catalysts 403 

sulfated catalyst. H2S was used as a reducing agent of the sulfates, since H2S is always 
present in the Claus gas stream. 

T P R of sulfates wi th H2S. To sulfate the surface of the catalysts an alumina and a 
titania catalyst are treated with a gas flow containing 10% O2, 1 % SO2, and 6% H2O in 
argon for 60 minutes at 675 K . After cooling the catalysts to 375 K , the gas flow is 
replaced by a flow containing 1% H2S and 6% H2O in argon. The temperature of the 
catalyst is subsequently raised with 10 Κ per minute. The results of these T P R 
measurements are shown in figure 8. During the H2S consumption elemental sulfur, 
SO2, and H2O are formed. Before, during, and after the experiment, the catalyst was 
white. It is therefore concluded that no reduction of T i 4 * to T i 3 + proceeds during the 
experiment. A sulfated titania surface is reduced at appreciably lower temperatures than 
a sulfated alumina surface. It is interesting to note that the H2S consumption per m 2 of 
the titania catalyst is higher, while the sulfation period was about the same with both 
catalysts. The reduction of titnia and alumina sulfates with H2 was descibed by Saur et 
al. (16). According to these authors the reduction of a sulfated titania surface proceeds 
at about 725 K , and of a sulfated alumina surface at even higher temperatures. The 
reduction of the surface sulfates of titnia and alumina with H2S is obviously proceeding 
more easily than with H2. 

Usual Claus operating temperatures are between 523 and 623 K . After 
incidently poisoning of the catalyst caused by oxygen spillage, the presence of H2S in 
the feed can regenerate a titania catalyst. The claus reactor is being operated at 
temperatures at which a sulfated titania catalyst is easily regenerated. Sulfated alumina 
surfaces, on the other hand, are much more difficult to regenerate, as is observed in 
technical plants. 

Conclusions 

The infra-red data presented show the formation of hydrogen thiocarbonates when 
C O S is admitted to both alumina and titania surfaces. The hydrogen thiocarbonates 
present on titania show infra-red adsorption bands different from those observed on 
alumina (alumina 1330 and 1570 cm-i , titania 1160 and 1590 cm-i). Not clear is how 
the different adsorptions have to be interpreted. The temperature range in which the 
thiocarbonates are present on alumina and titania shows interesting differences. On 
alumina surfaces hydrogen thiocarbonates are present up to 523 K , whereas on titania 
surfaces infra-red absorption bands due to hydrogen thiocarbonate have disappeared 
already above 375 K . The infra-red experiments with water indicate a reaction between 
water and hydrogen thiocarbonate, but also site blocking by water of sites that adsorb 
H2S and C O S . It cannot be decided whether the dissociation of hydrogen thiocarbonates 
proceeds via hydrogen carbonates, or the hydrogen carbonates results for adsorption of 
CO2 from the gas phase. Lavalley et al. proposed a reaction scheme in which the 
hydrogen thiocarbonate was attacked by water resulting in H2S, CO2 and a hydroxy 1-
group (15). 

Experiments with site-blocking agents prove that the catalytic hydrolysis of C O S 
requires basic sites; exposure to formic acid reduces and to pyridine increases the 
activity of titania. 

Titania is the better oxygen-resistent catalyst under normal Claus operating 
conditions, in spite of the severe initial deactivation of titania after sulfation. The 
experiments carried out to elucidate the better resistance to oxygen of titania catalysts 
have shown the higher resistance to be due to the much better reducibility of the sulfates 
of titania with H2S as compared to the sulfates of alumina. The better reducibility 
explains the difference in oxygen sensitivity wel l . During normal Claus operating 
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404 ENVIRONMENTAL CATALYSIS 

conditions, some H2S is always present. The H2S is able to keep the titania surface free 
from sulfate. Under these conditions the alumina surface is irreversibly sulfated and is 
thus deactivated. 
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Chapter 33 

Catalytic Bromine Recovery from HBr Waste 

Paul F. Schubert, Richard D. Beatty, and Suresh Mahajan 

Catalytica, Inc., 430 Ferguson Drive, Mountain View, C A 94043 

A high activity HBr oxidation catalyst maintained greater than 98% 
bromine recovery from a commercial waste 48% HBr stream during 
approximately 600 hours on stream in a 5,000-kg/yr pilot plant. Heat 
management, critical for control of the highly exothermic HBr oxidation, 
was accomplished using aqueous instead of anhydrous HBr and a tube 
and shell reactor design. At HBr solution feed rates of 1.2 kg/h and an 
inlet temperature of 275 °C, the maximum temperature rise measured 
was 12 °C, demonstrating effective heat management. The novel catalyst 
has superior activity and stability compared to earlier copper oxide
-and cerium oxide-based catalysts. The new catalyst is also resistant to 
deactivation by propionic acid and HCl contaminants. 

Bromination of organic compounds is widely used for the manufacture of flame 
retardants, pharmaceuticals, and bromobutyl rubber. These bromination reactions often 
produce H B r as a reaction byproduct, since bromination of aromatic and alkyl compounds 
typically results in incorporation of only one of the two bromine atoms in the bromine 
molecule. In some processes, the volume of waste H B r produced can be a major 
fraction of the total product mass. This is particularly true in flame retardant manufacture, 
where high levels of bromine substitution are frequently required to achieve the desired 
flame retarding properties for the product (7). For example, in the synthesis of 
decabromodiphenyl oxide (equation 1) the waste H B r represents almost 46 wt % of 
the total reaction products. 

C6H5-O-C6H5 + 10 B12 - » C6Br5-0-C6Br5 + 10 H B r (1) 

The level of bromination of common flame retardants, and the fraction of reactants 
that forms waste H B r is given in Table I. 

0097-6156/94/0552-0405$08.00/0 
© 1994 American Chemical Society 
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406 ENVIRONMENTAL CATALYSIS 

Table I. Waste HBr Formed in Synthesis of Common Flame Retardants 

Flame Retardant 
Wt% Br 

in Molecule 
Fraction of HBr in 

Total Products 

Hexabromobenzene 88.8 0.473 

Decabromobiphenyl 84.7 0.462 

Decabromodiphenylether 83.3 0.458 

Pentabromotoluene 82.1 0.454 

Pentabromophenol 78.2 0.453 

Tribromophenol 72.5 0.423 

Tetrabromobisphenol A 58.8 0.373 

Although there is some use for the H B r in manufacture of heavy drilling fluids 
(e.g., C a B n , ZnBr2), a lky l bromides (e.g., methyl bromide), and other organic 
bromides(2), the desirability of recycling the waste H B r to bromine has long been 
recognized (3). This is currently practiced primarily by the Kubierschky process^), 
which uses chlorine as the oxidant. In this process, anhydrous H B r is first converted 
to NaBr by absorption using an aqueous N a O H scrubber (equation 2). The NaBr 
produced is then contacted with chlorine gas to produce bromine (equation 3). 

H B r + N a O H -> NaBr + H2O (2) 

2 NaBr + CI2 -> N a C l + Br2 (3) 

Chlorination gives high yields of bromine, but produces a sodium chloride waste 
stream which requires disposal. The total amount of N a C l solution generated is 
approximately 2 kg (0.7 kg N a C l and 1.3 kg H2O) per kg of bromine recovered 
(Table II). 

Table II. Bromine Recovery Methods 

Process Oxidant Waste Recovery 
kg Waste/ 

kg B r2 

Kubierschky CI2 NaCl + H2O > 9 9 2.04 
** 

Peroxide 
H2O2 H2O 60-85 0.44 

Catalytica O2 H2O > 9 9 0.11 

Based on 48% H B r 
«* 

Based on 50% H2O2 

Hydrogen peroxide as the oxidant for conversion of H B r to bromine (5-8) does 
not have the environmental penalty of waste salt disposal (equation 4) and is used 
commercially on a limited scale. 

2 H B r + H2O2 -> Br2 + 2 HiO (4) 
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33. SCHUBERT ET AL. Catalytic Bromine Recovery from HBr Waste 407 

However, the bromine recovery efficiency is only 65-80 wt %. Efficiency can be 
increased through the addition of NaBr03(9), but this increases costs and also produces 
a salt byproduct requiring disposal. 

Catalytic oxidation of H B r using oxygen offers the potential for high recovery 
efficiency without the production of salt byproducts that require disposal (equation 5). 

4 H B r + θ 2 -> 2 Br2 + 2 H2O (5) 

Attempts to develop a catalyst and process for reaction extend over 50 years (3) and 
used a wide range of catalytic promoters and supports (Table ΙΠ). These catalysts and 
processes were never commercialized. The catalysts and process developed at U O P 
in the late 1960s appear to be the most advanced, providing the greatest catalyst 
activity and stabili ty(/i-75). The earliest catalysts in the patent examples used magnesia 
or alumina as the catalyst support (13). However, as these catalysts are not stable 
under the reactor conditions, they were replaced with zirconia-supported catalysts in 
subsequent patent examples (14,15). The most active catalyst developed was 3% copper 
oxide on zirconia. The zirconia was stable under the reaction conditions, but the 
catalyst experienced severe deactivation due to copper migration at the temperatures 
required to achieve high H B r conversion (300 °C). Cerium oxide on zirconia was not 
susceptible to migration but had insufficient activity to achieve high conversions in 
reasonable bed sizes. 

Table ΙΠ. HBr Oxidation Catalysts 

Promoter(s) 
Promoter 
Form(s) Support(s) 

Process 
Temp (°C) Reference 

C u , Co , M n , 
Th, Ce, N i 

Chloride Pumice, brick 
tile, ceramic 

325-425 (3) 

Ce, none Oxide Pumice, quartz 700-1000 (10-11) 

Ru Chloride Pumice, S1O2, AI2O3 325-400 (12) 

C u , Ce Oxide MgO-Zr02, AI2O3, 
T1O2, Ζ1Ό2 

350-450 (13, 14) 

Ce, Μ η , Cr, Fe, 
N i , Co , C u 

Oxide Zr02 225-600 (15) 

Cu-Ce-K Chloride, 
Bromide 

AI2O3 300-400 (16) 

Pt, Pd - AI2O3, S1O2, 
molecular sieves 

175-700 (17) 

V Oxide AI2O3 400-500 (18) 

We believe that inadequate heat management is one of the key technical reasons 
these catalysts and processes were never commercialized. The H B r oxidation reaction 
is highly exothermic, with ΔΗΓΧΠ equal to -33.3 kcal/g-mol at 6 0 0 K . Since most 
HBr-generating brorninations produce anhydrous H B r , this was typically fed directly 
over the catalyst with oxygen as an oxidant. This system gives an adiabatic temperature 
rise of nearly 2 0 0 0 °C. This temperature increase is beyond the limits of conventional 
heat management techniques, and materials of construction for the reactor capable of 
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408 ENVIRONMENTAL CATALYSIS 

withstanding such temperatures are not available. Furthermore, the extremely high 
local temperatures within the catalyst particles would cause volatilization of most 
proposed catalytic promoters. The potential problem of promoter volatility and migration 
is well established in the literature (13,14,17). Substituting air for oxygen can decrease 
the adiabatic temperature rise to about 1000 °C, but this decrease is not sufficient to 
overcome these problems. 

The addition of water to the system by using 48% aqueous H B r instead of 
anhydrous H B r can reduce the adiabatic temperature rise to about 320 °C for oxygen 
and about 280 °C for air oxidation. These temperature rises are low enough to be 
effectively controlled using standard tube and shell heat exchanger-type reactors to 
manage the heat release. This type of reactor allows semi-isothermal operation, 
minimizing the temperature both at the surface of the catalyst particles, thereby reducing 
the potential for promoter migration, and at the tube wall . Materials of construction 
are available which can withstand the corrosive H B r , Br2, H2O, O2 process stream 
at normal operating temperatures (250-350 °C). 

Once the heat release from the process is effectively controlled, catalyst design 
can be meaningfully addressed. A commercially viable H B r oxidation catalyst requires 
high activity, to minimize the catalyst bed volume, and excellent stability, to minimize 
catalyst changeout. In addition, the catalyst should be resistant to deactivation by the 
contaminants present in typical waste H B r streams. Common contaminants include 
organics and brominated organics from the upstream bromination process, chlorides 
(which are frequently present in low concentrations with bromides), and inorganic 
bromides (corrosion products or bromination catalysts) and other soluble salts. Most 
inorganic materials can be removed in the feed vaporizer so that they do not come 
in contact with the catalyst. However, volatile organics and HC1 would contact the 
catalyst, and their effect on catalyst stability presents important catalyst performance 
issues. 

In addition to requiring excellent catalyst performance, a commercially viable 
process requires a reasonable level of flexibility to respond to the constantly changing 
operating environment of a chemical plant. Key issues are the ability to handle variable 
flows and concentrations. 

A novel catalyst, Brocat™ catalyst, has been developed which is superior in 
activity and stability to the prior art catalysts. It is also resistant to deactivation by 
the types of contaminants described above. The performance of this catalyst and the 
flexibility of the process designed to utilize this catalyst are presented in this paper. 

Experimental 

Catalyst Preparation. Cu02/Zr02 Catalyst. A sample containing nominally 3% 
C u O in Ζτθ2 catalyst was prepared following the method of Louvar and de Rosset 
(14). A solution was prepared by dissolving 126.1 g of zirconyl chloride (ΖιΌθ2·8Η2θ) 
in 140 m l of deionized water. A second solution was prepared by dissolving 4.6 g 
of copper nitrate (Οι(Νθ3)2·2.5Η2θ) in 7 ml of distilled water. The two solutions 
were mixed together. A 121.2 gm aliquot of 50% N a O H solution was diluted to 500 
ml . The copper and zirconia containing solution was slowly added to the caustic 
solution, giving a light blue color. The solids were separated by centrifugation and 
washed four times with a 0.3 wt % N a O H solution. The solids were dried at 130 °C 
for 14 hours. The resulting powder was pressed to give a granular material. 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

23
, 1

99
4 

| d
oi

: 1
0.

10
21

/b
k-

19
94

-0
55

2.
ch

03
3

In Environmental Catalysis; Armor, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



33. SCHUBERT ET AL. Catalytic Bromine Recovery from HBr Waste 409 

C e 0 2 / Z r 0 2 Catalyst. A sample containing nominally 9% Ce02 in Z r 0 2 
was prepared following the method of Louvar and de Rosset (14). A solution was 
prepared by dissolving 180 g of zirconyl chloride (ZrOCl2»8H20) in 200 ml of deionized 
water. A second solution was prepared by dissolving 24.9 g of cerium sulfate (97% 
CeS04) in 200 m l of 0.5 Ν sulfuric acid. The two solutions were rapidly mixed 
together. A white precipitate formed immediately. The solution with precipitate was 
allowed to stand overnight to allow complete precipitation. The slurry was centrifuged, 
and the supernatant was decanted and discarded. A 0.35% ammonium nitrate solution 
was added to the centrifuge tube, and the liquid was discarded again after centrifuging. 
The solids were removed from the centrifuge tube and washed twice with 600 ml 
aliquots of 0.35% ammonium nitrate solution. The solids were dried at 120 °C for 
20 hours, producing a white solid. The solid was crushed and sieved to produce a 
20-by-30 mesh fraction. This fraction was placed in a furnace at room temperature. 
The temperature was increased at 50 °C/min and then held at 600 °C for 2 hours. 

Brocat Catalyst. The Brocat catalyst was prepared by impregnation of a 
proprietary 3.1-mm diameter cylindrical catalyst support with an aqueous solution 
containing the catalyst precursors using incipient wetness techniques. The material 
was dried and calcined. For experiments using the laboratory scale testing unit, the 
material was ground to give a 20-by-30 mesh fraction. For pilot unit use, unground 
material was used. 

Laboratory-Scale Testing. Test Unit. The laboratory-scale test unit is shown 
schematically in Figure 1. The reactor is an 8-mm-i.d. quartz tube located in a tube 
furnace. The quartz tube is packed with 1 ml of 20-by-30 mesh catalyst particles. The 
catalyst bed is positioned in the tube using quartz wool above and below the bed, 
with quartz chips filling the remainder of the reactor. The furnace temperature is 
controlled by a thermocouple inserted into the reactor tube. The position of the 
thermocouple varied depending on the objectives of the experiment. For most 
experiments, the thermocouple was placed about 3 mm above the catalyst bed. This 
allowed operation at constant feed temperature into the reactor. Typical operating 
temperatures were in the 250-400 °C range. 

The oxygen and nitrogen fed to the reactor were controlled using Brooks 
5850E Series mass flow controllers. The oxygen flow rate was maintained at 6.0 
ml/min. Aqueous H B r was delivered to the vaporizer using Harvard Apparatus 22 
syringe pumps at a delivery rate of 6.0 cc/hour. The vaporizer consists of a 5-mm 
o.d. quartz tube located in a tube furnace operated at the reactor inlet temperature. 
The vaporizer effluent then enters the reactor. The effluent of the reactor passed through 
traps containing aqueous 4 molar K I to collect H B r and Br2. The remaining gas stream 
passed through a sodium hydroxide trap before release to the vent. 

Catalyst Activity Tests. The activity of the catalysts was studied using the 
laboratory testing unit. The catalyst was loaded into the reactor, and the system was 
allowed to heat up to the desired bed temperature in a flow of nitrogen. When the 
desired temperature was reached, the gas flow was switched to oxygen, and delivery 
of the H B r solution was started. The process was allowed to stabilize for about an 
hour before the samples were used to evaluate catalyst performance. Samples were 
collected in 20-30 minute intervals and analyzed for H B r and bromine. Typical test 
duration was 2-3 hours. 
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Figure 1. Laboratory bromine test unit. 
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Figure 2. Pilot unit design. 
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H B r Feed Streams. Reagent grade H B r was used in all comparative studies 
among the Brocat, Ce02, and C u O catalysts. Studies using model contaminants were 
conducted using H B r streams that had been prepared by addition of 0.7 wt % propionic 
acid or 1 wt % HC1 gravimetrically. 

Analytical. The amount of bromine oxidation can be determined by analyzing 
the effluent of the reactor. Bromine produced in the reactor reacts with iodide in the 
K I trap according to equation 6. The I3" produced can be titrated with sodium thiosulfate 
(equation 7), and the amount of bromine formed calculated. These titrations were done 
colorometrically. Once the sodium thiosulfate titration is complete, the unreacted H B r 
present in the system can be titrated using N a O H solution (equation 8). The N a O H 
titration was done potentiometrically using a Metrohm 686 Titroprocessor. 

3 K I + Br2 - » KI3 + 2 K B r (6) 

KI3 + 2 Na2S203 -> K I + 2 N a l + Na2S406 (7) 

N a O H + H B r - » H2O + NaBr (8) 

Collection of organics in the effluent was done by cooling the K I trap with ice, 
followed by a second trap using a dry ice/acetone bath to ensure that no organics 
were lost. Organic products were not observed in the second trap. Analysis of the 
organics was done using a gas chromatograph and GC/mass spectrometer. Analysis 
of the catalyst was done using ICP. 

Pilot Unit Testing. Pilot Unit Design. The pilot unit was designed to simulate 
performance of a multitubular reactor by construction and operation of a single full-scale 
tube. The resulting unit has an annual bromine recovery capacity of approximately 
5,000 kg/yr. A schematic of the pilot unit design is shown in Figure 2. The aqueous 
48% H B r feed is pumped to a vaporizer and superheater where it is heated to the 
reactor temperature. It is then mixed with preheated oxygen or air before it enters the 
reactor. The H B r feed rate is monitored gravimetrically. The H B r reservoir has a 
capacity of about 20 liters, and is replaced as needed during operation. The gas flow 
rates are controlled using Brooks mass flow controllers. 

The reactor consists of two sections of 2.54-cm i.d. by 2-m long jacketed 
pipes with a 0.2 m long U-tube section of pipe filled with unpromoted catalyst support 
between the two halves. The temperature of the reactor is controlled by flowing hot 
oi l through the jacket of the reactor. The temperature profile of the reactor can be 
monitored using twelve thermocouples positioned approximately every 0.34 m 
throughout the bed, except for the portion between the sixth and seventh thermocouples. 
This section includes the U-tube, and the spacing between the thermocouples is 0.67 
m. The composition in the reactor can be monitored using six sample ports positioned 
approximately every 0.7 m. The reactor effluent is cooled and condensed, and then 
neutralized with N a O H to minimize storage of bromine on-site. 

The aqueous H B r used for the pilot unit study was a commercial waste H B r 
stream from an aromatic bromination reaction. It was passed through a carbon absorption 
bed prior to use in the pilot unit. It had the following analysis: 
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H B r 47.69 wt % 

Density 1.50 g/ml 

Free bromine 57 ppm 

Organic contaminants < 100 ppm methoxytoluene 

Inorganic chloride 0.02 wt % 

Sulfate 6.7 ppm 

Sodium 1.2 ppm 

A sample of 35 wt % H B r used to study the effects of reduced acid concentration on 
unit performance was prepared by diluting this standard pilot unit feed with distilled 
water. 

The catalyst charged to the reactor consisted of 2.303 kg of 1/8-in. diameter 
catalyst extrudates. The reactor tube was vibrated during the loading procedure to 
help the catalyst pack efficiently. In addition, a 56.4-cm layer of unpromoted support 
was placed at the inlet of the reactor bed to allow monitoring of the temperature of 
the reactor feed before the catalyst. The pressure drop across the reactor was typically 
between 150 and 200 torn 

During start-up, the system was brought to temperature under nitrogen flow. 
When the reactor reached 200 °C, distilled water was pumped through the system. 
After the desired inlet temperature was reached, the oxygen and 48% H B r were 
substituted for nitrogen and water respectively. The standard operating conditions for 
the pilot unit reactor are as follows: 

Feed rates 1.22 kg/hr of 47.69 wt % H B r 

Inlet pressure 972.5 torr 

Residence time 1.5-2 seconds 

Reactor inlet temperature 274-275 °C 

Catalyst activity and stability were monitored by analyzing product gas samples from 
the reactor sample ports. The conversion samples are collected by trapping in 4 molar 
K I solution and analyzed as previously described. 

Results and Discussion 

H B r Oxidation Catalyst Evaluation. The performance of the Brocat catalyst and the 
two optimum catalysts prepared based on the U O P patents are shown in Figure 3 for 
reagent grade 48% H B r feeds. The Ce02-on-zirconia catalyst was essentially inactive 
below 300 °C and required temperatures at or above 350 °C to achieve significant 
reaction rates. A t 350 °C, the Ce02 started with very low activity and increased 
gradually to the activity shown over about 2 hours. After 2 hours, the activity of this 
catalyst showed a very slight decrease over the next 20 hours. Visual and chemical 
analysis of this catalyst showed no significant cerium migration. The activity of the 
CuO-on-zirconia catalyst was intermediate between the Ce02-on-zirconia catalyst and 
the Brocat catalyst. This catalyst achieved high activity within 20 minutes of delivery 
of the first H B r . However, examination of the catalyst after completion of each test 
showed approximately 75% loss of copper from the top of the bed after 20 hours on 
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stream at 350 ° C Copper deposits on the quartz chips downstream of the catalyst bed 
were observed. This is consistent with previous literature reports, and this rapid 
deactivation of this catalyst makes it commercially unacceptable. The Brocat catalyst 
showed excellent catalytic activity over the entire temperature range. This catalyst 
reached high ^activity within the first 20 minutes of operation. The catalyst typically 
decreased about 10% in activity over the next 20 hours and maintained constant activity 
thereafter. Analysis of the Brocat catalyst in these tests showed no evidence of promoter 
migration even after 100 hours on stream. 

Contaminant Studies. Water soluble contaminants such as propionic acid or HC1 
may be expected to be contained in waste H B r streams at concentrations near 1%, 
while most insoluble contaminants should be present only at ppm levels. The effects 
of 0.7 wt % propionic acid in the aqueous H B r feed were studied as a function of 
temperature using a model feed (Figure 4). A t 292 °C, the activity of the catalyst 
declined rapidly, with the catalyst becoming nearly inactive within 5 hours. Analysis 
of the spent catalyst showed a grey carbon residue on the catalyst. B y increasing the 
reactor temperature to 320 °C, constant activity could be maintained, and no residue 
was observed. Analysis of the effluent from the 320 °C test showed no hydrocarbon 
products in the aqueous or bromine phases. This indicates that operating conditions 
capable of combusting certain organic contaminants in the waste H B r stream can be 
selected. 

Addition of 1% HC1 to the 48% H B r feed caused an activity decline at 300 °C 
greater than that observed for the Brocat catalyst reaching typical steady state (Figure 
5). This decline in activity could be eliminated by increasing the operating temperature 
to 320 °C . Elemental chlorine is not observed as a product of this reaction. Catalytic 
oxidation of the HC1 to chlorine at significant rates requires temperatures in excess 
of 400 °C. If oxidation did occur, the chlorine produced would rapidly react with H B r 
present in the reactor to convert it to bromine (equation 9). 

Cl2 + 2 H B r -> 2 HC1 + B17 (9) 

Pilot Un i t Studies. The pilot unit was designed to evaluate catalyst activity and stability 
and the effects of variations in process parameters on bromine recovery. The reactor 
is a single tube with the same dimensions as an individual tube from a full-scale 
multitubular reactor that would be used for a commercial bromine recovery unit. This 
allows excellent simulation of the performance of any tube in such a reactor and 
makes scale-up to such a reactor straightforward. The catalyst charge in the pilot unit 
was operated intermittently for 30 hours to debug the operation and determine optimum 
operating conditions for a long-term catalyst life test. The catalyst life test consisted 
of 563 hours of operation (Figure 6). During the catalyst life test, the reactor maintained 
H B r conversion in excess of 98% over the entire operation with the brief exception 
of the unit upset described below. A total of approximately 340 kg of bromine was 
produced during the life test. The only major upset experienced during operation was 
at about 200 hours on stream in the unit, when a leak developed in the oxygen feed 
system. This is apparent in Figure 6. Once the system was repaired, the operation 
was returned to steady state. 

The pilot unit conversion profile as a function of reactor length for operation 
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414 ENVIRONMENTAL CATALYSIS 

Figure 4. Effect of temperature on Brocat catalyst performance with 0.7 wt% 
propionic acid-contaminated feed in laboratory-scale test. 
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Figure 5. Effect of temperature on Brocat catalyst performance in laboratory-
scale test unit. 

200 300 400 
Time (h) 

600 

Figure 6. Brocat pilot unit catalyst life test under standard operating conditions. 
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at standard conditions is shown in Figure 7. The data show that the H B r conversion 
reached 95% in the first meter of the catalyst bed. The remaining 2.5 meters were 
required to achieve 99% conversion. The temperature profile of the bed confirmed 
that most of the reaction is taking place near the top of the catalyst bed. A maximum 
temperature rise of about 12 °C was observed at the first thermocouple (5.9 cm below 
the top of the catalyst bed), and the temperature decreased to the inlet temperature 
within 1 meter of the reactor inlet. The conversion at the point where the maximum 
temperature was observed should be about 42.5% based on the conversion profile. If 
the reactor were an adiabatic reactor, this would correspond to an adiabatic temperature 
rise of 135 °C. This 123 °C difference between the calculated adiabatic temperature 
rise and the measured reactor temperature verifies the effectiveness of the tube and 
shell reactor design in achieving heat management for the catalytic system. 

The reactor temperature profile was stable during the 563 hours on stream under 
standard operating conditions. However, over the first 150 hours of operation, a slight 
decrease in conversion was observed from the first three sample ports, although greater 
than 98% conversion was maintained at the reactor outlet. After that period, the 
conversion remained essentially constant for all of the sample ports. This suggests 
that some thermal sintering of the catalyst occurred, and once a steady state condition 
was achieved, the activity remained constant. If promoter migration or catalyst poisoning 
were occurring, a shift in the position of the exotherm and a broadening of the temperature 
profile would be expected. 

Process Condition Variability Studies. A series of studies was conducted to determine 
the effects of various parameters on performance. These studies are summarized in 
Table IV. 

Table IV. Pilot Unit Parametric Studies 

HBr HBr Bromine Maximum 
Concentration HBr Feed Conversion Production Exotherm 

(wt%) Oxidant Rate (kg/h) (wt%) (kg/l-h) (°C) 

48 Oxygen 1.2 99 0.33 13 

48 A i r 1.2 98 0.33 9 

35 Oxygen 1.1 98.5 0.30 8 

48 Oxygen 1.6 96.5 0.42 8 

48 Oxygen 0.9 99.7 0.23 15 

Flow Rate Effects. The effects of flow rate on catalytic performance are important 
to determine both the potential maximum throughput for the reactor and the potential 
effects of variable flow rates through different tubes of a commercial multitubular 
reactor. A s expected, changing the feed rates to the reactor affects both the H B r 
conversion and the maximum exotherm and the width of the temperature peak. A 
30% increase in feed rate dropped the conversion from 99% to 94.5% and decreased 
the exotherm maximum to only 9 °C . Increasing the inlet temperature by 1.5 °C had 
little effect on residence time, but increased the conversion to 96.4%. Conversion in 
excess of 99% should be possible by further temperature increases, but this was not 
attempted. Decreasing the flow rate of the aqueous H B r and oxygen by about 30% 
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increased the conversion to 99.7% and the exotherm maximum to 15 °C. The width 
of the spike observed in the temperature profile was significantly decreased. 

These results indicate that high conversion is readily achieved over a broad 
range of flow rates. In many processes utilizing a multitubular reactor, precise balancing 
of the flow rates is required both to achieve high overall conversion and to minimize 
undesirable side reactions which reduce selectivity. Since catalytic H B r oxidation is 
100% selective, and high H B r conversion could be achieved over a wide range of 
flow rates, precise balancing of flow rates in all of the tubes of a multitubular reactor 
is not critical to achieving high bromine yields. Furthermore, upstream process excursions 
producing high flow rates should have a limited impact on H B r conversion. 

H B r Concentration. Obtaining a 48% H B r solution using aqueous scrubbing 
of a gaseous waste H B r stream from a bromination reactor is relatively simple. However, 
lower concentrations are possible depending on the operation of such a unit and the 
rate of H B r evolution from the bromination process. The effect of decreased H B r 
concentration was studied using a 35% H B r solution prepared by diluting the standard 
pilot unit feed with distilled water. The H B r and oxygen flow rates were adjusted so 
that the residence time in the reactor was the same as the standard operating conditions. 
A t a 275 °C inlet temperature, 96% conversion was obtained at the reactor exit, and 
an exotherm of only 6 °C was observed. Increasing the reactor inlet temperature to 
278 °C increased conversion to 97.5%, and further increasing the temperature to 281 °C 
brought the conversion to 98.5-99.1%. Therefore, high H B r conversion can be achieved 
with more dilute H B r solutions. However, this may not be economically advantageous, 
since the increased volume of water processed would increase the energy required for 
feed vaporization per pound of bromine recovered. Furthermore, it would increase the 
size of the downstream bromine-water separation equipment required, increasing both 
capital and operating costs. 

A i r as the Oxidant . Pure oxygen is the oxidant of choice for the catalytic 
oxidation process because it minimizes the amount of noncondensable gases downstream 
of the reactor. This minimizes the amount of bromine which must be removed before 
venting and the energy required to remove it. However, the ready availability of 
atmospheric air makes it a viable alternative for commercial operation. A i r was tested 
in the reactor using the standard H B r feed rate and reactor inlet temperature. The 
presence of the nitrogen diluent reduced the residence time in the reactor by about 
12% and the conversion at the reactor exit to 97.8%. Increasing the reactor inlet 
temperature to 278.2 °C increased conversion to 99.0%. These results show that high 
H B r conversion can be achieved while substituting air for oxygen. 

Conclusions 

Effective heat management can be achieved for the catalytic H B r oxidation process 
using a combination of aqueous instead of anhydrous H B r and a tube and shell heat 
exchanger reactor design. This gave a maximum measured temperature rise in the 
reactor of about 12 °C, which is much lower than the 2000 °C adiabatic temperature 
rise predicted for the anhydrous H B r and oxygen system. This reduced temperature 
increase allows construction of the reactor from conventional alloys and aids in 
minimizing catalyst promoter migration, both of which presented problems in earlier 
attempts to develop this process. 
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Distance Down Reactor (m) 
Figure 7. H B r conversion as a function of distance down the reactor in the pilot 

unit at standard operating conditions. 

With resolution of the heat management issue, it was possible to develop a 
catalyst which provides high activity and stability. The new Brocat catalyst showed 
at least twice the activity of the unstable CuO/Zr02 catalyst, and 10 to 20 times higher 
activity than the more stable Ce02/Zr02 catalysts. The Brocat catalyst also showed 
resistance to deactivation due to contaminants in the H B r feed. The combustion of 
propionic acid observed over the Brocat catalyst is particularly advantageous because 
it provides a method for removal of undesirable organics and potentially brominated 
organics from recycle streams. Removal of these materials is not possible by chlorine 
or hydrogen peroxide recycle methods, thus their applicability is limited. 

The high, stable activity demonstrated during the 563-hour catalyst life test 
demonstrates the viability of the catalyst for service in a commercial system. The lack 
of any shift in position of the temperature maximum and the essentially constant 
conversion achieved throughout the life test suggests indefinite catalyst life. We believe, 
given the catalyst's excellent performance, that catalyst deactivation and the need to 
replace it w i l l be determined more by unit upset than by more gradual catalyst aging 
effects. 

The excellent catalyst performance and the flexibility of the system in maintaining 
high bromine recovery efficiency under widely varying flow conditions indicate that 
a commercial multitubular reactor should readily achieve high bromine yields. The 
100% selective bromination reaction and the high conversion observed at 30% excess 
flow indicate that the precise balancing of flows through the tubes of a multitubular 
Brocat unit is not as critical as that for many catalytic processes that use these types 
of reactors. 

Overall, this work demonstrates that the Brocat catalyst using a 48% aqueous 
H B r feed stream and a multitubular reactor concept is a viable process for recovering 
bromine from waste H B r . This system achieves much higher bromine yields than the 
hydrogen peroxide-based bromine recovery process without generating a waste salt 
stream requiring disposal. 
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Chapter 34 

Application of Supported Gold Catalysts 
in Environmental Problems 

Susumu Tsubota, Atsushi Ueda, Hiroaki Sakurai, Tetsuhiko Kobayashi, 
and Masatake Haruta 

Government Industrial Research Institute of Osaka, Midorigaoka 
1-8-31, Ikeda 563, Japan 

Small gold particles deposited on metal oxides exhibit extraordinarily high 
catalytic activities at low temperatures. For example, Au/α-Fe2O3 can 
catalyze the oxidation of CO at a temperature as low as -70°C. The 
reaction is not retarded but accelerated by moisture contained in reaction 
gases. These unique properties of supported gold catalysts show a 
potential of their applications in a variety of environmental problems. The 
catalytic nature of supported gold depends on the kind of metal oxides 
supports. The suitable supports which we have found are NiFe2O4 for 
NOx reduction by CO and for the oxidation-decomposition of 
trimethylamine, Co 3O 4 for the complete oxidation of CH4 and C3H8, 
Al 2 O 3 for NOx reduction by C 3 H 6 in the presence of O 2 and H2O, and 
ZnO for CO 2 hydrogenation to methanol. 

Gold has long been regarded as catalytically far less active than platinum group 
metals(l). However, our work(2, 3) and recent publications by other groups (4-8) 
have clearly shown that gold is extraordinarily active for low-temperature oxidation of 
C O when it is highly dispersed and deposited on reducible metal oxides, hydroxides of 
alkaline earth metals, or amorphous ΖΚ>2· Some of our gold catalysts are already 
commercialized for room-temperature air purification (9) and for selective C O gas 
sensors (10). In addition, it has been found that by selecting suitable metal oxides as 
supports, gold becomes active for many other reactions including the complete 
oxidation of hydrocarbons, reduction of N O , and hydrogénation of C O and C 0 2 Î 1 1 -
15). This paper presents several examples of supported gold catalysts which are 
applicable to environmental problems. 

Experimental 

In the experiments performed to investigate the effect of metal oxide supports for the 
oxidation of C O and H2, all the samples had an atomic ratio of Au/Me=l/19(where M e 
is metal of oxide support) and were all prepared by coprecipitation (2) except for 
AU/S1O2. The atomic ratio was found to give the highest activities for the reactions. 

0097-6156/94/0552-0420$08.00/0 
© 1994 American Chemical Society 
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The coprecipitate was washed and then dried under vacuum overnight and finally 
calcined in air at 400°C for 5h. These coprecipitated catalysts are denoted as c, 
Au /Me=X/Y. 

G o l d supported on S1O2 and supported gold catalysts with smaller gold 
loadings were prepared by deposition-precipitation followed by washing, drying, and 
calcination in air at 400°C for 4h (3). These samples are denoted as d.p., Au=Xwt%. 

Standard catalytic activity measurements were carried out in a fixed bed reactor 
using 200mg of catalysts of 70 to 120 mesh size. A standard gas containing 1 v o l % H2 
or C O in air was dried in a silica gel and P2O5 column and passed through the catalyst 

bed at a rate of 67 ml/min(SV=20,000h" 1-ml/g-cat). The reaction gases used in the 
activity measurements for other reactions were; CH4(0.25vol%), C3H3(0 .1vo l%) , 
C3H 6 (0 .1vol%) , or (CH 3 ) 3 N(0.05vol%) balanced with air, 0.1vol% N O and 0.1vol% 
C O balanced with He, 0.1vol%NO, 0.05vol%C3H6, 5vol%02, 1.8vol%H20, and a 
50 atm. mixture of C O 2 and H2 with a molar ratio of 1/3. The conversions of reactants 
were deterrnined by analyzing effluent gases by gas chromatography. 

The particle size of gold was determined by high-resolution T E M (Hitachi H -
9000) photography. T P D measurements were carried out by using an apparatus 
equipped with a T C D detector after treating the samples in an O2 or He stream at 400°C 
for lOh and then cooling down to 0°C. For T P D of surface C O species, after C O 
injection, the desorbed species were identified by a quadrupole mass analyzer 
( A N E L V A A Q A - 1 0 0 M P X ) . F T - I R measurements were conducted at room 
temperature by using Nicolet 2 0 S X C after pretreating the samples in a He stream at 
200°C for 30 min. 

Results and Discussion 

Characterization of supported gold catalysts. The cross sectional view in high 
magnification T E M photographs shows that gold particles are not spherical but 
hemispherical in shape with diameters below 5nm and are deposited on metal oxide with 
their flat plane attached to the metal oxide( l l ) . This structure provides stability of small 
gold particles against coalescence during many catalytic reactions. Table 1 shows the 
preparation methods, specific surface areas, mean particle diameters of gold, 
temperatures for 50% conversion of H2 and C O in their oxidation. 

Catalytic nature in C O and H2 oxidation. It is very interesting that supported 
gold differs completely from unsupported gold in catalysis (2). Unsupported gold metal 
particles are poorly active for the oxidation of C O at temperatures below 300°C, 
however, they can catalyze the oxidation of H 2 at much lower temperatures.This feature 
is commonly observed with other noble metal catalysts like palladium supported on 
A 1 2 0 3 . 

Table 1 Preparation methods, specific surface areas, mean particle diameters of 
gold and temperature for 50% conversion of H 2 and C O of gold 
catalysts 

Catalysts Preparation 
method 

Diameter of 
gold particle 

[nm] 

T1/2LCOJ 

[°C] 

T i / 2 L H 2 J 

[°C] 

B E T 
surface area 

[m2/g] 

Au/ct-Fe203 c, 5/95 4 ca. -70 27 40 

A11/C03O4 c, 5/95 6 ca. -70 50 57 
AU/T1O2 d.p., 3.3wt% 3.5 -35 28 40 
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422 ENVIRONMENTAL CATALYSIS 

On the other hand, supported gold catalysts are extraordinarily active for C O oxidation. 
The reaction can take place even at -70°C, whereas hydrogen oxidation requires 
temperatures above room temperature. This result appears to be a reflection of the 
catalytic properties of support metal oxides, which are usually more active for C O 
oxidation than H2 oxidation. 

The most highly active gold catalysts for low-temperature C O oxidation were 
obtained with T i 0 2 , Fe203, C03O4, N i O , Be(OH)2, Mg(OH>2 as supports. Figure 1 

shows that, over gold supported on T1O2, a-Fe203 and 0 0 3 0 ^ turnover frequencies 
(TOFs) based on surface gold atoms are almost independent of the kind of metal oxide 
support, while they are significantly dependent on the particle diameter of gold. 

Based on the experimental results obtained from FTIR , T P D and kinetic 
experiments, we have proposed a mechanism for C O oxidation on supported gold(16). 
Carbon monoxide is reversibly adsorbed on gold particles and partly migrates toward 
support oxides and there it reacts with adsorbed oxygen to form bidentate carbonate 
species. The decomposition of the carbonate intermediate appears to be rate-
determining. If the active sites for oxygen adsorption might be created in the interfacial 
perimeter around the gold particles, the active sites of oxygen should increase 
proportionally to the inverse second power of the particle diameter. 

Commercial gold catalysts are produced in which A u is deposited on a -Fe203 
which had been earlier coated on AI2O3 honeycombs or beads. These catalysts contain 
a reduced amount of gold, typically 0.4 wt% and applicable to practical uses in 
removing odor and C O from air at room temperature. Figure 2 shows that C O 
oxidation is enhanced when moisture is contained in reaction gas (9). This catalytic 
feature is also observed in other supported gold catalysts. This appears to be one of 
major advantages of supported gold catalysts for use in the environment. The reason 
for enhancement by moisture is now under investigation. 

Catalytic combustion of hydrocarbons and trimethylamine. In reactions 
other than the oxidation of C O and H 2 , we have also observed noteworthy support 
effects. Figure 3 shows that catalytic activity, expressed by temperature for 50% 
conversion in the oxidation of C H 4 , C 3 H 3 , and C 3 H 6 , decreases in the order of 

Au/Co304>Au/NiFe204>Au/ZnFe204>Au/a -Fe203(17) . The metal oxides with 
higher oxidation activities can give more active supported gold catalysts. It should be 
noted that in the oxidation of unsaturated hydrocarbons such as C 3 H 5 , Pt and Pd 
catalysts were more active than for any supported gold catalysts. However, in the 
oxidation of saturated hydrocarbons like C H 4 and C 3 H 3 , some supported gold 
catalysts are more active than Pt catalyst supported on AI2O3. The most highly active 
A U / C 0 3 O 4 catalyst is as active as, for example, a commercial P d / A l 2 0 3 catalyst. 
These results, although obtained with different metal loadings, therefore prove that gold 
should be included as one of catalytically active metals in the oxidation of saturated 
hydrocarbons. 

Supported gold catalysts are more active in the oxidation-decomposition of 
( C H 3 )3N, one of typical odor compounds, than supported Pd and Pt catalysts. The 
activity order observed is, however, not a simple reflection of the oxidation activities of 
metal oxide supports. Ferric oxide and ferrites can give rise to more active gold 
catalysts than simple C03O4 which is the most active base metal oxide(17), Figure 4 
shows that supported gold catalysts are also advantageous over Pt group catalysts in 
that they yield N 2 more selectively than N 2 O and N O . 

N O x reduction. Ferric oxide, which has been reported to be the most active, can 
catalyze the C O + N O reaction at a temperature above 150 °C(18) 
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Figure 1 Turnover frequencies as a function of the mean particle diameters of gold 
in C O oxidation at 0°C. 

Catalyst Temperature, °C 

( O ) dried at 0°C with S1O2 gel column. 
( · ) bubbled into water at 0°C. 
Reaction gas: C O l v o l % in air; SV= 2 x 1 0 4 r r 1 ml/g-cat. 

Figure 2 Effect of moisture on CO conversion over A u / a - F e 2 0 3 - A l 2 0 3 
Beads catalyst (Reproduced with permission from reference 9) 
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Figure 3 

ÂfeÔa Ay> 3 F e 2 0 3 Z n F è z Q t NiFe204 C03O4 

Pd and Pt catalysts; lw t%, A u catalysts; 5 at%(ca.l0wt%) 
Reaction gases: C H 4 0.25vol% ; C 3 H 8 0.1vol% ; C 3 H 6 , 0 . 1 v o l % ; 
(CH3)3N 0.05 v o l % in air; SV= 2x10^ h " 1 ml/g-cat. 

Catalytic activities of supported gold catalysts for the oxidation of 
hydrocarbons 
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100 

300 

300 
Reaction Temperature / °C 

Figure 4 

Pd catalyst; lw t%, A u catalyst; 5at% 
Reaction gas: ( C H ^ N 0.05vol% in He; S V = 2 x 1 ο 4 h " 1 ml/g-cat. 

The concentration of reactants and products of the oxidation-
decomposition of (CH3)3N as a function of temperature 
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The deposition of gold on ferric oxide enhances the catalytic activity to lower the 
reaction temperature by about 50 °C. Figure 5 shows that when a ferric oxide support is 
replaced by ferrites of C o or N i , the activity is so noticeably increased that C O + N O 
reaction can take place even at room temperature. A t 70°C, complete reduction to N 2 
abruptly prevails consuming C O almost quantitatively. This tendency was also observed 
in the oxidation-decomposition of ( C H 3 ) 3 N and appears to be a reflection of the 
activating ability of the metal oxides for the N - 0 and C - N bonds. A s far as we have 
studied until now, A u / N i F e 2 0 4 has been the most active catalyst both for the 
decomposition of ( C H 3 ) 3 N and for N O reduction with C O . Some supported gold 
catalysts have been found to be tolerant against moisture (19). 

For commercial application, the effect of oxygen is very important. Table 2 
shows some examples of our work on the selective reduction of N O by hydrocarbons in 
the presence of oxygen and moisture. Gold supported on A l 2 0 3 can reduce 40% of 
N O to N 2 at 300°C even in the copresence of 5% O2. It is also interesting that this 
activity is retained in the copresence of moisture. This is an unique property of gold 
catalysts compared to other de-NOx catalysts proposed, such as C u - Z S M 5 . 

Table 2 The selective reduction of N O by hydrocarbons in the presence of O2 and 
moisture 

Catalysts Conversion of N O to N 2 (%) 
/temperature (°C) 200 250 300 350 400 

A u / A l 2 0 3 7.2 20.1 39.7 30.2 15.4 
AU/T1O2 5.5 8.1 11.6 25.5 18.9 
Au/MgO 4.3 6.2 10.3 24.2 20.3 
A u catalysts lwt%, prepared by deposition precipitation. 
Reaction gas; N O 0.1vol%, C 3 H G 0.05vol%, O2 5vol%, H2O 1.8vol% in He; 

S V = 2 x l 0 4 h-1 ml/g-cat 

C O 2 h y d r o g é n a t i o n . Table 3 shows methanol yields in the hydrogénation of C O 2 
over gold catalysts as a function of temperature. Although C u was believed to be the 
only active metal species for the synthesis of methanol, gold has been found to be 
almost as active(20). A similar conclusion has also been reported for amorphous Z1O2 
support by Baiker et al. (15). Ferric oxide and ZnO appears to be the most desirable 
supports for methanol synthesis, however, because F e 2 0 3 is reduced to F e 3 0 4 during 
the reaction, ZnO can be regarded as the best support among simple metal oxides. It is 
interesting to note that ZnO is the most effective catalysts in the hydrogénation of C O 2 
over both Cu and A u based catalysts. 

Table 3 Methanol yields in the hydrogénation of C O 2 over supported gold 
catalysts 

Catalysts Methanol yield (%) 
/temperature (°C) 150 200 250 300 350 400 

Au /ZnO (c, 1/19) 0 0 2.3 5.3 1.7 0.5 
A u / F e 2 0 3 ( C j i / i 9 ) 0.3 2.0 5.4 3.6 0.9 0.3 
AU/T1O2 (d.p., 3.3wt%) 0.0 0.5 1.3 1.0 0.3 0.0 
Cu/ZnO (c, 1/19) 0.0 1.8 4.4 5.0 1.8 0.6 
Reaction gas, C 0 2 / H 2 = l / 3 ; 50at; SV=3,000rr 1mVg-cat. 
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Figure 5 The concentration of products of N O + C O reaction over Au/NiFe204 as 
a function of temperature 

Conclusion 

Gold supported on a variety of metal oxides exhibits unique catalytic properties and has 
a prosperous potential in environmental catalysis. 

1. Low-temperature activities are often observed over supported gold catalysts. 
The activities are usually enhanced by moisture. 

2 . Catalytic properties can be tunable by selecting suitable metal oxide supports; 
T1O2, Fe203, C03O4, N i O , Be(OH)2, Mg(OH)2 for C O oxidation, C 0 3 O 4 for 
the catalytic combustion of hydrocarbons, N iFe204 for N O reduction by C O 
and oxidation-decomposition of trimethylamine, AI2O3 for N O reduction by 
C 3 H 6 in the presence of O2 and H2O, and ZnO for C O 2 hydrogénat ion to 
produce methanol. 
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power plants 

commercial experience, 222f,223 
competing reactions, 216,217/ 
composite catalyst features, 216,217/1 
rate-limiting reactions, 216 
reactions catalyzed, 216,217i 
selective catalytic reduction of NO ,̂ 

216,218 
temperature-determined operation, 

218-222; 
Catalytic filter for chemical warfare 

agent removal, requirements, 317 
Catalytic reduction of NO, role of 

hydrocarbon oxidation, 53-64 
Ce-Rh-Si02 catalyst, NO-CO reaction 

effect, 157-166 
Ce02 catalyst, S02 reduction to S, 378,381/ 
Ce02(La) catalyst, S02 reduction to S, 

383,385/ 
Ceria catalysts, S02 reduction to S, 

375-391 
Cerium 
promoter in three-way catalysts, 157-158 
role in NO-CO reaction, 158-166 

Challenge concentration, transient 
response effect for monolithic 
oxidation catalyst, 324-326/ 

Chemical warfare agents 
catalytic filter, requirements, 317 
removal from streams, complexity, 317 
removal systems, 316 

Chemical waste, reduction efforts, 372 
Chlorinated hydrocarbons, deep oxidation, 

340-351 
Claus process 
γ-alumina as catalyst, 394 
description and problems, 393 

Closed-loop control of automotive emissions, 
palladium-only catalysts, 94-111 

CO, catalysts for cleanup from nuclear 
waste processing facility, 74-87 

CO conversion 
Cu-ZSM-5 effect, 76,77/ 
Cu-ZSM-5 + Pt-Al203 effect, 84,85f,87/ 
Pt-Al203 effect, 76,77/ 

CO oxidation, role of supported gold 
catalysts, 421-̂ t23/ 

C0 2 hydrogénation, role of supported gold 
catalysts, 426f 
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434 ENVIRONMENTAL CATALYSIS 

Contemporaneous S02 and NO removal from 
flue gas using regenerable 
copper-on-alumina sorbent-catalyst 

advantages, 233,249 
behavior during simultaneous removal, 

238-239,241/ 
copper distribution map within alumina 

pellet, 236,237/ 
copper-on-alumina system, 234,236 
design requirements, 233-234 
experimental procedure, 236,238 
kinetics of S02 oxidation-sorption, 

240,242-246 
pellet size effect, 246,247/ 
porosity of support effect, 246,247/ 
process layout, 234,235/ 
scanning electron micrograph of sample, 

236,237/ 
S02 capture mechanism, 239-241/ 
S02 sorption, breakthrough time, 246,248/ 
textural properties of alumina supports, 

236i 
Conversion, definition, 277 
Copper chromite oxide, barium-promoted, 

low-temperature combustion of volatile 
organic compounds using ozone, 354-368 

Copper-exchanged zeolite activity on NO 
conversion 

activity, 28-30 
comparison to that of Cu-loaded oxides, 

36-37 
copper effect, 35i 
copper species effect, 30-33/ 
experimental procedure, 24 
NO concentration effect, 28-30 
0 2 effect, 32-36 
sample preparation, 23-24 
temperature effect, 32,34/ 

Copper-exchanged ZSM-5 zeolite 
reasons for interest, 66 
X-ray photoelectron study, 67-72 

Copper ion exchanged zeolite molecular 
sieve, use for NO removal, 4 

Copper ion exchanged ZSM-5 zeolites, 
catalytic decomposition of NO, 7-20 

Copper-loaded oxide reactivity on NO 
conversion 

catalyst pretreatment effect, 24,26i 
comparison to that of Cu-exchanged 

zeolites, 36-37 

Copper-loaded oxide reactivity on NO 
conversion—Continued 

experimental procedure, 24 
NO reactivity 24-26i 
0 2 effect, 26-28,35-36 
0 2 vs. selectivity to N2, 24-26 
sample preparation, 23 
temperature effect, 28,29/ 

Copper-on-alumina sorbent-catalyst, 
contemporaneous S02 and NO removal 
from flue gas, 233-249 

COS conversion 
γ-alumina as catalyst, problems, 394 
hydrolysis to H2S, 393 

COS hydrolysis on titania catalyst, See 
Hydrolysis of COS on titania catalysts 

CS2 conversion, hydrolysis to H2S, 393 
Cu-y-Al203, role in NO reduction by 

hydrocarbon in oxidizing atmosphere, 
55,57-60 

Cu-ZSM-5 
CO conversion effect, 76,77/ 
NH3 conversion effect, 76-78 
NO decomposition, 22-33 
NO reduction by hydrocarbon in 

oxidizing atmosphere, 55-57/ 
Cu-ZSM-5 deactivation 
amorphous film formation in aged 

material, 45,47/-49/ 
crystallinity of fresh catalyst, 

45-47/ 
CuO formation vs. aging, 42,43/ 
experimental procedure, 39,40 
halo formation from amorphous material 

vs. aging, 42,44,46/ 
intensity of reflections vs. aging 

severity, 44f,45,48 
micropore volume vs. deactivation 

severity, 42,43/48 
performance of catalyst after treatment 

vs. temperature, 40-42 
performance of fresh catalyst, 40,41/ 
role of sintering, 39 
sintering processes, 48,51 

Cu-ZSM-5 + Pt-Al203, CO and NH3 

conversion effect, 84,85f,87/ 
CuO-Al203 and CuO-Si02, use 

for NO decomposition, 23 
Cupric sintering, role in Cu-ZSM-5 

deactivation, 39-51 
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D 

Deactivation of Cu-ZSM-5, See Cu-ZSM-5 
deactivation 

Deep oxidation of chlorinated hydrocarbons 
activation energy, 346,347/ 
carbon support, structural parameters, 341/ 
catalyst characterization, 346,348-351 
catalytic combustion reactivity, 342-344/ 
experimental procedure, 341-342 
pore structure effect, 343 
previous studies, 341 
reactivity vs. hydrocarbon, 343-346 
reactivity vs. hydrogen, 346,347/ 
reactivity vs. temperature, 346,347/ 

Desulfurization of combustion exhaust 
gases, expense, 375 

Diesel engine exhaust 
catalytic posttreatment methods, 250 
control using catalytic converters, 91 
legislative requirements for emission, 250 

Diffuse reflectance IR experiments 
alumina, 395-397 
titania, 397^00/ 

Doped Ce02 catalyst, S02 reduction to S, 
378-384 

Ε 

Emission control, mobile engine, 90-91 
Emission standards, development in 

Germany, 173,175/ 
Environmental legislation, impact on fuel 

industry, 286 
Environmental problems, application of 

supported gold catalysts, 420-426 
Ethene, requirements of low-temperature 

oxidation catalyst for removal, 301 

Flue gas, contemporaneous S02 and NO 
removal using regenerable copper-on-
alumina sorbent-catalyst, 233-249 

Foreign experience, SCR ΝΟχ controls, 
190-202 

Formic acid, site-blocking agent for COS 
hydrolysis, 399,401 

Fuel industry, impact of environmental 
legislation, 286 

Future fuels, examples and production 
methods, 270-271 

G 

Gasoline olefins, 273-275 
Gasoline sulfur content 
reaction kinetics for sulfur reduction, 

286-295 
reduction methods, 286-287 
regulations, 296 

Gasoline sulfur reduction 
comparison to conventional technology, 

293,294/ 
development, 293 
reduction of gasoline-range sulfur 

compounds, 293/-295 
German experience with selective catalytic 

reduction NO controls 
X 

high-dust configurations, 196-199 
regulations, 196 
tail end configurations, 199-200 
transfer of technology to operating 

conditions, 196 
Germany, power plant capacity, 172,173/ 
Gold, catalytic activity, 420 
Gold catalysts, supported, See Supported gold 

catalyst application to environmental 
problems 

Granular activated carbon, use for control 
of volatile organic compounds, 331-332 

H 

H 2 oxidation, role of supported gold 
catalysts, 421-422 

Halogenated hydrocarbons 
advantages as solvents, 340 
deep oxidation using catalysts, 341-351 
disposal methods, 340-341 

HBr 
bromine recovery, 406-408 
production from bromination of organic 

compounds, 405,406/ 
recycling process, 406 

Heterogeneous catalysts, control of volatile 
organic compounds, 298-299 

Hexane conversion, low-temperature deep 
oxidation, 334,336/,337/ 
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436 ENVIRONMENTAL CATALYSIS 

High-dust applications, SCR technology, 
191-193 

High-dust configuration 
flue gas desulfurization effect, 210 
German utility applications, 210,21 It 
location, 205,206/ 
problems, 207-209 

High-sulfur coal service, U.S. application 
of SCR technology, 200-202 

Highly selective olefin skeletal 
isomerization process 

advantages, 285 
bench-scale reactor, 275-277 
butene isomerization, 279,281/ 
catalyst performance, improvement, 

279/,280/ 
catalyst screening, 275,277 
commercial testing, 277,278/ 
development, 275 
isobutylene yield vs. run time, 279,280/ 
operating conditions, 277 
pentene isomerization, 279,282/283* 
process development unit, 276/277 
process flow diagram for butene and 

pentene isomerization, 283-285 
saturates conversion in butene 

isomerization, 279,281/ 
selectivity vs. run time, 279,280/ 

Hydrocarbon(s) 
chlorinated, deep oxidation, 340-351 
halogenated, See Halogenated 

hydrocarbons 
low-temperature deep oxidation, 331-339 
NO removal, 4 

Hydrocarbon combustion, role of supported 
gold catalysts, 422,424/ 

Hydrocarbon oxidation, role in catalytic 
reduction of NO, 53-64 

Hydrofluoric acid, safety issue, 271 
Hydrolysis of COS on titania catalysts 
activity test of sulfated titania catalyst, 

401^03 
diffuse reflectance IR experiments 
alumina, 395-397 
titania, 397-400/ 

experimental procedure, 394-395 
site-blocking agents, 399,401 
sulfate formation, 400/401 
temperature-programmed reaction of 

sulfates with H2S, 402/403 

Impregnated Ce02(La) catalyst, S02 

reduction to S, 388,391/ 
In situ infrared spectroscopy of NO-CO 

reaction on Rh-Si02 and Ce-Rh-Si02 

experimental procedure, 158 
reaction on Ce-Rh-Si02, 160-162/ 
reaction on prereduced and preoxidized 

Rh-Si02, 158-160 
steady-state isotropic transient study, 

160,163-166/ 
Isomerization process, highly selective 

olefin skeletal isomerization, See 
Highly selective olefin skeletal 
isomerization process 

Japanese experience with selective 
catalytic reduction NO^ controls 

ammonia injection system design, 194 
base material design, 194-195 
catalyst improvement, 194 
commercial operation, 191 
fuel additives, 194 
NÔ . reduction, significant factors, 190-191 
product development trade-offs, 193,197/ 
reactions governing process, 190 
removal efficiency, 193-194 
SCR location configurations, 191,192/ 
soot and ammonium bisulfate deposit 

control, 195 
start-up and shut-down of plants, 195 
system features, 193 
Takehara Station Unit 1, 195 

Κ 

Kinetics of gasoline sulfur compounds for 
sulfur reduction, See Reaction kinetics of 
gasoline sulfur compounds for sulfur 
reduction 

La Sr Co03 catalysts, role in NO^ 
control by catalytic combustion of 
natural gas, 224-232 
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Lead poisoning, palladium-only catalysts 
for closed-loop control, 103,104/ 

Lean-burn engines 
emission control, 90 
need for catalyst other 

than three-way catalyst, 53 
Low-dust applications, SCR technology, 

191-193 
Low-dust configuration, location, 205,206/ 
Low-temperature catalytic combustion of 

volatile organic compounds using ozone 
applications, 368 
catalysts, physicochemical characteristics, 

356f,357 
concentration vs. catalyst, 358,359/ 
concentration vs. temperature, 358,359/ 
experimental procedure, 354,357-358 
laboratory plant, 357 
micropollutant analysis 367-368 
physicochemical analytical procedure, 357 
pure catalyst vs. mixture, 363,364/ 
temperature vs. ozone concentration, 

358,360-362/ 
temperature vs. volatile organic compound 

concentration in air, 354,355/ 
volatile organic compounds, properties, 

354,356i,357 
X-ray photoelectron spectra vs. heat 

treatment, 363,365-367 
Low-temperature deep oxidation of 

aliphatic and aromatic hydrocarbons 
advantages, 339 
butane conversion, 336,338* 
carbon supports, hydrophobicity, pore 

volume, and properties, 334-335/ 
experimental procedure, 332-333 
hexane conversion, 334,336i,337/ 
toluene conversion, 336,338/ 

Low-temperature oxidation catalyst, 
applications and examples, 301-302 

Low-temperature oxidation catalyst for 
ethene removal 

additional cation vs. reactivity, 313 
bulk Pt concentration vs. 

reactivity, 313 
catalyst preparation and pretreatment 

procedure, 304 
catalyst testing method, 304,306/ 
experimental condition effect on 

activity, 305,307-309/ 

Low-temperature oxidation catalyst for 
ethene removal—Continued 

experimental description, 303 
minireactor system for catalyst testing, 

304,306/ 
nomenclature of ion-exchanged zeolite 

samples, 303 
palladium on alumina, 305,310/ 
PdCaNaY(L), 305,310-311/ 
platinum on asbestos, 305,308/ 
previous studies, 303 
PtCaNaY(L), 305,311-313 
reaction on reactor surfaces, 305,306/ 
requirements, 301 
water vapor vs. reactivity, 312/313 
zeolites 
analytical procedure, 303 
ion-exchange procedure, 303 
structure vs. reactivity, 313 

Low-temperature selective catalytic 
reduction ΝΟχ control 

catalysts, 212-213 
designs, 210,212-213 
economic considerations for 

configuration choice, 205,207 
high-dust configurations, 207-209 
operating information, 210 
U.S. applications, 213 

M 

Metal-alumina surfaces, nitric oxide 
reactions, 140-154 

Metal oxides 
deep oxidation of chlorinated 

hydrocarbons on synthetic 
carbonaceous adsorbents, 340-351 

oxidation catalysts, 302 
Methanol, production methods, 270 
Methyl tert-butyl ether, production, 270-271 
Mobile engine emission control 
catalyst requirements, 90 
catalytic converters for diesel engine 

exhaust control, 91 
lean-bum engine, 90 

Monolithic oxidation catalyst, process 
condition effect of transient 
response, 316-329 

Motor fuels, production methods, 271 
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438 ENVIRONMENTAL CATALYSIS 

Ν 

Natural gas 
catalytic combustion for NO control, 

224-232 
emission regulations, 224 
industrial combustion systems, 224 

NH3, catalysts for cleanup from nuclear 
waste processing facility, 74-87 

NH3 conversion 
Cu-ZSM-5 effect, 76-78 
Cu-ZSM-5 + Pt-Al203 effect, 84,85i,87/ 
Pt-Al203 effect, 78,82-84 

NH3-NO ratio, NH3 and CO conversion 
effect, 78-81/ 

Nitric oxide 
catalytic decomposition over promoted 

copper ion exchanged ZSM-5 zeolites, 
7-20 

standards for automotive industry, 140 
Nitrosyl reduction, mechanism, 140 
NO 
chemical transformations, 2,3/ 
contemporaneous removal with S02 from 

flue gas using regenerable copper-on-
alumina sorbent-catalyst, 233-249 

production, 2 
NO and N202 adsorption on bare and 

supported metal catalysts 
adhesion, 147,149-150 
adhesion energies, 150f,151 
ceramic support vs. Fermi level, 151,153 
charge transfer, 150i,152/ 
Fermi level for N 20 2 adsorption, 153,154/ 
Fermi level for NO adsorption, 151,153,154/ 
Fermi level variation, 151i,152 
geometry, 141-146,148 
models, 146-148/ 

NO-CO reaction, Rh-3i02 and Ce-Rh-Si02 

catalyst effects on reaction, 157-166 
NO conversion 
0 2 effect on reaction mechanism, 35-36 
0 2 effect on reactivity of Cu-based 

zeolites and oxides, 22-37 
NO decomposition, need for catalyst, 22 
NO oxidation, sulfate effect on Pt-Zr02 

catalysts, 250-266 
NO reduction 
hydrocarbon oxidation, 53-64 
mechanism study, 66-67 

NO reduction in three-way catalyst 
adhesion, 147,149-150 
adhesion energies, 150i,151 
charge transfer, 150i,152/ 
dinitrosyl species as reaction 

intermediates, 140-141 
experimental description, 141 
Fermi levels, 151M54/ 
geometry, 141-146,148 
models, 146-148/ 

NO reduction with hydrogen over Pt, 
Rh, and Pt-Rh alloy surfaces 

comparative studies, 129-135 
experimental procedure, 115-116 
mechanistic studies using Pt025-Rh025(100) 

single-crystal surface as model 
catalyst, 120-121 

NO + H 2 and NO + NH3 reactions 
10-mbar range, 126-129 
lO-MO -̂mbar range, 123-126 

reactions, 114-115 
silica-supported catalysts, 116-120 
silica-supported catalysts vs. 

single-crystal surfaces, 135-138 
spectroscopic data, 121 -123 

N02, source of health and 
environmental problems, 2 

NO 
X 

catalysts for cleanup from nuclear 
waste processing facility, 74—87 

composition, 2 
environmental removal, commercial 

approaches, 2 
selective catalytic reduction, 216,218 

ΝΟχ abatement, SCR catalysts, 172-188 
NO control 

X 

catalytic combustion of natural gas, 
224-232 

foreign experience with selective 
catalytic reduction, 190-202 

low-temperature SCR, 205-213 
NO emissions 

X 

causes, 215 
power plants, control methods, 170-171 
removal methods, 233 

NO^ reduction, role of supported gold 
catalysts, 422,426i,427 

NO removal 
X 

automobile exhaust, methods, 53-54 
catalytic decomposition of NO, 4 
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NO removal—Continued 
X 

power plant applications, catalyst 
technologies, 215-223 

reduction with hydrocarbons, 4 
selective catalytic reduction, 2 

Noble metals, role in automotive emission 
control catalysts, 94,95/ 

Nonvolatile organic compounds, regulation 
of emissions, 331 

Nuclear waste processing, ΝΟχ and CO 
pollutants, 74 

Ο 

02, role in Cu-based zeolite and oxide 
reactivity in NO conversion, 22-37 

0 2 emissions, removal methods, 233 
Olefin(s) in gasoline 
future regulations, 273 
ozone formation, 273,274/ 
reduction methods, 275 
vapor pressure, 273,274/ 

Olefin skeletal isomerization process, 
highly selective, See Highly selective 
olefin skeletal isomerization process 

Organic compounds, volatile, See Volatile 
organic compounds 

Oxidation catalyst, monolithic, process 
condition effect of transient 
response, 316-329 

Oxidation of hydrocarbons, role in 
catalytic reduction of NO, 53-64 

Oxidation of NO and S02, 250-266 
Oxygen, COS hydrolytic effect, 401-403 
Oxygenates 
gasoline blending, demand, 273 
reformulated fuels, 270 

Ozone, use as oxidant in low-temperature 
catalytic combustion of volatile 
organic compounds, 354-368 

Palladium 
adhesion to alumina, 140-154 
automotive emission control catalysts, 

94,95/ 
Palladium-only catalysts for closed-loop 

control 
amount of noble metal used, 110,111/ 

Palladium-only catalysts for closed-loop 
control—Continued 

comparison of 50% Pt-Rh reduction, 
96,97i,99/ 

development, 96 
durability at stoichiometry after severe 

engine aging, 94,95/ 
exhaust airifuel ratio effect on aging, 

105-109/ 
lead poisoning, 103,104/ 
manifold mounted converter advantages, 

106,109/-111/ 
performance characteristics, 97-111 
problems, 94,96 
rich ΝΟχ performance, 103 
S02 poisoning, 103,105/ 
thermal durability performance, 

97-102 
PdCaNaY(L), catalyst for low-temperature 

oxidation of ethene, 305,310-311/ 
Pd-ZSM-5, role in NO reduction by 

hydrocarbon in oxidizing atmosphere, 
58,60/62/ 

Pentene, isomerization process, 275-285 
Perovskite catalysts, role in NO^ control 

by catalytic combustion of natural 
gas, 224-232 

Plate-type catalytic converters 
activity profile with high As203 

content, 182,183/ 
applications, 187-188/ 
arrangement, 178,179/ 
catalyst activity and S02 conversion 

rate vs. V 20 5 content, 182,183/ 
development, 173,177 
dust deposition vs. geometric and fluid 

dynamic parameters, 178,180/ 
erosion resistance, 178,180/ 
operating results, 182,185-186/ 
selection according to operating 

conditions, 177/ 
selection criteria, 178,182,183/ 

Platinum 
adhesion to alumina, 140-154 
catalyst, NO reduction effect, 114-138 
role in automotive emission control 

catalysts, 94,95/ 
surface, sulfate effect, 263 

Power plant(s), catalytic emission control 
systems, 215-223 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

23
, 1

99
4 

| d
oi

: 1
0.

10
21

/b
k-

19
94

-0
55

2.
ix

00
2

In Environmental Catalysis; Armor, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



440 ENVIRONMENTAL CATALYSIS 

Power plant capacity of Germany 
emission standards, development, 173,175/ 
emissions from typical hard coal fired 

plant, 172,174/ 
NO^ removal measures, 173,175/ 
power sources, 172,173/ 

Power plant emissions, control methods, 
170-171 

Process condition effect on transient response 
of monolithic oxidation catalyst 

air inlet temperature, 326/-329 
catalyst preparation 318-319 
challenge concentration, 324-326/ 
equipment, 319-321 
experimental procedure, 317-318,321 
step change in concentration, 321-323 

Pt-Al203 

CO conversion effect, 76,77/ 
NH3 conversion effect, 78-84 

Pt-Rh alloy surfaces, NO reduction effect, 
114-138 

Pt-Zr02, sulfation by aging, 265-266 
Pt-Zr02 catalysts 
properties of aged catalysts, 266 
sulfate effect on NO and S02 oxidation, 

250-266 
PtCaNaY(L), catalyst for low-temperature 

oxidation of ethene, 305,311-313 
Pyridine, site-blocking agent for COS 

hydrolysis, 399,401 

R 

Reaction kinetics of gasoline sulfur 
compounds for sulfur reduction 

catalytic cracking products of 
thiophene, 288-290/ 

cracking rate determination, 289,291 
cracking reactions pathways, 291,292/ 
experimental procedure, 287-288 
feedstock properties, 288,289/ 
hydrogen transfer rate effect, 290/-292/ 
sulfur compound cracking rates relative to 

that of hexadecane, 290/-293 
sulfur technology, developing, 293/-295 

Reactivity of Cu-based zeolites and oxides 
in NO conversion, 0 2 effect, 22-37 

Reduction of NO, catalytic, role of 
hydrocarbon oxidation, 53-64 

Reduction with hydrocarbons, use for NO^ 
removal, 4 

Reformulated gasoline, requirement of 
Clean Air Act Amendment, 270 

Rh catalyst 
NO reduction effect, 114-138 
performance improvement, 157 

Rh-Si02 catalyst, NO-CO reaction effect, 
157-166 

Rhodium 
adhesion to alumina, 140-154 
automotive emission control 

catalysts, 94,95/140 
Rich NO^ performance, palladium-only 

catalysts for closed-loop control, 103 

S 

Selective catalytic reduction (SCR) 
catalyst properties, 215 
catalytic converters for NÔ . control 
activity profile(s) 
catalysts, 182,184/ 
high As203 content, 182,183/ 
poisoning resistant catalysts, 182,184/ 

application(s), 187-188/ 
application to U.S. high-sulfur coal 

service, 200,201/,203 
arrangement, 178,179/ 
blockage frequency vs. converter type, 

182,185/ 
catalyst activity and S02 conversion 

rate vs. V 2 0 5 content, 182,183/ 
description, 173,176/ 
development of plate-type 

converters, 173,177 
dust deposition vs. geometric and fluid 

dynamic parameters, 178,180/ 
erosion resistance, 178,180/186/ 
German experience, 196-200 
Japanese experience, 190-195,197 
operating results, 182,184-186/ 
selection according to operating 

conditions, 177/ 
selection criteria, 178,182,183/ 
types, 178,181/ 

description, 216,218 
location configurations, 191-193 
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INDEX 441 

Selective catalytic reduction (SCR)— 
Continued 

operating environment and process 
constraints, 215 

NO removal, 2 
X ' 

Selective catalytic reduction reactor, 
location configurations, 205,206/ 

Selectivity, definition, 277 
Selectivity factor, definition, 255 
Semivolatile organic compounds, emission 

control methods, 331-332 
Sintering, cupric, role in Cu-ZSM-5 

deactivation, 39-51 
S02, contemporaneous removal with NO 

from flue gas using regenerable 
copper-on-alumina sorbent-catalyst, 
233-249 

S02 oxidation, sulfate effect on Pt-Zr02 

catalysts, 250-266 
S02 poisoning, palladium-only catalysts 

for closed-loop control, 103,105* 
SÔ  emissions from power plants, control 

methods, 170-171 
Stack gas emissions from power plants, 

catalytic control methods, 170-171 
Stadtwerke Duesseldorf, low-temperature 

SCR design, 210,212 
Strontium, role in ΝΟχ control by catalytic 

combustion of natural gas, 224-232 
Sulfate(s) 
formation during COS hydrolysis, 400/401 
temperature-programmed reaction with 

H2S, 402/403 
Sulfate effect on Pt-Zr02 catalysts for NO 

and S02 oxidation 
activity measurement procedure, 251,252* 
adsorption-desorption characteristics of 

catalysts, 262-264/ 
aging tests, 255,256/ 
catalyst acidity, 266 
catalyst preparation, 251* 
experimental description, 250-251 
Fourier-transform IR spectra, 

257,261/262 
NO conversion with and without S02, 

252,253/255 
properties of aged Pt-Zr02 catalysts, 266 
Pt-Zr02 sulfation by aging, 265-266 
reduction of surface sulfate, 265 
selectivity, 255,256/ 

Sulfate effect on Pt-Zr02 catalysts for NO 
and S02 oxidation—Continued 

S02 conversion with and without NO, 
252,254/255 

surface Pt, 263 
temperature-programmed desorption 

procedure, 252 
temperature-programmed desorption vs. 

pretreatment, 255,257-259/ 
temperature-programmed reduction vs. 

fresh and used samples, 257,259-260/ 
treatment effect on catalyst surface area, 266 

Sulfate surface, reduction, 265 
Sulfated titania catalyst, activity test, 401-403 
Sulfur compounds, gasoline, See Gasoline 

sulfur content 
Sulfur dioxide reduction to elemental sulfur 
methods, 375-376 
redox reaction mechanism, 376-377 
water in feed gas effect, 376 

Sulfur dioxide reduction to elemental 
sulfur over ceria catalysts 

apparatus, 377 
association enthalpy and conductivity 

for solid solutions of dopants, 379,381* 
catalyst preparation, 378,380* 
CeOz catalyst, 378,381/ 
Ce02(La) catalyst, 384,385/ 
dopant vs. activity, 379,382/ 
doped Ce02 catalysts, 378-384 
experimental procedure, 377 
impregnated Ce02(La) catalyst, 388,391/ 
light-off behavior, 379,382,384/ 
mechanisms, 388-390 
water vapor effect, 384,386-388 
Y 30 3 dopant content vs. activity, 

379,380*382/ 
Sulfur reduction, catalytic mechanisms, and 

reaction kinetics, 286-295 
Sulfuric acid, safety issue, 271 
Supported gold catalyst application to 

environmental problems 
characterization of catalysts, 421* 
CO oxidation, 421-423/ 
C0 2 hydrogénation, 426* 
experimental procedure, 420-421 
H 2 oxidation, 421-422 
hydrocarbon combustion, 422,424/ 
NO reduction, 422,426*,427 

X 

trimethylamine combustion, 422,425/ 
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Supported noble metals, use as oxidation 
catalysts, 302 

Surface acidity, catalyst performance 
effect, 250-251 

Surface platinum, sulfate effect, 263 
Surface sulfate, reduction, 265 
Synthetic carbonaceous adsorbent(s), 332 
Synthetic carbonaceous adsorbent supported 

metal oxides for deep oxidation of 
chlorinated hydrocarbons 

activation energy, 346,347/ 
carbon support, structural parameters, 341/ 
catalyst characterization, 346,348-351 
catalytic combustion reactivity, 342-344/ 
experimental procedure, 341-342 
pore structure effect, 343 
previous studies, 341 
reactivity vs. hydrocarbon, 343-346 
reactivity vs. hydrogen, 346,347/ 
reactivity vs. temperature, 346,347/ 

Synthetic carbonaceous adsorbent supported 
transition metal oxides for low-temperature 
deep oxidation of aliphatic and aromatic 
hydrocarbons 

advantages, 339 
butane conversion, 336,338/ 
carbon supports 
hydrophobicity, 334,335/ 
pore volume, 334/,335/ 
properties, 334/ 

experimental procedure, 332-333 
hexane conversion, 334,336/,337/ 
toluene conversion, 336,338/ 

Thermal combustion, control of volatile 
organic compounds, 298 

Thermal durability performance, 
palladium-only catalysts for 
closed-loop control, 97-102 

Thermal oxidation, control of 
volatile organic compounds, 331-332 

Titania 
catalyst for COS hydrolysis, 394-403 
diffuse reflectance IR experiments, 

397-400/ 
Toluene conversion, low-temperature deep 

oxidation, 336,338/ 
Transient response 
oxidation catalysts, automotive 

applications, 317 
process conditions for monolithic 

oxidation catalyst, 316-329 
Transition metal(s), cocation effect in 

catalytic decomposition of NO using 
copper ion exchanged ZSM-5 zeolites, 

8-20 
Transition metal oxides, low-temperature 

deep oxidation of aliphatic and 
aromatic hydrocarbons using synthetic 
carbonaceous adsorbents, 331-339 

Trimethylamine combustion, role of 
supported gold catalysts, 422,425/ 

Turnover frequency 
C0 2 formation, definition, 163 
definition, 15 

Tail end configuration 
advantages, 209-210 
German utility applications, 210,211/ 
location 205,206/ 
problems, 209 

Tail gas applications, SCR technology, 
191-193 

Temperature 
ΝΟχ selective catalytic reduction 

catalyst effect, 215-223 
role in catalytic decomposition of NO 

over promoted copper ion exchanged 
ZSM-5 zeolites, 8-20 

United States high-sulfur coal service, 
application of SCR technology, 200-202 

V 

Volatile organic compounds 
advantages of catalytic combustion for 

elimination, 353-354 
control using heterogeneous catalysts, 

298-299 
elimination methods, 353 
emission control methods, 331-332 
future research needs, 300 
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Volatile organic compounds—Continued 
low-temperature catalytic combustion, 

354-368 
recovery methods, 353 
regulations, 298,331 
source of pollution, 353 

W 

Water, S02 reduction to S effect, 376 
Water vapor, S02 reduction to S, 

384,386-388 

X 

X-ray photoelectron spectroscopy 
Cu-ZSM-5 zeolite 
analytical system, 67-68 
Cu core level spectra vs. reactor 

treatment, 68-71 
Cu core level spectra vs. reductive 

treatments, 71,72/ 

X-ray photoelectron spectroscopy— 
Continued 

Cu-ZSM-5 zeolite—Continued 
experimental description, 67 
previous studies, 67 
treatments, 68,69/ 

zeolite studies, 67 

Yield, definition, 277 

Zeolite(s), advantages as supports for 
oxidation catalysts, 302 

Zeolite degradation, role in Cu-ZSM-5 
deactivation, 39-51 

ZSM-5 zeolites, copper ion exchanged, 
catalytic decomposition of NO, 7-20 
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