CHAPTER I

INTRODUCTION

The dramatic increase in public awareness and concern about the state of the
global and local environments, which has occurred in recent decades, has been
accompanied and partly prompted by an ever growing body of evidence on the extent
to which pollution has caused severe envir ental degradation. The introduction of

/ n shown to have many adverse

harmful substances into the envir

effects on human health, and natural ecosystems.

Nevertheless, it is increasing! sm Ju resﬂlent global environmental
systems are to many of thﬁ rdens i n them.
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Attempt to alleviate environmental problems is relayed through the
development of various technologies employed to be appropriate with each
circumstance. Environmental catalysis is one effective solution that plays a major
role in controlling the emission of environmentally unacceptable compounds. This
technology 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 pollutants. Hence, within the chemical industry,
there are two general strategies to address the environmental issue. They are
developing technologies that either eliminate or minimize negative environmental
impact, and secondary prevention. Examples of the first approach include new routes
to MDI (methy-lenedi-isocyanate) that eliminate the need for phosgene and avoid the
formation of HCI [1] or the commercialized production of 1,4-butanediol from
butadiene that avoids the production of propargyl alcohol and the use of formaldehyde
in Reppe process [1]. An example of the second approach is the use of selective
catalytic reduction technology to Teme (\L en oxides from stationary source in
chem

combustion plants [2]. In fact %ﬁl
the formation of pollutin thafef‘o ond strategy has necessaril
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been useful in this sﬂuath \ \k
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mful impact for the respiratory
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[4]. Within NOy, the existenge of seven oxides,of nitrogen is well known in form of

NO, NO,, NO;, ﬂ)u&l N304 duft NJOs 511 Wi wlver ok these seven oxides of

nitrogen, nitric oXide (NO) and nitrggen dioxid?h (NO,) are Onb_'; the two most
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NO represénting 90 to 95% of the total NO, [2]. The various chemical
transformations of nitrogen oxides in the lower atmosphere are summarized in Figure
1.1. It is noted that nitric oxide is the key starting point for all of the other oxides of
nitrogen. It 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, nitric oxide is rapidly oxidized by ozone, OH, or HO, radicals to form the

higher oxides of nitrogen such as NO,, HNO,, and HO,NO, [6]. Thus, if nitric oxide



is prevented from entering the atmosphere, most of the downstream effects of NOy

pollution can be eliminated.
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To remove NO,Jthere are a number of commgslal approaches including
adsorptive, the ﬁ the or disadvantages of
two formers a:ﬁeﬁ iﬁﬂ ﬁﬁg ﬂg Oy on adsorbent in
adsorptive processes and the loss of energy comsumption in thermal processes.
Hence, (i) Aty \Rlibibeids Habcltedd mbch) s o present cime.
Typically, Qhere are two major conventional catalytic procedures for the abatement of
NO, emissions into the atmosphere. Both represent remarkable achievements of
chemical technology that contributes to the sustainability of global and local
environments. The first technology is the selective catalytic reduction using ammonia
as a reductant (NH3-SCR) discovered in 1957 [7]. It is a process in which ammonia

reacts selectively with NO, to produce N without consumption of the excess oxygen.

However, there are many problems associated with this process including ammonia



slip, equipment corrosion, as well as danger in transportation and storage of ammonia
[8]. Hence, this technology can be conveniently used for only stationary sources such
as oil-fired power plants. The second technology is the three-way catalyst (TWC) that
is highly efficient in the simultaneous removal of carbon monoxide, hydrocarbons and
nitrogen oxides [9]. However, it requires an exhaust gas composition operating very
close to the stoichiometric point, which is restrictedly found in gasoline-fueled
automobiles. The emissions from diesel and lean-burn gasoline engines are not
satisfactorily controlled on this catalyst due to a dramatic decrease of NO, conversion
under the strongly oxidizing atmospht{ serious problem for NO, removal

in practice is that neither of ional catalytic technologies is
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Dueijto the lack of success in developing feasible NO decomposition catalysts,

overcome in the develop@nt ofa

the alternative approach of the selective catalytic reduction of NO to N, using diesel-
fuel-derived hydrocarbons is under intensive investigation by engine manufacturers,
catalyst companies and universities throughout the world. In 1986, the outstanding
activity for the catalytic decomposition of NO on Cu-ZSM-5 compared to the earlier
known catalysts was reported [14]. This finding was remarkable but its catalytic
activity dropped sharply with a decrease in the NO concentration and this catalyst

suffered from severe deactivation in the presence of oxygen, sulfur oxides or water



vapor. It was later demonstrated that Cu-ZSM-5 showed a significant activity when it
was used for a real lean-burn engine; moreover, the rate of reaction increased in the
presence of oxygen [15, 16]. It was shown that the reaction taking place in this case
was not the decomposition of NO but the reduction of NO by hydrocarbons contained
in the emission gases. In 1990, the two research works were independently reported
that the reduction of NO over Cu-ZSM-5 could be greatly enhanced in an excess of
oxygen by the presence of small amounts of hydrocarbon [17, 18]. Following this

discovery, a number of catalysts such as various kinds of solid acids and bases,
including ZSM-5 loaded with mgtd{\%l% %; been demonstrated to be active
catalysts for this reaction. Gemabg,- “tﬁls I L8 the so-called selective catalytic
d ; by hydrocarb 9 ’
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diesel-fueléd vehicles, the catalysts must resist deactivation after exposure to
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poisoning by water vapdjand sulfur

temperatures up to about 700°C. Hence, new catalyst formulations based on
modifications to Cu-ZSM-5 having higher SCR activity and thermal stability have
been reported [105-109]. Nevertheless, the hottest regions of diesel exhaust operation
exceeding 700°C still present a major problem for these and other zeolites, which
typically deactivate above 700°C, especially in the presence of water vapor.

Deactivation occurs primarily by dealumination, which results in the Al migrating out



of the zeolite framework structure thereby causing a loss in the catalytically active Cu

ions bound to the Al sites [110]. Evidence for this mechanism has been confirmed
using Al NMR, which shows a decrease of over 50% in the number of Al ions
occupying tetrahedral sites in the zeolite framework after aging [111]. Another
serious disadvantage of Cu-ZSM-5 catalyst is their vulnerability to deactivation due to
poisoning by sulfur oxides. Since sulfur is ubiquitous in both diesel fuel and engine
oil, improvements in sulfur tolerance must be made. However, it may be possible to

improve its poison resistance and thermal s 7;1hty

Based on presently ava&ence&e disadvantages of Cu-ZSM-5

catalyst, the two alternativ ' ,' i prov@ytlc performance are the
stabilization of the structure '

on hydrothermal deactivation
and the development of much resistant to various
inhibitors and having high siébi te: conditions. On the second way, Pt-based
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2C;3Hg + 90, —» 6CO; + 6H,0 (1.2)

reaches a maximum at about 250°C accord:

The remarkable disadvantages for Pt-based catalysts become that they are not
adequate for the very demanding challenge of providing high activity and good
selectivity at high temperature range [114]. In addition, the high rates of N,O
formation [115-117] and the narrow temperature window of the catalytic activity

[118-120] are also crucial problems for application in practice. Thus, the following



major improvements will be needed for their successful, economic application: (1) a
broadening of the NO reduction temperature window of operation, (2) an increase of
the selectivity for NO reduction relative to hydrocarbon combustion, and (3) a
decrease for the production of N,O. However, the effective development and design
of Pt-based catalyst remain important to understand intrinsically the reaction

mechanism in order to give a judicious decision.

1 L

50 100 : ‘ 7 450 500

NO Conversion/N,O Formation
2
>
<
(%]

Figure 1.2 NO convegf:j)n ] Cg:ZSM-S catalysts during

the selective;cata mder lean-burn condition

At the preﬂtﬁ%;@% ﬁaﬁ%’wﬁqﬁ@md io the sucoess

for testing the sel@étive catalytic reduction of NO by hydrocarbons under excess
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mechani:rrg the "active inte 1ate” species is sti iguous. ~The reaction

mechanisms over Pt-based catalysts have been vastly proposed by employing various
characterization techniques such as in situ Fourier transform infrared (FT-IR)
spectroscopy [121-127], temporal analysis of products (TAP) [116, 128-130] and
steady-state isotopic transient kinetic analysis (SSITKA) [131]. Generally, two main
different mechanisms have been reported in the open literatures, i.e., the NO
decomposition mechanism [116, 124, 125, 130-132] and the NO reduction

mechanism [121-123, 126-129]. The NO decomposition mechanism mentions briefly



that the hydrocarbons are contributed to remove the surface oxygen poisoning the
active sites, while nitrogen product is dominantly formed via NO dissociation [116].
Hence, the complex surface species such as organic nitro species are distinctly
neglected and either N atom or NO molecule is addressed as the intermediate species
in this mechanism [133, 134]. On the other hand, the NO reduction mechanism is
pronounced that the significant concept is the complex surface species playing an
important role to produce nitrogen, although its pathway may be different in detail.
Examples of this mechanism are that the hydrocarbons react with oxygen to partially
oxidized hydrocarbons, which are subsf.‘ active with nitrogen dioxide to form
nitrogen [118, 135] and that thg&émw st react with nitrogen dioxide
produced by NO oxidatio ;&mc nitro ;‘leng to the formation of
nitrogen [123]. Thus, there nany ) ace species, e.g., oxygenated
iy N %mocyanate species [126],

.‘ or thls echanism.

e

organic complex [122], org

With the above-m ﬁ e\.&gus mechanistic studies in
the selective catalytic reduction f’NQ on on Pt-based catalyst under
lean-burn condition have not 7 — olace through whether the NO
decomposition or the NO reductlon’ﬁhan ns. Consequently, an exact role of the

Catalytlc surface specr&s has -rl';do-'t fﬁ#artléul | essed as whether the

fhe spectator species upon such reaction. Therefore, the
objective of this work is @ mechanisti e seliqlve catalytic reduction of
NO with hydrocarbon ungernexcess oxygen, on a Pt/Al,03 catalyst through the

investigation of sﬂa%;ﬁég Tpitaliy/ hﬁp%hﬁ qaﬁﬁgnal characterization

of surface speciesifeported in the opesp literatures has been made by using in situ

Fourier ij'] ﬂ m ?E afﬁwever this
procedure indeed indicates only one side of image about the nature of surface species

and, perhaps, some insight can not be clearly identified. —Hence, the other

characterizations are necessary to accompany with it. In this research, the
temperature programmed technique that is a basic method in the catalysis field is
mainly useful for the investigation of surface species in a new aspect. Examples of
the characterization include the observation of nature of surface species using an
experimental set of three continuous steps consisting of reaction step, temperature

programmed desorption step as well as temperature programmed oxidation step and



the reactivity test of surface species to various oxidizing gases using temperature
programmed oxidation technique. However, the influencing parameters, especially
types of reductant, may be carefully taken into account for considering in detail about
the reaction mechanism because the use of different reductant leads to the change of
reaction mechanism [133, 134, 136-138]. At the beginning, C3Hs is selected as a
model reductant due to its simplicity in chemical structure. In addition, the
production of plenty of surface species with C3Hg and the proof that the overall

reaction mechanism occurs on the only Pt surface [123-125, 134] result in the distinct

investigation. ‘x\\\ ,///

In order to underst e pﬁpowi)mechanism, the additional
experiments by the introduct v | MﬂAhOg catalyst to disturb

the function of active sites

in the selective catalyti

metal (Ba, Ce, Co, Cs,

differences in the catalytlc act1v1ty
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account.
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C3Hg undeti excess oxygen over a Pt/Al,05 catalyst towards temperature programmed

of thiq:.ritudy have to be taken into

reaction in order to determine the temperature range for the production of the surface
species.

3. Investigate the surface species produced on a Pt/Al,O; catalyst in the
selective catalytic reduction of NO with C3Hg under excess oxygen by emphasizing

the temperature programmed techniques as follows:
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- Study the nature of surface species by an experimental set of three
continuous steps including reaction step, temperature programmed desorption step
and temperature programmed oxidation step.

- Study the reactivity of surface species to various oxidizing gases by
temperature programmed oxidation technique.

- Study the change of nature of surface species by adding the second metal
(Li, Cr, Fe, Ni, Ga, Co, Sn or W) on a Pt/Al,05 catalyst to disturb the function of

active sites.

4. Predict the reaction meck\" lective catalytic reduction of NO
by C3Hg under excess oxygen owq\‘

5. Apply the 1nvest1

complicated mechanism, e g. IVE « e ’uction of NO under excess

oxygen over a Pt/Al,0j3 catal i : reduct instead of C3Hs.

chapter I. Chapter II is co s of the selective catalytic

* o,
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reduction of NO by hydrocar ns.p?‘yt' metal catalysts under lean-
.}‘. - -
burn conditions. Subsequently, a@ﬁ;e@ overview of mechanistic studies in such

reaction is compiled 1‘1?_1chapter Il Th ex

studies in chapter IV c@ f.':. ¢ catalyst characterization
and the catalyst evaluati(‘a Ne hapte demonstrates the experimental results
including an expanded discussion. In the Jast chapter, the overall conclusions

obtained from mlﬂ%ﬂ ’gn%ew %t?ﬂ @j ’}ﬂ@ works are present.

Finally, specificatioh of alumina sup%prt cahbratlon curves, vanous examples of

calculatlotq:wqmﬂoﬁ wwwwm ﬂd%lne included

in appendices at the end of this dissertation.
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