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CATALYSIS

“It may appear that a field or even
the whole of catalytic technology
IS relatively mature. This Is,
however, a misconception
because history teaches us that
flelds which appear mature are
suddenly revitalized by a major
discovery.”



CATALYSIS: A CENTRAL
TECHNOLOGY

Bulk organic chemicals influence our daily life to an extent that is often not
realised
They have been, and will continue to be, essential iIn numerous applications

that are indispensable to enhance quality of lifea  nd society.

They touch almost every physical aspect of it, e.g. in clothes, cars,
construction materials, paints, carpets, electrical appliances, detergents,
solvents, furniture, etc.

Developments in catalytic technology aim to develop novel processes or to
improve substantially existing processes in terms o f energy and raw
materials utilisation, therefore, making progress t 0 a more sustainable bulk
chemical industry in the medium time frame.

Chemical Intensification
— Multifunctional Catalysts




SOME MILE STONES IN THE
20TH CENTURY

1900 - METHANE FROM CO+H2 - Ni CATALYSTS
1910 - AMMONIA SYNTHESIS
1936 — CATALYTIC CRACKING OF PETROLEUM

1970 - METHANOL FROM CO + H2 - Cu/ZnO; USE OF H-
ZSM5 FOR ISOMERISATION, DEWAXING etc.; AUTO-
EXHAUST CATALYSTS BASED ON Pt-Rh-Pd ON OXIDES

1972 - PHOTOCATALYSIS — TITANIA FOR WATER
SPLITTING

1980 - METHANOL TO GASOLINE - H-ZSM5
1990 - OXIDATION OF ALKENES - TITANIUM SILICALITE



Ammonia Synthesis
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CATALYSIS and COMPLEXITY



The complexity of heterogeneous catalysis results from its multi-
dimensional nature and the dynamics of the system catalyst-
reactant causing solid state
dynamics and surface restructuring to be common phenomena.
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COMPLEXITIES OF CHEMICAL
REACTIONS

vinyl acetate chemistry

EXAMPLE — REACTION BETWEEN
ETHYLENE AND ACETIC ACID
TO FORM VINYLACETATE AND WATER

RELEVANT ADSORBATES PRESENT —
A THEORETICAL DESCRIPTION



CATALYSIS - KEY AREAS
ENERGY

HYDROGEN PRODUCTION (SPLITTING OF WATER - PHOTO

CATALYSIS)
HYDROGEN STORAGE (METALS, ALLOYS, OPEN

FRAMEWORK MATERIALS....)
HYDROGEN TO ENERGY (FUEL CELLS)

ORGANIC TRANSFORMATIONS

PHARMACEUTICAL
PETRO-CHEMICAL
FINE-CHEMICAL

CLEAN ENVIRONMENT

(CONVERSION OF TOXIC PRODUCTS, UTILISATION OF
TOXIC/GREEN HOUSE PRODUCTYS)

IN SITU PRODUCTION OF HAZARDOUS

INTERMEDIATES
(CORROSIVE AND TOXIC INTERMEDIATES)




HYDROGEN FROM WATER-GAS SHIFT REACTION
Why Is gold active?
Clean hydrogen production for fuel cells and energy

CO+ H,0 CO, + H,

The reaction needs to be done at low temperature (<200°C)
— 2%Au/CeZrQ, active at 120°C

Au® Active Site?

AU Water Gas Shift
.: 0 0 —
® m | e 100 °C
® .9 .9 &L
Au/CeZrO,

This is the best catalyst — likely to be commecialised



ORGANIC TRANSFORMATIONS
A KEY AREA IN CATALYSIS

e CHEMICAL INDUSTRIES —
POLYETHYLENE, PLASTICS,
TEXTILES, FRAGRANCE

 PHARMACEUTICAL INDUSTRIES
DRUGS, SPECIFIC ISOMERS




SOME OXIDATION REACTIONS

reaction catalyst
total oxidation
carbon monoxide —> catbon dicxide CuMnO,, AWMO at 25 °C, PYMO = 200 °C
sulfur dicuide —* sulfur trioxide Pt, V,0,
hydrocarbons, carbon monoxide — cabon dioxide, watar three way car exhaust catalyst, Pt, Pd
and nitrogen oxides and nitrogen
C0, VOCs — C0,, HLO Pt, Pd/AlC
selective oxidation
butans —» mElaic anhydride vanadium phosphatas
propens —» acolain MoOBi.O, USb, O, Fe5bO,
propens —» ac ylonitrile MoBi,O_, USb l:‘lm. FasbO,
a-xylans —» ph-halic anhydride V.0,
methanol —» fomaldehyde iron maolybdats, Ag
ethens —» ethylens oxide Al
ethy | benzens —» styrans V. OJTIO,
butens —> bu-adiens BiMo O,
benzang —» phanol Fa-Z5M-5
propens —» propens oxide T5-1
tolusne —» benzaldaehyds vanadium phosphatas
izobutansa —» methacrylic acid molybdophosphoric heteropolyvacids
ethens —» acetic acid Pd-zsilicotungstic heteropolyacid




Targets for oxidation reactions

Many commercial oxidations do not use
catalysts, hence immense scope for
green/environmental improvements

Current interest:

alkanes to alkenes
alkenes to epoxides

Dream reactions:

direct oxidation methane to methanol

direct oxidation of hydrogen to hydrogen peroxide
direct oxidation of alkanes to alcohols



CHEMICAL INTENSIFICATION

M MUAIPO-36 Oxidant molecular oxygen
Conversion of cyclohexanone (1) 20.2 mol %
(2) Oxime 54.2 mol %
(3) Capractam 21.1 mol %
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REDOX CHEMISTRY — ACTIVATION OF CH ; GROUP
TERMINAL OXIDATION
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CoAIPO-18 — 4% cobalt Sankar,Raja,Thomas et al NATURE (1998)



TRANSMITTANCE

MECHANISM OF Acid catalysed

reactions
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LIQUID PHASE OXIDATION OF ALKENES

Titanium Silicalite-1 (TS-1) — Green Catalyst

. MFI Structure

Structure
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Proposed caialyilc cycle fepoxidaiiorn

A COMPUTATIONAL and XAFS STUDY
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ENVIRONMENTAL CATALYSIS

CONVERSION OF NITRIC OXIDE TO
NITROGEN AND OXYGEN

CONVERSION OF CARBON MONOXIDE
TO CARBON DIOXIDE

OXIDATION OF SULPHUR DIOXIDE

REMOVAL OF SULPHUR COMPOUNDS
FROM DIESEL

REMOVAL OF VOLATILE ORGANIC
COMPOUNDS (VOCs)



OXIDATION OF CARBON MONOXIDE

FT-IR spectra for CO adsorption at 90K over
Au/TiO2 calcined in air at different temperatures.
The most active sample (2.5 nm) has the largest
intensities of the peakat 2110~2120cm-1, which
can be assigned to CO linearly adsorbed on the
metallic Au sites.

When Au particles are larger than 10 nm in
diameter the intensity of this peak is markedly
reduced, indicating that CO adsorption may take
place only on steps, edges and corners of Au
particles, not on the smooth surfaces.

No direct experimental evidence has yet been
presented as to where oxygen is activated for
reacting with CO adsorbed on the Au surfaces,
and whether the oxygen molecule is
dissociatively or non-dissociatively adsorbed.



HOW ARE WE TO MAKE
PROGRESS in CATALYTIC
SCIENCE

By Obtaining a Molecular Level
Understanding of Catalysts and Catalysis
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SR In situ studies of Catalysis
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KEY TECHNIQUES

 IR-PROBE THE REACTING
MOLECULES, INTERMEDIATE STATES,

FINAL PRODUCT

e XAS — CHANGES TO THE ELECTRONIC
AND GEOMETRIC STRUCTURE OF
METALS AND IONS

« RAMAN, MASS SPECTROMETRY, UV-
VIS




WHERE ARE WE NOW?

 Emerging knowledge in several systems of
active site structures

o Little direct knowledge of mechanistic
details, although computer modelling is
having a substantial impact



WHAT ELSE DO WE NEED?

« TIME RESOLUTION — TO PROBE THE
INITIAL STAGE OF THE REACTION

e REACTION INITIATION —
TEMPERATURE

« MULTI-TECHNIQUE ON A SINGLE
SYSTEM




Challenges for Pump and Probe Experiments

- Most relevant chemical reactions are driven by
temperature (kT) not optical excitations

e Selective detection of molecules on surfaces,
differentiate between species

e Synchronization between pump and probe

 Control of reaction coordinate system

Laser and THz pump
XPS, XES, probe



WHERE CAN WE START?

HAZARDOUS
INTERMEDIATES

H2+02 H202

|V

CO
CO+H20 ENVIRONMENT
Au
ENERGY CO2

H2+CQO2 @

NANO CLUSTERS

CATIONIC
ANIONIC ORGANIC




CONTEXT

 We will soon enter the era of “peta-scale”
computing allowing unprecedented
opportunities in computer modelling.

o Computational/experimental studies will
revolutionise our understanding of the
details of catalytic reactions



CATALYSIS: STRATEGIC
ISSUES

NATIONAL AND INTERNATIONAL
IMPORTANCE

STRONG UK RESEARCH COMMUNITY
INTERNATIONAL COLLABORATION

UNIQUE CAPABILITIES by COMBINING
NOVEL EXPERIMENTATION with
COMPUTATION



