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ABSTRACT

DEACTIVATION AND ENHANCEMENT EFFECTS OF SULFUR
ON SUPPORTED PLATINUM OXIDATION CATALYSTS

by
Mark Ladolcetta

The effects of sulfur poisoning on the oxidation activity of 1.5 % Pt/y-ALOs,
Pt/TiO,, Pt/ZrO,, and Pt/SiO, were investigated in this study. Each catalyst was poisoned
with an H,S/air or SO»/air mixture at 400°C for 24 hours and a sulfur concentration of
200 ppm. The complete oxidation of mixtures of 1% CO, methane, ethane, ethene,
ethyne, propane, propene, and n-butane in air were measured over fresh and sulfur-
poisoned catalysts.

Non-methane alkane oxidation activity was enhanced significantly after sulfur
poisoning on all four catalysts. The temperatures at which 50 % conversion to CO; was
achieved (Tsg) ranged from 10 to 72°C lower for the sulfur-poisoned catalysts than the
corresponding fresh catalyst samples. CO oxidation activity was severely deactivated on
all four sulfur-poisoned catalysts and Ts, values were 24-75°C higher than the fresh
catalyst Tsp’s.  Methane oxidation activity was moderately deactivated on all sulfur-
poisoned catalysts with the exception of Pt/Si0,, for which no effect was found. The
effects of sulfur poisoning on alkene and alkyne oxidation activity were small on each
catalyst sample.

Catalyst characterization studies, including H, chemisorption, BET surface area,
FTIR spectroscopy, and temperature-programmed reduction and desorption studies were
conducted to determine the nature of sulfur interactions on the catalysts’ surface and the

mechanisms responsible for associated changes in observed catalyst activity. Alkane



oxidation enhancement for Pt/y-Al,O;, Pt/TiO,, and Pt/ZrO, was primarily associated
with the formation of new active sites, which facilitate the oxidation reaction. New
active sites are formed due to the combination of sulfate formation on the catalyst support
and sulfur-induced Pt crystal growth. Enhanced alkane oxidation activity on sulfur-
poisoned Pt/SiO, was the result of Pt crystal growth and the formation of a small amount
of sulfate on Pt sites. Deactivation of CO and methane oxidation reactions was a result of

pore blocking and active site inhibition due to sulfate formation.



DEACTIVATION AND ENHANCEMENT EFFECTS OF SULFUR
ON SUPPORTED PLATINUM OXIDATION CATALYSTS

by
Mark Ladolcetta

A Dissertation
Submitted to the Faculty of
New Jersey Institute of Technology
in Partial Fulfillment of the Requirements for the Degree of
Doctor of Philosophy in Environmental Science

Department of Chemical Engineering,
Chemistry and Environmental Science

August 2000



Copyright © 2000 by Mark Ladolcetta

ALL RIGHTS RESERVED



APPROVAL PAGE

DEACTIVATION AND ENHANCEMENT EFFECTS OF SULFUR

ON SUPPORTED PLATINUM OXIDATION CATALYSTS

Mark Ladolcetta

Dr. “Heﬁfy Sk}ﬂ'/\;g Dissertation Advisor
Professor of Chemical Engineering, Chemistry,
and Environmental Science, NJIT

Date

Dr. Richard Trattner, Committee Member
Associate Chairman for Environmental Science and Professor of
Chemical Engineering, Chemistry, and Environmental Science, NJIT

Date

Dr. Robert 7éffeg,{’ Committee Member
Distinguighed Professor of Chemical Engineering, Chemistry,
and Environmental Science, NJIT

Date

Dr. Howard Perlmutter, Committee Member
Professor of Chemical Engineering, Chemistry,
and Environmental Science, NJIT

Date

Dr. Robert Farrautg’f Committee Member

Research Fellow,Research and Development, Engelhard Corp. and
Adjunct Professor of Chemical Engineering, Chemistry,

and Environmental Science, NJIT

Date



BIOGRAPHICAL SKETCH

Author: Mark Ladolcetta
Degree: Doctor of Philosophy in Environmental Science
Date: August 2000

Undergraduate and Graduate Education:

e Doctor of Philosophy in Environmental Science
New Jersey Institute of Technology, Newark, NJ, 2000

¢ Bachelor of Science in Chemistry
Catholic University of America, Washington, D.C., 1994

Publications and Presentations:

“The Effect of Sulfur on the Oxidation of Hydrocarbons and CO Over Pt Catalysts
Supported on Various Acid Substrates”, 8th Annual Uni-Tech Student Conference
on Science & Technology.; NJIT; April 24, 1998.

“The Effect of Sulfur on the Oxidation of Hydrocarbons and CO Over Pt Catalysts
Supported on Various Acidic Substrates”, 1998 Annual Meeting of the American
Institute of Chemical Engineers; Miami Beach, Nov. 18, 1998.

“The Activation/Deactivation Effects of Sulfur On Hydrocarbon and CO Oxidation by Pt
Catalysts Supported on Various Acidic Substrates™, 16th North American
Meeting of the Catalysis Society; Boston, May 30-June 4, 1999.

“Exxon — Harvesting Clean Energy” Technology Observer, Vol. 1(2), 58-61, 1999.

“H Power; Small Today... Big Tomorrow” Technology Observer, Vol. 1(2), 62-66, 1999.

iv



ACKNOWLEGMENT

The work described in this dissertation could not have been completed without the
assistance of many people. I wish to express my sincere gratitude to everyone who has
made this research possible. I express my deepest appreciation to my thesis advisor, Dr.
Henry Shaw for his constant support, encouragement, and advice, which made the
completion of my doctoral studies possible.

I would like to specially thank Dr. Robert Farrauto for supporting me in this work,
serving on my dissertation committee, and providing valuable advice. 1 am also thankful
to Dr. Farrauto and Engelhard Corp. for graciously providing materials used in this
research. I also would like to thank Dr. Robert Pfeffer, Dr. Howard Perlmutter, and Dr.
Richard Trattner for serving on my dissertation committee and for continual support.

This research would not have been possible without the initial funding of the
Hazardous Substance Management Research Center as well as support from the
Department of Chemical Engineering, Chemistry, and Environmental Science.

I have been fortunate to work alongside many outstanding students who have
assisted me in numerous ways, especially, Dr. Yi Wang, Dr. Paul Yu, Shan Xiao, and
Tian Sang. Appreciation is also reserved for Clint Brockway and Larisa Krishtopa for
valuable instrumentation assistance.

I also wish to specially thank the friendly folks at Warren Plaza, without whom 1
probably would have starved.

Finally, I am deeply grateful to my parents, family, and friends for their continued
support throughout my studies at New Jersey Institute of Technology. A special thanks is

due to everyone who has asked the question, “When will you be finished?”



TABLE OF CONTENTS

Chapter

1.1 Automotive Three-Way Catalyst...... ...
1.2 Sulfur PoiSONINg. .. ... oo e e e
1.3 Importance of Sulfur Interactions on Precious Metal Catalysts......................
L4 ObJeCtIVE. .. oo e e e
2.1 Catalyst Support Materials... ...
2.2 Effects of Sulfur on Ptcatalysts... ...
2.2.1 Restructuring of Pt Crystal Surfaces From a (111) Orientation to (100).....
2.2.2 Electronic Perturbations of Pt Crystals Due to Sulfur Deposition
2.2.2.1 Theoretical Predictions... ................cooi i
2.2.2.2 Laboratory EXperiments. .. ... ..o ii i

2.2.3 Formation of sulfate on Pt particles... ...

2.2.4 Formation of Sulfate on the Support Surface and/or on the Pt/ Suppert

Interface. ..

2.2.5 Pt Sintering & Crystal Growth.............. ...

2.2.6 Pore Blockage Due to Sulfur Poisoning.....................ooii

vi

Page

11
14
16
16
17
19
21
21

21

31

32

.34
.41

42



TABLE OF CONTENTS

{Continued)

Chapter Page
3 EXPERIMENTAL METHODS......... oo e A4
31 CatalYSTS. . .o e A4
3.2 Activity EXperiments... ... .......oo v i e 45
3.3 Catalyst Poisoning EXperiments..............c.ccoove e iiiiniee e iee e e e 30
3.4 H, Chemisorption EXperiments... ...............ocoiiiiiinieeinevee i 91
35BET Surface Area... ... ...oocoooiiiiiiiie e 0 33
3.6 Diffuse Reflectance-FTIR Studies................coooiiiiiii i 54
3.7 Temperature-Programmed Reduction Experiments................................... 55
3.8 Temperature-Programmed Desorption Experiments.................................. 56
3.9 Dry Poisoning Studi€s. .. .........coo oot e DT

4 RESULTS & DISCUSSION. .. ..ot oot e e e e 59
4.1 Activity EXPEriments. .. ... ... oo oo e et e 39
411 COOXIation. .. ... .ooooi i e 59

4.1.2 CHy OXidation... .......coooi oot e e e 64

4.1.3 Alkene and Alkyne Oxidation... ...............ccoooi i iiiin i 67

4.1.4 Alkane OXidation...................ooooi oot T3

4.1.5 y-AlL Oz Oxidation ACtIVItY. .. ..........coovi it 83

4.2 H, Chemisorption Measurements. .. .............coooiieeiieoeeaaeiaeierinnieecee e ... 85
4.3 BET Surface Area Measurements... .................c.ccoeee v ieeiee e o2 .90

A4 FTIR ANalySiS.......oooii oot e et 9

vii



TABLE OF CONTENTS
(Continued)

Chapter

4.5 Temperature-Programmed Reduction Results......................................
4.6 Temperature-Programmed Desorption Experiments... ..............................
4.6.1 C3Hg AdSOTption. .. ...

4.6.2 CO AdSOTPHION. .. ..o oot e e e e e e e

4.7 Effects of H,O on Catalyst Poisoning and Activity..................................
5.1 Overview of Sulfur Poisoning... ................ i
5.6 Effects of H,O on Catalyst Poisoning...................coooe oo
5.7 General ConcluSIONS. .. ... ..o it e e e

6 RECOMENDATIONS FOR FUTURE WORK ... ...
APPENDIX A Gas Spectfications. .. ... ...ttt it et e e i e e

APPENDIX B H, Chemisorption Data......................iiiii

viii

Page
99
104
104
108
111
117
118
120
122

123

125
125
128
130

131

135



LIST OF TABLES

Table Page
1.1 Current light-duty vehicle and truck emission standards ..................................7

3.1 Measured bulk density data and calculated space velocities for catalyst activity
EXPETIMENES ...t ittt it et e et e et et et e e e e 48

3.2 GC-FID operating conditions ................c.coo i i 49
3.3 Calculated space velocities for catalyst poisoning experiments ......................... 50
3.4 Diffuse reflectance-FTIR data collection parameters .....................................55
3.5 Adsorption temperatures for CO and C;Hg mixtures on Pt catalysts ....................57
4.1 Ts data for fresh, H,S-poisoned, and SO,-poisoned 1.5 % Pt/y-ALOs .................62
4.2 Ts data for fresh and H,S-poisoned 1.5 % PYTIO, ............oo 62
4.3 Ts, data for fresh and H,S-poisoned 1.5 % Pt/ZrO, ... 63
4 4 T, data for fresh, st-poisonéd, and SO,-poisoned 1.5 % Pt/SiO; .....................63
4.5 H, chemisorption data for fresh and H,S-poisoned Pt catalysts ......................... 86
4.6 BET surface area data for fresh and H,S-poisoned Pt catalysts ......................... 90

5.1 A summary of ATs, values obtained for each oxidation reaction on
H,S-poisoned Pt catalysts ... e 11T

5.2 A summary of ATs, values obtained for oxidation reactions on SO,-poisoned
Pteatalysts ... ... i e 18

5.3 A summary of catalyst characterization experiments for fresh and H,S-poisoned
Ptoatalysts ... ... e 118

AT PUIE @aSES ... oo e e e e e e e 130

A2 GaS IXTUTES oo e e e e e e e e e i 130

ix



LIST OF FIGURES

Figure

1.1 Summary of TWC catalytic reactions. .. ... ..ottt it e e e e

3.1 Experimental SEtUD... ... ..o

4.1 Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % CO in air on

1.5 %Pt/’}’-AizOg

4.2 Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % CO in air on

LS % PUTIO . o

4.3 Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % CO in air on

LS Q0 PUZIOg. oo e

4.4 Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % CO in air on

L5 % PUSIO . .. o

4.5 Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % CHj in air on

1.5 % PUY-ALiO5. oo oo,

4.6 Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % CH, in air on

5 % PUTIO . .o e

4.7 Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % CH, in air on

LS % PUZIOg. o o

4.8 Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % CH, in air on

L5 % PUSIO . o

4.9 Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C,H, in air on
1.5% PUY-AIzOg e e e

4.10 Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C;H, in air on

4.11 Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C,H, in air on

4.12 Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C,H, in air on

4.13 Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C;Hg in air on

Page

.46

60

60

61

61

65

65

66

66

.69

69

.70

70

71



LIST OF FIGURES
(Continued)

Figure Page
4.14 Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C,H; in air on

1.5 %H/Y'A120Q74
4.15 Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C,H; in air on
4.16 Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C,H, in air on
4.17 Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C,H, in air on
4.18 Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C,Hs in air on

1.5 %Pﬁ'}’-Ale;?’é
4.19 Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C,Hg in air on
4.20 Fresh vs. Hﬁ-po;soned catalyst activity for the oxidation of 1 % C,Hg in air on

1.5 % Pt/ZrO,. .. R 17
4.21 Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C,Hg in air on
4.22 Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C;Hg in air on

L5 %Pthy-ALOs. o T8
4.23 Fresh vs. HaS-pozsoned catalyst activity for the oxidation of 1 % C;Hy in air on

1.5 % PYTIO;.. TP ... 78
4.24 Fresh vs. H,S- pmsoned catalyst activity for the oxidation of 1 % C ;Hg in air on

1.5 % PUYZr0Os... U .79
4.25 Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C;Hg in air on
4.26 Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C4H in air on

L5 % Pty-ALOs. . oo e 80
4.27 Fresh vs. HS-poisoned catalyst activity for the oxidation of 1 % C4Hj, in air on

LS5 % PUTIO . ..o e 80

xi



LIST OF FIGURES
(Continued)

Figure Page

4.28 Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C4H( in air on

4.29 Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C4H;( in air on

4.30 Activity of y-AlL,Os for the oxidation of 1 % CO, CHy, C,Hy, and C4Hyg in air... ... 84

4.31 Schematic showing two alternative pathways for Pt dispersion loss as
determined by H, chemisorption...................cooo i 87

4.32 FTIR spectrum resulting from the subtraction of the fresh 1.5 % Pt/y-Al,Os
spectrum from the H,S-poisoned 1.5 % Pt/y-Al O3 spectrum..........................92

4.33 FTIR spectrum resulting from the subtraction of the fresh 1.5 % Pt/TiO,
spectrum from the H,S-poisoned 1.5 % Pt/TiO; spectrum... .......................... 93

4.34 FTIR spectrum resulting from the subtraction of the fresh 1.5 % Pt/ZrO,
spectrum from the H,S-poisoned 1.5 % Pt/ZrO; spectrum..............................94

4.35 FTIR spectrum resulting from the subtraction of the fresh 1.5 % Pt/S10,
spectrum from the H,S-poisoned 1.5 % Pt/SiO; spectrum............................. 95

4.36 IR absorption frequencies and symmetry groups for selected sulfite and sulfate
EOUPS ... oottt et e e e e e e e e e e 9T

4.37 Temperature-programmed reduction plots for fresh and H,S-poisoned
1.5 % PUY-AL05. . oo oo oo e 100

4.38 Temperature-programmed reduction plots for fresh and H,S-poisoned

4.39 Temperature-programmed reduction plots for fresh and H,S-poisoned

4.40 Temperature-programmed reduction plots for fresh and H,S-poisoned

4 41 Temperature-programmed desorption curves for fresh and H,S-poisoned
1.5 % Pt/y-AlL,O; following C;Hg adsorption at 100°C................................. 106

xii



LIST OF FIGURES
(Continued)

Figure

4.42 Temperature programmed desorption curves for fresh and H,S-poisoned

1.5 % Pt/TiO; following C3;Hg adsorption at 150°C......................coooooiiii .

4.43 Temperature programmed desorption curves for fresh and H,S-poisoned

1.5 % Pt/ZrO, following CsHg adsorption at 150°C....................................

4.44 Temperature programmed desorption curves for fresh and H,S-poisoned

1.5 % Pt/SiO; following C;Hg adsorption at 150°C.....................................

4.45 Temperature-programmed desorption curves for fresh and H,S-poisoned

1.5 % Pt/y-AlL,O; following CO adsorption at 50°C................ i,

4.46 Temperature-programmed desorption curves for fresh and H,S-poisoned

1.5 % Pt/TiO; following CO adsorption at 50°C......................cocin...

4.47 Temperature-programmed desorption curves for fresh and H,S-poisoned

1.5 % Pt/ZrO, following CO adsorption at 75°C................coooo i

4 48 Temperature-programmed desorption curves for fresh and H,S-poisoned

1.5 % Pt/Si0O; following CO adsorption at 50°C...........................oooenn.

4.49 Comparison of CO oxidation actlvxty for fresh, HgS—pmsoned and
SO;-poisoned 1.5 % Pt/y-Al,Os;...

4.50 Comparison of CO oxidation activity for fresh, H,S-poisoned, and

SOs-poisoned 1.5 % Pt/Si00... ..o

4.51 Comparison of CH; oxidation actmty for fresh, H,S- pmsoned and
SO,-poisoned 1.5 % Pt/y-AlLO;... U S

4.52 Comparison of CH,4 oxidation activity for fresh, H,S-poisoned, and

SO;z-poisoned 1.5 % PU/S1O0... ..o

4.53 Comparison of C4H ;o oxidation activity for fresh, H,S-poisoned, and

SOs-poisoned 1.5 % Pt/y-ALOs. ...

4.54 Comparison of C4H;, oxidation activity for fresh, H,S-poisoned, and

SOs-poisoned 1.5 % Pt/S1O00... ... .o

B.1 H; chemisorption data for 1.5 % Pt/y-ALOs... ..o

Xiii

Page

106

107

107

109

109

110

110

113

113

.. 114

114

115

115

131



LIST OF FIGURES
(Continued)

Figure Page
B.2 H; chemisorption data for H,S-poisoned 1.5 % Pt/y-ALOs.................... 0131
B.3 H, chemisorption data for 1.5 % Pt/TiOy.........oooo o 132
B.4 H; chemisorption data for H,S-poisoned 1.5 % Pt/TiO,...............cooc 132
B.5 H, chemisorption data for 1.5% Pt/ZrO,... ... 133
B.6 H, chemisorption data for H,S-poisoned 1.5 % Pt/ZrO,................................ 133
B.7 H, chemisorption data for 1.5 % Pt/SiOs... ... 134

B.8 H; chemisorption data for H,S-poisoned 1.5 % Pt/SiO,............................ 134

Xiv



CHAPTER 1

INTRODUCTION

The field of heterogeneous catalysis has been instrumental in curbing many of the
environmental ills stemming from the rapid industrialization of the second half of the 20"
century. Catalysts are heavily employed to reduce air pollutants produced as byproducts
of various forms of energy generation. This includes transportation-related pollution
sources such as automobiles, trucks, and buses as well as stationary sources such as fossil
fuel-burning power plants. Additionally, many chemical manufacturing plants utilize
catalysts as an end-of-pipe treatment method to reduce and eliminate waste emissions.
Furthermore, catalysts are used to improve the efficiency of various chemical processes
thereby eliminating pollution at the source. The development of catalysts for all of these
applications has been driven by increasingly stringent environmental regulations and it is
quite evident that the field of catalysis will continue to play an important role in meeting
environmental challenges of the future. This is reflected in the large number of
international meetings and symposia devoted entirely to the field of environmental
catalysis. A prominent catalysis journal (Applied Catalysis) spun off a separate journal,
Applied Catalysis B: Environmental, devoted exclusively to this subject.

Air pollution, which plagues most industrialized nations throughout the world, is
inherently coupled with energy usage. As long as fossil fuels continue to provide the
bulk of the world’s energy output, scientists and engineers will have to continually
develop innovative methods to abate the associated emissions. Burning fossil fuels

results in the secondary production of carbon monoxide and hydrocarbons, which are



both products of incomplete combustion. Also, the high temperatures characteristic of
combustion systems result in the combination of nitrogen and oxygen in air to form
nitrogen oxides. Both carbon monoxide and nitrogen oxides are direct respiratory
irritants and have other harmful effects on humans. Additionally, nitrogen oxides and
volatile organic hydrocarbons react in the presence of sunlight in the troposphere to form
photochemical smog, which afflicts many urban areas throughout the world. Ozone, a
primary component of smog, is also a strong respiratory irritant and is responsible for
free radical-associated tissue and chromosomal damage. Nitrogen oxides also react with
water vapor to form acidic nitrogen compounds, which are responsible for the
acidification of soils and water bodies in many areas of the world. Consequently, the
U.S. Environmental Protection Agency (EPA) has regulated emissions of these pollutants

under the Clean Air Act (CAA) since the early 1970’s.

1.1 Automotive Three-Way Catalysts
One of the most successful applications of catalysis in the environmental field has been
the use of so-called three-way catalysts (TWC’s) in automobile exhaust systems. TWC’s
are named as such because of their ability to simultaneously oxidize CO and unburned
hydrocarbons to carbon dioxide and reduce NO, (NO and NO;) to nitrogen (N»). A
summary of the reactions carried out by TWC’s in the automotive catalytic converter is
given in Figure 1.1. Automotive TWC’s have evolved into extremely complex active
systems with the ability to conduct the necessary reactions efficiently in an extremely

hostile environment.



Figure 1.1 Summary of TWC catalytic reactions [1,2]

CO and Hydrocarbon Oxidation:

CO+ %Oz — CO2

CoHx+ (y + 2—]02 —yCO:2 + %HzO

Steam Reforming of CO and Hydrocarbons:

CO+H:0 — CO:2+Hz
CyHx +2yH:0 —> yCO2 + 2( y+ %}HZ

NO and NO, reduction;

NO+CO — %Nz-{-COz
NO:+2CO —» %N; +2CO:
NO+H: - —;—N2+H20
NO2+2H2 —» %Nz +2H0
2(y + i})NO +CHx — (y + —j«)Nz +yCO2 +-§HzO
X

(y + ~X—JN02 + CyHx — (w +— N2+ yCO: + 2 H0
4 2 8 2

e
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(1.3)

(1.4)

(1.5)
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(1.9)
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TWC’s have generally been composed of a mixture of precious metals (Pt, Pd,
Rh) supported on a high surface area y-Al,O; washcoat. The washcoat is deposited on a
ceramic honeycomb monolith with open parallel channels consisting of approximately
400 cells per square inch and 0.006 in. wall thickness. Monoliths are effective for
automotive catalyst applications for several reasons. The high cell density and narrow
wall thickness provide an open frontal area of greater than 70 %, resulting in a low
pressure drop, which is important in automotive applications in order to maximize engine
power and fuel efficiency. Also, monoliths are manufactured from ceramic materials
with low thermal expansion coefficients that can be matched to the thermal expansion
properties of the support (y-Al,O;) washcoat. These properties are critical for
maintaining catalyst durability despite rapid temperature fluctuations and periodic high
temperature excursions experienced under various operating conditions. Additionally,
the ceramic monoliths provide a large amount of contact between reactants and catalyst
washcoat, necessary for the efficient removal of various exhaust components. In some
specialized applications, metal monoliths are used with extremely narrow wall thickness
resulting in open frontal areas greater than 90 %.[1,2]

First generation catalytic converters consisted of a mixture of Pd and Pt deposited
on y-Al,O5;. These catalysts were only required to oxidize CO and hydrocarbons since
NO, emissions standards could be attained through engine modifications such as exhaust
gas recirculation. More stringent NO, regulations took effect in 1979 and led to
development of the precursor to today’s TWC. Early TWC’s were composed of a
mixture of Pt and Rh in a ratio of 5:1 with a total metal content of 0.1-0.15 % by weight

on a y-Al,Os support. In this system, oxidation reactions are primarily carried out on Pt



while NOy reduction occurs mostly on Rh. A variety of additives were also incorporated
within the metal-support system to instill several desirable properties. Small amounts
(1-2 % by weight) of La,O5 and BaO were added to y-Al,O; to stabilize the support and
prevent support sintering. CeO, (10-20 % by weight) was added to the support along
with smaller amounts of ZrO, to improve the oxygen storage capabilities of the system as
discussed further below.[1,2]

Effective operation of the TWC required the concomitant development of both
oxygen sensor with associated engine technology, and the CeO, oxygen storage
component. In order to effectively conduct oxidation and reduction reactions
simultaneously, it is necessary for the engine to operate within a very small range of air
to fuel ratio. The stoichiometric air/fuel ratio on a weight/weight basis is 14.6 and
optimal operation of the TWC requires this ratio to vary within a window of only + 0.05.
This was accomplished through the development of the exhaust oxygen sensor. This
sensor, located before the catalytic converter in the exhaust manifold, is composed of a
high surface area Pt electrode with a stabilized ZrO, solid electrolyte (note: another
successful use of catalysis!). The sensor detects the amount of oxygen present in the
exhaust gas and relays this information to an onboard computer, which adjusts the air/fuel
ratio accordingly. Oxygen concentration data is transmitted by the sensor at a rate of 0.5-
1 Hz. A result of the oxygen sensor and associated electronics is that the catalytic
converter operates under alternating oxidizing and reducing conditions. Under reducing
conditions, an additional source of oxygen is required to oxidize unreacted CO and

hydrocarbons.[1,2]



The required oxygen is supplied by a CeO, oxygen storage component (OSC).
The redox properties of CeO, are such that oxygen is efficiently liberated under reducing
conditions yielding a reduced Ce,Os;. When the exhaust gas reverts to oxidizing
conditions, CeO, is re-formed storing oxygen for future use. In addition to providing
oxygen for the CO and hydrocarbon oxidation reactions (Fig. 1.1, reactions (1.1) and
(1.2)), CeO; is also an efficient catalyst for the steam reforming reactions, which convert
CO and hydrocarbons to CO, and H, under rich conditions (Fig. 1.1, reactions (1.3) and
(1.4)). The generation of H; further enhances the reduction of NOy to N,. Small amounts
of ZrO, are added to the CeO,, which increases the oxygen mobility on the CeO, surface
and improves the thermal stability of CeO,.[1,2]

In the last decade, catalyst manufacturers have altered the catalyst composition of
TWC’s from a 5:1 Pt/Rh mixture to a mostly Pd formulation with small amounts of Pt
and Rh added or, in some cases, a Pd only catalyst. The shift from Pt and Rh to Pd has
been driven by the higher costs of Pt and Rh compared to Pd. Pd catalysts tend to be
more susceptible to various forms of deactivation than Pt or Rh. However, improvements
in fuel quality, higher engine operating temperatures, more precise control of the air/fuel
ratio, and improved catalyst formulations have enabled Pd catalysts to become viable for
automotive emission control.[1,2]

The evolution of the modern automotive TWC has occurred largely due to U.S.
EPA regulations that have steadily increased in stringency since the early 1970°s.
Current standards for vehicle emissions are shown in Table 1.1. These standards have
been completely in effect since 1996 and it is likely that further reductions in each

pollutant will be required in the near future. Already, a more stringent NOy standard was



promulgated recently in conjunction with a rule requiring reductions in the sulfur content
of fuel (see discussion below).[4] The new NOy legislation establishes a 0.07 g/mile
standard and applies to all vehicle categories listed in Table 1.1. The scheduled phase-in
period begins in 2004.

Table 1.1: Current light-duty vehicle and truck emission standards (g/mile)" [3]

Vehicle type CcO THC® NMHC' NO,
LDV® 3.4(4.2) 0.41 0.25 (0.31) 0.4 (0.6)
LDTI1¢ 3.4(4.2) (0.80) 0.25 (0.31) 0.4 (0.6)
LDT2* 4.4 (5.5) (0.80) 0.32 (0.40) 0.7 (0.97)

Notes: a) The listed standards are so-called Tier 1 standards which were completely phased in by 1996.
The first number in each column is the standard that must be met for 5 years/50,000 miles. The
number in parentheses is the 10-year/100,000 mile standard. A blank space indicates that there is
no applicable standard.

b) Light-duty vehicle

¢) Light-duty truck < 3750 Ibs. Gross Vehicle Weight (GVW)
d) Light-duty truck > 3750 Ibs. GVW, but < 8500 Ibs.

e) Total hydrocarbons

f) Non-methane hydrocarbons

1.2 Sulfur Poisoning
Many of the innovations in automotive TWC’s described above were developed as
methods for combating various forms of catalyst deactivation. Typical emission control
catalysts are deactivated by high temperatures; thermal cycling; lubricating oil-derived
phosphorous, zinc, and lead deposition; and sulfur poisoning. Sulfur poisoning, in
particular, has been extensively studied by catalyst researchers and the interactions
between various sulfur compounds and catalysts can be extremely complex. In general,
sulfur poisoning occurs on automotive TWC’s when organosulfur compounds, present in
current gasoline blends at an approximate concentration of 300 ppm, are oxidized during

the combustion process to SO,. SO, can interact with the TWC in several ways



depending on the exhaust gas temperature and composition as well as the composition of
the TWC.

At low temperatures (< 300°C), SO, adsorbs on the metal surface thereby
inhibiting catalytic reactions by blocking active sites. At higher temperatures and under
oxidizing conditions, SO, can be oxidized to SO;, which can react with the y-ALO;
support to form Al(SOs);. Al(SOs)s is less dense than ALO; and can cause the
blockage of pores on the y-Al,Os surface. The extensive pore network common to high
surface area Al,O; is one of several important properties that make it an effective catalyst
support material. However, when pore blockage occurs, the precious metal particles that
are deposited in the pores become unavailable as reaction sites. Under reducing
conditions and high temperatures, the y-Al,O; surface can be partially regenerated as
SO, is reduced to H,S. H,S can then adsorb on the metal particles and block
catalytically active sites or it can be emitted to the atmosphere. Furthermore, SO; in the
exhaust gas can react with the oxygen storage component to form Ce(SOy),, which
inhibits its oxygen storage, and release properties.

The adsorption of sulfur compounds on active metal sites and the formation of
sulfate on both metal sites and the support material are fairly well established in the
catalysis literature. However, the mechanisms for the subtle changes in reactivity caused
by the interactions between sulfur species and active catalytic sites are not as well
established despite extensive study by many researchers over several decades. Studies on
emission control catalysts have shown that, in most cases, the oxidation of carbon
monoxide is severely inhibited by the presence of sulfur compounds in the feedstream

and/or on the catalyst surface. This observation holds regardless of whether the



feedstream exhibits oxidizing or reducing conditions, although the deactivation
mechanism may be different in each case. Methane oxidation activity is generally
deactivated slightly under both oxidizing and reducing conditions. While there is
substantial agreement in the literature on the carbon monoxide and methane oxidation
reactions, the effects of sulfur compounds on hydrocarbon oxidation reactions are not
clearly understood and appear to depend substantially on sulfur concentration, reaction
conditions, catalyst composition, and the specific hydrocarbon compound being studied.
A large number of laboratory studies have examined the effect of sulfur on the
oxidation activity of Pt and Pd catalysts for propane oxidation. In general, Pt and Pd
catalysts are deactivated for propane oxidation under reducing conditions where the
steam reforming reaction is dominant (Fig. 1.1, reaction (1.4)). It is presumed that sulfur
compounds on the catalyst surface interfere with the reaction between adsorbed
hydrocarbons and surface hydroxyl groups.[5] Pd catalysts are also substantially
deactivated for propane oxidation in oxidizing conditions. However, many researchers
have observed an activity increase for propane oxidation on Pt catalysts when adsorbed
sulfur compounds are present. Although the subject has been studied extensively, a
review of the literature indicates that there is not one singular explanation for the activity
increase observed for the propane reaction on Pt catalysts. A variety of mechanisms have
been proposed including: (1) sulfur-induced restructuring of the Pt crystal surface from
substantially (111) crystal planes to (100) planes which are more active for the propane
reaction; (2) sulfur-induced electronic effects on Pt crystals which result in active sites
for the propane reaction; (3) formation of sulfate on Pt sites leading to additional active

reaction sites; (4) formation of sulfate at the Pt/support interface which yields additional
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active sites for propane reaction; and (5) sulfur-induced crystal growth of Pt metal
particles yielding larger particles more active for the propane reaction.

The concept of activity enhancement in catalysis due to the presence of trace
adsorbed compounds is not new and has been utilized to improve the function of catalysts
for a variety of chemical reactions. Examples of catalytic reactions enhanced by sulfur
poisoning include: (1) increased selectivity of Fischer-Tropsch catalysts for heavier
hydrocarbons in the CO + H, reaction, (2) increased selectivity for partial hydrogenation
of di-olefins to the corresponding mono-olefins, and (3) minimization of excessive
hydrocracking in the reforming of naptha.[6] However, in these examples, the mechanism
for activity enhancement appears to involve the suppression of one or more competing
reactions in favor of the desired reaction rather than an absolute increase in activity for
the desired reaction. That is, the overall rate of the desired reaction may be inhibited by
sulfur poisoning, but competing reactions are inhibited to a much greater extent. In
contrast, activity promotion for propane oxidation on Pt catalysts appears to occur
because of an enhancement in activity for the dissociative chemisorption of propane
involving C-H bond activation. In fact, this step is generally thought to be the rate-
limiting step in a wide variety of hydrocarbon conversion reactions including
hydrocarbon oxidation.[7]

As a consequence of the importance of catalytic hydrocarbon conversion reactions
in many industrial processes as well as in emission control applications, it is desirable to
obtain a better understanding of the interactions between sulfur compounds and Pt

catalysts and their associated effects on reaction activity.
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1.3 Importance of Sulfur Interactions on Precious Metal Catalysts
In emission control applications, it is essential to understand the interactions of sulfur on
catalyst surfaces since sulfur is a trace component of most solid and liquid fuels.
Combustion of sulfur- containing fuels results in the production of residual amounts of
SO,, which often inhibits emission control catalysts. In addition to activity changes on
automotive TWC’s, sulfur effects have important implications for a variety of present and
future emission control applications of precious metal catalysts.

For example, catalysts designed for diesel engine exhaust treatment are subject to
sulfur poisoning due to the fact that diesel engines operate with a lean air/fuel mixture. A
consequence is the lower exhaust temperatures at which diesel engine exhaust catalysts
must operate as compared to gasoline engine exhaust catalysts.[1] At lower temperatures,
oxidized sulfur compounds tend to adsorb on active metal sites and inhibit the reduction
of NO, by hydrocarbons and soot in the exhaust. Additionally, oxidized sulfur
compounds can desorb and be emitted as particulates, which are strictly regulated for
diesel engines.[1]

The reduction of NOy by hydrocarbons and CO to form N, and CO; in a lean
environment is an important catalytic reaction for the development of emission control
systems for lean-burn gasoline and lean-burn natural gas engines, which are currently
being developed for use in the transportation sector.[1] This reaction is difficult to
perform catalytically in a lean exhaust environment and interactions of sulfur with
potential catalysts are important. A similar technology known as partial lean-burn is also
being studied. In this case, an engine would operate primarily on a lean air/fuel mixture

for which catalysts can easily be designed to oxidize CO and hydrocarbon emissions.
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The catalysts would contain a type of NOy storage material such as BaO, which would
adsorb NO, while the engine is operating in the lean mode. Periodically, the engine
would switch to a rich air/fuel ratio, at which time the NO, would desorb and react with
available carbon compounds. Unfortunately, sulfur also has an inhibiting effect on many
potential NOy storage materials.[1]

One strategy for eliminating the effects of sulfur on emission control catalysts is
to reduce the amount of sulfur in fuels. Automakers have complained to the U.S. EPA
for several years that it is impossible to reduce tailpipe emissions to meet proposed
emission standards without a simultaneous reduction in the sulfur content of gasoline.
However, petroleum refiners argue that further decreases in the sulfur content of gasoline
would result in significant increases in gasoline prices and cause initial fuel shortages.
The U.S. EPA recently issued regulations mandating reductions in the amount of sulfur
contained in gasoline.[4] The sulfur regulation was issued in conjunction with regulations
requiring cuts in NOy emissions from automobiles and light trucks. Currently, the
average sulfur content of gasoline in the U.S. is 330 ppm and the new regulations would
reduce that concentration to 30 ppm. The regulation requires a scheduled phase-in period
from 2005 to 2009. The US. EPA estimates that the rule will result in a 2 cent per gallon
gasoline price increase while petroleum refiners estimate the additional cost to be three
times as much. Additionally, the U.S. EPA is considering a proposed rule, currently
under review by the Office of Management and Budget, which would cut sulfur levels in
diesel fuel from current levels of 500 ppm to 15 ppm by 2006.[8]

Obviously, it would be economically advantageous to fuel producers as well as

fuel consumers if catalysts could be designed to minimize deleterious effects of sulfur
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while incorporating the promotional effects. Current sulfur concentrations of 330 ppm in
gasoline already require substantial investments in desulfurization technology to remove
high levels of sulfur in crude oil. A reduction of sulfur content to 30 ppm will certainly
require new innovations in desulfurization technology that will not be inexpensive. Thus,
the high costs of further sulfur removal may be averted if it can be shown that sulfur has
beneficial effects on emission catalysts.

In addition to the effects on emission control catalysts, sulfur also interacts with
many catalysts used in the petroleum refining industry. Refiners use a variety of noble
metal catalysts supported on metal oxide supports to improve the yields of reactions used
to produce gasoline from crude oil including fluidized catalytic cracking, reforming, and
isomerization reactions. Since organosulfur compounds are present in crude oil in
varying amounts, the catalysts used in these reactions are subject to interactions with
sulfur. In some cases, sulfur proves to be beneficial while in others sulfur decreases the
efficiency and/or lifetime of the catalysts. Consequently, research on the reactions of
carbon-containing compounds on sulfur-exposed catalysts has important implications for
petroleum refining processes as well as for emission control catalysts. Additionally
sulfur compounds have effects on typical catalysts used for processes such as Fischer
Tropsch synthesis of hydrocarbons from synthesis gas (CO + H,), coal gasification, and
gas-to-liquids technology.

An emerging technology for which precious metal catalysts will play an important
role is the use of fuel cells for both stationary power production and vehicle propulsion.
Current fuel cell prototypes utilize the H, plus O, reaction to produce an electric current.

The current thinking is that H, will be produced by catalytic reforming of a hydrocarbon
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source such as gasoline, natural gas, or methanol. In this system, two different catalyst
units would be required. In the first unit, a process such as steam reforming or partial
oxidation of the hydrocarbon fuel would be used to produce a mixture of CO and H,. In
a second unit, the water-gas shift reaction would be used to remove CO produced in the
first process by reaction with H,O to produce H, and CO,. As noted previously, sulfur
compounds are present in various concentrations in each of the fuels listed above and
will, thus, play an important role in the type of reforming catalysts used for hydrogen
production in fuel cell applications.

As this discussion indicates, the interaction of sulfur with precious metal catalysts
is a topic that is relevant and extremely important to a vast array of chemical and
industrial processes. A better understanding of the mechanisms behind the effects of

sulfur on catalysts has the potential to benefit a large number of chemical processes.

1.4 Objective

The objective of this study was to investigate the effects of sulfur poisoning on supported
Pt oxidation catalysts and to attempt to find a mechanism or mechanisms that account for
the observed effects. The catalysts included in this study were Pt supported on several
different oxide supports and were similar, but simplified versions of typical emission
control catalysts. Different support materials were studied in order to determine’whether
activity changes on sulfur-poisoned Pt catalysts were influenced by the support structure.
The support materials included y-Al,Os, TiO,, ZrO,, and SiO.

Catalyst activity was evaluated for the complete oxidation reactions of CO and

several light hydrocarbons including, CHy, CoHg, CoHy, CoHa, CsHs, CsHg, and n-CyHyo.
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While CO, CH4, and C;Hg have been commonly studied in the past by catalysis
researchers as representative exhaust compounds, the other hydrocarbons were chosen to
evaluate differences in catalytic activity between alkanes, alkenes, alkynes, and CO. It
was assumed that sulfur effects on reactivity are strongly dependent on the reaction
mechanism. Thus, the compounds chosen for this study provided the opportunity to
determine the effects of sulfur on several different reaction mechanisms.

In these experiments, one specific form of sulfur poisoning was studied. Each
catalyst was poisoned with a mixture of H,S in air prior to conducting various activity
and characterization experiments. Thus, the effects studied were those due to sulfur
poisoning under oxidizing conditions and did not include the additional effects of sulfur
present in the reaction feedstream during activity experiments. Fresh and sulfur-poisoned
catalysts were compared based on their activity for the complete oxidation of the
compounds listed above.

In addition to activity experiments, a range of catalyst characterization
experiments was conducted to elucidate the nature of the effects of sulfur on Pt catalysts.
Techniques such as H, chemisorption, BET surface area, FTIR spectroscopy,
temperature-programmed reduction, and temperature programmed desorption were
utilized to evaluate changes in catalyst properties due to sulfur poisoning. Detailed
experimental procedures are presented in Ch. 3.

Experimental results were compared to results found in the literature and some
conclusions were made regarding the mechanisms for observed effects of sulfur
poisoning on the reactivity of Pt catalysts. The sulfur-induced activity promotion for

alkane oxidation activity on Pt was specifically emphasized.



CHAPTER 2

LITERATURE REVIEW

As stated in Ch. 1, the interactions of sulfur compounds with catalyst surfaces have wide
ranging implications for many chemical processes in which practical catalyst systems are
employed. Accordingly, an extensive amount of research has been conducted on this
subject. A summary of pertinent research results describing the specific interactions of
sulfur compounds with Pt catalysts and the associated effects on various catalytic
reactions is presented below. This is preceded by a brief discussion of the properties of
catalyst support materials including a review of the interactions of sulfur compounds with

the support materials alone.

2.1 Catalyst Support Materials

In general, materials used as catalyst supports are characterized by a high surface area
and a complex pore network in which the active metal catalyst particles are deposited.
The primary purpose of the support is to provide a large surface area and a stable surface
on which the metal catalyst can be deposited. A support material is chosen for a given
application on the basis of several important characteristics including its inertness to
undesired side reactions, appropriate mechanical properties (attrition resistance, strength,
etc.), stability under reaction conditions, a surface area and pore size distribution
appropriate for the desired reactions, and its cost. [9]

The support material can have other beneficial properties as well. Often, metal

catalysts are more active for a particular reaction when they exist as highly dispersed
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particles with small particle diameters. Other reactions are favored on larger particles. In
either case however, a support material can be used which stabilizes the catalyst particles
at the desired dispersion by preventing metal sintering or re-dispersion. Additionally,
support materials can be designed to inhibit catalyst deactivation resulting form exposure
to poisonous reactive compounds. Support materials can also interact with the deposited
metal and impart additional catalytic activity not intrinsic to the metal itself. This
phenomenon is often referred to as strong metal-support interactions (SMSI). In other
cases, support materials have catalytic activity independent of the deposited metal
catalyst. This occurs in so-called bi-functional catalysts where a reaction intermediate
present on an active metal site reacts with another reaction intermediate present on the
support surface. The reaction occurs at the metal/support interface.

A discussion of the physical properties of the four catalyst support materials used
in this study is presented in the sections below. Included in each discussion is a brief

review of the interactions of sulfur compounds on each catalyst support.

2.1.1 y-ALO;

Alumina (Al,O3) is the most commonly used catalyst support material. It exists in a large
number of crystallographic structures with greatly varying surface area, pore size
distribution, and surface acidity. The crystallographic form depends on the preparation
method, purity, and thermal history. Of the many forms, y-Al,Os is the most common for
use as a catalyst support. It is used in wide variety of catalyst applications because it
possesses many of the important attributes of an ideal catalyst support including its

inertness toward many catalytic reactions. (Although, in some instances it is used alone
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as a catalyst; i.e. the Claus reaction and alcohol dehydration.) It also has many desirable
physical characteristics that make it a successful commercial catalyst support including
attrition resistance, hardness, and compressive strength. The gamma form of ALOs is
stable at temperatures up to 500-600°C, which covers a useful temperature range for
many catalytic reactions. This temperature stability can be increased however, by the
addition of various trace components, such as La,0;. Additionally, y-Al,O3 has a high
surface area and the pore size distribution can be easily controlled by varying the
preparation procedure. [2,9]

The surface of y-Al,O; is characterized by varying amounts of surface —OH
groups depending on the preparation conditions and reaction environment. Heating
v-Al,O5 causes the surface ~OH groups to react and form water, leaving behind surface
oxides as well as exposed Al atoms. y-Al,O; is known to be weakly acidic and contains
both Bronsted and Lewis acid sites resulting from surface -OH groups and Al metal
atoms, respectively. [9]

A review of pertinent literature allows several observations and conclusions to be
made regarding the activity of sulfur compounds on y-AlLO;. Most notable, is the
formation of surface sulfate even in the absence of a metal catalyst such as Pt. The
formation of sulfate by oxidation of SO, was observed on y-Al,Os both in the presence
and the absence of gas phase O, at temperatures > 400°C. Deo et al. [10] observed the
formation of a chemisorbed “sulfate-like species” when room temperature-adsorbed SO
was heated to 400°C in the absence of O,. The “sulfate-like species” was identified based
on the formation of two broad IR transmission bands at 1375 and 1110 cm™. Chang [11]

found that treating y-Al,O; with a mixture of 7 torr SO, and 7 torr O, at temperatures
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greater than 400°C resulted in the formation of two broad and intense IR peaks at 1400
and 1100 cm™ which were attributed to the formation of aluminum sulfate. Chang also
showed that the room temperature adsorption of SO; on y-Al,Os resulted in the same
broad IR bands characteristic of aluminum sulfate formation. Okamoto et al. [12] found
that the adsorption of H,S at room temperature on y-Al,O; followed by treatment with O,
at 500°C resulted in the appearance of an IR band at 1380 cm™, which the authors
attributed to the formation of surface sulfate anions.

It can be concluded from these reports that sulfur compounds (H,S and SO;) are
readily oxidized on y-Al,O; to form aluminum sulfate and/or adsorbed sulfate anions
when O is present at temperatures > 400°C.  Although sulfate formation is observed in
the absence of Pt or any other catalytic metal, it is expected to occur to a much greater
extent on Pt/ y-Al,Os catalysts. Pt is an effective catalyst for the oxidation of H,S to SO,
and SO; and, since SO; has been shown by Chang [11] to readily react with y-AlL,O; to
form aluminum sulfate, the formation of sulfate on Pt/y-Al,O; catalysts is expected to
occur by spillover of oxidized SO; on active Pt sites to the support with subsequent
reaction on the y-Al,O; surface. This process is important because it results in the
formation of sulfate sites on the y-Al,O; support that are in close proximity to the active

Pt sites and leads to the formation of active catalytic sites at the Pt/support interface.

2.1.2 TiO,
TiO; occurs in three natural crystallographic forms with the anatase form being the most

commonly used in catalysis because of its higher surface area. This structure is stable
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below 500°C. TiO; is more acidic than y-Al,O; and is reported to be less susceptible to
sulfate formation than y-ALO;. [2,9]

Recent research has been conducted by Yi et al. [13] comparing the adsorption
and reactivity of H,S and SO, on TiO; and Al,Os. It had been suggested previously that
TiO, is a more active Claus catalyst than y-Al,O; due to the fact that TiO, is less
susceptible to sulfate formation. The authors found that both TiO, and AlL,O; were
deactivated for the hydrolysis of CS, reaction following a pre-sulfation treatment with a
mixture of SO, and air at 450°C. Over time, however, TiO, recovered much of its
original activity while Al,O; did not. This led the authors to conclude that sulfate formed
on a TiO, surface is unstable and that surface activity can be recovered under reaction
conditions while a sulfated Al,O; surface cannot be easily regenerated. These results
indicate that the formation of surface sulfate should be less extensive on Pt/TiO; catalysts
than Pt/ y-AL,Os.

Additional work performed by Yi et al. [13] showed that the adsorption of sulfur
compounds (H,S and SO,) on TiO, has a strong effect on the conductivity of the surface
as determined by temperature-programmed electronic conductivity experiments. The
same effect was not observed on ALO;. This conductivity effect was expected since
TiO; is an n-type semiconductor and it has important implications for the effects of sulfur
compounds on Pt/TiO, catalysts. It seems to indicate that electronic effects on Pt
particles due to adsorbed sulfur compounds on the support may be more likely to occur
on Pt/Ti0; than for Pt supported on other materials. A discussion of the electronic effects

of sulfur compounds on Pt catalysts is presented in section 2.2.2.



21

213 7Zr0,

710, is stable at high temperatures but its use as a catalyst support is limited as a result of
its considerable expense relative to more commonly used supports [9]. It is commonly
sulfated to form a Zr0,-SO4> solid superacid catalyst with is active for a variety of acid-
catalyzed hydrocarbon conversion reactions [14]. Sulfate groups apparently result in

additional Bronsted acid sites, which serve as active catalytic sites for certain reactions.

2.1.4 Si0,

Si0O, is characterized as having an extremely large surface area. It is, in general, less
mechanically stable than y-Al,O; but more inert to many reactants. SiO; is reported to be
unreactive towards sulfur compounds and is slightly acidic due to the presence of surface

hydroxyl groups. [2,9]

2.2 Effects of Sulfur on Pt Catalysts
A review of the catalysis literature reveals the existence of several major mechanisms
that are employed to describe the effects of sulfur compounds on supported Pt catalysts.
Some of these mechanisms are well established and generally accepted to be true, while
others require additional experimental evidence to prove their validity. A brief
description is presented below for each mechanism that is believed to be important and
relevant to the sulfur poisoning conditions and oxidation reactions investigated in this
study. Each one of the mechanisms listed below is not taken directly from a single

reference but, rather, is a summary of ideas presented in numerous reports in the catalysis
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literature. More detailed discussions of each mechanism, including specific references,

are presented in the ensuing sections.

1)

2)

3)

4)

The reactions of sulfur gases on Pt metal surfaces followed by subsequent reactions
on the support surface can cause Pt particles to restructure from predominantly (111)
crystal planes to (100) crystal planes. The change in crystal structure is accompanied
by a change in Pt activity. The result is that certain reactions may be enhanced on
(100) surfaces while others are deactivated. Still other reactions may not be affected
at all.

The presence of sulfur compounds or sulfate ions on the catalyst support or on the Pt
surface can effect changes in the electronic properties of Pt particles, which can alter
the activity of Pt catalytic sites. Sulfur compounds and anions act as electron
acceptors, which can withdraw electron density from the Pt particles and,
consequently, affect the activity of Pt sites. These electronic effects are proposed to
inhibit or enhance a variety of chemisorption, dissociation, and reaction processes.
The formation of sulfate compounds and anions on the catalyst support and/or at the
Pt/support interface may result in the creation of new active sites for certain reactions.
In some cases, this can create a so-called bi-functional catalyst on which an adsorbed
intermediate on the Pt surface can react at the Pt/support interface with an adsorbed
intermediate on the sulfated support. Although sulfate may create active sites on the
support for some reactions, it can also block active sites for others.

Reactions of sulfur compounds on Pt can also lead to the formation of oxidized sulfur
compounds and anions on Pt metal sites. This results in the formation of new active

catalytic sites for certain reactions as described in the mechanism above. However, it
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also results in the blocking of active Pt sites, which is expected to inhibit reactions
that take place on bare Pt metal sites.

5) The reaction of sulfur compounds on supported Pt catalysts can cause the reduction
and agglomeration of Pt metal crystals forming larger Pt particles. An increase in
particle size can result in enhancement or deactivation of various catalytic reactions.
Other reactions may be unaffected by changes in particle size.

6) Reactions of sulfur compounds with the support material to form support-sulfate
compounds can result in the blockage of the support pore network. Pore blockage can
also occur as a result of thermally induced sintering of the support material. The pores
of Pt catalyst supports contain a considerable amount of deposited Pt particles, and

substantial deactivation in reactivity can occur as a result of pore blockage.

2.2.1 Restructuring of Pt Crystal Surfaces From a (111) Orientation to (100)
Many researchers have observed the rearrangement of the surface structure of Pt crystals
following interaction with sulfur compounds. In fact, these observations have not been
limited to Pt or sulfur compounds only. Other metal surfaces are structurally altered by
the presence of adsorbed species. For example, Ni(111) and Cr(110) surfaces have both
been observed to undergo rearrangement of the surface structure to a 100 crystal plane
orientation when adsorbed sulfur compounds are present.[15] The restructuring of
Ni(111) to Ni (100) was also observed in the presence of C,H; or benzene.[15]

Many of the experiments in which these phenomena have been observed were
conducted on single crystal surfaces under ultra high vacuum conditions, which are

definitely not conditions characteristic of real catalyst systems. Consequently, there is
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much debate in the literature over the applicability of such results to real systems.
Nevertheless, many researchers have attributed changes in Pt reactivity to structural
modifications of the metal surface; so it is still important to consider these results when
studying the effects of sulfur compounds on supported Pt catalysts.

Early work on the subject of Pt crystal surface restructuring was conducted by
Schmidt and Luss [16] who studied Pt-10 % Rh gauze catalysts used for HCN production
from NH3, CHy, and air. They found that, upon addition of 100 ppm H,S to the reaction
mixture, a 4 % increase in reaction yield was obtained. Electron microscopy results
revealed that this activity increase was accompanied by considerable faceting
(reorientation of the crystal surface structure) of the catalyst. The H,S-poisoned surface
exposed predominantly 100 crystal planes, whereas the original catalyst exposed mainly
111 planes. The authors concluded that the surface energy of the 100 plane is most likely
lower than that of other crystal planes in the presence of sulfur compounds.

A mechanism for an adsorbed surface impurity-induced crystal surface
reorientation was proposed by Somorjai [15] in an important commentary and is
summarized here. Somorjai suggested that the surface rearrangement is due to rapid
diffusion of surface metal atoms induced by an adsorbed impurity. Specifically, the
adsorbed impurity lowers the surface energy of one crystal plane relative to the
orientation exhibited by the clean metal surface. Generally, the lowest free energy
corresponds to the surface structure with the highest atomic density. For platinum and
other face-centered cubic crystals, the (111) plane has the highest atomic density.

According to Somorjai, the adsorption of sulfur on Pt crystals lowers the surface free
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energy of the (100) plane so that it is favored over the (111) structure. Thus, sulfur
promotes the recrystallization of Pt crystals from (111) surfaces to (100) surfaces.

Using this model, reactions that are inhibited (or enhanced) by sulfur poisoning
are said to be “structure-sensitive” while reactions unaffected by sulfur are referred to as
“structure-insensitive”.  Several researchers have suggested that the promotion of
propane oxidation on sulfur-poisoned Pt catalysts occurs because the propane oxidation
reaction 1s favored on the (100) Pt surface. Although this may be true, it is important to
recognize that practical Pt catalysts do not exist as single crystal surfaces and, generally,
expose a combination of various crystal surface orientations. Therefore, the applicability
of single crystal studies to observed effects on practical catalysts is not clear.

Additionally, sulfur poisoning of supported Pt catalysts such as Pt/y-Al,O;, is
expected to result in the presence of sulfur compounds and anions primarily on the
support surface. It is uncertain whether support surface-adsorbed sulfur can have a long-
range effect on Pt crystal structure. Although it is possible, however, that sulfur can
effect changes in the Pt crystal structure of supported Pt catalysts during the short period
of time in which sulfur compounds adsorb and oxidize on Pt before the resulting sulfur
compounds spillover to the support surface.

One of the few studies showing Pt crystal surface restructuring due to sulfur
poisoning of supported Pt catalysts was performed by P.J.F. Harris [17] who used
transmission electron microscopy to show that sulfur adsorption can change the surface
morphology of Pt/AL,O; catalysts. In these experiments, the Pt crystals, which initially
appeared as well-rounded or rounded octahedral crystals characteristic of 111 faceting,

restructured in the presence of H,S to form crystals exposing mainly square profiles
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indicative of (100) faceting. Sulfur adsorption was carried out using a mixture of
100 ppm H,S in H, at 400°C and this study was the first case where sulfur-induced
faceting was observed for Pt/AL,O; catalysts. However, one drawback to this study was
the fact that the Pt/AL,O; catalysts were heated in air at 700°C to increase the particle size
to 113 A prior to sulfur adsorption experiments. Larger particle sizes were necessary to
observe the changes in catalyst morphology given the available instrumentation. The
small particles typical of highly dispersed supported Pt catalysts (generally, < 50 A)
would not necessarily behave in exactly the same manner. Normally, as particle size
increases, the physical, chemical, and electronic properties approach that of bulk Pt

metal.

2.2.2 Electronic Perturbations of Pt Crystals Due to Sulfur Deposition
In a review article, J. Oudar [6] noted that the adsorption of sulfur compounds on metal
catalysts can cause modifications in both the structural and electronic properties of the
metal and that the observed effects of sulfur poisoning on metal catalysts are not simply
related to the blockage of active sites. In a review of various studies of model catalytic
reactions on single crystals, Oudar concluded that sulfur could change the reactivity of a
metal surface by weakening the electronic density of the surface as a result of sulfur’s
electronegative character.

Again, it is necessary to note that many of these studies involved single metal
crystal surfaces investigated at very low pressures and are not representative of practical
catalyst systems. It is certainly not clear that sulfur compounds adsorbed on a catalyst

support can have the same electronic effect as sulfur adsorbed directly on an active metal
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site. Oudar [6] states that, “the transposition of the results obtained on single crystals and
under low pressures in the case of technical and supported catalysts which operate under

atmospheric pressure or under high pressures raises certain reservations.”

2.2.2.1 Theoretical Predictions In a theoretical study of the effects of adsorbed
impurities on Pt, Ruckenstein et al. [18] claim that the structural changes described by
Somorjai do not always explain experimental facts. Although calculations and
experiments have shown that adsorbed contaminants with electron-withdrawing
properties such as S and CI can induce the restructuring of Pt from (111) to (100) crystal
planes due to the weakening of the bond strength between Pt atoms, Ruckenstein et al.
believe that adsorbed impurities can have electronic effects independent of structural
modifications that may or may not occur. This is supported by their extended Huckel
method calculations describing the effects of S and Cu on the oxidation of C,H,; and CO
over Pt/AL,O; catalysts.

Ruckenstein et al. [18] performed calculations on model Pt clusters consisting of
either 10 Pt atoms in the (111) orientation or 9 Pt atoms in the (100) orientation. Both
clusters yielded similar results when one Cu or S atom was adsorbed to a single Pt atom
in the cluster. The following conclusions were made:

e Adsorbed S atoms decreased the electron density of the cluster or, in other words,
yielded more positively charged Pt atoms.
¢ Adsorbed Cu atoms had the opposite effect although the effect of S was considerably

stronger.
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e Adsorbed S atoms inhibit the dissociative chemisorption of O, on Pt by inhibiting the
electron transfer from Pt to the 7 antibonding molecular orbitals of O,.

e (Cu atoms have the opposite effect. The dissociative chemisorption of O, is enhanced
through improved electron transfer from Pt to the ” antibonding molecular orbitals of
O, and a weakening of the O-O bond.

e Electron density changes due to adsorbed Cu are limited to the Pt atom on which Cu
is adsorbed and its nearest neighbors only.

e In addition to localized effects on atomic charge density, adsorbed S atoms caused a
significant decrease in the bond population of the entire cluster.

e Based on the charge transfer effects calculated for O, activity, adsorbed S is also
expected to inhibit the dissociative chemisorption of CO while Cu adsorption is
expected to have an enhancement effect for CO activity on Pt clusters.

Ruckenstein’s [18] observations have several implications for Pt catalyst activity.

Due to the combined effects on CO and O, chemisorption, adsorbed S would be expected

to deactivate Pt for CO oxidation. On the other hand, adsorbed Cu would be expected to

enhance the oxidation of CO on Pt. Additionally, the oxidation of C,H, on Pt is expected
to be inhibited by the presence of adsorbed S if the reaction occurs through the
interaction between dissociatively adsorbed O, and gas-phase C,H;. Each of these
observations is consistent with laboratory results.

Kummer [19] found that Cu treatment of a pre-reduced Pt/Al,O; catalyst yielded
significant increases in activity for both CO and ethylene oxidation compared to the
copper-free catalyst, while the presence of sulfur in the feedstream caused a significant

decrease in activity for CO and ethylene oxidation. It was also observed that Cu addition
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could only partly negate the effects of sulfur indicating that the effects of adsorbed S are
stronger than that of Cu.

Yates et al. [20] observed a strong reduction in the CO adsorption capacity of a
single Pt (111) crystal due to the adsorption of sulfur. This adsorption inhibition was
attributed to a combination of the physical blocking of active Pt sites by sulfur and a
perturbation in next-nearest neighbor Pt sites causing a reduction in the adsorption rate
and a decrease in the adsorption binding energy.

In section 2.2.1, several uncertainties were discussed regarding the applicability
of surface structure reorientation studies conducted on single Pt crystal surfaces to
practical supported Pt catalysts. Similar objections can be raised when discussing the
electronic effects of adsorbed sulfur on Pt catalysts. First, the effects of a sulfur atom or
compound adsorbed on a Pt site may be extremely localized and the effects on overall
catalyst activity may be minimal. Although Ruckenstein et al. [18] calculated a decrease
in the bond population over a entire 10 atom Pt cluster resulting from one adsorbed S
atom, other investigators have predicted electronic effects to be limited to nearest
neighbor Pt atoms. Secondly, it is doubtful that adsorbed sulfur compounds located on a
Pt catalyst support material could have long range electronic effects on deposited Pt
particles.

Feibelman and Hamann [21] studied the distance dependence of adsorbed sulfur
on transition metal properties and suggested that sulfur-induced changes in reactant
sticking probability, coverage, and activity on transition metal surfaces is, in fact, a result
of perturbations in the electronic properties over distances exceeding nearest neighbor

metal sites. Using surface linearized-augmented-plane-wave calculations of electronic
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perturbations caused by S adsorbed on a Rh (001) surface, they found that the charge
transfer effects described by Ruckenstein et al. [18] are only applicable at a distance not
exceeding that of the neighboring metal atom. There is a “screening” effect that limits
the charge transfer effects of adsorbed S to a localized environment. However, it was
also found that adsorbed S causes a reduction in the Fermi-level local density of states
(LDOS), which extends significantly beyond the distance of the nearest neighbor Rh
atom.

Wimmer et al. [22] suggested that calculations based on Pt clusters have the
disadvantage of a poor accounting for the metallic nature of the catalysts. Consequently,
studies such as those of Ruckenstein et. al. [18], do not effectively explain long-range
electrostatic effects. Wimmer et al. used an all-electron full-potential linearized-
augmented-plane-wave calculation method to determine the effects of pre-adsorbed K or
S on the co-adsorption of CO on a Ni(001) surface. Calculations confirmed earlier
reports and showed that pre-adsorbed K, an electron donor like Cu, enhances the
dissociative chemisorption of CO on Ni through electrostatic interactions resulting in a
shift of the molecular energy levels to a larger binding energy and a larger population of
the antibonding 2 molecular orbital levels. As the 21 antibonding orbital of CO is
filled the C-O bond is destabilized and, as a result, dissociation is favored. The poisoning
effect of adsorbed S was found to be more complex involving covalent bonding between
S and Ni, a small transfer of electronic charge from Ni to S, and a direct interaction
between adsorbed S and CO molecules. These effects cause the Ni surface to be

deactivated for the dissociative chemisorption of CO. The authors conclude that
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promoting and poisoning effects of catalyst additives such as K and S are complex in

nature and that classification into long-range and localized effects may be meaningless.

2.2.2.2 Laboratory Experiments In one of the few laboratory studies presenting
evidence of electronic effects due to adsorbed sulfur, Apesteguia et al. [23] used infrared
spectroscopy to determine the effects of pre-adsorbed sulfur on the adsorption of CO on a
Pt/Al,05-Cl catalyst. The frequency shift of adsorbed CO was used to evaluate the S-Pt
interaction following the treatment of the catalysts with a mixture of 0.1 % H,S/H, at
773 K followed by treatment with H, for 8 hrs. at 773 K. Experiments showed a decrease
in the CO adsorption band intensity and a positive 15 cm™ shift in band frequency for CO
adsorbed on sulfur-treated Pt when compared to CO adsorption on a clean Pt surface.
Shifts in CO absorption frequency can be caused by electronic or geometric changes
effected by adsorbed compounds on the catalyst. An adsorbate such as sulfur, which acts
as an electron acceptor, would be expected to increase the vibration frequency. This is
because the electron acceptor (S) decreases the back-donation of electrons from the metal
to the 21" antibonding orbitals of adsorbed CO resulting in a strengthening of the C=0
bond and a decrease in the force constant of the Pt-C bond.

Additional experiments showed that decreasing the coverage of CO on the sulfur-
treated Pt catalyst causes the original IR peak attributable to CO stretching vibrations to
split into two smaller peaks [23]. Apesteguia et al. identify the resulting peaks as the
vibrations of CO molecules adsorbed on Pt sites with S adsorbed on the same site or on a

neighboring site and CO molecules adsorbed some distance away from any adsorbed S
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atoms. The authors conclude from these experiments that sulfur does alter the electronic
properties of Pt catalysts but that these effects are extremely localized.

Apesteguia et al. [23] confirmed the occurrence of electronic effects by measuring
the competitive adsorption of benzene and toluene on a sulfur-poisoned Pt/Al,O;-Cl
catalyst. Toluene is a better electron donor than benzene and, since sulfur is expected to
increase the electrophilic character of the Pt sites, it is expected that toluene adsorption
would be favored. Experiments showed that the ratio of toluene adsorbed to benzene

adsorbed was indeed higher on the sulfided catalyst than on the non-sulfided catalyst.

2.2.3 Formation of Sulfate on Pt Particles
The formation of sulfate on Pt catalyst support materials has been proposed by many
researchers to be responsible for a wide range of catalytic effects due to sulfur poisoning,
including both deactivation and promotion of certain reactions. This effect is discussed
in further detail in section 2.2.4. However, an additional effect of sulfur poisoning was
recognized by Lambert et al. [7], who showed that adsorbed sulfur compounds on Pt
surfaces can promote the oxidation of alkanes without any contribution from a support
material. The activity enhancement was attributed to the formation of an SO, compound
on the Pt surface, which was determined in subsequent experiments to be sulfate.
Specifically, Lambert et al. [7] found that the chemisorption of SO, on an O, pre-
covered Pt (111) surface yielded a surface which was active for the dissociative
chemisorption of C;Hg under ultra high vacuum (UHV) conditions. This leads to
enhanced C;Hg oxidation since the usual rate-limiting step in catalytic hydrocarbon

conversions is proposed to involve H atom abstraction by the catalytic surface.
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Dissociative chemisorption of C;Hg was observed only on a Pt (111) surface that had
been pre-adsorbed with O, followed by SO,. No C;Hg adsorption was found on a clean
Pt (111) surface or on a Pt (111) surface pre-adsorbed with SO, only. Reversing the
adsorption steps (i.e., adsorption of SO, followed by O,) also did not yield a surface
active for C;Hg adsorption.  Additionally, the enhanced C;Hg chemisorption was
observed when O, and SO, adsorption was conducted at 300 K but was not observed at
160 K. Lambert et al. [7] suggested the following mechanism to account for the
enhanced activity:

1) Propane reacts with an adsorbed sulfur complex by hydrogen atom abstraction.

SO, + C3Hg —» C3H, + HSO,

2) At higher temperatures, C-C bond cleavage occurs, which yields CHy fragments that
are further oxidized to H,O, CO, and CO,
3) CO forms a surface complex with sulfur compounds and dissociatively desorbs.

CO-SOxu ~» CO; + SO; + (x-2)0,

Subsequent HREELS and XPS experiments by Lambert et al. [24] identified the
chemisorbed sulfur complex responsible for enhanced C;Hg activity as chemisorbed SOy
bound to Pt in a bi-dentate geometry through two O atoms. This structure was observed
to form when SO, was adsorbed on an O, pre-adsorbed Pt (111) surface under UHV
conditions and temperatures higher than 250 K. HREELS experiments also confirmed
that the abstraction of a H atom to form a surface H-SO," complex is the initiation step
for C3Hy oxidation. Additionally, Lambert et al. [24] found that CH4 and C,Hg do not
show similar activation due to the presence of stronger C-H bonds and it is assumed that

the initial H atom abstraction occurs on the secondary C atom in C;Hs.
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2.2.4 Formation of Sulfate on the Support Surface
and/or on the Pt/Support Interface

Treatment of supported Pt catalysts with sulfur compounds (H,S, SO,, and SO;) is well
known to result in the formation of sulfate on certain types of catalyst supports when the
treatment is carried out in an oxidizing environment at sufficiently high temperatures
(~>400°C). If sulfate formation occurs as proposed, by the spillover of SO; to the
support surface followed by subsequent oxidation to SO, then it is likely that the sulfate
groups occur at the Pt/support interface.

The formation of sulfate on the catalyst support can have a number of effects on
catalyst reactivity. One of the earliest observed effects of sulfate formation on Pt
catalysts was the blockage of pores on the support surface. Thus, sulfate formation can
inhibit various catalytic reactions by preventing or inhibiting the diffusion of reactant
gases into the pores of the support where many active Pt sites are located. (This topic
will be discussed in more detail in section 2.2.6.) Additionally, the formation of sulfate
on the support can enhance certain reactions by providing additional or new active
adsorption or reaction sites. A third effect of sulfate formation on the catalyst support is
the possible perturbation of the electronic properties of active Pt metal sites. Although
several researchers have proposed that electronic interactions are responsible for their
observed experimental results, there is little conclusive evidence available in the catalyst
literature proving that these effects do occur on supported Pt catalysts. As discussed in
section 2.2.2, electronic effects are more likely to occur due to sulfur compounds
adsorbed directly on Pt metal sites but, even in this case, the effects may be extremely

localized.
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The hydrocarbon oxidation activity of a Pt-Rh/CeO,-Al,O; three-way catalyst
was investigated by Golunski et al. [5] for reducing and oxidizing simulated exhaust-gas
mixtures containing SO,. For a reducing simulated fuel-rich exhaust gas mixture, the
presence of 20 ppm SO; in the feedstream caused severe deactivation for CHy and C;Hg
oxidation reactions. A comparable fuel-lean oxidizing gas mixture showed enhanced
oxidation activity for C;Hg and a negligible effect for CHy oxidation when 20 ppm SO,
was included in the feedstream.

Rich ageing of the Pt-Rh/CeO,-Al,O; catalyst (i.e., treatment of the catalyst in a
reducing exhaust gas mixture including 20 ppm SO, at various temperatures) caused the
CO chemisorption capacity of the catalyst to be severely reduced.[5] Golunski et al.
attributed some of this decrease to thermally induced sintering (<2%) and sulfate
formation (<55 %). The remainder of the decrease, according to the authors, was a result
of the combined effects of site-blocking and adsorption inhibition. XPS studies of the
rich-aged catalyst confirmed the presence of small amount of S*, but a majority of the
sulfur present was in the form of $°* (SO,™).

Additional experiments by Golunski et al. [5] showed that a Rh-only catalyst was
deactivated by SO, poisoning for alkane oxidation in rich conditions despite the fact that
no S* species were observed to form on Rh. The authors concluded that the steam
reforming reactions of CH, and C;Hg, which are dominant under reducing conditions,
were inhibited by the presence of sulfate on the support. It was postulated that
hydrocarbon compounds adsorb on the Pt metal surface and react with surface hydroxyl
groups on the support. Formation of sulfate on the support inhibits this interaction.

Golunski et al. [5] also concluded that sulfate formation on the support results in the
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enhancement of alkane activity under oxidizing conditions as a result of the modification
of electronic properties of the Pt metal particles. However, no actual evidence of this
effect was presented and it is more likely that sulfate formation results in the formation of
new active sites for alkane adsorption, which may facilitate the oxidation reaction on the
sulfated catalyst.

Burch et al. [25] investigated the effect of SO, poisoning on the activity of a 1 %
Pt/AL,Os catalyst for C3Hg oxidation. They reported that pre-treatment of the catalyst for
2 hrs. in a 36:1 O,:SO, mixture (SO; conc. = 500ppm; O, conc. = 1.8 %; N, balance) at
500°C, resulted in significantly enhanced activity for C3Hg oxidation when compared to
the fresh catalyst sample. Additionally, it was found that the sulfated catalyst exhibited a
sharper light-off profile. Similar experiments performed on a 1 % Pt/SiO, catalyst
showed no increase in catalytic activity following sulfur treatment and no effect was
found by physically mixing y-Al,O; with the Pt/SiO, catalyst either. Calculations
showed that sulfation of the Pt/AL,O; sample results in an increase in the apparent
activation energy for propane oxidation from 78 to 129 kJ/mol, but that this is more than
compensated for by an increase in the pre-exponential factor by seven orders of
magnitude. The authors point to these results as evidence for the formation of sites active
for C-H bond activation.

Additional experiments by Burch et al. [25] on P/ALL,O; showed a large transient
promotional effect and a smaller permanent promotional effect for C;Hg oxidation when
pulses of SO, were added to the feedstream. Two mechanisms were proposed for these
effects. First, it may be that the rapid oxidation of SO, to SO; on oxygen-covered Pt sites

frees up some of the metal sites for the propane reaction resulting in a large temporary
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enhancement effect. A second mechanism involves the formation of sulfate complexes at
the Pt metal-support interface. The diffusion of SO; from Pt to the support results in a
sulfate site at the metal-support interface that is highly active for the combustion reaction.
Over time, the sulfate sites migrate to more stable adsorption sites on Al,Os that are not
as active.

Burch et al. [25] conclude by proposing a model for propane oxidation
enhancement in which electronegative SO,> anions form in close proximity to the edge
of Pt particles. Electron density is withdrawn from the Pt particle creating a site active
for C-H bond activation. Although a similar mechanism is proposed by Golunski et al.
[5], neither group presents any experimental evidence proving that electronic effects are
responsible for the observed results, and it seems more likely that the promotion effects
on alkane oxidation activity resulting from sulfate formation on Pt catalysts involves the
formation of new active sites on the support and at the Pt/support interface.

In one of the few studies completed on the effects of sulfur poisoning of Pt/TiO,
catalysts, Burch et al. [26] examined the activity of an SO,-poisoned 1% Pt/TiO, catalyst
for CO and propane oxidation. Following poisoning by 0.05 % SO, in air at 300°C for 30
min., it was found that the catalysts were severely deactivated for CO oxidation and
promoted significantly for C;Hs oxidation. It was assumed that the mechanism for
promotion of Cs;Hg oxidation was similar to that proposed by other researchers for
Pt/Al,Os, involving the formation of sulfate at the metal-support interface which
enhances C-H bond activation in C;Hg. Although it was not discussed by Burch et al.,
the concept of electronic interactions between sulfate formed on the support and Pt

particles seem to be more plausible on Pt/TiO; considering its properties as an n-type
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semiconductor.  Still, there is little information in the literature regarding electronic
effects of sulfur compounds adsorbed on Pt/Ti0; catalysts.

In a follow-up study to their work on Pt (111) surfaces (see section 2.2.3),
Lambert et al. [27] conducted experiments on a Pt (111) surface on which an AlO, film
had been deposited. Since previous reports had shown that C;Hg oxidation was promoted
on Pt/Al,O; by SO, treatment and, that no effect of SO, was found on either Pt/ZrO, or
Pt/SiO,, the effect of Al,O3 on activity promotion was investigated. Experiments showed
an even greater enhancement for propane oxidation on AlO,/Pt(111) following O, and
SO, adsorption than that observed for a similarly treated Pt (111) surface. The increased
activity is suggested to be a result of an AlOy-induced stabilization of an adsorbed SO4
complex, yielding a bi-functional catalyst. Subsequent experiments by Lambert et al.
[28] showed that annealing the AlO, film at 1100 K resulted in the formation of
crystalline y-Al,Os. CO chemisorption studies indicated that y-Al,O3; multi-layers were
present as islands on the Pt (111) surface.

The experiments by Lambert et al. [24] on Pt (111) surfaces, discussed in section
2.2.3, showed that chemisorbed SO; was the activating species responsible for the
promotion of C;Hy oxidation. However, XPS experiments showed that the stability of
SO4 on Pt (111) is less than that on Al,O; [28]. In their experiments on y-AL,O4/Pt(111),
Lambert et al. [28] observed the formation of Aly(SO,); after adsorption of O, and SO,
on the catalyst surface. Therefore, they found that the presence of Al,O; on Pt (111)
increases the total SO, coverage and concluded that Aly(SO,); provides additional
adsorption sites for C;Hg, which can react at the Pt-Al,O; interface. The formation of

Alx(SOy); results in a bi-functional catalyst on which propane is dissociatively
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chemisorbed on sulfated-Al,O;, and O, is dissociatively chemisorbed on bare Pt sites.

Subsequent reaction between the two adsorbed species occurs at the Pt-ALO;

interface [28].

The experiments by Lambert et al. [24,27,28] described above were conducted
under UHV conditions on model Pt (111) single crystal surfaces. In an attempt to
determine the relevance of these experiments to practical highly dispersed catalyst
systems, Lambert et al. [29] continued their studies on several Pt/Al,O; catalysts with Pt
metal loadings of 0.05, 3 and 9 % by weight. A combination of XRD, TEM, and BET
studies determined that SO, poisoning resulted in Pt sintering as well as the formation of
aluminum sulfate. Poisoning was carried out by treatment of Pt/Al,O; catalysts with a
1:1 mixture of SO, and O, at 1 bar and 673 K. Additional experiments showed that, at
low metal loadings, Pt exists mainly as oxidic particles (PtO;), which are inefficient for
C;Hg oxidation. Considering the results of experiments on Pt (111), ALOs/Pt(111), and
Pt/ALLO;, Lambert et al. [29] propose the following additive mechanisms to account for
the sulfur-induced enhancement of C;Hg oxidation:

1) Formation of aluminum sulfate Experiments have shown that the formation of
aluminum sulfate greatly enhances the dissociative chemisorption of propane and
subsequent oxidation on Pt metal sites. Sulfate sites increase the presence of
adsorbed hydrocarbon fragments resulting from hydrogen abstraction and therefore
increases the oxidation activity of sulfated catalysts compared to fresh catalysts.

2) Formation of surface sulfate at Pt metal sites. Experiments have also shown the
formation of chemisorbed sulfate on single crystal Pt (111) surfaces. On these

surfaces, the dissociative chemisorption is enhanced compared to the clean Pt (111)
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surface. The stability of sulfate species on metallic surfaces is much lower than on

Al,O; surfaces, however. (A discussion of this topic was presented in section 2.2.3.)
3) Sulfate-induced reduction and sintering. Experiments also show that SO, treatment

of highly dispersed (low Pt loading) Pt/Al,O; catalysts reduces platinum oxide

particles to metallic Pt and causes Pt sintering. This results in the formation of larger
metallic Pt particles on which C;Hg oxidation is favored. The larger particles provide
active sites for both oxygen dissociation and heterolytic C-H bond scission. Pt

sintering and crystal growth is discussed further in section 2.2.5.

The sulfate-induced promotion of alkane oxidation activity by enhanced C-H bond
scission (H atom abstraction) involves a free-radical reaction mechanism. An alternative
mechanism for the increased alkane activity resulting from sulfate formation involves the
increase in catalyst acidity that accompanies sulfate formation. Lewis acid sites on the
catalyst surface act as electron acceptors and can remove a hydride ion from a
hydrocarbon, leading to the formation of carbocations on the catalyst surface.
Carbocations are intermediates in reactions such as hydrocarbon cracking,
polymerization, and isomerization and may also be intermediates in alkane oxidation
reactions. Increased catalyst acidity would be expected to enhance carbocation formation
and subsequent reaction with chemisorbed O,.[9]

Trimm et al. [30] studied the activity of a 0.2 % Pt/Al,0; catalyst for the oxidation of
CH, and found that the addition of either 20 ppm H,S or 20 ppm SO; to the reactant gas
stream (1.8 % CHy, 21 % O,, He balance) resulted in a slight activity increase for CH,
oxidation. However, this observation is contrary to many reports in the literature,

including those of Golunksi et al. [5] and Wang[31], showing either a negligible effect or
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a slight deactivation of CH4 oxidation due to sulfur poisoning of Pt/Al,O; catalysts.
Trimm et al. suggest that the observed effects are a result of the increased catalyst acidity
due to the formation of aluminum sulfate. However, changes in acidity do not entirely
explain the sulfur-induced enhancement of hydrocarbon oxidation as shown by Burch
etal. [25].

In order to determine whether increased surface acidity due to sulfation of Al,O;
is in fact responsible for the promotion of alkane oxidation, Burch et al. [25] conducted
experiments in which PYAL,O; was pretreated with CHF; at 500°C. Replacing surface

OH’ groups with F~ would be expected to increase the surface acidity to a greater extent
than sulfation would. The fluorination procedure did result in increased activity for CsHg
oxidation, but the activity increase was less than that observed for SO, treatment.
Treating the fluorinated catalyst with SO, resulted in a further increase in activity but the
activity increase was still not as great as that observed for SO, treatment only. These
fluorination experiments show that the activity enhancement is not solely related to
changes in catalyst acidity since fluorination did not increase the activity of the catalyst

for C;Hg oxidation as much as sulfation did.

2.2.5 Pt Sintering & Crystal Growth

Pt crystal growth on supported catalysts occurs when small Pt crystals become mobilized
on the support surface and coalesce with other Pt crystals to form larger Pt particles. This
process can be thermally induced (sintering) or can be promoted by various compounds
in a reactant feedstream such as sulfur compounds. Pt crystal growth yields larger Pt

particle sizes which may exhibit altered activity for certain reactions when compared to
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smaller Pt particles. Some reactions are inhibited on larger Pt particles while others are
enhanced. For other reactions, there may be no observed effect on activity at all.

Lambert et al. [29], in experiments described in section 2.2.4, found that the
sintering of Pt/Al,Os catalysts caused by SO, poisoning resulted in the enhancement of
the catalysts’ activity for CsHg oxidation. Their experiments determined that SO,
treatment of highly dispersed Pt/Al,O; catalysts causes a reduction of oxidic Pt particles
and an associated sintering of Pt to form larger metallic Pt particles. These larger
particles serve as active sites for both O, dissociation and heterolytic C-H bond scission.
A mechanism was proposed by Lambert et al. [29] to account for the observed sulfur-
induced reduction and sintering. When a surface that has been pre-adsorbed with O; is
exposed to SO,, a reaction occurs between SO; and weakly bound oxygen at the Pt-O-Al
interface resulting in the formation of interfacial sulfate and the reduction of Pt.
Additionally, the weakening of the Pt-O interaction promotes the migration and
agglomeration of metallic Pt particles.

A similar enhancement effect of Pt sintering on hydrocarbon activity was
observed in a recent study by Burch et al. [32]. It was observed that conversion activity
for the NO/n-octane reaction was enhanced when a 1 % Pt/AL,Os catalyst was sintered

by treatment in a 5 % O,/He mixture at 740°C.

2.2.6 Pore Blockage Due to Sulfur Poisoning
Pore blockage on supported Pt catalysts results in the inhibition of the diffusion of
gaseous reactants to the active catalytic sites located in the pore network of the support

material. There are several ways in which pore blockage can occur that are relevant to
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this study including both sulfate formation and thermally-induced support sintering. The
presence of SO, in automotive exhaust gases is well known to result in the formation of
Aly(S8Oy4); on the y-Al,O; support surface of three-way catalysts (TWC’s) [2]. Al(SOqy)s
is a low-density material and its formation on the surface of y-Al,Os results in the partial
occlusion of the y-Al,O; pore network. This causes deactivation of TWC’s by preventing
the interaction of reactants on active metal sites. Thermally induced sintering of the
support occurs at high temperatures, which cause modifications of the support surface
leading to the narrowing or complete blockage of pore openings [2]. The end result is the
same as the effects of aluminum sulfate formation. Reactants are prevented from
contacting the active catalytic sites in the occluded pores, thereby inhibiting catalytic

activity.



CHAPTER 3

EXPERIMENTAL METHODS

3.1 Catalysts

Catalyst samples were prepared in powdered form by Engelhard Corp., Iselin, NJ. The
catalysts consisted of platinum metal supported on various oxide supports with a constant
metal loading of 1.5 % Pt by weight. Four different support materials were evaluated
including y-ALOs;, TiO,, ZrO,, and SiO,. There were no special procedures followed in
terms of catalyst storage. That is, catalyst samples were not stored in a dessicator, so, it
is likely that the catalysts contained significant amounts of H,O and other adsorbed gases
on the surface. The catalysts were pre-treated in nitrogen at temperatures up to 600°C in
order to remove these surface adsorbates prior to conducting many of the characterization
studies. (More detailed descriptions of the experimental procedures are presented in the
following sections.) However, the catalysts were used as received for activity and
poisoning experiments; i.e., the catalysts were not pre-treated in any way prior to
conducting activity or poisoning experiments.

The catalysts studied in these experiments were similar to those used in a wide
variety of emission control technologies. Generally, the feedstreams in most of these
applications contain significant amounts of water vapor and trace amounts of other
gaseous compounds. Thus, activity and poisoning experiments were conducted on
catalyst samples exposed to conditions similar to the conditions experienced by
commercial catalysts. [t was assumed that water vapor, both in the adsorbed form and in

the gas phase, had little effect on the results of the activity and poisoning experiments

44
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conducted during this study. However, this assumption may not be completely valid for
sulfur-poisoning experiments and a discussion of this topic will be presented in Ch. 4,

section 4.7.

3.2 Activity Experiments

Catalyst activity was determined for fresh and sulfur-poisoned catalysts by measuring the
oxidation of CO or one of several light hydrocarbons in air to CO, and H,O as a function
of temperature. Increases and decreases in catalyst activity were observed as shifts in the
activity curves to lower or higher temperatures, respectively.

Activity experiments were carried out individually with CO, CH,, C,Hs, C,Ha,
CyH,, CsHg, C3He, and n-C4H;s. Each gas was purchased from Matheson Corp. as a
mixture in dry air and a concentration of approximately 1 %. GC analysis of each gas
mixture revealed minimal carbon-containing decomposition products and the actual
component concentrations were assumed to be equal to the concentrations analyzed by
Matheson Corp. Specific concentrations and gas specifications are given in Appendix A.
The experimental setup used to measure the activity of fresh and sulfur-poisoned Pt
catalysts is shown in Figure 3.1. Reactions were carried out in a cylindrical quartz
reactor supplied by Q-Glass Corp. The reactor measured 59.4 cm. in length with a
2.5 cm. 1.d. (inner diameter) and was equipped with a course-fritted quartz disc located
32.4 cm. from the top of the reactor.

The quartz reactor was located inside an Applied Test Systems, Inc. Series 3210
clamshell-style 3-zone furnace. Two Omega type-K chromel alumel thermocouples were

used to measure furnace and sample temperatures. One was located in the center of the



Figure 3.1: Experimental Setup
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furnace while the second was located directly in the catalyst bed. Other components of
the activity experiment setup shown in Figure 3.1 included a Cole-Palmer flowmeter,
Parker three-way and two-way ball valves with 1/8" Swagelok fittings, 1/8" Swagelok
stainless steel unions, 1/8" Swagelok stainless steel ferrules and nuts, 1/8" O.D. Parflex
PP flexible tubing, and 1/8" O.D. stainless steel tubing.

In each activity experiment, 0.250 g + 0.002 g of catalyst sample was physically
mixed with 1.500 + 0.002 g of y-Al,O; and loaded onto the fritted disc in the reactor.
The y-AlL,Os, supplied by Engelhard Corp., was used as a diluent in order to minimize the
amount of catalyst used while ensuring adequate contact time for the reactants. Also, the
diluent served to absorb heat generated by the oxidation reactions, most of which are very
exothermic, and enabled the reaction temperature to be easily controlled. To ensure that
v-Al,Os did not contribute to the oxidation reactions being studied, activity experiments
were performed using only y-Al,O;. Results and a brief discussion on this topic are
included in Ch 4, section 4.1.5.

For each activity experiment, the reactant gas flow rate was 250 cm’/min.
Constant amounts (0.250 g) of catalyst sample were used in each activity experiment, so
that the total amount of Pt metal was the same in each experiment given that the Pt metal
loading was 1.5 % on each support material. However, since the bulk density of each
catalyst support was different, the experimental space velocities were different for each
of the four supported Pt catalysts studied. Space velocity is defined as the actual
volumetric flow rate of the reactant gases at the experimental temperature divided by the
catalyst bed volume including void space. Since the flow rate in all activity experiments

was 250 cm’/min and the catalyst bed volumes were different for each support material,
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the space velocities were also different. The measured bulk density and calculated space
velocity for each catalyst are presented below in Table 3.1.

Table 3.1: Measured bulk density data and calculated space velocities for catalyst
activity experiments

Catalyst Bulk density (g/cm’) Space Velocity® (V/V/hr)"
1.5 % Pt/y-ALO; 0.920 55,200
1.5 % PY/TiO, 0.873 52,380
1.5 % PYZrO, 1.422 85,320
1.5 % PY/SiO, 0.250 15,000

Notes: a) Space velocity was calculated by dividing the volumetric flow rate (250 cm’/min) by the catalyst
bed volume; catalyst bed volume equals the catalyst mass (0.250 g) divided by the bulk density.
b) The flow rate (250 cm’/min) was converted to an hourly rate to obtain the unit “V//V/hr”
typically used to express space veiocity data. V' stands for a volume unit.

The products of the reaction were analyzed using a Hewlett-Packard HP 5890 Gas
Chromatograph equipped with a flame ionization detector (GC-FID). Reaction samples
were injected to the GC column using a Rheodyne 6-way gas sampling valve equipped
with a 20 mm’ sample loop. The column was a 2.4 m. stainless steel packed-column with
Porapak Q 80-100 mesh packing purchased from Alitech. A nickel hydrogenation
catalyst system was installed between the column outlet and the detector inlet in order to
analyze CO and CO,. After separation on the column, CO and CO, were hydrogenated
to CH, and then analyzed by FID. A constant flow rate of 30 cm®/min H, was maintained
over the Ni catalyst. Other GC-FID operating conditions are shown below in Table 3.2.
All analytical gases were purchased from Matheson Corp. and specifications are listed in
Appendix A. Peak data was collected and analyzed using either an HP 3396A integrator
or a Fisons Instruments VG Chromatography server interfaced with a personal computer

running Minichrom v. 1.62 software.
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Each activity experiment was conducted in the following manner. Reactor
effluent was analyzed at room temperature first. Subsequent measurements were made as
the temperature was increased stepwise until a conversion of approximately 100 % was
obtained. Conversion of CO and hydrocarbons to CO, at each temperature was

calculated as follows:

0% (Influent Conc. - Effluent Conc.)
Influent Conc. '

Conversion % =10

As shown in equation 3.1, conversion was calculated based on the disappearance of the
reactant gas rather than the production of CO,. CO, peaks were measured, however, to
ensure that mass balance was maintained. In all experiments, the production of CO,
closely matched that which would be expected given the complete oxidation of each
carbon-containing compound. Product gas concentrations were determined by preparing
calibration curves for each gas compound. A two-point linear calibration fitted through
zero was used for CO, CH,, and C;Hg while a one-point linear calibration fitted through
zero was used for all other gases. Gas concentrations and specifications are given in
Appendix A.

Table 3.2: GC-FID operating conditions

Carrier gas (He) flow rate: 35 cm’/min
H, flow rate: 68 cm’/min

Air flow rate: 415 cm’/min

injection Temperature: 350°C
Oven (Column) Temperature: ~25°C (for CO and CH, experiments)
45°C (tor CyHs, CoHy, and CyH, experiments)
100°C (for C3Hg and C3Hg experiments)
150°C (for C4H;o experiments)
Detector Temperature: 250°C
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3.3 Catalyst Poisoning Experiments
Catalyst poisoning was carried out using the experimental setup shown in Figure 3.1. In
all experiments, 2.000 g + 0.002 g of catalyst was weighed and placed into the quartz
reactor (described previously). A 200 ppm mixture of H,S in air with a flow rate of 250
cm’/min. was obtained by mixing the appropriate amounts of an H,S/N, mixture with air
using two Aalborg flowmeters.  Gas concentrations and specifications are given in
Appendix A. Experimental space velocities are shown in Table 3.3.

Table 3.3: Calculated space velocities for catalyst poisoning experiments

Catalyst Bulk density*(g/cm®) Space Velocity” (V/V/hr.)"
1.5 % Pt/y-ALO; 0.920 6900
1.5 % Pt/Ti0O, 0.873 6550
1.5 % Pt//ZrO, 1.422 10,700
1.5 % Pt/Si0, 0.250 1880

Notes: a) from Table 3.1
b) Space velocity was calculated by dividing the volumetric flow rate (250 cm’/min) by the catalyst
bed volume; catalyst bed volume equals the catalyst mass (2.000 g) divided by the bulk density.
¢) The flow rate (250 cm’/min) was converted to an hourly rate to obtain the unit “V//V/hr”
typically used to express space velocity data. “V” stands for a volume unit.

All poisoning experiments were conducted in the following manner. The catalyst
sample was heated in air from room temperature to 400°C over approximately 10
minutes. When the catalyst reached 400°C, the gas stream was switched from air to the
200 ppm H,S/air mixture with a flow rate of 250 cm”’/min. The temperature and flow rate
were maintained for 12 hrs., at which point, the H,S/air mixture was turned off and the
catalyst was allowed to cool overnight to room temperature in air. This procedure was
repeated the following day for a total poisoning time of 24 hours. At the conclusion, the

catalyst sample was removed from the reactor and stored in a glass jar.
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A poisoning temperature of 400°C was chosen based on previous studies
conducted by Wang who showed that sulfur was completely oxidized to SO4* over a
Pt/y-AL,O5 catalyst at this temperature. [31] Many other studies have yielded similar
results. In fact, it has been suggested that H,S can, in the presence of excess O,
completely react with an Al,O; surface to form aluminum sulfate with or without Pt
being present.[33] In a study of Claus catalysts, George noted that, for a mixture of SO,

and O,, maximum sulfation of alumina occurred at a temperature of 240°C.

3.4 H; Chemisorption Experiments
The selective chemisorption of hydrogen was used as a technique to determine the Pt
metal dispersion on fresh and poisoned catalyst samples. Dispersion is defined as the

ratio of exposed surface metal atoms to the total number of metal atoms present:

# of surface metal atoms £100

—
|98
NG

R

% Dispersion =
total metal atoms

The selective chemisorption technique requires several assumptions to be made. First,
the stoichiometry of the chemisorption process must be known. In the case of Pt
catalysts, each H, molecule dissociatively adsorbs on the exposed Pt atoms so that one
hydrogen atom adsorbs to each exposed Pt metal atom for an overall Hy/Pt ratio of 0.5.
Additionally, it is assumed that this stoichiometry does not change as the Pt particle size
changes. Finally, the adsorbing gas (H;) must adsorb only on Pt atoms and not on the

catalyst support material.[2,34,35]
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Several methods are available for performing chemisorption measurements. In
this study, a dynamic technique was employed in which pulses of hydrogen gas were
injected into an inert carrier gas stream (Argon) and passed through the catalyst sample.
The amount of hydrogen gas adsorbed on the catalyst sample was calculated by
comparing the inlet and outlet concentrations of hydrogen gas. This dynamic technique
yields rapid chemisorption results. However, a disadvantage is that only strongly
chemisorbed species are detected while weakly adsorbed species are not detected. Thus,
dispersion results are often slightly lower than results obtained using static volumetric
techniques.[2,36]

In this study, an Altamira AMI-1 catalyst characterization system was used to
perform all H, chemisorption experiments. The AMI-I instrument is a computer-
controlled system incorporating two electronic mass flow controllers, several three-way
and six-way valves, a furnace, a U-shaped tubular quartz reactor, sample and furnace
thermocouples, and a thermal conductivity detector all in one apparatus. It is capable of
performing a variety of catalyst characterization experiments including pulse
chemisorption, BET surface area, and a range of other temperature-programmed
techniques.

In each H, chemisorption experiment, a 0.04-0.2 g catalyst sample was heated in
50 cm’/min N, at 600°C for 2 hours. The catalyst was then cooled to 25°C in flowing N,.
Fifteen - 50 mm® H, pulses were injected into a 50 cm’/min Ar stream, which passed
through the catalyst sample. The breakthrough pulses, defined as the pulses in which no
hydrogen was adsorbed, were used to calibrate the hydrogen peak areas. Dispersion data

was calculated using all peaks smaller than the breakthrough peaks.
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3.5 BET Surface Area

Overall surface area of the catalyst samples was measured using the Brunauer, Emmett,
and Teller (BET) method.[37] In this method, the adsorption of nitrogen is measured as a
function of partial pressure of nitrogen at liquid nitrogen temperature. By calculating the
number of nitrogen molecules forming a monolayer on the catalyst surface, and assuming
a cross-sectional area of 16 A’ for a nitrogen molecule, the surface area of the catalyst
can be calculated. The relationship between the volume adsorbed at a given partial
pressure and the volume adsorbed at monolayer coverage is given by the BET equation:

P _ 1 _(C-1p
V(Po-P) VaC  VaCPs

-
Lad
el

N’

where
P = partial pressure of N,
Po = wvapor pressurc of N at liquid N tcmpcraturc
V = volume adsorbed at P
V= voiume of N, adsorbed at monoiayer coverage
C= constant. (related to AH,4s and liquefaction of adsorbate)
The slope and intercept of a plot of

P P

V(P.P) P
can be used to calculate V,, and the surface area in m*/g.[2,37]

BET surface area measurements were conducted using the Altamira AMI-1
system described previously. A dynamic technique was employed in which the
adsorption and desorption of various concentrations of N, were measured at liquid N, and
ambient temperatures, respectively. N, concentrations were 10, 20, and 30 % in helium

(See Appendix A for gas specifications) and the flow rate used in all experiments was
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30 cm’/min. Catalyst samples weighing approximately 0.05 g were loaded into a quartz

tubular reactor and purged with N, for 30 min. prior to performing the BET experiment.

3.6 Diffuse Reflectance-FTIR Studies
Fresh and sulfur-poisoned catalysts were analyzed by diffuse reflectance FTIR
spectroscopy for the presence of sulfur compounds on the catalyst surfaces. All
experiments were performed using a Bio-Rad FTS-40 FTIR spectrometer and the
resultant spectra were analyzed using Bio-Rad’s WIN-IR software. The FTIR
spectrometer was outfitted with a diffuse reflectance sampling apparatus that was
installed in the sample compartment.

Diffuse reflectance is defined as radiation collected from the surface of a material
that scatters or diffuses incident radiation. Unlike specular reflectance, diffuse
reflectance is independent of the angle of incident radiation. The diffuse reflectance
technique is useful for analyzing samples that have a low transmittance, are IR opaque, or
highly scattering. An advantage of this method is that a solid sample can be directly
analyzed and preparation of KBr discs is unnecessary. This technique has proven to be
successtul for the analysis of catalyst samples.[38]

The following procedure was performed for each catalyst sample. The diffuse
reflectance apparatus contained four individual sample holders. The first was left empty
and was used to record the single beam background spectrum. The second sample holder
contained a fresh powdered catalyst sample while the third sample holder contained the
corresponding sulfur-poisoned powdered catalyst sample. An absorbance spectrum was

recorded for both catalyst samples. Using the WIN-IR software, the fresh catalyst
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spectrum was subtracted from the sulfur-poisoned catalyst spectrum and the difference
spectrum was further analyzed for the presence of sulfur compounds. Data collection
parameters were the same for each experiment and are shown in Table 3 4.

Table 3.4: Diffuse reflectance-FTIR data collection parameters

# Scans: 64
Scan delay: 0s
Speed: 5 kHz
Tilter: 112 kHz
UDR: 2
Resolution: 4
Aperture: 2cm’”
Sensitivity: H
Collection range: 4000-400 cm™

3.7 Temperature-Programmed Reduction Experiments
Temperature-programmed reduction experiments are typically carried out by measuring
the amount of a reductant, usually hydrogen, which is taken up by a catalyst as a function
of temperature. In this case, a mixture of 5 % H, in Argon was used as the reducing gas.
Experiments were conducted on fresh and H,S-poisoned catalysts.

The Altamira AMI-1 instrument was also used to conduct these experiments.
Samples weighing 0.05-0.2 g were heated to 600°C and held at 600°C in 50 cm’/min N,
for 2 hours. This treatment step was conducted in order to provide a clean catalyst
surface. After cooling to room temperature, the sample was heated at a rate of 20°C/min
in 5 % Hy/Ar with a flow rate of 50 cm’/min up to 600°C. Uptake of hydrogen by the

catalyst samples was determined by passing the inlet and outlet gases through the
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reference and sample cells of a thermal conductivity detector. Uptake of hydrogen by the

catalyst sample was observed as an increase in the detector signal.

3.8 Temperature-Programmed Desorption Experiments
Temperature-programmed desorption (TPD) experiments, using C;Hg and CO as
adsorbates, were conducted on fresh and sulfur-poisoned catalyst samples. These
experiments yielded information regarding the number and strength of adsorption sites on
the catalyst samples for each particular adsorbate. Since the adsorption of reactants on
the catalyst surface is an important step in most heterogeneous catalytic reactions, TPD
experiments can reveal effects of sulfur treatment by correlating changes in the number
and strength of adsorption sites with changes in catalyst activity.

Experiments were conducted on fresh and sulfur-poisoned Pt catalysts on all four
support materials. Adsorbing gases included mixtures of 1207 ppm C;Hg and 984 ppm
CO in helium balance gas. (See Appendix A for gas specifications.) The desorption of
each gas was measured in separate experiments.

Experiments were performed using the Altamira AMI-1 instrument and the
following procedure. Catalyst samples weighing 0.04-0.2 g were heated at 600°C for
2 hrs. in 50 cm’/min N; in order to remove any surface adsorbates. After cooling to the
adsorption temperature, the catalyst sample was treated with the adsorbing gas mixture at
a flow rate of 50 cm’/min for 60 min. The adsorption temperature varied for each
catalyst sample and adsorbate. Adsorption temperatures were chosen as the highest
temperature at which no catalytic reactivity was observed for each catalyst sample and

adsorbate as determined from the activity curves. Adsorption temperatures are shown in
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Table 3.5. At the conclusion of the adsorption step, the catalyst sample was cooled to
25°C, flushed with 50 cm’/min carrier gas, and heated in 50 cm®/min of the carrier gas at
a heating rate of 20°C/min up to 600°C. The carrier gas was argon for CO experiments
and N, for CsHg TPD experiments. TCD signal versus time plots yielded desorption
peaks at various temperatures.

Table 3.5: Adsorption temperatures for CO and C;Hg mixtures on Pt catalysts. All
temperatures are reported in "C.

Catalyst 984 ppm CO/He 1207 ppm C;Hg/He
1.5 % Pt/y-AlLO; 50 100
1.5 % PUYTIO, 50 150
1.5 % Pt/ZrO, 75 150
1.5 % PUSIO, 50 1560

3.9 Dry Poisoning Studies
Experiments were conducted to determine the effect of water vapor on catalyst poisoning
and subsequent oxidation activity. The catalysts (1.5 % Pt/y-Al,O; and 1.5 % Pt/SiO;)
were dried by heating a 2.000 + 0.002 g sample in 250 cm*/min N, at a temperature of
400°C for 2 hrs. using the experimental apparatus shown in Figure 3.1. After 2 hrs_, the
gas flow was switched to a mixture of 200 ppm SO, in air at 250 cm’/min. After 12 hrs.
of SO,-treament at 400°C, the catalyst was allowed to cool to room temperature in
flowing air overnight. On the following day, the catalyst was heated in air to 400°C, at
which point the mixture of 200 ppm SO, in air was turned on. The poisoning gas was
once again maintained for 12 hrs. At this point, the catalyst was cooled to room
temperature in flowing air, transferred to a glass jar, and stored in a dessicator for future

experiments.
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Catalyst activity experiments were conducted on SO,-poisoned Pt/y-Al,O; and
Pt/Si0, for CO, CH,, and C;H;, oxidation. Experimental procedures for these activity

experiments were identical to those described above in section 3.2.



CHAPTER 4

RESULTS & DISCUSSION

4.1 Activity Experiments
As discussed in Ch. 3, four different catalysts were evaluated, including
1.5 % Pt/y-ALL,O;, 1.5 % PY/TiO,, 1.5 % Pt/ZrO,, and 1.5 % Pt/SiO,. For each catalyst,
the activity of the fresh sample was compared to the activity of an H,S-poisoned sample
for the complete oxidation of CO, CH,, C,He, CoH,, CoH,, C3Hg, and C4Hyp to CO; and
H,O. A description of the sulfur poisoning conditions was also presented in Ch. 3. The
effects of sulfur poisoning on catalyst activity were observed as changes in the
conversion versus temperature plots for each reactant. For each reaction, the temperature
at which 50 % conversion was obtained was determined from the activity curve and used
as a single figure of merit for catalyst activity. Results of the activity experiments are

presented and discussed below.

4.1.1 CO Oxidation
Activity curves for CO oxidation on fresh and H,S-poisoned catalyst samples are shown
in Figures 4.1, 4.2, 43, and 4.4. The experiments show that each of the four catalysts
were severely deactivated for CO oxidation following H,S poisoning, in agreement with
numerous laboratory studies including those of Kummer [19], Burch etal. [26], and
Wang [31].

Tables 4.1, 4.2, 4.3, and 4.4 show the 50 % conversion temperatures for CO and
hydrocarbon oxidation on fresh and H,S-poisoned catalysts. Also shown in these tables

is the quantity, ATs, defined as the difference between the 50% conversion temperatures
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Figure 4.1: Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % CO in
air on 1.5 % Pt/y-ALO3; GHSV = 55,200; (Poisoning: 200 ppm H,S/Air

@ 400°C for 24 hrs.; GHSV = 6900)
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Figure 4.2: Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % CO in
air on 1.5 % Pt/TiO,; GHSV = 52,380; (Poisoning: 200 ppm H,S/Air @

400°C for 24 hrs.; GHSV = 6550)
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Figure 4.3: Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % CO in
air on 1.5 % Pt/ZrO,; GHSV = 85,320; (Poisoning: 200 ppm H,S/Air @

400°C for 24 hrs.; GHSV = 10,700)
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Figure 4.4: Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % CO in
air on 1.5 % Pt/SiO,; GHSV = 15,000; (Poisoning: 200 ppm H,S/Air @

400°C for 24 hrs.; GHSV = 1880)
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Table 4.1: Tso" data for fresh, H,S-poisoned, and SO;-poisoned 1.5 % Pt/y-ALOs.

All values are reported in °C.

Gas Fresh H,S-poisoned ATse-H,S" SO,-poisoned AT50-SO;,
CO 133 196 +63 194 +61
CHy4 415 493 +78 489 +74

CyHg 367 341 -26

CHy 167 155 -12

CH, 239 250 +11

CsHg 313 258 -55

CsHg 166 183 +17

C4Hyp 263 191 =72 224 -39

Notes: a) Ts, is defined as the temperature at which 50 % conversion to CO, is achieved.

These values were obtained from the conversion versus temperature plots.
b) ATse-H,S is the difference between 50 % conversion temperatures of the H,S-poisoned
catalyst and the fresh catalyst.
¢) ATs-SO, is the difference between 50 % conversion temperatures of the SO,-poisoned
catalyst and the fresh catalyst.

Table 4.2: Tso" data for fresh and H,S-poisoned 1.5 % Pt/TiO,. All values are

reported in °C.

Gas Fresh H,S-poisoned ATso-H,S"

CO 90 165 +75

CHy 374 389 +15
C,Hq 346 336 -10
CoHy 177 184 +7
C;H, 254 253 -1
CsHg 308 287 -21
CsHyo 258 216 -42

Notes: a) Tsg is defined as the temperature at which 50 % conversion to CO; is achieved. These

values were obtained from the conversion versus temperature plots.
b) ATse-H,S is the difference between 50 % conversion temperatures of the H,S-poisoned
catalyst and the fresh catalyst.
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Table 4.3: Ts," data for fresh and H,S-poisoned 1.5 % Pt/ZrO,. All values are
reported in "C.

Gas Fresh H,S-poisoned Ang-H;Sb

CO 150 174 +24
CH,4 450 495 +45
CyHg 349 334 -15
CoHy 162 182 +20
CHa 279 261 -18
CsHg 303 259 -44
CsHyo 232 193 -39

Notes: a) Ts is defined as the temperature at which 50 % conversion to CO, is achieved. These
values were obtained from the conversion versus temperature plots.
b) ATse-H,S is the difference between 50 % conversion temperatures of the H,S-poisoned
catalyst and the fresh catalyst.

Table 4.4: Tsy" data for fresh, H,S-poisoned, and SO,-poisoned 1.5 % Pt/Si0,. All
values are reported in °C.

Gas Fresh H,S-poisoned AT5(;—HZS" SO,-poisoned ATs0-SO;°

CO 135 168 +33 168 +33
CH,4 599 592 -7 576 -23
CoHe 472 409 -63
C,H, 120 134 +14
CH, 187 206 +19
C3Hg 385 315 -70
CsHio 313 252 -61 244 -69

Notes: a) Ty is defined as the temperature at which 50 % conversion to CO; is achieved. These values
were obtained from the conversicn versus temperature plots.
b) ATs-H,S is the difference between 50 % conversion temperatures of the H,S-poisoned catalyst
and the fresh catalyst.
¢) ATs-SO, is the difference between 50 % conversion temperatures of the SO,-poisoned catalyst
and the fresh catalyst.
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for H,S-poisoned and fresh catalysts for each reaction. A positive value indicates
deactivation while a negative value indicates activity enhancement.

An immediate observation of the CO oxidation activity curves and associated Tsg
data seems to indicate that H,S poisoning caused the most severe deactivation for the
Pt/TiO; catalyst. However, it is important to note that the space velocity used in the
activity experiments was different for each catalyst and, thus, absolute comparisons of
activity between the four catalysts based on the activity curves are not valid. The space

velocities used for reactions on each catalyst are shown in Table 3.1.

4.1.2 CH,4 Oxidation

The oxidation of CH; was significantly deactivated following H,S-poisoning of
Pt/y-Al,O; and Pt/ZrO; as shown in Figures 4.5 and 4.7. In Figure 4.5, the activity curve
for H,S-poisoned Pt/y-Al,O; shows a kink in the curve at approximately 525°C.
Repeated experiments showed that this was a real effect and it is likely due to some type
of transformation occurring on the catalyst surface at this temperature. This effect was
not seen in any of the other activity curves for Pt/y-Al,O; because all of the other
oxidation reactions studied occurred at lower temperatures.

Figures 4.6 and 4.8 show that H,S poisoning causes a slight deactivation for CHy
oxidation at low conversions on Pt/Ti0; and Pt/SiO,. At high conversions, however, the
effect is negligible.

The CH,4 oxidation results are in general agreement with results reported in the
literature. Numerous studies have reported that deactivation of the CH4 oxidation

reaction occurs on Pt catalysts as a result of sulfur poisoning. The mechanism involves a
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Figure 4.5: Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % CHy in
air on 1.5 % Pt/y-ALO3; GHSV = 55,200. (Poisoning: 200 ppm H,S/air
@ 400°C for 24 hrs.; GHSV = 6900)
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Figure 4.6: Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % CHjy in
air on 1.5 % Pt/TiO,; GHSV = 52,380. (Poisoning: 200 ppm H,S/air @
400°C for 24 hrs.; GHSV = 6550)
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Figure 4.7: Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % CH, in
air on 1.5 % Pt/ZrO,; GHSV = 85,320. (Poisoning: 200 ppm H,S/air @
400°C for 24 hrs.; GHSV = 10,700)
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Figure 4.8: Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % CHy in
air on 1.5 % Pt/Si0O,; GHSV = 15,000. (Poisoning: 200 ppm H,S/air @
400°C for 24 hrs.; GHSV = 1880)
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loss of active sites due to pore blocking caused by the formation of sulfate on the support.
However, sulfate is not known to form on SiO, surfaces and it is noteworthy that H,S
poisoning had a negligible effect for CH, oxidation on the Pt/SiO, catalyst in this study
(Figure 4.8). Wang also observed deactivation for CH, oxidation on Pt/y-Al,Os, Pt/TiO,,
and Pt/ZrO, following H,S poisoning with a negligible effect shown on Pt/SiO; [31]. In
other studies, Golunski et al. showed that the presence of SO, in an oxidizing exhaust
stream had a negligible effect on CH; oxidation on a Pt-Rh/CeO,-Al,0; three-way
catalyst [5]. Alternatively, Trimm et al. found that the addition of H,S or SO, to the
feedstream resulted in an activity increase for CH4 oxidation on a 0.2 % Pt/ALO;
catalyst [30]. This enhancement was attributed to the increased catalyst acidity due to the
formation of aluminum sulfate. This observation may be due to the fact that low
concentrations of sulfur (20 ppm) combined with the high dispersion of the
0.2 % P/ALL,O; catalyst were sufficient to prevent the effect of pore blocking on the

catalyst surface.

4.1.3 Alkene and Alkyne Oxidation

The experimental results for C;Hs, C3Hg, and C,;H; oxidation are presented together since
activity changes due to H,S poisoning were small for each compound on each catalyst
and may not be completely significant. Additionally, it has been assumed that each of
these compounds is oxidized via a similar mechanism in which a gas-phase unsaturated
hydrocarbon molecule reacts with a dissociatively adsorbed O atom. Compounds
reacting by a similar mechanism would be expected to be affected by H,S poisoning in a

similar way and, for the most part, this is evident from the results.
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Figure 4.9 shows that C,H; oxidation is slightly enhanced on Pt/y-AlLO;
following H,S poisoning. This is in contrast to the same reaction on Pt/TiO,, Pt/ZrO,,
and Pt/Si0, for which H,S poisoning results in a slight deactivation as evident in Figures
4.10,4.11, and 4.12. It 1s also in contrast to the results obtained by Kummer for C,H,
oxidation on a 0.15 % Pt/Al,O; catalyst exposed to 66 ppm SO, in which significant
deactivation was observed [19].

From Tables 4.1, 4.2, 4.3, and 4.4, ATs, values of —12, +7, +20, and +14 for C;Hy
oxidation were found for Pt/y-ALO;, P/TiO,, Pt/ZrO,, and Pt/Si0,, respectively.
Although these values may seem significant considering that the reaction occurs between
125 and 200°C, limitations of the experimental apparatus resulted in an error on the order
of £ 5°C for this reaction and the reactions of the other unsaturated hydrocarbon
compounds. Thus, the activity changes observed are considered to be only slightly
significant. On all four catalysts, including both fresh and H,S-poisoned samples, the
oxidation of C;Hy exhibits an extremely fast light-off. At this point on the activity curve
(approximately 5-10 % conversion), the reaction produces enough heat to quickly
accelerate to a conversion of 80-90 %. This activity change occurred over a temperature
range of only 5-15°C. Consequently, it was difficult to obtain data points in the
temperature range in which the rapid activity increase occurred. As a result of this rapid
light-off behavior, the C,H4 oxidation experiments were much less reproducible than
those for CO, CHy, and alkane gases.

The oxidation of CsHe was slightly deactivated on Pt/y-Al,O; due to H,S
poisoning as shown in Figure 4.13. This reaction exhibited similar behavior to the C;H,

reaction described above. In fact, Figures 4.9 and 4.13 show that the activity curves for
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Figure 4.9: Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C,H, in
air on 1.5 % Pt/y-AL,O3; GHSYV = 55,200. (Poisoning: 200 ppm H,S/air
@ 400°C for 24 hrs.; GHSV = 6900)
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Figure 4.10: Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C;H,
in air on 1.5 % Pt/Ti0,; GHSV = 52,380. (Poisoning: 200 ppm
H,S/air @ 400°C for 24 hrs.; GHSV = 6550)
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Figure 4.11: Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C,H,
in air on 1.5 % Pt/ZrO,; GHSV = 85,320. (Poisoning: 200 ppm
H,S/air @ 400°C for 24 hrs.; GHSV = 10,700)
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Figure 4.12: Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C,Hj
in air on 1.5 % Pt/SiO,; GHSV = 15,000. (Poisoning: 200 ppm
H,S/air @ 400°C for 24 hrs.; GHSV = 1880)
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Figure 4.13: Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C;H,
in air on 1.5 % Pt/y-Al,O3; GHSV = 55,200. (Poisoning: 200 ppm
H,S/air @ 400°C for 24 hrs.; GHSV = 6900)
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the oxidation of C;H, and CsHg on fresh Pt/y-Al,O; are almost identical, leading to the
speculation that the reactions occur by a similar mechanism. However, the fact that C,H,
oxidation is slightly enhanced by H,S poisoning and C;Hg oxidation is slightly
deactivated may be an indication that the reaction mechanisms are slightly different or,
that the observed changes in activity are insignificant.

Burch et al. [39] studied the C;Hg-NO-O; reaction on 1 % Pt/Al,O5 and found that
the addition of SO, to the feedstream resulted in a slight reversible deactivation and that
the original catalyst activity was restored when SO, was removed from the gas stream.
However, when the catalyst was pre-sulfated, no effect on activity was observed. Under
the conditions employed, it was found that the sulfation procedure resulted in the
formation of sulfate entirely on the catalyst support. Thus, it was concluded that sulfate
located on the support had no effect on the C3Hg-NO-O, reaction due to the fact that this
reaction occurred entirely on the Pt surface in contrast to the CsHg-NO-O, reaction which
occurs on both Pt and the Al,O; surface. This reaction was observed to be deactivated by
support sulfation.

Results for C;Hy and CsH, oxidation can be explained in a similar fashion. It is
assumed that sulfur poisoning of Pt/y-AlLOs;, Pt/TiO,, and Pt/ZrO; results in the formation
of sulfate primarily on the support surface. If the alkene reactions occur on the Pt surface
only, then, it would seem probable that the H,S poisoning procedure would have little
effect on the activity. As noted, the changes in observed activity are relatively small and
seem to substantiate this hypothesis. However, the formation of sulfate on the support
was accompanied by significant pore blockage and Pt crystal growth as shown in

experiments discussed below. These effects would be expected to inhibit the dissociative
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chemisorption of O, on Pt site, which is a key step in the proposed reaction mechanism.
Thus, an inhibition of the overall oxidation reactions of C,H; and C,H, would also be
expected in contrast to the observed results. It is possible that significant inhibition
effects due to H,S poisoning were not observed as a result of the excess amount of O5 in
the system (~20 %).

The experimental results for C;H, oxidation were mixed, although changes in
activity due to H,S poisoning on all four catalysts were extremely small. This reaction
behaves in a similar fashion to the C;H,; and C;Hg reactions in that measurements in the
activity range between 20 and 80 % conversion were difficult. Figures 4.14 and 4.17
show that the C,H, reaction on Pt/y-Al,O; and Pt/SiO, were slightly deactivated
following H,S poisoning. A slight enhancement of activity is shown in Figure 4.16 for
Pt/ZrO, while Figure 4.15 shows a negligible effect on Pt/TiO,. The proposed
explanation for alkene oxidation results presented above also applies to the C,H; reaction

results.

4.1.4 Alkane Oxidation
Unlike the experiments described above for the oxidation of unsaturated hydrocarbons,
the results obtained for the oxidation of saturated hydrocarbons were uniform among the
four different catalysts studied.  These experiments were also shown to be highly
reproducible.

Figures 4.18, 4.19, 4.20, and 4.21 show that H,S poisoning resulted in an activity
enhancement for C,Hs oxidation on all four catalysts. H,S poisoning also caused an

enhancement of activity for C;Hg oxidation on all four catalysts as shown in Figures 4.22,
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Figure 4.14: Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C;H;
in air on 1.5 % Pt/y-AL,O3; GHSV = 55,200. (Poisoning: 200 ppm
H,S/air @ 400°C for 24 hrs.; GHSV = 6900)
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Figure 4.15: Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C,H,
in air on 1.5 % Pt/TiO,; GHSV = 52,380. (Poisoning: 200 ppm
H,S/air @ 400°C for 24 hrs.; GHSV = 6550)
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Figure 4.16: Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C,;H;
in air on 1.5 % Pt/ZrO,; GHSV = 85,320. (Poisoning: 200 ppm
H,S/air @ 400°C for 24 hrs.; GHSV = 10,700)
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Figure 4.17: Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C,H,
in air on 1.5 % Pt/SiO,; GHSV =15,000. (Poisoning: 200 ppm
H,S/air @ 400°C for 24 hrs.; GHSV = 1880)
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Figure 4.18: Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C,H
in air on 1.5 % Pt/y-AL,O3; GHSV = 55,200. (Poisoning: 200 ppm

H,S/air @ 400°C for 24 hrs.; GHSV = 6900)
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Figure 4.19: Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C,Hg
in air on 1.5 % Pt/TiO,; GHSV = 52,380. (Poisoning: 200 ppm

H,S/air @ 400°C for 24 hrs.; GHSV = 6550)
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Figure 4.20: Fresh vs. H>S-poisoned catalyst activity for the oxidation of 1 % C,;Hj,
in air on 1.5 % Pt/ZrO,; GHSV = 85,320. (Poisoning: 200 ppm
H,S/air @ 400°C for 24 hrs.; GHSV = 10,700)
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Figure 4.21: Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C;Hj
in air on 1.5 % Pt/SiO,; GHSV = 15,000. (Poisoning: 200 ppm
H,S/air @ 400°C for 24 hrs.; GHSV = 1880)
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Figure 4.22: Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C;Hjy
in air on 1.5 % Pt/y-AL,O3; GHSYV = 55,200. (Poisoning: 200 ppm
H,S/air @ 400°C for 24 hrs.; GHSV = 6900)
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Figure 4.23: Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C;Hs
in air on 1.5 % Pt/Ti0,; GHSV = 52,380. (Poisoning: 200 ppm
H,S/air @ 400°C for 24 hrs.; GHSV = 6550)
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Figure 4.24: Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C;Hg
in air on 1.5 % Pt/ZrO,; GHSV = 85,320. (Poisoning: 200 ppm
H,S/air @ 400°C for 24 hrs.; GHSYV = 10,700)
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Figure 4.25: Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C;Hg
in air on 1.5 % Pt/Si0,; GHSV = 15,000. (Poisoning: 200 ppm
H,S/air @ 400°C for 24 hrs.; GHSV = 1880)
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Figure 4.26: Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % CsHyy
in air on 1.5 % Pt/y-ALL,O3; GHSV = 55,200. (Poisoning: 200 ppm
H,S/air @ 400°C for 24 hrs.; GHSV = 6900)
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Figure 4.27: Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C4H,y
in air on 1.5 % Pt/Ti0O,; GHSV = 52,380. (Poisoning: 200 ppm
H,S/air @ 400°C for 24 hrs.; GHSYV = 6550)
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Figure 4.28: Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % CHyg
in air on 1.5 % Pt/ZrO,; GHSV = 85,320. (Poisoning: 200 ppm
H,S/air @ 400°C for 24 hrs.; GHSV = 10,700)
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Figure 4.29: Fresh vs. H,S-poisoned catalyst activity for the oxidation of 1 % C Hj,
in air on 1.5 % Pt/SiO,; GHSV = 15,000. (Poisoning: 200 ppm
H,S/air @ 400°C for 24 hrs.; GHSV = 1880)
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423424, and 4.25. Additionally, experiments showed that C4H,, oxidation activity
was enhanced by H,S poisoning on all four catalysts and results are presented in
Figures 4.26, 4.27, 4.28, and 4.29.  Figure 4.28 shows kinks in the activity curves for
C4Hyo oxidation on both fresh and H,S-poisoned Pt/ZrO, catalysts occurring in a
temperature range of 200-225°C on both curves. The effect is similar to that found in the
activity curve for CH, oxidation on H,S-poisoned Pt/y-Al,O; shown in Figure 4.5. Most
likely, this is a result of some type of surface transformation occurring in this temperature
range. The effect was not observed on other Pt/ZrO; activity curves since all of the other
reactions studied occurred at significantly lower temperatures or significantly higher
temperatures.

The enhancement of C;Hg oxidation on Pt/y-Al,O; due to sulfur poisoning has
been observed by numerous researchers including Golunski et al. [S], Burch et al. [25],
Lambert et al. [27,28,29], and Wang [31]. Burch et al. [26] also observed enhanced C;Hg
oxidation due to sulfur poisoning of Pt/TiO,. Wang [31] found enhanced activity for
C;Hg oxidation on Pt/ALLO;, Pt/TiO,, and Pt/ZrO, which had each been poisoned by 100
ppm H,S in air at 400°C. Contrary to the results presented above in Figure 4.25 however,
Wang [31] did not observe an activity enhancement on H,S-poisoned Pt/SiO,. Wang’s
results are in agreement with numerous reports in the literature showing no change in the
C;Hg oxidation activity of Pt/SiO; due to sulfur poisoning, including the work of Burch
et al. [25]. Nevertheless, Figure 4.25 clearly shows an enhancement for C;Hg oxidation
activity on Pt/SiO,. This result is supported by similar effects observed in Figures 4.21
and 4.29 for C;H and C;Hy, oxidation on Pt/Si0,. At present, no examples of enhanced

alkane activity due to sulfur poisoning of Pt/Si0, have been found in the literature.
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Very few studies have been reported on the effects of sulfur poisoning on Pt
catalyst activity for alkane oxidation for compounds other than C;Hg. Lambert et al.
[7,24] did not observe sulfate-induced enhancement for C,H¢ oxidation even though
enhancement was observed for C;Hg oxidation. These researchers have suggested, in
agreement with others, that hydrocarbon oxidation on Pt catalysts is initiated by hydrogen
abstraction and that this initial step is enhanced by sulfate on Pt sites or on the support
surface. Their conclusion is that enhancement is observed for CsHg rather than C,Hg due
to the presence of a weaker C-H bond present on the secondary carbon atom of
C;3Hg. Although results shown in Figures 4.18, 4.19, 4.20, and 4.21 show enhanced C,Hg
oxidation activity, Lambert et al.’s explanation may still be valid. Comparing the
oxidation of C,Hg, C3Hsg, and C4Hjo on each catalyst, it is clear that the enhancement of
the C,Hg reaction is much less pronounced than the enhancements observed for the CsHg
or the C4H( oxidation reactions. This seems to substantiate the theory that sulfur
poisoning enhances the hydrogen abstraction initialization step. It is then expected that
C,Hg oxidation enhancement would occur to a lesser degree than that of the larger
hydrocarbons since C,Hs contains only primary carbon atoms containing stronger C-H

bonds then the secondary carbon atoms present in C;Hg and C4H .

4.1.5 y-ALO; Oxidation Activity

As described in Ch. 3, y-Al,O; was physically mixed with each of the catalysts when
conducting the activity experiments. In order to show that the activity observed in the
experiments described above did not result from the y-Al,Os diluent, several activity

experiments were carried out using y-Al,O; only. These activity curves are shown in
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Figure 4.30: Activity of y-Al,O; for the oxidation of 1 % CO, CHy, C;Hy, and C4Hyg

in air; GHSV = 6800.
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Figure 4.30. The oxidation of CO begins on y-Al,O; at temperatures greater than 200°C.
For the each of the four catalysts, both fresh and H,S-poisoned, the CO oxidation reaction
is complete below this temperature and, thus, y-Al,O; does not contribute to the observed
activity of the supported Pt catalysts. A similar analysis of CH, oxidation shows that the
reaction on most of the supported Pt catalyst samples occurs at lower temperatures than
the reaction on y-Al,Os alone, with the exceptions of H,S-poisoned Pt/ y-Al,O3 and both
fresh and H,S-poisoned Pt/SiO,. Even in these cases however, y-Al,O; probably doesn’t
contribute to the reaction at conversions lower than 50 %. The oxidation of C,H,
occurred on y-Al,O; at higher temperatures than any of the four Pt catalysts studied and
thus, v-AlLO; did not contribute to the measured catalytic activity of the Pt-containing
catalysts. It was assumed that the C;Hg and C;H; reactions exhibited similar behavior.
Finally, the activity of y-Al,Os for C4H,, oxidation occurred at a temperature sufficiently
high, that only the activity of the fresh Pt/SiO, catalyst was appreciably affected by the
presence of y-Al,O;. Again, it was assumed, based on the similarity of the reactions, that

C,Hg and CsHg oxidation activity was not affected by the y-Al,Os diluent.

4.2 H, Chemisorption Measurements
Sulfur poisoning is known to cause significant losses in Pt dispersion on supported Pt
catalysts. Often, this loss of dispersion can be directly linked to the loss of catalyst
activity associated with sulfur poisoning. Pt dispersion for fresh and H,S-poisoned
catalysts was determined by H, chemisorption and results are shown in Table 4.5. A

brief discussion of H, chemisorption and the experimental procedures are provided in
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Ch 3, section 3.4. The experimental data used to calculate each dispersion value is shown
in Figures 1-8 in Appendix B.

Table 4.5: H; chemisorption data for fresh and H,S-poisoned Pt catalysts

Catalyst Fresh H,S-poisoned™
1.5 % Pt/y-AlLO5 53.6% 19.6 %
1.5 % PYTiO, | 58.0 % 219 %
1.5 % Pt/ZrO, 20.8% 10.9 %
1.5 % Pt/Si0O; 20.8 % 152 %

Note: a) Each catalyst was poisoned with a 200 ppm H,S/air mixture at 400°C for 24 hrs.

The results show that Pt/y-AlL,Os, Pt/TiO,, and Pt/ZrO, experienced significant
losses of dispersion due to H,S poisoning. The dispersion values for H,S-poisoned
Pt/y-Al,O3 and Pt/TiO; catalysts were much less than half of the original fresh catalyst
values. Pt dispersion on the PvZrO, catalyst was reduced by approximately 1/2
following H,S poisoning while the Pt/SiO; catalyst dispersion was reduced by about 1/4.
It is important to note that the dispersion loss was the least on Pt/SiO,, for which the
formation of sulfate on the support has not been previously observed.

Although H, chemisorption results can directly determine changes in the number
of active sites present, the mechanism for such changes is not always evident. In this
particular series of experiments, there are at least two possible explanations for the
observed losses in dispersion resulting from H,S poisoning and both explanations are
illustrated by the conceptual model presented in Figure 4.31. In this model, the fresh
supported Pt catalyst at the top of Figure 4.31 has 9 Pt sites exposed at the surface.
Schemes (a) and (b) both show a decrease in the number of exposed Pt sites from 9 to 5,

but the mechanisms for the decrease are different. Scheme (a) shows a loss of Pt



Figure 4.31: Schematic showing two alternative pathways for Pt dispersion loss as determined by H, chemisorption. The
solid line represents the support surface and the gray circles and ellipses are representative of Pt crystals.
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dispersion as a result of Pt crystal growth in which mobile Pt particles coalesce to form
larger Pt particles on the support surface with less exposed Pt sites. Alternatively,
scheme (b) shows a loss of Pt dispersion cause by the blockage of pores on the support
material. In this case the Pt particles to not change size, but reactants are unable to
contact with the exposed Pt sites located in the blocked pores.

An additional explanation for the loss of dispersion on sulfur-poisoned catalysts
involves the formation of sulfate on exposed Pt sites. Adsorbed sulfate groups could alter
the chemisorption of H, on exposed Pt sites and, thus, lead to a loss of Pt dispersion as
determined by H, chemisorption experiments. However, this effect is expected to be
small since sulfate groups are known to be more stable on the support surfaces than on Pt
sites.

It is possible and extremely likely that H,S-poisoning causes a combination of Pt
crystal growth, sulfate formation on Pt sites, and pore blocking due to sulfate formation
on yAl,O;, TiO,, ZrO, surfaces. SiO, is not observed to form surface sulfates, so it is
likely that the observed loss of dispersion is a result of Pt crystal growth and sulfate
formation on Pt sites. As noted previously, the loss of dispersion on Pt/SiO, was less
than that observed on the other catalyst samples presumably due to the absence of pore
blocking effects of support sulfate formation. BET surface area analysis can be
employed to clarify H, chemisorption results. The BET method measures the overall
surface area of the metal/support surface while chemisorption experiments essentially
measure the area of exposed metal atoms only. If the loss of dispersion is primarily a
result of Pt crystal growth, it is expected that the BET surface area would not change

much. Conversely, severe dispersion loss due to pore blockage by sulfate formation
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would be expected to be accompanied by a large decrease in the BET surface area. BET
surface area results are discussed in section 4.3,

The H, chemisorption experiments were conducted using a method slightly
different from methods commonly used by other researchers. In typical hydrogen
chemisorption experiments, the catalyst sample is reduced in hydrogen at an elevated
temperature prior to performing the chemisorption step. This is done to provide a clean,
reduced surface for metal dispersion determination. However, experiments revealed that
Pt dispersion values increased continuously as the hydrogen reduction temperature was
increased. After reducing the 1.5 % Pt/y-Al,O; catalyst sample at 600°C for 2 hours, a
dispersion of 90.0 % was obtained. A similar treatment on the H,S-poisoned
1.5 % Pt/y-Al,O5 catalyst yielded a dispersion of 87.7 %. Thus, it seems that hydrogen
treatment caused a re-dispersion of the Pt particles on the y-Al,O; support yielding a
highly dispersed catalyst. However, this highly dispersed state did not exist in the
conditions at which the activity experiments were conducted. Consequently, experiments
in this study were performed by heating the catalyst samples in N; at 600°C in order to
remove any adsorbed compounds. In effect, no reduction procedure was performed.
This procedure produced dispersion results, which reflected the actual dispersion of the
Pt catalysts during activity and poisoning experiments. An important observation is that
the H,S-poisoned Pt/y-Al,O5 catalyst gave a dispersion of 87.7 % following a reduction
at 600°C. This is comparable to the value of 90.0 % found for a similarly treated fresh
Pt/y-AlLO; catalyst and appears to indicate that the reduction procedure may have been
sufficient to regenerate the H,S-poisoned catalyst. No regéneration studies were

performed in this study, however.
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4.3 BET Surface Area Measurements
The overall surface areas of fresh and H,S-poisoned Pt catalysts were determined using
the BET method as described in Ch. 3, section 3.5, and results are present in Table 4.6.
The results show a small decrease in surface area for Pt/y-Al,Os and a larger decrease on
Pt/TiO, and Pt/ZrO, after H,S poisoning. The effect of H,S poisoning on Pt/SiO, was
negligible.

Table 4.6: BET surface area data for fresh and H,S-poisoned Pt catalysts. All
values are reported in mzlg.

Catalyst Fresh H,S-poisoned®
1.5 % Ptiy-ALO; 77 65
1.5 % Pt/TiO, 40 31
1.5 % Pt/ZrO, 64 48
1.5 % Pt/Si0, 132 134

Notes: a) Each catalyst was poisoned with a 200 ppm H,S/air mixture at 400°C for 24 hrs.

The small change in surface area on Pt/y-Al,O3, combined with the large decrease
in Pt dispersion seen in Table 4.5, clearly indicates that H,S-poisoning resulted in a
significant amount of Pt crystal growth and a relatively smaller amount of pore blockage
due to sulfate formation on the y-Al,Os support surface. This has important implications
for sulfur-induced activity effects on Pt/y-Al,O; since Pt crystal growth causes an
increase in the mean particle size and associated changes in activity. Some evidence
exists in the literature suggesting that larger Pt particle sizes are more active for alkane
oxidation reactions. Specifically, Lambert et al. [29] suggest that larger Pt particles may
be more active for hydrogen abstraction or C-H bond scission, the initial step in alkane

oxidation. Thus, the enhancement of alkane oxidation observed on Pt/y-Al,O;, as well as
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on the other H,S-poisoned catalysts, can be partially explained by the increase in Pt
particle size resulting from the agglomeration of Pt particles.

The decreases in surface area caused by H,S-poisoning of Pt/TiO, and Pt/ZrO,
were relatively large and seem to indicate a substantial amount of pore blocking due to
sulfate formation on the support surface. However, this information, combined with the
decreases in Pt dispersion shown in Table 4.5, is not sufficient to determine the relative
amounts of Pt crystal growth and sulfate formation that have occurred due to H,S-
poisoning. Most likely a combination of both has occurred.

The negligible effect of H,S-poisoning on Pt/SiO, surface area was expected
since sulfate has not been observed to form on SiO, surfaces. Thus, the decrease in
dispersion from 20.8 % to 15.2 % can be primarily attributed to Pt crystal growth on the
catalyst surface. Pt crystal growth results in an increase in the mean Pt particle size
which is likely to be responsible for the enhanced oxidation activity of H,S-poisoned

Pt/S10, for alkane oxidation. The mechanism for this effect is described above.

4.4 FTIR Analysis
FTIR spectroscopy was used to determine the existence and composition of sulfur
compounds residing on the catalyst surfaces following H,S poisoning. For each catalyst
the absorbance spectrum of a fresh sample was subtracted from the absorbance spectrum
of an H,S-poisoned sample to obtain a difference spectrum. These spectra are shown in
Figures 4.32, 4.33, 4.34, and 4.35 for 1.5% Pt/y-AL,O3, 1.5 % Pt/Ti0,, 1.5 % Pt/ZrO, and

1.5 % Pt/SiO,, respectively.
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A general description of expected IR absorption frequencies for various sulfite
and sulfate ions and coordinated complexes is presented in Figure 4.36 [14]. Structures
(a), (b), and (c) show the expected absorption frequencies for the free sulfite ion, sulfur-
coordinated sulfite ion, and oxygen-coordinated sulfite ion, respectively. Structures (d),
(e), and (f) show absorption frequencies for a unidentate oxygen-coordinated sulfate ion,
a chelating bidentate oxygen-coordinated sulfate ion, and a bridged bidentate oxygen-
coordinated sulfate ion, respectively.  Finally, structure (g) lists the absorption
frequencies for molecular sulfate compounds.

For molecular sulfate compounds, the IR bands at 1440-1350 cm” and 1230-
1150 cm™ are generally quite strong, corresponding to the asymmetric and symmetric
S=0O stretching frequencies. Many researchers have observed these bands following
sulfur oxidation on Al,Os surfaces including Deo et al. [10], Chang [11], and Okamoto
etal. [12].

FTIR results for the four H,S-poisoned catalysts studied show a variety of
overlapping absorbance peaks in the 1400-900 cm™ range which are all indicative of the
presence of sulfur compounds on the catalyst surfaces. Most likely, sulfur exists in
several different forms on each catalyst, including all three types of coordinated sulfate
ions and molecular sulfate compounds. This may be the reason for the poor resolution
observed for peaks found in this region. The existence of sulfite ions was not expected
but could not be ruled out based on FTIR results.

The FTIR spectrum for H,S-poisoned Pt/y-Al,O3 shown in Figure 4.32 shows an
absorption band at 1650 ¢m™ (corresponding to adsorbed water), a strong band at

1300 cm™ and a small peak at 979 cm™. The absorption band at 1300 ¢cm™ probably



Figure 4.36: IR absorption frequencies and symmetry groups for selected sulfite
and sulfate groups [14]
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indicates the formation of molecular sulfate, although it occurs slightly below the
expected range of 1440-1350 cm™. This peak is strong and may obscure smaller peaks at
lower wavelengths that correspond to adsorbed sulfate ions. The peak at 979 cm™ may
be a result of molecular sulfate or coordinated sulfate ions.

The results for Pt/TiO,, shown in Figure 4.33, show a small band at 1606 cm’,
which is an indication of adsorbed H,O. A shoulder at 1406 c¢m’ may be a result of
molecular sulfate formation. However, this peak is partially obscured by two strong,
overlapping absorption bands at 1286 and 1140 cm™, which appear to suggest that sulfur
exists mostly as coordinated sulfate ions on the Pt/TiO, catalyst surface. A sharp peak at
911 ecm™’, however also reveals the presence of molecular sulfate and the sharp peak at
871 cm™ may be an indication of the presence of adsorbed sulfite ions.

Figure 4.34 shows the typical H,O absorption band at 1606 cm’ as well as a
strong absorption band at 1354 cm™ resulting from the formation of molecular sulfate on
Pt/ZrO,. Smaller peaks at 1183 and 1102 cm” may correspond to molecular sulfate
and/or coordinated sulfate ions.

A surprising result was found for the H,S-poisoned Pt/SiO, catalyst shown in
Figure 4.35. A strong absorption band is present at 1360 cm™, which is indicative of
molecular sulfate formation. Two smaller bands at 1190 and 1069 also suggest the
presence of molecular sulfate or adsorbed sulfate ions. Sulfur compounds and ions are
not known to form on SiO, catalyst supports, so it is proposed that the observed sulfur
species are present on the Pt metal sites only.

This raises the question of whether the sulfur compounds found on Pt/y-AL,Os,

Pt/TiO,, and Pt/ZrO, are present on the support surface or Pt metal sites. On these
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catalysts, sulfur compounds are thought to be more stable on the support surface.
However, the presence of small amounts of sulfur compounds on active Pt sites cannot be

ruled out,

4.5 Temperature-Programmed Reduction Results
Further evidence for the formation of sulfate on the catalyst surfaces is provided by
temperature-programmed reduction (TPR) studies. TPR profiles for fresh and H,S-
poisoned catalysts are compared in Figures 4.37, 4.38, 4.39, and 4.40. Each figure shows
TPR plots for both fresh and H,S-poisoned catalysts on the same graph for easy
comparison.

Figure 4.37 reveals a huge difference in the TPR profile between fresh and H,S-
poisoned Pt/y-Al,O;. In fact, Pt/y-Al,O; showed the largest change in TPR profile due to
H,S-poisoning of all four catalysts studied, indicating that it is the most heavily sulfated
catalyst of the group. The detector signal for the H,S-poisoned Pt/y-Al,O; reduction peak
is so much larger than the signal maxima observed on the fresh sample that the fresh
Pt/y-Al,O; TPR plot cannot be observed on the same y-scale. Thus, the insert in
Figure 4.37 shows the TPR plot for the fresh catalyst with a much expanded signal axis.
Fresh Pt/y-Al,O; shows several overlapping peaks including two similar sized peaks at
216°C and 298°C as well as two larger peaks at 419°C and 475°C. The peaks at 419°C
and 475°C closely match peaks found for the fresh Pt/TiO, and Pt/SiO, catalysts (see
Figures 4.38 and 4.40) and may correspond to the reduction of oxidic Pt particles. The

TPR plot for H,S-poisoned Pt/y-Al,Os is characterized by a strong hydrogen uptake peak
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Figure 4.37: Temperature-programmed reduction plots for fresh and H,S-poisoned
1.5 % Pt/y-ALO;
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centered at 547°C with a much smaller shoulder at 402°C. This large peak at 547°C
probably corresponds to the reduction of aluminum sulfate on the catalyst surface.

TPR plots for fresh and H,S-poisoned Pt/TiO; shown in Figure 4.38 also show a
large change in TPR profile following H,S-poisoning. Fresh Pt/TiO, yields two
overlapping reduction peaks at 410°C and 505°C, which are similar in appearance and
location to the peaks found for fresh Pt/y-AL,O; and Pt/SiO,. As postulated in the
preceding paragraph, these peaks probably result from the reduction of oxidic Pt
particles. The TPR profile for H,S-poisoned Pt/TiO, exhibits a strong reduction peak at
405°C with a shoulder at 509°C. This is in marked contrast to the TPR profile shown in
Figure 4.37 for Pt/y-Al,O; where the positions of the peak and shoulder are reversed.
The results are consistent with the FTIR analysis for H,S-poisoned Pt/TiO; in which it
was suggested that sulfate exists mainly as coordinated sulfate ions on the TiO, surface.
The reduction peak at 405°C is most likely attributable to these coordinated sulfate ions
and the shoulder present at 509°C may indicate a small amount of titanium sulfate.
However, the signal for this shoulder is not that much greater than that of a similar peak
observed for fresh Pt/TiO, and the presence of titanium sulfate should be considered
minimal. In the previous paragraph, the reduction peak at 547°C on Pt/y-Al,O; was
assigned to the reduction of aluminum sulfate. No assignment was made for the shoulder
at 402°C, however, and it is likely that this peak is also a result of coordinated sulfate
ions on the y-Al,O; surface.

The TPR plot for fresh Pt/ZrO, (Figure 4.39) is characterized by a strong
reduction peak centered at 538°C and a smaller, partially obscured shoulder at 450°C.

Pt/ZrO; is the most highly reducible of the four catalysts studied. Although the detector
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signal heights for the TPR peaks for fresh and H,S-poisoned Pt/ZrO; appear smaller than
the peak observed for H,S-poisoned Pt/y-Al,Os, this is only because it was necessary to
decrease the detector current for the Pt/ZrO, experiments in order to prevent the peaks
from going off-scale. Both fresh and H,S-poisoned Pt/ZrO, TPR peaks are, in fact, larger
than the H,S-poisoned Pt/y-Al,O; peak. In the TPR plot for H,S-poisoned Pt/ZrO,, it
appears as if the shoulder observed on the fresh catalyst has shifted to 499°C and is much
stronger on the H,S-poisoned catalyst. Additionally, the original peak at 538°C may be
obscured by a larger peak centered at 586°C, which probably corresponds to the reduction
of sulfate on the catalyst support. This large peak with a low temperature-side shoulder is
comparable in appearance to a similar peak and shoulder shown in the TPR plots for
Pt/y-Al,O3 and probably result from the reduction of zirconium sulfate and coordinated
sulfate ions, respectively.

The TPR results for Pt/SiO, confirm the presence of a small amount of sulfate on
the catalyst surface as found in the FTIR studies. This is evident in Figure 4.40 as the
small peak at 605°C for H,S-poisoned Pt/SiO;. A kink in the plot occurs at a similar
point for fresh Pt/SiO, but this is most likely an effect of the experimental procedure. In
the TPR experiments, the furnace temperature was programmed to increase to 600°C and
the furnace was then held at this temperature for 20 minutes. The point on the TPR plot
at which the furnace stops heating is characterized by a small, but rapid decrease in the
detector signal. Thus, it was concluded that the apparent shoulder present at
approximately 600°C in the TPR plot of for fresh Pt/SiO; is not significant. However, the
H,S-poisoned Pt/SiO, sample clearly shows a signal increase at 605°C as well as a broad

H, uptake over the course of the 20 minute temperature-hold. Other peaks on the plots
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are almost identical for the fresh and H,S-poisoned Pt/SiO, catalysts. As proposed above
- in section 4.4, the TPR results seem to support the contention that a small amount of
sulfate exists on the Pt surface and this adsorbed sulfate may also contribute to the

enhancement of alkane oxidation observed on H,S-poisoned Pt/SiO; catalysts.

4.6 Temperature-Programmed Desorption Experiments
Heterogeneous catalytic reactions generally proceed through the following steps: bulk
diffusion of gaseous reactants to the catalyst surface; diffusion of the reactants through
the pore structure of the catalyst; adsorption of reactants on the active sites; reaction at
the active sites; desorption of the products from the active sites; diffusion of the products
through the pore network; and diffusion into the bulk gas. Temperature-programmed
desorption (TPD) experiments were conducted in order to determine the role that the
third step (adsorption of reactants) plays in the activity changes observed for H,S-

poisoned Pt catalysts.

4.6.1 C;Hg Adsorption

The adsorption and temperature-programmed desorption of C;Hg was investigated on
fresh and H,S-poisoned catalysts. C;Hg was chosen as an adsorbate since many
researchers have attributed an enhanced interaction between C;Hg and the catalyst surface
as a mechanism for the enhancement of CsHg oxidation on sulfur-poisoned Pt catalysts.
Lambert et al. [29] concluded that sulfate formation on both Pt metal sites and on the
Al,O; surface results in enhanced C-H bond activation and a subsequent enhancement of
oxidation activity. Burch e. al. [25] also conclude that sulfate formation on ALO; in

close proximity to Pt sites vields surface sites active for C-H bond activation.
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The TPD plots for C;Hg on fresh and H,S-poisoned Pt catalysts are shown in
Figures 4.41, 442, 443, and 4.44, and several observations can be made from these
results.

H,S-poisoning appears to have a large effect on the adsorption characteristics for
C3;Hg on Pt/y-AlL,Os; and Pt/ZrO,. For both catalysts, H,S-poisoning results in a
substantial increase in the total CsHg adsorbed as shown by the peak areas given in
Figures 441 and 4.43. Additionally, the desorption peak maxima for H,S-poisoned
catalysts are shifted to lower temperatures and, the temperatures at which desorption
initially occurs are also shifted to lower temperatures. These effects indicate an increase
in reactivity for CsHg adsorbed on H,S-poisoned Pt/Al,O; and Pt/ZrO,. This increase in
reactivity, as determined by the TPD plots, must be related to sulfate formed on the
support surface. Although C;Hg activity may also be enhanced due to the formation of
sulfate on Pt sites, this additional activity is not likely to be detected by this technique.
The Pt is present in a small amount (1.5 % by weight) and adsorption of CsHg on Pt sites
1s probably beyond the detection limits of the experimental apparatus.

The results for Pt/TiO; are shown in Figure 4.42 and indicate only a very small
increase in C;Hg adsorption following H,S-poisoning. In fact the adsorption of C;Hg was
very low on both fresh and H,S-poisoned Pt/TiO; and close to the detection limit of the
instrument. The noisy signal evident in Figure 4.42 is partially a result of the expanded
signal axis. Results for Pt/TiO, indicate that the activity enhancement for alkane
oxidation due to H,S-poisoning is primarily associated with reactivity changes on the Pt

metal sites only.



106

Temperature-Programmed Desorption
1.5 % Pt/Al,O,

225 - Temp. = 421°C

/ Area = 4230
200

Temp. = 560°C
Area = 1850

150
125 -
100 , : ‘
0 500 1000 1500 2000 2500 3000
Time (s)
Fresh H2S-poisoned ‘

Figure 4.41: Temperature-programmed desorption curves for fresh and H,S-
poisoned 1.5 % Pt/y-Al,O; following C;Hg adsorption at 100°C
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Figure 4.42: Temperature programmed desorption curves for fresh and H,S-
poisoned 1.5 % Pt/TiO; following C3Hg adsorption at 150°C
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Figure 4.43: Temperature programmed desorption curves for fresh and H,S-
poisoned 1.5 % Pt/ZrO, following C3;Hg adsorption at 150°C
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Figure 4.44: Temperature programmed desorption curves for fresh and H,S-
poisoned 1.5 % Pt/SiO; following C;Hg adsorption at 150°C



108

No desorption peaks were found for C;Hg adsorption on fresh or H,S-poisoned
Pt/SiO,. Figure 4.44 shows the TPD plots for both samples with a largely expanded
detector signal axis. Like Pt/TiO, these results show that activity changes associated with

H,S-poisoning are related to changes occurring in the activity of the Pt metal sites only.

4.6.2 CO Adsorption

CO oxidation on Pt catalysts occurs by reaction of Pt-adsorbed CO with dissociatively
adsorbed O atoms on Pt sites. Sulfur poisoning is expected to deactivate this reaction by
inhibiting both CO adsorption and dissociative O, adsorption. This inhibition can be the
additive result of Pt crystal growth, pore blockage, and sulfur-mediated electronic effects
on Pt metal sites. Although CO does not adsorb appreciably on the support materials, it
adsorbs on Pt sites to a much greater extent than C;Hg and could be detected by the
experimental apparatus. TPD plots for CO adsorption on fresh and H,S-poisoned
catalysts are shown in Figures 4.45, 4.46, 4,47, and 4 .48.

Figures 4.45 and 4.47 show virtually no effect of H,S poisoning for CO
adsorption on Pt/y-Al,O3 or Pt/ZrO,. These results were unexpected and it may indicate
that the deactivation of both catalysts by H,S poisoning may be related to changes in the
competitive adsorption process between CO and O, on active Pt sites. In the TPD
experiments, O, was not present in the system so, these experiments may not reflect the
true activity of CO under reaction conditions.

On the other hand, Figure 4.46 shows a substantial loss in CO adsorption capacity
for H,S-poisoned Pt/TiO,. In fact, Pt/TiO, adsorbed more CO than any of the other

catalysts studied, and this is supported by the fact that Pt/TiO, was the most active for
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Figure 4.45: Temperature-programmed desorption curves for fresh and H,S-
poisoned 1.5 % Pt/y-ALO; following CO adsorption at 50°C
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Figure 4.46: Temperature-programmed desorption curves for fresh and H,S-
poisoned 1.5 % Pt/TiO; following CO adsorption at 50°C
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Figure 4.47: Temperature-programmed desorption curves for fresh and H,S-
poisoned 1.5 % Pt/ZrO; following CO adsorption at 75°C
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Figure 4.48: Temperature-programmed desorption curves for fresh and H,S-
poisoned 1.5 % Pt/SiO, following CO adsorption at 50°C
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CO oxidation. Pt/TiO; appears to be deactivated by H,S poisoning for CO oxidation as
a result of decreased CO adsorption capacity.

The fresh Pt/SiO, catalyst (Figure 4.48) shows a broad and barely detectable CO
desorption peak while the TPD plot for the H,S-poisoned sample was essentially flat,
indicating no CO adsorption. However, these observations are not truly significant since
CO adsorption on Pt/SiO, appears to be beyond the sensitivity of the experimental

apparatus used to conduct these experiments.

4.7 Effects of H,O on Catalyst Poisoning and Activity

Several reports in the literature have suggested that water plays an important role in the
sulfur poisoning of noble metal catalysts on oxide supports. As mentioned earlier, the
catalysts used in this study probably contained significant amounts of adsorbed H,O
during the activity and poisoning experiments. Also, during the poisoning procedure, the
oxidation of H,S results in the production of significant amounts of H,O, which may
interact with sulfur compounds and alter the effects of sulfur on the catalyst surface. An
additional source of H,O is derived from the oxidation of hydrocarbon compounds during
the activity experiments. Consequently, experiments were performed using SO, as the
poisoning gas in order to determine the effect, if any, that HO had on catalyst poisoning
and subsequent activity.

Experiments were conducted with 1.5 % Pt/y-Al,O; and 1.5 % Pt/SiO; and a
poisoning gas mixture of 200 ppm SO, in air. Further experimental details are provided
in Ch 3, section 3.9. The activity for both poisoned catalysts was determined for the

oxidation of CO, CH,, and C4Hjy and compared to the corresponding fresh and H,S-
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poisoned activity presented in section 4.1. Plots showing the activity curves for fresh,
SO,-poisoned, and H,S-poisoned catalysts are shown in Figures 4.49, 4,50, 4.51, 4.52,
4.53,and 4.54. Tso and ATs, data are presented in Tables 4.1 and 4.4.

Experiments showed no difference in activity for CO oxidation on Pt/y-
ALO; for either H>S or SO, poisoning (Figure 4.49). The same behavior was also
observed for CO oxidation on the H,S and SO, poisoned Pt/SiO, catalysts (Figure 4.50).
Similarly, the CH; oxidation activity was equal regardless of the sulfur poisoning
compound on both Pt/y-AL,O; and Pt/SiO, catalysts (Figures 4.51 and 4.52). A
difference in activity was found, however, for the oxidation of C;H;y, on H,S and SO,
poisoned Pt/y-Al,O; catalysts. As shown in Figure 4.53, C;H,, oxidation activity was
enhanced to a lesser extent on the SO,-poisoned sample as opposed to the H,S-poisoned
sample. However, Figure 4.54 shows similar activity for C4H,o oxidation on both
poisoned Pt/Si0, samples.

In a study on PdO/Al,O; catalysts used for lean-burn natural gas engine emission
abatement, McCormick et al. [40] found that H,O and SO, have a synergistic poisoning
effect that is enhanced at higher temperatures (~520°C). These researchers found that the
combination of H,O and SO, resulted in the deactivation of a PdO/ALL,O; catalyst for
methane oxidation. The deactivation was greater than that observed for either H,O or
SO, poisoning alone. The authors suggest that H,O inhibits the adsorption of SO; on
AlLO;. In general, sulfate formation occurs on catayst supports like Al,Os; when a metal
catalyst (Pt or Pd) oxidizes H,S and SO, to SOs;, which can spillover to the support and

react to form sulfate. McCormick et al. propose that H,O causes a reverse spillover of
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CO oxidation on 1.5 % Pt/Al,O,

100
o 7 r
< 80 /
< /
o 60 /
@ 50 /
o 40
g 30 el g ﬂ/
o 20
3 A/
50 100 15 200
Temperature(°C)

| ={}=Fresh —#i—H2S poisoned —#—S02 poisoned ‘

Figure 4.49: Comparison of CO oxidation activity for fresh, H,S-poisoned, and
SO;-poisoned 1.5 % Pt/y-ALO;3; GHSV = 55,200. (Poisoning:
200 ppm H,S/air or SOy/air @ 400°C for 24 hrs.; GHSV = 6,900)
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Figure 4.50: Comparison of CO oxidation activity for fresh, H,S-poisoned, and
SO;-poisoned 1.5 % Pt/SiO;; GHSV = 15,000. (Poisoning: 200 ppm
H,S/air or SOy/air @ 400°C for 24 hrs.; GHSV = 1880)
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Figure 4.51: Comparison of CH, oxidation activity for fresh, H,S-poisoned, and

SO;-poisoned 1.5 % Pt/y-Al,O3; GHSV = 55,200. (Poisoning:
200 ppm H,S/air or SOy/air @ 400°C for 24 hrs.; GHSV = 6,900)
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Figure 4.52: Comparison of CH, oxidation activity for fresh, H,S-poisoned, and
SO,-poisoned 1.5 % Pt/SiO,; GHSV = 15,000. (Poisoning: 200 ppm

H,S/air or SOy/air @ 400°C for 24 hrs.; GHSV = 1880)
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Figure 4.53: Comparison of C4H; oxidation activity for fresh, H,S-poisoned, and

SO;-poisoned 1.5 % Pt/y-Al,O3; GHSV = 55,200. (Poisoning:
200 ppm H,S/air or SOy/air @ 400°C for 24 hrs.; GHSV = 6,900)
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Figure 4.54: Comparison of C;H oxidation activity for fresh, H,S-poisoned, and

SO;-poisoned 1.5 % Pt/SiO,; GHSV = 15,000. (Poisoning: 200 ppm
H,S/air or SO/air @ 400°C for 24 hrs.; GHSV = 1880)
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SO; from the support to the PdO active sites leading to the formation of PdSO, and
subsequent deactivation for CH, oxidation.

A similar mechanism can be proposed for the results found in this work. The
adsorption of H,O on y-Al,O; may prevent SO; from migrating far from the Pt metal
sites. This, in turn, could result in the formation of sulfate on either the Pt surface or at
the Pt-y-ALL,O; interface. Many researchers have suggested that sulfate sites are active for
C-H bond activation in alkanes. The presence of H,O would, therefore, cause the
formation of sites with enhanced alkane oxidation activity. This is confirmed by the
results shown in Figure 4.53, in which C4H)( oxidation on Pt/y-Al,O; was enhanced to a
greater extent for H,S poisoning than SO,-poisoning relative to fresh catalyst activity.
This mechanism is further supported by the fact that the Pt/SiO, catalyst was enhanced
equally by H,S or SO, poisoning for C4H;, oxidation. Sulfur compounds are not known

to interact with SiO; surfaces and the effect of H,O is expected to be minimal.



CHAPTERSS

CONCLUSION

A series of oxidation activity experiments were conducted for fresh, H,S-poisoned, and
SO;-poisoned Pt catalysts supported on y-Al,Os3, TiO,, ZrO, and SiO, surfaces. The
experiments included the complete oxidation of CO and several light hydrocarbons
including CHy, C,Hg, CoHy, CoH,, C3Hg, CsHg, and n-CyHjo. A summary of the results is
presented in Tables 5.1 and 5.2 showing changes in the 50 % conversion temperatures
(ATsg) resulting from both forms of sulfur poisoning on each catalyst. Positive values are
indicative of reaction deactivation and negative values indicate reaction enhancement. A
summary of changes in Pt dispersion and BET surface area resulting from H,S poisoning
of each Pt catalyst is shown in Table 5.3. The mechanisms responsible for the observed
effects of sulfur poisoning are discussed for each catalyst in the sections presented below.

Table 5.1: A summary of ATsp" values obtained for each oxidation reaction on H,S-
poisoned Pt catalysts." All values are reported in °C.

Reactant Pt/y-ALO; Pt/TiO, Pt/ZrO, Pt/SiO,
CO +63 +75 +24 +33
CHy +78 +15 +45 -7

C,Hg -26 -10 -15 -63
C,H,y -12 +7 +20 +14
C,H; +11 -1 -18 +19
CsHg -55 21 -44 =70
CsHq +17

n-C4Ho -72 -42 -39 -61

Notes: (a) ATsg is the difference between 50 % conversion temperatures of H,S-poisoned and fresh
catalysts.
(b) These values are taken from data listed in Tables 4.1, 4.2, 4.3, and 4.4,
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Table 5.2: A summary of ATs," values obtained for oxidation reactions on SO,-
poisoned Pt catalysts.” The corresponding values for H,S-poisoned Pt
catalysts are shown in parentheses for comparison. All values are
reported in °C.

Reactant Pt/y-ALO; Pt/SiO,
CO +61 (+63) +33 (+33)
CHy +74 (+78) =23 (-7)
n-CyHg -39 (-72) .69 (-61)
Notes: (a) AT, is the difference between 50 % conversion temperatures of sulfur-poisoned and fresh
catalysts.

(b) These values are taken from data listed in Tables 4.1 and 4 4.

Table 5.3: A summary of catalyst characterization experiments for fresh and H,S-
poisoned Pt catalysts. The values shown in the table represent the
differences in values between fresh and H,S-poisoned Pt catalysts.

Pt/y-AlL O3 Pt/TiO, Pt/ZrO, Pt/SiO,

Pt Dispersion” 34.0 % 36.1 % 9.9 % 5.6 %
(-63.4 %) (-62.2 %) (-47.6 %) (-26.9 %)

Surface Area (m¥g)” -12(-16%)  -9(-22.5%)  -16(25%)  +2(+1.5%)

Notes: a) Pt Dispersion values were determined by H, chemisorption (Ch. 4, section 4.2). The first value
listed in each column is the absolute change in the Pt dispersion %. The number in parentheses
represents the percentage change in Pt dispersion.

b) Surface area was calculated using the BET method (Ch. 4, section 4.3). The first value listed in
each column is the absolute change in the surface area. The number in parentheses represents
the percentage change in surface area.

5.1 Overview of Sulfur Poisoning
In Chapter 2, several potential mechanisms were presented to account for the effects of
sulfur poisoning on the observed activity for various reactions catalyzed by supported Pt
catalysts. The mechanisms are a summary of ideas gathered from numerous published
research reports. Brief descriptions of the proposed mechanisms are listed below:
(1) The interaction of sulfur compounds (H,S, SO,, SOs;, and SO4>) with Pt catalysts
induces the structural rearrangement of exposed Pt crystal planes from predominantly

Pt (111) surfaces to Pt (100) surfaces. Certain reactions are inhibited on the Pt (100)
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surface while others are enhanced. Still other reactions are completely unaffected by
the surface change. Specifically, this mechanism has been proposed to account for
the enhancement of C;Hg oxidation on sulfur-poisoned Pt catalysts.

The formation of oxidized sulfur compounds and anions on the Pt surface or at the
Pt/support interface induces electronic perturbations on the Pt particles that alter the
catalyst activity for various reactions. Electronic effects are expected to inhibit the
dissociative chemisorption of CO and O, on Pt particles while simultaneously
enhancing the alkane activity on Pt particles.

The oxidation of sulfur compounds (H,S, SO,, and SO;) on supported Pt catalysts
leads to the formation of sulfate on the catalyst support or at the Pt/support interface.
This results in the formation of new active sites, which promote C-H bond activation
in hydrocarbon compounds. This mechanism is proposed to account for enhanced
alkane oxidation on sulfur-poisoned catalysts. Additionally, an increase in the
surface acidity resulting from sulfate formation may enhance alkane oxidation by
promoting the formation of stable carbocations on the support surface.

The oxidation of sulfur compounds (H,S, SO,, and SO;) also results in the formation
of small amounts of oxidized sulfur compounds and/or anions on Pt particles. The
effects of this phenomenon include the blocking of active sites for CO and O,
chemisorption, but also the creation of new active sites for alkane reactions as
described in the previous mechanism.

The reaction of sulfur compounds (H,S, SO,, and SOs3) on supported Pt catalysts
results in the reduction and crystal growth of Pt particles. Larger Pt crystals may be

less active for CO and O, reactions, but more active for alkane reactions.
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(6) The formation of sulfate on the Pt catalyst support material causes the blockage of
pores and, thus, a decrease in the number of active sites available for all reactions.
This 1s expected to occur on y-AlO;3, TiO,, and ZrO,, but does not occur on SiO,.

Some catalysis researchers have considered each of these mechanisms as a
singular explanation for observed activity changes on Pt catalysts following sulfur
poisoning. However, it is entirely possible and quite likely, considering the results of this
study, that many or all of these mechanisms play a role in the sulfur-induced activity
changes observed on Pt catalysts.

Some of the proposed mechanisms were not directly investigated in this study.

For example, the restructuring of Pt crystal surfaces from (111) to (100) planes was not

determined in these experiments, nor were the electronic effects of sulfur deposition

determined. It is only possible to conclude that the experimental results are consistent
with the proposed effects of both mechanisms. That is, the occurrence of structural
recrystallization or electronic effects cannot be ruled out by the experimental results.

In the proceeding sections, a summary of the interactions of sulfur compounds

and the associated activity changes is presented for each catalyst.

5.2 Ptly-ALO;
Temperature-programmed reduction studies revealed a large amount of sulfate formation
on Pt/y-Al,O; following H,S poisoning. However, this was not accompanied by a large
loss in surface area as determined by the BET method. The small decrease in surface
area observed combined with a large decrease in Pt dispersion indicates that a significant

amount of Pt crystal growth has occurred. FTIR analysis confirmed the presence of
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aluminum sulfate as well as coordinated sulfate ions, and the presence of sulfate on Pt
particles cannot be ruled out.

The combination of Pt crystal growth, aluminum sulfate formation, adsorbed
sulfate ions on the support, and sulfate formation on Pt, each contribute to the significant
decrease in activity observed for CO oxidation and CH, oxidation. The enhancement of
alkane oxidation reactions on sulfur-poisoned Pt/ y-Al,O; is due to the combination of Pt
crystal growth and formation of new active sites as a result of sulfate formation on Pt, y-
Al O3, and/or the Pt-y-Al,O; interface. The formation of new active sites was confirmed
by TPD studies, which showed a large increase in the amount of C;Hg adsorbed on the
sulfur-poisoned catalyst. Additionally, it was found that the desorption temperature of
C;Hg was significantly shifted to a lower temperature following sulfur-poisoning,
indicating increased reactivity. The formation of new active sites due to sulfate
formation is further confirmed by the results found for the oxidation of C,Hs. The
activity enhancement resulting from the formation of sulfate sites involves an
enhancement of C-H bond activation. The fact that C,Hg oxidation was enhanced to a
lesser extent than C;Hg or C4H,o oxidation on the sulfur-poisoned catalysts is evidence
that C-H bond activation is involved in the observed activity enhancement.

Relatively minor changes in activity for the oxidation of C,H,, CsHs, and C,H;
were found for H,S-poisoned Pt/y-Al,Os catalysts. These reactions are thought to occur
by a Langmuir-Rideal mechanism involving the interaction of gas-phase hydrocarbon
molecules with dissociatively chemisorbed O,. It is expected, therefore, that Pt crystal
growth and the formation of sulfate on Pt and the support surface would deactivate the

catalyst for the oxidation of unsaturated hydrocarbons by inhibition of dissociative
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chemisorption of O,. However, this inhibition effect may not have been observed due to
the large excess of O, present in the system (~20 % O,, 1 % hydrocarbon). (Similar
results were found on Pt/TiO,, Pt/ZrO,, and Pt/SiO,, and this explanation applies to these

catalysts as well.)

5.3 PU/TiO,
FTIR spectroscopy and TPR experiments both suggest that H,S poisoning of Pt/TiO,
results in the formation of sulfate predominantly in the form of coordinated sulfate anions
on the catalyst surface. Although most of the adsorbed sulfate anions probably reside on
the TiO, surface, the presence of small amounts of sulfate on Pt is possible and cannot be
ruled out. Since the formation of Ti(SOs), appears to be minimal, the large loss in Pt
dispersion as determined by H, chemisorption can be a result of either Pt crystal growth,
the adsorption of sulfate on active sites, or a combination of both. However, the BET
surface area decreased by 22.5 % on the H,S-poisoned catalyst and this result is difficult
to justify considering other experiments showing little Ti(SO4), formation. A possible
conclusion is that sulfur poisoning caused support sintering. Support sintering occurs
when reaction conditions cause the pore network of the support to partially collapse
resulting in the occlusion of active Pt sites. Although TiO, is reported to be stable at
temperatures up to 500°C, impurities in the support material itself or exposure to reactive
gases such as sulfur compounds can cause support sintering at lower temperatures. If
support sintering occurred in this case, it represents an additional cause for the low Pt

dispersion values obtained for the H,S-poisoned Pt/TiO; catalyst.
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The deactivation of CO and CH, oxidation on H,S-poisoned Pt/TiO; is attributed
to all of the following: Pt crystal growth, the adsorption of sulfate on active sites, and
possibly, the sintering of the TiO, support. Enhancement of alkane oxidation on H,S-
poisoned Pt/Ti0O; is the result of Pt crystal growth and the formation of new active sites
due the presence of coordinated sulfate ions on both Pt and the TiO, surface. As in the
case of Pt/y-Al,Os;, the new active site hypothesis is substantiated by the smaller
enhancement seen for C,Hg oxidation as opposed to C;Hg and C4H; oxidation.
Curiously, however, TPD studies did not show any increase in C;Hg adsorption capacity
on the H,S-poisoned Pt/TiO, catalyst unlike Pt/y-Al,O; and Pt/ZrO,, which showed
substantial increases in the adsorption capacity for C;Hg following H,S-poisoning. This
result may suggest the possibility that electronic effects of sulfate adsorption are
influencing catalyst activity. Although the existence of electronic effects due to sulfate
adsorption on supported Pt catalysts is considered questionable at best, Pt/TiO, would be
the most likely catalyst of the group to exhibit this behavior considering the electronic
properties of TiO,. Electronic effects of sulfur deposition have been predicted to inhibit
CO oxidation and enhance alkane oxidation on Pt catalysts, which is consistent with the

results obtained in these experiments.

5.4 Pt/ZrO,
Catalyst characterization experiments including H, chemisorption, BET surface area, and
FTIR spectroscopy indicate that the oxidation of H,S on Pt/ZrO, results in both Pt crystal
growth and sulfate formation. Sulfate is deposited in the form of both molecular

Z1(SOy4); and adsorbed sulfate ions on the ZrO, surface. The presence of a small amount
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of sulfate on Pt particles is also probable and cannot be ruled out by the experimental
results.

Oxidation activity for CO and CH4 on H,S-poisoned Pt/ZrO; is inhibited due to a
combination of Pt crystal growth, pore blockage due to Zr(SO,), formation, and the
adsorption of sulfate on active sites. The enhancement for alkane oxidation observed on
H,S-poisoned Pt/ZrO; is a result of the combined effects of Pt crystal growth and the
formation of new active sites resulting from the formation of sulfate on the catalyst
surface. As in the case of Pt/y-Al,O;, the formation of new active sites that are active for
C-H bond scission is confirmed by TPD results and C,H oxidation activity experiments.
TPD experiments show an increased adsorption capacity as well as a decreased
desorption temperature for C;Hg adsorption on H,S-poisoned Pt/ZrO, catalysts, which is
consistent with the formation of new active sites. Activity experiments show an
enhancement for C,Hg oxidation on H,S-poisoned Pt/ZrO; that is much smaller than the
enhancement observed for C;Hg or C4Hyo oxidation. This is evidence that C-H bond

activation is important to the enhancement effects observed.

5.5 Pt/SiO,
The oxidation of H,S or SO, on Pt/SiO; results in the crystal growth of Pt particles as
well as the formation of a small amount of sulfate on Pt particles. BET surface area was
unaffected while Pt dispersion dropped approximately 25 %.
Pt crystal growth and the adsorption of sulfate on active Pt sites account for the
deactivation observed on sulfur-poisoned Pt/SiO, catalysts for CO oxidation. CH,

oxidation was largely unaffected by sulfur poisoning, presumably because sulfate did not
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form on the SiO; surface and, therefore, the diffusion of reactants through the catalysts’
pore network was not adversely affected. The enhancement in oxidation activity for
alkanes observed on sulfur-poisoned Pt/SiO; is mainly due to the creation of more active
sites as a result of Pt crystal growth. It is also expected that the formation of sulfate on Pt
particles yields active sites for C-H bond activation and this is an additional source for
alkane oxidation reaction enhancement. These effects have not previously been observed
on Pt/Si0; catalysts and, therefore, the results are a major contribution provided by this

study to the current body of catalysis research.

5.6 Effects of H,O on Catalyst Poisoning
It can be concluded, based on preliminary results obtained for SO,-poisoned Pt/y-Al,O;
and Pt/SiO,, that H,O enhances the poisoning effects of sulfur gases on certain catalyst
surfaces. Specifically, a comparison of the activity of fresh, H,S-poisoned, and SO,-
poisoned Pt/y-Al,O5 and Pt/SiO, for C;H o oxidation activity suggests that H,O enhances
the formation of sulfate on y-Al,O; surfaces. No effect was observed on Pt/Si0O, since
this catalyst does not undergo sulfate formation on the support surface but a similar
enhancement of sulfation is expected to occur on TiO, and ZrO,. However, further

research is required in this area to clearly establish the observed effect of H,O.

5.7 General Conclusions
In the previous sections of Ch. 5, a discussion of the interactions of sulfur compounds

and associated changes in catalyst activity on each of the four catalyst samples
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investigated in this work was presented. A summary of the major conclusions is

presented below:

The poisoning of supported Pt catalysts by H,S under oxidizing conditions results in
the enhancement of activity for the complete oxidation of C,Hs, C3Hg, and C4Hy.
This enhancement was observed for Pt catalysts supported on y-Al,03, TiO;, ZrO,,
and S10,.

The enhancement of alkane oxidation on H,S-poisoned Pt catalysts supported on
v-ALO;, TiO,, and ZrO; results from a combination of the formation of support
sulfate compounds, the adsorption of sulfate anions on the support surface, formation
of oxidized sulfur groups on the Pt metal sites, and Pt sintering. Each of these effects
appear to result in the formation of new active sites which facilitate the hydrocarbon
oxidation reaction.

The enhancement of alkane oxidation on H,S-poisoned Pt/SiO, has not been
observed previously and is primarily associated with Pt crystal growth. An
additional enhancement effect is due to the formation of small amounts of sulfate on
the Pt metal sites, yielding new sites active for the alkane oxidation reactions.

The oxidation of CO on each of the supported Pt catalysts was severely deactivated
following H,S-poisoning. The deactivation was a result of the combined effects of
pore blockage, Pt crystal growth, and adsorbed sulfate groups on active Pt sites.

The oxidation of CH,4 on H,S-poisoned Pt catalysts was slightly deactivated on all of
the catalyst samples except Pt/SiO; and is primarily a result of pore blockage due to

sulfate formation on the support.
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The effects of H,S-poisoning on alkene and alkyne oxidation reactions on supported
Pt catalysts were minimal. These reactions are proposed to occur by a Langmuir-
Rideal mechanism in which a gas-phase hydrocarbon molecule reacts with a
dissociatively adsorbed O atom. Although the effects of H,S-poisoning of supported
Pt catalysts is expected to inhibit the dissociative chemisorption of O,, the activity
changes observed were minimal since the reactions were carried out in excess O;
(=20 % O,, 1 % HC).

The sulfur-induced restructuring of the Pt crystal surface structure from (111) to
(100) planes and the electronic effects of adsorbed sulfur on Pt crystals were not
directly determined. However, the occurrence of these effects is consistent with the

experimental results and, thus, cannot be ruled out.



CHAPTER 6

RECOMENDATIONS FOR FUTURE WORK

The experimental results and conclusions presented in Ch.’s 4 and 5 reveal the complex

nature of processes occurring on the surface of practical supported Pt catalysts. The

results present many opportunities for additional research in this subject area. Several

recommendations for interesting and valuable research are suggested below.

Since, neither alkane oxidation enhancement nor sulfur adsorption has previously
been observed on Pt/SiO; catalysts, a more in-depth study of the interactions of sulfur
compounds on this catalyst would be beneficial.

FTIR spectroscopy and temperature-programmed reduction were utilized in these
experiments to identify the presence of sulfur compounds on the catalyst surface and
to suggest the form in which sulfur compounds were present. However, more
sophisticated surface analytical techniques such as XPS, AES, LEED, or EXAFS
could be useful in determining the exact sulfur compounds and anions present.

Sulfur poisoning of Pt/TiO, catalysts has not been studied extensively, unlike
Pt/y-Al,O3 and Pt/SiO,. Further studies of this catalyst are recommended since the
effects of sulfur poisoning on this catalyst appear to be significantly different from
that of Pt/y-Al,O;. Additionally, electronic effects of sulfur and other adsorbed
compounds on Pt activity may be more likely to occur on Pt/TiO; than other similar
catalysts, due to the electronic properties of TiO,. Experimentskin this area could

potentially reveal fundamental changes in Pt activity due to adsorbed compounds,
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which previously have not been unequivocally shown to occur on supported Pt
catalysts.

The role that acidity has in the promotion of alkane oxidation activity on sulfur-
poisoned catalysts is not clearly understood. Characterization of the changes in
catalyst acidity due to sulfate formation may be correlated to observed changes in
catalyst activity.

The interaction of H,O with sulfur compounds and the effects on supported Pt
catalysts is also an important topic that is not currently understood clearly.
Preliminary experiments have shown that H,O appears to enhance the sulfation of
Pt/y-Al,O3 catalysts. However, more in-depth catalyst characterization studies are
required to accurately determine the effects of H,O on catalyst poisoning.

Very small effects of sulfur poisoning were observed for alkene and alkyne oxidation
on supported Pt catalysts. It was suggested that the effects were minimal since O,
was present in excess in the reactant feedstream. Thus, it would be beneficial to

perform similar experiments using much lower O, concentrations.



APPENDIX A

GAS SPECIFICATIONS

All analytical gases were purchased from Matheson Gas Products. Listed in the
tables below are analytical grades, purity, and concentration for all gases used in this

study.

Table A.1: Pure gases

Gas Grade Purity" Application
Air Dry - FID flame, sulfur mixtures
Helium High Purity 99995 %  GC carrier gas
Hydrogen Prepurified  99.99 % FID flame, H, chemisorption
Nitrogen Prepurified  99.998 %  H, chemisorption, BET surface area,
TPR, TPD
Argon High Purity  99.995 %  H, chemisorption, TPD (CO)

Notes: a) Percentages represent minimum values for gas purity

Table A.2: Gas mixtures

Gas Concentration Balance gas (grade)” Application
Carbon monoxide  0.931 % Air (Dry) Activity experiments
Methane 0.986 % Air (Dry) Activity experiments
Ethane 1.1% Air (Dry) Activity experiments
Ethylene 1.0% Air (Dry) Activity experiments
Acetylene 1.07 % Air (Dry) Activity experiments
Propane 0.98 % Air (Dry) Activity experiments
Propylene 0.993 % Air (Dry) Activity experiments
Butane 0912 % Air (Dry) Activity experiments
Hydrogen sulfide  0.61 % Nitrogen (Prepurified)  Catalyst poisoning
Sulfur dioxide 491 ppm Nitrogen (Prepurified)  Catalyst poisoning
Carbon monoxide 984 ppm Helium (High purity) TP Desorption
Propane 1207 ppm Helium (High purity) TP Desorption
Ethylene 920 ppm Helium (High purity) TP Desorption
Propyvlene 1020 ppm Helium (High purity) TP Desorption
Hydrogen 5.06 % Argon TP Reduction
Ammonia 4.97 % Helium (High purity) Ammonia titration
Nitrogen 10.21 % Helium BET surface area
Nitrogen 19.78 % Helium BET surface area
Nitrogen 29.18% Helium BET surface area
Calibration Std. 1038.7 ppm CO  Nitrogen GC calibration

980.0 ppm CH,4
987.1 ppm CO;

Notes: a) For balance gas purity, see data in Table 1
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APPENDIX B

H, CHEMISORPTION DATA

The figures presented below contain the experimental data used to calculate Pt
dispersion values. Each figure contains all 15 H, pulses displayed on one plot. Also
shown are calculated peak areas for each pulse.

H, pulse chemisorption

1.5 % Pt/AlLL,O,

Puise | Area

T 369

400 2 | 1131
~ 3 | 2048
350 4 | 3362
5 | 3476
— 300 6 | 3447
© ) 7 | 3405
g} 250 8 | 3524
O 9 | 3407
() 200 10 | 358.0
11 | 3518
150 12 | 3498
13 | 3459
100 14 | 3524
50 15 | 3505

15 X 50 mm’® H, pulses @ 25°C
Figure B.1: H; chemisorption data for 1.5 % Pt/y-ALO3
H, Chemisorption
H,S-poisoned 1.5 % Pt/Al,O,

Pulse| Area

T 1732

2 | 3884

3 | 3919

4 | 4111

5 | 4389

6 | 4095

7 | 42741

8 | 4235

9 | 4200

10 | 4146

11 | 4297

12 | 4148

13 | 4147

14 | 432.9

15 | 4117

15 X 50 mm® H, pulses @ 25°C

Figure B.2: H, chemisorption data for H,S-poisoned 1.5 % Pt/y-ALO;
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H, Chemisorption
1.5 % PHTIiO,
Puise | A
350 e
83.4
300 - 3 | 2146
4 | 3327
— 5 | 3503
g 250 - 6 | 349.0
7 | 3558
2 8 | 3425
on 200 o | 3576
10 | 344.8
11 | 3425
150 ‘ N 12 | 3487
R 13 | 3509
100 | 14 | 3805
15 | 35538
50
15 X 50 mm® H, pulses @ 25°C
Figure B.3: H; chemisorption data for 1.5 % Pt/TiO,
H, Chemisorption
H,S-poisoned 1.5 % PYTiO,
400 _Pulse |Area
1 1059
2 |3950
350 3 |4112
4 4057
300 - 5 |411.4
_ 6 |407.1
© ) 7 4018
g) 250 8 4111
9 4367
1) 200 10 |4376
11 |4506
150 12 |406.5
e 13 |460.7
1§ 14 |4385
100 15 |436.7
50
15 X 50 mm® H, pulses @ 25°C

Figure B.4: H, chemisorption data for H,S-poisoned 1.5 % Pt/TiO,
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H, Chemisorption
1.5 % PYZrO,
700 Pulse | Area
600 - > |ise
3 3991
- 4 (3937
- 600 5 |386.3
6 [393.1
c 400 | 7 |3937
2 300 8 [3935
- 9 (3923
€ 10 [393.7
200 - 11 [393.8
12 |398.3
100 13 3917
0
13 X 50 mm® H, pulses @ 25°C
Figure B.5: H; chemisorption data for 1.5 % Pt/ZrO,
H, Chemisorption

H,S-poisoned 1.5 % Pt/ZrO,
700 Pu1lse 2A::';z‘as
2 |4280
600 - 3 |430.8
4 |420.1
500 5 14100
- 6 |4535
7 4097
g 400 8 |409.5
Ry 300 9 14333
- 10 |433.4
» 11 4173
i 12 |416.3
200 13 |445.8
14 |421.4
100 - 15 |429.4

0
15 X 50 mm® H, pulses @ 25°C

Figure B.6: H; chemisorption data for H,S-poisoned 1.5 % Pt/ZrO,
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H, Chemisorption
1.5 % PY/SiO,

800 Pulse| Area
1 | 4350
700 - 2 | 4613
3 | 464.4
600 5 | 5142
o 6 | 4908
c 500 7 | 4635
= 8 | 4484
o 400 1o g?i‘;
11 | 468.7
300 12 | 4513
13 | 4763
200 - 14 | 49338
15 | 491.0

100

15 X 50 mm’ H, pulses @ 25°C
Figure B.7: H; chemisorption data for 1.5 % Pt/SiO,
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Figure B.8: H; chemisorption data for H,S-poisoned 1.5 % Pt/SiO,
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