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Executive Summary 

Elemental sulfiu: recovery fiom S O 2 - c o n t a ~ g  gas stream is highly attractive as it 
produces a salable product and no waste to dispose of However, commercially available 
schemes are complex and involve multi-stage reactors, such as Claus plant. This project 
has investigated new metal oxide catalysts for the single stage selective reduction of SO2 
to elemental sulfiu: by a reductant, such as CO. Significant progress in catalyst 
development has been made during the course of the project. We have found that fluorite 
oxides, CeO2 and Zr02, and rare earth zirconates such as Gd2Zr207 are active and stable 
catalysts for reduction of SO2 by CO. More than 95% sulfur yield was achieved at reaction 
temperatures about 45OOC or higher with the feed gas of stoichiometric composition. 
Reaction of SO2 and CO over these catalysts demonstrated a strong correlation of 
catalytic activity with the catalyst oxygen mobility. Furthermore, the catalytic activity and 
resistance to HZO and C02 poisoning of these catalysts were significantly enhanced by 
adding small amounts of transition metals, such as Co, Ni, Co, etc. The resulting transition 
metal-fluorite oxide composite catalyst has superior activity and stability, and shows 
promise in long use for the development of a greatly simplified single-step sulfiu: recovery 
process to treat variable and dilute SO2 concentration gas streams. Such a simple catalytic 
converter may offer the long-sought “Claus-alternative” for coal-fired power plant 
applications. 

Among various active composite catalyst systems the Cu-Ce02 system has been 
extensively studied. XRD, X P S ,  and STEM analyses of the used Cu-Ce02 catalyst found 
that the fluorite crystal structure of ceria was stable at the present reaction conditions, 
small amounts of copper was dispersed and stabilized on the ceria matrix, and excess 
copper oxide particles formed copper &de crystals of little contribution to catalytic 
activity. A working catalyst consisted of partially sulfated cerium oxide surface and 
partially sulfided copper clusters. The overall reaction kinetics were approximately 
represented by ‘a first order equation. The reaction mechanism was discussed within the 
Redox framework. The copper and cerium oxide in the composite catalyst play different 
roles: copper provides CO adsorption sites and cerium oxide provides oxygen vacancy 
sites. Thus, a synergism is realized. 

The project objectives were extended to other oxidation reactions, CO oxidation and 
methane oxidation, to generalize the complete oxidation activity of the new catalysts. The 
catalytic properties for oxidation of CO and hydrocarbon are use l l  information to single- 
step sulfur recover process development, because practical reaction streams for SO2 
reduction by CO may contain certain amounts of oxygen and/or hydrocarbons. In addition, 
new complete oxidation catalysts would benefit technologies in (a) gas turbine exhaust 
cleanup and (b) vehicle exhaust emission control. 

The Cu-CeOz and Cu-ZrOz composites were found to be active catalysts for complete 
oxidation of CO and methane. The Cu-CeO2 catalyst showed a CO oxidation activity 
higher than any other base metal oxide catalysts reported in the literature, demonstrating a 
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strong synergism The Au-Ce02 was identified as an active and stable catalyst for low 
temperature CO oxidation. STEM microstructure analyses revealed that copper in the Cu- 
Ce02 composite existed in the forms of isolated ions, clusters, and bulk CuO particles. 
Isolated ions and clusters were strongly bonded to the cerium oxide matrix. Cu+' species 
was observed with all the Cu-Ce02 catalysts by X P S .  The oxidation rates of CO and 
methane over the Cu-CeO2 catalysts were expressed by the following equation: 

d P C 0 2  - kK PR P," 
dt 1 +  KRPR 

-- 

where PR denotes the partial pressure of CO or methane and PO is the partial pressure 
of oxygen, and n is a small number close to zero. The activation energies of the d a c e  
reactions are 78-94kJ/mol for CO oxidation and 79kJ/mol for methane oxidation, 
respectively. The heat of adsorption derived from the kinetics is in the range of 28 to 
62kJ/mol for CO and 14kJ/mol for methane, respectively. The Langmuir-Hinshelwood 
mechanism and synergistic reaction model were proposed for CO oxidation over the Cu- 
CeO2 and Au-Ce02 catalysts. In this model, copper clusters of Cu"' species or gold 
particles provide sites for CO adsorption, cerium oxide provides the oxygen source, and 
the reaction proceeds at the interface of the two kinds of materials. 
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Chapter 1 

Chapter 1 

Introduction 

1.1 Project Objective and Outline 
This research aims to develop and study new catalyst materials of high activity and 

stability for the reduction of sulfur dioxide by carbon monoxide to elemental sulfur. Direct 
d f i r  recovery fiom dilute sulfur dioxide streams is integrally related to the on-going and 
future generation of efficient and economical (a) flue gas dedfhjzation process and (b) 
hot coal gas cleanup technology. 

The research objectives include (i) evaluation of CeOz-based catalysts for direct 
reduction of SO2 to S ;  (ii) conduction of detailed parametric studies with selected catalyst 
compositions; (iii) correlation of catalyst activity/selectivity with catalyst structural 
properties. The project objectives are extended to other catalysts to check the hypothesis 
of labile oxygedvacancy mechanism and to other oxidation reactions to generalize the 
complete oxidation activity of the new catalysts. 

This report consists of seven chapters. Chapter 1 gives detailed information of the 
project background, proposed new catalyst formula, and scientific discussion of the new 
catalyst system. The general description of experimental principles and procedure are 
covered in Chapter 2, while research results and discussions comprise the subsequent 
chapters. Chapter 3 discusses sulfur dioxide reduction by carbon monoxide over ceria- 
based catalysts with emphasis on correlation of catalytic activity with oxygen mobility. 
The structure and activity of novel transition metal-fluorite oxide composite catalysts are 
reported in Chapter 4. Chapters 5 and 6 include the results for total oxidation of carbon 
monoxide and methane: catalyst composition and activity in Chapter 5 ,  catalyst structure 
and reaction kinetics in Chapter 6.  Each of the Chapters 3-6 contains a brief introduction 
of research background and specific experimental methods as well as bibliography. Finally, 
the main conclusions drawn fiom this work and proposal for future study are summarized 
in Chapter 7. 

1.2 Background 
1.2.1 Old Problems and New Challenges-Flue Gas Desulfurization 

Sulfur dioxide is a notorious environmental pollutant causing acid rain formation and 
various ecological damages. Sulfur dioxide is mainly generated fiom burning sulfiu- 
containing fossil hels. About 55% of the electric power in the U.S. is produced by coal- 
fired power plants. As a result, coal-fired power plants are the primary sources of SO2 
emission. The 1990 Clean Air Act amendments call for a reduction of about 50% in these 
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SO2 emissions by the end of this century. Estimates for the costs of flue gas 
desulfiuization (FGD) systems alone by that time are $6-8 billion for capital expenditures 
with additional operating expenses of $3 billiodyear. The majority of commercial flue gas 
desulliuization (FGD) plants in use today are based on scrubbing processes (92 % wet 
scrubbers and 8 % dry scrubbers). Such schemes fix the sulfur dioxide by an oxide 
sorbent, typically limestone (CaC03) or lime (CaO). These scrubbers are fiaught with 
problems, such as high costs, large space requirements, high energy consumption, 
consumption of calcium oxide, a huge amount of solid waste containing metal 
sulfite/sulfate. The disposal of the solid waste is becoming costly with decreasing landfills 
and increasing public concerns over environmental pollution. 

On the other hand, the 1990 Clean Air Act amendments also require sigdicant 
reduction of another major air pollutant - NOx in the flue gas emissions. Fulfillment of 
the Clean Air Act will require very large capital investment. Thus, it is imperative to 
develop highly efficient and inexpensive new FGD technologies. Recent new legislation 
opens up the large, lucrative market by offering the opportunity for utilities to buy and sell 
rights (allowances of SO2 emission) on the Chicago Board of Trade (I). This has certainly 
added another impetus to new technology development. 

Regenerative Hue Gas Desulfurization. Several development efforts have 
emphasized the improvement of the scrubbing technology. Recently, emphasis is shifting 
toward regenerative processes coupled with simultaneous de-NOx process, with no 
throwaway waste (2,3,4). Figure 1.1 shows the scheme of a typical dry regenerative FGD 
process, where sdfk dioxide and oxygen in a flue gas stream react with metal oxide 
sorbent to form metal sulfate at typical exhaust gas temperatures and then, the saturated 
oxide sorbent is regenerated by a reducing stream to oxide form for cyclic operation. The 
regenerative FGD process has the advantages of energy efficiency, low cost of sorbents 
and waste disposal. However, these advantages can be greatly offset by the treatment of 
the regenerator offgas containing a few percent of SO2 and probably, some residual 
reductant. 

Recovery of elemental sulfur fiom the regenerator offgas is an attractive approach, 
because the solid sdfk product can be easily stored or transported. The Claus plant is a 
dominant commercial process for elemental sulfur recovery. In this process, H2S gas 
stream is combusted with air in a burner to produce a stoichiometric mixture of SOz and 
H2S and then, those two compounds react over two or three catalyst beds to produce 
elemental sulfur. The Claus process is widely used in refineries to treat gases containing 
fairly high concentrations of H2S. But, this process is not suitable for the treatment of low 
concentration level (<5%) SO2-containing gases, because SO2 has to be converted into 
H2S and combustion of low concentration HZS gas is not stable in the burner. Therefore, it 
would be more cost-effective to replace the complex Claus plant with a high-efficiency, 
single-stage catalytic converter (designated as SO2-to-S) to reduce SO2 directly to 
elemental sulfur by using a reductant, as shown in Figure 1.1. 

Integrated Gasification Combined Cycle (IGCC). Another application area of the 
SO2-to-S converter was explored by researchers at the Research Triangle Institute (5,6) 
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for IGCC power generating systems. The IGCC system has held high promise for efficient 
and clean utilization of coal in power generation. But, desuhization of hot coal gas is 
still one of main technological challenges. As illustrated in Figure 1.1, H2S in the hot coal 
gas is usually scrubbed by metal andor metal oxide sorbent at high reaction temperatures 
and the resulting metal sulfide is regenerated by air calcination. A diluted SO;! stream is 
discharged by the regeneration process. Thus, elemental sulfur can be recovered from this 
gas stream through the SO,-to-S converter. 

The regenerator offgas volume is typically about ten times less than the parent flue gas 
or coal gas flowrate. Therefore, the direct sulfur recovery will require significantly lower 
capital investment. In addition to the previous two application areas, the SO2-to-S 
converter, in general, can be used to recover elemental sulfur fiom any SO2-containing 
industrial streams as long as no excess oxidant exists. 

1.2.2 Previous and Ongoing Studies of Catalytic Reduction of Sulfur 
Dioxide to Elemental Sulfur 

Directly reducing SO2 into elemental sulfur by a reductant gas has considerable 
historical background. A comprehensive review of early work is given in a 1975 
proceeding (7). The gaseous reducing agents studied so far include carbon monoxide, 
hydrogen, synthesis gas (H2 + CO), natural gas, etc. The type and location of the primary 
operation (sulfur source) dictate the choice of the reductant. The Allied Corporation 
operated a commercial plant to reduce SO2 with CHq to elemental sulfur over a bauxite 
catalyst in 1970, as the emission control system for a Canadian sullide ore roasting facility 
(7). The reduction of SO2 with CHq over an activated alumina catalyst was recently 
investigated by Sarlis and Berk (8). The maximum elemental sulfur yield achieved in the 
single reduction step was around 50%. Therefore, the residual gas comprismg of S02, 
H2S, and COS had to go through a downstream Claw plant in order to achieve high 
sulfur recovery. But, this technology was only suitable for gas streams containing more 
than 4% S02. Direct reaction of SO2-rich streams (>10.0% S02) with coke at 850-900°C 
to produce elemental sulfur was also tested (9). Reduction of SO2 by natural gas was 
disclosed by Stiles in 1975 (IO) involving a supported catalyst containing thorium oxide in 
combination with one or more oxides of Cr, Mn, Ba, Sr, Ca, Ta or mixed rare earth 
chromites. 

Most previous studies of reduction of sulfur dioxide to elemental sulfur considered use 
of carbon monoxide as the reductant. Various catalyst systems have been reported. These 
include supported transition metal catalysts (Cu, Pd, Ag, Co, Fe, Ni, Cr, Mu, etc.) (21,12) 
and AB03 perovskite-type mixed oxide catalysts containing alkaline earth and rare earth 
elements as well as transition metal elements (13,14,15). But, none of these catalysts 
reached commercial application. The major technical problems arising fiom reduction of 
sulfur dioxide by carbon monoxide are the formation of COS and low activity and low 
sulfur yield in the presence of water vapor. 
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Two research groups have recently reported high elemental sulfur recovery fiom sulfur 
dioxide. Agarwal et al. (5,6) have achieved 95% elemental sulfur yield over a proprietary 
catalyst with coal gas as reductant. To avoid water vapor effects, they operated the 
reactor at high pressures (400 psi). Chang et al. (16) have realized 90% d f b r  yield over a 
y-A1203-supported catalyst containing 0 to 8 wt. % Fe, Co, Ni, Cr, Mn, Cu, Mo, and Se at 
temperatures 2 400°C and space velocities <10,000 h-' by using stoichiometric synthesis 
gas (H2/CO=O.3 - 3 )  as a reducing agent. 

1.3 Formulation of a Novel Catalyst System 
1.3.1 Catalyst Formula 

It is believed that unique catalytic properties can be derived from appropriate 
combination of appropriate metal oxides. In this work we have pioneered a new catalyst 
combination of fluorite oxide, alkaline earth and rare earth oxides, and transition metal 
oxides given in the following empirical formula (1 7,18): 

where F02 is a fluorite oxide; DO6 represents a dopant oxide consisting of alkaline 
earth and rare earth oxides; M is a transition metal; Ln is a lanthanide element fiom La to 
Tb; n is a number fi-om 0 to 0.15; k is a number having a value fiom 0.0 to about 0.25; x is 
a number around 0.5. Fluorite oxides have a fluorite-type crystal structure (face-centered 
cubic lattice) shown in Figure 2.1 The large tetravalent (+4) cations have an eight- 
coordination of oxygen ions. An unit cell contains four cations occupying opposite four 
corners. Common fluorite oxides are CeO2, Zr02, T h 0 2 ,  W 2 .  In a fluorite structure, 
tetravalent cations can be replaced by divalent cations (e.g., Mg+2, Cafz7 S i 2 )  or trivalent 
cations (e.g., Scf3, v3, La+3, Gdf3 ). Oxygen vacancies are created by this substitution. 
High oxygen vacancy concentration and oxygen mobility are the most remarkable 
properties of these oxides. Thus, the fluorite oxides have been extensively studied as 
oxygen ionic conductors (19,20). Solubility of various fluorite oxide-dopant oxide systems 
are listed in Table 1.1. 

Lnl-xZrx02-o.~x compounds in formula Equation 2 are rare earth zirconates of 
Pyrochlore (P) structure around ~ 0 . 5 .  The P structure can be considered as an ordered 
defect fluorite structure. Pyrochlores, such as Gd2Zr207, in contrast to fluorite-type 
oxides, are intrinsic anion conductors with substantial ionic conductivity as pure materials 
where there is no possibility of dopant-vacancy association (20, 21). Therefore, bracketed 
materials in the above formula are essentially oxygen ion conductors. 

These materials are ceramic materials of good physical and chemical stability and are 
best used as catalyst supports. Transition metals are added into the catalyst to improve the 
electronic and d a c e  adsorption properties. Typically, the transition metals considered in 
the above catalyst formulations are copper, nickel, cobalt, chromium, manganese, iron, 
silver, and gold. Different fiom conventional transition metal catalysts, the transition 
metals are used in minor amounts, mainly as additives in the present composite catalyst. 
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The above reaction (3) is the main reaction in SO2 reduction by CO. It is a typical 
redox reaction in which SO2 is reduced into sulfbr while CO is oxidized to COZ. Along 
with SO2 reduction by CO, total oxidation of CO and C& were also studied in this 
project. The fimdamental reason to include the three reactions is that all the three reactions 
involve oxygen transfer fiom one molecule to another molecule resulting stable end 
products, that is, complete oxidation. We tried to gain an understanding of the present 
new catalyst system fiom a point of view of generic oxidation catalysis. Practically, 
catalytic properties for CO and hydrocarbon oxidation will be usefid information when the 
reaction streams for SO2 reduction by CO contain certain amounts of oxygen and/or 
hydrocarbons. In addition, new complete oxidation catalysts would benefit technologies in 
(a) gas turbine exhaust cleanup and (b) vehicle exhaust emission control. 

Carbon monoxide and hydrocarbons are partial combustion products of fossil fuels and 
are ubiquitous air pollutants. Methane was used in this work as a model hydrocarbon 
compound because of its refiactory nature. However, methane itself is a potent 
greenhouse gas and may be regulated in the near hture. To date, commercial catalysts for 
these purposes are predominantly supported precious metals (R, Pd). The high cost of 
precious metals and need for more active catalyst systems have driven further research in 
this area. 

1.3.3 Scientific Rationale 
Electronic Property. Ordinary metal oxides can be generally classified into the 

p-type (electron excess) conductivity- 

n-type (hole excess) conductivity- 

following two categories according to their electronic properties (22): 

COO, FeO, MnO, NiO, PdO, Ag20, Cu20, Mn203, Cr203, (Co, Fe, Mg, Zn)Cr204 

ZnO, CaO, Mo03, W03, Fe203, V205, SnOz, Pb203, *TiOz, *Th02, *SiOz, 
*Al203, *ZrOz, *CeOz, MnOz 

*materials with very low electronic conductivity. 

P-type oxides favor the adsorption process involving electron transfer fiom the oxide 
to the probe molecule, e.g., oxide - e  + 0, + 0,; vice versa, the n-type oxides favor the 
adsorption process involving electron transfer fiom the probe molecule to the oxide. 
Fluorite oxides are n-type oxides. More accurately, they are pure oxygen ionic conductors 
and have very low electronic conductivity. The transition metal oxides selected in the 
catalyst formula Equations 1-2 are p-type oxides. In the materials science field, previous 
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studies of fluorite oxides have mainly focused on improving ionic conductivity by alkaline 
earth and rare eaxth oxide dopants, while little information is available about doping the 
fluorite oxide with transition metals. In general, transition metals do not form solid 
solution with fluorite oxides. The preliminary studies by Pound 1994 (23) showed that the 
addition of COO, NiO, and CuO improved the electronic conductivity of CeOz. Therefore, 
the combination of the two types of materials will facilitate adsorption processes invohing 
any kind of electron transfer. A great amount of effort has been devoted to develop a 
unitary electronic catalysis theory. Now, it is generally recognized that many diflerent 
factors are involved in a catalytic process so that a single explanation is unlikely. This 
work will emphasize the surface chemistry aspects in the reaction mechanistic discussion. 

Oxygen Mobility. Two general comments given by Satterfield (24) in reviewing 
practical oxidation catalysts are: (i) most of the metal oxides of interest are non- 
stoichiometric and the state of oxidation of the catalyst can be affected by reaction 
conditions; (ii) with oxide catalysts, chemisorbed surface oxygen and lattice oxygen as 
well as oxygen mobility may play a role. Iwamoto et al. (25) investigated the oxygen 
adsorption properties of sixteen oxides and classified them into three categories: 

(A) No oxygen adsorption over the range 10 to 55OoC-V20~, Mo03, Bi203, W03. 
(B) Relatively large amounts of oxygen desorption-Cr203, -02, Fe203, Co304, 

(C) Pre-evacuation at high temperatures is required to observe oxygen 

Group A oxides are selective oxidation catalysts. Group B oxides mady  catalyze the 
complete oxidation of olefins. Group C oxides are in the intermediate situation. Such 
comparisons lead to the assumption that the adsorbed oxygen is related to complete 
oxidation while the lattice oxygen is more important for selective oxidation. Effect of 
different oxygen species and oxygen mobility on complete catalytic oxidation of volatile 
organic compounds was further discussed by Spivey (26). 

Perovskite-type mixed oxides, e.g., LaCo03, of both excellent electronic and ionic 
conductivity properties, have been extensively studied as oxidation catalysts and electrode 
materials in the metal oxide &el cell (27). Correlation of oxygen mobility with oxidation 
activity for perovskite-type mixed oxide catalysts has been actively pursued in the 
literature. Oxygen vacancy and mobility properties were also used to interpret the reaction 
mechanism for CO oxidation over the cerium oxide (28,29). However, the oxygen ion 
conductors showed CO oxidation activity typically at much higher temperatures than the 
transition metal oxide catalysts. For reaction of SO2 with CO over mixed metal oxide 
catalysts, a redox mechanism involving participation of catalyst Surface oxygedvacancy 
was proposed (30-33). Although no direct correlation of catalyst activity with oxygen 
mobility has been established so far, the previous literature generally agrees that oxygen 
mobility is relevant to oxidation catalysis. 

Therefore, we specifically chose oxygen ionic conducting materials as a starting point 
in pursuing the correlation of oxygen mobility with catalytic activity. In fact, this is one of 
the fimdamental reasons why the above three oxidation reactions (Equations 3-5) were 

NiO, CuO. 

desorption-TiOz, ZnO, Sn02, AlzO,, Si02. 
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included in this work. The three oxidation reactions all involve oxygen transfer fiom one 
molecule to another. We would like to examine in what way and extent the oxygen 
vacancy and mobility play a role in these oxidation reactions, 

Synergistic Effect. There are a number of examples that an active catalyst can be 
obtained by combination of different components of low or no catalytic activity. One of 
well-known catalyst systems is Cu/ZnO that is active for hydrogenation of CO to methanol 
and the water-gas-shift (WGS) reaction. Regarding the fluorite oxides, composite 
materials of transition metal and fluorite oxides, such as Cu-Ce-0, Cu-Zr-0, Cu-Th-0, 
etc., have long been known as catalysts for hydrogenation of CO (34). Frost’s “junction 
effect theory” (35) offers a hypothesis that the crucial chemistry occurs entirely on the 
oxide phases and that the role of the metal component is simply to promote electronically 
the reactivity of the oxide. Baiker et al. (36) found that the (Cu, Ag, Au)/Zr02 system 
catalyzed the hydrogenation of C02 and the reverse WGS reaction. Crystallization of the 
amorphous Zr02 resulted in significantly lower activity, which was considered as evidence 
of the crucial role played by the interface between Zr02 and the group IB metal in 
determining catalytic activity. “Strong metal-support interaction” and reaction at interface 
concepts have been developed during studies ofbinary catalyst systems (37,38). 

In the environmental catalysis field, CeO2 and/or ZrOz have been widely used in the 
automotive catalytic converter as additives. Comprehensive information on the role played 
by Ce02 in this application was reported in (39). A great amount of effort has been 
devoted to studying the “strong interaction” of precious metals (Pd, Pt, Rh) with ceria and 
its effect on catalytic activity. In contrast, oxidation properties of non-precious metals and 
fluorite oxide composites have rarely been studied. Two of such studies involve the 
MdCe composite oxide for the low-temperature combustion of fats by Imamuru and 
Ando (40) and the CdYSZ (ytrria-stabilized zirconia) catalys for CO oxidation (41). 

1.4 Outline of Present Research Approach 
Catalyst design is a long-sought objective in the catalysis field (42). Chemical reaction 

engineering expertise can be used to optimize the catalyst preparation procedure, catalyst 
pore structure, and active phase distribution. But, truly designing of catalysts from the 
materials of point of view is sti l l  m its infancy. In this study we will apply two important 
catalysis concepts, metal-support interactions and reactions at interfaces, to metal-fluorite 
oxide composite catalyst development. The research will focus on identification of major 
catalyst compositions and structures and their correlation with steady-state catalytic 
activity. 

Among various catalyst systems given by Equations 1-2, the Cu-Ce(D)-0 system 
(D=dopant) was thoroughly studied, while the other systems were briefly examined. The 
reasons to emphasize the Cu-Ce(D)-0 catalyst are: (i) CeOz has stable fluorite structure 
from room temperature to its melting point (2600°C); (ii) hdamental information on both 
cerium oxide and copper is well established; (iii) cerium and copper are inexpensive 
elements available in various precursors. 
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Figure 1.2 Crystal Structure of Fluorite Oxide. 

Table 1.1 Solubility of the common alkaline earth and rare earth oxides in three fluorite 
oxides (solubility in at. %, the temperature for preparing the solid solution ranged fkom 
1000 to 1S0O0C). 

Dopant Oxide CeO2 ZrOz Tho2 

6-2 1 
14-20 
- 
5-46 

- 
10 
4 

0.5 

(data &omKim, D.J., 3: Am. Ceram. SOC. 72(8), 1415-21 (1989)). 
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Experimental 

2.1 Catalyst Preparation 
2.1.1 Precursors 

Major chemicals and their sources used in thi work are listed in Table 2.1. Low purity 
cerium nitrate containing about 1.5 wt. % La was used in regular catalyst synthesis. The 
cerium from this precursor was designated as Ce(La) in the catalyst formula throughout 
the report. High purity cerium nitrate (99.99%, Aldrich) was used to prepare the catalysts 
containing different dopant ions (Sr, Sc, La, Gd). Cerium acetate (99.9%, Aldrich), heated 
for 4 h at 750°C in air, was used as the primary precursor of La-free cerium oxide. 

2.1.2 Complexation Method with Citric Acid 
Courty and Marcilly ( I )  reviewed various preparation methods of bulk mixed oxide 

catalysts. The complexation method is supposed to permit production of an amorphous 
solid compound of homogeneous composition without phase segregation from the starting 
solution. This method was used in preparation of perovskite mixed oxide (2) and 
preparation of Zn-Ti-0 binary oxide sorbents (3). In the early stage of this research work, 
the complexation method was used to prepare cerium oxide catalysts doped with alkaline 
earth and rare earth elements. The procedure included: (i) Metal nitrates and citric acid of 
molar ratio one were dissolved in de-ionized water separately; (ii) The citric acid solution 
was added into the nitrate solution dropwise under constant magnetic stirring at room 
temperature; (iii) The resulting mixed solution was concentrated into a viscous fluid in a 
rotary evaporator at 70 - 80°C and the final volume of this fluid was caremy controlled to 
avoid sticking of the fluid to the glassware; (iv) The fluid was transferred on a glass dish, 
placed in a vacuum oven where a solid foam was formed during overnight drymg at 70- 
80°C and 15 kPa; (v) The solid foam was calcined at 600°C in a mufEle h a c e  under 
flowing air for a few hours; (vi) The resulting solid was crushed and sieved, and particles 
of 420-840 pm were saved for actkity tests. 

The catalysts prepared by this procedure are listed in Table 3.1 of the Chapter 3. This 
method indeed yielded high pore volume and large fiaction of macropores (>lpm in 
diameter). But, the resulting catalyst was bulky and had a packing density of typically 0.1 
g/cc so that a large reactor volume was required. Moreover, the preparation procedure 
was time-consuming, and phase segregation and foaming failure often occurred in the 
vacuum drying process. Therefore, the coprecipitation method was used in subsequent 
catalyst preparation. 
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2.1.3 Coprecipitation 
The transition metal-fluorite oxide composite catalysts were mady  synthesized by a 

conventional coprecipitation method consisting of the following steps: (i) M k h g  aqueous 
salt solutions of the metals; (ii) Precipitating the metal ions with carbonate agent with on- 
line pH monitoring; (iii) Filtering and washing the precipitate twice with de-ionized water 
at 50 to 70°C; (iv) Drying the filtered cake overnight in an oven at 100°C; (v) Crushing the 
dried lump into smaller particles and heating it in a m&le h a c e  at 600 to 700°C for a 
few hours. Precipitation in the above procedure was the key step in determining final 
catalyst composition, texture, and structure. Effects of some important parameters in this 
step are discussed below with Cu-Ce-0 as an example. 

[a) Prec@itation agent. Both ammonium carbonate and sodium carbonate were used as 
precipitation agents. The advantage of using ammonium carbonate was that no impurity 
metal ions were introduced because any residual ammonium carbonate easily decomposed 
at high calcination temperatures. The disadvantage was the formation of metal-ammonia 
complex that enhanced solubility of transition metal ions (Ni+2, CU'~, etc.) and often 
caused loss of transition metals. In contrast, sodium carbonate could induce the complete 
precipitation of metal ions, but introduces sodium impurity ions. Residual sodium ions 
sometimes remained on catalyst d a c e  even after careM washing. 

(b) Precipitation process and supersaturating. Different precipitation approaches were 
evaluated for the Cu-Ce-0 system. These included (i) pouring stoichiometric amounts of 
carbonate solution into mixed metal ions solution or vice versa; (ii) gradually adding 
carbonate solution into the metal ions solution during vigorous stirring or in pH 
increasing; (5) gradually adding metal ions solution into the carbonate solution or in pH 
decreasing. The pH increasing precipitation was found to be the best procedure. Figure 
2.1 shows a typical pH profile during precipitation. One transition region in the pH profile 
was observed with the Cu-Ce-0 system, suggesting coprecipitation of CU'~ and Ce+3 ions. 
The addition of carbonate solution was typically stopped at pH-7, the equivalent point. 

[c) Precipitation temperature. Solubility of metal carbonates in water increases with 
temperature. But, increasing precipitation temperature usually gave a catalyst of small, 
d o r m  crystal sizes and good copper dispersion. Therefore, most precipitations were 
carried out at 60 to 75°C. 

The coprecipitation was easy to conduct, but very diilicult to achieve reproducible 
results. The underlying hdamental problems are heterogeneity caused by selective 
precipitation, that is, two metal ions have Werent precipitation rates, and competitive 
nucleation and particle aggregation processes. Figure 2.2 shows the pore size distribution 
of Cuo.I~[Ce(La)]o.~~O, catalyst &om three Werent batches. In batch No. 1, 
coprecipitation was conducted in ascending pH at 60-70°C and the resulting precipitate 
was immediately washed and dried. An average pore size of 20681 was achieved. In batch 
No. 2, carbonate solution was poured into the CU+~+C~" solution and the resulting 
precipitate was lea at room temperature for 12 h. A much smaller average pore size, 5 1& 
was obtained &om this procedure. In batch No.3, the catalyst was prepared by following 
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exactly the same procedure as for the batch No.1. Yet, the resulting pore structure 
showed somewhat Werence. Little theoretical analysis of particle growth during the 
aqueous phase precipitation has been reported in the literature. Therefore, the 
precipitation was canied out mostly based on the empirical rules. 

The calcination procedure was the second important step in catalyst preparation. Metal 
carbonate completely decomposed into metal oxide at current calcination temperatures 
between 600 to 700°C. Most catalysts were calcined in air, while some catalysts were 
calcined in nitrogen. N2 calcination was used to keep copper dispersed in the cerium oxide 
lattice. Since copper oxide and cerium oxide are immiscible, air calcination wiU promote 
the segregation of copper oxide fkom cerium oxide. 

2.1.4 Catalyst Support and Impregnation 
High Surface area of cerium oxide is of general interest in catalysis. Fierro et al., 1985 

(4) achieved 50-60 m2/g surface area by caremy controlling the thermal decomposition of 
amorphous Ce(OH)4. But, the surface area of this type of cerium oxide dramatically 
decreased at high sintering temperatures. Powell et el., 1988 (5) prepared cerium oxide 
powder by spray drying an aqueous solution of cerium nitrate, citric acid, and nitric acid. 
A BET d a c e  area of 20 m2/g was realized after heating for 4 h at 800°C. In this work 
cerium oxide of reasonable Surface area and mesopore size distribution could be made 
fi-om direct thermal decomposition of commercial cerium acetate (Aldrich). Figure 2.3 
shows the pore size distribution of the cerium oxide prepared by 4-h thermal 
decomposition of cerium acetate at 750"C, while Table 2.2 lists its physical properties. 
This kind of cerium oxide was used in this work as bulk cerium oxide catalyst and support 
for various transition metals. 

y-A1203 support was supplied by LaRoche and its specification is given in Table 2.2. 
The supported catalysts were prepared by the conventional wet impregnation method 
using aqueous salt solutions of the metals. The slurry of the support and solution was 
degassed m vacuum so that the salt solution M y  filled the pores of the support during 
impregnation. After excess solution was drained, the sample was dried for a few days at 
room temperature and then heated in air for 4 h at 650°C. The pore size distribution of the 
resulting 15 at.% CuOdCeO2 catalyst is shown in Figure 2.3. The impregnated catalyst 
basically kept the original pore structure and the BET surface area was slightly decreased. 

2.1.5 Nanocrystalline Catalysts 
Cerium oxide is generally considered to be versatile in its oxidation state (Ce"4 e 

Ce"'). The following reaction has appeared extensively in the literature. 

CeOz + CO (or H2) + Ce02-, + CO, (or HzO) (1) 
In fact, bulk reduction of cerium oxide only occurs at 700 to 800°C and even surface 

reduction still requires a temperature around 500°C (6). Bulk Ce02 is a very stable 
compound. In contrast, no air-stable, non-stoichiometric cerium oxide has ever been 
synthesized, because reduced CeO2 is immediately re-oxidized when exposed to air or 
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moisture. The catalytic properties of non-stoichiometric cerium oxide were first studied in 
this work through collaboration. Tschoepe and Ying 1994 (7) prepared non-stoichiometric 
cerium oxide powder in an ultrahigh vacuum (UHV) apparatus. In the UHV chamber, a 
metallic target was sputtered by magnetron, the metal vapor was rapidly thermalized and 
supersaturated in argon pressure, which led to homogeneous nucleation of nano-sized 
clusters in the inert gas phase, and the clusters were collected on the substrate cooled by 
liquid nitrogen. Then, oxygen was introduced into the chamber to oxidize the metallic 
clusters into oxide powder that was subsequently scraped of€. Due to high operation cost 
and very small yield, only four catalysts were prepared by this method, i.e., pure Ce02-y, 
10 at. % La-doped CeOZ.,, 15 at. % Cu-doped CeO2+, and pure CuO. Detailed description 
of the preparation and characterization of this new type of catalyst materials was reported 
in (7-9). The major &ding was that non-stoichiometric cerium oxide prepared by this 
method is stable at atmospheric conditions and can keep certain non-stoichiometry 
properties even after air calcination at high temperature as illustrated by Figure 2.4. 
Catalytic activities of the non-stoichiometric cerium oxide catalysts will be reported for 
comparison with the bulk catalyst. 

It should be noted that the same CeOz crystal size as prepared by the above procedure 
can be achieved by the regular precipitation technique followed by low calcination 
temperatures. The non-stoichiometry of the nanocrystalline cerium oxide probably resulted 
fiom the controlled oxidation of metallic clusters on the liquid nitrogen-cooled substrate 
rather than its crystal size. The cooling effect prevented metallic clusters fiom being M y  
oxidized so that intrinsic non-stoichiometry was generated in a cerium oxide particle. 

2.2 Catalyst Characterization 
2.2.1 Compositional Analysis 

For bulk composition analysis, the catalyst powder was dissolved in concentrated 
hydrofluoric acid solution and then, diluted by deionized water, the resulting solution was 
analyzed by the Inductively Coupled Plasma (ICP) atomic emission spectrometry (Perkin 
Elmer Plasma 40). The catalyst surface composition was analyzed by X-ray Photoelectron 
Spectroscopy ( X P S ) .  Details of the analyses will be discussed below. 

2.2.2 Surface Area, Pore Size, and Metal Dispersion 
Nz AdsorptiodDesorption. Total BET surface area was routinely measured by 

single-point NZ adsorption and desorption on a Micromeritics 2000 instrument. Selected 
catalysts were analyzed on a Micromeritics ASAP 2000 apparatus for multipoint BET 
Surface area and pore size distribution measurements. The catalyst sample in the single- 
point measurement was pretreated by 30-minute heating in 30% N2/He flow at 300°C and 
measurement typically run about ten minutes. In the multipoint measurement the catalyst 
was degassed in vacuum by heating for about five hours and one sample analysis took 
about ten hours. However, the single-point desorption gave satisfactory result of total 
BET Surface area for the present catalysts. 
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Chemisorption and Metal Dispersion. The specific surface area of supported metal 
catalysts is usually measured by specific chemisorption. Characterization of alumina- 
supported precious metal catalysts (Pt, Pd, Rh) by chemisorption (H2 or CO) is well 
established. In contrast, specific surface area of the non-precious metals on a mixed oxide 
catalyst is diflicult to measure. In this work, an effort was made to measure the specific 
copper surface area in the Cu-Ce-0 composite catalyst. 

Both H2 and CO adsorption were used in the literature to measure the metallic copper 
surface area (10,11). Sinfelt et al. (11) found that at room temperature, the adsorption of 
hydrogen on copper is slow and not completed in times comparable to 1 h. By contrast, 
adsorption of CO is fast and essentially complete in about 15 minutes and approaches 
saturation at pressures below 10 cm. However, some literature even reported no 
irreversible HZ adsorption on copper at room temperature. The problems with using CO 
chemisorption to count surface Cu atoms are the extensive physical adsorption, especially 
when a support of high d a c e  area is used, and the unknown CO/Cu stoichiometry. H2 
adsorption was tried in this work for copper Surface area measurement in the Cu-Ce-0 
catalyst. The Cu-Ce-0 catalysts were pre-reduced by H2 at 350°C for 2 h. But, the copper 
Surface area calculated fiom the amount of irreversible adsorbed €32 at room temperature 
was unreasonably small, which codinns little irreversible adsorption of Hz on copper. 

Recent advancements in specific copper surface area measurement have involved the 
use of N20 to form a monolayer of chemisorbed 0 atoms on metallic Cu Surface through 
the following reaction: 

(2) CU + N20 + N2 + [CU-0-Cu] 

The decomposition temperature of N20 is an important parameter to use this method. 
Scholten and Konvalinka (12) and Evans et al. (13) recommended 90-100°C adsorption 
temperature. because irreproducible results were obtained at lower temperatures and bulk 
oxidation was si@cant above 120°C. Both single- and multiple-pulse techniques were 
used to carry out the measurement. The application of a single-pulse of N20 in excess of 
that required to oxidize all the surface copper and a temperature of 90°C has been shown 
to provide a reliable measurement of specific copper surface area. But, promotion of bulk 
oxidation of copper in catalysts containing oxides of ch romiq  zinc and aluminum can 
lead to an overestimate of the surface copper atoms. The fiontal chromatography 
technique was developed by Chinchen et al. (14) to overcome the bulk oxidation problem. 
An improved method by Bond and Nami.0 ( I S )  invokes reacting Cu catalysts with pure 
N20 under conditions expected to lead to the formation of a complete layer of 0 atoms 
having an O/Cu ratio of 0.5, but without oxidation of the bulk C y  and the number of 
chemisorbed 0 atoms is then determined by TPR. In this work, a modified TPR 
experimental procedure was performed on a thermal gravitational analyzer (TGA) to 
measure copper surface area in the Cu-Ce-0 catalyst. The procedure consisted of the 
following steps: 

(i) Holding temperature at 30°C in ultra high purity He overnight 

16 



Chapter 2 

(ii) Reducing the copper oxide in the Cu-Ce-0 catalyst to metallic copper at a 
heating rate of S"C/min up to 350°C in ultra high purity 5% H2Me and holding the 
temperature at 350°C for 25 min. 
(iii) Lowering the temperature in He to 60°C 
(iv) Passing ultra high purity N2O flow through the sample at 60°C for 1.5 h 
(v) Switching to He for 0.5 h and lowering temperature to 30°C 
(vi) Reducing the catalyst at a heating rate of S"C/min to 350°C in ultra high 
purity 5% H2/He and holding at 350°C for 25 min. 

The copper Surface areas measured by this procedure are listed in Table 2.3. It can be 
seen that the copper surface areas were comparable to the total BET surface areas. As we 
will see fi-om the STEM and X P S  analyses, only a small fiaction of the Cu-Ce-0 catalyst 
area is counted for as copper and H2-reduction does not yield better copper dispersion. 
The number in Table 2.3 was apparently overestimated. A plausible explanation for such a 
result is that both cerium oxide surface and copper oxide were reduced during the TPR by 
5% H a e ,  and NzO reacted with both metallic Cu Surface and the reduced cerium oxide. 

CeO2, + x N20 -+ CeO2 + x N2 (3 1 
No method was found in this work to allow a reliable measurement of the specific 

copper surface area in the Cu-Ce-0 catalyst. Therefore, copper dispersion, specific sudace 
activity per copper, and turn-over fi-equency are not reported in this. 

2.2.3 X-ray Powder Diffraction (XRD) 
XRD analysis has been routinely used in this work for crystal phase identification 

based on diffraction peak position and pattern. In addition, two specific uses of the XRD 
analyses are measurements of miscibility of two kinds of oxides and crystal particle size. 
According to Vegard's rule, if metal oxide B is soluble in metal oxide A, the lattice 
spacing change of the metal oxide A imparted by the metal oxide B is proportional to the 
concentration of the metal oxide B in the lattice. 

Figure 2.5 shows that ceria lattice spacing monotonically declines with nominal copper 
content in the Cu-Ce(La)-0 composite catalyst calcined in N2, which suggests that some 
copper was dissolved in ceria lattice. However, the lattice spacing was changed after the 
catalyst was calcined in air at 750°C because of the intrinsic insolubility. Crystal particle 
size can be calculated according to XRD peak broadening (16,Ig. The accurate 
calculation needs to correct the internal lattice strain by using two peaks and instrumental 
broadening. Only simple Sherrer's equation with one XRD peak at 2 theta less than 40" 
was used for the particle size calculation in this work. At such low 2 theta values, this 
estimate usually gives satisfactory results. 

0.91 d, = 
B-COS0 
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where dp is the diameter of a crystal, h is the wavelength of X-ray, 8 is the X-ray 
reflection angle, B is the 111 width of peak at half maximum (FWHM) in radians and 
estimated by Warren's method: 

B 2  

where BM is the measured peak width, Bs is the instrumental broadening and was 
around 0.05" for the system used in this work. 

XRD analyses in this work were all performed on a Rigaku 300 X-ray Mactometer  
with a Rotating Anode Generators, monochromatic detector, and DEC VAX Station 11 
computer for complete control and data recording as well as for data processing. Sample 
preparation consisted of grinding catalyst powder as fine as possible, well mixing the 
power with a resin solution, pouring the slurry on a glass square, and drymg the sample in 
an oven. Copper Ka1 radiation was used with power setting of 50kV and 200mA. For 
crystal phase survey, typical operation parameters were divergence slit of lo, scattering slit 
of lo, receiving slit of 0.3", and scan rate of lO"/min with 0.02" data interval. For lattice 
structural analysis, typical operation parameters were divergence slit of lo, scattering slit 
of 1" receiving slit of 0.15", and 0.02" data interval with 2 seconds acquisition time at 
each point. 

2.2.4 Spectroscopic Studies 
X-ray Photoelectron Spectroscopy (XPS) .  X P S  is among the most frequently used 

techniques in catalysis (18-20). It yields information on the elemental composition and the 
oxidation state of elements. All X P S  analyses were performed on a Perkin Elmer 5100 
system with 2 mm spatial resolution. This system was configured with an Argon plasma 
gun for catalyst surface etching and depth profiling, and a dual anode X-ray source (Mg 
Ka & Al Ka). However, this apparatus does not include a pre-treatment chamber that 
allows in-situ thermal treatment of samples and no cooling system inside the X P S  vacuum 
chamber. All measurements were carried out at room temperature and without any sample 
pretreatment. A Mg Ka X-ray source was primarily used in this work and the incident 
photo energy, hv, is 1253.6eV. The X-ray generator power was typically set at 15kV and 
20mA. Sample preparation consisted of attaching a small piece of adhesive tape on a 
square of tantalum foil and pressing catalyst powder on the tape. Since the materials 
studied in this work do not have good electronic conductivity, the electrostatic charging 
was pronounced so that an energy ShiR i?om 4 to 6eV was observed. Fortunately, Cls 
peak was found in all measurements resulting fiom hydrocarbon moiety in the sample, and 
was used as an internal standard. Therefore, all binding energies were adjusted relative to 
C l s  at 284.6eV. 

An approximate and general expression for calculation of the atomic fraction of any 
constituent in a sample is given by equation 12: 
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where Cx is the atomic fraction of constituent, x; I is the peak area of a specific peak; 
S, is the atomic sensitivity factor that is usually given in the instrument manual. The above 
equation is accurate when the sample is homogeneous and the sensitivity factor matrix, 
{SI}, is independent for all materials. For a porous catalyst sample, interference from 
catalyst pores should be kept in mind. Application of equation 12 to the measurement of 
dispersion of supported particles should be cautious, because X P S  has a 2-mm spatial 
resolution that a physical mixture of small particles (<<2mm, without any dispersion) can 
yield high atomic fraction. However, the d a c e  composition given by X P S  is a valuable 
number in comparison of catalysts of similar structure. 

Electron Microscopy. Scanning electron microscopy (SEM) was performed on a 
Cambridge Stereoscan 240 MK.3 instrument. Catalyst morphology and composition can 
be easily obtained by SEM. Figure 2.6 shows two typical SEM micrographs. The top 
picture is for the Ce(La)Oz catalyst prepared by complexation, while the bottom is for the 
CQ S[Ce(La)]o catalyst prepared by precipitation. Numerous macropores were 
observed with the complexation-made catalyst. The precipitated catalyst looked more 
dense and homogeneous. However, low magnification of SEM micrographs gave very 
limited information of catalyst microstructure (in tens of nm scale). Energy dispersive X- 
ray (EDX) analysis of SEM can give an accurate atomic composition as low as a few 
percent and the measured value was consistent with the ICP-AE analysis. But, the smallest 
dimension analyzed by the SEM/EDX was about 1pm. At such scale, most of catalysts 
appeared homogeneous. In summary, SEM/EDX analyses did not yield really usefbl 
information for the present catalyst system 

High resolution transmission electron microscopy (HRTEM) analyses were performed 
on Akashi EM002B system of the proved point-to-point resolution of 0.18m HRTEM is 
commonly used for studying supported catalysts, especially, precious metal catalysts. 
Figure 2.7 shows a HRTEM micrograph of the 15 at.% CuWCeOz catalyst. CuO 
particles cannot be distinguished fiom CeOz particles in the HRTEM picture, because 
cerium is much heavier than copper. This drawback rendered the HRTEM analysis not 
suitable for microstructure study of the present Cu-Ce-0 catalyst. 

Scanning transmission electron microscopy (STEM) combines high magnification and 
microanalysis capability. It turned out to be an effective tool for the present catalyst 
characterization and was extensively used in this work. A few STEM analyses were 
performed on a Vacuum Generators HB-5 system. Most of the analyses were performed 
on a state-of-the-art Vacuum Generators I33603 system that operates at 300kV and has a 
X-ray microprobe of 0.14nm optimum resolution. The STEM microprobe can be located 
at Werent positions of a small particle (ca.1Onm) for elemental analysis and can also be 
used to simultaneously map several elements of a given region. Elemental mapping was 
carried out on a 128x128 and 256x256 data matrix. Higher data density gives better 
compositional resolution but requires longer acquisition time. Although optimum 
resolution of the microprobe is 0 . 1 4 ~  the highest magmfication achieved in the present 
STEM analyses was 1 x106. Image drifting with on-stream measurement time became 
severe at high maMcation, which affected accurate elemental mapping. In addition, 
sample contamination and thickness also hindered microanalysis at atomic level. 
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Two methods, dusting and microtoming, were used for STEM sample preparation. The 
microtoming procedure is outlined as follows: very small amounts of catalyst powder as 
h e  as possible was embedded in a resin matrix; the resin was ultramicrotomed to slices of 
80 to 120nm; the slices were supported on a nickel grid and coated with carbon. Detailed 
procedure was described by Zhao in the STEM analyses of the Mo-Co-Ni/&Os catalysts 
(21). This procedure was time-consuming. Later, it was found that simply dusting catalyst 
powder on a nickel grid coated by a carbon film can give satisfactory results. It is noted 
that the sample preparation for HRTEM analysis was the same as for the STEM except 
for the use of a copper grid instead of the nickel grid. 

2.3 Apparatus and Procedure 
The schematic of reaction apparatus is shown in Figure 2.8. All catalysts were tested 

in a laboratory-scale, quartz tube packed bed reactor with a porous quartz frit placed at 
the middle for supporting the catalyst. The 0.6 cm LD x 50 cm long reactor was used in 
regular catalyst test, while a 1.0 cm LD. reactor was used for high volume of catalyst 
loading. The reactor tube was heated by a Lindberg fiunace. The reaction temperature was 
monitored by a quartz tube-sheathed K-type thermocouple placed at the top of the packed 
bed and controlled by a Wizard temperature controller. The reacting gases, all certified 
calibration gas mixtures with helium(Matheson), were measured with rotameters or mass 
flow controllers mixed prior to the reactor inlet. The resulting gas mixture flowed 
downward through the packed bed. Water vapor was introduced with helium bubbling 
through a heated water bath. The pressure drop of gas flowing through the assembly was 
small. Thus, experiments were carried out at nearly atmospheric pressure. Elemental sulfur 
produced by SO2 and CO reaction was condensed out in a cold trap installed at the outlet 
of the reactor. A flter was installed at the entrance of GC gas sample loop to remove 
particulate. Product gas was analyzed by a HP5880A Gas Chromatograph (GC) with a 
Thermal Conductivity Detector (TCD). A typical 0.5 ml gas was injected into GC column 
by an automatic sampling valve. Helium was used as the GC carrier and reference gas, 
each at 30cc/min. 

A 1/4” O.D. x 6’ long packed column of Chromosil3 10(fkom SUPELCO) operated at 
60°C provided base-base separation of CO, C02, COS, H2S, CS2, and S02. This column 
was primarily used in reaction of SO2 and CO. CO, concentration was analyzed by this 
column in oxidation of CO and methane by air. But, two additional SS(stainless steel) 
columns, 10 R x1/8” packed by SO/100 carbosphere and 5R xl/S” packed by SO/lOO 
Hayesep T, both fkom ALTECH, were occasionally used to check carbon balance in 
oxidation of CO and methane. The Carbosphere column at a temperature program fiom 
30°C to 225°C at 25”C/min separated Nz, CO, C&, C02, C2&, C2&, C&. The Hayesep 
T column at constant temperature 32°C separated air, C&, C02, C2H2, C2&, C2E. No 
C2 and CO species were detected in methane oxidation and no hydrocarbon compounds 
were found in CO oxidation in the presence of water vapor. Thus, carbon balance was 
easily achieved in oxidation of CO and C€&. Because Carbosphere and Hayesep T 
columns required long analysis time, regular gas analysis was performed with the 
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Chromosil3 10 colurrm. The TCD showed linear response to all the compounds mentioned 
above and a detection limit of less than 100 ppm by volume. 
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Table 2.1 Materials Inventory for Catalyst Preparation. 

Elements Precursors Sources 

Au chloroauric acid (HAuCh) Aldrich 

Elements Precursors Sources 

Au chloroauric acid (HAuCh) Aldrich 

Ce cerium nitrate hexahydrate (99 %), containing ca. Aldrich 

Ce cerium acetate hydrate, 99.9% Aldrich 
1.5 wt. % Lanthanum 

Ce cerium nitrate hexahydrate, 99.99 % Aldrich 

COi2 sodium carbonate, A.C. S. grade Fisher Scientific 

COi2 ammonium carbonate, A.C.S. grade Fisher Scientific 

Cr chromium(III) nitrate, 98.5% Johnson Matthey 

c o  cobalt(II) nitrate hydrate, 99.99% Aldrich 

c u  

Gd 

Mn 
Ni 

Pt 

Tb 
Y 
Zr 

copper@) nitrate, A.C.S. grade 

gadolinium nitrate, 99.9% 

manganese@) nitrate tetrahydrate, 98% 

nickel nitrate, A.C.S. grade 

hydrogen hexachloroplatinate(N) hydrate, 
A.C.S. grade 

terbium(lII) nitrate pentahydrate, 99.9% 

yttrium nitrate pentahydrate, 99.9% 

zirconium dichloride oxide hydrate, 99.9% 

Johnson Matthey 

Johnson Matthey 

Fluka 

Fisher Scientific 

Aldrich 

Aldrich 

Aldrich 

Johnson Matthey 
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Table 2.2 Properties of Catalyst Supports. 

Items Y-ALO? CeOz 

source LaRoche cerium acetate 
Properties: 

particle size, pm 72 100 
surface area, m2/g 300 24 

pore volume, cc/g ca. 1.0 ca. 0.5 

packing density, g/cc 0.6 1.0 

Table 2.3 Results of N20 Adsorption Measurement for Specific Copper Area. 

adsorbed copper 

surface area 
BSace 
area 

initial sample 

samples weight oxygen 
m o l e  

15 at. % CuO+CeO2 26.9 

15 at. YO CuOdCeOz 31.1 

C~~ . I~ [C~(L~) ]O. .S~O,  19.3 

1s 

21 

45 

5.6 x10-3 17 

4.4 x10-3 12 

1 . 0 ~ 1 0 - ~  42 

14 at. % CuO/A1203 17.4 137 1.1 XlO-’ 51 

“assuming Cu/O,d =2/1 and copper Surface area of 1.47 xlO” atoms/m2 or 6.8 x ~ O - ~ O  

m2/atom. 
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Figure 2.5 
Coprecipitation and Calcined in Nz at 600°C. 
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Figure 2.6 

Cuo.~[Ce(La)l0.~0, prepared by coprecipitation. 

SEM Micrographs. Top: Ce(La)Oz prepared by complexation; Bottom: 
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Figure 2.7 TEM Micrograph of 15 at.% CuOx/CeOz Catalyst. 
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Chapter 3 

Reduction of SO2 by CO to Elemental Sulfur over Ceria 
Catalysts 

3.1 Introduction 
The direct reduction of SO2 by CO to elemental sulfur is thermodynamically favorable 

but it proceeds very slowly in the absence of a catalyst. A secondary undesirable reaction 
can occur between CO and elemental sulfur forming COS, which may also reduce SO2 to 
elemental sulfur through reaction 3. COS is more toxic than SO2 and its production 
should be minimized in a sulfur recovery process. 

s o 2  + 2 co + 2 c 0 2  + l/x s x  
co + l/x sx  -+ cos 
2 cos + s o 2  -+ 2 co:! + 3/x s x  

The redox reaction mechanism has been proposed for the SO2 reduction by CO (1-3). 
According to this mechanism, the reductant removes oxygen fi-om the catalyst surface 
while the oxidant gives up its oxygen to the catalyst, so that the catalyst surface is 
constantly reduced/oxidized during the course of the reaction. Bulk cerium oxide has 
been identified as an active catalyst for the SO2 reduction in our previous work (4). It is 
well known that Ce02 has high oxygen vacancy concentration, and these properties can 
be further enhanced by doping other metal ions into its fluorite-type crystal lattice. The 
present studies attempt to test if the catalytic activity of Ce02 can be improved by 
incorporating dopant ions into its lattice, and to explore other Ce02-containing catalysts. 

3.2 Experimental 
All bulk catalysts tested here were prepared by the well-known amorphous citrate 

method and are listed in Table 3.1. This method provides well dispersed mixed oxides or 
mixed oxide compounds. The resulting catalyst has large fiaction of macropores(>l mm in 
diameter) which facilitates pore diffUsion. The detailed preparation procedure was gave in 
Chapter 2. Particles between 20 to 35 mesh (420-84Opm) were typically used in the tests. 
All activity tests were carried out in a laboratory-scale, packed bed flow reactor, which 
consists of a 1.0 cm I.D. x 50 cm long quartz tube with a porous quartz fiit placed at the 
middle for supporting the catalyst. The detailed description of the reactor apparatus was 
presented in Chapter 2. The fiesh and used catalysts were typically activated by heating 
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for one hour in 10% CO/He at 600OC. After activation, the reacting gases were introduced 
and the reaction temperature was raised to about 650OC. When a steady-state reaction was 
reached, the temperature was lowered in steps of about 50OC until the reaction was 
quenched. In catalysts evaluation test, the inlet gases of 1 % SO2 and 2 % CO were used, 
while the total flow rate was kept at 200 sccm. The packed height of catalyst bed was 
around 7 mm and the contact time was 0.01 to 0.05 gdcc(STP). The elemental sulfur 
yield, i.e., the fiaction of inlet SO2 converted into elemental sulfur, was derived fiom the 
material balance of carbon and sulfur, and occasionally checked by titration of the sulfur 
collected in the cold trap. 

3.3 Results and Discussion 
3.3.1 Ce02 Catalyst 

Figure 3.1 shows the experimental results of SO2 reduction by CO on the bulk CeO2 
catalyst prepared in this work (Table 3.1). When a feed gas of lower CO content than the 
stoichiometric was used, any SO2 reacted was converted into elemental sulfur. When the 
CO content exceeded the stoichiometric amount, 100% SO2 conversion was achieved at 
lower reaction temperature, but COS became a major product. For example, when the CO 
to SO2 ratio was 3, the SO2 conversion was 100 % with 36 - 62 % yield of elemental 
sulfur over the temperature range of 530 to 700OC and corresponding 64 - 38 % of COS 
yield. The elemental sulfur yield increased with the reaction temperature. 

In the following discussion and figures, only the elemental sulfur yield will be 
presented. Because a feed gas of nearly stoichiometric composition was used and the COS 
formation was always negligible in these studies, the elemental sulfur yield corresponds 
with the SO2 conversion. 

3.3.2 Doped Ce02 Catalysts 
It is well known that the oxygen vacancy concentration of CeO2 can be enhanced by 

introducing di- or tri-valent metal ions into its lattice. Y2O3 was studied as a dopant by 
Wang et al. (5). Some of their results are listed in Table 3.2. Both the oxygen ion 
conductivity and activation enthalpy varied with the Y2O3 dopant concentration. 1% 
Y2O3 dopant generated the highest oxygen conductivity and the lowest activation 
enthalpy. Y203-doped cerium oxide catalysts (Table 3.1) were prepared and tested in this 
work. Figure 3.2 shows the effect of the Y2O3 dopant on the catalyst activity. The 1% 
Y2O3 doped ceria catalyst (Ce02(Y)) showed higher activity than either the pure Ce02 
or a 10% Y203-doped ceria (Ce02( 1OY)). Thus, more than 95% elemental sulfur yield 
was obtained over the Ce02(Y) at 600OC, that is, at 5OoC lower temperature than for the 
other two catalysts. 
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When two tri-valent metal ions are introduced in the Ce02 crystal structure, one 
oxygen vacancy is created, 

where Vo and D denote the oxygen vacancy and trivalent dopant cation, respectively. The 
dopant ion and the created oxygen vacancies form associated pairs as denoted by 
D---Vo---D. Different dopants will bring about different crystal structure change and 
interaction of vacancy-ion pair, thus resulting in different oxygen mobility. Table 3.3 lists 
some experimental results fiom the studies by Gerhardt-Anderson and Nowick (6), 
together with the calculated association enthalpy by Butler et al. (7). The 1% SqO3 
dopant in Ce02 generated the strongest vacancy-ion association and had the lowest 
oxygen conductivity among trivalent ion-doped ceria. The Ce02(La) had comparable 
oxygen conductivity to Ce02(Y) at low temperature, but had a little lower association 
enthalpy than the Ce02(Y). The experimental results of SO2 reduction by CO on the bulk 
cerium oxide catalyst doped with these elements are compared in Figure 3.3 on the same 
total Surface area basis. More than 95% sulfur yield was obtained at 6OOOC for all three 
catalysts. When the reaction temperature was lowered, the sulfur yields on the Ce02(Sc) 
and Ce02(La) catalysts fell off steeply at about 6OOOC and 560OC, respectively, while the 
d f b r  yield on the Ce02(Y) catalyst decreased gradually fiom 6OOOC. The Ce02(La) 
catalyst showed the highest activity. 

Figure 3.4 shows the light-off behavior of the reaction of SO2 with CO over different 
catalysts. For this study, we started with the fiesh catalyst without any pretreatment by a 
reducing agent and raised the reaction temperature fiom 500 to 7OOOC in a SOW-step, 
holding at each temperature for half an hour. The reaction was lighted off at the same 
temperature(ar0und 65OOC) over all the La203-doped ceria catalysts, independent of 
dopant content and the amount of catalyst used. But, the reaction did not light-off on the 
Ce02(Sc) catalyst even at temperatures as high as 690OC. After one-hour heating under 
the reaction atmosphere at 69OoC, the Ce02(Sc) catalyst still appeared pale yellow (as 
fiesh ceria), while an activated(reduced) catalyst had a dark blue color. This experiment 
indicated that the La203-doped catalyst can be used without activation by a reductant gas, 
but, higher reaction temperature is needed to initiate the reaction. 

The effect of La203 dopant concentration on the fall-off behavior is shown in Figure 
3.5. Increasing the dopant concentration fiom 1 % to 35 at.% did not improve the catalyst 
performance. On the other hand, incorporation of 5 at.% MgO into the 1% La203-doped 
ceria greatly decreased the catalytic activity. The fall-off temperature over 
Ce02(5Mg+La) catalyst is about 50OC higher than that on the Ce02(La). XRD analysis 
revealed the existence of only the korite ceria crystal phase in these oxide compounds. 
The vacancy association energy in MgO-doped ceria is 1.23eV, much higher than that in 
the La203-doped ceria, 0.26eV7 as shown in Table 3.3. This strong association stabilized 
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the oxygen vacancy and thus capped outside oxygen on the Ce02(5Mg+La) catalyst 
surface. Higher temperature would be needed to remove the more strongly bonded surface 
capped oxygen to maintain the reductiodoxidation cycle. This issue will be further 
addressed later. The Ce02(La) catalyst was used in further studies because of its superior 
performance. 

3.3.3 CeOZ(La) Catalyst 
Figure 3.6 shows the effect of contact time on the elemental sulfur yield over the 

Ce02(La) catalyst. The contact time did not change the product selectivity. More than 
95% sulfur yield was always achieved under complete SO2 conversion. The elemental 
sulfur yield curve fell off at a lower temperature when a longer contact time was used. 
However, above a value of 0.02 gdcc(STp) contact time, the fd-off temperature stays at 
about 5OOOC. This is the temperature associated with the reduction of d a c e  capping 
oxygen of ceria according to Yao and Yao's studies (8). Therefore, when the reaction 
temperature is below 500OC, CO cannot reduce the catalyst surface to provide the active 
sites for SO2 reduction. The catalyst showed good stability as indicated by Figure 3.7. No 
deactivation was observed during a 11-hour steady-state run at 532OC. As stated before, 
only a small amount of COS was formed with the dry feed gas of nearly stoichiometric 
composition. 

For the same contact time, 0.02g-s/cc(STP), the fall-off temperature over the 
Ce02(La) catalyst shown in Figure 3.5 is about 50OC higher than that in Figure 3.6. The 
feed gas used in the studies shown in Figure 3.5 was contaminated by a small amount of 
water vapor (-400 ppm). This indicated that the catalyst may be poisoned by water vapor. 

3.3.4 Water Vapor Effects 
The introduction of water vapor in the reacting atmosphere may affect the catalytic 

activity by adsorption on the catalyst d a c e ,  and change the product distribution through 
the following reactions: 

COS + H20 -+ HzS + C02 
CO + H20 + H2 + C02 
H2 + [SI -+ H2S 
3/x Sx + 2 H20 + 2 H2S + SO2 

The [SI in reaction 6 indicates any kind of sulfur source, such as metal sulfide and 
adsorbed d a c e  sulfur. The reactions 4-7 listed above are thermodynamically feasible 
under present conditions. 

The effects of water vapor on the SO2 reduction by CO are illustrated in Figure 3.8. 
Upon the addition of 3% H20, three small peaks of C02, H2S, and S02, appeared 
simultaneously. The C02 peak may result fkom the reaction of H20 with adsorbed CO on 
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the catalyst surface, and the H2S and SO2 peaks may be produced by the reverse Claus 
reaction of adsorbed surface sulfur and H20. In the presence of 3% H20, sulfur 
compounds in the product stream consisted of H2S, SO2 and elemental sulfur, while COS 
was neghgible. The ratio of H2S to SO2 was approximately stoichiometric, because in the 
feed gas the stoichiometric ratio of [CO]/[SO2]=2 was used. When the reaction 
temperature was lowered fiom 660 to 617OC, no apparent product distribution change 
was seen. When the temperature was lowered to 58OoC, the H2S decreased a little while 
the SO2 increased a little. The catalyst quickly deactivated when the temperature was 
fkther lowered to 54OoC, while no deactivation was observed for the dry feed gas at this 
temperature(see Figure 3.6). Li et al. (9,10) in their studies of CO adsorption on ceria 
found that surface OH groups inhibit CO adsorption and that CO adsorption depends on 
the degree of Surface dehydroxylation. Apparently, then, in the present study the water 
vapor lowered the catalyst activity for SO2 and CO reaction by taking up the active 
surface sites for CO chemisorption. The overall effect of water vapor is displayed as 
partial poisoning of the catalyst and promotion of H2S formation. 

The variation of product gas distribution with the [CO]/[SO2] ratio is shown in Figure 
3.9. The H2S formation increased with the [CO]/[SO2] ratio; conversely, the SO2 
concentration decreased with the [CO]/[SO2]. The maximum elemental sulfur yield was 
obtained around the stoichiometric [CQ]/[SO2] ratio. In the region of [CO]/[SO2]>2, 
H2S may be produced by hydrolysis of COS and the reaction of the adsorbed sulfur on the 
catalyst surface with hydrogen fiom the WGS reaction. In the region of [CO]/[SO2] < 2, 
COS formation is negligible and thus, the H2S may come mainly fiom the reaction of 
surface sdfk with hydrogen. Because more reductant gas was consumed to produce H2S 
than elemental sulfur, there was not enough reductant left for the reduction of SO2 so that 
some of the inlet SO2 was not reduced. This became more obvious when less CO was 
used in the feed gas. Although the reverse Claus reaction 7 is thermodynamically feasible 
at high temperature, this reaction would give a simultaneous production of H2S and SO2. 
This is not the case as shown in Figure 3.9. Further testing showed that at a given 
temperature the H2S formation increased with the water vapor content. In a practical 
application, since the H2S and SO2 in the product stream are in stoichiometric amount 
when the [CO]/[SO2] is around 2, a downstream Claus reactor may be directly used to 
convert the H2S and SO2 into elemental sulfur. Alternatively, for a dry regenerative flue 
gas desulfUrization process, the product gas fiom the sulfur recovery unit can be recycled 
to the burner after condensation and collection of &. 

3.3.5 Ce@(La) is an Active Catalyst for Claw Reaction and COS 
Hydrolysis 

Catalytic activity of Ce02&a) for Claus reaction and the water vapor effect are 
illustrated by Figure 3.10. More than 80% inlet SO2 was converted into elemental sulfur 

I 
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around 230°C in the absence of H20. Upon addition of 13% H20, SO2 increased by 65% 
of its inlet concentration while 90% of the inlet H2S disappeared. The excess SO2 is 
postulated to come from the following reactions: 

H2Sd + 2 H20 -+ SO2 +3 H2 
Sa& + 2 H20 -+ SO2 +2 H2 

(8) 
(9) 

where Sa& was the sulfur produced by the previous Claus reaction and deposited on 
the catalyst. The catalyst lost its activity immediately when exposed to H20. Its activity 
cannot be recovered by stopping HZO. The catalyst became activated only when the 
temperature was raised over 500°C. There was a burst of SO2 around 500°C during 
temperature rise, where twice the inlet SO2 was released with consumption of 78% of the 
inlet H2S. This may be explained by oxidization of H2S by adsorbed HzO. It seems that the 
previously adsorbed H20 on the catalyst desorbs only at high temperatures (>5OO0C). The 
catalyst was completely re-activated after removal of the adsorbed H20. Figure 3.11 
shows that complete conversion of COS to H2S was achieved at temperatures above 
270°C. 

3.4 Mechanistic Consideration 
Two reaction mechanisms have been proposed for the reduction of SO2 by CO, 

namely the redox mechanism (2,2) and the COS intermediate mechanism (21-13). 
According to the latter, CO first forms a COS intermediate with the sulfided catalyst, and 
then COS reduces SO2 to elemental sulfur. The evidence used to argue in favor of this 
mechanism is (i) XRD-detected metal sulfide in the used catalyst, and (ii) COS formation 
upon passing CO gas through the catalyst bed. In the present study, only the ceria (CeO2) 
crystal phase was found in the fresh and used ceria catalyst by XRD analysis. In another 
test, when the steady-state reaction over the Ce02(La) catalyst was reached at 65OoC, the 
feed gas was switched to He, and after a ten-minute flush, CO was allowed to scavenge 
the catalyst surface for halfa hour. No COS was detected in the exit gas stream. The same 
results were obtained at 6OOOC and 550%. Furthermore, a sigdcant amount of C02 was 
released during the regeneration of a spent ceria catalyst with CO, while no COS was 
observed. These results argue against the COS intermediate mechanism for SO2 reduction 
by CO over ceria catalysts. However, our tests have shown that Ce02(La) is also a good 
catalyst for the reduction of SO2 by COS, with more than 96% SO2 converted to 
elemental sulhr over the temperature range from 390 to 65OOC. 

mechanism: 
We propose that the SO2 reduction by CO on ceria proceeds via the redox 

Cat-0 + CO -+ Cat-[ ] + CO2 
Cat-[ ] + SO2 -+ Cat-0 + SO 
Cat-[ 3 + SO -+ Cat-0 + S 
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We found that the catalyst had to be pre-reduced to initiate the reductiodoxidation 
cycle at low temperature. This is evidenced by the catalyst color change. The ii-esh CeO2 
was pale yellow and had no activity. The activated catalyst appeared dark blue, which is 
the characteristic color of partially reduced Ce02. The reaction proceeds easily on the 
catalyst pretreated by a reducing agent, such as CO. In contrast, the reaction is difEcult to 
start in the reacting atmosphere due to the presence of both a reductant(C0) and an 
oxidant(SO2), and may need high temperature (Figure 3.4). As one oxygen vacancy is 
created by the release of one C02 molecule, the SO2 donates its oxygen to that vacancy 
to form a SO group. The SO is mobile on the Surface until it h d s  another vacancy to 
donate its oxygen or a vacancy may migrate to a neighboring site to accept its oxygen. 
High oxygen mobility in the catalyst will facilitate the oxygen transfer fiom one site to 
another on the surface or ii-om the bulk to the surface. However, the oxygen vacancy can 
be taken up by other molecules existing in the reacting gas phase, such as H20 and 02 .  
The more strongly these impurity oxygen atoms attach to the vacancy, the more severe a 
poisoning effect they will bring about. The creation of oxygen vacancies on the surface is, 
then, a key step. 

Incorporation of dopant ions into ceria lattice enhances the oxygen vacancy 
concentration and mobility. But, the vacancies created by the dopant on a fiesh catalyst 
surface are always capped by the oxygen atoms fiom ambient oxygen or water. Therefore, 
the capping oxygen has to be removed to activate the catalyst. The oxygen vacancy and 
the dopant ion are associated m pairs by a certain energy. The stronger this association, 
the lower the vacancy energy state is and the more strongly the vacancy is capped by an 
outside oxygen. In other words, strong association increases the difliculty of removing the 
capping oxygen. The Ce02(La) material of lower association energy than the Ce02(Y), 
showed higher activity, although these two catalysts have the same oxygen ion 
conductivity(Tab1e 3.3 and Figure 3.3). The CeO2(Sc) has the highest vacancy-ion 
association energy among tri-valent ion-doped ceria so that the reaction cannot 
proceed(Figure 3.4) without removing the strongly capped surface oxygen in a highly 
reducing atmosphere. As discussed earlier, the vacancy association energy in the MgO 
doped ceria is 1.23eV (Table 3.3), even greater than that of the Ce02(Sc), 0.67eV. 
Apparently, the addition of 5 at.% MgO into the Ce02(La) greatly stabilized the oxygen 
vacancy and decreased the catalytic activity(Figure 3.5). Table 3.3 indicates that the 
association energy increases with dopant content. Therefore, increasing the dopant 
concentration does not necessarily enhance the catalytic activity. This is evidenced by the 
data shown in Figure 3.5, where increasing La203 dopant fiom 1 to 35 at.% had no effect 
on the catalyst performance. For a catalyst, d a c e  adsorptioddesorption processes are 
always important in addition to these oxygen vacancy and mobility properties. Because 
MgO is a more basic oxide than La203 and La203 is more basic than CeO2, the present 
results indicate that the acidhase properties of the catalyst play little role in the reduction 
of SO2 by CO. 
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3.5 Conclusions 
Cerium oxide is an active catalyst for SO2 reduction by CO and its activity can be 

enhanced by doping La203 into its lattice. More than 95% elemental sulfur recovery can 
be achieved on Ce02-based catalysts at reaction temperatures about 50OOC or higher 
when the feed gas has the stoichiometric composition. The reaction of SO2 with CO on 
the catalyst appears to proceed according to the redox mechanism. The results of our 
work demonstrate a correlation of the catalytic activity with the oxygen vacancy mobility 
and energetics in a doped ceria catalyst. Water vapor partially poisons the ceria catalysts 
and promotes the production of H2S. The elemental sulfirr yield is lowered in the presence 
of water. Further work with transition metal modified cerium oxide catalysts will be 
reported in the next chapter. 
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Table 3.1 Catalysts Tested in This Study. 

Surface Area (m2/g) 

fieshb usedc 
No. Catalyst Compositiona 

1. CeO2 Ce02 34.0 29.0 

2. Ce02(Y) 1 at. %Y 27/23d 9. Y20d 

3. Ce02( 1OY) 10 at. %Y 1 9 . d  19.3d 

4. CeO2( Sc) 1 at. % Sc 

5. 

6. 

Ce02(La) 1 at. % La 

Ce02(6La) 6 at. YO La 

7. Ce02(20La) 20 at. %La 

8. Ce02(3 5La) 35 at. YO La 

4713 Od 

34.0 

32.6 

37.5 

28.8 

3 0/27d 

19.5 

22.8 

19.4 

17.2 

9. Ce02(5Mg+La) 5 at. % Mg + 1 at. %La 30.2 22.4 

a. "at. %" denotes the corresponding metal atomic percentage. 
b. Measured before use. 
c. Measured aRer about 6-hour reaction time on-stream 
d. Fresh catalysts were further calcined for 15 h at 750OC after 3-h calcination at 600OC. 
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Table 3.2 
Composition of Ce02:Y203 (data fiom Wang et al. (5,). 

Variation of Oxygen Conductivity and Activation Enthalpy With 

Ho cj (S/cm) 

at 1800C at 1 8OoC at 5 8OoC 
mole % Y2O3 

0.0 % 

1 %  

10 % 

0.92 3 x 10-8 2 10-4 

0.79 1 . 8 ~  8 x 10-3 

1.15 1 . 5 ~ 1  0-7 4.5~10-3 

a. J& related to o by o T oc exp(-H&T). 

Table 3.3 
Dopants in C e 0 2  (data fiom Gerhart-Anderson and Nowick (6)). 

Association Enthalpy hA and Conductivity for Solid Solutions of DiEerent 

Ionic radius h~ ( ev)a o (S/cm) at 4OOOC 

(4 1 % D2O3 6 % D2O3 for 1% D203 
Dopant 

~ a + 3  1.18 0.14/0.26b 0.18 3.3 x10-4 

Gd+3 1.06 0.1210.17b 0.16 5.3 x10-4 

Y+3 1.01 0.2 110.3 Sb 0.26 3.3 x10-4 

sc+2 0.87 0.67/0.62b - 4.4 x10-7 

Ca+2 1.12 1.12b - - 

- - Mg+2 0.89 1.23b 

a. hA is related to cj by oT oc exp(-(hA+ h,)/RT) 
b. data were calculated by Butler et al. (7). 
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Elemental Sulfur Yield and SO2 Conversion on Bulk CeO2 Catalyst 
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Figure 3.2 Effect ofY2O3 Dopant Content in Ceria on Catalyst Activity 
([CO]/[S0,]=2; 1% so,, 0.012 s*g/cc(STp)). 

40 



Chapter 3 

[CO/SO2]=2 
F=200 sccm 

catalyst surface 
loading area 
tmg) tm2) 

Ce02(La) 39 0.79 

Ce020C) 39 

Ce02(Sc) 29 

0.77 

0.79 

0.0 4 I " " l " " I "  

520 570 620 670 720 

Reaction Temperature ("C) 

Figure 3.3 Effect of Meren t  Dopants in Ceria on Catalyst Activity. 

1.0 

Ce02&3), 49 mg 

Ce02&3), 90 mg 
CeO2(2OLa), 90 mg 

1 Yo s02 ,  2% co 

0.0- -=J --c- - - 

-0.2 I "  I " " I " "  
5 00 550 600 650 7 

F=200 Sam 

T 

I 
I 

Reaction Temperature ("C) 

Ce02(Sc), 40 mg 

10 

Figure 3.4 Light-off Behavior over Doped Ceria Catalysts in the Absence of Activation. 

41 



Chapter 3 

700 650 45 0 5 00 550 600 

Reaction Temperature ("C) 
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Reduction of SO2 by CO to Elemental Sulfur over 
Composite Oxide Catalysts 

4.1 Introduction 
The overall reactions involved in direct reduction of SO2 by CO to elemental sulfur are 

as follows: 

s o 2  + 2 co -+ 2 c 0 2  + l/x sx 
co + l/x sx+ cos 
2 cos + s o 2  -+ 2 e02 + 3/x sx  

where x=2-8 or higher. At high temperatures, predominantly gaseous elemental sulfur, S2, 
is produced through equation 1. The presence of water vapor in the feed gas may have a 
major effect on both the catalytic activity and product selectivity by poisoning the catalyst 
and/or promoting the following reactions: 

CO + H20 -+ H2 + C02 
COS + H20 -+ H2S + C 0 2  
H2 + [SI + H2S 
3/x Sx + 2 H20 -+ 2 H2S + SO2 

Reactions 1-7 have favorable thermodynamics at the conditions of interest to this 
work(atmospheric pressure, 300 to 700OC). The challenge to realize the one-stage 
elemental sulfur recovery scheme is to develop a catalyst which is not poisoned by water 
or other gas impurities and to maximize the yield of elemental sulfur. In the previous 
chapter we reported that cerium oxide, a fluorite oxide well known for its high oxygen 
vacancy concentration and mobility, is an active catalyst and its activity can be M e r  
enhanced by doping it with lanthanum oxide. However, alkaline earth and rare earth oxide 
dopants did not improve the resistance of ceria towards water poisoning. In the present 
study, we have modified the ceria with transition metals, examined other oxygen ion 
conducting materials as potential catalysts, evaluated catalyst activity and selectivity as a 
h c t i o n  of catalyst type and operating conditions, including the effect of water vapor, 
extensively characterized the Cu-Ce-0 catalyst system, and studied the reaction kinetics. 

46 



Chmter 4 

4.2 Experimental 
Apparatus and Procedure. AU catalysts were tested in a 0.6cm I.D. x 50cm quartz 

tube packed bed flow reactor apparatus described in Chapter 2. A fie& catalyst was 
evaluated by a two-step test procedure. h the first step, the reactant gas mixture was 
introduced into the reactor at about 500OC and the reaction temperature was raised by 
about SOT-increments after a steady-state reaction was reached at each temperature. The 
reaction light-off temperature was thus identzed, at which the reaction occurred with SO2 
conversion exceeding 90%. In the second step, the reaction temperature was lowered in 
steps of about 50°C fiom a high temperature until conversion was significantly decreased. 
Hysteresis effects between the light-off and fall-off branches were followed in this 
sequence of steps. The effect of water on the catalyst activity and selectivity was examined 
by adding about 2% water vapor into the reactant gas mixture. Unless specifically noted, 
catalyst tests were typically performed with 150 mg catalyst loaded in the reactor, gas 
flow rate set at 100 sccm and comprising 1 % S02, 2 % CO by volume, and balance 
helium. The contact time was 0.09 gdcc(STP). Each catalyst has different packing density 
so that the space velocity varied with the individual catalyst tested. Sulfin dioxide 
conversion, X-SO2, elemental sulfur yield, Y-sulfur, and &o ratio are defined by 
following equations: 

where [S02], and [CO], are the inlet sulliu dioxide and carbon monoxide concentrations, 
respectively, while [SO,] and [SI are the outlet mlfk dioxide and elemental sulfur 
concentrations, respectively. Sulfur product was calculated from the material balance of 
carbon and su l fk ,  and occasionally checked by titration of the sulfur collected in the cold 
trap. 

Kinetic measurements were also conducted in a fixed bed microreactor of 6mm I.D. 
SO:! conversion was controlled by catalyst loading and gas flow rate. The catalyst loading 
varied firom 6 to 300 mg, while the flow rate varied fiom 100 to 4OOsccm Separate 
experiments c o h e d  that inter- and intra-particle mass transfer under the present 
conditions were eliminated. Blank test also showed that SO2 conversion in the absence of 
catalyst was less than 2% at temperatures below 650°C. The small amounts of catalyst 
were usually diluted by quartz particles so that a packed height about 5mm was achieved. 
For all kinetics measurements, the catalyst was pre-conditioned for 2 h at 650°C in 1 % 
SO2 and 2 % CO mixture. The steady-state reaction conversion was recorded. Generally, 
no apparent conversion decline within 30 min was considered as steady state. The steady 
state was easily achieved at high reaction temperatures. At low temperatures, a longer 
time vaned from a few hours to one day was needed to reach a steady state when the 
reaction condition was changed. 

47 



Chapter 4 

Catalyst. Both bulk composite and impregnated oxide catalysts were prepared in this 
study. The composite catalysts were prepared by coprecipitating aqueous salt solutions of 
the metals with ammonium carbonate. The precipitates were washed twice with hot de- 
ionized water and then dried for about 12 h at 11OOC. The dried samples were firther 
heated for a few hours in stagnant air at 650OC. The particle sizes used for actMty tests 
were -35+100 mesh (420 - 149 pm) except for tests with zirconia catalysts where -250 
mesh (<63pm) particles were used. For kinetics measurements, particles of a average size 
of lOOvm were used, The supported catalysts were prepared by conventional wet 
impregnation of the support with aqueous salt solutions of the metals. The slurry of the 
support and solution was degassed in vacuum so that the salt solution I l l y  filled the pores 
of the support during impregnation. Then, the excess solution was atered. The wetted 
samples were dried for two days at room temperature and then heated for four hours at 
650-7OO0C in a mufne furnace. The Cdy-Al2O3 catalyst was prepared by reduction of 
CuOly-Al203 with 10 % C o m e  at 300OC. 

Microstructure of the used catalyst was analyzed by Scanning transmission electron 
microscopy (STEM) on a Vacuum Generators HB603 instrument. The catalyst surface 
properties were characterized by X-ray photoelectron spectroscopy ( X P S )  on a Perkin 
Elmer 5100 instrument. The catalyst reducibility was investigated on a Cahn TG 121 
thermogravimetric analyzer with a MKS quadrupole mass spectrometer attached for gas 
analysis. 

4.3 Results 
4.3.1 Transition Metal-Impregnated Ceria Catalysts 

Figure 4.1 shows the light-off curves of sulfur dioxide reaction with carbon monoxide 
over the transition metal-impregnated ceria catalysts. The light-off temperatures are 5OOOC 
on the CdCeO2 and Ni/CeO2 catalysts, 55OoC on the Pt/Ce02, and 6OOOC on the 
Co/Ce02 and W C e 0 2 .  A light-off temperature higher than 6OOOC was found for 
unmodified ceria and for Cr/Ce02 catalysts. Thus, addition of transition metals 
sign5cantly lowered the light-off temperature of ceria. The fall-off behavior on these 
catalysts as well as water vapor effects are plotted in Figure 4.2. In these tests, ceria and 
Cr/Ce02 were activated by reduction with 10% C o m e  at 6OOOC. The reaction starts to 
fall off around 55OoC on ceria and below 500OC on the other catalysts. The Cr/CeO2 
shows a low fall-off temperature, although it was difficult to activate it in the reaction 
mixture(Figure 4.1). However, this catalyst completely deactivated upon addition of water 
at 550OC as did ceria. The other catalysts were still active in the presence of water. The 
sulfur yield at 5 10°C was higher on the Cu, Co, Ni-impregnated ceria catalysts(-O.7) than 
on the Mn, Pt-impregnated ceria (0.4-0.6). Table 4.1 lists the numeric values of sulfUr 
yield and SO2 conversion in tests with the dry and wet reactant gas mixtures shown in 
Figures 4.1-2. It is seen that in the dry gas almost all the sulfur dioxide was converted to 
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elemental sulfur. However, the elemental sulfur yield decreased fiom a typical 0.96 (dry 
gas) to 0.4-0.7(wet gas) due to the formation ofhydrogen sulfide. 

Figure 4.3 shows the variation of gaseous product distribution with time-on-stream on 
the Cu/Ce02 catalyst at 51OOC in the presence of water. Formation of H2S according to 
reactions (4) and (6) consumed some reductant CO, resulting in sub-stoichiometric 
amount for the reduction of S02. The ratio of H2S to SO2 concentration in the product 
gas was around stoichiometric, which means that nearly complete conversion of the inlet 
CO took place. Figure 4.3 also indicates that the CdCe02 catalyst is stable under the 
reacting conditions, since no apparent deactivation was observed during a 25-hour run. 
This promising catalyst system was used for detailed studies of the SO2 reaction with CO. 

4.3.2 Effect of Copper Content on the Catalyst Activity and Selectivity 
of the Cu-Ce-0 System 

Two series of Cu-Ce-0 catalysts, listed in Table 4.2, were prepared by coprecipitation 
and impregnation methods, respectively, to evaluate the effect of copper content on the 
catalyst activity and selectivity. The La-doped ceria and alumina-supported copper 
catalysts are also included in Table 4.2 for comparison. The bulk Cu-Ce-0 composite 
catalyst typically has a Surface area around 30 m2/g, while the impregnated ceria catalyst 
has a surface area slightly lower than the Ce02 support (24 m2/g). The CUIAl203 catalysts 
have much higher surface area(-130 m2/g) due to the y-alumina support. Since the SO2 
conversion increases very fast with the reaction temperature, only experimental results at 
relatively low temperatures are included in Table 4.2 to compare the activity and 
selectivity. The light-off temperature on all the Cu-Ce-0 catalysts was approximately 
500OC, while the light-off temperatures on the CdA1203 catalysts and La-doped ceria 
were 560OC and 610OC, respectively. 

The impregnated and bulk Cu-Ce-0 catalysts show similar overall behavior and the 
catalyst activity is not sensitive to the copper content in the catalyst. However, there is a 
trend for the selectivity toward elemental sulfur to decrease as the copper content 
increases. In the presence of 2 % water, hydrogen &de instead of carbonyl sulfide 
becomes a major byproduct over the Cu-Ce-0 catalyst. The elemental sulfur yield drops 
fiom a typical 95% in the dry gas to about 70% in the wet gas. The Culy-Al2O3 catalyst 
has a little higher activity than the CuO/y-A1203, but, both catalysts are much less active 
than the Cu-Ce-0 catalysts. Also, in contrast to the Cu-Ce-0, the copper/alumina catalyst 
favors the formation of COS in the presence of water as has been reported in the literature 
(I) and verified in this work. 

4.3.3 Zirconate and Zirconia Catalysts 
Zirconium oxide has the fluorite type structure of ceria and is similar to ceria in many 

physical properties, such as high oxygen mobility and oxygen ion vacancy concentration, 
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but, zirconia is much more diflicult to be reduced than ceria. Yttrium-stabilized zirconia is 
a well known oxygen ion conductor (2). Mixed oxides of lanthanide elements and 
zirconium were reported by Bajars (3) as catalysts for sulfur dioxide reduction by CO. In 
addition, Zr2Ln207-type zirconates (Ln= lanthanide element from La to Tb) of pyrochlore 
structure, notably, Gd2Zr2O7, are known as another class of oxygen ion conductors (4). 

Several zirconates(Ce, Tb, Gd) and zirconia-based oxides were prepared and tested in 
this work under the same conditions as the ceria-based catalysts. The results are 
summarized in Table 4.3. The zirconates have surface areas from about 30 to 50 m2/g. Y-  
doped zirconia has much higher surface area than the Cu-doped zirconia, which may 
reflect the known stabilization effect yttrium imparts to the zirconia crystal structure. The 
zirconia-based catalysts consist largely of mesopores(tens A in dia.). Therefore, small 
particles, less than 63 pm, were used in the tests of the Zr02-based catalysts to overcome 
pore difbion resistance. The light-off temperature over the Ce, Tb and Gd-zirconates 
was around 7OO0C, higher than that for ceria. After the reaction was initiated at high 
temperature, however, the zirconate catalyst could maintain its high activity as the 
reaction temperature was lowered to 470OC. The performance of the Gd2Z1-207 catalyst 
system is illustrated in Figure 4.4. More than 95% elemental sulfur yield was obtained 
over the temperature range 470 to 700OC in the dry gas. After the addition of 2 % water 
into the reactant gas at 56OoC, the Ce2Zr207 and Tb2Zr2O7 catalysts were quickly 
deactivated; only the Gd2Z1-207 catalyst remained active. As the temperature was 
decreased to 510OC, this catalyst was also deactivated in the presence of water(Figure 
4.4). Therefore, Gd2Z1-207 is the most active among the three zirconate catalysts tested. 
The activity of this catalyst can be promoted by copper as indicated by the data of Table 
4.3. 

The yttria-doped zirconia catalyst, Zro 9Yo IO,, has a 61OOC light-off temperature, 
same as the La-doped ceria. The light-off temperature was lowered to 510OC by the 
addition of copper. The slightly lower SO2 conversion observed on the Cu-Zr(Y)-0 
catalyst(Tab1e 4.3) compared to Cu-Ce(La)-0 at the same reaction temperature(Tab1e 4.3) 
may be due to pore diffusion limitation in the former catalyst system. Overall, zirconia is 
similar to ceria in its catalytic properties for the reduction of sulliu: dioxide by carbon 
monoxide. 

4.3.4 Effect of Carbon Dioxide on Catalyst Activity and Selectivity 
Carbon dioxide is produced by the present reaction and may also be present in the feed 

gas stream Thus, its effect on catalyst activity and selectivity was briefly checked in this 
work. As shown in Figure 4.5, addition of about 3 % carbon dioxide into the reactant gas 
mixture at 510OC almost completely suppressed the reaction on the Ceo 9La0 10, 
catalyst. The SO2 conversion dropped from about 1.0 to 0.1, while the sulfur yield 
decreased fkom 0.96 to trace amounts. The catalyst activity was restored in the presence 
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of carbon dioxide only when the temperature was raised to 600OC. However, the 
elemental sulfur yield was decreased to 0.81 because C02 lowered the SO2 conversion 
and promoted the production of carbonyl sultide(Figure 4.5). In contrast, addition of C02 
at 510OC did not suppress the reaction on the 7.8 wt. % CdCe02 catalyst. This catalyst 
can maintain its activity even at the lower temperature of 465OC. Sulfur yield was 
decreased by a few percent as a result of promoted COS production and lower SO2 
conversion. These results show that copper can enhance the resistance of the ceria catalyst 
to carbon dioxide poisoning. 

4.3.5 Bulk Cuo,1~[Ce(La)]0.850~ Catalyst 
The Cuo.Is[Ce(La)]o 8 5 0 x  catalyst was chosen for &her studies. This catalyst 

showed no apparent deactivation during a 35-h nm in the presence of 2 YO water at 470OC. 
The variation of d a c e  area with temperature is shown in Table 4.4. 

Light-off over Cu0.15[Ce(La)]0.850a Catalyst. Light-off and fall-off behavior of 
various catalysts were reported above as major reaction characteristics. The light-off 
behavior of the Cu-Ce-0 catalyst was carehlly examined with the Cm 15[Ce(La)]o 85OX as 
a model catalyst. Figure 4.6 shows light-off curves of the Cu,I5[Ce(La)]o.85Ox catalyst 
under various reaction conditions. The light-off over this catalyst occurred at the 
temperature range fkom 440 to 465°C irrespective of initial SO2 concentration and contact 
times. This confirmed that the light-off temperature was determined by the intrinsic 
kinetics property of the catalyst and not caused by heat release effect in this exothermic 
reaction. Thus, the light-off temperature can be used as a crude criterion in the catalyst 
activity ranking. It is noted that the same SO2 conversion was achieved at a temperature 
indicated by d e  thermocouple placed on the top of the catalyst bed or inserted inside the 
catalyst bed. The temperature gradient in the packed bed was diminished by the small 
reactor tube (6mm) and shallow catalyst bed ( < l o r n ) .  Although the light-off temperature 
is not affected by the reaction conditions, the lowest light-off temperature was observed 
with a catalyst pre-reduced by CO. This effect is further illustrated by the activation 
profiles in Figure 4.7 where nano-CW 15Ceos50x catalyst, prepared by inert gas phase 
condensation and controlled oxidation to non-stoichiometric cerium oxide, shows an 
activation process more rapid than the corresponding bulk catalyst and comparable to the 
pre-reduced bulk catalyst. 

SOz Conversion. Effect of [CO]/[S02] ratio in the feed gas, K O ,  on product 
distribution over the Cw 15[Ce(La)]o.850~ catalyst is shown in Figure 4.8. Under constant 
contact time and reaction temperature, SO2 conversion rapidly increased wid &o. COS 
formation over the (2% Is[Ce(La)Jo 850, catalyst was minor at low SO2 conversions but 
became signiticant at high SO2 conversions if K O  greater than 2. Variation of conversion 
with contact time at different temperatures is plotted in Figure 4.9. The conversion starts 
to decline fkom 0.99 at contact times shorter than about O.O45gdcc(STP) at 510OC. No 
effect of contact time on selectivity was observed. Considering these results, reaction 
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kinetics over the C~.I~[Ce(La)]o.~~Ox catalyst was investigated by varying SO2 
concentration with Rc0 being fixed at 2. Under such reaction composition, selectivity to 
dfiu was always about 95%. Therefore, only SO2 conversion is reported in the following 
results. Figure 4.10 shows typical plots of SO2 conversion at 5 10°C versus contact time 
for different inlet SO2 concentration. These data were fitted by the same ikst-order 
equation. Resulting rate constant was a weak hc t ion  of [SOz]det. 

Water Vapor Effect on the Cuo.ls[Ce(La)]e.ssO, Catalyst. The effect of temperature 
on product distribution in the presence of 2% HzO is shown in Figure 4.11. The difference 
between SO2 conversion and sulfur yield in Figure 4.11 mainly comprised of HZS. The 
temperature showed no effect on sulfur yield fiom 560 to 450°C over which SOz 
conversion kept constant. Sulfur yield declined with SO2 conversion when temperature 
was decreased from 450 to 435°C. Effect of contact time on sulfur yield is illustrated in 
Figure 4.12. For all three temperatures tested (470"C, 510"C, and 560"C), difference 
between SO2 conversion and sulfur yield was not affected as the contact time decreased 
from 0.09 to 0.022s.g/cc. These results indicate that production of HzS occurs 
simultaneously with SO2 conversion. Sulfur yield cannot be optimized by monifvlnn 
operation conditions, temperature, contact time. 

Although only three SO2 conversion data points are available in Figure 4.12, its 
variation still nicely fell into the first order conversion line. Effect of water vapor content 
on sulfur yield is shown in Figure 4.13. Sulfur yield sharply decreased fiom ca. 0.76 to ca. 
0.53 as water vapor was raised fiom 2 % to 4 %. However, further increasing water vapor 
content did not cause a major change in sulfur yield. Sulfur yield was maintained at 0.45 
level in the presence of 8 or 13 % H20. It is noted again that difference between SO2 
conversion and sulfur yield was mainly due to production of H2S. COS formation was 
always minor in the presence of water vapor, Because stoichiometric feed gas was 
employed, the produced HZS relative to un-reacted SO2 was always kept at the 
stoichiometric ratio as long as complete CO conversion occurred. Figure 4.13 shows that 
SO2 conversion and sulfur yield levels were flat at high temperatures. The higher the water 
vapor content in the feed gas, the more rapidly did SO2 conversion and s u h r  yield fall off 
as temperature was lowered. Therefore, water vapor also had some inhibition effect on 
catalyst activity. 

4.3.6 Catalyst Characterization 
The comprehensive information on fresh catalyst structure will be presented in Chapter 

6. The catalyst structure and composition usually changed after use for SO2 and CO 
reaction due to the introduction of sulfur. XRD analyses of the fiesh composite Cu-Ce-0 
catalysts identified two crystal phases, fluorite-type and copper oxide, in catalysts 
containing over 15 at.% copper, and only the ftuorite structure in the composites 
containing less than 15 at.% Cu. Also in the Y-doped and Cu-doped zirconia catalysts, 
only the fluorite-type structure was found. Two small copper oxide peaks were found in 
the fresh 7.8 wt.% Cu0,/Ce02 catalyst as shown in Figure 4.14, but, these two peaks 
disappeared in the used catalyst. The distinct fluorite-type dfiaction pattern was found in 
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stable in the present reaction conditions. 
Elemental distributions (S, Cu, Ce, 0) in the used Cu-Ce-0 catalysts were extensively 

studied with STEM X-ray microprobe. Figure 4.15a shows the elemental maps for the 
Cu,o2[Ce(La)]o98oy catalyst after 2-day test. No bulk copper oxide or sulfide particles 
were observed with this catalyst. Copper remained well dispersed in cerium oxide matrix 
after use. The existence of small amounts of sulfur was revealed. But, the sulfur content 
was too low for its distribution map to be unambiguously discriminated against 
background noise. Figures 4.15b-c show typical elemental distributions in a used 
cu, ~s[Ce(La)]o 850,  catalyst. Three major structural characteristics are: (i) bulk copper 
particles formed segregated copper sulfide crystals; (ii) copper and sulfiu extensively 
distributed on cerium oxide matrix; (iii) cerium oxide was the backbone of the catalyst 
structure. 

Catalyst d a c e  composition and property were analyzed by X P S .  Tables 4.5-6 list the 
Surface compositions of the used Cuo 02[Ce(La)]o 980 ,  and Cu,.,5[Ce(La)]o 850, catalysts, 
respectively. The Surface composition of the top portion of the Cuo02[Ce(La)]0980, 
catalyst bed is similar to that of the bottom portion and the catalyst tested for 6 h has 
similar composition to the one used for a much longer time. Two 01s peaks were found in 

three Cu,o;?[Ce(La)]0980, samples that suggest two kinds of oxygen species in the 
catalyst. The nature of the oxygen species will be discussed later. Copper content was 
close to the X P S  detection limit. But, it is clear that there is more sulfur than that needed 
for copper sulfide formation. Carbon species were found in all the X P S  measurements and 
it came fiom carbonaceous compound deposition. A simple calculation found that there is 
more oxygen detected on the catalyst d a c e  than the stoichiometric amount of metal 
oxide (assume Ce=CeO2 and Cu=CuO). The excess oxygen may be associated with sulfur 
element. Recall the light-off curves in Figure 4.6 where the Cu, 15[Ce(La)]o.8sOx catalyst 
showed no activity at 433°C but became completely activated at high temperatures, such 
as 5 10°C. The Surface composition listed in Table 4.6 shows that the un-activated catalyst 
contained more sdfk and oxygen but less cerium than the activated one. 

Figures 4.16a-d show the XP spectra of Ce3d, Cu2p, Ols, and S2p core electrons. 
The binding energy of Ce3d5/2 is usually not affected by cerium oxidation state. Different 
cerium species are distinguished by their spectra pattern. The Ce3d spectra in Figure 4.16a 
for the un-activated C~l5[Ce(La)]o.850, catalyst look the same as the cerium sulfate 
measured by Loof et al., 1991 (5). The Ce3d spectra for the activated Cuo oz[Ce(La)]o 9 8 0 ~  

looks more &e cerium oxide, while the activated CUO 15[Ce(La)]o 8 5 0 ~  catalysts contains 
some sulfate component. The presence of Ce'3 cannot be identilied by the X P S  because of 
its low intensity. CuzS cannot be discriminated fiom Cu20 because both of them have the 
same binding energy and L 3 W  Auger kinetic energy (6). The Cu2p3/2 peak at 935.6eV is 
assigned to copper sulfate. The 01s spectra indicate two kinds of oxygen species. In 
accordance with the literature data, the components at ca. 529.4eV and ca. 532eV are 
assigned to metal oxides and metal sulfates, respectively. Similarly, the S2p components at 
167.0 to 168.9eV and at 162.1 to 162.6eV are assigned to metal sulfate and metal sulfide, 
respectively. Based on the present results, it is postulated that in a working catalyst some 
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of copper is associated with copper sulfide, while some of cerium is associated with 
sulfate. An activated catalyst usually comprised of both metal sulfate and sulfide, while the 
un-activated 15 at. % catalyst fllrface was totally covered by sulfate. 

The d a c e  was enriched in copper after use. Table 4.8 shows that the Cu/Ce and 
S/Cu ratios measured by X P S  for a Cu0,I~[Ce(La)]o,s50~ catalyst after two-day test 
decreased by argon ion sputtering of the surface, but the SKU did not reach a zero value 
because of interference from the catalyst pores. 

4.3.7 Reducibility of the C~~.~~[Ce(La)]0.850~ Catalyst 
Reducibility of the Cu0,~s[Ce(La)]0.850, catalyst by CO was investigated on a 

thermogravimetric analyzer coupled with a mass spectrometer. Figure 4.17 shows a 
typical temperature-programmed reduction profile of the catalyst in 3.5 % CO/N2. The 
reduction started at ca. 80°C. The doublet peak appeared around 120°C and 145"C, 
respectively. There was no peak found around 500°C that is usually observed with bulk 
Ce02 and caused by reduction of Surface capping oxygen according to Yao and Yao (7). 
The continuous weight loss was accompanied with the evolution of COZ as measured by 
mass spectrometry. TPR studies of bulk CuO materials (89) found that the reduction 
peaks appeared between 200 to 300°C. Therefore, the presence of cerium oxide 
signiscantly lowered copper oxide reduction temperature. This profile looks the same as 
the one found for precious metal (Pt, Rh)/CeO2 system (lo), suggesting strong synergism 
between copper and cerium oxide. The initial reduction rates, defined by the following 
equation, were measured under constant temperatures for the following kinetic analysis: 

It=O dW &=-- 
W,dt 

This rate is plotted versus reduction temperature over the range of 100 to 600°C in 
Figure 4.18 in an Arrhenius form. The resulting activation energy, 12kJ/mol, is a very 
small number. SO2 sorption on the Cu0.,5[Ce(La)]os50~ catalyst and reducibility of the 
sulfated catalyst were investigated as follows: flushing the reactor system with Nz, 
achieving a stable baseline, introducing 1 % SO& into the reactor, about half a hour 
later, switching the SO2 stream to 2 % CO/N2. Although no oxygen was fed, the catalyst 
showed rapid weight gain upon introduction of S02. This indicates that SO2 reacted with 
catalyst Sufface oxygen, because cerium oxide has high oxygen storage ability. Even in the 
presence of oxygen, Hedges and Yeh (11) found that SO2 uptake rate on the Ce02/Al202 
sorbent was independent of  PO^. Therefore, the cerium oxide Surface oxygen is active for 
sulfate formation. Reducibility of the catalysts after sulfation was dramatically decreased. 
No apparent reduction was observed below 450"C, as opposed to the signtscant and rapid 
reduction with the fiesh sample below this temperature. The Arrhenius plot of the initial 
reduction rate of the sulfated catalyst is shown in Figure 4.19. Clearly, two reduction 
regions exist. Below 550"C, reduction rate steeply increases with temperature, resulting in 
an activation energy of 239kJ/mol. Above 550"C, the activation energy is only 9.8 kJ/mol 
comparable to that for fresh catalysts. 
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Previous studies have suggested that the reduction of sulfur dioxide by carbon 
monoxide proceeds via a redox mechanism 

Cat-[ ] + SO2 -+ Cat-0 + SO 
Cat-0 + CO -+ Cat-[ ] + C02 
Cat-[ 3 + SO + Cat-0 + S 

(9 )  
( 10) 
(11) 

Accordingly, the reaction is initiated by the creation of an oxygen vacancy. As an 
oxygen vacancy is created, SO2 donates one oxygen to that vacancy to form a SO group. 
The SO may be mobile on the Surface until it finds another vacancy to donate its oxygen 
or a vacancy may migate to a neighboring site to accept its oxygen. High oxygen mobility 
in the catalyst would facilitate the oxygen transfer on the surface or fiom the bulk to the 
surface. Therefore, oxygen vacancy and mobility seem to be important properties for an 
active catalyst. The active catalysts previously reported (12-15), La-Ti-0 and La-Co-0 
perovskite mixed oxides, generally possess such properties. Ceria and zirconia studied in 
this work are well known for their oxygen vacancy and mobility properties. Ceria has a 
very stable fluorite-type structure, while the fluorite structure of zirconia can be stabilized 
by the use of oxide dopants. The oxygen vacancy in a fluorite oxide is created by replacing 
the metal ion (Ce+4 or Zr+4) in the lattice with other di or tri-valent metal ions. Rare earth 
zirconates (Ln2Z1-207) having oxygen mobility properties were also found to be active 
catalysts in this work. All these results support the present mechanistic argument. 

However, the oxygen vacancy can be taken up by other oxygen-containing molecules, 
such as C02 or H20. The stronger the association of these impurity oxidants with the 
vacancy, the more they will inhibit the reaction. Thus, creation of oxygen vacancies on the 
surface is a key step. Incorporation of alkaline and rare earth dopant oxides into the ceria 
lattice enhances the oxygen vacancy concentration and mobility. But, the created 
vacancies are usually capped by an outside oxygen and the strong vacancy-dopant ion 
association stabilizes the capping oxygen. The capping oxygen has to be removed to bring 
about oxygen vacancy and initiate the redox reaction. For ceria, temperature-programmed 
reduction by hydrogen (7) has found that the surface capping oxygen can be removed at 
about 500OC. Higher reduction temperature may be needed in the presence of SO2 due to 
its strong bonding to the surface. It is also known that CO adsorption on ceria is inhibited 
by water (16,17). The introduction of transition metals may provide Surface sites for CO 
adsorption and facilitate the reduction of the fluorite oxide surface through strong metal- 
support interaction as found in the Pt-Ce02 system @,IO): 

Cat-M.--CO + Cat-0 -+ Cat-M + Cat-[ ] + C02 (12) 

In the above equation, “Cat-” represents the catalyst surface and “34‘’ is a metal site. The 
produced oxygen vacancy through Equation 11,Cat-[ 1, can m e r  react according to the 
redox reaction scheme (8)-(10). This assumption was validated by the fact that the 
catalytic activity of ceria or zirconia and resistance to water or carbon dioxide poisoning 
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were sigdcantly enhanced by the addition of transition metals, such as copper. X P S  
studies showed that copper in the Cu-Ce-0 catalyst tends to be stabilized in a reduced 
oxidation state (Cu+l) instead of CuO, while it is well known that CO strongly adsorbs on 
Cu+l sites. Preliminary temperature-programmed reduction experiments indicated that 
addition of copper can initiate the reduction of surface capping oxygen of ceria at low 
temperatures. These data suggest that there is a strong interaction between copper (oxide) 
and ceria. For the Cu-Ce-0 system, both coprecipitation and impregnation preparation 
methods gave rise to an active catalyst. The catalyst activity was not sensitive to the 
copper content, but the selectivity tended to decrease with the copper content. XRD 
analysis identified the CuO phase when the copper content was over 15 at. %. STEM 
analysis revealed bimodal size distribution of copper on ceria. Only small amounts of 
copper are needed to promote the catalytic properties of ceria, and the excess copper 
(oxide) can form aggregates. 

As reported in the literature (14,18), the transition metal will likely be sulfided by the 
elemental sulfur product: 

Cat-M + Sx 3 Cat-MS, 

Copper sulfide was found on a used Cu-Ce-0 catalyst by X P S  surface compositional 
analysis, but was not detected by XRD analysis, possibly because it is dispersed in ceria in 
amorphous form or because copper sulfide crystals did not grow on the stable ceria 
surface. The fluorite oxide showed high stability in the present study. For example, ceria 
kept its fluorite-type crystal structure after a 48 h test run. STEM elemental mapping 
showed that the sulfur on the catalyst was extensively associated with copper. The 
formation of copper sulfide extracted copper fiom the bulk so that the surface was 
enriched in copper on the used catalyst. Copper sulfide may play a similar role to copper in 
promoting the reducibility of the fluorite oxide. But, the deposited sulfur may react with 
CO to form COS through following equation: 

Cat-MS, + CO + Cat-M + COS ( 14) 

Therefore, an adsorbed CO molecule can pick up oxygen through equation (10) and 
sulfur through equation (14). We believe that COS formation is the result of these two 
competitive processes and it prevails in the following two cases: (i) when excess CO exists 
and the oxidant is not sdEcient to oxidize it, the extra CO reacts with sulfur to form COS; 
(ii) when the Surface oxygen is more strongly bound than sulfur, the adsorbed CO picks up 
sulfur to form COS. The reaction of CO and the deposited sulfur is further illustrated by 
Figure 4.20, where COS evolution profiles are shown for 2% Come scavenging of the 
used catalysts following a helium flush. A simple exponential decay of COS(t) predicted 
by assuming a formation rate r ~ ~ ~ = k ~ [ S ] s u r f P c o  fits well the data of Figure 4.20. 

In addition to reactions 10- 11, SO, can also react with the surface capping oxygen to 
form Surface sulfate: 

I 
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The Surface sulfate is strongly bonded to the catalyst surface. In the presence of CO, 
the sulfate may be reduced by CO back to SO2 through the following reaction: 

SO4,& + 2 c o  slow ,so2 +2CO, +2v,,, 

But, the reaction (26) is a very slow step. Based on the present results and literature 
information, we think that surface capping oxygen in the above reactions is supplied from 
cerium oxide. Cerium oxide has high oxygen storage capacity and its surface oxygen 
cannot be flushed away by an inert gas stream such as helium The formation of Surface 
sulfate on cerium oxide does not require the presence of gaseous oxygen. A working 
catalyst comprises partially reduced cerium oxide surface and sulfated surface. Because 
the cerium oxide is immediately capped by sulfate species upon the introduction of the 
reacting gas mixture at low temperatures, a hysteresis effect was observed with this 
reaction and the light-off temperature essentially represents a temperature at which the 
catalyst surface could be regenerated. The light-off temperature around 450°C is 
consistent with the TPR result that apparent reduction of the sulfated surface starts to 
occur around 450°C. 

The above mechanistic discussion is strongly confirmed by the experimental results 
with non-stoichiometric cerium oxide (19), Ce02-x. Figure 4.21 compares light-off and 
fall-off temperatures of nanocrystalline CeO2, catalysts with those of precipitated 
catalysts. Ce02-x catalysts have partially reduced surface and high concentration of oxygen 
vacancies and quasi-fiee electrons. Accordingly, light-off temperature on the Ce02-x 
catalyst was decreased by ca. 100°C. A little hysteresis effect was observed with the bare 
CeOZ-, catalyst and negligible hysteresis effect with the La-doped Ce02-x catalyst. The bare 
CeOz., and La-doped CeOzqx catalysts showed even better performance than Cu-promoted 
CeO2 prepared by precipitation. The significantly reduced light-off temperature and 
hysteresis effect of the CeOz-, catalysts clearly demonstrate the importance of partially 
reduced cerium oxide surface in maintaining the redox reaction cycle. 

The role copper played in the Cu-Ce-0 catalyst probably is to promote the reducibility 
of cerium oxide and provide Surface sites for CO adsorption. The promotion effect of 
copper to the surface reduction of fiesh catalysts is clearly demonstrated by the TPR 
result. The Cu"' species were observed by X P S  with the fiesh catalyst. But, the catalyst 
surface became complex in the CO+SO2 reacting atmosphere. CuO particles formed 
copper sulfide crystals that have overall small Surface area and little contribution to the 
catalytic activity. It is not known at the present time how copper ions and clusters in the 
cerium oxide matrix are affected by sulfur compounds. According to a recent study by 
Badley et al. (20) on SO2 and CO adsorption on CdAl203, SO2 can block CO adsorption 
on CU+~ sites but not Cu" sites, while the pre-adsorption of CO does not prevent SO2 
adsorption. Therefore, copper may still provide strong sites such as Cu+' for CO 
adsorption even in the presence of SO,. 

Water vapor does not poison the Cu-Ce(La)-0 catalyst but can react with CO to 
produce hydrogen, that is, the water-gas-shift (WGS) reaction can proceed over the Cu- 
Ce(La)-0 catalyst. This secondary reaction reduces amount of CO available for SO2 
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reduction. In addition, produced hydrogen can react with the d a c e  sulfur to produce 
H2S. 

c o a d  f H20ad + COZ + H2ad (17) 
&,ad [s]ad KSad (18) 

The present parametric studies suggest that all the above reactions occur on the 
surface. The bulk reaction process is negligible. Therefore, sulfur yield is controlled by the 
surface reactions and could not be maximized by varying the reactor operation conditions. 
It is known that the WGS reaction proceeds on metal oxide catalysts through a redox 
mechanism (21). Similar to the reaction scheme for SO2 reduction by CO, the creation of 
surface oxygen vacancy by CO reduction is considered to be the rate-determining step. 
Therefore, the WGS reaction inevitably occurs on the present catalyst. The HzO molecule 
will compete with SO2 to donate its oxygen to the vacancy. As a result, H2 production or 
HZS production increases rapidly with partial pressure of water vapor. But, fiuther 
increasing water vapor content beyond 8% did not cause significant change of product 
distribution. This information suggests that the WGS reaction may involve adsorbed H20. 
Because of the high redox activity of the Cu-Ce(La)-0 catalyst, complete CO conversion 
was still achieved in the presence of water vapor. As long as stoichiometric SO2 and CO 
composition is used, the produced H2S and un-reacted SO2 in the reactor effluent stream 
will also be in stoichiometric ratio. Therefore, high sulh recovery may be achieved by 
using a down stream Claus reactor. 

4.5 Conclusion 
In this work, we have found that fluorite type oxides, ceria and zirconia, are active 

catalysts for reduction of SO2 by CO with high selectivity to elemental sulfur over 
carbonyl sulfide. The activity of these oxides may result fiom their high oxygen vacancy 
concentration and mobility properties that are needed for a redox reaction mechanism. 
Addition of active transition metals such as copper to the fluorite oxide sigmficantly 
lowered the reaction light-off temperature and enhanced the catalyst resistance toward 
water vapor and carbon dioxide poisoning. S& yield over the Cu-Ce-0 catalysts was a 
strong function of G o .  More than 95% selectivity to sulfur was achieved on both catalysts 
with a reacting gas mixture of R&2. Analyses of the Cu-Ce-0 system showed that the 
fluorite crystal structure of ceria is stable at the present reaction conditions and copper 
dispersion is stabilized by the ceria matrix. An active Cu-Ce-0 catalyst can be prepared by 
either coprecipitation or impregnation. The catalyst activity is not sensitive to the copper 
content. 

The reaction mechanism was discussed within the redox fiamework with the surface 
reduction as an initiation step. SO2 participated the redox reaction and also formed surface 
sulfate with the &ce capping oxygen. Bulk CuO particles in the catalyst formed metal 
&de crystals that were active for COS production. But, copper was considerably 
dispersed in the cerium oxide matrix after reaction. A working catalyst consisted of 
partially sulfated cerium oxide d a c e  and partially sulfided copper. Copper and cerium 
oxide are considered to provide CO adsorption sites and oxygen vacancy sites, 
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respectively. Combination of copper and cerium oxide sigzuticantly enhanced reducibility 
of both copper oxide and cerium oxide. In the presence of water vapor, HzO molecules 
competed with SO2 to donate oxygen to the vacancy site favoring the water-gas-shift 
(WGS) reaction. Hydrogen produced from the WGS reaction promoted HZS production. 
Sulfur yield was determined by the reaction stoichiometry and could not be optimized by 
changing the reactor operation conditions. 
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Table 4.1 Transition Metal-Impregnated Ceria Catalysts. 

Catalyst Light-off Y - s u l f i ~ K - S O ~ ~  at 5 10°C 

Composition Surface area (m2/g) T,,%c(oc) dry gasd wet gase 

Ce02 24 >600 0.04/0.12 0. o/o.o 

C ~ / C e 0 2 ~  21.4 5 00 0.97/0.99 0.73/0.91 

22.7 500 0.97/0.98 0.69/0.78 Ni/Ce02a 

22.9 

20.8 

22.5 

16.3 

550 

600 

600 

>600 

0.66/0.6 8 0.42/0.44 

0.9Y0.97 0.60/0.66 

0.9610.9 8 

0.96/0.97 

0.73/0.8 8 

o.o/o.o 

a. 

b. 

C. 

d. 
e. 
€ 

Ce02 was impregnated with 0.5M metal nitrate solution. The atomic transition metal 
content in the resulting catalyst (nM/(nM+nCe)xlOO %) is about 13 %. 
Ce02 was impregnated with 10 mg R/cc hydrogen hexachloroplatinate(IV) hydrate 
solution. 
reaction temperature at which 90% conversion occurred during temperature-rise test. 
reacting gas mixture consisted of 1% S02,2% CO, balance helium. 
2% H20 was added into reacting gas mixture. 
sulfur yields02 conversion; see text. 
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Table 4.2 
the Cu-Ce-0 System. 

Variation of Catalyst Activity and Selectivity with Catalyst Composition in 

Catalyst Y- sulfiu;rx- SO$ 
Compo sition surface area drygas d wet gase 

m2/g 465OC 5 l o w  470OC 5 l0OC 
~~~~ ~~~ ~~ 

Composite Catalysta 

1Ce0.90x 28.5 0.06/0.20 0.97/1.00 - o.o/o.o 
cuo.0 1 [Ce(La)lo.990x 57- 0 0.97/1 .OO 0.97/ 1 .OO 0.6Y0.8 1 0.66/0.90 

37.1 

CUO. 3 S [WLa)IO. 65% 

Impregnated Catalystb 

Ce02 support 

3.5 wt. YO CuWCe02 

7.8 wt.% CuWCe02 

33.8 

24.0 

22.0 

21.0 

21 wt.% CuO/~-Al203 137 

0.83/0.92 0.9Y0.98 0.53/0.71 0.6U0.87 

0.97/0.99 0.97/1.00 0.69/0.90 - 

0.86/0.89 0.93/0.96 0.72/0.89 0.73/0.9 1 

0.93/0.97 0.94h.00 0.64/0.84 0.69/0.92 

0.93/0.98 0.94A.00 0.67/0.88 - 

o/o.o 0.04/0.12 - 0. o/o. 0 

0.93/0.97 0.94/1.00 0.60/0.77 0.73/0.93 

0.84/0.92 0.9Y0.99 O.WO.73 0.6W0.9 1 

0.3W0.42 O.WO.57 - 

Cdy-Al203 137 0.77/0.8 1 - 0.3 W0.6 1 - 

a. catalysts were prepared by coprecipitation. (La) denotes that the cerium 
nitrate precursor used contained about 1.38 wt.% lanthanum. 

b. catalysts were prepared by impregnation. wt. % denotes the weight percent of copper. 
c. prepared by reducing the 21 wt.% CuOly-Al203 with 10 % C o m e  at 300OC. 
d. reacting gas mixture consisted of 1% S02,2 % CO, balance helium. 
e. 2% H20 was added into reacting gas mixture. 
f sulfur yields02 conversion; see text. 
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Table 4.3 
Zirconia Catalysts. 

Reduction of Sulfur Dioxide by Carbon Monoxide over Zirconate and 

Catalyst Light-off Y-sulfi.~/'X-S02~ (5 10°C) 

Compo sitiona 

Gd2z1207 37.8 700 0.9 Y O .  99 0. O/O. 0 

n2zr207 50.8 700 0.97/0.99 - 

Ce2Z1-207 37.0 700 0.96/1.00 - 

(Gd2zr2)0.85cu0. 15Ox 28.2 5 10 0.97/0.99 0.59/0.8 1 

[zr0.9y0. 1IO.SSCUO. lSOx 

41.7 

65.0 

610 

5 10 

0.54/0.5 8 

0.87/0.90 

zrO. 8cu0.20x 17.8 5 10 0.92/0.96 0.70/0.87 

a. catalysts were prepared by coprecipitation. 
b. reacting gas mixture consisted of 1 % S02 ,2  % CO, balance helium, 
c. 2% H20 was added into reacting gas mixture. 
d. sulfur yield/SO2 conversion; see text. 

Table 4.4 
Thermal Treatment. 

Variation of the Surface Area of Cuo 15[Ce(La)]o 850, Catalyst with 

tested 12 h tested 37 h tested 18 h calcined 17 

at -5OOOC at -5OOOC at -750OC -7500c 
fie& catalyst in gasa in wet gasb in dry gasa h in air at 

30.7 26.4 26.8 22.8 22.6 

a. dry reactant gas mixture consisted of 1 % S02,2 % CO, balance helium. 
b. 2% H20 was added into the dry reactant gas mixture. 
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Table 4.5 Surface composition of used Cuo,0~[Ce(La)]0.~80, catalysts. 

elements 

_____~  ~ 

Used for 6 h at 440°C Used for two days at 

top portion bottom portion different temperatures 

Ce3d 

Cu2p3 

S2P 

01s 

23.2 

2.6 

5.9 

68.2 

22.4 

3.2 

8.3 

66.1 

25.2 

5.3 

5.6 

63.9 

-fraction of 529.6eV 57% 61 % 55 Yo 

-fraction of 5 3 2.1 eV 43% 39 % 45 % 

Table 4.6 Surface composition of used Cm.15[Ce(La)]0.850, catalysts. 

elements tested for 2 h at 433°C tested for 2 h at 5 10°C 

Ce3d 9.9 23.1 
cu2p3 7.3 9.2 

S2P 13.7 6.8 
01s 69.1 60.8 
-fraction of 529.6eV 0 %  46 Yo 
-fraction of 532.leV 100 % 54 % 
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Table 4.7 X P S  binding energies of the Cu-Ce-0 catalysts. 

Catalysts 

Cu0.15 [Ce(La)l0.850~ 

tested for long term 

tested at 5 10°C 

tested at 433°C 

Cu0.02[CeO.a)l0.9~0~ 

tested for long term 

tested at 440°C (bot.) 

tested at 440°C (top) 

assignment 

cu2p3 

932.2 

932.9 

- 

- 

933.1" 

CU'" 

934.5 

933.8193 5.6 

933.1 

CU"' 

01s 

529.2 531.6 

529.6 532.1 

532.1 

529.4 532.0 

529.4 531.8 

529.5 531.9 

oxide 

168.0 

168.8 

167.0 

168.9 

168.2 

168.5 

metal 
d a t e  

162.6 

162.1 

162.5 

162.5 

metal 
sulfide 

*also contains 930.OeV component-isolated Cu ions. 

Table 4.8 
after tested for two days. 

Surface Compositional Analysis of Cuo. 15[Ce(La)]o.s5Ox Catalyst by X P S  

Atomic ratio CdCe SKU 

bulk materiala 0.176 0 

fie& catalyst 0.133 0 

used catalyst 0.364 1.59 

1-min A+ sputtering 0.206 1.36 

7-min ~ r +  sputtering 0.15 1 1.15 
~ 

a. based on stoichiometry. 
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CdCe02 
NilCe02 

450 500 550 600 650 

Reaction Temperature ("C) 
Figure 4.1 
S02,2% CO, 97% He). 

Light-off Behavior on the Transition Metal-Impregnated Ceria Catalysts (1% 
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water added 1 
1.0 

0.8 

0.6 

0.4 

0.2 

6 
0.01 I I I I I I I I I I I I I I + I  I 1 1  I I I I 

400 450 500 550 600 650 

Reaction Temperature ("C) 
Figure 4.2 
Impregnated Ceria Catalysts. 0 = CdCe02,O = Ni/Ce02, A = Pt/Ce02, V = W C e 0 2 ,  
0 = CoKe02, # = Cr/Ce02,0 = Ce02. Unfilled symbols for dry gas ( 1  % S 0 2 , 2  YO 
CO, 97 % He), The filled ones for wet gas (1% S 0 2 , 2  % CO, 2 % H20,95  % He). 

Fall-off Behavior and Water Vapor Effect on the Transition Metal- 



i I 

Time-on-Stream (hr) 

Figure 4.3 

H20, 95 YO He; 100 sccm, 505OC, 307mg catalyst loading). 

Long-term Test of CdCe02 Catalyst in Wet G a s  (1% S 0 ~ ~ 2 . 1  % CO, 2% 

1.0- 

0.8- 
h 

3 
s ' 0.6{ 

nln 

0.4{ 
X 

0.2 - 

0.0 ' I 

400 450 500 550 600 650 700 750 

Reaction Temperature ("C) 

Figure 4.4 SO2 Reduction by CO over the Gd2Zr2O7 Catalyst (1% S02,2% CO). 
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/, 3% C02added 

1.0 

2 
> 
3 

m* 
3 

M 

0.8 

0.6 

0.4 

0.2 

450 500 550 600 650 

Reaction Temperature ("C) 

Figure 4.5 
COZ, 94% He). = La0.1Ce~.~0~.~5, 0 = CdCeO2. Unfilled symbols for X-SO2 and the 
fUed ones for Y-& (D, 0). 

Effect of C02 on Catalyst Activity and Selectivity( 1% SO,, 2% CO, 3% 

Run SO2 CO s.g/cc 

- I 0.5%, 1 .O%, 0.045 

- - .  II: 0.5%, 1.0%, 0.09 

TII. OS%,  1 .O%, 0.045 - W: 0.1%,0.2%,0.045 - V 0.5%, 1 .O%, 0.045* 

m m - 1  VI. 0.5%,0.8%,0.045 

- - W:0.5%,1.5%,0.045 
400 600 500 

T("C) 
Figure 4.6 
CUO 15[Ce(La)]o.ssOx catalyst (%re-reduced in 2% Come for 1 h at 400°C). 

Effect of experimental conditions on light-off temperature of 
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1.0- 

0.8- 

0.6 

0.4 

0.2 

na.no-catalyst 

// / 0.5 % SOy 1% CO, 0.045 s.&c, 455°C 

0.5 % SO,, 1% CO, 0.045 s.g/cc, 433'C 
1 

A 1.0 % SOy 2% CO, 0.06 s.~/cc, 450°C 

l ' ' " / I ' '  I " " '  
0 60 120 180 240 

time-on-stream, min 

Figure 4.7 
reacting gas mixture. 

Activation profiles of 15 at.% Cu-containing Cu-Ce-0 catalyst in the 

1.0 

0.8 

hi 

X 
0.4 

0.2 

0.0 

1 % S 0 2  2%CO 
variable CO vanable SO2 
x-so2 - -c 

Y-sulfur - -8- 

l " " l " " 1 " "  

0.0 5.0 10.0 15.0 20.0 

R C O  

Figure 4.8 Product distribution over Cu~.~~[Ce(La)]o.~sO, catalyst versus RCO (0.01 13 
S&CC, 470°C). 
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x-so2 Y-suHilr 

1 "/ 61OoC 

0 56OoC 

A A 51OoC 

I I I 1 1 ".< 
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Figure 4.11 Variation of sulfur yield on Cuo.15[Ce(La)]o.s50, catalyst with reaction 
temperature in the presence of 2% H20 (O.O9sg/cc, 1.15% S02, 2.4% CO). 
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Figure 4.12 Variation of sulfur yield in the presence of 2% H20 with contact time 
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STEM elemental maps of the Cu-Ce(La)-0 catalyst used for SOz and CO 
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STEM elemental maps of the Cu-Ce(La)-0 catalyst used for SO2 and CO 
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Figure 4.16 X P S  of the Cu-Ce(La)-0 catalyst used for SO2 and CO reaction. 
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Figure 4.16 X P S  of the Cu-Ce(La)-0 catalyst used for SO2 and CO reaction. 
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Chapter 5 

Complete Oxidation of Carbon Monoxide and Methane 
over Transition Metal-Fluorite Oxide Composite 
Catalysts 
I. Catalyst Composition and Activity 

5.1 Introduction 
Carbon monoxide and gaseous hydrocarbons are ubiquitous air pollutants emitted by 

many sources. Complete oxidation of these pollutants to carbon dioxide and water over 
active catalysts is used to meet continually changing environmental regulations in an 
economic way. Precious metals (Pt, Pd) are well known complete oxidation catalysts with 
high activity and stability, and are widely used for exhaust gas emission control. The high 
cost of precious metals and their sensitivity to sulfur poisoning have long motivated the 
search for substitute catalysts. A variety of transition metal oxides and mixed metal oxides 
have been examined. However, base metal oxide catalysts are generally less active and 
stable in the presence of water vapor and sulfur compounds than the precious metal 
catalysts. Methane is the most refractory hydrocarbon and thus, is often used as a model 
hydrocarbon compound for activity tests. In addition, methane itself is a potent 
greenhouse gas and the emission control of unburned methane fi-om exhaust gases may be 
regulated in the future. 

The fluorite-type oxides, such as ceria, zirconia, thoria, etc., have face-centered-cubic 
(FCC) crystal structure in which each tetravalent metal ion is surrounded by eight 
equivalent nearest 0-2 ions forming the vertices of a cube. Oxygen vacancies are created 
when a fluorite oxide is doped by divalent or trivalent impurity ions. Thus, the fluorite 
oxides have been extensively studied as oxygen ion conducting materials (1,2) due to their 
high oxygen vacancy concentration and mobility properties. In the catalysis field, the 
fluorite oxides have been occasionally explored as catalysts for oxidation of carbon 
monoxide and methane. Ce02-La203, CeO2-ThO2, and U02-Th02 oxides were tested as 
carbon monoxide oxidation catalysts long time ago (3-6). A redox mechanism involving 
lattice oxygedoxygen vacancy participation was proposed for carbon monoxide oxidation 
on cerium oxide (7,s). A recent atomic simulation of carbon monoxide oxidation 
mechanism on cerium oxide (9) suggested that the surface oxygen of cerium oxide is more 
active than the bulk oxygen. Cerium oxide or zirconium oxide modified with other base 
metal oxides was tested for the oxidative coupling of methane ( IQII ) .  For example, Ba- 
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doped CeOz was found to be an active catalyst with high selectivity to Cz species (11). 
Some other oxygen solid electrolytes including Zr-Y-0 were examined for the complete 
oxidation of carbon monoxide and methane from an electronic point of view (12). 
Typically, the fluorite-type oxides showed catalytic oxidation activity at high 
temperatures. 

It is generally agreed that oxidation of carbon monoxide and hydrocarbons over oxide 
catalysts involves d a c e  oxygedoxygen vacancy participation (7, 10, 11,13,14) and the 
oxygen mobility of metal oxide catalysts has something to do with catalytic activity. In our 
previous studies of the reduction of sulfur dioxide by carbon monoxide to elemental sulfur 
(15,16), or, alternatively, the oxidation of carbon monoxide by sulfur dioxide, we found 
that cerium oxide and zirconium oxide are active catalysts. The oxidation of carbon 
monoxide by sulfixr dioxide is considered to proceed via a redox mechanism invoking the 
d a c e  oxygedoxygen vacancy participation. The activity of cerium oxide for this 
reaction was enhanced by addition of small amounts of rare earth oxide dopants (15). 
Further activity enhancement and catalyst resistance to water vapor and carbon dioxide 
poisoning were achieved by doping the fluorite oxide with transition metals, such as 
copper, cobalt, nickel, etc. (16). Thus, we postulated that a general oxidation catalyst may 
be achieved by promoting fluorite oxides with active transition metals such as copper. In 
such a catalyst confguration, the transition metals are used in minor amounts and 
stabilized in the fluorite oxide matrix, while the fluorite oxide is the essential and major 
catalyst component and not an inert support. We have found that this type of catalyst was 
highly active for the complete oxidation of carbon monoxide and methane in a preliminary 
study (1 7). 

Cerium oxide has been widely used in the automotive three-way catalytic converter as 
an oxygen storage medium and thermal stabilizer. The interaction of ceria with precious 
metals (Pd, Pt, Rh) and its effect on the catalytic activity have been intensively studied 
(18,19). By contrast, little information is available to date on the interaction of fluorite 
oxides with base metal catalysts and their application to complete oxidation of carbon 
monoxide and methane. A recent paper (20) studied the effect of oxygen vacancies in 
yttria-stabilized zirconia (YSZ) support on the properties of copper catalyst for carbon 
monoxide oxidation. Several binary mixtures of transition metals and fluorite oxides have 
been proposed in the literature as methanol synthesis catalysts (21). However, an active 
catalyst for this application generally comprises the transition metal as the major 
component. From a materials point of view, alkaline earth and rare earth oxides have 
considerable solubility in fluorite oxides (22), while transition metal oxides have little or 
no solubility (23). 

In the present study, we systematically examined the Cu-Ce-0 composite oxide for 
carbon monoxide oxidation and the complete oxidation of methane, and briefly surveyed 
some other transition metal-fluorite oxide systems. The reasons for more emphasis on the 
Cu-Ce-0 system are: (i) CeOz has a stable fluorite-type crystal structure from room 
temperature up to its melting point(2600"C); (ii) copper is known as an active oxidation 
catalyst; (iii) both cerium and copper oxide precursors are readily available commercially. 
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5.2 Experimental 
5.2.1 Catalyst Preparation 

The bulk composite catalysts were prepared by coprecipitating aqueous salt solutions 
of the metals with ammonium carbonate or sodium carbonate. The ammonium carbonate 
was a good precipitation agent and did not introduce impurity metal ions, but the 
formation of metal-ammonia complex oRen caused some slippage of transition metals. Lf 
sodium carbonate was used, the precipitate had to be caremy washed to remove residual 
sodium. The precipitates were washed twice with hot deionized water and then dried for 
about 12 hours at 110°C. The dried samples were typically heated for about 4 h at 650°C 
in air, unless specifically noted. Low purity (99%, Aldrich) cerium nitrate containing about 
1.5 wt % lanthanum, corresponding to an atomic ratio of La to (La+Ce) of about 0.045, 
was used in the typical catalyst preparation. The cerium fiom this precursor was 
designated as Ce(La) in the catalyst formula throughout the paper. High purity (99.99%, 
Aldrich) cerium nitrate was used to prepare the catalysts containing merent dopant ions 
(Sr, Sc, La, Gd). Cerium acetate(99.9%, Aldrich), heated for 4 h at 750°C in air, was used 
as the primary precursor of La-fiee cerium oxide. Chloroauric acid(HAuCl& hydrogen 
hexachloroplatinate(IV) hydrate, and zirconium dichloride oxide hydrate were used as Au, 
Pt, and Zr precursors, respectively, while the AR grade metal nitrates were used for all 
other metals. 

y-Al203 was supplied by LaRoche. Bulk CuO was prepared by thermal decomposition 
of copper carbonate in air (4 h at 650°C). The supported catalysts were prepared by the 
conventional wet impregnation method using aqueous salt solutions of the metals. The 
slurry of the support and solution was degassed in vacuum so that the salt solution I l ly  
filled the pores of the support during impregnation. After excess solution was drained, the 
sample was dried for a few days at room temperature and then heated in air for 4 h at 
650°C. The physical mixture of ceria and copper oxide, CuO+CeO2, was prepared by 
blending the CuO and CeOz powders with water in an ultrasonic water bath for 10 minutes 
and followed by drying at 300°C for 1 h. For bulk composition analysis, the catalyst 
powder was dissolved in hydrofluoric acid and diluted by deionized water, the resulting 
solution was analyzed by the Inductively Coupled Plasma(1CP) atomic emission 
spectrometry(Perkin Elmer Plasma 40). Catalyst surface composition was analyzed by X- 
ray Photoelectron Spectroscopy(XPS) on a Perkin Elmer X P S  5100 system. The catalyst 
characterization was performed by single-point desorption of nitrogen on a Micromeritics 
Flow Sorb II 2300 apparatus for BET surface area measurement and X-ray powder 
dif&action(XRD) on a Rigaku 300 X-ray DifEactometer for crystalline phase 
identification. Throughout this paper, the at % denotes the ratio of a specific metal ion to 
the total metal ions in a given catalyst(xlOO%). The catalysts prepared by the 
coprecipitation and impregnation methods were denoted by Cu,[Ce(La)] 1 - ~ 0 2 - ~  and 
CuOJCeOz, respectively. 
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5.2.2 Apparatus and Procedure 
Typically, catalysts were tested in a laboratory-scale packed bed flow reactor 

consisting of a 0.6 cm LD. x 50 cm long quartz tube with a porous quartz fXt placed at the 
middle for supporting the catalyst. Occasionally, a 1.0 cm 1.D tube reactor was used when 
large catalyst volume was needed. The reactor tube was heated by a Lindberg furnace. 
Flowing air was used to cool the outside d a c e  of the reactor tube when the test was 
conducted at low temperatures (<lOO"C). The reaction temperature was monitored by a 
quartz-sheathed K-type thermocouple placed at the top of the packed catalyst bed and 
controlled by a Wizard temperature controller. CO and Crt, reacting gases were certified 
calibration gas mixtures balanced by helium(fi.om Matheson). Air and helium(all fiom 
AIRCO) were used as oxidizing gas and diluent, respectively. The gas streams were 
measured with rotameters and mixed prior to the reactor inlet. The resulting gas mixture 
without fixther purification flowed downward through the packed catalyst bed. Water 
vapor was introduced with helium bubbling through a heated water bath. The pressure 
drop of gas flowing through the assembly was small. Thus, experiments were carried out 
at nearly atmospheric pressure. The product gas stream was analyzed by a HP5880A Gas 
Chromatography(GC) with a Thermal Conductivity Detector(TCD). The carbon balance 
was checked by simultaneous measurement of the reactant and products. Unless 
specifically noted, the catalyst loading was 150 mg which resulted in a packed bed height 
of typically 5 mm for CeO2-based catalysts and 2-3 mm for ZrO2-based catalysts in the 0.6 
cm I.D. reactor. The total gas flow rate was set at 100 sccm consisting of 2 % CO or 2% 
C&, 16% 0 2 ,  and balance He and N2. Thvs, the contact time was 0.09 gdcc(STP) and 
the space velocity was typically 42,000 h' for the CeO2-based catalysts. The prepared 
catalysts were directly tested without any pretreatment unless specifically noted. The 
activity measurement was conducted in an ascending temperature manner so that the light- 
off behavior was recorded. No hysteresis effect was observed in these tests. The catalyst 
activity was ranked based on the light-off temperature at which 50% conversion occurred. 
The specific reaction rate was measured in a differential reactor mode with conversion not 
exceeding 10 % by choosing appropriate catalyst loading and flow rate. The Sic powder 
was used as an inert mixer to keep approximately the same packing height when small 
amounts of the catalyst tested. 

5.3 Results and Discussion 
5.3.1 Carbon Monoxide Oxidation 
5.3.1.1 Ce02 and Zr0.9Yo.lOl.g Catalysts 

Figure 5.1 shows the light-off curves of CO oxidation over various Ce02 catalysts 
containing different dopants as well as the Zro  YO 101 9 (0.05Y20~-0.9ZrO~)catalyst. The 
undoped CeOz had an activity similar to the La- and Sr-doped catalysts, but higher activity 
than the Sc or Gd-doped catalysts. The Zro  YO 1 0 1  9 catalyst had activity comparable to the 
CeOz catalysts at low temperatures and lower at high temperatures. In summary, all these 
catalysts showed relatively low activity with light-off temperatures(50% conversion) over 
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the range of 360 to 440°C. According to the oYJen vacancy formation theory (24), one 
oxygen vacancy is created when one divalent(D ) or two trivalent (D )dopant ions are 
introduced into fluorite crystal lattices. The resulting oxygen vacancy and the parent 
dopant ions are energetically associated pairs. The higher the association energy the lower 
the oxygen vacancy mobility. The association energies in CeO2 doped with various 
alkaline or rare earth oxides were experimentally measured and calculated (24,25). The 
association energy increases in the order Gd<La<Sc<Sr. The oxygen mobility in the doped 
CeO2 catalysts was found to correlate well with the catalytic activity for the reduction of 
sulfur dioxide by CO (IS). But, the present activity results show that the activity of the 
doped CeO2 catalysts for CO oxidation did not correlate with either the bulk oxygen 
vacancy concentration or oxygen mobility. In contrast to the alkaline earth and rare earth 
oxide dopants, 1 at. % Cu dopant significantly increased the catalytic activity of 
[Ce(La)]Oz and lowered the light-off temperature to 135°C (Figure 5.1). Thus, this 
catalyst was chosen for M e r  study. 

3+ 

5.3.1.2 Cu0.01 [Ce(La)]o.ggO, Catalyst. 
The fiesh Cuo0l[Ce(La)]0.990, catalyst shown in Figure 5.1 was prepared by 4 h 

calcination at 600°C in N2. This different calcination procedure was used in an attempt to 
keep copper ions inside the cerium oxide lattice, because copper oxide is immiscible with 
cerium oxide. However, further calcination of this catalyst in flowing air turned out to be 
beneficial to the catalyst activity. Figure 5.2 shows the fight-off curve shifted to lower 
temperature after the catalyst was treated at higher temperature (660°C, 760"C, 860°C). 
But, the light-off curves converge at high conversions. Table 5.1 lists the catalyst Surface 
area and Surface composition after different thermal treatments. The catalyst surface was 
significantly enriched in copper as the heating temperature increased, while La was slightly 
enriched on the surface. The d a c e  area decreased fiom the fiesh value of 57 to 27. 3m2/g 
after the catalyst was heated for 3 h at 860"C, while the light-off temperature(50% 
conversion) decreased fiom 150 to 80°C. These results show that copper oxide is not 
soluble in Ce02, since calcining the catalyst in air drove the copper fiom the bulk to the 
d a c e ,  and the copper enrichment of the catalyst d c e  may have contributed to the 
activity increase. In contrast, the solubility of lanthanum oxide in cerium oxide was 
confirmed. 

5.3.1.3 Cu,[Ce(La)] l-x 0 2 - ,  Catalyst 
Figure 5.3 shows the light-off curves over various bulk Cux[Ce(La)]1-,02-, catalysts 

prepared by coprecipitation. The experimental data for the catalysts with different bulk 
copper levels fiom 2 to 50 at.% are approximately represented by a single light-off curve, 
that is, the catalytic activity was not affected by the bulk copper content. The light-off 
temperatures were typically 80°C. Figure 5.4 shows the XRD patterns of these catalysts. 
At low copper content, there were no visible peaks due to the CuO crystal phase. As the 
copper content increased, the CuO peaks became apparent. We also see that the CuO 
peak width is generally narrower than that of CeO2 peak, although the intensity of the 

r 
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CuO peak is smaller. The crystal particle sizes of CuO and CeOz were estimated by peak 
broadening (26) with the Scherrer's equation and listed in Table 5.2. Table 5.2 also lists 
the surface composition determined by X P S .  It is interesting that at low bulk copper 
content the Surface copper content was higher than the bulk average, but the surface 
copper no longer increased for bulk copper content higher than ca. 15 at. %. It appears 
that copper is finely dispersed in Ce02 at low copper contents, and when saturation is 
reached at higher copper contents, the excess copper formed bulk CuO particles that do 
not contribute to the X P S  signal(or "invisible" to X P S ) .  

On the basis of the activity results, we propose that the catalyst activity derives 
primarily fi-om the combination of finely dispersed copper-cerium oxide system, while the 
CuO particles have negligible contribution. This hypothesis was con.€irmed by the 
following experiment. Bulk CuO can be easily dissolved in nitric acid. Thus, the bulk CuO 
particles in the Cu,[Ce(La)] l-,OZ-, catalyst were removed by immersing the sample in nitric 
acid for 14 h and followed by filtering, washing with de-ionized water and drying at 650°C 
for 1 h. The catalyst compositions aRer this treatment are shown in Table 5.2. The higher 
the initial bulk copper content the more copper was removed by this process resulting in 
similar bulk composition(as determined by ICP) for three copper-containing catalysts: 15, 
25 and 50 at. % in spite of large initial composition difference. XRD analyses of the nitric 
acid-treated catalysts revealed absence of the CuO phase as shown in Figure 5.4. The 
surface composition of the treated 50 at.% Cu catalyst is similar to the 2 at. % Cu catalyst. 
Figure 5.3 shows negligible difference in the catalytic activities between the fi-esh and the 
nitric acid-treated catalysts. Thus, we conclude that copper clusters, invisible by Mu) and 
stabilized by strong interaction with CeOz, mainly contribute to the catalytic activity. Only 
a small amount of copper(a few percent) is needed to promote the CO oxidation activity 
of CeO2, and excess copper forms bulk CuO particles having little contribution to catalyst 
activity. The bulk copper content needed for uniform d a c e  coverage of a CeO2 catalyst 
with 30 m2/g Surface area was calculated to be 8.5 at.% by assuming monolayer CU'~ ions 
of radius equal to 0.087nm. This fact and the surface composition listed in Tables 1 and 2 
suggest that only s d  fiaction of copper in the Cu-Ce-0 catalyst of high level copper 
content is dispersed on cerium oxide surface. Further details of catalyst microstructure are 
w e n  in Part Ii of this paper (27). 

5.3.1.4 Effect of Dopant Oxides on the Catalytic Activity of 
Cuo.&eo.850x Catalyst 

The effect of 1 at.% alkaline earth or rare earth dopant oxide on the CO oxidation 
activity of the C~.~5Ceo.s50, catalyst is shown in Figure 5 .5 .  The light-off curves on all the 
catalysts virtually overlapped. It seems that 1 at.% dopant(La, Sr, Gd, La) had little effect 
on the CO oxidation activity of the Cu&2eo.s5OX catalyst, similar to the case of the bulk 
CeOz catalyst (Figure 5.1). The effect of La dopant content on the Cw &e0.850, catalyst 
activity is shown in Figure 5.6. La dopant had a negative effect on the catalytic activity 
when its doping level reached 10 at.%. The d a c e  La content of this catalyst was about 
18 at %. Thus, the activity decrease may be due to excessive La-enrichment of the catalyst 
d c e .  The variation of the activity at low La doping level was probably caused by some 
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variability in catalyst preparation. Typically, the activity measurement showed good 
reproducibility, while the catalyst preparation by coprecipitation had fair reproducibility 
with about +lO°C variation in the light-off temperature. It is also noted that Na impurity 
introduced in the coprecipitation with sodium carbonate had a detrimental effect on the 
catalytic activity. However, the catalysts prepared with ammonium carbonate and sodium 
carbonate showed similar activity as long as the Na ions were caremy washed away. 

5.3.1.5 Activity Enhancement by the Concerted Effect of CuO and Ce02 
The experimental results presented so far have indicated that the Cu-Ce-0 type mixed 

oxide is a highly active catalyst for CO oxidation, as fkll conversion to CO, over this 
catalyst occurred around 100°C. The catalyst activity is due to the synergistic effect 
between CuO and CeO2 as illustrated by Figure 5.7. Bulk Ce02 catalyst had low activity at 
low temperatures, while bulk CuO is known as an active catalyst for CO oxidation with a 
light-off temperature(50% conversion) around 140°C as measured in this work. When the 
same bulk CuO powder was mixed with the Ce02 powder according to the procedure 
described earlier with an atomic ratio of 15:85, the light-off curve shifted to low 
temperatures by about 80°C. The 15 at.% Cu-containing bulk catalyst Cw 15[Ce(La)]o 85OU 

and the impregnated 15 at.% CuOx/Ce02 catalysts showed only slightly higher activity 
than the physical mixture. 

The bulk CuO had much lower d a c e  area than the Cu-Ce-0 catalyst. To clallfy that 
the activity enhancement effect was due to the interaction of CuO and CeO2, additional 
tests were run as shown in Figure 5.8. The light-off curves on the CUO ~s[Ce(La)]o g5OX and 
bulk CuO catalysts in Figure 5.8 were measured on the same total BET surface area basis. 
The light-off temperature on the Cm l~[Ce(La)]~.~~Ox catalyst was still about 70°C lower 
than that on the bulk CuO. Compared to Figure 5.7, the light-off curve on the bulk CuO 
catalyst was not affected as the CuO loading increased fiom 150 to 1OOOmg. The 14 at.% 
CuOly-Al203 catalyst had significantly lower activity than the bulk CuO, but comparable 
activity to the literature data. This may be explained by the known formation of copper 
aluminate in alumina-supported copper oxide catalyst. The specik copper surface area of 
this catalyst measured by N20 decomposition was about 50 m*/g. The copper dispersion 
effect was also examined in Figure 5.8 with 3.2 at.% Cu-ZSM-5 and 3.1 at.% Ce plus 1 
at.% Cu, Ce-Cu-ZSM-5 catalysts. Compared to the 2 at.% Cu-containing Cu-Ce(La)-0 
catalysts (Figure 5.3), these ion-exchanged zeolite catalysts had very low activity at 
temperatures lower than 250°C. Copper dispersion in these two catalysts, however, is 
high, because copper ions are associated with Al ions in the ZSM-5 fiame work (28). The 
results in Figures 7 and 8 clearly indicate that the Cu-Ce-0 catalyst has much higher 
activity than other copper-based catalysts on the basis of either unit catalyst weight or 
total surface area. While good metal dispersion is, in general, necessary to obtain an active 
catalyst, high copper dispersion alone is not d c i e n t  to achieve an active CO oxidation 
catalyst; the enhanced activity of the Cu-Ce-0 composite catalyst must result fiom the 
interaction of copper and Ce02 or a "concerted effect" between these two kinds of 
materials. 
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The reaction rate on the CUO 15[Ce(La)J~ 85OX catalyst is compared with those on some 
well-known CO oxidation catalysts reported in the literature (29,30, 31) in Table 5.3. 
Manganese-based mixed oxides have long been known as low temperature CO oxidation 
catalysts. Copper oxide is also one of the most studied oxidation catalysts. The reaction 
rate on the CUO 15[Ce(La)lo s50x is a few times higher than that on the Mn-based catalysts 
and 300 times higher than the CdF-alumina catalyst. Recently, Rajadurai and Carberry 
(31) reported the perovskite-type mixed oxide, Lao SSrO 2Cr03-s, as an active CO oxidation 
catalyst rivaling the platinum catalysts. Table 5.3 shows that the CUO ~s[Ce(La)]o 85OU has a 
reaction rate per unit catalyst weight comparable to the &/alumina catalyst and much 
higher than Lao 8SrO 2CrO3-6. The conventional N20 decomposition method (32) was tried 
to measure the specific copper surface area in the Cu-Ce(La)-0 catalyst. However, we 
were not able to get a reliable measurement due to the strong interaction between Cu and 
[Ce(La)]Oz. The specific copper surface area in the CUO ls[Ce(La)]o 85OX catalyst was 
roughly estimated by multiplying the BET surface area by the surface atomic fiaction of 
copper in Table 5.2. Table 5.3 shows that the specific reaction rate on the 
CUO 15[Ce(La)]0 8 5 0 ,  is comparable to the Pt/alumina and the Lao 8SrO 2Cr03-6. Therefore, 
the Cu-Ce-0 system has both low light-off temperatures and high intrinsic activity for CO 
oxidation. 

5.3.1.6 Activities of Other Transition Metal-Fluorite Oxide Catalysts 
So far we have considered the Cu-Ce(D)-0 system where D denotes a dopant 

element. Next, the CO oxidation over other transition metal-fluorite oxide systems will be 
briefly discussed. Several light-off curves are shown in Figure 5.9. The 
AUO 05[Ce(La)]0.950, catalyst prepared by calcination in air for 1 h at 500°C followed by 1 
h at 600°C exhibited the highest activity. Complete CO oxidation over this catalyst 
occurred at room temperature (26°C). Pt-Ce(La)-0, Cu-Zr-0, and Cu-Zr(Y)-0 catalysts 
showed comparable activity, slightly higher than the Co-Ce(La)-0 catalyst. But, all these 
catalysts except for the Au-Ce(La)-0 were less active than the Cu-Ce(La)-0 catalyst. Fine 
gold particles supported on Co304, a-Fe203, and Ti02 were found to be excellent low 
temperature CO oxidation catalysts by Haruta (33). The high activity was considered due 
to active catalytic sites formed at the boundary of gold particle and metal oxide where CO 
adsorbed on gold reacted with the oxygen adsorbed on the metal oxide. The activity of the 
present A~~5[Ce(La)]0.950, catalyst was compared with the AUICI-Fe203 in Table 5.4. The 
activity of the A~0o$Ce(La)]o.950, catalyst was slightly lower than that of the Ada- 
Fe2O3, which may be due to the bigger gold particle size in the A~005[Ce(La)]~950, 
catalyst. In contrast to the Cu-Ce(La)-0 system where fhely dispersed copper cannot be 
dissolved in nitric or hydrochloric acid due to the strong interaction with cerium oxide, the 
gold particles in the Auoo~[Ce(La)]0950, catalyst can be dissolved in hydrochloric acid, 
while bulk gold is insoluble. This implies that the small gold particles in the [Ce(La)]02 
matrix indeed have some particular properties. It is noteworthy that the 
AUO o5[Ce(La)]o.~5Ox catalyst showed good stability. The catalyst maintained its high 
activity after being subjected to a 3-h treatment at 650°C either in flowing air or 25% 
H2/He. No deactivation was observed in a 4-day run at room temperature with the 
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reacting gas saturated with water vapor. The water vapor effect on the other catalysts is 
addressed in the following section. 

5.3.1.7 Effect of Water Vapor on Catalyst Activity 
Water vapor generally inhibits or poisons the oxidation activity of base metal oxide 

catalysts and imposes a second challenge beyond that of boosting the activity of the non- 
precious metal oxide catalysts. The extensive search of base metal catalysts as 
alternatives to precious metals for exhaust gas treatment in the 1960s identified copper 
oxide, mixed with chromium oxide and/or rare earth oxides, to be an active catalyst 
(34,35). However, the copper catalyst was severely deactivated upon addition of water 
vapor due to changes in the nature of surface copper (36). Perovskite-like compounds 
RE1-,PbXMnO3 and RECoO3 (==La, Pr or Nd) were pioneered as oxidation catalysts for 
the automotive exhaust treatment in the early 1970s (37). Although these mixed oxides 
later showed lower activity than the precious metal catalyst and propensity to water vapor 
poisoning (38,39), they have indeed stimulated intensive studies of this type catalyst. 

The water vapor effect on the present catalysts was examined and typical results are 
shown in Figure 5.10. Water vapor effects on the bulk CuO and the 14 at.% CuOly-Al~03 
catalysts are also included in Figure 5.10 for comparison. The water vapor content in 
exhaust gas streams is usually around 15 %. Excess water vapor, 32%, was used in our 
tests to study its effect. In Figure 5.10, the CO conversion on the bulk CuO catalyst 
decreased to 0.1 from 0.99 within about 2 h after the addition of water vapor at 340°C. 
The conversion recovered to only 0.35 2 h later after the reacting gas was switched back 
to the dry feed gas. The conversion over the CuOly-AlZO3 catalyst also decreased 
monotonically at a rate of about 0.03h in the presence of water vapor. In contrast, no 
deactivation was observed over the Cu-Ce(La)-0, Co-Ce(La)-0 and Cu-Zr(Y)-0 
catalysts under the same experimental conditions. It is noted that the preceding calcination 
process during catalyst preparation had a strong effect on the Cu-Ce(La)-0 catalyst 
activity in the presence of water vapor as illustrated by Figure 5.11.  On the 
CUO ol[Ce(La)]~ 990x and CUO s[Ce(La)]o 5 0 x  catalysts prepared by 4 h-calcination at 600°C 
in N2, the conversion declined monotonically at a rate of about 0.09h and 0.012h, 
respectively. However, these two catalysts maintained stable activity m the presence of 
water vapor after they were fulther heated for 3 h at 650°C in flowing air. 

In conclusion, the transition metal-fluorite oxide composite catalyst exhibits sigdicant 
enhancement for carbon monoxide oxidation in both catalytic activity and stability in the 
presence of water vapor, and the enhancement stems fiom the strong interaction of the 
two kinds of materials. 

5.3.2 Methane Oxidation 
Screening tests for complete methane oxidation were performed over several transition 

metal-fluorite oxide catalysts at a contact time of 0.09g.s/cc(STP). ZrOz-based catalysts 
prepared in this work had much higher packing density than the FeOz-based catalysts. The 
space velocity for the ZrOz-based catalyst was about 100,000 h- , while the space velocity 
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for the CeOz-based catalysts was typically 42,000 h". In Figure 5.12, the Cuo~Zr0g0, 
catalyst showed high activity for methane oxidation with a light-off temperature(50% 
conversion) of 450°C. The Cuo5ZrO5Ox catalyst had a light-off temperature of 5 1O"C, 
which suggests that an excessive amount of copper in the Cu-Zr-0 catalyst system may 
have a negative effect on catalytic activity. Bulk Ce02 had the lowest activity among the 
catalysts tested. However, the light-off temperature over Ce02 was lowered &om 650 to 
540°C in the presence of 4.5 at.% La dopant and &her to 490°C by the addition of 8 
at.% Cu. The 50 at.% Cu-containing Cu-Ce(La>O catalyst showed similar activity to the 
one containing 8 at.% Cu. 

The 15 at.% Cu-containing Cu-Ce(D)-0 catalysts with different dopant(D) were 
examined and the results are shown in Figure 5.13. The 1 at.% Sc-doped CUO 15Ce~ 85OX 

catalyst had slightly higher activity than the undoped one, while the 1 at.% La-doped or 1 
at.% Sr-doped catalyst had SigrUScantly higher activity than the undoped. The 4.5 at.% 
La-doped catalyst, CUO ~,[Ce(La)]o *sox, had the highest activity. But, &her increasing 
the La dopant level to 10 at.% decreased the catalytic activity, which was similar to the 
case of CO oxidation. 50% and 95% methane conversion to carbon dioxide over the 
CUO ls[Ce(La)]o 8 5 0 ,  took place at 450°C and 520"C, respectively. The 
Cuo 15[Ce(La)]o 85OX showed comparable activity to the Cuo 2Zr0 8 0 ,  catalyst in Figure 5.12 
and higher activity than the Cuo og[Ce(La)]o 92OX or Cu0.5[Ce(La)]o 5 0 ,  in Figure 5.12. The 
activity of the Cuo15[Ce(La)]~ssOx catalyst was stable as no conversion decline was 
observed during a 15 h-run at 600°C with 99% methane conversion. Therefore, the 
dopant oxide in the CeO2-based catalyst played a more important role in methane 
oxidation than in CO oxidation. However, the activity enhancement cannot be explained 
simply on the basis of oxygen vacancy and energetics. SrO and La203 are more basic 
oxides than Sc203. It is plausible to assume that the catalyst surface acidichasic sites are 
important for methane oxidation. This assumption is illustrated by the following reaction 
scheme where cat denotes the catalyst; M"" is an acidic site, and 0- is a basic site. 

It is generally agreed that the most difEcult step in activating methane is to break the 
C-H bond (10, 40). As one hydrogen atom is abstracted fiom the methane molecule by a 
Surface oxygen(basic site), the negatively charged residual is stabilized by a surface acidic 
site. The resulting intermediate can become a methyl radical by giving back its electron to 
the catalyst and the methyl radical may subsequently form the precursors of a variety of 
chemical products. These intermediate species are easily oxidized into carbon dioxide and 
water. Both Surface basic and acidic sites with suitable strength and geometry are needed 
to form a transition state and lower the activation energy in the C-H bond breakage. The 
present results indicate that copper-fluorite oxide composites are active catalysts for 
methane oxidation and more importantly, the activity is tunable by using different dopant 
oxides in suitable amounts. 

It is noted that methane oxidation is much slower than carbon monoxide oxidation, 
and the light-off curves shown in Figures 5.12 and 5.13 are in the kinetic regime; that is, 
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the light-off curve will be shifted to lower temperatures by increasing the contact time. 
Table 5.5 briefly compares the activity of the Cuo 15[Ce(La)lo~O, catalyst with some 
active perovskite mixed oxide catalysts reported in the literature (41,42,43). Per unit 
catalyst weight, the Cuo 15[Ce(La)]o 850, catalyst had an activity a few times higher than 
the other catalysts. Per Unit surface area, the activity of the Cuo 15[Ce(La)]0 85OU catalyst 
was comparable to the LaCo03 catalyst, an extensively studied perovskite system. 
Formation of the perovskite compound needs high temperature so that it is difficult to 
prepare with high surface area. The preparation of the present transition metal-fluorite 
oxide composite catalyst mostly requires good dispersion of the transition metals in the 
fluorite matrix and thus, a high catalyst surface area can be obtained by using appropriate 
low temperature synthesis methods. In conclusion, the present composite oxide catalyst is 
a promising, new catalyst system showing high activity for the complete oxidation of 
methane. 

5.3.3 Simultaneous Oxidation of CO and C& over the 
Cuo.15[Ce@a)]0.850~ Catalyst 

Figure 5.14 shows the light-off curves of carbon monoxide and methane oxidation 
over the Cuo.Is[Ce(La)]o.850x catalyst in two different reacting gas mixtures. The oxidizing 
gas@) consisted of 0.228 % C K ,  0.1% CO, and 1.0% 0 2 .  The reducing gas 
composition(III) consisted of 0.228% C&, 0.1% CO, and 0.35% 0 2 .  The light-off curves 
under the oxidizing and reducing conditions overlapped. Also, the light-off curves of 
methane oxidation in the presence of CO were similar to light-off in the absence of CO. 
95% conversion of CO and methane occurred at about 100°C and 550°C, respectively. 
The oxidation behavior of the present catalyst is very different fkom that on precious metal 
catalysts (Pd, Pt, Rh) reported in the literature (44). On the precious metal catalysts, the 
light-off curves of both CO oxidation and C& oxidation were strongly affected by the 
reacting atmosphere. Under reducing conditions, methane oxidation produced substantial 
amounts of CO and HZ at high temperatures (44), while no partial oxidation products(C0, 
HZ) were observed over the present catalyst. This was confirmed by separate studies under 
various space velocities. The CO and H2 oxidation on the metal-fluorite oxide composite 
catalysts appear to proceed very fast, as previously noted. This is an advantage of the 
present catalyst over the precious metal catalysts, because CO is a more harmful pollutant 
than methane. 

5.4 Summary 
Transition metal-fluorite oxide composite catalysts were studied in this work for the 

complete oxidation of carbon monoxide and methane. A variety of highly active oxidation 
catalysts can be prepared fiom this family of catalysts, The transition metal or metal oxide 
is usually insoluble in the fluorite oxide, while alkaline earth and rare earth oxides have 
solubility over a wide concentration range. Therefore, transition metals can be well 
dispersed in the fluorite oxide matrix without worrying about the adverse effect of solid 
solution formation, and alkaline and rare earth oxide can be used to tune the physical and 
chemical properties of the fluorite oxides. The good transition metal dispersion and, more 
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importantly, the strong interaction between the transition metal and the fluorite oxide 
results in high catalyst activity and stability. The transition metal dispersion and display of 
this "strong interaction" are not sensitive to catalyst preparation process. Some specific 
conclusions were drawn fiom this work as follows: 

Carbon Monoxide Oxidation 

(1)The Cu-Ce-0 composite showed higher CO oxidation activity than any other of the 
base metal oxide catalysts reported in the literature. The catalytic activity was not affected 
by small amounts of alkaline earth and rare earth dopants or impurities(ca. 1 at.%). Only a 
small amount of copper(ca. 2 at.% or 0.7 wt.%) was needed to promote the catalytic 
activity of CeOz, while excess copper formed bulk CuO particles of little contribution to 
the catalyst activity. These catalysts showed excellent resistance to water vapor poisoning. 

(2) The Auoo5[Ce(La)]o95OX is an active and stable catalyst for low temperature CO 
oxidation( room temperature). 

(3) The activity of the Cu-Ce-0 system was superior to Co-Ce-0 and Cu-Zr-0, but all 
these catalyst systems showed improved resistance to water vapor poisoning. 

Methane Oxidation 

(4) The Cu-Ce-0 and Cu-Zr-0 composites are active catalysts for the complete 
methane oxidation. The Cu-Ce-0 catalyst activity can be tuned by using alkaline earth and 
rare earth oxide dopants in suitable amounts. Both La and Sr dopants provided significant 
promotion effect. 

(5) No partial oxidation products, such as CO, H2, etc., were observed during methane 
oxidation over the Cu-Ce(La)-0 and Cu-Zr-0 catalysts under reducing conditions. 

Further characterization of the Cu-Ce(La)-0 catalyst and CO and methane oxidation 
kinetics will be presented in Part II of this paper (27). 
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Table 5.1 
Composition With Thermal Treatment in Air. 

Variation of the C ~ ~ . ~ ~ [ C e ( L a ) ] o , ~ ~ 0 ,  Catalyst Surface Area and Surface 

treatment Surface Area Composition(%)b 

(m2@ c u  Ce La 

fi-esha 57.0 

-1-3 h in flowing air at 650°C 52.4 

+3 h in flowing air at 760°C 44.5 

1-3 h in flowing air at 860°C 27.3 

4.97 89.0 6.02 

8.10 86.5 5.37 

9.08 84.7 6.19 

11.9 81.4 6.74 

a. as prepared by 4-h calcination at 600°C in N2. 
b. determined by X P S  with a standard deviation of f l % ,  but not calibrated. 

Table 5.2 Particle Size and Surface Composition of Cu-Ce(La)-0 Catalysts. 

Catalyst Particle Size( nm)c Surface comp o sition(%)d 

Cu/(Cu+Ce) ~ 1 0 0 %  CeO2 CUO La c u  Ce 

2a 10 - 5.9 11.7 82.4 

8(6Ib 10 - 5.97 16.2 77.8 

15( 10.5)b 7.6 - 3.42 24.8 71.7 

2 5( 8.4)b 13 29 5.91 18.7 75.4 

5 O( 8.8)b 14( 14)b 29 5.8(6.9)b 18.9( 1 1.4)b 75.3(8 1. 7)b 

a. prepared by 4-hour calcination at 650°C and 3-h calcination at 860°C both in air. 
b. the sample was immersed in nitric acid for 14 h at room temperature, filtered, washed 

with de-ionized water, and dried for 1 h at 650°C. 
c. CeOt and CuO particle sizes were determined by XRD fiom the (1 11) and (-1 1) peak 

widths at halfmaximum of CeOz and CuO, respectively. 
d. determined by X P S  with a standard deviation of +1%, but not calibrated. 
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Table 5.3 Catalyst Activity for CO Oxidation. 

Surface Area Rate 

(m'k) ( ymoygcat .s)d (pmol/m'.s)e 
Catalyst and Reaction Conditions 

I. Pco=O.Ol bar, 130°C 
Cuo. IS [C e(La)lo. s5oXa 

amorphous CuMnO, (28)b 

II. Pco=O.Ol bar, 80°C 
Cuo. 15 [Ce(La)lo. dxa 

spinel CoCuMnO4 (28)b 

III. Pc0=0.035 bar, 130°C 
Cuo. IS[C~(L~)]O.S~O,~ 

12 wt.% CdG-alumina (30)a 

IV. Pco=O.Ol bar, 110°C 
Cuo. &e(La)lo.s50xa 

0.5 wt.% Ptlalumina (31)c 

30 

39 

30 

113 

30 

138 

30 

247 

0.33 

10 

19 

9.4 

195 

0.64 

32 

25 

1.8 

2.8 

0.27 

0.63 

0.083 

6.5 

0.005 

1.1(4.3F 

0.10(5.5$ 

5.5 

a. partial pressure of oxygen, Po, is 0.17 bar. 

c. 1% CO, 99% 0 2 ,  unknown total pressure. 
d. specific rate based on unit catalyst weight. 
e. specific rate based on unit BET Surface area. 
f specific rate based on specific copper or platinum d a c e  area. The specific copper 

Surface area was estimated by BET area x surface copper fiaction(Cd(Cu+La+Ce)) 

b. Poz0.2 bar. 
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Table 5.4 Gold-Metal Oxide Composite Catalyst Activity for CO Oxidation. 

Catalyst Surface Area Au particle size rate at 3 1°C 
(m”/g) (m) (pmoVgcat.s)a 

Auo.o&e(La)lo 950x 34.2 8.0 1.2 

5 at. % Ada-Fe203 (33) 72.0 4.0 1.9 

a. rate calculated based on formation of C02 under the conditions of 1% CO, 1% 0 2 .  

Table 5.5 Catalyst Activity for Methane Oxidation. 

Surface Area RateC 

( m k )  ( pmoVgcat ‘s) (pmoVm2s) 
Catalyst and Reaction Condition 

I. PcH4=0.01bar, P0=0.04 bar, 557°C 
Cuo.15 [Ce(La)lo.850xa 30 11 0.36 

0.36 LaCo03 (41) 3.5 1.3 

30 4s 1.6 

a. partial pressure of oxygen, Po, is 0.12 bar. 
b. P0=0.2 bar. 
c. rate calculated based on C02 formation. 
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Figure 5 .1  Light-off of CO Oxidation over Various 1 at.% Doped Ceria Catalysts and 
Zr0.9Y0.101.9 Catalyst (100 sccm: 2% CO, 16% 0 2 ;  surface areas: Zro.~Y0.l01.9=42 m2/g, 1 
at.% Cu= 57 m2/g, others 2 8  m2/g). Cu-[Ce(La)]Oz prepared by 4-h heating in NZ at 
600"C, + La, A Sr, 0 no dopant, W Sc, 0 Gd, A Zr0.9Y0.101.9. 
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Figure 5.2 
for CO Oxidation (100 sccm: 2% CO, 16% 02). 
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Figure 5.3 
Oxidation Activity (100 sccm: 2 % CO, 16 % 02; d a c e  areas r30 m2/g). 
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Figure 5.4 
200 mA, scan rate lO/min) .  

XRD Pattern of the Cu-Ce(La>O Catalysts (Kal copper radiation, 50 kV, 
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Figure 5.5 
Catalyst (100 sccm: 2% CO, 16% 0 2 ;  Surface areas r30 m2//g). 
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Figure 5.6 
Catalyst (100 sccm: 2 % CO, 16 % 0 2 ;  d a c e  areas z30 m'/g). 

Effect of La Dopant Content on the CO Oxidation Activity of CUO.ISC~O.SSO, 
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Figure 5.7 
CuO (100 sccm: 2 % CO, 16 % 02). Cuo,15[Ce(La)]o.~~O,, 30 m2/g, 15 at % 
CuOx/Ce02, 22.4 m2/g, A 15 at.% CuO+CeO2 prepared by 1 h heating in air at 300"C, 
18.6 m2/g, + bulk CuO, 1.64 m2/g, CeOz, 28m2/g. 

Activity Enhancement for CO Oxidation fiom Combination of CeO2 and 
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Figure 5 . 8  Effect of Copper Dispersion on CO Oxidation ActMty (100 sccm: 2% CO, 
16% 02). H Cuo.l~[Ce(La)]0.850~, 50 mg, 30 m2/g 0 CuO, 1000 mg, 1.64 m2/g A 14 at.% 
CuOly-alumina, 150 mg, 137 m2/g + 3.2 at.% Cu-ZSM-5, 150 mg, 400 m2/g 3.1 at.% 
Ce, 1 at.% Cu, Ce-Cu-ZSM-5, 150mg, 400 m2/g. 
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Figure 5.9 

100 sccm: 2 % CO, 16 % 0 2 ) .  

500°C + 1 h at 6OO0C, 34.2 m2/g, 0 Pto.03[Ce(La)]~.9~0,, 28.1 m2/g A Cu0.2Zro sou, 17.8 

m2/g, + C ~ . I ~ [ Z ~ O . ~ Y O . ~ ] O . S ~ O ~ ,  65 m2/g, 0 C~O.~[C~(L~)]O.SO, ,  30 m2/g. 

CO Oxidation over Various Composite Catalysts( 150 mg catalyst loading; 

Auo.o~[Ce(La)]0.950, prepared by air calcination for 1 h at 
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Figure 5.10 Effect of Water Vapor on CO Oxidation Activity over the Catalysts 
Prepared by 4 h Calcination at 650°C in Air (catalyst loading: 1000 mg for CuO catalyst, 
150 mg for others; 340°C reaction temperature; 47 sccm H20 + 100 sccm dry gas 
containing 2% CO and 16% 0 2 ) .  
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Figure 5.11 Effect of Catalyst Thermal Treatment on the CO Oxidation Activity in the 
Presence of Water Vapor (150 mg catalyst loading; 340°C reaction temperature; 47 sccm 
H20 + 100 sccm dry gas containing 2% CO and 16% 02). 
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Figure 5.12 Methane Oxidation over Various Composite Catalysts (150 mg catalyst 

loading; 100 sccm: 2% C€&, 16% 0 2 ) .  Cwo,22r0,~0~, 17.8m2/g A C%os[Ce(La)]o92OY, 

43 m2/g, 0 C~,~[Ce(La)]o.s0,, 27.8 m2/g 0 Cwo 5Zr0.5Ox, 50.0 m2/g + [Ce(La)]Oz, 30 

m2/g Ce02, 28 m2/g. 
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Figure 5.13 
Activity (0.09s-g/cc, 2 % C&, 16 % 0 2 ;  catalyst surface areaz30 m2/g;). 

Effect of Dopant in the Cuo.IsCeo.ssO, Catalyst on Methane Oxidation 
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Figure 5.14 
Catalyst. I: in 0.228 % C&, 1% 0 2 .  II: in oxidizing gas containing 0.228% CH4, 0.1% 
CO, 1% 02. III: in reducing gas containing 0.228% C&, 0.1% CO, 0.35 % 0 2 .  

Simultaneous Oxidation of Methane and CO over the Cuo.ls[Ce(La)]o 850x 
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Chapter 6 

Complete Oxidation of Carbon Monoxide and Methane 
over Transition Metal-Fluorite Oxide Composite 
Catalysts 
11. Catalyst Characterization and Reaction Kinetics 

6.1 Introduction 
Transition metal-fluorite oxide composite catalysts were evaluated for the complete 

oxidation of CO and methane in the preceding paper (I). The Cu-Ce-0 system was 
identified as one of the most active catalyst systems. The significant enhancement of 
catalytic activity and resistance to water vapor for CO oxidation observed with this 
catalyst cannot be explained on the basis of copper dispersion alone. Thus, a strong 
interaction between these two kinds of materials was proposed. Strong interaction 
between a metal particle and its oxide support has long been a fascinating catalysis subject 
(2-7). Moreover, another concept involving new active sites created at the interface 
between metal-support has been proposed (6,7). 

Although a mechanistic understanding of the correlation between catalyst properties 
and metal-support interactions is still limited, looking at the oxide support not simply as an 
inert carrier has given many insights for new catalyst development. For example, Frost (8) 
predicted the existence and properties of new methanol synthesis catalysts by using the 
minute Schottky junction theory at the interface between metals and oxides. In studies of 
CO hydrogenation, the precious metals-Ti02 strong interaction has been one classic 
system in this field. "Strong interaction" between precious metals and cerium oxide has 
been another active area (9) in environmental catalysis because of the widespread use of 
cerium oxide in the precious metal-based automotive catalytic converter. The enhanced 
CO oxidation activity and stability of precious metal catalysts by yttria-stabilized 
zirconia(YSZ) support was recently reported and explained in terms of interfacial 
reactions (IO). A reaction mechanism based on the metal-support interface was also 
proposed for some low temperature CO oxidation catalysts, such as Pt/SnOz ( I I ) ,  
Pd/SnOZ (12,I3), Ada-Fe203 or Ti02 (14), etc. In a recent study of non-precious metal- 
fluorite oxide system for CO oxidation, a geometric interfacial interaction in CUrYSZ 
involving Surface oxygen vacancy was proposed (IS).  

In this work we characterized the Au-Ce-0 and Cu-Ce-0 catalyst systems by X-ray 
Photoelectron Spectroscopy ( X P S )  and Scanning Transmission Electron 
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Microscopy( STEM) aided by X-ray microprobe analysis, and measured the reaction 
kinetics in order to elucidate the "strong interaction" between copper and cerium oxide 
and its effect on the catalytic activity. The Au-Ce-0 catalyst clearly demonstrated a 
synergistic effect on catalytic activity and best served as a reference. 

6.2 Experimental 
6.2.1 Catalyst Preparation and Characterization 

Bulk composite catalysts were prepared by coprecipitating the aqueous salt solutions 
of the metals with ammonium carbonate or sodium carbonate. CeO2 support was prepared 
by thermal decomposition of cerium acetate hydrate(99.9%, Aldrich). The supported 
catalysts were prepared by conventional wet impregnation using the aqueous salt solution 
of the metal. The mixture of cerium oxide and copper oxide was prepared by mixing the 
CuO and CeO2 powder with water and drylng it for 1 h at 300OC. The details of the 
preparation procedure were described in the preceding paper (I). The cerium precursor 
used for coprecipitation was low purity(99%) cerium nitrate@-om AldIich) containing 1.5 
wt.% lanthanum. This type of cerium is designated as Ce(La) in the catalyst formula 
throughout this paper. The catalyst characterization was performed by nitrogen 
adsorptioddesorption on a Micromeritics ASAP 2000 apparatus for BET Surface area and 
pore size measurement and by X-ray powder dBaction(XRD) on a Rigaku 300 X-ray 
DifEactometer for crystalline identification. The catalyst typically had an average pore size 
of 20 nm and a BET surface area from 20 to 57 mz/g. For the XRD analysis, copper Ka1 
radiation was used with power setting of 50 kV and 200 mA. The divergence slit, 
scattering slit, and receiving slit were lo, I", and 0.15", respectively. The data was 
acquired at a 2 theta interval of 0.02". The catalyst microstructure analysis was performed 
on a state-of-the-art Vacuum Generators HB603 Scanning Transmission Electron 
Microscope(STEM) equipped with a X-ray microprobe of 0.14 nm optimum resolution. 
For STEM analysis, the catalyst powder was dispersed on a nickel grid coated by a carbon 
film and the elemental maps were acquired on a 128 x 128 data matrix. The catalyst 
surface composition was determined by X-ray Photoelectron Spectroscopy(XPS) with a 
Perkin Elmer 5100 system For X P S  analysis, the catalyst powder was pressed on a 
tantalum foil and placed into the vacuum chamber without any pre-treatment. A Mg 
electron source was used with power setting of 15kV and 300W. The binding energy was 
adjusted to the Cls  peak at 284.6eV which existed in all measurements. The Auger kinetic 
energy was calculated by 1253.6 - (BE) A, where (BE), is the measured binding energy of 
the Auger L 3 W  line. 

6.2.2 Apparatus and Procedure 
The reactor was a 0.6cm I.D. x 50cm long quartz tube heated by a Lindberg fiunace. 

The reaction temperature was monitored by a quartz glass-sheathed K-type thermocouple 
placed at the top of the packed catalyst bed. CO and C€& reacting gases were certified 
calibration gas mixtures balanced by helium(fi-om Matheson). Air and helium(all from 
AIRC0)were used as oxidizing gas and diluent, respectively. The gas streams were 

109 



measured with mass flow controllers and mixed prior to the reactor inlet. The resulting gas 
mixture without m e r  purification flowed downward through the packed bed. For 
kinetic measurements, the reactor was operated in a differential mode with the conversion 
not exceeding 10% so that the temperature was nearly uniform in the packed catalyst bed. 
Separate experimental tests showed that bulk mass transfer and intraparticle mass transfer 
resistance could be eliminated by using a gas flowrate greater than 200sccm and catalyst 
particles size less than 150 pm. Therefore, total gas flowrate of 400sccm and average 
catalyst particle size of 100 pm were used for the kinetics study. The reaction conversion 
was controlled by the catalyst loading, while the catalyst was diluted by silicon carbide to 
about 10 mm packed height. The partial pressure of the reacting gas species was vaned 
over the range of 0.001 to 0.09 bar. CO oxidation over the Au-Ce-0 catalyst was 
measured over the temperature range of 10 to 5OOC. CO oxidation and methane oxidation 
over the Cu-Ce-0 catalysts were conducted at temperatures fiom 40 to 200OC and fiom 
400 to 550OC, respectively. Before any kinetic measurement, the catalyst was always 
treated for 1 h in the reaction gas mixture at 300OC for CO oxidation and 600OC for 
methane oxidation. Carbon dioxide concentration in the product gas stream was analyzed 
by a HP5880A Gas Chromatograph(GC) with a Thermal Conductivity Detector(TCD). 
The production of C02 was used to calculate the reaction rate: 

Rate = N, . Xco2/Wm 

where Nt is the total molar gas flowrate in mol/s, X~02 is the molar fiaction of CO:! in 
the product gas stream, and WCAT is the catalyst weight in grams. 

6.3 Results 
6.3.1 Catalyst Characterization 
6.3.1.1 Characterization of Auo.~[Ce(La)]o.950, Catalyst 

Only the 5 at.% Au-containing Au-Ce-0 catalyst, Aw.o5[Ce(La)]o 950x, was 
extensively characterized, because this catalyst showed better activity than the other Au- 
Ce-0 catalysts of lower or higher gold content. Figures 6.la-c show the XRD pattern, 
X P S  spectra, and STEM elemental maps for the Aw.o&e(La)]o95OX catalyst. The XRD 
pattern in Figure 6.la consisted of CeOz and metallic gold crystal phases. The gold 
particle size calculated from the peak broadening is about 8 m  The binding energy of 
Au4f7/2 in the X P S  was close to that of metallic gold given in the literature (16). The gold 
particles were difficult to be visualized by electron microscopy because of the interference 
fiom cerium. However, clear images were obtained by elemental mapping with the STEM 
X-ray microprobe. STEM analysis indicated d o r m  distribution of small gold particles in 
the cerium oxide matrix. The gold particle sizes varied fiom 1 nm to tens of IUIL There 
was no evidence of epitaxial growth of the gold particles on cerium oxide or spill-over of 
gold onto cerium oxide. The gold particle image in Figure 6.lc shows that the well- 
rounded gold particle was in intimate contact with cerium oxide. These results indicate 
that in the A~.os[Ce(La)]o95OX catalyst small metallic gold particles of an average size of 
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8nm were evenly distributed in the cerium oxide matrix and in intimate contact with the 
cerium oxide. 

6.3.1.2 XRD and STEM Analyses of Cu-Ce-0 Catalyst System 
A few XRD analyses of the Cu-Ce-0 catalysts prepared by coprecipitation were 

reported in the preceding paper (I). For up to 15 at.% copper content, no CuO peaks 
were found by XRD. Figure 6.2 shows the XRD pattern of Cu-Ce-0 catalysts containing 
15 at.% or higher copper prepared by coprecipitation, impregnation, and physical mixing 
methods. The major peaks were due to the CeO2 crystal phase. CuO appeared in smaller 
peaks and increased with copper content. No Cu20 phase was found by XRD. Among 
three Cu-Ce-0 catalysts containing 15 at.% Cu, the coprecipitated catalyst showed the 
lowest CuO phase intensity and the mixed oxide showed the highest CuO phase. We tried 
to correlate the variation of Ce02 lattice space with copper content and catalyst 
preparation. But, the results were inconclusive. Overall, limited information was obtained 
fiom the XRD study. 

The microstructure of the Cu-Ce-0 system was first analyzed by high resolution 
transmission electron microscopy (HRTEM). Unlike alumina-supported precious metals, 
copper in the Cu-Ce-0 catalyst could not be distinguished fiom cerium under electron 
microscopy because it is lighter than cerium- STEM having both high magnification and 
elemental analysis functions was found effective for the Cu-Ce-0 catalyst characterization. 
The Cu-Ce-0 catalyst was extensively analyzed by STEM. A few typical elemental maps 
are presented in Figure 6.3. The Cu map in Figure 6.3a for the Cu01~[Ce(La)]~850, 
catalyst consists of a big CuO particle(l7 nm) and a number of tiny copper spots 
distributed in the cerium oxide matrix. These copper domains could not be definitely 
differentiated fiom the solid solution as distinguishable h e  copper particles due to the 
lighter copper atomic weight relative to cerium and the instrumental limitation itself. Few 
h e  copper oxide crystals(nm) were found in the (2% ls[Ce(La)]~ 850, catalyst by HRTEM. 
Taking into account the immiscibility of copper oxide in cerium oxide and &her 
characterization evidence from other Cu-Ce-0 catalysts as given below, we attribute these 
tiny copper domains to copper clusters invisible by XRD. Figures 3b and 3c show the 
elemental maps of the impregnated catalyst, 15 at.% CuOx/Ce02, and the physical mixture, 
15 at.%CuO+CeO2, respectively. Impregnation did not result in uniform deposition of 
copper on cerium oxide. But, the physical mixing generated not only mechanical mixture 
but also spillover of copper onto the cerium oxide. In the CuO+CeO2 catalyst, a number of 
bulk copper oxide particles were found, but, copper clusters also existed in the cerium 
oxide matrix.. Qualitatively, a higher number of bulk copper oxide particles was found 
with the CuOx/Ce02 and CuO+Ce02 catalysts than the Cu0.15[Ce(La)]0.850,. In contrast, 
more clusters were observed with the CmIs[Ce(La)]o.850x than the other two 15 at.% 
copper-containing catalysts. These results are consistent with the smaller CuO peaks in the 
XRD pattern of the Cq&Ce(La)]o850,. In the preceding paper we reported that only 
bulk CuO in the Cu-Ce-0 system could be removed by nitric acid. This conclusion is 
evidenced by the elemental map in Figure 6.3d for the CUO 15[Ce(La)]o s5OX catalyst after it 
was immersed in nitric acid for 14 h, filtered, and washed with de-ionized water. Very few 
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bulk CuO particles remained in this nitric acid-treated catalyst, compared to the fiesh one. 
However, the copper clusters remained intact. 

Figures 6.3e-f show the elemental maps of the Cu,5[Ce(La)]o5Ox catalyst. A large 
number of copper agglomerates were observed with this higher copper-containing 
material. It is interesting to notice that the bulk CuO particles were typically covered by 
smaller cerium oxide particles. This finding is illustrated by Figure 6.3e in which a big CuO 
agglomerate(ca. 30Onm) was almost fdly covered by smaller cerium oxide particles. But, 
when we look at a group of cerium oxide particles not associated with bulk CuO, a 
number of copper clusters are still dispersed in the cerium oxide matrix as shown in Figure 
6.3f Their existence was confirmed by electron-excited X-ray emission spectra in Figure 
6.3g. The spectra also indicates that the amount of these copper clusters relative to cerium 
is indeed small and they did not appear in Figure 6.3e because of very low intensity 
relative to bulk CuO particles. 

Figure 6.3h shows the elemental map of the Cuo.ol[Ce(La)]o.g90, catalyst prepared by 
coprecipitation and 4 h calcination at 600°C in N2. As expected, copper in this catalyst 
was well dispersed in the cerium oxide and its distribution pattern exactly matched cerium, 
which suggests the formation of solid solution. Notice that the high copper dispersion area 
in Figure 6.3h represents d o r m  copper distribution rather than high copper content. 
Heating the Cuo.01[Ce(La)]0.990, catalyst in flowing air at 860°C drove the copper fiom 
bulk to Surface and copper atoms aggregating into clusters, Resulting elemental maps as 
illustrated by Figure 6.3i looked similar to that of the nitric acid-treated 
Cuo. 15[Ce(La)]~.s50x catalyst but less dense copper cluster population. 

Since the coprecipitated catalysts contained lanthanum impurity, the X-probe was also 
used to check for La distribution. The analyses indicated atomic level mixing of lanthanum 
with cerium oxide or formation of solid solution. No lanthanum association with copper 
was found. The overall STEM analysis results are now summarized as: (i) copper in small 
amounts (a few percent) has strong tendency to associate with cerium oxide irrespective 
to the catalyst preparation method; (ii) excess copper forms bulk CuO particles that were 
covered by smaller Ce02 particles; (iii) heating the catalyst of atomic copper dispersion 
caused segregation of copper and formation of copper clusters. 

6.3.1.3 X P S  Analyses of Cu-Ce-0 Catalyst System 
In the preceding paper (1) we reported the catalyst d a c e  composition as measured 

by X P S .  Here, the detail XP spectra are presented. We found that the XP spectra of the 
Cu-Ce(La)-0 sample were unstable in the high vacuum chamber(ca. 7 x lo-* torr) during 
the initial period of measurement. Once the sample was introduced into the X P S  chamber, 
the relative intensity of the Cu2p3/2 shake-up peak at 943eV slightly decreased with on- 
stream measurement time while the Cu2p3/2 peak position shifted toward lower binding 
energy fiom 934.OeV. However, the XP spectra became stable after about thirty minutes. 
The shake-up peak and higher Cu2p3/2 binding energy are two major X P S  characteristics 
of CuO, while the lower Cu2p3/2 binding energy and absence of the shake-up peak are 
characteristic of reduced copper species (16). It is known that supported-copper oxide can 
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be reduced by the X-ray beam during X P S  analysis. Although the beam effect could not be 
eliminated in the present X P S  apparatus, fiuther work confirmed that the initial instability 
of the Cu-Ce(La)-0 sample was not suppressed by decreasing the X-ray power and was 
likely caused by the desorption of weakly-bound d a c e  oxygen under high v a c u m  
Figures 4a-c show the X P S  analyses of the 15, 25, and 50 at.% Cu-Ce(La)-0 catalysts 
prepared by coprecipitation. These data were acquired in the Multiplex mode with about 
l-h total acquisition time. Bulk CuO was prepared by thermal decomposition of copper 
carbonate and used as reference. 

In Figure 6.4a, the bulk CuO showed a strong shake-up peak, and the shake-up peak 
intensity of the Cu-Ce(La)-0 catalysts increased with the copper content and disappeared 
after the catalyst was treated by nitric acid using the procedure described previously. The 
Cu2p3/2 peak of the bulk CuO centered at 934.OeV, while the same peaks of the Cu- 
Ce(La)-0 catalysts centered at about 933. lev.  The present observations suggest both 
CuO and reduced copper species existing in these Cu-Ce(La)-0 catalysts. We could 
deconvolute the Cu2p3/2 peak to find the relative proportion of CuO in the Cu-Ce(La)-0 
catalysts. But, this peak did not show an apparent doublet shape, that made it hard to 
obtain a reliable value from this mathematical process. In addition, the weak shake-up 
peak did not allow us to use the shake-up peak/peak ratio for a reliable estimation either. 
Therefore, our discussion of the X P S  results will be qualitative. 

The two possible reduced copper forms, namely: metallic copper and Cu20, have 
similar binding energies but Merent Auger parameters (16-20). Figure 6.4b shows the 
kinetic energy spectra of the Auger L 3 W  electron. The doublet peaks for the Cu-Ce(La)- 
0 samples also suggest the presence of two copper species. The 918.4eV and 915.7eV 
peaks in the Auger kinetic spectra correspond to bulk CuO and Cu" species, respectively. 
In agreement with the literature data we then assign the Cu2p3/2 peak at higher binding 
energy (934.0eV) to CuO and the Cu2p3/2 peak at the lower binding energy(933.1 eV) to 
the Cu"' species(Figure 6.4a). Figure 6 . 4 ~  shows the Ce3d X P  spectra for the four catalyst 
samples under study. The four spectra look basically the same and similar to bulk CeOz 
reported in the literature (16). The binding energies for bulk CeOz and reduced cerium 
oxide are the same. But, small spikes or peaks are usually found in the reduced cerium 
oxide at the D and D' positions (21,22). 

Figures 6.5a-b show the Cu2p X P  spectra and L 3 W  kinetic energies of the 
CUO ol[Ce(La)]o 99OX and CIQ o2[Ce(La)]o.9sOx catalysts. No shake-up peak was observed in 
Figure 6.5a, while the Cu2p3/2 peak was deconvoluted into two components: one at 
933.leV and another one at 930.0eV. The first one was assigned to Cu"' species. The 
second component was &cult to be assigned since no copper species of such a low 
binding energy has been reported in the literature. We postulate that this component is due 
to isolated Cu"' ions in the cerium oxide lattice. The existence of isolated copper ions and 
ion pairs in the Cu-Ce-0 system was reported by Abou Kais, et al. (23, 24) and Sorial, et 
al.(25), both using the electron paramagnetic resonance technique. The fiaction of Cu" 
species in Figure 6.5a increased with heating temperature, while the fiaction of isolated 
CU"~ ions decreased. The STEM analyses indicated that heating the CUO ol[Ce(La)]~ 9 9 0 x  

catalyst in air drove the isolated copper ions to form copper clusters. Two components 
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seem to exist in the kinetic energy spectra of the Auger L 3 W  electron in Figure 6.5b. It is 
noted that the isolated copper component at 930. l e v  also appeared in the XP spectra for 
the nitric acid-treated 50 at.% copper-containing sample shown in Figure 6.4a. This was 
probably due to the copper ions remaining on the cerium oxide d a c e  after the sample 
had been immersed in nitric acid for 14 h. 

The XRD, STEM, and X P S  analysis results for the Cu-Ce-0 catalysts are briefly 
summarized as follows: (i) copper clusters undetectable by XRD exist in all the Cu-Ce-0 
catalysts and its relative amount depends on catalyst preparation, composition, and 
thermal treatment; (ii) the Cu" species result from the strong interaction of the copper 
clusters with cerium oxide. 

6.3.2 Kinetic Results 
6.3.2.1 CO Oxidation Kinetics over the Auo.&e(La)]o.950, Catalyst 

Figure 6.6 shows the variation of CO oxidation rate on the Auoos[Ce(La)]0950, 
catalyst with the partial of pressure of CO (Pco ) and oxygen (PO). The experimental data 
were best fitted by a power order equation (2), with m=0.30 and n=O. 18. 

Go = kPpoP," 
The RA2(R=co~elation coefficient) values given in Figure 6.6 indicate that the plots of 

the rate versus PCO under constant PO were generally better fitted than the plots of the rate 
versus Po. This is because of the lower reaction order in Po. Although diEcult to regress, 
this function is not important because of its small contribution to the overall rate process. 
The Arrhenius plot of the rate constant, k, is shown in Figure 6.9. The apparent activation 
energy was 53.7kJ/mol. The reaction orders and activation energy are compared to the 
literature data for other gold-metal oxide catalysts in Table 6.1. The Auo.o5[Ce(La)]o 9 5 0 x  

catalyst showed similar kinetics to the other gold catalysts but higher activation energy 
and a stronger dependence on PCO. 

6.3.2.2 CO Oxidation Kinetics over the Cu-Ce-0 Catalysts 
The Cm, ,~[Ce(La)]o.ssO, catalyst and the C~.~~[Ce(La)]o .~~O,  catalyst subjected to 

different thermal treatment were chosen for the kinetic study to also examine the 
composition effect. Figures 6.7 and 6.8 show the variation of the CO oxidation rates on 
the Cuo.15[Ce(La)]o.s5OX at different reaction temperatures with Pco and Po, respectively. 
Under constant PO, the rate increased with Pco. The reaction order in PCO seems to 
decrease fkom one to zero as Pco increases. In Figure 6.8 the rate slowly increased with PO 
under constant Pco. Various rate equations derived from different reaction mechanism as 
well as the empirical power order equation (2) were evaluated to regress the experimental 
data. It was found that the experimental data were best represented by the following 
equations: 

kco Kcopcopo" 
1 + KCOPCO 

&* = 
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The parameters k o  and Go in equation (3) can be taken as the d a c e  reaction rate 
constant and CO adsorption equilibrium constant, respectively. The Arrhenius plots of kco 
and G o  are shown in Figure 6.9 f?om which the reaction activation energy and heat of 
adsorption were obtained. 

The experimental data for the Cu,ol[Ce(La)]0990, catalysts were also best regressed 
by equation (3). The Arrhenius plots of the resulting constants are shown in Figure 6.10. 
The values of those parameters in equations (4) and (5) for all the Cu-Ce(La)-0 catalysts 
are listed in Table 6.2. The reaction orders in Po, n, are small numbers close to zero. The 
activation energy is in the range of 73 to 94kJ/mol while the heat of CO adsorption is in 
the range of 28 to 61kJ/mol. Some interesting results were observed with the 
Cu,ol[Ce(La)]0990, catalyst. Heating this catalyst at 860°C in air changed the negative 
reaction order of PO to positive and increased the pre-exponential factor of the reaction 
constant k o  and the heat of adsorption. This increase corresponds to the increase in 
copper cluster population and Cu" fiaction as we found fiom the STEM and X P S  
analyses. The last column in Table 6.2 shows the apparent activation energy when KCOPCO 
<<1. Under this condition, the reaction rate becomes first order in Pco and the apparent 
activation energy is Ea-Q. Table 6.2 also includes kinetic data for other copper catalysts 
&om the literature for comparison. The CuO-Cr203/y-Al203 catalyst, pre-calcined in air at 
5OOOC (26), gave an pre-exponential factor of the constant hco four orders of magnitude 
lower than those of the Cu-Ce(La)-0 catalysts and also low heat of adsorption(5 kJ/mol). 
High heat of adsorption (30 kJ/mol) was reported for the Cd6-Al203 catalyst pre-reduced 
by Hz at 3OOOC (27). It is noted that we calculated the data in Table 6.2 for the CuO- 
Cr203/y-Al203 catalyst based on reported rate equation in the literature (26). 

Because of the variations in both the pre-exponential factor and activation energy of 
the rate constant in Table 6.2, it is difEcult to evaluate the effect of the copper content on 
the reaction kinetics. In Figure 6.11, the rate constant kco normalized by the BET surface 
area is plotted versus the d a c e  copper content(at.%) as measured by X P S .  One can see 
that the rate constant k o  steeply increases with the Surface copper content. The plots for 
three different reaction temperatures are well regressed by the same power order equation: 

where Sg is the catalyst d c e  area, mz/g, and SC,, is the surface copper content. 
Although we cannot find a mechanistic explanation for such a relationship at the present 
time, the high nonlinear correlation suggests a complex interaction of copper and cerium 
oxide. The high catalytic activity did not result fiom copper dispersion alone. One can 
extrapolate that kc0 wiU increase by an order of magnitude if the d a c e  copper content is 
M e r  increased fiom 25 % to 40 %. However, we could not achieve a Surface copper 
level higher than ea. 25 at.% in this work. Figure 6.12 shows that the catalyst surface was 
enriched in copper for low bulk copper content and reached a plateau for high bulk copper 
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content. The 24.8 at.% for the C~.~5[Ce(La)]o.s50, is the largest surface copper content 
reached by a series of Cu-Ce-0 catalysts prepared by 4 h calcination at 650°C. The surface 
copper level of the Cu0.,5[Ce(La)]~.850, was not increased by reduction in 25% HdE!Ie or 
heating in air. The impregnation method did not increase the copper level either. The main 
reason, based on the catalyst characterization results, is that excess amount of copper over 
a certain value favored the agglomeration of copper in buk CuO form. Bulk CuO particles 
were then covered by fine cerium oxide particles and could not be detected by X P S .  

6.3.2.3 Methane Oxidation 
Figures 6.13 and 6.14 show the variation of the methane oxidation rate over the 

Cw -fCe(La)lo 850x catalyst with the partial pressure of methane and oxygen, respectively. 
The action kinetics were similar to the CO oxidation. Thus, the experimental data were 
best fitted by equation (7). The Arrhenius plots of the constants k, and K, in this equation 
are shown in Figure 6.15, fiom which equations (8) and (9) were derived. 

0.18f0.04 R,,, = k m  Krn Pm Po 
1+ K,P, 

k,,, = 7.84 x 1 O1 exp( - 93.4 x 1 03/RT) 
K,,, = 3.46exp(-14.2x 103/RT) 

The plot of K, data versus 1/T in Figure 6.15 shows an abrupt change between 1.37 x 
and 1.32 x ~ O - ~  in 1/T axes (corresponding to 455°C and 483°C) resulting in a low 

correlation coefficient. We could have divided the data into two regions to achieve better 
curve-fitting. Considering, however, the overall small variation in L, we preferred to use 
the single Arrhenius equation as a crude approximation. 

6.3.2.4 Verification of Kinetic Equations 
Since the above kinetic models for both the CO and methane oxidation were obtained 

with experimental data measured in a merentia1 reactor mode, the question whether the 
rate equations are valid at high conversions was considered next. We calculated the light- 
off curves for the simultaneous oxidation of CO and methane over the Cuo.15[Ce(La)]o.s50, 
catalyst for a gas mixture of 0.1% CO, 0.228 % C&, and 1% 0 2  at a contact time of 0.09 
s-g/cc. We did not detect any axial temperature gradient under these reaction conditions 
because of the small reactor diameter and shallow packed catalyst bed, Therefore, CO 
conversion at each temperature was calculated by integrating the following equation: 

Where Nt is the total gas flowrate; P is the total pressure and is assumed to be constant 
when a dilute reacting gas is used; WCat is the catalyst weight. Methane conversion was 
calculated in exactly the same manner. The calculated light-off curves in Figure 6.16 are in 
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developed based on individual reaction data while the experimental data were for the 
simultaneous oxidation of CO and methane. This indicates that oxidation of CO and 
methane are independent reactions. 

6.4 Discussion 
6.4.1 CO Oxidation over the Auo.~[Ce(La)]0.950~ Catalyst 

The A~.05[Ce(La)]~,~50x catalyst characterization revealed that gold was distributed in 
the cerium oxide matrix as distinct metallic particles. There was no evidence of "strong 
interaction" between the gold particles and cerium oxide. It is known that neither cerium 
oxide nor gold alone is an active CO oxidation catalyst. The enhanced activity was solely 
due to the synergistic effect of the two kinds of materials. Extensive studies of the 
goldoxide catalysts were reported by Haruta et al. (24,. The Au-Ce-0 is a new catalyst 
system, but we propose a reaction mechanism similar to that for other gold/oxide catalysts 
(14) as illustrated by the following Figure. 

a gold particle or 
+1 react,at the boundary 

,I copper cluster of Cu sites 

Figure 6.17 
Cu-Ce-0 Catalysts. 

Synergistic Reaction Model for CO Oxidation over the Au-Ce-0 and 

In this model, CO molecules adsorb on the gold particle surface, while oxygen 
molecules adsorb on the metal oxide d a c e .  Then, the two adsorbed species react at the 
boundary of the gold and metal oxide. The highly active sites created at the boundary 
provides quick turnover of reacting species and high reaction activity. The adsorbed CO 
on the gold particle and the d c e  oxygen on the metal oxide may move to the boundary 
area by d a c e  difEirsion. Apparently, decreasing gold particle size will increase the 
boundary area and thus, the catalytic activity. The kinetic results in Table 6.1 show that 
the rate on the Auoo5[Ce(La)]o.950x catalyst had stronger dependence on the partial 
pressure of the reacting species and higher activation energy than those on the other 
goldoxide catalysts (24). The present catalyst, prepared by air calcination for 1 h at 
500OC+1 h at 65OoC, comprised bigger gold particles (8 nm). The bigger gold particles 
resulted in lower interface and slower diffusion of the reacting species on the d a c e .  

The high activity of the Auo.os[Ce(La)]o.95OX catalyst clearly demonstrated the 
synergistic effect of dual function materials in the CO oxidation. It is known that water 
vapor inhibits CO adsorption on cerium oxide. CO oxidation on the Auo,os[Ce(La)]0950, 
catalyst was not affected by water vapor further suggests the role which gold plays in 

117 



Chapter 6 

providing CO adsorption sites. The role of cerium oxide in supplying oxygen wiU be 
discussed next together with the CO oxidation on the Cu-Ce-0 catalyst. 

6.4.2 CO Oxidation over the Cu-Ce(La)-0 Catalyst 
On base metal oxide catalysts (26-281, the CO oxidation rate generally has a weak 

dependence on Po and has a positive order fiom 0 to 1 in Pco. The kinetic behavior of the 
Cu-Ce(La)-0 catalyst is overall similar to that of the base metal oxide catalysts. Both the 
Eley-Rideal and Langmuir-Hinshelwood models have been proposed for CO oxidation on 
the copper-based catalysts. Dekker et al. (26) developed a comprehensive kinetic model 
for CO oxidation over the CuO-Cr203/y-A1203 catalyst based on a Eley-Rideal model 
consisting of several elementary steps. With in situ IR measurements of CO oxidation on 
the Cu/6-Al203 catalyst, Choi and Vannice (27) revealed a clear first-order dependence of 
the reaction on chemisorbed CO and the absence of activity when no adsorbed CO was 
detected. The different conclusion was underlined by the difference in catalyst 
pretreatment and reaction conditions. Copper was in a partially oxidized state in the Cu/& 
a 2 0 3  catalyst but likely in I l l y  oxidized state in the CuO-Cr203/y-A1203. Jernigan and 
Somorjai ("8) recently compared the CO oxidation over three different oxidation states of 
copper: Cu, Cu20, and CuO, and found that the apparent activation energy increases with 
increasing copper oxidation state (Cu(37.6)<Cu20(58.5)<CuO(71. 1)). The apparent 
activation energy listed in Table 6.2 for the Cu-Ce(La)-0 catalysts is in the range of 26 to 
50kJ/mol, similar to the reduced copper oxide. 

The unique information conveyed by Table 6.2 is the high heat of CO adsorption over 
the Cu-Ce(La)-0 derived from the kinetic measurements, which is comparable to that of 
CO adsorption on metallic copper, 30 to 68kJ/mol as reported in the literature (29,301. 
Notice that heat of CO adsorption over the pre-calcined CuO-Cr203/y-A1,03 catalyst is 
indeed a small number. This may be the reason that CO has been assumed not to adsorb 
on the CuO d a c e .  Recall that the C d '  species for the Cu-Ce(La)-0 catalyst was 
observed by X P S .  We believe that the Cufl surface species provide strong CO adsorption 
sites and CO oxidation over the Cu-Ce(La)-0 catalyst proceeds via the Langmuir- 
Hinshelwood mechanism. 

6.4.3 Strong Interaction of Copper with Cerium Oxide and Synergism 
Given the fact that the present Cu-Ce(La)-0 catalyst was typically prepared by a few 

hour-long calcination at temperatures of or over 650OC in air and used for kinetic studies 
without any pre-reduction treatment, how are the Cu+' species stabilized? We propose that 
the copper ions at the interfacial area of a copper cluster and cerium oxide can penetrate 
into the cerium oxide lattice by occupying the vacant sites of cerium ions as illustrated by 
Figure 6.18. The copper ionic size found in the literature varies among different sources. 
However, it is agreed that C d '  ion size is bigger than the CU'~. The Cu" species is more 
compatible in cerium oxide lattice in terms of the size. Thus, Cu'" is stabilized by the 
cerium oxide lattice and transferred to the outer d a c e  by a copper oxide chain, Cu+l-O- 
Cu- 0.0 -0-Cu". The reducibility of Ce"4 to Ce+3 enhances the flexibility for a copper ion 
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to adapt to different oxidation state by maintaining the electronic neutrality of the lattice. 
The existence of isolated CU'~ ions and ion pairs in the cerium oxide lattice was studied 
with the electron paramagnetic resonance technique (23-25), but this technique cannot 
detect the Cu" species. The formation of chemical bonding between the copper clusters 
and cerium oxide explains the strong association of copper with cerium oxide as found in 
catalyst preparation and activity tests. 

CL copper cluster 

3 rgen 1 

cerium oxide 
Figure 6.18 
ceria showing a [00 11 plane of oxygen ions and adjacent cerium cations). 

Interaction Model of Copper with Cerium Oxide(cross section of 

In addition to the strong CO adsorption, the reaction rate on the Cu-Ce(La)-0 
catalysts was several orders of magnitude higher than that either on the oxidized CuO- 
Cr203/y-Al~O3 or the reduced CdG-Al203 catalyst. We propose a reaction model for CO 
oxidation over the Cu-Ce(La)-0 catalyst similar to the Admetal oxide system with the 
CU" species of the copper cluster replacing gold particles and providing surface sites for 
CO adsorption. Given the catalyst configuration in Figure 6.17, a minute Schottky 
junction can form at the interface between metals and oxides and affect the electronic 
properties of metal oxides (31). However, it has always been difEcult to relate the catalyst 
electronic property to catalytic activity. We rather attribute the enhanced catalytic activity 
to the concerted effect of CO adsorption and oxygen activation. Cerium oxide can provide 
various active Surface oxygen species for oxidation reactions. The surface oxygen species 
on cerium oxide were studied by TPR (32) ,  FT-IR (33, 34), and EPR (35). The possible 
oxygen species are shown in equation (12). Generally, increasing the catalyst treatment 
temperature shifts the equilibrium to the right, that is, the lattice oxygen will be a major 
component ifheated at high temperatures. 

Superoxide species (02') forms fiom the adsorption of an oxygen molecule on a single 
unsaturated surface cerium ion (CeH..-O;). Formation of peroxide species(0i2) increases 
with the reduction extent of the cerium oxide surface. The peroxide species is probably 
associated with a pair of reduced cerium ions or one oxygen vacancy. The superoxide 
species has very quick exchange rate with gaseous oxygen at low temperatures (below 
100OC) according to Li et al. (34,36). It is labile on cerium oxide surface and its surface 
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diEbsion is much faster than on Si02 or A1203 (37). Therefore, we propose the superoxide 
species as the active d a c e  oxygen species in CO oxidation over both the Au-Ce(La)-0 
and Cu-Ce(La)-0 catalysts according to the reaction model in Figure 6.17. In fact, oxygen 
spill-over and reaction with CO at the interface were demonstrated by Metcalfe and 
Sundaresan with the PtNSZ catalyst (IO). Tarasov et al. (38) proposed that the junction 
effect between the precious metals and cerium oxide facilitates the formation of 
superoxide species. This argument is applicable to the Au-Ce(La>O catalyst where 
distinctive metallic gold particles were identified. In the Cu-Ce-0 system, however, we do 
not regard the copper cluster as distinct fine metallic copper or Cu20 particles but rather 
as a group of copper atom. We postulate that the presence of copper ions in the Cu- 
Ce(La)-0 system may increase the concentration of unsaturated cerium i ~ n ( C e " ~  ) and the 
concentration of superoxide species. 

Most of experimental observations in this work can be explained with this reaction 
model. First of all, based on the model, only a small amount of copper or gold is needed to 
form an active catalyst. Bulk CuO oxide does not contribute to the observed CO oxidation 
activity. Isolated copper ions as found in the Cuo.ol[Ce(La)]o.9gOx catalyst prepared by 
calcination in nitrogen are not active because they can be capped by oxygen and water 
molecules so that CO adsorption sites are greatly suppressed. In the Cu-Zr-0 system, 
copper clusters may be stabilized by zirconia through the interstitial interaction model in 
Figure 6.18. But, the high stability of Z~-'~ion would not favor the formation of superoxide 
species(0;) and the Cu" species. This may be the reason why the Cu-Zr-0 catalyst 
showed greatly improved resistance to water vapor poisoning but only a small 
enhancement in catalytic activity compared to bulk CuO catalyst as reported in the 
preceding paper (1). 

6.4.4 Methane Oxidation Kinetics 
A variety of kinetic models for methane combustion on metal oxides have been 

reported (39,40). The activation energy for methane oxidation over the 
CUO Ij[Ce(La)]o 8jOx catalyst is comparable to the literature data. In general, the rates on 
base metal oxides such as perovskite-type mixed oxides are first order in methane, while 
the order in oxygen may vary fiom zero to approximately 0.5. A non-competitive 
Langmllir-Hinshelwood kinetic model was proposed by Otsuka et al. (41) for oxidative 
coupling of methane over a Ba-doped Ce02 catalyst. However, all previous kinetic studies 
used a narrower window of partial pressure of methane(P,,,) than the present work. The 
Langmllir adsorption type dependence on P, in the kinetic expression (Equation 6) for 
methane oxidation over the Cuo.1~[Ce(La)]0.85Ox catalyst suggests that the rate-determining 
step invokes the adsorbed methane. The power order dependence on the partial pressure 
of oxygen (PO) suggests complex oxygen sources for the reaction. The following reaction 
mechanism is proposed based on the present kinetic results. 

fast 
CH,, + 0, > O;, + C H , ,  --% CO, + H,O 
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In the above equations, cat denotes catalyst surface. Gas phase oxygen can quickly 
reach equilibrium with the various surface oxygen species as described by equation (2). 
The rate-limiting step invokes the reaction of adsorbed methane with the surface basic 
groups(0xygen ions). The negative charge on the resulting methyl group can transfer to 
the Surface oxygen through the electronic band or a metal ion intermediate(e.g., 
M+n+,-+ M+(n-l) + 0,, -+ M+" + O;,). The methyl radical is rapidly and completely 
oxidized into carbon dioxide and water over the present catalyst. This mechanism is 
overall similar to the ones proposed in the literature for methane oxidation over base metal 
oxide catalysts. But, some of previous kinetic studies of methane combustion suggested 
the direct reaction of gaseous methane with the catalyst surface. Here, we would like to 
emphasize that methane adsorption on the catalyst d a c e  is necessary to activate the 
methane at low temperatures, because the hydrogen abstraction process is a complex step 
as we stated in the preceding paper (I). 

Although it has a similar rate expression to CO oxidation, the methane oxidation 
process may be intrinsically different fkom CO oxidation. The pre-exponential factor of the 
methane oxidation rate constant in equation (8) is about five orders of magnitude smaller 
than that of the CO oxidation rate constant in Table 6.2. The heat of methane adsorption 
on the Cw Ij[Ce(La)]o 850x catalyst is only about 14.2k.J/mol. The Cu" species provide 
sites for strong CO adsorption but not for methane. Van Kooten et al. (42) found no 
measurable interaction of methane with metallic and oxidized copper over the temperature 
range of 300 to 750K. At the present time, we do not know what are the specific surface 
sites for methane adsorption on the Cu-Ce(La)-0 catalyst. Regarding the oxygen source, 
Li et al. (43) observed that methane oxidation on cerium oxide occurred in the absence of 
gaseous oxygen and superoxide species, which were considered to be active for CO 
oxidation. Our fixed-bed, steady-state measurements of CO and methane oxidation found 
that the two reactions were virtually independent of each other. Methane oxidation over 
the Cu-Ce(La)-0 catalyst occurred at higher temperatures(>3000C). Although such 
temperatures may not be high enough to cause significant bulk oxygen mobility, the 
participation of surface capping(oi2, 0- or 0-2 ) and lattice oxygen is very likely since 
Surface species on the CeOz d c e  are more active than the bulk (33,44). In conclusion, 
methane oxidation is a more complicated process than CO oxidation and a detailed 
adsorptioddesorption study is necessary to elucidate the reaction mechanism. 

6.5 Summary 
Gold in the Am.o&e(La)o.9& catalyst exists in h e  metallic particles in contact with 

the cerium oxide. The CO oxidation kinetics over the Auo.osCe(La)o.~~Ox catalyst were 
described by a rate equation such as 

Copper in small amounts showed strong tendency to attach to cerium oxide surface 
irrespective of catalyst preparation. Copper m the Cu-Ce-0 composite existed in the form 
of isolated ions, clusters, and bulk CuO particles. Isolated ions aggregated into clusters 
aRer heating at high temperatures (2650°C) in air. When the cerium oxide Surface was 
saturated by copper clusters, excess copper formed bulk CuO particles which were 
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typically covered by the fhe cerium oxide particles. Cu"' species was observed with all the 
Cu-Ce-0 catalysts in the X P S  studies and its formation is considered to originate f?om the 
interaction of copper clusters with cerium oxide. 

The oxidation rates of CO and methane over the Cu-Ce(La)-0 catalysts were 
expressed as kK ,PRP;/( 1 + K,P,), where PR denotes the partial pressure of CO or 
methane and PO is the partial pressure of oxygen. The activation energies of the surface 
reactions were 78-94kJ/mol for CO oxidation and 79kJ/mol for methane oxidation, 
respectively. The heat of adsorption on the Cu-Ce-0 catalyst was in the range of 28 to 
62kJ/mol for CO adsorption and 14kJ/mol for methane adsorption, respectively. 

The Langmuir-Hinshelwood mechanism and synergistic reaction model was proposed 
for CO oxidation over the Cu-Ce-0 and Au-Ce-0 catalysts. In this model, the Cu'" 
species of a copper cluster or h e  gold particles provide sites for CO adsorption, cerium 
oxide provides the oxygen source, and the reaction proceeds at the boundary of the two 
kinds of materials. The Langmuir-Hinshelwood mechanism was also proposed for methane 
oxidation over the Cu-Ce-0 catalyst. 

6.6 Notation 

Ea = activation energy, kJ/mol. 
Ea,, = apparent activation energy, kJ/mol. 
k = reaction constant, mol/(g-s-baf"") 
kco = reaction constant of CO oxidation, mol/(g.s.bar"). 
k, = reaction constant of methane oxidation, mol/(g.s.baf). 
&O = CO adsorption equilibrium constant, lhar.  
K, = methane adsorption equilibrium constant, lhar. 
KO = adsorption equilibrium constant of reacting species, l/bar. 
m, n = reaction orders. 
Nt = total gas flow rate, moVs. 
P = total pressure of reacting gases mixture, bar. 
Pco = partial pressure of CO, bar. 
P c O ~  = partial pressure of C02, bar. 
P, = partial pressure of methane, bar. 
PO = partial pressure of oxygen, bar. 
P R  = partial pressure of reacting species, bar 
Q = heat of adsorption, kJ/mol. 
R = gas constant, J/mol.K. 
&o = reaction rate of CO oxidation, mol/g-s. 
R, = reaction rate of methane oxidation, m0Vg.s. 
T = reaction temperature, K. 
Wcat = weight of catalyst loading, g. 
Xc02 = conversion to C02. 
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Table 6.1 CO Oxidation Kinetics over the Au-Oxide Catalysts. 

Catalysts Au size (nm) m n E,, (kJ/mol) 
~~ 

Auo.05[Ce(La)]0.950,* 8.0 0.30 0.18 53.7 

Au-Fez03 (14) 4.0 0.00 0.05 35.0 

2.0 0.05 0.24 34.2 

*catalyst was prepared by air calcination: 1 h at 500°C + 1 h at 600°C. 
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Table 6.2 CO Oxidation Kiuetics over the Cu-Ce(La)-0 and Other Copper Catalysts. 

Catalyst A E K Q Ed,,,, n 
(moVg-s-bar") (kJ/mol) (lhar) (kJ/mol) (kJ/mol) 

3 -4 
freshb -0.09M.02 9.82~10 72.7 6.82~10 36.8 35.9 

I -5 + 3 h in air at 660°C' 0.039.07 3.23~10 93.9 2 . 4 9 ~  1 0 45.6 48.3 

I -7 + 3 h in air at 860°C' 0.12H.02 1.78~10 87.3 2.50~10 61.2 26.1 

2 
CuO-Cr203 /y-&03 (26) 0.0 2.96~10 91.0 7 . 4 ~ 1  0-2 5.0 86 

(Cu:Cr=l:1)10 wt.% 

a. 
b. 
c. calcined in flowing air. 

d. 

calcined in air for 4 h at 650°C. 

calcined in N2 for 4 h at 600°C. 

Eaplj = Ea-Q, corresponding to the kinetic equation ~KcoPcoPO~ when &oP~o<<l. 
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Figure 6.  la XRD Pattern of the Auo.O5[Ce(La)]0.95Ox Catalyst. 
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Figure 6. lb X P  Spectra of Au4f in the Auo.o5[Ce(La)]o.95Ox Catalyst. 
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Figure 6. IC STEMEDX Elemental Maps of the Auo.os[Ce(La)]o.~~Ox Catalyst. 
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Figure 6.3-contd. 
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Cu2p X P  Spectra of Cu-Ce(La)-0 Catalysts of High Copper Content 
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Conclusions and Recommendations 

7.1 
Fluorite oxides, Ce02 and Zr02, and rare earth zirconates such as Gd2Zr207 are active 

catalysts for reduction of SO2 by CO. More than 95% sulfur yield was achieved at reaction 
temperatures about 5OOOC or higher with the feed gas of stoichiometric composition. 
These catalysts were stable and did not lose their structure afier the reaction. Detailed 
studies of Ce02 catalyst found that the catalytic activity can be enhanced by rare earth 
dopants (La, Gd, etc). Fluorite oxides and rare earth zirconates are known oxygen ion 
conducting materials of high oxygen mobility and/or vacancy concentration. Reaction of 
SO2 and CO over these catalysts demonstrated a strong correlation of catalytic activity 
with the catalyst oxygen mobility. 

Reduction of SO;? by CO to Elemental Sulfur 

However, the above catalysts showed strong hysteresis effect and propensity to H20 
and C02 poisoning. These catalysts need to be activated either by pre-reduction with CO 
or by starting the reaction at high temperatures. With the stoichiometric feed gas, the 
fluorite oxide catalysts lighted off at temperatures above 600"C, while the zirconates 
lighted off above 650°C. To avoid H20 and C02 poisoning, reaction temperatures higher 
than 550°C were required for these catalysts. Addition of active transition metals, such as 
Cu, Ni, Co, etc., to the fluorite oxide lowered the light-off temperature to about 500°C 
and significantly enhanced the catalyst resistance toward HzO and C02 poisoning. Among 
various composite catalysts the Cu-Ce-0 system was chosen for extensive studies. 

An active Cu-Ce-0 catalyst can be prepared by either coprecipitation or impregnation. 
XRD, X P S ,  and STEM analyses of the used Cu-Ce-0 catalyst found that the fluorite 
crystal structure of ceria was stable at the present reaction conditions, a small amount of 
copper was dispersed and stabilized on the ceria matrix, and excess copper oxide particles 
formed copper &de crystals of little contribution to catalytic activity. Kinetic studies 
were carried out with the C%.C,~[C~(L~)]O,~~O, and Cuo.l~[Ce(La)]~.850x catalysts. The 
conversion-contact time profiles were approximately represented by the following first 
order equation: 

The reaction mechanism was discussed within the following redox framework: 

Initiation step: 
Follow-up step: 
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SO2 inhibition effect: so, + 20,,, -@+so43ca* + 2co + so* + 2c0, + 2v0,c0c 

Surface capping oxygen has to be scavenged by CO to create oxygen vacancies. SO2 
molecule then fills the vacancy. But, SO2 can also react with the Surface oxygen to form 
strongly-bonded sulfate species. Thus, a working catalyst consisted of partially sulfated 
cerium oxide Surface and partially sulfided copper. Copper and cerium oxide in the 
composite catalyst play different roles: copper provides CO adsorption sites and cerium 
oxide provides oxygen vacancy sites. Thus, a synergism is realized. In the presence of 
water vapor, H20 molecule competes with SO2 to donate oxygen to the vacancy site that 
the water-gas-shift( WGS) reaction proceeds. Hydrogen produced fiom the WGS reaction 
promoted H2S production. The sulfur yield in the presence of water vapor could not be 
optimized by changing the reactor operation conditions. However, the strong redox 
property of the Cu-Ce-0 catalyst always made complete conversion of CO. 

7.2 
Transition metal-fluorite oxide composite catalysts were studied in this work for the 

complete oxidation of carbon monoxide and methane. A variety of highly active oxidation 
catalysts can be prepared fiom this family of catalysts. The Cu-Ce-0 composite showed 
higher CO oxidation activity than any other base metal oxide catalysts reported in the 
literature. The catalytic activity was not affected by small amounts of alkaline earth and 
rare earth dopants or impurities(ca. 1 at.%). Only a small amount of copper(ca. 2 at.% or 
0.7 wt.%) was needed to promote the catalytic activity of CeO2, while excess copper 
formed bulk CuO particles of little contribution to the catalyst activity. These catalysts 
showed excellent resistance to water vapor poisoning. The Au-Ce-0 was identified as an 
active and stable catalyst for low temperature CO oxidation. Complete CO conversion at 
room temperature over AUO o5[Ce(La)]o.95Ox catalyst was achieved at a space velocity of 
45,000 v/v/h. This catalyst also exhibited remarkable resistance to water vapor poisoning 
and thermal sintering. The activity of the Cu-Ce-0 system was superior to Co-Ce-0 and 
Cu-23-0, but all these catalyst systems showed sigmficantly improved resistance to water 
vapor poisoning. 

The Cu-Ce-0 and Cu-Zr-0 composites are also active catalysts for complete oxidation 
of methane. The Cu-Ce-0 catalyst activity can be tuned by using alkaline earth and rare 
earth oxide dopants in suitable amounts. Both La and Sr dopants provided signrficant 
promotion effect. No partial oxidation products, such as CO, H2, etc., were observed 
during methane oxidation over the Cu-Ce(La)-0 and Cu-Zr-0 catalysts, even under 
reducing reaction conditions. 

Au in the Am o&e(La)o 9 5 0 ~  catalyst exists as h e  metallic particles in intimate contact 
with the cerium oxide. This is a model catalyst system demonstrating synergism in CO 
oxidation. Copper in the Cu-Ce-0 composite existed in the forms of isolated ions, 
clusters, and bulk CuO particles. Isolated ions and clusters were strongly bonded to 
cerium oxide matrix, while bulk CuO particles were segregated and physically covered by 
the fine cerium oxide particles. Cu" species was observed with all the Cu-Ce-0 catalysts 
in the X P S  studies and its formation is considered to originate &om the interaction of 

Total Oxidation of CO and Methane 
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copper clusters with cerium oxide. The oxidation rates of CO and methane over the Cu- 
Ce(La)-0 catalysts were expressed by the following equation: 

dt 1+ KRPR 
where PR denotes the partial pressure of CO or methane and PO is the partial pressure 

of oxygen, and n is a small number close to zero. The activation energies of the Surface 
reactions were 78-94 kJ/mol for CO oxidation and 79 kJ/mol for methane oxidation, 
respectively. The heat of adsorption derived from the kinetics is in the range of 28 to 62 
kJ/mol for CO and 14 kJ/mol for methane, respectively. The Langmuir-Hinshelwood 
mechanism and synergistic reaction model were proposed for CO oxidation over the Cu- 
Ce-0 and Au-Ce-0 catalysts. In this model, copper clusters of Cu'l species or fine gold 
particles provide sites for CO adsorption, cerium oxide provides the oxygen source, and 
the reaction proceeds at the interface of the two kinds of materials. The Langmuir- 
Hinshelwood mechanism was also proposed for methane oxidation over the Cu-Ce-0 
catalyst. 

Effect of thermal treatment on the Cu-Ce-0 catalyst activity was studied with CO 
oxidation as a model reaction. Heating the Cu-Ce-0 catalyst induced the following 
processes: copper difhsion fiom bulk to Surface, clustering of isolated copper ions, 
aggregation of copper clusters, strengthening interaction of copper and cerium oxide, 
crystal growth of cerium oxide, and decreasing active oxygen species on cerium oxide. 
The catalytic activity is determined by the sum of these effects. Formation of copper 
clusters and strong interaction of copper with cerium oxide are desirable to obtain high 
activity. One salient conclusion drawn fiom this study is that a small amount of copper 
(e.g.<2 at.%) is preferred for a catalyst to have good resistance to thermal sintering, while 
excess amount of copper has detrimental effect on catalytic activity. 

7.3 
For SO2 reduction by CO over non-stoichiometric cerium oxide, the light-off 

temperature was decreased by about 100°C and hysteresis effect was almost eliminated. 
This result confirmed the proposed redox reaction mechanism in which the active catalyst 
comprises a partially reduced surface. Also, light-off temperatures of CO oxidation and 
methane oxidation over the non-stoichiometric cerium oxide were decreased by ca. 175°C 
and 60"C, respectively. Pronounced activity enhancement with the non-stoichiometric 
cerium oxide catalyst for the above three reactions suggests that structural defects of 
metal oxide are important for oxidation reactions. 

Oxidation Activity of Non-stoichiometric Cerium Oxide 

7.4 Recommendations 
Direct reduction of SO2 to elemental sulfur is a promising technology for the treatment 

of SO2-containing industrial streams. To make this process scheme more viable for 
practical applications, other reducing gases in addition to CO may need to be considered. 
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Consequently, the composite catalysts need to be optimized in basic and acidic properties, 
as opposed to the redox property. 

Cu-Ce(D)-0 (D=dopant) appears to be a strong oxidation catalyst. Application to 
catalytic combustion of volatile organic compounds merits to be explored. Cu-Ce(La)-0 
catalysts may be used in the fluid catalytic cracking unit as a CO oxidation promoter 
replacing the Pt/alumina catalyst andor SO2 transfer agent, and also for the low- 
temperature light-off application in the automobile catalytic converter. Life time test and 
parametric studies of Au-Ce02 catalyst need to be further studied for its application as low 
temperature CO oxidation catalyst for indoor air filter, sensors, etc. The Au-CeO2 catalyst 
has intrinsic superiority to the other Au-based and (Pt, Pdkbased low temperature CO 
oxidation catalyst. 

In this project, only alkaline earth and rare earth elements were considered as dopants 
to the composite catalysts. Ceria can be made electronically conductive by doping with 
pentavalent or hexavalent cations. From a hdamental point of view, it is worthwhile to 
try such dopants as Nb, Ta, W, etc. 
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