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~ES~AR.CHSCO~E.AND OBJECTIVES 

The goals of this program are to develop an understanding of the causes 

for catalytic activity and selectivity, and an understanding of the effects 

of metal oxide structure and acidic and hasic additives on CO hydrogenation 

over metal oxides. The research has focused on synthesis gas conversion over 

zirconium dioxide to produce branched hydrocarbons and alcohols, Isosyn- 

thesis. Reaction mechanisms have been identified by the use of infrared 

spectroscopy, transient reaction techniques, and carbon-13 and oxygen-18 

isotope labelling. Isosynthesls is characterized by ~wo competing growth 

steps, CO insertion and condensation between methoxlde and enolates. Surface 

oxygen anion vacancies have been identified as the active site for CO activa- 

tion by various adsorptive and reactive titrants. 

Current work is focused on alkaii hydroxide/, A1205/, Sc203/, Y203/ 

Sm203/ and La203/ZrO 2 systems. These systems were selected because acidity, 

hasicity: oxygen anion vacancy concentration and oxide overlayer effects can 

be systemaulcaily altered. X-ray diffraction, XPS, BET, gravlmetrlc uptake 

of CO and SO3, and acid/base titration are used t~ characterize the 

catalysts. Conversion of CO to methanol, 2-alcohol dehydration, and 

labelling studies, which establish the relative rates of CO insertion versus 

condensation, are used to probe the catalytic properties of these systems. 

~ESCRIPT~ON DF _THE RESEARCH EFFORT 

During the past year we have focused on two issues: confirmation that 

anion vacancies are the active slues for CO activation and hydrogenatlon, and 

the influence of additives on the reactions that occur during isosynthesis. 

The anion ~acancy study is completed and is discussed first. The influence 

of additives is ongoing and forms the basis for the work we will continue in 



the next year. 

The interaction of CO and CO/H 2 mixtures with ZrO 2 has been studied, and 

the species which formed and how they transformed are understood [1,2,5]. 

Our study was directed at establishing the role of the oxide surface in the 

activation of CO and in the formation of the C 1 fragments 'which are involved 

in methane and methanol formation at 1 at~n [2] and in iscsynthesis at 35 atm 

[4]. The active site for formate formation and reduction to methoxlde had 

been suggested to be a surface anion vacancy [2]. Molecular probes were 

selected as the means t o  identify the site over ZrO 2. Carbon monoxide was 

expected to form a formate, CO/H 2 adsorption followed by hydrolysis of me- 

thoxide to methanol was expected to identify the methoxide surface concentra- 

tion, and SO 3 was expected to react with anion vacancies and form a sulfate. 

Sulfur trioxide was selected as an anion vacancy titrant for ZrO 2 on the 

basis of studies with SO 3 over other oxides and on the ability to form sul- 

fate species over ZrO 2. Infrared studies over Fe203 by Yamaguchi et el. [5] 

showed that sulfur trioxide adsorbed as a sulfate species with a dioxo struc- 

ture, (FeO)2S(-O) 2. This was proposed to occur at oxygen anion vacancy 

sites. A sulfate species could also be formed over Fe203 from SO 2 in excess 

02 or by calcining (NH&)2SO 4 and Fe(OH) 3 [5]. A similar sulfate structure 

with dloxo ligands was proposed by Jin et el. [6] following calcination of 

(NH~)2SO ~ and Zr(OH) 4 at 600 ° C. A recent infrared study by Bensitel et el. 

[7] found that adsorption of H2S or SO 2 in excess 02 over ZrO 2 at 450 ° C 

resulted in the (ZrO)3S-O sulfate species. This same (ZrO)3S-O sulfate 

structure was also reported following impregnation of ZrO 2 wi~h either H2SO 4, 

(NH4)2SO 4 or Zr(SOA) 2 followed by evacuation at 450 ° C [7]. 

The oxides of zirconium form three different phases, .monoclinic, tetra- 



gonal and cubic [8-10]. The monocllnic phase is stable below 1200" C. The 

tetragoE,~ I _ "~nase is normally stable above 1200 ° C, but can he obtained in a 

met~istable condition at much lower temperatures and is the crystal structure 

of zlrconia particles under 300 angstrom in diameter [II]. The cubic phase 

is formed at temperatures above 2280" C, but can be stabilized at room tem- 

perature by the addition of other oxides such as Y203 and CaO. 

The uptake studies were performed over pure zirconla and over yttrla- 

doped zirconla. It was not possible to make pure ZrO 2 which was all one 

phase and of sufficient area (at least 5 m 2 g-l) for the gravimetric experi- 

ments. Only mixtures of monoclinic and tetragonal zireania formed. Yttria 

doping of ZrO 2 was used to generate a single phase (cubic) and to introduce 

known concent.~cations of arlion vacancies. This latter aspect results since 

stabilization of the cubic structure is accomplished by direct substitution 

of trivalent yttrla cations for the host lattice Zr +4 cation. Since the 

dopant cation is of lower valence than the host cation, oxygen vacancies are 

created to preserve lattice neutrality. Spectroscopic studies have shown 

that the trlvalent Y and tetravalent Zr cations are statistically distributed 

[12] and that the Zr cations are nearest neighbors to the anion v~'cancles 

[13]. These ~.-acancies increase the electrical conductivity, with diffusing 

oxygen ions being the primary charge carrier [IA-16]. This diffusion of 

oxygen ions has been assoclaned with lattice vacancy migration [14,15]. 

A series of catalysts was prepared for this study. The composition and 

phases are presented in Table I. The uptake results are presented in Table 

2. Fourler-transform infrared spectroscopy was used to establish that CO 

adsorbed as a formate (as expected [3]). Therefore, the CO uptake results 

represent the amount of formate which adsorbed o~er the catalyst. The 
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TABLE 1 

Catalyst Preparation and Characterization 

74.69 

63.40 

82.02 

71.20 

11.86 

Catalyst Calcination Calcination 
sample I~mpcralntc(*C) ~mc (hr) 

1 600 2 

2 6O0 4 

3 6OO 6 

4 700 4 

5 800 4 

6 6OO 4 

7 6OO 4 

.8 600 4 

9 600 4 

I0 600 4 

BET surface Mole% 
area Cm2/g) Y203 

30.04 0.0 

27.83 0.0 

18.08 0.0 

8.16 0.0 

8.70 0.0 

9.1 

11.8 

15.0 

19.9 

100.0 

a) Percent of monocHniclmwagonal/cubic phases present in the catalyst. 

Ph~c (a) 
(M~/C) 

67/3310 

7013010 

73/27/0 

79/2110 

90/10/0 

0101100 

0101100 

0/{3/100 

0/01100 
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T A B L E  2 

G r a v i m e t r i c  Up take  a n d  T i t r a t ion  Resul ts  

Catalyst 
sampM 

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Mole% Molecules SO 3 Molecules CO Mo1~alcs CH30H 
Y203 adsorbcd/m 2 (x I0 -i7) adsorbed/m 2 (x I0 -17) titratcd/m2 (x I0 -17) 

0.0 

0.0 

0.0 

0.0 

0.0 

9.1 

11.8 

15.0 

19.9 

100.0 

17.1 3.09 7.16 

28.5 6.00 5.72 

43.5 1 I.I 7.93 

20.5 16.2 16.2 
"2 

35.2 18.2 12.2 

11.9 3.06 2.64 

6.25 1.02 2.14 

3.94 0.94 0.28 

6.74 1.50 0.20 

8.73 6.02 0.08 
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methanol titration methods were developed in earlier studie~', in our group 

[1,2] and the results reported in Table 2 were similar. This similarity 

suggests that methanol titration represents the formate which was hydro- 

genated to methoxide. Infrared spectroscopy was used to establish that SO 3 

adsorbed as the (ZrO)3S-O sulfate species. Repeated dose e::perlments were 

performed in which SO 3 was adsorbed and desorbed six or seven times in dif- 

ferent atmospheres to ~stabllsh that sulfate formation was reversible and 

that SO 3 was not reacting with surface hydroxyl groups or adsorbed oxygen 

ato~.s. 

There are two critical issues associated with SO3; the structure of the 

adsorbed species and whether or not SO 3 reacts with anion vacancy sites 

during adsorption. The IR studies were used to assign the structure the 

(ZrO)3S-O sulfate species by comparison to the work of Bensitel et al. [7]. 

It is not possible to use the uptake" results over the monocllnic/tetragonal 

mixtures to determine if the sulfate formed at anion vacancy sites because a 

constant phase composition could not be generated. Yttrla doping of ZrO 2 was 

used to generate a single phase (cubic) and to introduce known concentrations 

of anion vacancies. By assuming the surface and bulk Y203 concentration and 

the associated anion vacancies to be equal it was possible to calculate the 

theoretical number of anion vacancies. The uptake results in Table 2 were 

divided by the predicted values (for the (1O0) plane) to give the results 

listed in Figure 1. The 9.1% Y203 stabilized ZrO 2 (YSZ) had the highest 

uptake for all probes. The theoretical uptake for SO 3 was exceeded over 9.1% 

YSZ. Arguments [17] were presented to explain the results presented in 

Figure 1. These arguments considered the effect of Y203 on the probe mole- 

cules and the materials properties of doped zirconla. Vacancy mobility is 
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highest in the 9.1% YSZ sample and significantly depressed in the other YSZ 

samples. We reasoned that SO 3 reacted with the vacancies; because of their 

mobility in the 9.1% sample the vacancies could iigrate to the surface. We 

proposed that the uptake studies over YSZ confirm tha~ SO 3 reacted with anion 

Vacancies. 

Methanol was produced in a noncatalytic reaction to determine the number 

of methoxide species which formed. Methanol can be produced in a catalytic 

reaction over ZrO 2 at atmospheric pressure [2,18] and over both ZrO 2 and 

yttria stabilized ZrO 2 at 35 arm [4]. Methoxide is the precursor to methanol 

[2]. Sulfur trioxide adsorbed at anion vacancy sites. The SO 3 uptake data 

and methanol titration data (Table 2) for catalyst samples 1-9 are plotted in 

Figure 2. With the exception of the datum point corresponding to catalyst 

sample 4, which was reproduced several times for SO 3 and methanol, there is a 

reasonable correlation between the amount of methanol formed and the amount 

of SO 3 adsorbed as sulfate. Catalyst samples which contained different 

amounts of monoclinic, tetragonal and cubic zirconla are represented in 

Figure 2. Similar correlations (not shown) were found when the amount of CO 

adsorbed as formate was plotted versus the amount of SO 3 adsorbed or when CO 

adsorbed was plotted versus methanol formed. These correlations support the 

proposal made earlier [2] that COh ydrogenation to methanol proceeds over 

anion vacancy sltes~ 

Figure 3 presents the mechanism for CO interaction with ZrO2,~which was 

presented in an earlier publication [2], and a representation of SO 3 reacting 

with a vacancy site on the 2rO 2 surface. Hydroxyl groups are not shown in 

Figure 3A because our studies did not indicate any role of hydroxyl groups in 

sulfate formation. (Hydroxyl groups were present during all of the experi- 
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merits.) Desoz~tton in argon or oxygen, during the r ~ e a t e d  dose experiments,  

should have prevented repopulation of hydroxyl groups. If hydroxyl groups 

play a role in the uptake of SO3, this would have led to a continuous de- 

crease in SO 3 uptake with continued dosing/desorptlon cycles. 'Bensitel et 

al. [7] also did not find any infrared evidence for hydroxyl interaction with 

SO 2 during sulfate formation. 

The chemistry for hydrocarbon synthesis over ZrO 2 was investigated and 

reported [2,4]. The reactions which lead to hisher weight products are 

presented in Figures 4 and 5. We have been interested in establishing the 

surface characteristics of metal oxides which give rise to and influence the 

reactions presented in these figures. Our approach has been to investigate 

how acid and base additives and vacancy concentration influence the relative 

rates of CO insertion and condensation. We have prepared a variety of doped 

zirconlas and have examined the effect of dopant type and concentration on 

the selectivity at 35 arm and 425 ° C to identify trends with dopant level. 

These catalysts have been analyzed by X-ray diffraction and XPS. Fi%~es 6 

and 7 are representative of the activity and selectivity patterns ~Ith 

vacancy level (Figure 6) and basicity (Figure 7). Causes for these trends 

can be established through the use of carbon-13 labeled acetone and proplon- 

aldehyde whlchwill permit us to determine, in an absolute manner, the effect 

of additives on the rates of CO' insertion and condensation for linear and 

branched propagating species. Carbon labelling was used no establish the 

mechanisms [4]. We w~.ll also Investlgate secondary alcohol dehydration 

seleculvlty to I- and 2-olefins because the key intermediate in dehydration, 

an enolaue, is also a key intermediate (VIII and X) in the CO hydrogenation 

mechanisms shown in Figures 4 and 5. Nothing definltlve can be stated at the 
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present about the chemistry of these doped oxides. The experimental approach 

we will used to understand this catalytic chemistry is presented below. 

FUTURE RESEARCH 

To understand the surface .characteristics that cause a metal oxide to 

have the unique selectivity of the isosynthesls reaction we will investigate 

the effect of oxygen anion vacancies, oxygen mobility, acid and base 

strength, alkali promoters and pretreatment effects. The objective will be 

met by examining isosynthesls selectivity changes, alcohol dehydration selec- 

tivity changes and the relative rates of CO insertion and condensation reac- 

tions over specifically formulated catalysts. 

Oxyeen Anion Vacancies. The effect of oxygen anion vacancies will be 

investigated by synthesizing YSZ at 3, 7, 9 and 12 percent yttrla. The 

addition of each Y cation to ZrO 2 creates half an anion vacancy. Figure 6 

clearly shows methoxide activity, isosynthesis activity and isosynthesls 

selectivity are at a maximum where vacancy mobility is at a maximum and where 

SO 3 also showed a maximum. The effect of increasing methoxlde surface con- 

centrations should be revealed with this system. 

Oxygen Mobility. In small percentages of stabilizer addition, the anion 

vacancies appear to be arranged at random throughout the lattice structure. 

Above 9-10% stabilization with Y203 the anion vacancies are believed to form 

domains eauslng the mobility (and ionic conductivity) to decrease signifi- 

cantly [19-21]. This change from random to ordered vacancies occurs at a 

percentage unique to each stabilizer. The role of oxygen mobility will be 

investigated by studying the four YSZ's plus three catalysts stabilized with 

calela at 13, 15, and 17% calcia. These mixtures are chosen because ZrO 2 is 

not fully stabilized below 12-13% CaO. The maximum conductivity of CSZ is at 



13~ and decreases  a t  h ighe r  s t a b i l i z a t i o n  [14]. 

Acid/Base E f f e c t .  Severa l  metal oxides o f  va ry ing  acid/base  s t r e n g t h  

will be added to ZrO 2 to ascertain the effect on the isosyn~hesls reaction. 

Oxides will be mixed with ZrO 2 at 9%. Listed in order of increasing basicity 

these include: Sc203<Y2Ob<Sm2Ob<La203<CaO. The ionic radius of the cations 

increase with baslelty to the point where La +3 is thought to be too large to 

fie into a cubic fluorite structure. Therefore, it 81yes rise to a per- 

chlorite structure and anion vacancies are ordered leading uo less ionic 

conductivity. This "ordering" of vacancies may not effect the number of 

vacancies on the surface, but it does lower the oxygen mobility [14]. . 

Alumina has also been incorporated into the acld/base study because the 

"best" isosynthesls catalyst was identified to be 39% AI203/Th02 [22,23]. 

Alkall Promoters. Alkali promoters added as alkali hydroxides, have 

been reported to enhance higher alcohol formation over Cu/ZnO catalysts. 

This is thought to occur because the large alkali cations stabilize the 

enolate intermediate in the condensation reaction. The more basic the pro- 

moter, the larger the alkall catlon, the better it was found to promote 

higher alcohol formation [24]. Four alkali hydroxide solutions will be added 

to the ZrO 2 catalyst to measure the effect of the promoter and the relative 

effect of the basicity/oauion size of the promoter. 

Isosynthesls Reaction. The effect of these catalysts have on the iso- 

s)~thesis reaction will be investigated by studying the conversion, branched- 

to-linear ratio and the product distribution. Product distribution will 

include whether or not is it the characteristic isosynthesls distribution 

(ZrO 2 in Figures 6 and 7) and what is the C 1 produce distribution. Since 

branched products form by both propagation reactions (Figures 4 and 5), 13C- 



labelled acetone and proplonaldehyde will be used to differentiate the rates 

of these two propasation reactions. The effects on enolate stabilization 

will be investigated with the 2-alcohol dehydrationseiec~ivlty. 
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