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Introduction

1

‘Transition metal oxide catalysts, although generally less active than
transition met;ls in reactions such as hydrogenation, combustion and hydro-
genolysis, have the properties of being very selective in a number of reactions.
Notable examﬁles of high selectivies can be readily founa.in various selective
oxidation reactions, in methanol synthesis from sfn—gés, and dehydration reac-
tions. As high selectivity has always been gréatly desirable, it is important
to understand its 6rigin. More broadly, it is important to obtain fundamental
understanding of catalysis by transition metal oxides. Our effort has been
towards this goal. ;p the past yea%, our effort has been concentrated in two
directions: to elucidate tgé relationship between surface structure and surface
chemical properties, and tb investigate the effect of crystallite sizé. Briefly,
by comparing the decomposition reactions of methanol, formaldehyde, and formic
acid on the nonpolar and_the Zn-polar surfaces of Zn0, it was found that the Zn-
polar surface was more metallic-like than the nonpolar surface. On the nonpolar
surface, defects always make the surface more reactive. In the study of the
crystallite.size éffect; it was found that the éelectivity for butadiene pro-
ducﬁion in tﬁe oxidative dehydrogenatidn of butene on iron oxide increases with
‘"decreasing crystallite siéé, fanging from about 407 for very large crystallites
to about 80% for very small crystallites. It is believed that this is the first

documentation of crystallite size effect in transition metal oxide catalysis.

The details of these and other investigations are described below.

Relation between surface structure and surface chemistry of Zn0:

In the last annual prbgréss report, Eharacterization of the nonpolar
(1010), the stepped (4041) and (5051), and the Zn-polar (0001) surfaces of Zn0
by LEED, Auger spectroscopy, and temperature programmed desorption/decomposition

(TPD) of CO, C02, 02, and CH3OH were described. The TPD results showed that the



)

interaction of CO and CO2 on the (lOIO) and the (0001) surfaces are different
(see Fia. 1 for a schematic representation of these surfaces), and the stepped
surfaces behave like the Zn polar surface in CO adsorption, but like the nonpolar
surface in CO2 adsorption. In the TPD of methanoi,‘the stepped surfaces were
like the nonpolar surface except for the higher activity in deéomposition of
methanol, and were very different from tﬁe polar surface. Details of these re-
éulté have been published..

The different product distributions in methanol decomposition in TPD sug-
gested the possibility of a reaction mechanisms for the Zn—po}ar surface that is
different from the other surfaces (céllectively referred to as nonpolar surfaces).
Effort was spent to elucidate the reaction mechanisﬁs'by comparing the TPD results
of methanol{ formaldehyde, and formic acid on these surfaces. Details of the re-
sults can be found in the'manuscript'submitted for publication in the Journal of
Catalysis. The important conclusions.are summarized as follows: |
1) On the nonpolar (whicﬁ includes the (L010) and the stepped (5051)) surfaces, and

| the Zn-polar surface,. there are two reacﬁion pathways for methanol decomposition
as studied by TPD. The nonpolar and the polar su;faées diffe; in one pathway,
but are.the same for the other. The cémﬁon pathway is the oxidation of meth-
anol by lattice oxygen to a surface formate which decomposes at high tempera-

and H,0. This decomposition occurs at a higher tempera-

ture to CO, C02, HZ’ 9

ture on the polar surface suggesting that the formate is more stable on this
surface. Formaldehyde decomposition also proceeds via this formate pathway.
.Thus the decomposition products of methanol (via oxidation), formaldehyde, and
“formic acid are all similar.

2) For methanol decomposition, there is a second pathway of dehydrogenation on the
Zn-polar surface to yield formaldehyde, CO, and HZ' The dehydrogenation and
the oxidation pathway compete, and their relative importance depends on the

coverage of methanol. Oxidation is more favored at low coverage while dehydro-
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3)

4)

genation is favored at high coverage. Within the dehydrogenation pathway,
the ratio 'of CO/formaldehyde increases steadily with increasing coverage.
This was interpreted as an indication of the presence of metallic proper-
ties on the Zn-polar surface in addition to its oxidic properties which give
rise to the oxidation pathway.

The second pathway for methanol decomposition on the nonpolar surfaces is the
hydrogenation of surface methoxide (or methyl group’ to form -methane. Iso-
topic studies using CH30D showed the absence of D in thé oxidation products.
This suggests that the methyl group is intact in the production of methane.

Comparison of the desorption temperature of H, 0, isopropanol, methanol, for-

2
maldehyde, formic acid, acetone, and acetaldehyde reviewed the following pat-
tern (tabie 1). - On the Zn-polar surface, desorption of these molecules (in
the undecomposed form) occurs at about tﬁé same temperature. ‘On the nonpolar
sﬁrface, acetone, formaldehyde-and acetaldehyde desorb at a temperature
slightly lower than hydfoxyl—containing molecules of H20, isopropanol, formic
acid,_and methanol. This difference was interpreted as an indication that
these molecules édsorb moiecularly on the Zn-polar surface via the electron

lone-pair at the oxygen atom of the molecules. On the nonpolar surface, dis-

sociative adsorption occurs for the -OH containing molecules, while molecu-

\

. lar adsorption takes blace for the others.

RO H

R -0H + \ /
Zn -0 > - Zn - 0

The atomic structure of the Zn-polar surface, where all the coordination un-

saturation bonds are associated with the Zn atom, makes dissociative adsorp-

. Zn Zn
7 N/ \
0 0 0

..tion enérgetically less favorable. Dissociation of the adsorbed molecules still

occurs at higher temperature, probably when oxidative dehydrogenation by lattice

oxygen takes place. This represents the first definitive differences observed



Table'i: Desorption Tempgratures of Undecompbsed Adsorbates on Zno(a).

Surface

Adsorbate (10?0).(5031) (0001)
a0 13525 2304109
CH 30H 15085 22045
CHgO0H 130¢®) | 24045(¢)

1-CH,0H 150t5(°) 240:56c)
€50 12535 22545
CH-,CHO 105(P) -
(CH,) ,CO 105+5 (¢»©) 250410

Footnotes:

a) All'temperatures are in °C for a heating rate of 10 C 3ec'1‘except
| those indicated.

b) These are taken from ref. 29, The heating rate was 11 C sec™?,

c¢) Unpublished results from this laﬁorabory.

d) This temperature is for saturation coverage. It is for the lower

temperature peak.

e) This is the lower temperature peak.



for structural effect in oxide surface chemistry.

Thus' far, our effort has been on the nonpolar and the Zn-polar surfaces.

Other surfaces will be studied in the future.

Crystallite size effect in transition metal oxide catalysis

While crystallite size effect in metal catalysis has been extensively
studied, corresponding study in oxide catalysis is rare. We have been studying
it in the selective oxidative dehydreogenation of butene to butadiene on iron

oxide catalysts. This reaction is schematically represented as:

1ol C H H,O
 C4llg T Hy
C4H8< : .
CO2 + HZO
(o}
C;ystallite size effect if present can affect the conversion of Buteﬁe and/or
the seléctivity for butadiene.
- Two series of catalysts were studied. One was supported on SiOz, and
showedvan.average crystallite size ranging from 2.5 to 8.5 nm (as determined by
X-ray line broadening). The other was unsupported and showed an average size of
13 to >61 nm. These sam%les were subjected to varioﬁs characterizations in-
cluding steady-state reactivity méésurement, X-ray diffraction, X-ray. line pro-
file analysis, Mossbauer spectroscopy, aﬁd mégnetization measﬁrements. Detailed
results can be found in the manuséripfs submitted for publication. ‘The.important
results are as follows:
1) ‘There is a definite general trend that‘the seleétivity for butadiene de-
creases with increasing crystallite size (see Fig. 2). However, the trend
is not monotomic in that there appears to be some differences between sup-
ported and unsupported samples. Furthermore, the change in selectivity is
temperature dependent such that over the temperature range studied (300 to

375 C), the trend is most obvioﬁsAat 300 C, and becomes less and less obvious

with increasing temperature.
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2)

3)

4)

5)

6)

For the three supported samples, Mossbauer, X-ray, and magnetization charac-
terizations of the two larger crystallite size samples indicated the pres-
ence‘of only the alpha crystallographic phase of Fe203. Characterization

of the smallest size sample is less definitive. M&ssbauer and magnetiza-
tion‘data wefe consistent with oc-Fe2 3» but the X—ray diffraction data was
inconclusive.

For the unsupported samples that were calcine& in air or oxygen at high tem-
perature (>350 Cj, various characterizations indicated the presence of only
d—Fe203. For'samples calcined at lower temperatures, the presence of a second
phase identifiable as iron hydroxide was detected. The amount of hydroxide
increased with decreasing calcination tempefature.

X—ray»Fourier line'shape analysis showed that the supported iron oxide has a
much narrower crystallite size distribution than the unsupporfed samples. It
also showed that thé a»FeZO3 phase in the unsupported sampleé calcined at low
tem;erature contained a relatively large amount of strain. The supported
samples and the unsupported sémples caicined at high temperatures are rather
strain free,

Taking all the characterizat?on data togéther, it was conclued that the dif-
ferences in selectivity for butadiene production is indeed a crystallite size
effect and not due to the presence of other iron oxide phases. This then rep-
resents ;he first documented crystallite size effect in oxide catalysis.
Within the uncertainty in determiﬁing the surface area of iron oxide, the turn-
over number of butene was roughiy the same independent of crystallite sizes.
There are a number of pqssible explanations for this crystallite size effect.
First, the reaction may Se crystal face specific. 1If the ratios of exposed
crystal planes depend on the crystéllite size, the selectivity changes ac-

cordingly. Second, the production of butadiene may require a specific site,

such as anion or cation vacancies. The density of such defect sites may be

higher for smaller crystallites. Third, the reaction mechanism has been pro-



posed to involve an oxidation-~reduction cycle. Since it has béen established
fhat smaller oxide crystallites are harder to reduce, this can cause a change in
selectivity. Finally, it'has been found that the degradation to CO2 is due to
the vulnerability of adsorbed butadiene precursors to weakly adsorbed oxygen.

It is possible that the activation of such active oxygen on a-Fe is crystal-

0
273
lite size dependent. At present, there is no direct evidence to distinguish these

possibilities. More work is needed to elucidate the origin of the effect.

The meaning of equilibrium exchange rates in nonelementary reactions:

Although not in the original proposal, we became interested in investi-
gating the use of postulates in nonequilibrium thermodynamics to study kinetics

of catalytic reactions. An example of the application of this approach is the

methanol synthesis reaction from syn-gas. In the reactant mixture of CO, CO2 and

HZ’ three reacﬁions are potentially important:
Co + 2H2 = Cﬁ3OH
CO,+ 3H, = CH,O0H + H,0
Co + ﬁzo = C02 + H2

However, the individual rates of these three reactions cannot be determined
uniquely in a conventional reactor because of the five chemical species, only two
are truly independent. The other three are related to these two through mass

conservation equatiomns.

Based on nonequilibrium the;mod&namic theorieé, the flux of each reaction
can be written as linearly proportional to the sum of the deviation from equilib-
rium of thelindividual species weighed by the appropriate stoiéhiomeﬁric coef-
ficient. The proportionality  factor for each reaction i, Xi is known as the
equilibrium exchange rate. If the reaction i as written is an elementary reaction,
then Xi is the rate in one direction at equilibrium.

When applying this concept to determine the Xi's of a series reaction, such

as a catalytic reaction, it was not clear what is the meaning of the equilibrium ex-



change rate Xo for the overall reaction, and what is the relationship between Xo
and the Xi's o& the elementary éteps. To answér these questions, we performed

a mathematical analysis for both a batch reactor system in which the system is
relaxing towards equilibrium, and a steady—étate flow reactor system. The result
is that as long as the concentrations of the intermediate species are low such
that the qugsi-steady state assumption holds well, Xo is related to the Xi'S by

1
x - i

N‘H

o i
In other words, the reaction system behaves like an electrical circuit when close
to chemical equilibrium, and when the quasi-steady state assumption holds. Thus,
if there is a rate limiting step in the series{ the overall exchange rate is that
of the rate limiting step. This result is being réported in a ﬁanuscript ac=-
cepted for'publication'in the AIChE Journal. In that manuscript, the conditioﬁs
for the detérminability of the exﬁhange rates were also presented.

This approach has now been used to‘find the rates of the three reactions
in methanol synthesis. Results thus far show that at 15 atm, 250°C over a
Cu/Zn/0 catalyst, the equilibrium exchange rates Pf CO2 hydrﬁgenation % CO hydro-
genation & water-gas'shift reaction. Thus,'contrary to what most people believe,

CO2 hydrogenation is actually a dominant pathway for methanol production, es-

pecially at high econversions.
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