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RESEARCH SCOPE AND OBJECTIVES

The objectives of the research ar; identification of the
reaction intermediates present during CO hydrogenstion over metal
oxides, determination of the reaction mechanisms, and a descrip-
tion of the active site and how the metal cations and lattics
oxygens participate in éhe CO hydrogonation reactions. Zirconium
dioxide has been melected for study because it catalyzes the
formation of branched hydrocarbons and alcohols and permite one
to study the reaction chemistry at elevated and atmospheric
pressures. It iIs also a single metal oxide system which permits
one to identify the catalytic properties of the metal cation

without interference from a second metal component.

DESCRIPTION OF THE RESEARCH EFFORT

Research has continued into the mechanisms of propagation
and branching during high pressure (35 atm) CO hydrogenation, and
inte the manner in which CO and Hy are activated over 2502 and
the naiure of the active site. The mechanism has proven to be
difficult to msort out using rate studies and will require car-
bon-13 isotope labeling to test our hypotheses. The active
site appears to have been identified and the interaction of CO
with the surface of Zr0z has been thoroughly explored. The
results, their significance and research to be conducted through
the end of the current contract period will be presented balow.

A variety of techniques have besn used to study the manner

in which CO ie activated over Zr02. Thaese include temperature-
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progranned téchniqued, oxygen~18 iesotope labeling and infrared
spectroscopy. VWe focuﬁed our energy on elucidaf!n; the mechanism
whoreby methanol foried over Zroz becaune the reaction product
contained oxygen and we felt we would be able to identify the
precursors to methanol by isotope ntudiel. The results of this
work are discussed in detail in Appendix 1, a manuscript submit-
ted to the Journal of Catalynis. This study confirmed a -achaniam
we had proposed earlier on the basis of different techniques
[1,2,31. This mechanism involves CO interacting with Zr0y to form
a surface formate, the formate is reduced to a surface methoxide
and the methoxide f{s hydrolyzed to methanol by water, which is
either added in the reactant ;tream or is formead during the
hydrogenation reaction at elevated temperatures. The‘iuotope
studies permitted us to propose the nature of the active site and
to propose the details of formateyfor-ation and conversion.

Figure 8 of Appendix 1 contains the detailed mechanism we
proposed. During the course of the isotope studies we found that
both methanol and formate incorporatsd negligible oxygen from
water and a :ignificang gnount of oxygen from the zirconia
surface. The essential aspect of this mechanisn ie the role
played by lattice anion vacanciea. The mechanism presented in
Figure 8 accouptc for the incor}oration of lattice oxygen into
methanol. The nead for such a vacancy needs to be confirmed and
we intend to pursue this through the remainder of the contract

period and into the start of renewal grant period.



The mechanism also shows that the source of hydrogen in the
reduction processes is surface hydroxyl. The contribution of
surface hydroxyl versus hydride hydrogen remains unresolved over
zirconia. Hydride has been reported by Onishi et al. {4] over

zirconia and by Lamotte et al. [5] over thoria. Hydride is

required in CO conversion mechanisms which are initiated by CO
forming a surface formyl [6]. We have been unabhle to reproduce i
the results of Onishi et al. over zirconia prepared according to

their methods or any other method we have tried. The reason for

this discrepancy is unknown but may be associated with the

availability of coordinatively unsaturated Zr catione on the

surface. We propose that unsaturated sites are required for the

reaction (see Figure 8) and these may become quickly blocked by

water which forms during any éxponure of zirconia to hydroxin.

The need for & formate to account for the oxygen-18 distributions

we observed (Appendix 1) and the results of an earlier study [2]

are more consistent with hydrogen being supplied by surface

hydroxyl. Surface hydroxyl has also been invoked by Edwards and

Schrader [7] as the source of hydrogen in CO conversion over a

i

Zn0-based catalyst system which is known to contain surface

hydride. !
As detailed in Appendix 1, we also found that two kinetically

different types of qurf.ce hydroxyl groups were prasent over Zr0j3.

We found that bicarbonate/carbonate contained a different distri-

bution of labeled-oxygen than did formate. A significant amount

of oxygen originating from water was found in the bicarbonato/enr—"



bonate species. A Qarien of Infrared studies was conducted with
€0 and COy over the zirconia prepared from ZrCl4. Flgure ]
presents the spectra observed when CO0 and (07 were adsorbed on
the surface of zirconia. The bands observed for (O are associated
with a formate and the bands observed for (0 are associated with
bicarbonate and carbonate speciea. We were unabie to get the
bicarbonate to reduce to the formate in the IR cell. These
regsults combined with additipnal temperature-programmed results
were ugsed to propose that COy interacts with a terminal hydfoxyl
group on the surface of zirconia, that this terminal hydroxyl
originates frﬁm water, dnd that C0g is probably not directly
reduced to methane/methanol over zirconia but must be éonvarted
into CO via the bicarbonate specieh.

Ve plan to document the different interaclion of CO and €0
by conducting a series of oxygen labeling experiments with
giygeﬁ-lﬁ C0p. It should be poahiblp‘to identify the extent to
which C0z reacts with a water—baned hydroxyl group and whether or
not bicarbonate decomposes to CO0 (as proposed in Appendix 1), and
that this provides an indirect route to the convarsion of co,
into hydrocarbons. The labeled-C02 and -H20 needed for these
studies has been ordered‘énd we intend to initiate the expefimenta
as soon as the chemicals arrive. | _

The active site for co acti§ation (Fisure 8 of Abp-ndix 1)
ig proposed to involve a coordinatively unsaturated 2r cation and
an adjacent bridging surface hydroxyl. We intend to study this

further by means of adsorption studies conducted with 503 co-biﬁed
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with the titration resultg found in Appéndtx 1. These expeiriments
.nill be initiated after we complete the cozllabelin: studies. The
details of the approach are discussed in the ranewil proposal
because the technique is required for additional work we lre:
proposing. Briefly, 503 is expected to adsorb at the coordina-
tively unsaturated cation sites and form an S04 anion with thé
catfon and a lattice oxygen anion [8]. If ocur mechanism is
correct, then thére should be agraement!betwaen the amount of 504
formed and the amount of methanol titrated (see Table 3 in
Appeondix 1), .

The work described in Appendix 1 also presents the results of
a gseries of steady-state experiments in which we demonstrated that
methanol can be syntﬁesized catalytically at atmospheric pressure
without cofeeding water. A temperature in excess of 500 C was
required. We feel that this high temperature is in some way
asgociated with the ability of tha.zirconig to reduce the formate
and to generate sufficient water for methoxide hydfolysiu. Ve
were unable £o reduce preformed formate to nethoxide in the static
infrared cell useﬁ to generate the spectra in Figure 1. Ve
guspect that by the time we raisge the cell to 2 tnmperntufu
sufficient to caunerfornate reduction. the formate has decomposed
wvia alternate oxidation paths. The raducihiiity of the various
surface intermediates shown in Figurn 8 of Appendix 1 will be
investigated. wThe experimeats and their importance are discusased
in the reneﬁal.proposal. The thrust is to achieve, through the

EX)
L, .
use of a second metal such as copper, a surface which nore readily



reduces the foriate to tﬁe intermediates needed in the formation
of branched hydrocarbons and alcohols.

The previoﬁs Progress Report, DOE/ER/10720-16, described the
nanner by which we were attempting to define the mechanism
responsible for igsosynthesis in genersal and branching in particu-
lar. ~ fha experimental approach involves measuring the product
distribution as a function of synthesis conditions and noting the
effect of €] to C4 oxyzenated additives on the products formed.

A branching mechanism was suggested which involved the interaction
of a propionate anion and a methoxide in an aldol-like condensa-
tion reaction. The mechanism is presented in Figure 2. Our
continuing efforts remain consistent with such a mechanian.
However, the high pressure work also reveals the complex nature

of the surface reactions and that more than one mechanism must be
responsible for the propagation and branching reactions.

Two general schemes for isosynthesis have been (one is in
press) [6,9] proposed. Both involve chain growth by means of (O
insertion; however the mechanistic details are appreciably
different. Mazanec’s scheme (developed using analogies to
organometallic chemistry) involves CO insertion into a bound
aldehyde, I, to form a cyclic acyl, I1II, as repreaoniod in Figure
3. The substituents of the cyclic acyl influence lub-.qu-ni
transformations, step-wise hydrogenation to the aleohol or 1,2-
shift of hydrogen (favored over alkyl [6]) through the second

valence bond structure, III, in which the carbonyl carbon is

carbenic. The product of the 1,2-shift is ultimately transformed f
i,
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into enolate anion, IV. The enolate may So converted to an
olefin or to a boﬁnd aldehyde which would then undergo CO0 inser-—
“tion. The nature of thé initial bound aldehyde and esase with
which it will undergo 1,2-shift are reasoned to account for both
linear and branchéd products {6]. The other co.inaertion scheme
has been proposed byrxlier and co-~workers [9] on the basis
‘of extensive studies of alcohol synthesis over a variety of metal
oxlide systems. Fixurbii presents the Klier’'s gcheme. An alkoxide
is proposed to undergo CO inaeftion to form a formate which is
subsequently reduced £6 the alcohol. There i8 an Important
distinction between the two mechanismse in that CO ingertion By
Klier’s mechanism only leads to linear products.

Both mechanisms [6.9] propose that branching proceeds by an
aldol-like condenzation process and again the details of the
reaction differ. Figures 5 and 6 praesent the two reactions.

Both reactions invelve an 2nolate anion, V; which {8 asasociated
with a cation canter. A zirconium cation is presented here
however_alkali—promoted systems are expected to enhance the
formation of V and the alkall cation coulh be associated with V
[e}. ﬁazanec‘u scheme involves attack on V by methoxide (Flkure
5) and Klier’s schenme 1nv§1vea attack on V by a formyl. HNazanec’s
condensation uchene>and our proposed achemé (Figure 2) differ in
the structure to which the methoxide adds. A distinction between
these internediatel. propionate anion or enolate anion, is
probably not possible because they may interconvert via the

propionate and bound aldehyde, I.
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Addition of unlabeled;oxygénatod conpoundl'to the feed, to
determine if they are incorporated into the products, nay.no£
provide a discriminating test between the two mechanioms. We
have measured the effect of adding methanol, fornaldohyde;
acetaldehyde, n-propancl, propionaldehyde, and 2-methylpropional-
dehyde. The;e were added in COncaﬁtratibns ranging from 10 to
1000 times greater than the concentration of the compound result-
ing from isosynthesis. In many cases the oxygenated additive did
not appear to incorporate, in appreciaﬁle amounte, into the
synthesis products but rather underwent self con@annation or
reduction. The p}opionaldehyde additions have provided the most
information and support the hypothesis that branching prdceeds via
an aldollike condsnsaéion (Figures 2 and 5) but only suggest the
details of this process. Table 1 presents the effect of adding
200 ppm of ﬁropionaldahyde to the feed (isosynthesis typicélly
produces 2-4 ppm of propionaldehyde at the reported conditions).
Maethane, methanol and diméthyl ether decradaad} while sthylene,
propylene, propane and isobutene increased in concentration. The
propionaldahyde appeared to react with tﬂa -dthana and methanol
precursof to form isobutene. bur atmospheric studies have
demonstrated th;t the methane/methanol precursor is a methoxide.
It is important to note that the amount of propionaldehyde added
can be almoat totally accounted for from the increase of ethylene,
ethane, propylene, and iscbutene. Condénlatlon is a termination
mschanis® ;nd the use of the additives listed abbv- reveal

nothing about the propagation process.



Table 1 Isosynthesis Products at 425 C and 35 atm

Feed Gas H2/CO/He Hp/CO/He with 200
ppm of CoH5CHO

CH4 1312 : B63
CoHy 104 123
CaHg 103 103
C3Hg 67.0 204
C3Hg 19.0 27.0
i-C4H30 6.1 5.5
i-C4Hp 252 3ol
n~C4H, 4.0 4.7
1-C4Hg 28.5 30.7
t-2-C4Hg 27.17 27.6
c—-2-C4Hg 26.4 26.1
(CH3) 20 486 455
CH30H in 155
CaHgCHO ] 0 0
i-C4Hg/CH30H 1.47 1.94

{a) ppm
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A detailed analysis of Hazahec’n and Kiier'a mechanisas
suggest that the application of carbon-13 labeled additives
should provide the information required to confirm the insertion
and condensation mechanisms. ‘Ie propose to initiate these as
soon as the compounds arrive. The labeled studies can then be
combined with our extensive rate dat@ to provide a detailed
mechanism for iaogyntheaia and higher alcohol synthesis that is
backed up with experimental evidence.

The labeled studies will invelve an examination of the
effects of adding carbon-13 lebeled aéetone and carbon-13 labeled

methanol to a 12

CO/Hz reactant stream. Isopropanel in not seen
over zirconia suggesting that it is unlikely that acetone can
adsorb on the surface of zircbnia and transform into the alkoxide
required In Klier’s CO inaertloﬁ mechanism. Acetone is expe;ted
to form an adsorbed aldehfﬁe by analogy to the previous experience
we have with formaldehyde. (This will be tested using IR.)
Mazanec’s proposed mechanism for CO insertion will lead to
fsobutane and/or isobutene in which one of the terminal carbons is
12¢ and or isobutanol in which the -CH0H group contains 12¢,

The acetone is also expected to forn'gn enolate and undergo -
condensation by either of the routes (Figures 5 and 6) to produce
a linear C4 product with 12C at one of the ends. Thé formation of
one or more of the branched products listed above will substan-
tiate ﬁazlnec't nechanism. The absence of a btlnchud product

combined with appreciable loss of acetone would support Klier’s

mechanisnm for €O insertion.
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Mathanol and methanol co-fed with propionaldehyde should
enable us to elucidate the condensation process. We find no
evidence in our atmospheric studies o suggest that the methoxide,
which will form from methanol, will be oxidized to the formyl
structure shown in Figure 6. It is unlikely that much oxidation
of any kind will occur unﬁer the strongly reducing conditions of
isosynthesis. The formation of branched alcohols and hydrocarbons
containing a 130H3 as the attached methyl sroup will substantiate
Mazanec’s mechanism. We do not expect carbon-13 incorporation
into the branched position for Klier’s acheme.

Thesge experiments will require the necessary control axperi-
ments to verify the assumptions made above. All the analytical
ingtrumentation needed in the control and labesling experiments is
in place. We hope to caomplete these'experinenta over unpromoted
zrozvbefore the end of the current contract period. The carbon-
13 techniques will also be used in the research which is proposed

in the renewal request.
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APPENDIX 2
Publication and Presentations of
Work Supported in the Current Contract Period
Publications
Temperature-Programmed Studies of the Adsorption of Synthesis Gas on
Zirconium Dioxide (with M~Y, He), J. Catalysis 87, 238 (1984).

Infréred Studies of the Adsorption of Synthesis Gas on Zirconium
Dioxide (with M-Y. He), J. Catalysis 87, 381 (1984).

CO and CO, Hydrogenation Over ZrO, (with ¥-Y, He), Reprints, A.C.S.
Div. Petzfl. Chem. (1984, St. Loufs Meeting) 29, 532 (1984).

Methanol Formation on Zirconium Dioxide (with M-Y. He), J. Catalysis 90,
17 (1984).

CO and CO, Hydrogenation Over Metal Oxides: A Comparison of ZnO, Ti0
and Zr0, (vith M-Y. He, and J. M. White), J. Molecular Catalysis 30, %15
(1985). : ’

Study of Fischer-Tropsch Synthesis Over Fe/Si0,: Effect of Diethylamine

on Hydrocarbon and Alecohol Production (with K.G. Anderson), J.”

Catalysis 95, 602 (1985).

Methanol Synthesis Mechanism Over Zirconium Dioxide (with N. B.

Jackson) (submitted). )
Presentations

“Isosynthesis Reactions over Zirconia" (with M. A. Barker, and M.-Y.

He) 1983 ACS Rational Meeting, Washington, D.C.

"CO and CO Hydrogenation over Metal oxides" (with M.~Y. He, and J. M.
White) 198?‘! Southwest Catalysils Society Fall Symposium, Houston, TX.

"Alkyl and Acyl Intermediates in Fischer-Tropsch Synthesis" (with C. J.
Wang and K. G. Anderson) 1984 ACS National Meeting, 5t. Louis, MO.

“Co and €O, Hydrogenation over Zxo, " (with M.-Y. He) 1984 ACS National
Meeting, S€. Louis, MO.

' "“Isosynthesis over Zirconium Dioxide" (with N. B. Jackson and S. Teeng),

Ninth North American Catalysis Society Meeting, 1985, Houstom, TX.

"Hydrogénacion of Carbon Oxides Over Zirconium Dioxide"™ (with N. B.
Jackson) 1985 ACS National Meeting, Miami Beach, FL.
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UFormate and Methoxide Intermediates in CO and CO, Hydrogenation Over
Metal Oxides" (poster) Second China - U.S. ~ Japafi Symposium on
Heterogeneous Catalysis, 1985, Berkeley, CA.

“Adsorption and Reaction of Carbon Dioxide on Zirconium Dioxide™ (with
K.B. Jackson and R.G. Silver) 1986 ACS National Meeting, New York, Ni.

“Igosynthesis Mechanisms Over Zirconium Dioxide" (with R.G. Silver and
S.C. Tseng) 1986 ACS Natiomal Meeting, Anaheim, CA.





