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Abstract

The reaction of ethanol over a series of oxides (Fe,O;, Fe,0,/Ca0, Fe;0,, TiO,, CaO, and SiO,) has been
investigated. The main reaction product in al cases is acetaldehyde, with secondary products acetone and ethyl acetate. At
473 K, the rate constant k decreases according to the series Fe,05 > Fe;0, > CaO > TiO, > SiO,. Titration of basic sites
by CO, adsorption at room temperature shows that the reaction rate can be successfully normalised by basic site density for
oxides that adsorb CO, except for CaO. Acetone production, presumably via acetate ketonization, is highest over TiO, while
ethyl acetate formation, by Tishchenko reaction, is highest over Fe,0;. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The reactions of ethanol on catalytic materi-
as have been investigated for more than three
decades [1-3]. These studies have been moti-
vated by both the importance of ethanol in
severa industrial processes and its utility for
fundamental studies of oxide and meta sur-
faces. From the perspective of applications,
ethanol can be catalytically produced from ethy-
lene on acidic cataysts [4] and from syngas
using Rh-promoted V,O; [5], TiO, [6] and CeO,
[7]; alkali-promoted Pd on CeO, [8]; and Cu—-Co
[9]. As an end product, ethanol finds use as a
fuel additive [10,11]. As a chemical intermedi-
ate, ethanol serves as a feedstock for acetalde-
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hyde production via oxidative dehydrogenation
using catalysts like Ag [12], CuO alone [13] or
doped with other transition metals [14-16],
MnO, [17], MoO, [18-22] and CeO, [23]. Con-
densation of two acetaldehyde molecules into
crotonaldehyde [24] then leads to further pro-
duction of various speciaty chemicals. Ethanol
also serves as a feedstock for the Lebedev pro-
cess for making butadiene on MgO /SO, cata-
lysts [25]. More recently, ethanol has also been
seriously considered as a viable pure source for
green H,-production, particularly because
ethanol can be manufactured from biomass [26].

From the perspective of fundamental reactiv-
ity, ethanol provides a useful test material for
assessing the tendency of a catalyst to drive
dehydration (to ethylene) versus dehydrogena-
tion (to acetaldehyde) [27,28]. In particular,
ethanol has found considerable utility in ultra-
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high vacuum studies of metals having well-de-
fined crystallographic orientations [29-33]. On
oxide powders, work has remained limited
mainly to catalysts showing potential for real
applications, i.e.,, CuO-based catalysts [13—16],
MoO, [18-22] and TiO, [34-36]. Reaction
pathways have been interpreted in terms of
bond strengths within the ethanol molecule
[33,37] and within the solid surface [38], geome-
try and coordination environment of the surface
metal cations [18-22,39,40], and acidity or ba
sicity of adsorption sites [41-43]. However, the
small data set raises questions about how reli-
able and general some of these interpretations
are.

This present article attempts to firm up those
conclusions by examining a wider range of
oxides, including SIO,, TiO,, Fe,0;, Fe;0,,
Ca0 and Fe,0,—Ca0. We find that in all cases
ethanol tends to dehydrogenate to acetal dehyde,
which for some oxides in turn reacts further to
acetone and /or ethyl acetate. Small amounts of
methanol from ethanol reaction are aso ob-
served. Normalisation of ethanol reaction rate
by the total number of sites adsorbing CO,
(referred to as basic sites) succeeds within cer-
tain limits. In a related article [44], we analyse
the rate data obtained in this work in terms of
various thermodynamic and spectroscopic prop-
erties of the oxides.

2. Experiment

All experiments were conducted at the Uni-
versity of Illinois. Reactions were run in a
fixed-bed microreactor having a volume of 8
ml. This reactor connected to an on-line gas
chromatograph (Perkin Elmer 2000) equipped
with flame ionisation and thermal conductivity
detectors, and to a differentially pumped high-
vacuum chamber equipped with a Dycor mass
spectrometer (range up to 200 amu).

In a typical experiment, the reactor was
charged with 250 mg of catalyst. All catalysts
were heated before experimentation to a temper-

ature of 523 K for 2 h. Ultrapure ethanol was
placed into a saturator and kept at 273 K,
yielding a vapor pressure of 1.5 X 10° Pa. Dry
air flowed through the saturator to yield an
effluent composition ratio N,:O,:ethanol of
78.8:19.6:1.5. For experiments performed with
different O, concentrations, He was added to
dilute this reactant to the desired level. Products
were separated using a 1/8 in.-diameter, 6 ft
long Chromosorb 102 column ramped at
3°C/min from 70 to 200°C. All product concen
trations were calibrated using externa stan-
dards.

Fe,0;, Fe;0, and TiO, (anatase) were ob-
tained from Fisher, and SIO, from Davison.
CaO was produced from Ca(OH), (Fisher) by
annealing for 1 h at 580°C followed by 3 h at
750°C. These solids were characterised by stan-
dard methods to determine bulk structure, sur-
face area, and surface composition. X-ray
diffraction of the Fe oxides and TiO, was per-
formed using a Rigaku Geigerflux diffractome-
ter with a fine-focus Cu tube (45 keV, 20 mA).
Fe,O, exhibited the (104) and (110) diffraction
lines characteristic of hematite. Similarly, Fe;O,
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Fig. 1. Arrhenius plots of rate constant k (ml /g s) for ethanol
conversion normalised by mass.
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Table 1
Arrhenius parameters for ethanol oxidation over oxides
Oxide E, (kJ/mol) A(ml/gs9) References
Fe;0, 48.6 1.2x 104 This work
Fe,0, 59.6 9.6x10% This work
TiO, 76.2 6.5x10° This work
TiO3 85 - [73]
Ca0 61 1.2x10° This work
S0, 104.8 1x10°8 This work
Ca0/Fe,0, 59.3 1x10° This work
Ce0, 75.4 3.8x10° [23]
CuO 50.6 3.1x10° [13]
MoO, 129 - [18]
#|sopropanol.

showed peaks at 26 =355 (311) and 260 =
62.8° (440) characteristic of magnetite. Finally,
TiO, exhibited a(101) peak at 26 = 25.3° char-
acteristic of anatase, with no evidence of arutile
phase. Surface areas were determined by 3-point
BET experiments using an Autosorb-1. The sur-
face areas in m? /g were 10.6 for Fe,O,, 7.3 for
Fe;O,, 10.0 for TiO,, 300 for SIO,, and 10.0
for CaO. We have published elsewhere a char-
acterisation of surface composition by X-ray
photoel ectron spectroscopy (XPS) [45]. In sum-
mary, the surfaces of both Fe,O; and Fe;O,
seem composed of only Fe*® cations at 712.0
+ 0.1 eV (Fe?** of FeO are at 709.6 eV [45)).
The XPS O(1s) showed that surface hydroxyls
a 5325+ eV are considerably more pro-
nounced on Fe;O, than on Fe,O,. TiO, showed
only Ti** cations at 459.3 eV with a higher
corrected O(1s) to Ti(2p) atomic ratio of 2.56
than stoichiometry. All spectra are corrected to
residual C at 284.7 eV.
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Fig. 2. Selectivity and conversion as a function of reaction
temperature for ethanol reactions over Fe,Os.

The density of basic sites was aso charac-
terised via CO, titration. We employed a puls-
ing technique in which 0.5 ml of pure CO, at
atmospheric pressure was introduced over 0.5 g
of catalyst at room temperature. The outlet of
the reactor was connected directly to a thermal
conductivity detector to monitor the uptake.
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Table 2

CO, uptake of oxides

Oxide CO, uptake
(molecules/m?)

TiO, 1.4x10Y

Fe,0, 5.0% 10Y

Fe;0, 6.5x 10V

Ca0 30.2x 10
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Fig. 3. Selectivity and conversion as a function of reaction
temperature for ethanol reactions over Fe;0,.
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3. Results
3.1. Rates

For all oxides the second order rate constant
k was calculated from experimental data accord-
ing to the following expression:

r = k[Ethanol] [ Oxide] (1)

First-order behavior with respect to ethanol was
confirmed in the case of Fe,O; by examining
the variation of conversion x with flowrate F at
constant oxygen concentration. First-order ki-
netics in a well-mixed reactor relate these quan-
tities through:

In(1/(1—x)) =kW/F (2)
where x = ([EtOH],, — [EtOH],,) /[EtOH],, ,
and W denotes the weight of catalyst. Similar
experiments with fixed ethanol concentration
(2x 107° mol /ml) and variable oxygen con-
centration (between 5 and 20%) showed a weak
dependence of the reaction rate, with a com-
puted order of 0.11 with respect to oxygen. The
oxygen concentration was kept constant at
19.6% for al remaining experiments.
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Fig. 4. Selectivity and conversion as a function of reaction
temperature for ethanol reactions over TiO,.
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Fig. 5. Selectivity and conversion as a function of reaction
temperature for ethanol reactions over SiO,.

Fig. 1 presents Arrhenius plots of k for the
six catalysts examined in this work. The corre-
sponding pre-exponential factor A and apparent
activation energy E, appear in Table 1. For
comparison, Table 1 aso lists literature values
for CeO,, CuO and MoO;.
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Fig. 6. Selectivity and conversion as a function of reaction
temperature for ethanol reactions over CaO.
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Fig. 7. Selectivity and conversion as a function of reaction
temperature for ethanol reactions over 1 CaO/6Fe,O5.

In previous work [45] for reactions of the
present type, we have found it useful to nor-
malise k by the basic site density measured by
CO, titration. Table 2 shows this density for the
six oxides. Almost al the surfaces irreversibly
adsorbed considerable amounts of CO,. SO,
proved to be the lone exception; no CO, ad-
sorbed even after pre-treating SIO,, surfaceswith
air at 600 K for 1 h.

3.2. Selectivities

Figs. 2—7 present carbon conversions, and
selectivities for the various oxides examined
here. All produced acetaldehyde as the principal
product. Fe,O; yielded appreciable amounts of
ethyl acetate that decreased with increasing re-
action temperature in favour of acetaldehyde
(Fig. 2). Fe;0, (Fig. 3) was more selective for

acetaldehyde production at al conversions, but
less active than Fe,O,;. SIO, produced a great
dea of methanol (particularly at low tempera
tures, Fig. 5) while TiO, (Fig. 4) and CaO (Fig.
6) yielded much less. Diethyl ether appeared in
small quantities for TiO, and SIO, (not shown).
Over SIO, significant amounts of crotonalde-
hyde appeared at high temperature (not shown
in Fig. 5, but calculated to be 9.8% at 573 K).
Ca0 vyielded acetaddehyde as almost the sole
product at all temperatures. The 1:6 CaO/Fe,O,
mixture resembled pure Fe,O, except for pro-
ducing much more acetone at low temperatures.

The selectivities in Figs. 2—7 correspond to
fairly high conversions, and should be inter-
preted in only a qualitative sense since the
sequential nature of the key reactions (as dis-
cussed below) make apparent selectivities vary
with temperature. For better comparison of the
major products, Table 3 lists measured selectiv-
ity to acetone, ethyl acetate and acetaldehyde
extracted at conversions that al lie within the
same range.

4, Discussion

4.1. Arrhenius parameters

The pre-exponential factors in Table 1 lie in
the 10° ml /g s range except for CeO,, where A
is a factor of 10* higher and for SO,, where it
is 102 lower. The apparent activation energies
lie within about 15 kJ/mol of 63 kJ/mol ex-
cept for SIO, and MoO;, which fall appreciably
higher. The deviation in parameters for CeO,,
SiO,, and MoO, can be rationalized as follows.

Table 3

Low-conversion product selectivity (%) for ethanol oxidation

Product Ca0 (1.7) TiO, (0.94) Fe,0, (1.3) Si0, (0.65) Fe,0; (1.62)
(conversion, %) T=493K T=473K T=448K T=573K T=433K
Acetaldehyde 100 934 89.3 74.6 56.5

Ethyl Acetate 0 23 55 8.1 43.5
Acetone 0 2.8 52 0 traces
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The abnormally high apparent activation en-
ergy for MoO,; may be interpreted in light of
reported structure-sensitivity effects for dehy-
dration /dehydrogenation reactions on this oxide
[18-22]. For example, loading low concentra-
tions of MoO, on oxide supports like SO, and
TiO, decreases the apparent activation energy
from 129 kJ/mol for pure MoO, to about 65
kJ/mol [18], which is within the normal range
in Table 1. Particle size appears to play a key
role through the heat of adsorption AH. The
apparent reaction activation energy E,,, com-
prises the true reaction activation energy E for
the rate-determining step together with AH ac-
cording to:

Eno=E+(1—m)AH (3)

where m denotes the Bronsted transfer coeffi-
cient, which is less than unity. Since ethanol
adsorption on most oxides is exothermic, AH is
negative. Thus, increasing the magnitude of AH
tends to make E,,, decrease. Such an effect
appears to occur with decreased loading of
MoO,. Zhang et a. [18] have shown a decrease
of 40 kJ/mol with decreasing the loading of
MoO;, which presumably decreases the particle
size. This observation indicates that AH changes
with oxide particle size and dispersion. Interest-
ingly, the observed rate of reaction for small
and large particles remains roughly constant
[18], suggesting that a decrease in the pre-ex-
ponential factor offsets the decrease in the ap-
parent activation energy.

Ethanol reactions over SIO, have received
relatively less attention in the literature. For
SO, prepared from ethyl orthosilicate (for pu-
rity), it has been reported that prior heating of
the SIO, to 870 K or above can enhance the
dehydrogenation pathway due to remova of
surface silanol groups [41]. The silanol removal
increases surface basicity, which in turn en-
hances the dehydrogenation reaction. The SO,
used in the present work has not been heated to
such high temperatures and should therefore be
less basic. The decreased basicity probably ex-
plains the negligible adsorption capacity for CO,

(see Table 2 and below) and the correspond-
ingly negligible dehydrogenation activity.

Acetaldehyde production from ethanol in-
volves severa steps, as will be detailed below.
However, several lines of evidence suggest that
the principa contribution to the prefactor comes
from surface reaction as opposed to acetalde-
hyde desorption or O—H bond dissociation. Ac-
etaldehyde-TPD over CeO, has been conducted
previously [46]. Unreacted acetaldehyde des-
orbed at 380 K. This in not specific to CeO,,
other oxides have shown similar behaviour dur-
ing acetaldehyde-TPD. The list includes
TiO,(001) single crystal [47], TiO, powder [47],
Cu/ZnO/Al,O, catalysts [48], B-UO, powder
[49], and Al,O, powder [49]. In other words,
the oxidative dehydrogenation reactions at the
elevated temperatures in this work and in Ref.
[23] are not desorption limited. The very high
preexponential factor translates into an extraor-
dinarily large reaction rate because the apparent
activation energy lies within the range of the
other oxides. The relationship between the pref-
actor, activation energy, polarisability and the
rate constants for this reaction, over a series of
oxides, is treated in a separate work [44]. This
present work is devoted to the understanding of
the reaction pathway that, we believe, is an
essential step before any more elaborate study
[44].

4.2. Rate normalization by CO, uptake

Fig. 8 shows Arrhenius plots for k nor-
malised by the measured basic site densities.
The data for the different solids collapse onto
one line, strongly suggesting that basic sites
contribute to the reaction and that one can use
the CO,, adsorption uptake to calculate turnover
numbers.

Unfortunately, this normalisation fails for
SIO,, which does not adsorb any CO,. More
surprisingly, the normalisation also fails for
Ca0. Recently, CO,, chemisorption on CaO sur-
faces has been studied by Metastable Impact
Electron Spectroscopy, UPS and XPS [50]. The
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Fig. 8. Arrhenius plots of rate constant k (ml /mol CO, s) for
ethanol conversion normalised by amount of CO, adsorbed. This
procedure in effect normalises by basic site density, and yields a
single plot for the oxides shown.

authors found that CO, reacts very strongly
with Ca0; in fact their data indicate that CO,
reacts with almost every available O site, not
just the basic sites. (We attribute the relatively
good normalization for the Fe,O,/CaO mixture
to the low loading of Ca0).

Curiously, CaO chemisorbs two orders of
magnitude more CO, than does MgO [50-52],
even though the two oxides have similar struc-
ture. Theoretical work based on cluster calcula
tions has addressed this problem [53,54]. On
MgO, CO, is predicted to chemisorb at four-fold
coordinated OZ step sites. The interaction of
surface oxygen with CO, involves charge trans-
fer from the uppermost filled O(2p) states into
the vacant 7 MO of CO,. This transfer occurs
most easily at a defect site with low coordina-
tion, like the OZ . CaO behaves very differ-
ently, however. Chemisorption occurs indis-
criminately on regular O2 sites of the CaO
surface, mainly as a consequence of a very
diffuse electronic cloud surrounding O~ anions
as compared to those of MgO. These diffuse
orbitals on CaO can overlap more efficiently
with the 7* orbital of CO,. Thus, the adsorp-

tion data in Table 2 (and in Ref. [50]) agree
perfectly with the cluster calculations [53,54].

5. Reaction mechanisms

Here we discuss the formation mechanisms
for the three products observed most commonly
in significant amounts. acetaldehyde, acetone,
and ethyl acetate.

5.1. Acetaldehyde

Formation of acetaldehyde by the oxidative
dehydrogenation of ethanol depends critically
upon the reaction step that requires the oxide
surface to acquire a negative charge. It is well
accepted that upon adsorption, the O—H bond of
the alcohol dissociates heterolytically to yield
an ethoxide and a proton as follows:

CHs CHs
\CH CH
/ 2 / 2
H/O — > O
S/ ) EE N
O-M-0-M 0O M-0-M
A

adsorbed ethanol formation of surface ethoxides

(step 1)

The amount of ethoxide does not necessarily
correlate with catalytic activity. For example,
considerable amounts of ethoxy species are ob-
served at room temperature on oxides like SO,
[55], even though SIO, has very weak activity
for oxidative dehydrogenation. Instead, the
amount of ethoxide correlates with the number
of metal cations that exhibit coordinative unsat-
uration. Any polycrystalline surface exhibits
some of this unsaturation. Furthermore, the
amount of ethoxide probably correlates with
electronic charge distributions around the oxy-
gen anions that tend to abstract the H as a
proton.

TPD experiments have shown that electron
donation to the surface via the oxygen lone
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pairs of ethanol in step 1 is actually reversible
[8,33—36] and proceeds as follows:

CH\3 CQa
/CH2 /CH2

(\Oj —_— H/O

Ho

-OYM-0O-M -0-M-0-M

OProtonation of ethoxides ethanol formation

(step 1) (5)

Ethoxides that do not disappear via step 1 un-
dergo dehydrogenation with subsequent electron
donation to the cation, yielding acetaldehyde as
follows:

%3 C\Hs
H HC=O0
N
4_91* W M
-0 M-0-M -0 M-0-M  (6)
dehydrogenation

acetaldehyde formation
(step 2)

This picture shows why surfaces that promote
oxidative dehydrogenation reactions tend to be
those containing reducible (and reoxidisable)
cations. Sometimes, however, step 2 proceeds
quite slowly. In other words, it is the rate-de-
termining step [18,56,57].

The residual hydrogen from ethanol adsorp-
tion generally desorbs either as H,O or as H,.
H,O can originate from the recombination of
adsorbed OH and M—H. This product then des-
orbs, leaving an O vacancy and a partially
reduced metal, which in presence of gas phase
O, isreoxidised. Two adsorbed OH species can
also combine to make one molecule of H,O,
one oxygen vacancy, and one restored oxygen
anion site. On the other hand, two M—H species
may combine to make H,. We followed produc-
tion of neither H,O nor H, in this work. How-
ever, considerable amounts of H, from alcohol
oxidation has been reported elsewhere [58], al-

though usually at higher temperatures than those
employed here. Furthermore, we note that de-
pending on the nature of the oxide, H, may be
easily oxidised to H,O because of the rich O,
environment.

5.2. Acetone

Acetone represents a further oxidation of the
first reaction product acetaldehyde. This process
probably begins with the formation of acetate
species from acetaldehyde through oxidation by
surface oxygen as follows:

CH,;CHO(a) + O(s) — CH,COO(a) + H(a)
(7)

Experiments on TiO, and Fe oxides [59,60]
show that acetone can form naturally once sur-
face acetate appears. The reaction probably pro-
ceeds via ketonization of two acetates as fol-
lows:

2CH ,COO0(a) — CH ,C(O)CH + CO, + O(s)
(8)

Here, O(s) denotes oxygen incorporated into the
surface.

There are two requirements for this reaction
sequence to occur. First, the surface must be
capable of donating its oxygen to adsorbed ac-
etaldehyde in Eq. (6). This requirement suggests
why SiO, shows no activity towards acetone
formation. This oxide has little oxidising capa
bility because of the great strength of the S—O
bond as well its relatively low electronic polar-
isability of 1.4 A%, Not surprisingly, infrared
absorption data have never shown the presence
of carboxylates developing from alcohols on
clean SO, surfaces.

The second requirement for acetone forma-
tion is that one surface cation must be able to
accommodate two acetate molecules. Otherwise,
the reaction of Eq. (7) cannot proceed. Such
accommodation has been observed on TiO,
(001) single crystals exhibiting a special faceting
structure [59,61]. This structure exhibits {114}-
facets that contain Ti*™* cations. One third of
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them are four-fold coordinated to oxygen as
opposed to the usua six observed in the bulk.

Fe,O, appears to behave similarly. Indeed,
Fe oxide powders are known for their activity in
making ketones from carboxylates [60]. The
predominant natural growth face of the corun-
dum-structured o phase of Fe,O; is the (0001)
basal plane [62]. The idea surface structure
remains nonpolar and contains Fe cations coor-
dinated to only three oxygen anions. This struc-
ture represents only one-half of bulk cation
coordination, and offers three-fold coordinative
unsaturation. Not surprisingly, studies by low-
energy electron diffraction have detected several
reconstructions that increase the average coordi-
nation number [63—66]. Nevertheless, it is still
very likely that Fe*? cations are present having
the two-fold coordinative unsaturation required
for Eq. (8). Unfortunately, we are aware of no
surface science data regarding the reactions of
alcohols or aldehydes on Fe,O; single crystals
to confirm this hypothesis. We can only point to
the production of acetone from Fe,O; in our
own experiments.

Fe;,O, has an inverse spinel structure with
Fe’" in octahedral sites and Fe** distributed
equally between octahedral and tetrahedral sites.
The predominant natural growth faces are the
(111) and (110) [62]. The (110) predominant
face of Fe;O, is expected to reconstruct due to
the presence of large dipole fields [62]. Thus,
surface instability leading to reconstruction is
highly likely for Fe;O, and may provide the
required two vacant coordination sites for the
coupling reaction. Again, however, we are avare
of no pertinent experiments regarding the reac-
tions of oxygenates on Fe;O,, but our own
experiments do show acetone formation (though
at arate 2.5 times lower than for Fe,O,).

We note that the distinction between the sur-
face of Fe,O; and that of Fe;O, may not be
straightforward. For example, LEED and STM
reports indicate that Fe,O,(111) layers are
formed at the surface of a-Fe,O, (0001) single
crystals depending on the annealing tempera-
tures [67,68].

In contrast to al these cases, the absence of
acetone formation on CaO probably (at low
temperatures) results from a lack of coordina-
tive unsaturation. (The abundance of acetalde-
hyde formed by CaO shows that the reaction of
Eg. (6) proceeds without difficulty). CaO has
the rocksalt structure, with cations six-fold co-
ordinated to oxygen in the bulk. CaO exhibits
perfect cleavage aong the (100) direction, and
quantitative LEED |-V measurements have
shown that the surface represents a nearly exact
termination of the bulk structure [69]. Thus,
Ca®* can coordinate only singly. Cluster calcu-
lations have shown that carbonates formed from
CO, and O?" are monodentate, so by analogy
one may expect that carboxylates from acetalde-
hyde will aso be bond in a monodendate con-
figuration on the surface. We are aware of no
data for aldehyde reactions on well-defined sin-
gle crystals of CaO, so this idea cannot be
confirmed directly. However, pertinent data do
exist for MgO (100) [70,71], another oxide hav-
ing the rocksalt structure and having a bond
strength close to that of CaO. These results
indicate that aldehydes undergo Cannizzaro-type
disproportionation reaction to carboxylates and
alkoxides instead of coupling to ketones.

As we pointed out in the Results, quantitative
rate analysis of the reactions in Egs. (7) and (8)
is difficult given the overal rate data we col-
lected in our experiments. Since acetone forms
from acetaldehyde, the reaction yield by itself
offers limited insight into the activity of the
oxide toward ketonization. However, a ketoniza-
tion rate constant can be calculated under the
assumption that the key step obeys:

2CH ,CHO(a) + 20(s) — CH,C(O)CH,
+CO,+H,0 (9)
Then the rate can be expressed as.
r = k[CH ;CHOJ]*[Oxide] = k'[CH,CHO]?
(10)

where k' =k [Oxide]. Table 4 presents results
for k' computed this way at 473 K. TiO, isthe
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Table 4

Rate constants at 473 K

Oxide kAcetone kEthyl Acetate
(ml2 /(g smol)) (ml? /(g smol))

Tio, 7.3x10° 5.9x10°

Fe,0, 5.1x10° 18.7x 10°

Fe;0, 2.0x10° 4.6x10°

most active catalyst, followed by Fe,O; and
Fe;O,. Neither SO, nor CaO show any activ-
ity.

5.3. Ethyl acetate

Ethyl acetate represents the second most im-
portant reaction product in our experiments. We
suspect that ethyl acetate forms via the
Tishchenko reaction.

This sort of ester formation from adehydes
has been reported on the surfaces of severa
oxides, including U oxides [72], SnO,-based
cataysts [72], and Cu/Zn/Al catalysts [48].
Eqg. (11) suggests that the reaction is second
order in acetaldehyde. Thus, a rate constant for
this reaction can be computed in the same man-
ner as for acetone. Table 4 shows the rate
constant for ethyl acetate production at 473 K
obtained this way for the pure oxides. The
progression mimics that for acetone, except that
now Fe,O; is more active than TiO,. The
Tishchenko reaction requires H transfer from
one adsorbed acetaldehyde, which becomes oxi-
dised, to another adsorbed acetaldehyde, which
is reduced to alkoxide. This process may form a
complex in atransition state that requires partic-
ipation of the surface oxygen:

CH
\ H H /CH3 cH; H o o
/ \ | e

ﬁ/\/rlcl /\H
Q ,,///’/’ ) - Q ! E::: Ar\ O>
M-0-M-0 M- 0 - 1l/1 -0
—  CH,CH,0C(O)CH
3 2 ( ) 3 (11)

where an adsorbed acetaldehyde molecule with
the participation of a surface oxygen anion
transfers a hydride to another adsorbed acetalde-
hyde molecule. This results in a weakly formed
acetate species in proximity of an ethoxide
species, most likely in an unstable configura
tion. Both species react together yielding an
ethylacetate molecule and liberating the surface
oxygen.

Table 2 shows that Fe,O, adsorbs three times
more CO, than does TiO,; in other words Fe,O,
is more basic than TiO,. It is thus not surprising
that Fe,O; is more active than TiO, for this
reaction. Quantitatively speaking, however, we
attribute no special significance to the corre-
spondence between the three-fold increase in k
(Table 4) and the three-fold increase in CO,
adsorption (Table 2) for Fe,O; when compared
to TiO,. We regard the agreement as fortu-
itously good.

6. Conclusions

Oxidative dehydrogenation of ethanol over a
variety of oxides yields acetaldehyde as the
primary product, and (usually) acetone and ethyl
acetate as products of further oxidation of ac-
etaldehyde. This observation falls largely in line
with previous work for a smaller number of
other oxides. The Arrhenius parameters we have
measured also fall mostly in the same range.
We have rationalized the mechanism for ac-
etaldehyde formation in terms of the capacity of
surface metal cations to be easily reduced and
reoxidised. However, our data together with
ultrahigh vacuum work from other laboratories
suggest that continued oxidation of acetalde-
hyde to acetone depends upon the presence of
coordinative unsaturation of the metal cations.
Basic site density, as monitored by CO, adsorp-
tion, can be used successfully to normalize the
reaction rate of these oxides with the exception
of Ca0. This exception can be explained by
reference to cluster calculations [53,54].
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