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Abstract

The kinetics of the catalytic oxidation of 2-propanol with molecular oxygen on clean and oxygen-pretreated Ni foil
samples was studied by using a microbatch reactor with mass spectrometry detection. It was found that, under the right
conditions, high selectivity for acetone formation can be achieved in this system. Specifically, it was determined that high partial
oxidation selectivity requires the use of temperatures below 700 K and oxygen partial pressures higher than stoichiometric, i.e.
oxygen-to-alcohol ratios above 1:2. Zero- and half-order kinetics with respect to 2-propanol and oxygen pressures, respectively,
were observed for the conversion of 2-propanol to acetone on the clean Ni catalyst. A thin oxide-like layer was determined
to be the active catalyst for this reaction, and the rate of oxidation was found to be significantly higher on oxygen-pretreated
Ni surfaces. Our kinetic evidence also indicates that the undesirable complete oxidation of the alcohol to CO2 and water
is mainly a sequential reaction that takes place on the acetone produced from the alcohol, not a primary alcohol oxidation
step. Finally, it was found that dehydrogenation of 2-propanol to acetone in the absence of oxygen is also possible, but occurs
at a significantly slower rate than when oxygen is present in the gas mixture, and leads to poisoning of the surface of the
catalyst via the deposition of carbonaceous deposits. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The direct selective oxidation of alcohols could in
principle be used for the manufacturing of a variety of
useful oxygenates [1–3]. Unfortunately, the oxidation
of alcohols to specific desirable carbonyl compounds
is in general not selective enough for practical appli-
cations; only the selective oxidation of methanol to
formaldehyde is industrially viable today [2]. On the
one hand, the use of oxygen makes the endothermic
dehydrogenation of alcohols to aldehydes and ketones
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exothermic. On the other hand, however, total oxi-
dation products such as CO2 and H2O are the ones
favored thermodynamically. It is clear that some form
of kinetic control is necessary to achieve selectivity
in alcohol oxidation for the synthesis of aldehydes,
ketones and other oxygen-containing hydrocarbons.

Traditionally, the oxidation of alcohols is done
by using stoichiometric quantities of inorganic oxi-
dants, mainly chromium salts [4,5]. Those oxidants
are fairly expensive, and also generate large volumes
of heavy-metal waste. More recently, a number of
homogeneous oxidation catalysts have been devel-
oped for alcohol conversion [6,7], but unfortunately,
those require the use of environmentally undesirable
solvents, noticeably chlorinated hydrocarbons. An
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aerobic greener process involving a Pd(II) homo-
geneous catalyst looks somewhat promising, even
though that system is not applicable for a wide range of
alcohols, and requires high pressures [7]. The search
for selective oxidation procedures continues, and the
use of heterogeneous catalysts with oxygen (or air) as
the oxidant is particularly promising in this endeavor.

Brief studies on the oxidation of alcohols over
nickel-based catalysts have suggested that such a
metal may be suitable for selected partial oxidation
processes [8–14]. In early studies with Raney nickel
in the 1960s, primary alcohols were used as hydro-
gen donors (via their conversion to aldehydes) for
the selective reduction of alkenes, nitriles, nitro, and
carbonyl compounds [8], and mild oxidants were also
tried to selectively oxidize branched primary, sec-
ondary, and tertiary alcohols [9,10]. Unfortunately,
this idea proved to be of limited use, because decar-
bonylation is sometimes observed with primary and
tertiary alcohols [10]. Metallic nickel from nitrates
supported on silica gel were also shown to oxidize
primary, benzylic, allylic, and secondary alcohols
to the corresponding aldehydes and ketones at low
temperatures [12]; a mechanism that starts with the
formation of a NO2 radical has been suggested for
that reaction. In terms of the use of nickel(II) oxides,
Hoodless et al. found that the reaction rate order for
the deep oxidation of propane to carbon dioxide and
water with such catalysts exhibits increasing values
with increasing temperature, an observation that the
authors linked to an increase in the availability of re-
active O− species [13]. The same research group also
reported that methanol suppresses alkane oxidation
and leads to the reduction of the surface, and that
under appropriate reaction conditions formaldehyde
is the major product.

More recent studies by Christoskova et al. reported
contradicting opinions on the status of the surface of
the nickel catalyst during the room temperature ox-
idation of alcohols and other organic molecules in
aqueous solutions, suggesting the formation of both a
high oxide form, (OH)2NiOx ·mH2O (where the nickel
atoms are in the 4+ oxidation states), and nickel per-
oxides [15]. Nickel oxide-hydroxide is also believed to
be the active phase in the electrochemical selective ox-
idation of organic compounds under mild conditions,
where primary and secondary alcohols are readily ox-
idized to aldehydes and ketones without interference

from other functional groups [16]. However, the pro-
posals derived from all these early catalytic studies
about the species that may form on the surface dur-
ing hydrocarbon oxidation reactions on nickel-based
catalysis are highly speculative, and await direct spec-
troscopic confirmation.

Surface-science research on the oxidation of alco-
hols on solid substrates have also been scarce. Based
on studies on the decomposition of alcohols and other
oxygenates on transition metals, it has been concluded
that the first-step in alcohol thermal conversion re-
actions on either clean or oxygen-covered transition
metal surfaces is the formation of a stable alkoxide
intermediate [17–29]. That alkoxide can then undergo
a number of dehydrogenation steps, the selectivity of
which depends in part on the identity of the transition
metal and, perhaps more importantly, on the presence
of oxygen on the surface. Specifically, the promotion
of non-selective decomposition of alcohols to CO,
H2, and hydrocarbons is common on clean surfaces
of metals, such as Pt(1 1 1) [18], Pd(1 1 1) [19,28],
Ni(1 1 1) [17] and (1 1 0) [24], and Rh(1 1 1) [30], but
not on clean Cu(1 1 0), where very little reactivity is
observed [31]. On the other hand, some selective de-
hydrogenation of primary and secondary alcohols to
the corresponding aldehydes and ketones has been re-
ported on a number of oxygen-covered metal surfaces
[30,32,33]. The formation of these oxygenates is be-
lieved to occur via a rate-limiting �-hydride elimina-
tion step from the alkoxides, a reaction perhaps aided
by the presence of either OH or O atoms adsorbed on
the surface [30,34]. A few additional surface science
studies have been performed on alcohol oxidation re-
actions on oxide surfaces. For instance, methanol was
found to always dehydrogenate to methoxide and to
then undergo selective oxidation to formaldehyde on
clean ZrO2(1 1 0) [35] and SnO2(1 1 0) [36]. By con-
trast, dehydration to olefins is seen on some early tran-
sition metals [37] as well as on acidic catalysts such as
TiO2(0 0 1) [38] and ZnO(0 0 0 1)–Zn [39]. One thing
that has become clear from these studies is the fact that
adsorbed oxygen plays a major rule in determining
the product selectivity during alcohol decomposition.

Recent surface-science studies on the oxidation of
alkyl groups on clean and oxygen-covered surfaces
are also quite relevant to our catalytic work reported
here. This is so because adsorbed alkyl moieties are
proposed to form an alkoxide surface intermediate
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similar to that produced when starting with alco-
hols as reactants. The selective oxidation of either
ethyl or 2-propyl iodide, to acetaldehyde and ketone
respectively, has been reported on oxygen-covered
Rh(1 1 1) [40] and Ni(1 0 0) [34] surfaces. In the
case of rhodium, it has been suggested that the C–I
bond-scission step that leads to the formation of alkyl
species is rate limiting, and that it is followed by
an immediate oxygen addition to yield an alkoxide
which then converts into the aldehyde or the ketone.
An analogous mechanism appears to apply to the case
of t-butoxide groups produced by activation of either
t-butyl iodide or t-butanethiol on Rh(1 1 1)–p(2×1)–O
surfaces [41].

We in our laboratory have carried out some
surface-science studies on the mechanism of partial
oxidation reactions on nickel substrates [34,42–45].
In particular, the selectivity in the conversion of ei-
ther 2-propanol or 2-propyl iodide (the precursor
used for the preparation of surface 2-propyl inter-
mediates [42,43,46]) with oxygen on Ni(1 0 0) was
found to depend on the coverage of oxygen on the
surface. A particularly promising observation from
that work is the fact that, even in the case of 2-propyl,
some acetone is produced on nickel surfaces, if only
when partially covered with oxygen [34,44,45]. It
was determined that the conversion of the 2-propyl
groups involves the low-temperature formation of a
2-propoxide species, an intermediate that can also be
prepared by the facile dehydrogenation of adsorbed
2-propanol. 2-Propoxide then yields acetone via a
rate-limiting �-hydride elimination step [34]. The
presence of hydroxide groups on the surface appears
to facilitate this process [44].

In general terms, both catalytic and surface science
data from past studies suggest that, under the right
conditions, nickel surfaces may be capable of selec-
tively catalyzing partial oxidation reactions [44,45]. A
number of criteria has been identified for the feasibil-
ity of such processes: (1) the need of nickel surface
atoms in order to promote the activation of the initial
reactants, either the alcohol or the alkane (the nature
of these nickel atoms—oxidation state, immediate sur-
rounding environment—is still to be determined); (2)
the need of oxygen atoms in the proximity of the alkyl
groups during alkane oxidation in order to facilitate
the insertion step that leads to alkoxide formation (this
oxygen could be located in the immediate sub-surface

region); and (3) the desirability of having surface hy-
droxide groups on the surface to enhance the partial
oxidation pathway. It has also been concluded that:
(1) the formation of ketones seems to be easier than
the production of aldehydes; and (2) alkenes appear to
not be direct intermediates in the conversion of alkyl
groups to aldehydes and ketones. This latter conclu-
sion is particularly interesting, because alkenes can
in fact be oxidized catalytically [47]. Perhaps alkenes
hydrogenate to alkyl groups on the surface before un-
dergoing oxygen incorporation.

In this report, a kinetic study is presented on the
catalytic oxidation of 2-propanol with oxygen on Ni
foils. Both rates and selectivities for this conversion
were characterized as a function of alcohol and oxy-
gen partial pressures, temperature, and nature of the
surface, in order to search for the conditions needed
for maximum selectivity toward oxidation to acetone.
2-Propanol conversion to acetone is not of industrial
interest in itself, but was chosen here as a prototype for
the more generic family of alcohol oxidation reactions.
It was found that high yields for acetone production
requires both low temperatures, below 700 K, and high
oxygen-to-2-propanol partial pressure ratios. The re-
action rate law for alcohol formation was estimated to
be approximately half-order in oxygen and zero-order
in the alcohol. The formation of CO2 and water was
found to occur mainly via the sequential oxidation of
the acetone produced by the initial step. It was also
determined that the active catalyst is the oxide-like
thin film that forms soon after exposures of the sur-
face to the reaction mixture, and that the reaction rate
is higher on oxygen-pretreated Ni surfaces. A detailed
mechanism is proposed here to account for these ob-
servations.

2. Experimental

The experiments reported here were carried out
by using a recirculating batch reactor described in
detail elsewhere [48]. Briefly, the reactor, a stainless
steel loop with a total volume of 200 cm3, is evac-
uated with a mechanical pump to a base pressure of
about 3 × 10−2 Torr, filled with the reacting gases
(2-propanol and oxygen, in that order), and topped off
with argon to a final pressure of 500 Torr. The gases
are mixed with a recirculation bellows pump until
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complete mixing is achieved, and the nickel sample
is then heated to the reaction temperature. The time
evolution of the partial pressures of the reactants and
products is followed continuously by using a mass
quadrupole spectrometer located in a separate cham-
ber and connected to the reactor via a capillary tube.
The collection and storage of data is accomplished
by using a personal computer interfaced to the mass
spectrometer. Absolute pressures in the reactor are
measured by using a capacitance manometer (Bara-
tron gauge) directly attached to the reactor loop.

The catalyst, a square 10 mm × 10 mm nickel
foil, 0.5 mm thick (Aldrich, +99.98% purity), was
spot-welded directly to two 20 mm long, 2 mm thick
nickel wires (Aldrich, +99.995% purity) attached
to copper feedthroughs. This sample was heated re-
sistively by using a variable autotransformer, and
its temperature continuously monitored by using a
chromel–alumel thermocouple spot-welded to the
foil. Heating of the sample was checked by visual
inspection through a viewport placed in front of
the sample compartment, and deemed homogeneous
throughout the whole foil. Cleaning of the catalyst
was carried out before each kinetic run by successive
1 min exposures to oxygen and hydrogen at 1000 K
followed by annealing at 1000 K under vacuum. It
was determined that an oxide layer starts to form on
the surface in the oxygen atmosphere above 775 K (a
dull coating develops on the surface), but that such
film is reduced back to the metallic state under the hy-
drogen atmosphere above 600 K (the sample regains
its shinny appearance).

Anhydrous 2-propanol and acetone were purchased
from Aldrich (99.5 and 99.9% purity, respectively),
and freeze-pumped several times before use. These
compounds were kept in glass ampoules, and their va-
pors were introduced in the reactor via a gas mani-
fold directly attached to the main reactor loop. Oxygen
(99.99% purity) and argon (99.999% purity) were pur-
chased from Matheson, and hydrogen (99.999% pu-
rity) was acquired from Liquid Carbonic. All the gases
were used as supplied, but their purity was checked
periodically by mass spectrometry.

The 45 and 43 amu ions were chosen to follow the
partial pressures of 2-propanol and acetone, respec-
tively, during the kinetic experiments, but the identity
of those compounds was corroborated by simultane-
ously recording and comparing the signals for other

(15, 27, 41, 58) mass-to-charge ratios. The 2, 18, 28,
32, and 44 amu peaks in the mass spectra were em-
ployed to follow the time evolution of the partial pres-
sures of hydrogen, water, carbon monoxide, oxygen,
and carbon dioxide, respectively. The mass spectrom-
eter signal intensities of the reacting gases were cal-
ibrated against readings from the Baratron pressure
gauge in the reactor in order to convert them directly
to partial pressures, and turnover number (TON) and
turnover frequencies (TOF), reported in molecules per
Ni surface atom and TON per second, respectively,
were estimated by assuming an atomic surface den-
sity of ∼1.75 × 1015 metal atoms/cm2 (an average of
those for the (1 0 0) and (1 1 1) faces).

3. Results

3.1. General considerations

The catalytic conversion of 2-propanol on nickel
surfaces in the presence of gas-phase oxygen was stud-
ied by performing a number of systematic isother-
mal kinetic experiments as a function of temperature
and partial pressures of the reactants. Fig. 1 displays
the raw data obtained from a typical run, in this case
for a mixture of 30 Torr of 2-propanol and 15 Torr
of oxygen and a reaction temperature of 705 ± 2 K:
shown is the time evolution of the partial pressures of
hydrogen (2 amu), water (18 amu), carbon monoxide
(28 amu), oxygen (32 amu), acetone (43 amu), carbon
dioxide (44 amu), and 2-propanol (45 amu). The mass
spectrometer signal intensities of the relevant gases
were normalized to that of Ar (used to reach a total
pressure of 500 Torr) in order to correct for potential
fluctuations due to gas heating or pressure differen-
tials in the reactor. A number of additional possible
products, including propene, propane and methane,
were searched for but not detected. The contribution
of the alcohol to the signal for the 43 amu mass spec-
trometer peak was subtracted in all measurements by
using that of the 45 amu trace, appropriately scaled
based on the cracking pattern of the alcohol, in or-
der to estimate the partial pressure of the acetone
produced.

A number of observations derive from the data pre-
sented in Fig. 1. For one, it is apparent that the main
product from the reaction of 2-propanol with O2 is
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Fig. 1. Typical isothermal kinetic run for the oxidation of 2-propanol with oxygen over a nickel foil at 705 ± 2 K. The partial pressures
used in this example were 30 and 15 Torr for 2-propanol and oxygen, respectively, and the total pressure was taken to 500 Torr with argon.
Shown in this figure is the temporal evolution of the partial pressures of the relevant reactants and products, namely, H2 (2 amu), H2O
(18 amu), CO (28 amu), O2 (32 amu), acetone (43 amu), CO2 (44 amu), and 2-propanol (45 amu). The major product detected in all cases
was acetone, but some H2O, H2, CO, and CO2 are also produced.

acetone, although detectable amounts of water,
hydrogen, carbon monoxide, and carbon dioxide are
formed as well. Moreover, based on the fact that both
the alcohol and the oxygen are consumed almost
completely after about 50 min of the reaction, it can
be established that the oxidation of 2-propanol to ace-
tone is approximately stoichiometric, i.e. it follows
the equation:

CH3CH(OH)CH3(g) + 1
2 O2(g)

→ CH3COCH3(g) + H2O(g),

�H = −44.1 kcal/mol (1)

Notice, however, that the conversion of the alco-
hol is also accompanied by the production of small
amounts of CO2 and water. In fact, after calibration, it
was determined that the production of acetone in the
case illustrated in Fig. 1 amounts to only about 76%
of the original propanol. It should also be said that the
initial high levels of CO, CO2, H2 and H2O are due to
background gases in the mass spectrometer chamber,
and do not contribute to the reaction. Only the changes
in partial pressures with reaction times are relevant to
the kinetic experiments. These and other aspects of
the alcohol oxidation processes are explored in more
detail below.
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Fig. 2. Dependence of the kinetics of oxidation of 2 propanol on the partial pressure of oxygen over a Ni foil at 705 ± 2 K. The initial
pressure of oxygen in the reaction mixture was varied from 0 to 60 Torr, while that of 2-propanol was kept at 30 Torr. This figure shows
the temporal evolution of the partial pressure of acetone (43 amu), in both Torr and turnover number (TON = molecules/Ni surface atom s)
units. The inset shows a Ln–Ln plot of the initial rate of formation of acetone (in turnover frequency, TOF = TON/time in seconds) vs.
oxygen pressure, as calculated from the raw kinetic data. The order of the reaction with respect to oxygen was estimated directly from
the slope of that graph to be 0.51 ± 0.05. Also, significant dehydrogenation without the intervention of oxygen takes place in the PO2 = 0
and 7.5 Torr cases. The maximum yield of acetone and the initial rates for each of these runs are given in Table 1.

3.2. Pressure dependence

Fig. 2 shows the effect that changing the partial
pressure of oxygen (from 0 to 60 Torr) has on the ox-
idation of 2-propanol. The same 30 Torr initial pres-
sure of the alcohol was used in all these runs, and the
temperature was always kept constant at 705 ± 2 K. It
can be seen here that the maximum amount of acetone
produced in these experiments increase with increas-
ing oxygen partial pressure. In particular, a maximum
in acetone production of 27 Torr (i.e. about 91% of the
initial amount of alcohol in the mixture) was reached

after about 20 min of reaction for the case of PO2 =
60 Torr. Notice that the pressure of acetone falls af-
ter reaching the maxima in yield, in the oxygen-rich
mixtures in particular, presumably because of its sub-
sequent combustion to CO2 and water (see below).

A gradual increase in reaction rate is also seen with
increasing amounts of oxygen in the mixture, as man-
ifested by the higher slopes of the pressure versus
time curves. Initial rates were estimated by fitting em-
pirical cubic polynomial functions to the raw kinetic
data in this figure for the first 8 min of reaction and
by taking the derivative of that function at time zero.



A.H. Ali, F. Zaera / Journal of Molecular Catalysis A: Chemical 177 (2002) 215–235 221

Table 1
Maximum acetone yields (Ymax) and initial acetone formation rates (Rinit ) as a function of PO2 for the oxidation of 2-propanol with oxygen
over clean and oxygen-pretreated Ni foils. T = 705 ± 2 K and P ROH = 30 Torr in all cases

Clean Ni foil O2-pretreated Ni foil

PO2 (Torr) Ymax, % (t, min) Rinit (TOF)a PO2 (Torr) Ymax, % (t, min) Rinit (TOF)a

0 b 16
7.5 b 40 5 b 73

15 76 (60) 58 15 84 (27) 123
30 79 (45) 91 30 85 (23) 143
60 91 (22) 111 45 84 (20) 159

〈kexp〉 = 15 ± 1 TOF/Torr1/2 〈kexp〉 = 42 ± 2 TOF/Torr0.36

a Error margin: ±15%.
b The maximum yields of acetone at PO2 less than 15 Torr are not reported because of the early stopping of those reactions due to the

large accumulation of carbon deposits on the surface.

The resulting rates are summarized in Table 1, and
are also shown in a Ln–Ln plot in the inset of Fig. 2.
The order of the reaction with respect to the oxygen
partial pressure was determined from these data to be
∼0.51±0.05, and the pseudo rate constant 〈kexp〉 (the
ratio of the initial rates to the square root of the oxygen
pressure) was estimated to be about 15 ± 1 TOF/P 1/2

O2

(molecules/Ni atom s Torr1/2).
The data in Fig. 2 also indicate that dehydrogena-

tion of 2-propanol to acetone can occur in absence of
oxygen (PO2 = 0 Torr), although in that case the re-
action is accompanied by the production of hydrogen
instead of water. Moreover, the reaction rate decreases
significantly after less than 10 min of reaction, and the
formation of black carbon deposits on the nickel foil is
seen by the naked eye soon afterwards. Since no car-
bon deposition was observed when acetone was heated
at the same temperature in the absence of oxygen,
it is assumed that it is the alcohol the one that de-
hydrogenates to surface carbon. This direct al-
cohol dehydrogenation is also operative to some
extent in the presence of oxygen, at least for
the alcohol-rich mixtures, a fact indicated by the
higher-than-stoichiometric acetone yields observed
in those cases: in the case of PO2 = 7.5 Torr, for
instance, the total yield of acetone reaches a value
above 18 Torr, higher than the 15 Torr expected from
the stoichiometry of Eq. (1). Also, extensive total ox-
idation occurs in those cases: 8 out of the 26 Torr of
the alcohol consumed in the latter example must have
undergone total oxidation. Relatively more hydrogen
is formed under alcohol-rich conditions (compared to

those with higher partial pressures of oxygen), and
complete decomposition becomes apparent by the
build-up of small amounts of carbon on the surface
of the catalyst in the late stages of the reaction.

The dependence of the time evolution of the pro-
duction of acetone as a function of 2-propanol initial
pressure is shown in Fig. 3. In this case, a constant
15 Torr of oxygen was used, while the pressure of the
alcohol was varied from 5 to 30 Torr, and the tem-
perature was again kept constant at 705 ± 2 K. Since
the pressure of oxygen used in this series of experi-
ments was always equal to or higher than the pressure
needed for a stoichiometric mixture, the amount of
acetone produced was found to be directly related to
the amount of the alcohol used (the limiting reactant).
Also, no direct dehydrogenation of alcohol to acetone
and hydrogen was observed in these cases. Initial rates
were calculated from these runs in the same way as
before, and the order of reaction with respect to the
alcohol was estimated by the slope of the Ln–Ln plot
of those data (shown in the inset of Fig. 3) to be close
to zero (more accurately, 0.11 ± 0.03). This indicates
that the rate of acetone production is approximately
independent of the pressure of alcohol, at least under
the conditions used in these studies.

3.3. Temperature dependence

The effect of temperature on the reaction of
2-propanol with oxygen was studied by using mix-
tures of 30 Torr 2-propanol and 15 Torr oxygen. Fig. 4
shows the raw data acquired for the time dependence
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Fig. 3. Dependence of the kinetics of oxidation of 2-propanol on the partial pressure of 2-propanol over a Ni foil at 705 ± 2 K. An initial
pressure of oxygen of 15 Torr was used in all cases, while that of 2-propanol was varied from 5 to 30 Torr. The figure shows the temporal
evolution of the partial pressure of acetone (43 amu), in both Torr and turnover number units. The inset shows the resulting Ln–Ln plot
for the acetone initial rate of formation vs. alcohol pressure, from which the order of reaction with respect to the alcohol was estimated
to be 0.11 ± 0.03.

of acetone formation in the 663–757 K range. Some
experimental problems limited these studies. For one,
below 660 K the reaction is too slow to be studied
reliably with our system, and above 760 K fast de-
composition of the alcohol and/or the acetone also
interferes with the reliability of the measurements.
Even in the middle temperature range chosen here, in-
duction periods were sometimes seen at the beginning
of the kinetic runs because of delays in the reaction
mixture reaching the mass spectrometer. Because of
this, some fluctuations are also seen in some cases
in the early stages of the reactions. In spite of these
difficulties, however, it is clear that the initial rates
for acetone formation (as well as those for alcohol

and oxygen consumption) increase with temperature,
a normal Arrhenius-type behavior. Given that the re-
action rate was found to be approximately half-order
in oxygen and zero-order in the alcohol, the rate
constant k for the reaction at each temperature was
obtained from the slope of plots of the square root of
the acetone pressure versus time estimated between 2
and 6 min times of the reaction. The fact that the P1/2

versus time graphs in this time range turned out to be
quite linear also corroborated the fact that the total
order of reaction is ∼0.5. The Arrhenius plot of Ln(k)
versus 1/T shown in the inset of Fig. 4 yielded an ap-
parent activation energy for the formation of acetone
of about 9 ± 1 kcal/mol. When direct Ln(Rinit) versus
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Fig. 4. Dependence of the kinetics of oxidation of 2-propanol with oxygen over a Ni foil on temperature. The reaction temperature was
varied from 663 to 757 K. The main figure displays the temporal evolution of the acetone partial pressure for five different isothermal
kinetic runs, while the inset shows an Arrhenius plot for the temperature dependence of the rate constant for acetone formation, in the
form of Ln(k) vs. 1/T. The k values were obtained from plots of the square root of acetone pressure vs. time during the first 6 min of the
reaction. The apparent activation energy of the reaction was estimated from the inset to be 9 ± 1 kcal/mol.

1/T plots were used instead, an apparent activation
of 14 ± 3 kcal/mol was obtained instead (not shown).
This difference points to the relatively large margin
of error associated with the temperature-dependence
measurements, and cautions against using the value of
the activation energy as the sole criteria to determine
the reaction mechanism (see Section 4).

It was found that the reaction temperature also af-
fects the selectivity of the reaction. The maximum
conversion of the 2-propanol to acetone with a 30 Torr
alcohol + 15 Torr O2 mixture, 76%, was obtained at
temperatures between 660 and 700; the conversion
drops below 65% at higher temperatures, at which

point more CO2 is produced. This will be discussed
in more detail in the next section.

3.4. CO2 production and other competing reactions

As discussed earlier, the selectivity for the oxidation
of 2-propanol to acetone on nickel under the condi-
tions reported here is high, but never 100%. The sec-
ond major product in this reaction was identified to be
CO2. Our studies on the temporal evolution of CO2 as
a function of both alcohol and oxygen pressures and
temperature, and the effect of those parameters on the
selectivity for acetone production, are described next.
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Fig. 5. Temporal evolution of the partial pressure of carbon dioxide (44 amu), in units of TON, as a function of initial partial pressure of
oxygen for the kinetic runs shown in Fig. 2 (P2-propanol = 30 Torr, PO2 = 0–60 Torr, T = 705±2 K). The rate of carbon dioxide production
shows a strong positive dependence on PO2 .

Fig. 5 shows the effect of varying oxygen partial pres-
sures on the time evolution of CO2 production for the
same runs as in Fig. 2. It can be clearly observed from
this figure that both the rate of CO2 formation and the
total yield of CO2 at a given time increase significantly
with increasing oxygen partial pressure. Also, it is seen
that the rate of CO2 formation is slow at first but accel-
erates after 20–30 min. of reaction, after the maximum
in acetone production has been reached. Indeed, the
formation of CO2 explains the fall in the pressure of
acetone detected after the maximum in yield reached
in the oxygen-rich mixtures (Fig. 2). In terms of the
stoichiometry of the reactions involved in acetone and
CO2 formation, it is interesting to note that, for the
mixture of 30 Torr of 2-propanol and 60 Torr oxygen
(for instance), it was experimentally measured that

when about 27 Torr of the alcohol is consumed (at the
point of maximum conversion, which is reached after
about 20 min of reaction), ∼27 and 6 Torr of acetone
and CO2 are produced, respectively. Based on carbon
mass balance arguments, the 6 Torr of CO2 must have
come from the conversion of 2 Torr of alcohol, either
directly or through acetone formation. The expected
stoichiometries for those conversions are:

CH3CH(OH)CH3 + 9
2 O2 → 3CO2 + 4H2O (2)

and

CH3COCH3 + 4O2 → 3CO2 + 3H2O (3)

Clearly, there is a small inconsistency in the mass bal-
ance of the experimental data, since the total amount
of alcohol consumed at the 20 min mark should add up
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to 29 Torr, not the 27 Torr measured experimentally.
However, all these values are within the error of our
measurements, which is about 1–2 Torr.

Rough estimates for the rates of CO2 formation
were obtained from the slopes of traces, such as those
in Fig. 5 between 30 and 55 min (after the maximum in
acetone production is reached), and those were used to
determine the rate law for CO2 production, which was
found to be approximately second-order with respect
to PO2 . This high order contrasts with the half-order re-
ported for the production of acetone, and suggests that
the selectivity for partial oxidation could be improved
by maintaining the partial pressure of oxygen in the
reaction low. An extreme example of this conclusion
is illustrated by the data for the low oxygen pressures:
at PO2 below the stoichiometric value (15 Torr), no
CO2 production is detected at all. It was determined
that the rate of CO2 production also increases with
the PO2 /alcohol ratio when the oxygen partial pres-

Fig. 6. Kinetics for the decomposition of acetone over a Ni foil at 705±2 K. (a) Comparison between the time evolution of the decomposition
of 30 Torr of pure acetone with 15 Torr of oxygen and that of the acetone formed from a 30 Torr 2-propanol + 30 Torr oxygen mixture.
The two cases display comparable rates. (b) Comparison of the kinetics of CO2 formation between the same two runs as in (a). Again,
both sets of data indicate similar kinetic behavior when starting with the alcohol or with acetone.

sure is kept constant (data not shown). The rate of
CO2 production and total amount of CO2 produced
were found to increase with temperature as well. The
activation energy for CO2 formation was estimated at
about 30 kcal/mol.

A series of independent experiments were carried
out to determine the kinetics for the decomposition
of acetone to CO2 in order to separate the kinetics of
oxidation of 2-propanol to acetone from its direct to-
tal oxidation to carbon dioxide. In a reaction mixture
of 30 Torr of acetone with 15 Torr of oxygen, the rate
of acetone consumption at 705 ± 2 K was found to
be about the same as that for the mixture of 30 Torr
2-propanol with 30 Torr oxygen after the maximum
conversion is reached (Fig. 6a), i.e. after all the alco-
hol has reacted and the fall in the acetone signal is
observed. The rates of CO2 formation in these two
reactions are also comparable, see Fig. 6b. Notice that
there is a delay in the production of CO2 when starting
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with the alcohol, allegedly because of the prior need to
produce acetone from the alcohol. No clear indication
was obtained in our experiments for the direct con-
version of the alcohol to CO2; all the CO2 produced
could be accounted for by subsequent conversion of
the acetone product. In terms of the stoichiometry of
the acetone to CO2 conversion reaction, the data from
the experiments depicted in Fig. 6 indicate that about
13 Torr of oxygen (80%) reacts with ∼3 Torr of ace-
tone. This corresponds to a reaction where about 4 mol
of oxygen oxidize 1 mol of acetone, a ratio consistent
with Eq. (3).

3.5. Nature of the surface of the catalyst
during reaction

Finally, the role of surface oxygen in the mechanism
of the oxidation of alcohols was explored. In partic-
ular, the importance of oxygen lattice atoms in those

Fig. 7. Comparison of kinetic data for the oxidation of 2-propanol with oxygen between clean and oxygen-pretreated surfaces on nickel
foils at 705 ± 2 K. Initial partial pressures of 30 Torr of 2-propanol and 30 Torr of oxygen were used in both cases. Panels (a) and (b)
display the temporal evolution of acetone and carbon dioxide partial pressures, respectively. The rates of reaction for the formation of
both products are higher on the oxide surface (also see Table 1), but the increase is more significant in the case of total oxidation. Similar
behavior was observed with other reaction mixtures.

reactions was assessed by performing kinetic experi-
ments with nickel oxide films. As mentioned before,
visible oxide films can be grown on the oxide foil
via heating in 500 Torr of oxygen above 775 K. It was
found that, in general, the rates for the formation of
acetone and CO2 are both higher on the O2-pretreated
surfaces (compared to those on clean nickel). An ex-
ample of this is shown in Fig. 7 for the case of 30 Torr
2-propanol and 30 Torr of oxygen at 705 ± 2 K, and
a more complete set of data is provided in Table 1
(where the calculated initial rates for acetone forma-
tion as a function of oxygen partial pressure are com-
pared between clean and oxygen-precovered surfaces
at 705 ± 2 K). The order of the acetone production
reaction with respect to oxygen on O2-pretreated sur-
faces was estimated to be 0.36 (as compared with the
value of 0.51 on the clean nickel), and the average rate
constant for acetone formation on the NiO film was
calculated to be 42 ± 2 TOF/Torr0.36 (molecules/Ni
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Fig. 8. Kinetics for the decomposition of acetone on clean and O2-pretreated surfaces at 705 ± 2 K. Panels (a) and (b) show the temporal
evolution of the partial pressure of acetone and CO2, respectively. The calculated initial rates are reported next to the corresponding traces.

atom s Torr0.36), about three times that on the clean
nickel.

In terms of selectivity, the maximum in acetone pro-
duction on the nickel oxide surfaces reaches an appro-
ximately constant value of 84% with oxygen pressures
equal to or higher than stoichiometric. This contrasts
with the case of metallic Ni, where selectivities as
high as 91% are possible (Table 1). The decrease in
acetone relative yield in the oxygen-rich mixtures in
going from metallic to oxidized Ni surfaces is due to
the higher rates for acetone decomposition observed
in the latter catalyst. The fact that the decomposition
of acetone to CO2 and water occurs at higher rates on
Ni oxide surfaces is illustrated by the data in Fig. 8,
which compares the time evolution of both the de-
composition of acetone (a) and the production of CO2
(b) on clean and oxygen-pretreated Ni catalyst for a
mixture of 30 Torr acetone and 15 Torr oxygen. Ini-
tial rates, calculated the same way as in Section 3.2,
are reported in that figure as well. It can be clearly
observed from Fig. 8 that the decomposition of

acetone is comparatively faster on O2-pretreated Ni
surfaces. The dependence of acetone oxidation on
oxygen partial pressure is also accentuated by surface
oxidation: the rate of formation of CO2 displays an or-
der of about 2.4 with respect to PO2 on O2-pretreated
Ni surfaces (versus 2.0 on the clean nickel). Lastly,
some direct dehydrogenation of the alcohol to acetone
and the formation of carbonaceous deposits are seen
on oxygen-pretreated Ni surface at low oxygen pres-
sures (i.e. 30 Torr of 2-propanol + 5 Torr of O2), in an
analogous way to the case of alcohol-rich mixtures
on clean Ni.

An important feature of our experimental set-up is
that it allows for the in situ visual observation of the
changes that take place on the surface of the catalyst
during the reactions. The build-up of either oxygen or
carbon on the surface could be easily followed this
way. Thin (∼1000 Å) and uniform oxygen layers were
seen to grow when heating the sample above 775 K in
500 Torr of oxygen for time periods as short as 1 min.
As mentioned before, this oxide film developed on the
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surface every time the sample was cleaned in oxygen,
but was removed by the subsequent high-temperature
hydrogen treatment. No oxide layers were visible at
any point during the reactions carried out starting with
a clean metal in our work, but that does not rule out
the possibility that the nickel foil become covered by
a very thin (∼10 Å) oxide layer during the alcohol ox-
idation reactions [49]; we believe that, because of the
oxidative nature of the reactant mixture, the growth
of an oxide-like thin film during the reaction is quite
likely. On the other hand, carbon deposits were ob-
served to grow as dark patches scattered on the sur-
face after a few minutes of reaction in the alcohol-rich
mixtures, and also when the stoichiometric mixtures
were heated to higher (≥730 K) temperatures. The de-
position of these carbonaceous deposits leads to both
poisoning of the surface and the loss of electric con-
ductivity through the sample, hence, the early stop-
ping of the kinetic runs that ended up in the build-up
of these surface species. The carbon deposits could
be easily removed by heating the sample to 1000 K
in 500 Torr of oxygen for a minute. Finally, carbona-
ceous layers are also deposited on the Ni oxide sur-
face above 705 K in the presence of 30 Torr of pure
alcohol. No acetone production was detected in that
case, and no reduction of the oxide layer was seen
either.

4. Discussion

4.1. Stoichiometry and selectivity on metallic nickel

The first conclusion that can be reached from our
kinetic studies is that, as mentioned in Section 3.1,
the stoichiometry of the oxidation of 2-propanol with
molecular oxygen is such that 1 mol of the alcohol re-
acts with half a mole of oxygen to produce 1 mol of
acetone and 1 mol of water (Eq. (1)). Evidence for this
is provided by the data from the reaction of 30 Torr of
2-propanol with 15 Torr of oxygen, where the relative
consumption of the alcohol and the oxygen were com-
parable at all times during the course of the reaction,
and where both reactants were almost entirely con-
sumed at T = 705 K after about 50 min. of reaction
(Fig. 1). The same stoichiometry has been previously
reported in the study of the photocatalytic production
of acetone from 2-propanol and O2 on Ti(1 1 0) [50].

One of the most important issues to consider when
designing catalytic processes is the attainment of
high selectivities toward the desired products. This is
quite a challenge in the case of reactions between or-
ganic compounds and oxygen, since total oxidation is
thermodynamically favored there. The selective pro-
duction of partial oxidation molecules is still feasible,
however, as long as the reaction is controlled kinet-
ically and the desired products are extracted from
the reaction mixtures. In the system studied here,
the oxidation of 2-propanol by O2, the product of
interest is acetone, and the undesirable side reactions
are the formation of carbon dioxide and hydrogen
and, to a lesser extent, carbon monoxide and water.
It was shown in this work that high selectivities to-
ward acetone formation can be reached with nickel
catalysts: Fig. 2 and Table 1 show that selectivities as
high as 91% (27.3 Torr) towards acetone production
are possible under the right settings, namely, at 705 K
and with pressures of alcohol and oxygen of 30 and
60 Torr, respectively. In fact, it could be proposed that
100% selectivities could be achieved if the acetone
were to be removed from the reaction mixture as soon
as it is produced (see below). High selectivities have
been reported in the past for 2-propanol conversion to
acetone on oxidized anatase TiO2 (95%) [51] and on
Mn3O4 (85%) [52], both under atmospheric pressures.

It should be pointed out, however, that signifi-
cant amounts of CO2 are also produced under the
conditions that optimize the production of acetone.
Luckily, most of this CO2 is formed after the point
of maximum acetone conversion, as a comparison of
Figs. 2 and 5 clearly demonstrates. Further analysis
of the data in Fig. 5 also shows that the rate of CO2
formation is initially low, and peaks only after the
point of maximum conversion to acetone. These ob-
servations provide strong evidence for the sequential
nature of the CO2 formation reaction, i.e. for the
fact that CO2 is produced via the conversion of the
acetone produced by alcohol oxidation, and not via
direct oxidation of the initial alcohol. Another piece
of evidence that supports this conclusion comes from
the proportionality obtained between the integral of
acetone pressure versus time curves and the CO2 yield
in the oxygen-rich mixtures (as expected if the rate
of CO2 formation is proportional to the partial pres-
sure of acetone, plots not shown). Also, the rates for
acetone decomposition and CO2 formation from pure
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acetone are comparable to those obtained directly in
experiments with the alcohol (Fig. 6).

In terms of the reaction conditions required to
optimize the selectivity toward acetone production, it
is useful to notice that since the rate of alcohol oxida-
tion to acetone is higher in the oxygen-rich mixtures
(the rate is proportional to P

1/2
O2

), the maximum ace-
tone production is reached at earlier times in those
cases. However, since further decomposition of that
acetone also accelerates with increasing O2 pressures
in the mixture, the maximum acetone yield is also af-
fected by the composition of the mixture. According
to the data in Table 1, the selectivity toward partial
oxidation increases with PO2 , at least up to a 60:30
oxygen-to-alcohol pressure ratio. On the other hand,
the rate of formation of CO2 shows a stronger depen-
dence on oxygen pressure (that rate is proportional to
P 2

O2
), which implies that PO2 should be kept at values

high enough to reach reasonable rates for acetone
production but low enough to minimize any signif-
icant decomposition of that product. The sequential
nature of the total oxidation process does facilitate
this compromise.

Other side reactions should be taken into account
as well. Some carbon monoxide production was de-
tected in the experiments with mixtures of 30 Torr
2-propanol and either 30 or 60 Torr of oxygen, and
also in those with 30 Torr of acetone and 15 Torr of
oxygen (all at 705 K). The maximum amount of CO
detected with P ROH = 30 Torr and PO2 = 60 Torr
was about 3 Torr, which corresponds to the decompo-
sition of about 1 Torr of the alcohol (or the acetone).
Finally, direct dehydrogenation of 2-propanol to ace-
tone in the absence of gas-phase oxygen is also pos-
sible on the nickel surface. This reaction, which most
likely occurs via a direct �-hydride elimination step
from a 2-propoxide intermediate [30,32,34,51,53,54],
is slow compared to that in presence of oxygen (Fig. 2
and Table 1), displays only a weak dependence on
temperature, and is accompanied by the production of
hydrogen instead of water. This is easy to understand,
given that the addition of oxygen to the reaction mix-
ture makes the endothermic (�H = 13.7 kcal/mol)
conversion of 2-propanol to acetone become exother-
mic (�H = −44.1 kcal/mol). In terms of selectivity,
acetone formation directly via alcohol dehydrogena-
tion is only important for alcohol-rich mixtures, and
is undesirable anyway because it is accompanied by

significant total decomposition to carbonaceous de-
posits on the surface of the catalyst. It is quite possi-
ble for acetone formation in the presence of oxygen
to also involve a �-H elimination step, and for such a
reaction to be aided by the presence of surface oxy-
gen, which could induce the formation of surface OH
groups [31,34,44,51]. In terms of carbon deposition
on the surface, that is likely to be due to direct com-
plete decomposition of the alcohol, since, in absence
of oxygen, heating pure acetone over the nickel cata-
lyst leads to no change in the system.

4.2. Nature of the catalytic surface

Another factor to consider when designing and
optimizing a catalytic process is the nature of the cat-
alytic surface. In the system studied here the main is-
sue in this context is the oxidation state of the surface
nickel atoms under reaction conditions. In order to ad-
dress this question, the oxidation of 2-propanol with
oxygen was studied on both clean and O2-pretreated
Ni foils. The oxygen treatment used in our experi-
ments resulted in the formation of an oxide film thick
enough to be observable by visual inspection. This
film was stable under our reaction conditions, and
could not be reduced by the alcohol; only H2 treat-
ments at 1000 K could renew the metallic character
of the surface. It was found (Section 3.5 and Fig. 7)
that the rate of 2-propanol oxidation is significantly
higher on this oxidized surface: in the case of acetone
formation in particular, the data in Table 1 show a fac-
tor of about three difference between the two cases.
Given that the reactions are carried out in a highly
oxidizing environment, it is tempting to conclude that
even when starting with clean Ni, the actual catalyst is
always a nickel oxide film. If that is the case, how-
ever, such active oxide layer must be quite thin,
because no characteristic oxide layer was observed
by the naked eye during the reactions carried out in
this work. The differences in activity and selectivity
measured in the metallic and oxidized foils also argue
for differences in the nature of the surface between
the two cases. For instance, the maximum acetone
yield on NiO is lower than on Ni, allegedly because
the rate of acetone decomposition is also enhanced by
the oxide layer on the surface (Fig. 8). It is, therefore,
possible for two types of oxygen atoms to be present
on the surface, the strongly-bonded lattice oxygen
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associated with stable NiO films, and a more labile
oxygen readily interchangeable with gas-phase O2.
The most likely scenario is that some form of atomic
oxygen is involved in the rate-limiting step respon-
sible for the acetone formation, but that this is not
the lattice oxygen in NiO. Notice that when the alco-
hol is heated on the oxide surface by itself, without
O2, no acetone is produced, and no consumption of
surface oxygen is observed either; the alcohol under-
goes complete decomposition to carbon instead. Also,
while gas-phase oxygen is likely to dissociate on the
surface, it does not incorporate into the oxide lattice at
the low temperatures of the reactions (this only hap-
pens with pure O2 and above 755 K). We propose that
the weakly adsorbed oxygen forms another reactive
surface species, perhaps surface OH groups, instead.

It has already been established in the past that
oxygen chemisorbed on metal surfaces enhances
the selective dehydrogenation of alcohols to alde-
hydes or ketones in ultrahigh vacuum conditions
[19,30–32,34,44,45], even though the exact identity
of this oxygen has not yet been determined. NiO
lattice oxygen may influence the relative rate of the
oxidation processes on the surface in our alcohol
conversion experiments, but is not likely to directly
participate in the hydrocarbon oxidation, because the
NiO surface is never reduced to its metallic state
during the reaction, and because gas-phase oxygen
is necessary to promote the selective oxidation of
2-propanol to acetone. We believe that O2 dissocia-
tive adsorption under the reaction conditions generate
the reactive oxygen-containing species (perhaps OH
groups) responsible for alcohol dehydrogenation.

4.3. Kinetics and mechanism for the oxidation
of 2-propanol with molecular oxygen.

An important goal of this study was to elucidate
the mechanistic details of the catalytic oxidation of
alcohols on the nickel surface at the molecular level.
Our study proved that, when starting with metallic
nickel, the oxidation of 2-propanol by oxygen is ap-
proximately half-order with respect to molecular oxy-
gen and zero-order with respect to the alcohol, and
that the active catalyst involves some type of reactive
thin oxygen-covered nickel layer. The independence
of the reaction rate on the pressure of the alcohol
can be thought as due to saturation of the surface

by that reactant, a hypothesis that also implies that
most active sites may be blocked and not available
for oxygen dissociation. This idea is supported by the
fact that on the oxide surface, where poisoning of the
surface by the alcohol is less significant, the reaction
takes place at a faster rate. Moreover, the half-order
in oxygen suggests the involvement of atomic oxy-
gen in the rate-limiting step. Finally, the low appar-
ent activation energy obtained here for the overall
acetone production process, somewhere between 9
and 14 kcal/mol, suggests that this oxidation reac-
tion may involve a hydrogen abstraction step. Based
on these initial ideas and some additional informa-
tion from the literature, the following mechanism is
proposed:

• Alcohol reversible adsorption:

CH3CH(OH)CH3(g) ↔ CH3CH(OH)CH3(ads)

(4)
• Alcohol dissociation to alkoxide:

CH3CH(OH)CH3(ads)

↔ CH3CH(O)CH3(ads) + H(ads) (5a)

or

CH3CH(OH)CH3(ads) + O(ads)

↔ CH3CH(O)CH3(ads) + OH(ads) (5b)

or

CH3CH(OH)CH3(ads) + OH(ads)

↔ CH3CH(O)CH3(ads) + H2O(g) (5c)

• �-Hydride elimination from 2-propoxide:

CH3CH(O)CH3(ads)

↔ CH3COCH3(g) + H(ads) (6a)

or

CH3CH(O)CH3(ads) + O(ads)

→ CH3COCH3(g) + OH(ads) (6b)

or

CH3CH(O)CH3(ads) + OH(ads)

↔ CH3COCH3(g) + H2O(ads) (6c)
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• Water formation:

O2 (g) ↔ 2O(ads) (7)

O(ads) + H(ads) ↔ OH(ads) (8)

OH(ads) + H(ads) ↔ H2O(g) (9)

In the following paragraphs, we discuss these steps
in more detail. First of all, the energy for Step 4,
the reversible adsorption of the alcohol, is estimated
to be �H ads ∼ −13 kcal/mol based on the reported
desorption temperature for 2-propanol on Pt(1 1 1)
of 210 K [18] (similar values have been reported for
other alcohols and other surfaces). Next, Steps 5a–c
are believed to correspond to the first and fast reac-
tion that occurs during the oxidation of alcohols on
transition metal surfaces [17,19,4,31,32,53]. In fact,
stable 2-propoxide intermediates have been isolated
and characterized in a number of systems, both under
ultra-high vacuum (UHV) [30,32,34,44,45,53,55],
and at high pressures [51,52]. The possibility of the
alkoxo hydrogen been abstracted by either O or OH
groups on the surface is included in the mechanism
presented here, but is not crucial for the understand-
ing of the overall alcohol oxidation process because
of the facile nature of this first dehydrogenation on
all surfaces.

Steps 6a–c have also been clearly identified in
surface science studies, and are believed to be
rate-limiting, at least under vacuum [30,34]. Again,
one issue connected with these steps is the role that
atomic surface oxygen may play in facilitating the
dehydrogenation reaction. Answering this question
may not be important in the case of Steps 5a–c, but it
is key in the evaluation of the overall reaction rates
when discussing Steps 6a–c. The experiments re-
ported here have clearly shown that Step 6a is indeed
operative in these systems, but that it occurs at low
rates compared to those when oxygen is present in
the reaction mixture. In other words, it is clear that
surface oxygen accelerates the second (�-H elimi-
nation) dehydrogenation step, most likely via Steps
6b and c. Direct evidence for this has also been pre-
viously provided in our surface science studies on
the alcohol and alkyl/O–Ni(1 0 0) systems [34,44,45].
This point is important, because the intervention of
oxygen-containing species in the abstraction of the
�-hydrogen from the propoxide moiety accounts for

the rate dependence on oxygen pressure, as discussed
below.

Finally, Steps 7–9, which account for the adsorption
of oxygen and for water formation, have already been
identified during the oxidative dehydrogenation of
2-propanol to acetone on O/Pt(1 1 1) [18], O/Pd(1 1 1)
[32], and O/Cu(1 1 0) [31] surfaces. In our case, ad-
sorbed oxygen is considered to be in equilibrium with
gas-phase O2. Oxygen adsorption on clean nickel is
in fact mostly irreversible [56], but becomes weaker
once the surface is passivated by an oxygen layer. As
discussed in Section 4.2, we believe that in the nickel
system the metal surface is partially passivated by
the initial growth of an oxide-like thin film; this layer
may facilitate the reversible dissociative adsorption
of O2. For reference, the energy of adsorption of
O2 on NiO has been reported to be about �H ads =
−11 kcal/mol [57]. Our hypothesis of oxygen adsorp-
tion reversibility is also consistent with the quantita-
tive evaluation of the activation energy, as discussed
below.

Next, the mechanism proposed above is used to de-
rive a rate law for the oxidation of the alcohol to ace-
tone. If Step 6b is taken as the rate-determining step,
the overall rate R for the alcohol oxidation reaction
can be written as:

R = k6bΘOΘRO (10)

where ΘO and ΘRO are the surface coverages of
oxygen and 2-propoxide, respectively. By using sim-
ple Langmuir adsorption expressions, the reversible
nature of Steps 4 and 7, and a model of competi-
tive adsorption between the alcohol and oxygen, the
relevant coverages can be estimated as:

ΘO = K
1/2
O2

P
1/2
O2

1 + KROHPROH + K
1/2
O2

P
1/2
O2

(11)

and

ΘROH = KROHPROH

1 + KROHPROH + K
1/2
O2

P
1/2
O2

(12)

Now, assuming that the alcohol adsorbs more strongly
than oxygen (KROHPROH � K

1/2
O2

P
1/2
O2

)

ΘO ∼ K
1/2
O2

P
1/2
O

1 + KROHPROH
(13)
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and

ΘROH ∼ KROHPROH

1 + KROHPROH
(14)

Assuming that Step 5a is in equilibrium, as it is the
case for methanol on Ni(1 1 0) [24] and Ni(1 1 1) [58],
the concentrations of the alcohol and the alkoxide can
be related by the expression

K5a = ΘHΘRO

ΘROH
∼ Θ2

RO

ΘROH
(15)

so

ΘRO = K
1/2
5a Θ

1/2
ROH = K

1/2
5a K

1/2
ROHP

1/2
ROH

(1 + KROHPROH)1/2
(16)

Finally, the reaction rate, Eq. (10), can then be written
as:

R = [k6bK
1/2
5a K

1/2
O2

K
1/2
ROH]P 1/2

O2
P

1/2
ROH

(1 + KROHPROH)3/2
(17)

Rate expression 17 agrees reasonably well with our
experimental finding. For one, it is consistent with
the measured approximately half-order kinetics with
respect to oxygen. Also, although the interpretation of
the dependence of the reaction rate on alcohol pres-
sure expressed by Eq. (17) is not as straightforward, it
can also be made to agree with the experimental data.
Specifically, notice that the order in PROH can be made
to vary between −1 and +1/2 depending on the rel-
ative magnitude of KROHPROH with respect to unity;
our experimental value of 0.11 falls within that range.

In terms of the temperature dependence of the over-
all reaction rate, the empirical rate constant measured
experimentally, kexp, can also be directly related to
the elementary steps in our mechanism by Eq. (17).
For the extreme where the reaction is assumed to be
half-order in the alcohol, this becomes:

kexp = k6bK
1/2
5a K

1/2
O2

K
1/2
ROH (18)

which leads to the expression:

Ea,exp = Ea,6b + 1
2�H5a + 1

2�HO2 + 1
2�HROH

(19)

Fortunately, most of the energies in Eq. (19) can be
extracted from temperature programmed data. Ea,6b
is estimated to be about 21 kcal/mol from thermal
conversion data for either 2-propanol or 2-propyl

iodide on O/Ni(1 1 0) [34,44]. The activation en-
ergy for the forward Step 5a is estimated to be
10.4 kcal/mol from the adsorption of methanol on
Ni(1 1 0) [24], and that for the corresponding reverse
reaction about 15.2 kcal/mol [24]; �H5a is, therefore,
about −5 kcal/mol (by using a desorption tempera-
ture of 320 K for 2-propanol on O/Ni(1 1 0) [34,44],
∆H5a ∼ −8 kcal/mol instead). Finally, �HO2 and
�HROH are taken to be −11 and −13 kcal/mol, re-
spectively, as mentioned earlier. All this results a
value for Ea,exp ∼ 6 kcal/mol. At the other end, if in
Eq. (17) it is assumed that KROHPROH � 1:

kexp = k6bK
1/2
5a K

1/2
O2

K−1
ROH (20)

in which case the calculated activation energy comes
out to be about 25 kcal/mol. For an approximately
zero-order kinetics with respect to alcohol, as obtained
under our experimental conditions, the activation en-
ergy would be expected to be somewhere between
these two extremes, perhaps somewhere closer to
6 kcal/mol, and this is indeed the case: Ea was esti-
mated in our experiments to be somewhere between 9
and 14 kcal/mol. It should be noted that if the adsorp-
tion of oxygen is assumed to take place over a clean
metallic nickel surface, the heat of adsorption of that
step would be around −120 kcal/mol [59], and that
would lead to an unrealistically low activation energy
of between −47 and −28 kcal/mol for the overall reac-
tion (within the mechanistic assumptions made above).

Finally, if Step 6c is considered to dominate over
Step 6b as the rate-limiting step (since surface OH
groups are known to enhance the partial oxidation
of 2-propanol to acetone [34]), the resulting rate law
would be of the form:

R = [k6cK5aK8K
1/2
O2

KROH]P 1/2
O2

PROH

(1 + KROHPROH)2
(21)

where K8 is the equilibrium constant for Step 8, for
which �H = −16 kcal/mol [60]; this would yield
an estimated value for the overall activation energy
of between −18 and 8 kcal/mol for the extreme first-
and negative first-order kinetics in 2-propanol, respec-
tively. Since the activation energy for the zero-order
kinetics in alcohol based on these calculations does
not completely agree with our measurement, it would
appear that a mechanism in which Step 6b is the
rate-limiting step (Eq. (17)) better accounts for the
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temperature dependence of the rate measured in our
experiments. It should be emphasized, however, that
these kinetic arguments are not compelling enough to
distinguish between the two possibilities (a particu-
larly crude approximation of ΘH ∼ ΘRO was used
to derive Eq. (15)), and that the activation energy
range obtained if Step 6c is operative still almost in-
cludes the experimental value. Some of the surface
science results do in fact lead to the idea that hy-
droxide surface groups are the likely intermediates in
Step 6 [30,34,44]. All that can be said at this point
is that the mechanisms supported by the experimen-
tal data in this report involve a reversibly adsorbed
oxygen-containing species, either atomic oxygen or
hydroxide groups.

4.4. Comparison with other systems

It has been shown in this study that high selectivi-
ties for alcohol conversion to acetone on Ni catalysts
can be achieved by applying proper kinetic controls on
that process, namely, by using O2 pressures above sto-
ichiometric and temperatures around 705 K. Our stud-
ies were carried out with a bulk nickel sample, but are
likely to extrapolate to more practical supported cata-
lysts, at least in the limit of low dispersion; this renders
the alcohol/Ni system as promising for real catalytic
applications. Again, the idea is not to use this specific
process to produce acetone, but rather to extend it to
other more interesting alcohol conversions. Prelimi-
nary results from our laboratory suggest that, indeed,
the chemistry reported here for 2-propanol on nickel is
quite general [61]. The mechanistic details of the oxi-
dation reaction were provided here as well. This study
follows some experimental findings from surface sci-
ence work carried previously in our lab where the pro-
duction of acetone via �-hydride abstraction from a
2-propoxide intermediate and the role of OH surface
groups in accelerating this process were characterized
in detail [34].

While high selectivities (up to 95%) for 2-propanol
conversion to acetone have been reported in the past
on oxidized anatase at atmospheric pressures, there is
still some disagreement on the kinetic details of this
dehydrogenation reaction due to the use of different
samples among different groups [51]. Alcohol dehy-
drogenation was found to be enhanced by the addition
of oxygen to the reaction mixture in some instances,

a result that agrees qualitatively with ours, but no or-
der of reaction with respect to oxygen was reported in
that system, so no direct comparison with our work is
possible. Also, the acetone produced by thermal oxi-
dation of 2-propanol with O2 on titania was found to
undergo fast decomposition to CO2 and water [62]. On
the other hand, the oxidation of adsorbed 2-propanol
on a TiO2(1 1 0) single crystal by oxygen background
was found to be almost insignificant unless light is
supplied to the system [50]. In another example, an
FT-IR study of the oxidation of 2-propanol on Mn3O4
by oxygen at atmospheric pressures reported an ini-
tial acetone yield of 85% at 523 K, but a subsequent
drop to zero yield when the temperature was increased
to 535 because of decomposition of the acetone to
CO2 [52]. No such marked increase in total oxidation
reaction rates with temperature was observed in our
system.

Of course, comparisons among different systems
are limited by the different nature of the catalysts. De-
hydrogenation of alcohols to aldehydes or ketones via
direct �-H elimination has been reported over a num-
ber of late transition-metal surfaces [30,34,37,63,64].
In contrast, dehydration has been observed on some
early transition metals [37]. Finally, dehydrogenation
and dehydration compete on oxide surfaces such as
TiO2(0 0 1) [38] and ZnO(0 0 0 1)–Zn [39], where
dehydration dominates, and Cu2O(1 0 0), where de-
hydrogenation prevails instead [65]. Changes in se-
lectivity towards C–O bond-breaking steps may also
be induced via surface modification [40], or by se-
lection of the appropriate reactant [45,66,67]. Surface
acidity seems to play a role in these changes in reac-
tion selectivity, but, to the best of our knowledge, no
systematic studies have been performed to explain all
the observed results. What we can say at this stage is
that nickel is a cheap candidate for selective alcohol
dehydrogenation processes.

Some examples for the conversion of 2-propanol to
acetone on oxygen-covered metal surfaces have been
reported under UHV conditions as well [30–32]. In
those studies, the surface oxygen coverage was found
to critically control the selectivity toward acetone for-
mation. Complete decomposition of the alcohol to H2
and surface carbon dominates on clean metal surface
and almost no reactivity is seen on oxide films; only
at intermediate oxygen coverages some partial oxida-
tion of the alcohol is observed. The rate of alcohol
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decomposition was also found to be more significant
in absence of oxygen in the present study, and the need
to have gas-phase oxygen in the reaction mixture to
replace the surface oxygen consumed was found to be
critical in reaching high selectivities for the oxidation
of 2-propanol to acetone, hence, the positive order of
the rate on PO2 . In addition, NiO was determined to
be active under atmospheric conditions but to enhance
total oxidation preferentially, another observation that
matches that seen under vacuum. Finally, it appears
from our catalytic work that NiO lattice oxygen is not
involved in the formation of acetone, suggesting that
this reaction occurs on nickel sites instead, and that
it is helped by non-lattice oxygen surface species,
probably OH groups. Once again, similar conclusions
were reached by our previous surface science work.

5. Conclusions

Kinetic data were obtained for the selective oxida-
tion of 2-propanol with molecular oxygen on clean
and oxygen-pretreated Ni foils by using a microbatch
reactor with mass spectrometry detection. High rela-
tive oxygen pressures and temperatures around 700 K
were found to lead to high selectivities toward partial
oxidation of the alcohol to acetone on both surfaces
in the early stages of the reaction. Production of CO2
was found to take place sequentially on the acetone
produced by this first process. It was determined that,
while the rate of the alcohol partial oxidation reaction
is higher on the oxide, further decomposition of the
resulting acetone is even faster on that surface, and
that therefore, better selectivities are obtained when
starting with metallic nickel. Approximately zero-
and half-order kinetics with respect to 2-propanol and
oxygen, respectively, were measured for the oxidation
of 2-propanol to acetone on the clean Ni catalyst. This
was interpreted by a mechanism where the preferen-
tial adsorption of the alcohol on the surface blocks
the dissociative adsorption of the gas-phase oxygen.
It was concluded that the oxygen atoms involved in
the reaction are not the lattice oxygen in NiO, but
rather a different more weakly adsorbed active oxy-
gen species, possibly hydroxide surface groups. The
rate-determining step of the overall acetone produc-
tion is proposed to be the abstraction of hydrogen
from a 2-propoxide intermediate by those active

oxygen species. The direct dehydrogenation of the
alcohol via �-hydride elimination without the inter-
vention of any surface oxygen is also possible, but
occurs at a lower rate, and leads to further decompo-
sition and to the growth of carbonaceous deposits on
the surface.
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