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The hydrogenation of ethyl butyrate, n-butyric acid, and n-butyraldehyde to their corresponding alco-
hol(s) has been studied over a c-Al2O3-supported cobalt catalyst using a high-pressure fixed-bed reactor
in the temperature range of 473–493 K. H2–D2–H2 switching experiments show that ethyl butyrate and
n-butyric acid follow an inverse kinetic isotope effect (KIE) (i.e. rH/rD = 0.50–0.54), whereas n-butyralde-
hyde did not display any KIE (i.e. rH/rD = 0.98). DRIFTS experiments were performed over the support and
catalyst to monitor the surface species formed during the adsorption of ethyl butyrate and n-butyric acid
at atmospheric pressure and the desired temperature. Butanoate and butanoyl species are the stable sur-
face intermediates formed during hydrogenation of ethyl butyrate. Hydrogenation of butanoate to a par-
tially hydrogenated intermediate is likely involved in the rate-determining step of ethyl butyrate and
butyric acid hydrogenation.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Hydrogenation of esters to alcohols is a well-known large-scale
industrial process [1]. Several processes, which include the hydrog-
enolysis of an ester, have been proposed for the manufacture of
basic chemicals such as methanol and ethanol. Hydrogenation of
esters may give products such as alcohols [1], acids, hydrocarbons
[2–4], and ethers [5], depending on the reaction conditions, the
structure of the substrate, and the choice of catalyst. Copper-con-
taining catalysts are widely used for the conversion of methyl ace-
tate to methanol. Over the past several years, new catalysts have
been developed as potential replacements for the existing catalyst
system, including the identification of several promising catalysts
based on copper [6].

Similarly, numerous catalytic systems have been proposed for
hydrogenolysis of carboxylic acids. Typically, Cu-chromite-based
catalysts have been used for the vapor-phase hydrogenolysis of
acids [7]. Later, Kitson and Williams [8] demonstrated that bime-
tallic Pd–Re catalysts were active for hydrogenolysis of a variety
of aliphatic monocarboxylic acids.

Regarding ester hydrogenolysis, Yan et al. [9] studied the liquid-
phase hydrogenolysis of butyl acetate over a barium-promoted
copper chromite catalyst at 50–200 atm and temperatures be-
tween 175� and 250 �C and found that additives such as calcium
hydride increased the reaction rate. Evans et al. [10] showed that
copper on silica, or even pure Raney copper, can be effective for
the hydrogenolysis of esters. Claus et al. [11] investigated the
ll rights reserved.
hydrogenolysis of methyl and ethyl acetate over supported Group
VIII metals at temperatures ranging from 493 K to 553 K under
pressures up to 4 MPa. Pd/Al2O3 displayed no detectable activity
toward hydrogenolysis of ethyl acetate. In contrast, Co/TiO2 was
found to exhibit considerably higher activity and selectivity to eth-
anol for the hydrogenolysis of methyl acetate. Van de Scheur and
Staal [12] found that addition of a small amount of Zn to silica-sup-
ported copper catalysts enhanced their activity and selectivity to
alcohol during hydrogenolysis of methyl acetate. The authors
attributed this effect to Zn, which played an important role in
the activation of the reactants.

According to Sorum and Onsager [13], the mechanism for
hydrogenation of methyl formate over commercial copper chro-
mite catalyst involves the formation of hemiacetal intermediate,
which is then hydrogenated to methanol. In another study, Agar-
wal et al. [14] indicated that hydrogenolysis of ethyl acetate pro-
ceeds via dissociative adsorption of the ester using Cu/SiO2,
followed by slow hydrogenation of the acetyl fragment. On the
other hand, they found that formate hydrogenolysis proceeds
through the reaction of undissociatively adsorbed formate [14].
In most of the studies of ester hydrogenolysis found in the open lit-
erature, inactive supports like SiO2 were used; thus, the major
chemistry must take place on metallic sites (e.g., activation of C–
O of esters). In contrast, c-Al2O3 and TiO2 are known to chemisorb
esters [15–17], resulting in the formation of stable surface inter-
mediates like acetates, which eventually undergo hydrogenation
to finally produce an alcohol. In this study, our objective was to
investigate the deuterium KIE for hydrogenation of ethyl butyrate
and its oxygenated analogs (e.g., n-butyric acid and n-butyralde-
hyde) on a c-Al2O3-supported cobalt catalyst using a differential
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high-pressure fixed-bed reactor. DRIFTS experiments were per-
formed for the support and catalyst to examine the surface species
generated during the adsorption of reactants at elevated tempera-
tures. By comparing these results, a plausible mechanism was pro-
posed for the hydrogenation of ethyl butyrate and butyric acid over
25% Co/c-Al2O3.
2. Experimental

The catalyst used in this study was cobalt supported on c-Al2O3,
which was prepared from a commercially available c-Al2O3 sup-
port (Catalox 150). Cobalt was introduced to the support by the
slurry phase impregnation method, whereby the aqueous solution
of cobalt nitrate was 2.5 times the pore volume of the support. Due
to the solubility limit of cobalt nitrate, two sequential impregna-
tion and drying steps were used, the latter carried out using a
rotary evaporator under vacuum. After impregnation with
25 wt.% of cobalt, the catalyst was dried at 373 K and then calcined
in flowing air at 623 K for 4 h.

Nitrogen physisorption over the catalyst sample was carried out
at 77 K using a Micromeritics Tri-Star instrument. The sample was
first outgassed overnight at 433 K to 50 mTorr. The specific surface
area of the catalyst was estimated by the BET method to be
103 m2/g, while the single point pore volume was 0.258 cm3/g
cat. and the average pore radius was 5.0 nm.

DRIFTS experiments were carried out using a Nicolet Nexus 870
equipped with a DTGS–TEC detector to monitor the various surface
species produced during the adsorption of reactants following acti-
vation with H2 at elevated temperatures. A high-pressure/high-
temperature chamber fitted with ZnSe windows was utilized as
the catalyst holder. The gas lines leading to and from the IR cell
were heat traced, insulated with ceramic fiber tape, and further
covered with general purpose insulating wrap. Ethyl butyrate
(EB) and n-butyric acid (BA) were introduced to the IR cell using
5 lL injections with a gas-tight syringe, and the carrier gas used
was helium. Scans were taken at a resolution of 4 to give a data
spacing of 1.928 cm�1. Typically, 512 scans were taken to improve
the signal to noise ratio. The catalyst was initially activated with H2

at 773 K for 12 h before adsorbing the probe molecule (EB or BA) at
the desired temperature. Similar experiments were performed over
c-Al2O3 as well in order to see the differences in the adsorbing
behavior of EB between the support (c-Al2O3) and catalyst (25%
Co/c-Al2O3). H2-TPD was carried out after adsorbing EB on
c-Al2O3 and 25% Co/c-Al2O3 at 473 K to determine the stability
of the intermediate species formed over the surface of the catalyst
in the temperature range of 473–623 K.

Reactions were conducted using a microcatalytic reactor system
capable of operating at high pressures and temperatures. Liquid
feed at the desired space velocity was introduced using a Milton
Roy mini-piston pump. Hydrogen gas flow rates were metered
using mass flow controllers (Brooks Instruments Model 5810B).
The reactor portion of this system consisted of a 1/2 � 21 inch
plug-flow microreactor. The catalyst was held in place by a bed
of quartz wool. Typical catalyst charges in this unit were approxi-
mately 1.5 g of unreduced 25% Co/c-Al2O3 along with 3.0 g of SiC
diluent. All chemicals (i.e., ethyl butyrate (EB), n-butyric acid
(BA), and n-butyraldehyde) were of high purity (>99.5%) and pur-
chased from Sigma Aldrich. The catalyst was activated for 15 h at
623 K using a H2:He (1:3) mixture. Total conversion of reactants
for each experiment was kept below 15–20% in order to keep the
reaction under differential operating conditions except during
the hydrogenation of n-butyraldehyde.

Conversion has been defined as number of moles of ester con-
verted per mole of ester introduced. To account for the change in
number of moles during reaction, selectivity was defined such that
the total selectivity of all carbon-containing products equaled
100%. The product gas stream exiting the reactor system was
passed through a trap at 273 K to separate liquid and gas products.
Gas-phase products (C1–C4) were analyzed using a micro GC (HP
Quad series, Refinery Gas Analyzer) equipped with a TCD detector,
while the liquid products condensed in the 273 K trap were ana-
lyzed separately using a HP 5890 GC with DB-5 capillary column.
The deuterium switch was made after reaching steady-state con-
version of reactants (EB, BA, and butyraldehyde) in order to mea-
sure the deuterium KIE for hydrogenation of ethyl butyrate,
butyric acid, and butyraldehyde, respectively. The products con-
taining deuterium (especially 1-butanol and ethyl alcohol) were
analyzed by GC–MS.
3. Results and discussion

3.1. Hydrogenation of ethyl butyrate (EB)

While the hydrogenation of ethyl butyrate is expected to give 1-
butanol and ethyl alcohol, measurable amounts of butyl butyrate,
C1–C4 paraffins, and ethoxy butane were also observed in the prod-
ucts (Scheme 1). Conversion and selectivity data for hydrogenation
of ethyl butyrate are provided in Table 1.

The percentage conversion of ethyl butyrate was high (�45%)
during the initial period of time and reached a steady value after
about 24 h of time on-stream. The selectivity to ethanol was
42.0–44.0%, while the selectivity to 1-butanol was 30.0–32.0%. In
addition to alcohols, different side reactions (e.g., transesterifica-
tion, dehydration, cracking) produced a measurable amount of bu-
tyl butyrate, ethoxy butane, and linear C1–C4 alkanes as by-
products.

Deuterium switching was carried out after reaching a desirable
conversion of ester in order to determine the nature of the isotope
effect that exists for hydrogenation of ethyl butyrate. Ethyl buty-
rate conversion increased by a factor of �1.81 (i.e., kH/kD = 0.55)
and then returned to the baseline conversion level after switching
back to hydrogen. The data in Table 2 and Fig. 1 demonstrate that
hydrogenation of ethyl butyrate displays an inverse isotope effect
and this deuterium isotope effect also exists for the rate of forma-
tion of 1-butanol and ethanol as well. The appearance of an inverse
isotope effect for hydrogenation of ethyl butyrate to alcohol indi-
cates that a hydrogen addition step is involved in the rate-deter-
mining step. In several studies of the hydrogenolysis of methyl
and ethyl acetates, the authors advocate that hydrogenation pro-
ceeds via dissociatively adsorbed acetates [18]. Many suggest that
hydrogenation of the acyl fragment is the rate-determining step
during acetate hydrogenolysis over Cu/SiO2 catalysts [9,11].

In the case of 25% Co/c-Al2O3, the first question is whether the
ethyl butyrate is adsorbed associatively or dissociatively. It is also
important to shed light on the roles played by both the metal (Co)
and support (c-Al2O3) in adsorbing and turning over reactants and
intermediates on the catalyst surface. Thus, ethyl butyrate adsorp-
tion was investigated on both the unpromoted support and cobalt
catalyst by DRIFTS. These findings were then compared to the cat-
alytic testing results to gain insight into the likely rate-determining
step.

DRIFTS spectra for ethyl butyrate adsorption over c-Al2O3 and
25% Co/c-Al2O3 at various conditions are displayed in Fig. 2. Table 3
summarizes the vibrational bands and mode assignments for sur-
face species formed from adsorption of ethyl butyrate followed
by the introduction of H2 at 493 K over c-Al2O3 and 25% Co/c-
Al2O3. At 473 K under He, c-Al2O3 exhibits bands in the 2760–
3000 cm�1 region corresponding to CH3 and CH2 vibrational modes
[e.g., m (CH)] from adsorbed ethoxy and butanoate species. Charac-
teristic m (C–O) bands corresponding to mono- (m



Scheme 1. Reaction scheme for the hydrogenolysis of ethyl butyrate over 25% Co/c-Al2O3.

Table 1
Hydrogenation of ethyl butyrate over 25% Co/c-Al2O3. (Temperature, 493 K; pressure 1.55 MPa; W/F (10�3) = 24.6 g cat min L�1.)

Time (h) H2/EBb ratio % EB conversion Selectivity (%)

Ethanol 1-Butanol Ethoxy butane Butyl butyrate C1–C4
a

20 4.0 24.0 43.6 30.7 6.9 12.7 6.1
26 4.0 24.5 43.5 31.4 6.8 12.7 5.6
43 4.0 17.8 44.1 30.8 6.6 12.3 6.2
51 (D2)c 4.0 (D2) 35.6 (D2) 42.1 31.9 8.7 10.1 7.2
55 (D2) 4.0 (D2) 34.6 (D2) 42.1 31.9 8.6 10.3 7.1
67.5 4.0 19.3 42.3 30.3 6.1 15.9 5.4
73.6 4.0 15.6 43.4 32.1 6.3 13.5 4.7

a Linear alkanes.
b EB represents ethyl butyrate.
c D2 in the parenthesis indicate samples obtained from the deuterium switch.

Table 2
Deuterium isotope effect for hydrogenation of ethyl butyrate, butyric acid, and butyraldehyde over 25% Co/c-Al2O3.

Compound (X) H2/(X) ratio KIE on conversion (H/D) Rates (rH/rD)

Ethanol 1-Butanol Ethoxy butane Butyl butyrate C1–C4

Ethyl butyrate 4.0 0.50 0.64 0.61 0.46 0.99 0.57
n-Butyric acid 5.0 0.54 – 0.57 – 0.84 –
n-Butyraldehyde 4.0 0.98 – 0.95 – – –

Fig. 1. Deuterium isotope effect observed during the conversion of ethyl butyrate over 25% Co/c-Al2O3.
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Fig. 2. DRIFTS spectra corresponding to ethyl butyrate adsorption over (a) c-Al2O3 at 473 K under flowing He, (b) 25% Co/c-Al2O3 at 473 K under flowing He, and (c) 25% Co/c-
Al2O3 at 493 K under flowing H2.

Table 3
Infrared vibrational frequencies and mode assignments for surface species formed
from the adsorption of ethyl butyrate followed by exposure to flowing H2 at 493 K
over c-Al2O3 and 25% Co/c-Al2O3.

Mode c-Al2O3 25% Co/c-Al2O3

mas (CH3) 2968 2967
mas (CH2) 2940 2940
ms (CH3) 2881 2881
mas (RCO) 1650 1644
mas (OCO) 1573 1564

1613 (sh) 1605 (sh)
1575 (sh)

ms (OCO) 1469 1459
1446 (sh) 1439 (sh)

das (CH3) 1412 1420
1386 (sh) 1385 (sh)

ds (CH3) 1342 1338
1317 (sh) 1315 (sh)
1297 (sh) 1294 (sh)

s (CH2) 1264 1262
1246 (sh) 1245 (sh)

m (CO) 1191 1101
1078

Scheme 2. Possible surface species formed from the adsorption of ethyl butyrate
over 25% Co/c-Al2O3 under flowing heat 473 K: (a) butanoate, (b) butanoyl, and (c)
ethoxy species.
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(CO) = 1100 cm�1) and bi-dentate (m (CO) = 1050 cm�1) ethoxy
species were observed for c-Al2O3 and 25% Co/c-Al2O3 samples
at 473 K under helium indicating that ethyl butyrate adsorbs disso-
ciatively to form ethoxy and butanoate species on c-Al2O3. The
presence of two dominant bands centered at 1573 and
1469 cm�1 correspond to asymmetric masymm (–COO) and symmet-
ric msymm (–COO) stretching of adsorbed butanoate species (i.e.,
CH3–CH2–CH2–COO–, Scheme 2a) respectively, while a shoulder
at 1650 cm�1 was ascribed to a butanoyl species (i.e., CH3–CH2–
CH2–CO–, Scheme 2b) resulting from the dissociative adsorption
of ethyl butyrate on c-Al2O3. A similar band at 1644 cm�1 was also
observed for 25% Co/c-Al2O3. An acetyl species characterized by an
IR band at 1660 cm�1 has been reported on Co/ZnO after ethanol
steam reforming at 673 K [19]. The absorbances of all these bands
decrease under H2 treatment at 493 K, suggesting that the dissocia-
tively adsorbed butanoyl and butanoate species react with
adsorbed hydrogen to form the respective alcohols.

Characteristic bands (Fig. 2) corresponding to butanoate and
butanoyl species are evident upon adsorption of ethyl butyrate un-
der flowing He at 473 K over c-Al2O3 and reveal that dissociative
adsorption of ethyl butyrate takes place on the c-Al2O3 surface.
Furthermore, as shown in Scheme 2, there may be two kinds of dis-
sociative adsorption: (1) cleavage of C–O within the ethoxy group
of the ester (i.e., RCOO–R) to form a butanoate species (Scheme 2a)
and ethane or (2) cleavage of the C–O (i.e., single bond, not the car-
bonyl) of the ester (RCO–OR) to form a butanoyl species
(Scheme 2b). Similar species, like acetate and the acetyl species
are well-known pseudo-stable intermediates for hydrogenolysis
of ethyl and methyl acetates [20,21]. In addition to c-Al2O3, ethyl
butyrate could also adsorb dissociatively on metallic sites of cobalt.

Defect sites on c-Al2O3 may be created during dehydration
according to Peri’s model [22], and these vacancy defects adjoin
pair or triplet oxide defects providing unusual exposure of the alu-
minum ions in the underlying layer. Depending on the number of
defect sites exposed at the surface of c-Al2O3, one would expect
that, in the case of RCO–OR’ bond breaking, ethyl butyrate could
dissociate in two possible ways to form butanoate and/or butanoyl
surface intermediates (Scheme 3a and 3b). On the other hand, in
the case of breaking of the RCOO–R’ bond, butanoate species may
form according to Scheme 3c. There are few examples available



Scheme 3. The formation of butanoate and butanoyl species on c-Al2O3.
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in the literature regarding the stabilization of acyl species on c-
Al2O3 [16,23]. Bayman et al. [15] suggested from inelastic electron
tunneling measurements on c-Al2O3 that esters (RCOOR0) can dis-
sociatively adsorb on c-Al2O3. The authors further reveal that or-
ganic esters in general react with surface bound hydroxyl groups
at acidic sites on the alumina surface to form symmetrical chemi-
sorbed carboxylate anion species. Okumura et al. [24] demon-
strated that, due to the lack of surface acidity on GeO2/SiO2, ethyl
acetate dissociatively adsorbs as unidentate acetate and ethoxy
groups during ethyl acetate hydrogenation on Rh/monolayer
Fig. 3. DRIFTS-TPD spectra corresponding to ethyl butyrate adso
GeO2/SiO2 reduced at 423–523 K. Therefore, we believe that for
the experimental conditions used, butanoate and butanoyl are
pseudo-stable intermediates formed during ethyl butyrate hydrog-
enolysis covering the surfaces of both c-Al2O3 and metallic cobalt.

Fig. 3 shows the TPD of adsorbed ethyl butyrate over 25% Co/c-
Al2O3 under flowing H2. As temperature increases, the intensities
of all the adsorption bands decrease, particularly the one at
1644 cm�1 associated with the butanoyl species. Compared to
butanoyl species, butanoate appears to be more stable under our
experimental conditions. Thus, hydrogenation of butanoate to par-
tially hydrogenated intermediates could possibly be the rate-
determining step in the hydrogenation of ethyl butyrate over 25%
Co/c-Al2O3. It is of interest to compare these results with the deu-
terium isotope effect for the hydrogenation of butyric acid, not
only in that it may generate similar kinds of intermediates as from
ethyl butyrate, but also from the point of view of hydrogenation
activity.
3.2. Hydrogenation of n-butyric acid (BA)

The typical reaction conditions for hydrogenation of n-butyric
acid are shown in Table 4. Unlike ethyl butyrate, which yielded a
number of additional compounds, butyric acid hydrogenation
selectively produces n-butanol (80–91%) in addition to forming bu-
tyl butyrate (8–10%). The data show that the catalyst deactivation
rate was higher for butyric acid hydrogenation relative to ethyl
butyrate hydrogenation, which may be attributed to the poisoning
effect of butyric acid on cobalt sites. The deuterium isotope effect
was obtained by comparing the hydrogenation activity of butyric
acid with periods of addition of H2 – then D2 – and then switching
back to H2. The resultant deuterium isotope effect was measured
directly by comparing the hydrogenation activity of butyric acid
(rH/rD) and is displayed in Table 2 and Fig. 4. Hydrogenation of n-
butyric acid follows an inverse isotope effect (H/D = 0.54), and
the magnitude is similar to that of ethyl butyrate. Therefore, it is
likely that similar intermediates are involved in the rate-determin-
ing step in the hydrogenation of both ethyl butyrate and n-butyric
acid.
rption over 25% Co/c-Al2O3 under flowing H2 (473–523 K).



Table 4
Hydrogenation of n-butyric acid over 25% Co/c-Al2O3 (Temperature, 493 K; pressure 0.80 MPa; W/F (10�3) = 5.69 g cat min L�1).

Time (h) H2/n-butyric acid ratio % n-Butyric acid conversion Selectivity (%)

Acetone n-Butanol Butyl butyrate

1.00 5.0 62.9 10.2 81.6 8.2
4.00 5.0 39.8 3.5 86.8 9.7
6.30 5.0 11.2 2.6 87.5 9.9
9.95 (D2)a 5.0 (D2) 15.9 (D2) 1.8 91.1 7.1
11.65 5.0 7.2 4.9 86.6 8.5
15.00 5.0 4.7 4.9 86.6 8.5

a D2 in the parentheses indicate samples obtained from the switch to deuterium.

Fig. 4. Deuterium isotope effect observed during the conversion of n-butyric acid over 25% Co/c-Al2O3.
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DRIFTS experiments were carried out to follow the surface spe-
cies formed upon adsorption of n-butyric acid on 25% Co/c-Al2O3 at
473 K under He and H2. The catalyst was reduced first in H2 at
Fig. 5. DRIFTS spectra corresponding to n-but
623 K and then the n-butyric acid was introduced using a syringe.
Scans were taken in the range between 1000 and 4000 cm�1.
DRIFTS spectra obtained during n-butyric acid adsorption on 25%
yric acid adsorption over 25% Co/c-Al2O3.



Table 5
Infrared vibrational frequencies and mode assign-
ments for surface species formed from the adsorption
of n-butyric acid followed by exposure to flowing H2 at
493 K over 25% Co/c-Al2O3.

Mode 25% Co/c-Al2O3

mas (CH3) 2968
mas (CH2) 2939, 2909 (sh)
ms (CH3) 2881, 2830 (sh)
ms (CH2) 2802
m (CO) 1923
mas (OCO) 1575

1600 (sh)
1640 (sh)

ms (OCO) 1463
1439 (sh)
1422 (sh)

ds (CH3) 1314
s (CH2) 1261

1252
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Co/c-Al2O3 at different conditions are shown in Fig. 5. The DRIFTS
spectra corresponding to 473 K under He display bands at 1575
and 1463 cm�1, which are characteristic of asymmetric and sym-
metric vibrations of the O–C–O group in n-butyric acid. Similar
band assignments of butanoate stretching vibrations, directly
formed upon adsorption of n-butyric acid, have been reported for
oxidized aluminum [25]. Table 5 shows the infrared bands ob-
Table 6
H/D exchange in the formation of alcohol.

Sample D-distribution (mol%)

d0 d1 d2 d3 d4

Hydrogenation of ethyl butyrate
1-Butanol 0 0 0 36.1 36
Ethanol 0 53.2 24 14.7 8.1

Hydrogenation of n-butyric acid
1-Butanol 0 0 0 40 33.7

Hydrogenation of n-butyraldehyde
1-Butanol 0 0 50.5 28.6 15.3

Fig. 6. Deuterium isotope effect observed during the co
served for n-butyric acid adsorption on 25% Co/c-Al2O3 after intro-
ducing flowing H2 at 493 K. Several bands in the 2746–3000 cm�1

region were observed, and the bands at 2968, 2939, 2909, 2881,
2830 cm�1 may be attributed to m (CH) stretching modes of CH3–
and CH2– from the butyl group adsorbed on c-Al2O3. Heating the
25% Co/c-Al2O3 catalyst to 493 K under H2 decreased considerably
the band intensities of characteristic asymmetric and symmetric
vibrations of butanoate species. This suggests that the dissociative-
ly adsorbed H on cobalt could hydrogenate the adsorbed RCO2-
group on the oxide surface of c-Al2O3 to form butanol. Using non-
local density functional theory calculations, Pallassana and Neu-
rock [26] concluded that C–O bond activation is likely to be the
rate determining for hydrogenolysis of acetic acid on Pd-based cat-
alysts. Natal-Santiago et al. [27,28] using microcalorimetry, infra-
red spectroscopy, and reaction testing for kinetics combined with
quantum chemical calculations, demonstrated that the rates of
reduction of acetic acid and alkyl acetates on Cu/SiO2 catalysts ap-
pear to be determined by the dissociative adsorption of these mol-
ecules and the hydrogenation of surface acyl species. Our DRIFTS
results for the hydrogenolysis of ethyl butyrate and n-butyric acid
over Co/c-Al2O3 suggest that butanoate is the dominant and more
stable surface species under these experimental conditions.

Table 6 shows the distribution of d-isotopic isomer of butanol
and ethanol formed while deuterium was used as the source for
the hydrogenation of ethyl butyrate, n-butyric acid, and n-butyral-
dehyde. Deuterium addition to ethyl butyrate without any H/D ex-
change could generate three and one deuterium atoms per
d/Molecule

d5 d6 d7 d8

18.4 6.6 2.9 0 4.04
0 0 0 0 1.78

5 17.7 8.5 0 0 3.94

5.6 0 0 0 2.76

nversion of n-butyraldehyde over 25% Co/c-Al2O3.



Scheme 4. A simplified reaction network for hydrogenation of ethyl butyrate and butyric acid over 25% Co/c-Al2O3 at 493 K.
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molecule of butanol and ethanol, respectively (Eq. (1)). However,
we observed 4.04 and 1.78 deuterium atoms per molecule of buta-
nol and ethanol, respectively. Similarly, for hydrogenolysis of n-bu-
tyric acid (Eq. (2)) and butyraldehyde (Eq. (3)) the observed
number of deuterium atoms incorporated per molecule of butanol
formed was slightly higher than the theoretical value. This indi-
cates that H/D exchange occurs at the CH2 position of alcohol inter-
mediates while interacting on the surface of the catalyst, which
leads to an excess in the number of deuterium atoms incorporated
per molecule of alcohol formed.

CH3CH2CH2COOC2H5 þ 2D2 ! CH3CH2CH2CD2ODþ C2H5OD ð1Þ

CH3CH2CH2COOHþ 2D2 ! CH3CH2CH2CD2ODþHDO ð2Þ

CH3CH2CH2CHOþ 2D2 ! CH3CH2CH2CHDODþ D2O ð3Þ

In the conversion of either ethyl butyrate or n-butyric acid, deu-
terium analysis suggests that the residence times of intermediates
are similar. Agarwal et al. [14], using IR spectroscopy, identified the
acetyl intermediate during in situ hydrogenation of ethyl acetate
over Cu/SiO2, suggesting that acetyl species have significant sur-
face lifetimes and are not rapidly hydrogenated to the acetalde-
Scheme 5. Potential-energy profile.
hyde or alcohol. Although the catalyst system employed in that
investigation was metallic copper, the adsorption of similar inter-
mediates may be valid for Co/c-Al2O3 as well, in which we pre-
sume that there is an availability of reaction intermediates
adsorbed on the surface of c-Al2O3, (i.e., surface fugacity) and that
these intermediates further react at the Co/c-Al2O3 interface. Thus,
the butanoate (Scheme 2a) and butanoyl (Scheme 2b) hydrogena-
tion steps to butyraldehyde, along with the further hydrogenation
step to butanol, are the possible steps that may be kinetically
significant.

In order to further distinguish the likely rate-limiting step, we
have performed a deuterium switching experiment for hydrogena-
tion of n-butyraldehyde to butanol and the corresponding data are
displayed in Table 2 and Fig. 6. The hydrogenation of butyralde-
hyde to butanol does not display a deuterium isotope effect, indi-
cating that hydrogen addition to adsorbed aldehyde is not likely
involved in the rate-limiting step. Rachmady and Vannice [29]
determined that the turnover frequency (TOF) for acetaldehyde
hydrogenation on Pt/TiO2 catalysts is 1000-fold higher than that
of acetic acid hydrogenolysis. Agarwal et al. [14] demonstrated that
the TOF for the conversion of acetaldehyde to ethanol is roughly
6000 times higher than that of ester hydrogenolysis under other-
wise identical reaction conditions. In summary, we speculate that
the formation of a partially hydrogenated intermediate species
from butanoate and butanoyl is likely to be rate-controlling in
the hydrogenolysis of ethyl butyrate and n-butyric acid on Co/c-
Al2O3 rather than either dissociation of ethyl butyrate/butyric acid
or butyraldehyde hydrogenation.

The observed inverse isotope effect may be explained in the fol-
lowing manner. From the previous discussion, the hydrogenation
of ethyl butyrate and n-butyric acid follows a butanoate or a very
similar kind of intermediate species (Scheme 4), and hydrogena-
tion of this species is the likely rate-limiting step. The KIE is a
dependence of the rate of a chemical reaction on the isotopic iden-
tity of an atom in a reactant. Isotopic substitution can modify the
rate of reaction due to the changes in the vibrational frequencies
of reacting molecules. Scheme 5 shows a proposed potential-en-
ergy diagram for the activated complex formed on addition of H
or D to an adsorbed butanoate intermediate. Here, we consider that
the ground state energy level corresponding to H and D species are
similar and tend to separate when they approach the activated
state.

According to Scheme 5, the transition state, which involves C–O
activation through C–D(H)–O bridging formation, is closer in en-
ergy to, and thus resembles more closely the product of that ele-
mentary step (i.e., the pseudo-stable butanoyl) rather than the
reactants. Since the C–D bond is at lower energy than that of C–
H in the transition state, an inverse isotope effect should result if
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that specific step is rate limiting. Note also the change in carbon
hybridization from sp2 to sp3 along the reaction coordinate and
this bonding change may lead to an IKIE. Similar effects are known
in organic reactions [30]. Therefore, it is possible to conclude that
hydrogenation of ethyl butyrate and butyric acid follows an inverse
isotope effect where hydrogen addition to C–O is the rate-limiting
step. At this stage, the possibility that the hydrogenation of butan-
oyl species rather than butanoate is involved in the rate-determin-
ing step cannot be completely ruled out.

4. Conclusions

Co/c-Al2O3 catalysts are active for the conversion of ethyl buty-
rate to n-butanol at moderate temperatures and pressures. Hydro-
genation of ethyl butyrate and n-butyric acid follows an inverse
kinetic isotope effect. The DRIFTS study indicated that two kinds
of dissociative adsorption of ethyl butyrate are possible on the cat-
alyst surface under the conditions followed. Butanoate and butan-
oyl species are the pseudo-stable surface intermediates, and
hydrogenation of one of these intermediates is likely involved in
the rate-limiting step of ethyl butyrate and butyric acid hydroge-
nation for the c-Al2O3-supported cobalt system.
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