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Microcalorimetric, infrared spectroscopic, and reaction kinetics
measurements are combined with quantum-chemical calculations
based on density-functional theory to investigate the selective re-
duction of acetic acid, methyl acetate, and ethyl acetate over silica-
supported copper catalysts. Experimental values for initial heats of
dissociative adsorption of methyl acetate, ethyl acetate, acetalde-
hyde, methanol, and ethanol on silica-supported copper are esti-
mated to be 124, 130, 130, 128, and 140 kJ mol™!, respectively.
These values are in agreement with adsorption energies predicted
from DFT calculations using Cuys clusters. Experimental values of
activation energies for the dissociation of acetic acid, methyl ac-
etate, ethyl acetate, and acetaldehyde on copper are estimated to
be 83, 67, 62, and 75 kJ mol 1, respectively. Results from DFT cal-
culations also indicate that the activation energy for dissociation
decreases from acetic acid to methyl acetate to ethyl acetate. The
rate of reduction of n-alkyl acetates appears to be determined by the
dissociative adsorption of these molecules and by the hydrogenation
of surface acyl species.  © 2000 Academic Press

Key Words: carboxylic; ester; hydrogenolysis; acetaldehyde;
methanol; ethanol; alcohol.

INTRODUCTION

The catalytic reduction of esters and carboxylic acids to
alcohols encompasses reactions in which the C-O bond ad-
jacent to a carbonyl group is cleaved according to the fol-
lowing stoichiometry,

RACOORg + 2H, == RaCH,OH + RgOH,  [1]

where Ra represents an alkyl group and Rg represents
another alkyl group or hydrogen. Of particular interest
is the reduction of diesters and carboxylic acids to diols,
which are used in the production of polyesters. For ex-
ample, the catalytic reduction of diesters and carboxylic
acids provides an environmentally benign alternative to
existing energy-intensive processes for the production of
1,2-ethanediol (ethylene glycol), 1,2-propanediol, and 1,4-
butanediol (1, 2). Alcohols are also used in the production
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of surfactants and additives present in detergents and lu-
bricant fluids (3-7).

Copper-based catalysts typically exhibit high selectivity
for the conversion of esters and carboxylic acids to alcohols
(). In fact, copper-based materials have been employed in
the majority of applications since they were first used for
the reduction of methyl formate (8). Catalysts for the re-
duction of esters and carboxylic acids have generally been
prepared by mixing hydrogenating metals (e.g., Fe, Co, Ni,
Cu, Zn) with various oxides (e.g., ZrO,, V205, Cr 03, WO3)
(9-18); however, the most widely used materials appear
to be based on copper chromite (19). In addition, silica-
supported copper and Raney copper have been shown to
be as effective as copper chromite catalysts for the reduc-
tion of alkyl formates (17, 18, 20-22) and aliphatic esters
(23-32).

Previous investigations (29) suggest that the reduction
of ethyl acetate over copper-based catalysts proceeds via
dissociative adsorption of the reagent into CH3C*O and
C,HsO* species, where * represents a surface site. Accord-
ingly, one may suggest that the reduction of RACOORg
molecules over copper-based catalysts proceeds via disso-
ciative adsorption of the reagent into RAC*O and RgO*
species, and subsequent hydrogenation of these species
yields the desired alcohols. In addition, these reactions typi-
cally involve the partial hydrogenation of RAC*O fragments
toyield aldehydes as well as the reversible dehydrogenation
of alcohols to form aldehydes:

RaCH,OH = RACHO + H,. [2]

Reaction [2] is typically equilibrated during reduction of
esters over silica-supported copper at temperatures near
570 K (30, 32). In addition, transesterification reactions oc-
cur over copper catalysts according to the following stoi-
chiometry:

2RACOORg + 2H; = RACOOCH;Ra +2RgOH. [3]

In the present paper, we present results from experi-
mental and theoretical studies to probe the factors control-
ling the catalytic reduction of acetic acid, methyl acetate,
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and ethyl acetate to the corresponding alcohols over silica-
supported copper. Reaction kinetics measurements were
conducted to assess the activity and stability of the cata-
lyst over a range of temperatures and partial pressures of
reactants; heat-flow microcalorimetry was used to measure
energies of interaction between the catalyst surface and var-
ious gaseous molecules involved in the reduction process;
Fourier-transform infrared (FTIR) spectroscopy was used
to study the nature of surface species formed on the catalyst
at various conditions; and quantum-chemical calculations
based on density-functional theory (DFT) were performed
to probe potential energy surfaces for interactions of copper
with molecular species involved in the reduction scheme.
We will show that the overall rates of conversion of acetic
acid, methyl acetate, and ethyl acetate over metallic cop-
per are determined by the dissociative adsorption of these
probe molecules and by the hydrogenation of surface acyl
species.

METHODOLOGY

Samplescontaining 5 wt% copper (analyzed by Galbraith
Laboratories) were prepared by ion exchange onto the sur-
face of silica (Cab-O-Sil from Cabot Corp., 380 m? g~?%)
using an agueous solution of Cu(NO3), (Aldrich) (33). The
degree of exchange was controlled by the maintaining of
the pH of the slurry at ~11 for 4 h through the periodic
addition of NH,OH (Aldrich). The resulting material was
filtered and dried overnight in air at 393 K. The material
was subsequently calcined in flowing 20% O,/He for 2 h
at 600 K, reduced in flowing hydrogen for 12 h at 600 K,
and stored for later use. Approximately 19 + 2% of the to-
tal number of copper atoms were metallic surface atoms,
as determined by N,O decomposition on copper at 370 K
(34-39). It was assumed in this analysis that each oxygen
atom deposited on the catalyst by N,O corresponds to two
metallic surface atoms. Copper atoms are likely distributed
between bulk metallic clusters and oxide patches associated
with the silica support. Given that the reduction of esters
and carboxylic acids is believed to occur primarily on metal-
lic copper (1), the presence of copper oxides is not expected
to significantly affect our catalytic measurements.

Reaction Kkinetics studies were conducted using a
stainless-steel apparatus and a Pyrex, downflow reactor op-
erating at atmospheric pressure. Studies of the reduction of
acetic acid, methyl acetate, and ethyl acetate (Aldrich) were
conducted using approximately 1 g of 5% Cul/silica (35-80
mesh) at 570 K, with total gas flow rates from 25 to 200
STP ¢cm® min~! (sccm) and varying molar ratios of hydro-
gen to acid or ester. Measurements were made at tempera-
tures from 500 to 580 K. The feed to the reactor consisted of
hydrogen (Liquid Carbonic) and the reactant acid or ester
molecule of interest, except when determining orders of re-
action, in which case helium (Liquid Carbonic) was used as

adiluent. Helium was purified by flowing through OxyTrap
(Alltech) followed by a bed of activated molecular sieves
(Davison, 13X) at 77 K. Hydrogen was purified by flowing
through a DeOxo unit (Engelhard) followed by a bed of
activated molecular sieves at 77 K.

The reactant acid or ester molecules were fed to the
reactor by flowing hydrogen or helium through an evap-
orator containing the corresponding liquid, normally at
290 K. The gases leaving the reactor were sampled using
an eight-port valve with matching sample loops. The prod-
ucts formed during studies of methyl acetate and ethyl ac-
etate reduction were analyzed using a gas chromatograph
equipped with a thermal-conductivity detector at 373 K and
a packed column at 398 K (Alltech; 5% carbowax 20M
on 80-120 mesh carbograph 1AW, stainless-steel, length =
3 m, i.d.=2.16 mm, o.d.=3.18 mm). The gas chromato-
graph used for studies of acetic acid reduction was equipped
with a flame ionization detector and a capillary column
(19091-133 HP-INNOWax; length=30 m, i.d. =0.25 mm,
film thickness =0.25 um).

Microcalorimetric measurements were performed using
a Tian-Calvet, heat-flow microcalorimeter (Seteram C80)
connected to a calibrated dosing system equipped with a
capacitance manometer (Baratron, MKS). A detailed de-
scription of the apparatus and techniques can be found else-
where (40, 41). Prior to each experiment, approximately
1 g of sample was outgassed in vacuum (~1 mPa) for 1 h
at 400 K and for 1 h at 600 K, cooled to room tempera-
ture, reduced overnight in 100 kPa of hydrogen at 600 K,
outgassed in vacuum for 2 h at 600 K, and cooled to room
temperature. The microcalorimetric cells were then placed
in the isothermal block, and measurements were initiated
after the cells had equilibrated with the microcalorimeter
at 300 K.

Infrared absorption spectra were collected at room tem-
perature using aFTIR spectrometer (Mattson Galaxy 5020)
with a resolution of 2 cm~1. Samples of 5% Cu/silica (10-
30 mg) were pressed into self-supporting wafers (12 mm in
diameter) at a pressure of approximately 60 MPa. Prior to
measurements, samples were outgassed in vacuum for 2 h,
calcined in flowing 20% O,/He for 2 h, reduced in flowing
hydrogen for 12 h, and subsequently outgassed in vacuum
for 2 h. All treatments were conducted at 600 K inside a cell
equipped with CaF, windows. Spectrawere collected before
and after the samples were exposed to specific pressures of
the probe molecules, and these spectra were subtracted to
generate difference spectra. To investigate the reversibil-
ity of adsorption processes, spectra were collected after the
sample was outgassed overnight at room temperature and
after it was outgassed for 2 h at 600 K.

Quantum-chemical calculations were performed on the
basis of DFT using the three-parameter functional B3LYP
(42) along with Gaussian-type basis sets (43). It should
be noted that DFT functionals are known to work well
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for the prediction of thermochemical properties of systems
containing light atoms, but they become less useful for the
description of heavy atoms or highly charged systems (44).

The chemical behavior of supported copper was simu-
lated using a cluster containing 13 metal atoms resembling
an icosahedron. All surface atoms in this Cuys cluster have
the same coordination number of 6, thereby eliminating the
existence of edge and corner atoms with lower coordination
numbers. It should be noted that quantum-chemical calcu-
lations within the cluster approximation are dependent on
the number of surface and bulk atoms incorporated into
the model; therefore, results from these calculations should
only be used to deduce trends in bonding and reactivity for
various species adsorbed on copper.

DFT calculations were conducted using the basis set 6-
31G** for carbon and hydrogen atoms, 6-31+G** for oxygen
atoms, and Los Alamos effective core potential (LanL2)
(45-47) for copper atoms. Detailed information about the
methods used can be found elsewhere (48, 49). The calcu-
lations were performed using the software package Jaguar
(50) on DEC Alpha computers. Structural parameters were
determined by optimization to stationary points on the cor-
responding potential energy surface (PES) using Cartesian
coordinates. Energetic predictions were not corrected by
changes in zero-point energies.

Mulliken population analyses were used to examine
trends in the relative strengths of C-O bonds adjacent to the
carbonyl groups in acetic acid, methyl acetate, and ethyl ac-
etate. However, we note that Mulliken charges are only use-
ful qualitatively because they are based on a simple scheme
to assign electronic charges to atoms in molecules.

Transition states were located on the corresponding PES
to estimate activation energies for various reactions on cop-
per. The location of transition states employed a STQN
method, which uses a linear or quadratic synchronous tran-
sit approach to reach the quadratic region of the PES,
followed by a quasi-Newton or eigenvalue-following algo-
rithm to complete the optimization (51). The clusters re-
sulting from optimizations were classified as local minima
or transition states on the PES by calculation of the Hessian
matrix. For local minima, the eigenvalues of the Hessian
matrix were all positive, whereas for transition states only
one eigenvalue was negative (43). Cartesian coordinates of
the clusters in this report can be found elsewhere (52). Typ-
ically, the error associated with the use of DFT methods
for the estimation of reaction energetics is between 20 and
40 kJ mol~! (48, 49), depending on the energy functional,
basis sets, and size of the molecular cluster used.

RESULTS

Reaction Kinetics

In general, we found that silica-supported copper dis-
plays stable catalytic activity for the reduction of acetic acid,

methyl acetate, and ethyl acetate for extended periods of
time (e.g., 10 h), and the catalyst can be regenerated after
prolonged use by standard calcination and reduction proce-
dures. Steady-state activity was normally achieved after 1 h
on stream. A blank experiment showed that silica does not
catalyze the conversion of the esters or acetic acid under
our reaction conditions.

Rates of reduction versus temperature and molar hydro-
gen-to-ester (or acid) ratios are plotted in Figs. 1a and 1b.
These rates are expressed as turnover frequencies, calcu-
lated by normalizing the rate of reaction by the number
of surface metallic copper atoms (~160 xmol g~1) deter-
mined from N,O decomposition. The partial pressures of
acetic acid, methyl acetate, and ethyl acetate used for these
studies were 1, 3, and 4 kPa, respectively. Acetic acid is
converted to water, ethanol, acetaldehyde, ethyl acetate,
and less than 5 ppm of hydrocarbons. Methyl acetate is
converted to methanol, ethanol, acetaldehyde, and ethyl
acetate. Ethyl acetate is converted to acetaldehyde and
ethanol. In all cases, the amount of acetaldehyde produced
is equilibrated with hydrogen and ethanol, according to re-
action [2].

Kinetic orders of reaction with respect to the partial pres-
sures of hydrogen and esters were determined at 570 K,
as shown in Figs. 1c and 1d. Kinetic orders with respect
to hydrogen are equal to 0.33, 0.55, and 0.61 for the con-
version of acetic acid, methyl acetate, and ethyl acetate,
respectively, in agreement with previous reports (30). The
partial pressures of acetic acid, methyl acetate, and ethyl
acetate used in these studies were 1, 3, and 4 kPa, respecti-
vely.

Kinetic orders with respect to methyl acetate and ethyl
acetate are also fractional (e.g., near 0.5). In addition, these
kinetic orders generally decrease with increasing ester pres-
sures. The partial pressure of hydrogen used for these stud-
ies was 70 kPa. It was found in a separate experiment that
only traces of acetaldehyde and ethanol are produced when
ethyl acetate is flowed in helium over the catalyst at 570 K
in the absence of hydrogen.

Microcalorimetry and FTIR

Microcalorimetric data for the adsorption of methyl ac-
etate, ethyl acetate, acetaldehyde, methanol, and ethanol on
silica-supported copper at 300 K are shown in Fig. 2. These
data are plotted as differential heats of adsorption versus
surface coverage. For convenience, differential heats of ad-
sorption have been defined as absolute values of changes
in enthalpy associated with adsorption processes. Surface
coverages have been normalized by the number of metallic
surface copper atoms (160 xzmol g~3).

In a separate study, we have reported on the adsorption
of alcohols (53) and carbonyl-containing organic molecules
(54) on silica. These molecules adsorb through the forma-
tion of multiple (i.e., two or three) hydrogen bonds with
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FIG. 2. Differential heats versus adsorbate coverage (as a fraction of

the copper surface sites) for adsorption of methanol (), ethanol (L), ac-
etaldehyde (A), methyl acetate (®), and ethyl acetate (@) on 5% Cu/silica
at 300 K.

hydroxyl groups on the silica surface. The average energy
of each hydrogen bond is approximately 30 kJ mol~*. These
hydrogen-bonded species do not react further with silica
pretreated as described in this report, and they can be re-
moved from silica by evacuation at temperatures below
575 K.

Initial heats for the adsorption of methyl acetate, ethyl
acetate, acetaldehyde, methanol, and ethanol on silica-
supported copper are 124, 130, 130, 128, and 140 kJ mol 1,
respectively. Differential heats of adsorption decrease with
increasing coverage. At coverages higher than 2%, the dif-
ferential heats decrease below 90 kJ mol~, and it is not pos-
sible to differentiate between the adsorption of the probe
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FIG. 3. FTIR spectrafor methanol and ethanol on 5% Cul/silica (a) at
room temperature and (b) after evacuation at 600 K.

molecules on copper and adsorption on silica. Specifically,
a heat of adsorption equal to 90 kJ mol~! corresponds to a
desorption rate coefficient of the order of 1 h~2, thus leading
to nonequilibrated adsorption for the time constants of our
microcalorimetric measurements. Therefore, this situation
corresponds to limited mobility of the probe molecules on
silica-supported copper at 300 K. Accordingly, as the cov-
erage increases, adsorption sites are not titrated in order
of decreasing strength, and the microcalorimetric data rep-
resent an average of heats of adsorption on the metal and
the support. For this reason, initial heats of adsorption rep-
resent a lower limit of the heat of adsorption of the probe
molecules on copper. Our attempts to facilitate equilibra-
tion of adsorbates with the catalyst sample by increasing the
adsorption temperature to 400 K caused decomposition of
these species, yielding gaseous products such as hydrogen,
aldehydes, and carbon monoxide.

Infrared absorption spectra for methanol and ethanol on
silica-supported copper are shown in Fig. 3a. These differ-
ence spectra were collected after adsorption of the alco-
hols at room temperature on copper for surface coverages
ranging from 2% to 12%. The observed C-H stretching
vibrations are listed in Table 1. Bands associated with
O-H stretching (3400-4000 cm~t) and C-H bending (1300
1500 cm™') were also observed; however, the intensities
of these bands were much lower than those of the bands
shown in Fig. 3a. When molecularly adsorbed alcohols are
removed from the surface by evacuation at 600 K, it can be
seen in Fig. 3b that residual surface species are still present.
Since alcohols can be removed completely from silica by
this evacuation procedure (53), we suggest that these resid-
ual species are adsorbed on copper.

TABLE 1

Vibrational bands (cm™!) of Methoxy and Ethoxy Species on
5% Cul/Silica (Fig. 3b)

Methoxy Ethoxy

Measured DFT Measured DFT
Vas(CH3) (2960) (2948) (2982) 2988
v(CH3) (2960) (2948) (2982) 2986
v”"(CHy) — — 2958 2943
255 (CH3) 2926 2897 — —
vs(CHa3) 2858 2879 2929 2908
V' (CHy) — — 2858 2897

Note. DFT predictions correspond to species in Figs. 4 and 5, and
they have been scaled by a factor of 0.96. The bands in parentheses
are either degenerate or cannot be resolved.

DFT Calculations

The average length and energy of Cu—Cu bonds in the
optimized 13-atom copper cluster were 260 + 10 pm and
165 kJ mol~1. These values compare well with the length
of 256 pm and energy of 195 kJ mol~! typically associated
with these bonds in bulk metallic copper.

The optimized structure of methoxy species on Cuys is
shown in Fig. 4. These species can form via dissociative

@) CARBON

OXYGEN

(O HYDROGEN

FIG. 4. Front and top views of the optimized structure of methoxy
species on a Cuys cluster.
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TABLE 2

DFT Predictions of Energetics (kJ mol™)
of Various Reactions

—AE(DFT)  —AH (Exp)
Hz + 2F — 2H* — %0
MeOH+* — CH3;O* + 1H, 130 83
EtOH-+* — C;HsO* + 3H, 132 95
AcH+* — CH3;C*O + 1H, 59 85
MA+ 2* - CH;3C*O + CH;0* 166 124
EA+ 2* — CH3C*O + C,H5 O 168 130

Note. Experimental values are derived from initial heats of ad-
sorption in Fig. 2 and they represent the lower limit for adsorption
of the probes molecules on copper.

adsorption of methanol or methyl acetate. The cluster
was constrained to have C; symmetry during optimization.
Methoxy species are predicted to occupy a three-fold hol-
low site and orient with the C-O bond perpendicular to
the metal surface, exhibiting C3, symmetry. The energy of
formation is predicted to be 130 kJ mol~! relative to the
reaction CH3zOH + * — CH3O* + 1H, as listed in Table 2.
Rotation of the methyl group to an eclipsed position rela-
tive to the hollow site increases the energy of the cluster by
less than 10 kJ mol~. The lengths of C-O, C-H, and O-Cu
bonds are predicted to be 143, 110, and 207 pm, respectively.
The HCH, HCO, COCu, and CuOCu angles are predicted
to be 108.4°,110.5°,127.6°, and 86.6°, respectively. Upon in-
teraction with methoxy species, copper atoms bonded to the
oxygen atom relax such that Cu—Cu bond lengths increase
to 284 pm. A local frequency analysis in which only atoms
in the adsorbate are displaced results in the C-H stretch-
ing bands listed in Table 1. The predicted vibrational bands
are in agreement with those observed in Fig. 3b, within the
typical error of 50 cm~! associated with quantum-chemical
calculations.

The optimized structure of ethoxy species on Cujs is
shown in Fig. 5. These species can form via dissociative
adsorption of ethanol or ethyl acetate. The cluster was
constrained to have Cs; symmetry during optimization.
Ethoxy species are predicted to occupy a hollow site on
the metal surface. The energy of formation is predicted to
be 132 kJ mol~1, relative to the reaction C,HsOH +* —
CoHsO* + 1H, (Table 2). The lengths of C-O, C-H, and O-
Cu bonds are predicted to be 144, 110, and 206 pm, respec-
tively. The CCO angle is predicted to be 110.2°. The COCu
and CuOCu angles on each side of the mirror plane are pre-
dicted to be 130.5° and 83.8°, respectively. The remaining
COCu and CuOCu angles are predicted to be 123.4° and
88.8°. Consequently, the C-O bond of ethoxy species is pre-
dicted to be tilted away form the surface normal by ~10°,
most likely because of interactions between copper and the
alkyl chain. A local frequency analysis in which only atoms
in the adsorbate are displaced results in the C-H stretch-

ing bands listed in Table 1. The predicted vibrational bands
are in agreement with those observed in Fig. 3b, within the
50-cm~* error of our calculations.

The optimized structure of acyl species on Cuys is shown
in Fig. 6. These species can form via dissociative adsorption
of acetaldehyde, methyl acetate, or ethyl acetate. In this
case, the cluster was not constrained during optimization.
Acyl species are predicted to occupy a bridge site and orient
with the C=0 bond parallel to the metal surface. Predicted
energies of formation with respect to various possible re-
actions are listed in Table 2. The lengths of C=0, C-H, C-
Cu, and O-Cu bonds are predicted to be 125, 110, 198, and
208 pm, respectively. The CCCu, OCCu, CuOC, and OCC
angles are predicted to be 124.8°,117.6°, 109.6°, and 117.3°,
respectively. Consequently, the CCO plane of the adsorbate
is predicted to be tilted away from the surface normal by
~20°. A local frequency analysis in which only atoms in the
adsorbate are displaced predicts a C=0 stretching band at
1577 cm~!, whereas the experimental value is 1647 cm™!
(29). This discrepancy may be related to the comparison in

FIG.5. Front and side views of the optimized structure of ethoxy
species on a Cuys cluster.
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Table 2 which shows that our DFT calculations appear to
overpredict the bonding energetics on copper.

Alkoxy species can undergo dehydrogenation on cop-
per at temperatures higher than 320 K to produce an alde-
hyde and hydrogen (55-65). A schematic representation of
the transition states for the dehydrogenation of methoxy
and ethoxy species on copper and the corresponding acti-
vation energies are included in Fig. 7. The products of these
transformations consist of atomic hydrogen on a three-fold
hollow site plus an aldehyde molecule on a bridge site. Ac-
tivation energies for the dehydrogenation of methoxy and
ethoxy species are predicted to be 165 and 156 kJ mol~?, re-
spectively (see Fig. 7). These barriers are higher than the ex-
perimental ranges of 90-140 and 80-120 kJ mol~! reported
elsewhere (55-65). The C-O bond in these transition states
is tilted toward the metal surface at an angle of about 30°,
while the C-H bond being cleaved is lengthened to 184—
205 pm. The imaginary mode of vibration (reaction coor-
dinate) involves stretching of this C—H bond coupled with
rocking of the alkoxy group.

FIG. 6. Side and back views of the optimized structure of an acyl
species on a Cuys cluster.

Ea, [kJ/mol]
CH, O 165
GC,H;0* 156

FIG. 7. Transition states and activation energies for dehydrogenation
of methoxy and ethoxy species on copper.

Acetaldehyde, acetic acid, methyl acetate, and ethyl ac-
etate can dissociate upon adsorption on copper through
cleavage of the C-X bond adjacent to the carbonyl group,
where X represents a hydroxyl group, an alkoxy group, or
a hydrogen atom. A schematic representation of the transi-
tion states and the corresponding activation energies are in-
cluded in Fig. 8. Activation energies are reported as a range
of values because we were not able to locate rigorously first-
order saddle points on the corresponding potential energy
surfaces. Optimizations were complicated by loose modes
of vibration involving copper atoms or the alkoxy part of
the molecules. Nevertheless, our calculations suggest that
the activation energy for dissociative adsorption decreases
as we move from acetic acid to methyl acetate to ethyl
acetate to acetaldehyde. The reaction coordinate consists
of elongation of the C-X bond (to 178-184 pm for the n-
alkyl acetates) coupled with a slight elongation of the C=0
bond from approximately 121 pm in the gaseous molecule
to about 124 pm in the adsorbed acyl group. The product
of this transformation consists of an acyl group on a bridge
site and a hydroxyl group, an alkoxy group, or a hydrogen
atom on a nearby hollow site.

DISCUSSION

The adsorption of alcohols, mainly methanol and ethanol
(55-90), on copper surfaces has been studied extensively in
the literature. It has been established that, at temperatures
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between 180 and 300 K, molecularly adsorbed alcohols re-
act with the metal surface via cleavage of the O-H bond
to produce alkoxy species and surface hydrogen. Our high
initial heats of adsorption and FTIR investigations suggest
that methanol and ethanol adsorb dissociatively on silica-
supported copper at 300 K to produce methoxy and ethoxy
species. Our DFT calculations suggest that methoxy species
are oriented with the C-O bond perpendicular to the cop-
per surface and exhibit local C3, symmetry, whereas ethoxy
species are oriented such that the C-O bond is tilted from
the surface normal by ~10° and exhibit Cs symmetry. The
heats of formation of methoxy and ethoxy species (from
the corresponding alcohols with liberation of gaseous hy-
drogen) are suggested to be near 130 kJ mol~ (see Table 2).

Alkoxy species can undergo dehydrogenation on cop-
per at temperatures higher than 320 K to produce an alde-
hyde and hydrogen (55-65). Activation energies for the
dehydrogenation of methoxy and ethoxy species on cop-
per have been reported to be within the ranges of 90-140
and 80-120 kJ mol~!, respectively, and the results from
our DFT calculations predict these activation energies to
be about 160 kJ mol~1. Experimental investigations have
also demonstrated that the activation energy for alkoxy
dehydrogenation depends on the nature of the copper
surface being considered. In general, it has been found
that ethoxy species typically exhibit faster dehydrogenation
than methoxy species under the same experimental condi-
tions. Moreover, while methoxy species on copper typically
recombine with surface hydrogen to desorb as methanol,
ethoxy species tend to undergo further dehydrogenation to
yield acetaldehyde (55, 56, 58, 59, 61, 64, 67).

The adsorption of ethyl acetate on copper under reduc-
tion conditions is believed to proceed via cleavage of the
C-0O bond adjacent to the carbonyl group (29). We extend
this finding to propose that the adsorption of aliphatic es-
ters and carboxylic acids also proceeds via cleavage of the
C-0 bond adjacent to the carbonyl group. Products of this
reaction consist of adsorbed RAC*O and RgO* species. The
existence of the former species on silica-supported copper
has already been established (29). The IR band correspond-
ing to C=0 stretching has been assigned at 1647 cm™L.
The high initial heats observed from our microcalorimetric
studies of methyl acetate, ethyl acetate, and acetaldehyde
adsorption on silica-supported copper at 300 K as well as
the observed production of gaseous species upon ester ad-
sorption at higher temperatures provide evidence that these
probe molecules adsorb dissociatively on copper.

To the best of our knowledge, there are no reports re-
garding the relative rates of dissociation of esters versus
carboxylic acids on copper surfaces. Our DFT calculations
suggest that the activation energy for dissociative adsorp-
tion increases as we move from ethyl acetate to methyl
acetate to acetic acid (Fig. 8). Moreover, the rate of dis-
sociation of these three molecules on copper is limited by
cleavage of the C-O bond adjacent to the carbonyl group,

E;, [kl/mol]

CH,COOH 90-100
CH,COOCH, 70-80
CH,COOC,Hs 50-60

CH,CHO 40-50

FIG. 8. Transition states and activation energies for dissociative ad-
sorption of various carbonyl-containing organic molecules on copper.

which is affected by the ability of the R group in Fig. 8 to
donate electronic density to the alkoxy oxygen atom. Mul-
liken charges associated with the acyl group in acetic acid,
methyl acetate, and ethyl acetate are +0.159¢, +0.124e, and
+0.122¢, respectively. These values establish a difference
between the carboxylic acid and the esters. As the R group
in Fig. 8 goes from H (acetic acid) to CH3 (methyl acetate)
to C,Hs (ethyl acetate), it becomes easier to cleave the C—
O bond adjacent to the carbonyl group and the activation
energy for dissociation decreases.

In our analyses of reaction kinetic data, we have assumed
that the catalytic reductions of acetic acid, methyl acetate,
and ethyl acetate proceed through the scheme described by
steps 1-10 in Table 3. This reaction scheme consists of disso-
ciative adsorption of reactants and products and surface hy-
drogenation reactions. To test the feasibility of this reaction
scheme to describe the reaction kinetics data, it is necessary
to quantify thermodynamic and kinetic parameters asso-
ciated with each step. The equilibrium constants describ-
ing the formation of stable surface species are expressed
in terms of the appropriate standard entropy changes and
enthalpy changes. Values for standard entropies and en-
thalpies for the gas-phase species were obtained from the
data supplied by Yaws (91). The standard state pressure is
1 atm.

We first consider the thermodynamic parameters of the
reaction scheme. Surface hydrogen atoms were assumed to
be immobile on the surface. The surface entropies of oxy-
genated species were linked together, assuming that these
species exhibit similar mobility on the surface. Accordingly,
the thermodynamic parameter for the surface entropies
of oxygenated species is a factor that multiplied the local
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TABLE 3

Parameters of the Kinetic Model Used To Describe the Reduction of Ethyl Acetate, Methyl Acetate,
and Acetic Acid Over Cu/Silica

Step AS? (J/(mol K)) AH (kJ/mol) Efor (kd/mol) Erev (kJ/mol)
1 EA 4 2* = CH3C*O 4 C,Hs0* —151 —86¢ 6241 148
2 CH3C*O 4+ H* = AcH 4 2* 171 63 + 15 139 75+ 1
3 AcH + H* £55 C,H;0* —144 —131¢ 0° 131
4 CyHs0* 4 H* 55 EtOH 4 2* 172 113 + 15 113 0°
5 H, +2* 55 2H* —149° —54 + 30 30° 84
6 MA + 2* = CH3C*O 4 CH30* —147 —86¢ 67+ 1 153
7 CH30* 4+ H* £55 MeOH + 2* 166 113 £ 15 113 0°
8 ACOH + 2* = CH3C*O + HO* —145 —84d 8342 167
9 HO* + H* £S5 H,0 + 2* 159 98 + 3 98 0°
10 ACOH +2* 55 CH3C*00* + 3 H, -101 —70°

Note. Adjustable parameters provide 95% confidence limits. A sticking coefficient of 1.0 was assumed for all adsorption steps.
aFitted parameter is the ratio of surface entropy to the entropy for an immobile adsorbed species (Sioc). The value of this
parameter was found to be 0.985 + 0.025 for both the methyl acetate and ethyl acetate cases and 0.935 + 0.022 for the acetic acid

case.

b Surface atomic hydrogen assumed to be immobile and hydrogen adsorption step assumed activated with an activation energy

of 30 kJ/mol.
¢ Nonactivated adsorption assumed for these steps.

dChanges in enthalpy set to maintain thermodynamic consistency for gas-phase reactions.

€ Change in enthalpy not sensitive.

surface entropies of these species, where the local entropy,
Sioc, for a species is defined as the vibrational and rotational
entropy associated with the species. The enthalpy changes
for the adsorption of acetaldehyde (step 2), ethanol (step 4),
hydrogen (step 5), methanol (step 7), water (step 9), and
acetic acid to form adsorbed acetate (step 10) were adjusted
in the kinetic analysis. The enthalpy changes for the disso-
ciative adsorption of ethyl acetate (step 1), methyl acetate
(step 6), acetic acid (step 8), and the adsorption of acetalde-
hyde to form ethoxy species (step 3) were constrained to
maintain thermodynamic consistency for the appropriate
overall gas-phase reactions.

In the Kinetic analysis, it was assumed that the adsorption
steps occur with a sticking coefficient of 1.0. The activation
energies for the dissociative adsorption of ethyl acetate, ac-
etaldehyde, methyl acetate, and acetic acid were adjusted in
the kinetic analysis. The steps involving dissociative adsorp-
tion of ethanol, methanol, and water were assumed to be
nonactivated. Finally, the activation energy for adsorption
of hydrogen on copper was set at a value of 30 kJ mol~2, in
agreement with the literature (92).

The results of DFT calculations outlined above pro-
vide initial estimates for activation energies and enthalpy
changes associated with various steps of the reaction
scheme. For example, the DFT results of Table 2 suggest
similar values of the enthalpy changes for adsorption of
methanol and ethanol, and these enthalpy changes were
thus constrained to be equal in the analysis. Values for
the fitted parameters were determined using Athena Visual
Workbench (93). This software employs a general regres-
sion analysis of the reaction Kkinetics data with the reactor

treated as a plug flow reactor. All values of the parameters
were estimated at a reactor temperature of 570 K.

During the initial stages of kinetic analysis, we consid-
ered the reduction of ethyl acetate and methyl acetate.
Optimized parameters for the kinetic model used to de-
scribe the catalytic reduction of these two esters are listed in
Table 3. The solid curves in Fig. 1 represent predictions
of the kinetic model at various reaction conditions. Good
agreementis achieved between the predictions of the model
and the experimental reaction Kinetics data for the reduc-
tion of both ethyl acetate and methyl acetate. Furthermore,
good agreement is observed between model predictions
and experimental data for the individual rates of produc-
tion of methanol, acetaldehyde, and ethyl acetate during
the reduction of methyl acetate, as shown in Fig. 9.

This analysis suggests that adsorption steps for ethanol
(step 4), hydrogen (step 5), methanol (step 7), and the ad-
sorption of acetaldehyde to form ethoxy species (step 3)
are quasi-equilibrated. The dissociative adsorption steps for
ethyl acetate (step 1), acetaldehyde (step 2), and methyl ac-
etate (step 6) appear to be slower steps, and these steps are
reversible at most conditions investigated. Furthermore,
the model predicts that the surface is highly covered (frac-
tional coverages higher than 90%) with oxygenated species
(methoxy, ethoxy, or acyl species).

The entropy values shown in Table 3 suggest that all
adsorbed species are essentially immobile on the surface.
As noted above, the enthalpy changes for desorption of
methanol and ethanol (steps 4 and 7) were constrained to
be equal. In addition, the enthalpy change for desorption
of acetaldehyde (step 2) was lower than that for the two
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FIG.9. Turnover frequencies for production of methanol (@), ac-
etaldehyde (8), and ethyl acetate (4) from the reduction of methyl acetate
as a function of temperature. Solid curves correspond to predictions based
on the kinetic model in Table 3.

alcohols. These trends are consistent with results predicted
by DFT calculations shown in Table 2. While the values
predicted by the DFT calculations (Table 2) are higher than
those shown in Table 3, this difference may be explained by
the fact that the surface is highly covered by oxygenated
species whereas the DFT calculations are based on a clean
surface. Furthermore, it has been suggested that DFT cal-
culations based on clusters may predict overbinding of ad-
sorbed species (94).

The kinetic model for the reduction of acetic acid in-
volves the reaction steps related to the reduction of ethyl
acetate (steps 1-5) plus additional steps to describe the dis-
sociative adsorption of acetic acid on copper (step 8), the
hydrogenation of hydroxyl species to water (step 9), and
the equilibrated formation of acetate species on the sur-
face (step 10). We did not include the formation of acetate
species for the cases of ethyl acetate reduction or methyl
acetate reduction since ethane and methane were not de-
tected during our experiments for these cases. However, it
should be easier to break the CH3;COO-H bond for acetic
acid than the CH3;COO-R bonds in the esters, and we have,
therefore, included the formation of acetate species in our
kinetic model for acetic acid reduction.

Optimized values for the parameters of the kinetic model
used to describe the catalytic reduction of acetic acid
over silica-supported copper are listed in Table 3. Impor-
tantly, the energetic values determined from analyses of the
methyl and ethyl acetate reduction data were maintained
in this analysis of acetic acid reduction data. The new Ki-
netic parameters added for acetic acid reduction were the
enthalpy changes for adsorption of water and for the forma-
tion of acetate species and the activation energy for the dis-
sociative adsorption of acetic acid. In addition, a small ad-

justment was made in the multiplicative factor controlling
the mobilities of the adsorbed species (from 0.985 to 0.935).
It can be seen in Fig. 1 that good agreement is achieved be-
tween predicted (solid curves) and experimental turnover
frequencies for acetic acid conversion. Experimental and
predicted rates of production of ethanol and ethyl acetate
from the reduction of acetic acid are plotted in Fig. 10.

It is important to note that the kinetic model used to fit
our kinetic data for the reduction of ethyl acetate, methyl
acetate, and acetic acid (Table 3) suggests an important
trend in the activation energies for dissociation of carbonyl-
containing organic molecules; the activation energies for
dissociative adsorption of acetic acid, methyl acetate, and
ethyl acetate are 83, 67, and 62, respectively. These values
are in general agreement with the results predicted by the
DFT calculations (Fig. 8), and the activation energy barrier
for dissociation of these molecules decreases as we move
from acetic acid to methyl acetate to ethyl acetate.

To gain insight into the relative rates of steps in our ki-
netic models, we derive rate expressions in terms of De
Donder relations (95-99) for the reduction of ethyl acetate
(Table 3), whichisthe simplest reaction scheme in this study.
Surface coverages can be expressed by the following rela-
tions,

O =/ Ks Pr, bs, (4]

Peton
Oetor = ———————0,, [5]
24K4/Ks PH,
212,K1K4+/Ks PH, PEA
QAC* = 9*5 [6]
PEtoH

where 6* represents the fraction of vacant sites on the
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FIG. 10. Turnover frequencies for production of ethanol (@) and
ethyl acetate () from the reduction of acetic acid as a function of temper-
ature. Solid curves correspond to predictions based on the kinetic model
in Table 3.
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catalyst and the dimensionless variable z; may be termed
the reversibility of step j such that

Il a"
Zi=—, [7]
i K
5 2
H Z(J-Tj = 7pEtOH 5 = %. [8]
e Kea Pea Ph,

In these expressions, a; represents the activity of species i, v;j
represents the stoichiometric coefficient of species i in step
J, oj represents the stoichiometric coefficient of step j in the
reaction scheme, and z; represents the overall reversibility.
These relations for the surface coverages can then be used
to derive the following expressions for the rates of steps 1-4
in Table 3:

N1 = kirpeab?(l — z0), [9]
kor K1 KgK
R, = 2t K1 K4 K521Z4 PEA PH, 93(1 — 7). [10]
PetoH
N3 = karpacH/Ks pr,0:(1 — z3), [11]
Ry = rPEOH 20 _ [12]

Finally, the fraction of vacant sites on the catalyst is given
by a site balance:
0. =1 —0acc — Oetor — O [13]
We may determine the unknown values of z; and 6* by
solving the following steady-state relations,
Ny =Ny = N3 = 1/20,, [14]
along with the site balance.

Based on the kinetic parameters listed in Table 3, we have
constructed in Fig. 11 plots of the Gibbs free energy versus
reaction coordinate at partial pressures of ethyl acetate and
hydrogen equal to 4 and 96 kPa and total flow rate equal
to 200 sccm at 500 and 570 K. At 570 K the values of z,
2y, Z3, Z4, Zs, and z; are equal to 0.79, 0.16, 1.00, 1.00, 1.00,
and 0.12, respectively. To construct the Gibbs free energy
profile, we note that, for example, the rate of step 2 can be
written as follows:

ke T
Ny = (BT) exp

x 02(1 — 22).

Néeg—RT|n(K1K4K5z1z4
RT

AEAAH,
AEtoH

[15]

Therefore, the Gibbs free energy barrier associated with
step 2 under reaction conditions is given by

a
AFGy = A;éG; — RT |I’]<K1K4K52124%) . [16]

tOH

150 +

100

AG, [kd/mol]
(6]
o

504

FIG. 11. Profile of Gibbs free energy versus reaction coordinate for
reduction of ethyl acetate over Cu/silica at 500 K (—) and 570 K (---),
partial pressures of the ester and hydrogen equal to 4 and 96 kPa, and a
total flow rate equal to 200 sccm.

Since the total Gibbs free energy decreases by

AG; = RTIn(z). [17]
after the occurrence of step 1, the maximum in the Gibbs
free energy profile associated with step 2 is located at
AG1+ A7G;. Analogous analyses involving steps 1, 3, and
4 in Table 3 lead to the following expressions:

AGj = RTIn(z)), [18]
A*G; = A*G; — RTIn(aga), [19]
A*G3 = A*G5 — RTIn(aacH/Ksas,), [20]
A7Gy = A7G; — RTln(aZ‘°H> . [21]

4

According to our model, the reaction scheme for the re-
duction of ethyl acetate does not possess a rate-determining
step; that is, both the dissociative adsorption of ethyl acetate
(step 1) and the hydrogenation of acyl species (step 2) are
critical stepsin the reduction process. This conclusion is con-
sistent with suggestions in the literature that the hydrogena-
tion of acyl groups, formed from the dissociative adsorption
of alkyl acetates, is important in controlling the overall rate
of reduction of esters and carboxylic acids on copper-based
catalysts, whereas the hydrogenation of alkoxy groups is
rapid (29).

CONCLUSION

Experimental values of initial heats for adsorption of
methyl acetate, ethyl acetate, acetaldehyde, methanol, and
ethanol on silica-supported copper were estimated to be
124, 130, 130, 128, and 140 kJ mol~1, respectively. These
values are in accord with adsorption energetics estimated
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from DFT calculations on Cuss clusters. Results from ki-
netic analyses and DFT calculations indicate that the rate
of dissociation on copper increases in the order from acetic
acid to methyl acetate to ethyl acetate. The corresponding
experimental values of the activation energies are estimated
to be 83, 67, and 62 kJ mol~1, respectively. On the basis of
our kinetic analyses, we suggest that the rate of reduction
of n-alkyl acetates is determined by the dissociative adsorp-
tion of these molecules and by the surface hydrogenation
of surface acyl species.
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