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The vapor-phase reduction of acetic acid by H, over both sup-
ported and unsupported iron was studied. Typical Fe catalysts in-
creased in activity over a 4- to 5-h period to reach steady state
whereas the Fe/carbon catalyst deactivated completely during this
initial time on stream. The best catalysts gave selectivities to ac-
etaldehyde between 95 and 100% at low conversions (<12%), but
selectivity dropped to ~80% as conversions approached 40%. This
parameter was enhanced as the H, pressure increased, but was al-
most independent of the acetic acid partial pressure. The turnover
frequency for acetic acid disappearance to reduction products in-
creased markedly from 0.003 to 0.058 s~! and the apparent ac-
tivation energy decreased from about 27 to 16 kcal/mol as the Fe
crystallite size increased from 10 to 4000 nm. Highly dispersed 1-nm
crystallites on SiO, exhibited no hydrogenation activity and gave
only decomposition products. Acetic acid reduction over Fe is de-
scribed well by a Langmuir-Hinshelwood model invoking two types
of sites, i.e., one set on metallic Fe atoms that adsorbs and ac-
tivates Hy, and the other on an Fe oxide surface that adsorbs
acetic acid to form an acetate species. The addition of the second
H atom to form acetaldehyde appears to be the rate-determining
step. (© 2002 Elsevier Science (USA)

INTRODUCTION

The importance of aldehydes is reflected by their broad
industrial applications, whether they are used directly in
flavor and fragrances or as intermediates for production of
plasticizers, dyes, paints, agrochemicals, and pharmaceuti-
cals (1). Aldehyde synthesis methods have evolved over the
years as more simple and direct routes were constantly de-
veloped. Initially, Rosemund’s catalytic hydrogenation of
acyl chloride was widely utilized but its application was
limited to small-scale practices because of the high cost
associated with acyl chloride (2). A better method used
lithium aluminum hydride or one of its derivatives to re-
duce other organics, such as esters (3-5) and carboxamides
(6, 7), and carboxylic acids can also be reduced to their
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corresponding aldehydes using reagants such as diisobu-
toxyaluminum hydride (8) and thexylchloroborane-methyl
sulfide [(CH3),CHC(CH3)BHCI-S(CHs3),] (9). However,
these synthesis methods are rather complex because of the
numerous steps involved and, in addition, the reactions are
stoichiometric rather than catalytic; consequently, they are
impractical for industrial applications.

A synthesis method preferably should be direct and ro-
bust and applicable on an industrial scale. Catalytic oxi-
dation of alkanes and alkenes would meet these criteria
but, unfortunately, a complex reaction mixture is produced
which requires additional extraction and distillation steps;
thus acceptable yields of aldehydes are often lacking (10,
11). Currently, acetaldehyde is produced industrially by
the Wacker process, in which ethylene is oxidized using a
homogeneous PdCl,—CuCl, catalyst system (12). Longer
aliphatic aldehydes are produced by hydroformylation of
olefins, better known as the Oxo synthesis, in which olefins
react with synthesis gas (CO and H;) to form aldehydes
with one carbon atom more than the starting material (1).

Growing concerns about environmental impact, energy
conservation, and process economics have called for im-
provements over current practices. The Wacker process re-
quires very expensive construction materials that are re-
sistant to the corrosive nature of the chloride-containing
compounds and can safely handle the reaction. There are
still efforts to optimize the Oxo synthesis to increase the
yield of acetaldehyde, to reduce the high cost of separa-
tion, and to decrease the amount of unwanted by-products
and waste. Reduction of carboxylic acids using molecular
hydrogen offers a direct and desirable method of produc-
ing aldehydes, and very high selectivity to acetaldehyde has
been achieved in acetic acid hydrogenolysis/hydrogenation
over catalysts composed of Fe,; O3, Pd/Fe, O3, Pt/Fe, O3 (13-
16), Cr,03 (17), and Ru-Sn (18) between 573 and 723 K. In
addition, the use of a carboxylic acid as the starting ma-
terial is very attractive because it can be less expensive
and may be synthesized by bioprocess techniques. The high
selectivity achieved with some of the above catalysts re-
duces the amount of unwanted by-products and the cost
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of separation; therefore, this synthesis route offers the po-
tential for a more efficient and environmentally friendly
process to produce aldehydes.

Iron oxides, either with or without the presence of noble
metals like Pd and Pt, have been shown to have a very good
selectivity for acetaldehyde. These oxides are reducible and
can form an «-Fe phase, which was proposed as one of the
active phases required for the reaction between H, and
acetic acid (HOACc) (19). The influence of small, highly dis-
persed metal iron particles on the kinetics of carboxylic
acid reduction, however, is not yet understood. Although
an early investigation found that this reaction over SiO,-
supported iron produced only acetone (20), the results re-
ported here show that supported iron catalysts can be active
for the reduction of HOACc to acetaldehyde and also have
excellent selectivity. Supported iron catalysts are of special
interest because they would be directly suitable to many
industrial processes which are based on fixed and fluidized
bed technologies. Furthermore, high surface area supports,
such as SiO, and carbon, could provide maximum disper-
sion of the active phase(s). The use of supported iron cata-
lysts for the reduction of carboxylic acids by H; is new, thus
few quantitative studies of catalytic behavior have been
conducted; therefore, the kinetic behavior of acetic acid
reduction and subsequent reactions on both supported and
unsupported iron was examined to enhance fundamental
understanding of the mechanistic details pertaining to this
reaction.

EXPERIMENTAL

Three catalysts, 3.0% Fe/SiO,, 4.1% Fe/SiO,, and 5.7%
Fe/carbon, were prepared using an incipient wetness
technique. The SiO, support (Davison Grade 57, 70-
120 mesh, 220 m?/g) was calcined at 773 K for 2 h
under 100 cm?®(STP)/min of compressed air (MG Ind.,
99.5%) to remove any organic contaminants before im-
pregnation with an iron salt solution prepared by dis-
solving Fe(NO3)3-9H,O (Aldrich, 99.995%) in distilled,
deionized water. The carbon support—Black Pearls 2000
(Cabot Corp.)—was desulfurized for 12 h at 1223 K under
200 cm?(STP) Hy/min (MG Ind., 99.999% ) prior to impreg-
nation with the Fe precursor solution, which was added
dropwise to the support (2.2 cm? of solution/g of SiO, and
3.4 cm? of solution/g of carbon) with continuous stirring.
One catalyst with a high Fe loading—30%Fe/SiO,—was
prepared by mixing Fe(NO3)3 - 9H,O with silica gel while
heating the mixture to the point where the ferric nitrate
hydrate melted and dispersed itself over the silica (21). All
catalysts prepared with water were dried in an oven at 393 K
overnight in air and then stored in a desiccator. A 1.5%
Fe/Si0O; catalyst was also prepared using an incipient wet-
ness technique, but with Fe;(CO);, (Strem Chemicals) as
the metal precursor and THF (Fisher Scientific, 99.9%)
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as the solvent. Due to the sensitivity of the metal car-
bonyl to oxidation, the last catalyst was prepared and
dried at room temperature in a glove box purged with N,.
The final metal loading, expressed in metal weight per-
cent, was determined by atomic absorption spectroscopy.
In addition to these supported iron catalysts, Fe powder
(Johnson Matthey, 99.998% ) and Fe, O3 powder (Alfa Ae-
sar, 99.998% ) were also investigated.

The catalyst pretreatment, which normally involved re-
duction in flowing hydrogen at a selected temperature, was
carried out in situ to prevent exposure of the reduced cata-
lyst to air before its use either in a chemisorption measure-
ment or in a kinetics experiment, and it consisted of heating
at 3 K/min to 673 K under flowing H (50 cm?(STP)/min)
and then holding at this temperature for 16 h. In addition
to this reduction method, the 3.0% Fe/SiO, catalyst was
also subjected to two other reduction procedures, i.e., cal-
cination under a flowing 20% O,-80% He mixture prior
to reduction at 673 K for 16 h, and a high-temperature re-
duction at 723 K for 1 h. The 4.1% Fe/SiO, catalyst was
also subjected to a high-temperature reduction at 773 K for
10 h. The Fe powder was calcined at 673 K for 1 h under
a flowing 20% 0O,-80% He mixture prior to the reduction
treatment.

Both the supported and the unsupported Fe catalysts
were characterized using H, and CO chemisorption, which
was carried out in a stainless steel adsorption system with a
base pressure of 1 x 107 Torr in the sample cell. H, (MG
Ind., 99.999%) and CO (Matheson, 99.995%) were passed
through a molecular sieve trap (Supelco) and an Oxytrap
(Alltech Assoc.) prior to adsorption measurements, and a
more detailed description of the adsorption system is given
elsewhere (22). Because H, chemisorption on iron surfaces
isinhibited at 300 K and has been found to have a maximum
uptake near 373 K (23, 24), two consecutive H, adsorption
isotherms were obtained at 373 K, which were separated
by a 30-min evacuation at the same temperature. Two con-
secutive CO adsorption isotherms were recorded at 195 K
over a range of 100-400 Torr and were also separated by
a 30-min evacuation at 195 K. The iron dispersion, i.e., the
ratio of surface Fe atoms to total Fe atoms (D = Fey/Fey),
was calculated using the ratio of the total CO uptake (after
correction for adsorption on the support) to the total iron
loading and assuming a stoichiometry of CO/Fes =1/2 (25).
An average Fe crystallite size (d) for each catalyst was then
calculated using the equation (26)

d(nm) = 0.75/D. [1]

Catalyst samples were passivated at 300 K following these
adsorption measurements and then analyzed using XRD
(Rigaku Geigerflex).

The kinetic behavior of vapor-phase acetic acid (HOAc)
reduction by H, was studied using a glass microreactor
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operated under differential conditions at atmospheric
pressure. All lines to and from the reactor were stain-
less steel and were heated to 373 K to prevent conden-
sation of any reactant or product. The total conversion of
HOACc in the feed was maintained under 10% in order to
minimize heat and mass transfer limitations, and this was
achieved by using 50-100 mg of catalyst and a gas feed of
30 cm?(STP)/min. Liquid acetic acid (EM Science, 99.7%
Glacial) was flashed into a stream of H, (MG Ind., 99.999%)
or He (MG Ind., 99.999%) using a syringe pump (Sage
Instruments) and a preheater arm maintained at 393 K
upstream from the catalyst bed. A molecular sieve trap
(Supelco) and an Oxytrap (Alltech Associates) were also
installed in each of the H, and He lines for additional pu-
rification, and flow rates were measured with mass flowme-
ters (Teledyne Hastings—Raydist). The composition of the
product was analyzed online using a Hewlett—Packard 5890
gas chromatograph equipped with a Porapak T column
(Supelco). Conversion of acetic acid was determined using
a carbon balance based on the analysis of compounds de-
tected in the effluent stream, and product selectivity was
calculated based only on the carbon-containing products,
which excluded the amount of water formed. The rate
data were evaluated and checked using both the Madon-
Boudart test (27) and the Weisz—Prater criterion (28) to
ensure they were free from significant mass and heat trans-
fer limitations.

RESULTS

H, and CO uptakes that were volumetrically measured
at 373 and 195 K, respectively, are reported in Table 1. The
adsorption isotherms are compiled elsewhere (29). The H,
uptakes were routinely much lower than the CO uptakes
and, except for 30% Fe/SiO, and 5.7% Fe/carbon, their
values were not larger than 1.5 umol/gcat. These low cov-
erages of hydrogen are not unusual because hydrogen ad-
sorption on iron is often activated (23, 24), and H, uptakes
have been consistently lower than CO uptakes (26). Conse-
quently, H, adsorption cannot be reliably used as a means
of estimating the number of surface Fe atoms. Although
there is no universally accepted method for estimating the
number of surface Fe atoms, in general, CO chemisorption
has been found to be a reasonable measure of reduced iron
surface area in carbon- and MgO-supported iron catalysts
(25, 26, 30). In these cases the irreversible CO uptake, i.e.,
the difference between the first and second isotherms, was
used to estimate the number of surface Fe atoms and cal-
culate the metal crystallite size. In the present study, how-
ever, the 3.0% Fe/SiO; and 4.1% Fe/SiO, catalysts were
found to have meaningful total CO uptakes but very low
irreversible uptakes. Because the CO uptake on the silica
support alone was completely reversible and equal to zero
when the isotherm was extrapolated to zero pressure (29),
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the total extrapolated CO uptake at zero pressure was as-
sociated with CO adsorbed on surface Fe atoms, and only
the use of the total, rather than irreversible, CO uptake to
calculate the number of surface Fe atoms provided a crys-
tallite size in these catalysts consistent with that determined
from the XRD measurement. Because the accuracy of the
XRD line broadening method is reliable for this size range
(31), it provided reasonable justification to use the total
CO uptake to estimate iron dispersion and crystallite size.
To be consistent, each turnover frequency (TOF) was cal-
culated based on the total CO uptake in this study unless
otherwise noted; consequently, this approach to normalize
catalyst activity to the number of surface Fe atoms should
yield a minimum value for the TOF.

A similar method was applied to the unsupported Fe
powder and Fe, O3 catalysts. Because the XRD line broad-
ening technique is not applicable to very large crystallite
sizes (31, 32), it cannot be used to verify the chemisorp-
tion method; thus, an alternative method using an Ar BET
measurement to measure the surface area of the reduced
Fe powder was employed to compare it to the surface area
calculated based on the total CO uptake. Assuming that
the adsorption stoichiometry of CO on Fe is CO/Fes =1/2
and the cross-sectional area of one surface iron atom is
0.094 nm? (33), the calculated surface area of the unsup-
ported iron based on the total CO uptake was 0.22 m?/g. A
value of 16.7 nm? was used for the cross-sectional area of
an Ar molecule (34), and this gave a BET surface area of
0.30 m?/g; thus, the two methods gave reasonable agree-
ment. The comparison was also valid for Fe,O3; because
the oxide was essentially reduced completely to metallic
iron after the reduction treatment, as evidenced by the
XRD pattern and the Mdssbauer spectrum obtained for
this catalyst (35). The total CO uptake measured on the
5.7% Felcarbon was not used to estimate the reduced iron
surface area because a large amount of CO also adsorbed
on the carbon support and the isotherms for pure carbon
did not extrapolate to zero; thus, the conventional method
of using the irreversible uptake was used. The iron particle
size calculated with this method was consistent with that
from the XRD measurement.

The influence of different pretreatments can be seen with
the 3.0% Fe/SiO; and 4.1% Fe/SiO, catalysts. Calcination
prior to the reduction treatment affected the total CO up-
take only slightly, while a 1-h reduction at 723 K increased
the total CO uptake by about 38%. The latter was more
likely due to more complete reduction of very small Fe
iron crystallites interacting with the silica surface. This ef-
fect was not distinguishable in the XRD measurements be-
cause the contribution from the small crystallites would be
very broad and difficult to extract from the background. On
the other hand, increasing the reduction temperature with
4.1% Fe/SiO; to 773 K lowered the CO uptake apprecia-
bly from 22 to 17 pmol/g, which implies a lower Fe surface
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TABLE 1

Catalyst Characterization: CO Uptakes, Dispersions, and Average Fe Crystallite Sizes

Total CO Irreversible Total H, Irreversible Fe crystallite size, d(nm)
uptake CO uptake uptake H, uptake Dispersion?

Catalysts (umol/g) (umol/g) (nmol/g) (nmol/g) 2[COyotal/Fe] Chemisorption” XRD
1.5% Fe/SiO, 87 37 — — 0.64 (0.27)" 12 N.D
3.0% Fe/SiO,"

1 18 1 1 0.5 0.07 (0.004) 10.7 9

11 17 5 1.4 0.0 0.06 (0.02) 12.5 10

111 24.7 1.8 18 0.6% 0.09 (0.007) 8.2 10
4.1% FelSiO,*
1 22 5 — — 0.06 (0.01) 12.5 13
11 17 4 — — 0.046 (0.01) 16 17
30% Fe/SiO, 50 29 7.4 1 0.018 (0.01) 42 27
5.7% Fe/Carbon 642 77 15 3.7 1.3 (0.15) 5f 4
Fe, 05 42 3.5 0.8 0.0 0.0007 (0.0006) 1118 35
Fe powder 1.8 0.9 0.5 0.0 0.0002 (0.0001) 3730 45

“ Based on total CO uptake.

» Numbers in parentheses denote dispersion based on irreversible CO uptake.

¢ Not detectable.

1, 16-h reduction (673 K); II, 1-h calcination and 16-h-reduction (673 K); 111, 1-h reduction (723 K).

¢1, 16-h reduction (673 K); II, 10-h reduction (773 K).
/ Based on irreversible CO uptake.
¢ At 300 K.

area in this catalyst presumably caused by sintering of the
Fe particles, as corroborated by the XRD measurement.

The iron dispersion in 1.5% Fe/SiO,, which was pre-
pared using Fe3(CO);;, as the precursor, was remarkably
high compared to the rest of the catalysts because there
was no discernible line for Fe (or Fe oxide) in the XRD
pattern obtained with the passivated catalyst. However,
these well-dispersed particles of iron were expected to be
oxidized completely during room temperature passivation
(36), and XRD peaks arising from metallic iron were not
expected.

Catalytic activity for the reduction of acetic acid by H;
is defined here as the rate of HOAc conversion to hydro-
genated products, i.e., acetaldehyde, ethanol, and ethane,
and specific activity is expressed in terms of a turnover
frequency (TOF), which is the activity normalized to the
number of surface Fe atoms measured by CO chemisorp-
tion, i.e., molecule HOACc/(s - Fes). Unless noted otherwise,
activity and selectivity measurements were performed at at-
mospheric pressure, with Py, =700 Torr, Paoac = 14.7 Torr
(Hy/HOAc=47.6), and T =450-573 K. The SiO, and car-
bon supports were inert when tested for activity under these
reaction conditions.

The reaction conditions chosen to evaluate the catalytic
behavior satisfied both the Weisz—Prater criterion, giving
values from 0.002 to 0.08, and the Madon-Boudart test,
as shown by overlapping TOFs of the 3% Fe/SiO; and 4%
Fe/SiO; catalysts (see Fig.2), because the former had 36 and
the latter had 44 umol of Fes/g. Although the difference in
the concentration of Fe; in the catalysts was not very large,

the identical TOF values indicate the consistency of activity
measurements and confirm the expected proportionality in
the kinetic regime between surface Fe atoms and the mea-
sured activity showing that the kinetic data were free from
mass and heat transfer limitations and other physical arti-
facts (27). Further evidence against any heat or mass trans-
port effects on kinetic data is the fact that these Fe cata-
lysts are less active under identical conditions than Pt/TiO,
catalysts, which also passed the Madon-Boudart test
(13,29).

Figure 1 displays representative activity maintenance be-
havior for Fe powder, Fe/SiO,, and Fe/carbon catalysts at
553 K. Except for Fe/carbon, which showed a dramatic de-
activation within the first few hours of reaction, all sup-
ported and unsupported Fe catalysts displayed similar ac-
tivity maintenance behavior, i.e., steady-state activity was
typically achieved after 4-5 h on stream, it was generally
higher than the initial activity, and it was maintained at the
same level for up to 14 h. The products, which consisted pri-
marily of acetaldehyde and ethanol, also varied with time
on stream, and initially a higher acetaldehyde selectivity of
90-100% existed which leveled off to 80-90% acetaldehyde
and 10-20% ethanol after a few hours. Fe/carbon, on the
other hand, was the only catalyst that exhibited deactiva-
tion, and it was so severe that all activity was lost within the
first 6 h on stream. This deactivation was also irreversible,
as a short 1-h reduction treatment following deactivation
gave only a slight recovery in the activity. Unlike the other
catalysts, ketonization took place on Fe/carbon to yield a
significant amount of acetone (~10%).
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FIG.2. Arrhenius plots of the turnover frequency for acetic acid
FIG.1. Catalytic activity, expressed as a turnover frequency reduction on Fe powder, Fe;03, 30%Fe/SiO;, 3.0%Fe/SiO; (sample I),

(molecules of HOAc/s times Feg), vs time on stream for Fe pow-
der, 3.0% Fe/SiO, (sample I), and 5.7% Fe/Carbon. Reaction condi-
tions: Hy/HOAc=47.6, WHSV =19.7 L (STP)- g"'h~!, P =1 atm, and
T =553K.

Arrhenius plots of the reduction activity of 3.0% Fe/SiO,
1,4.1% Fe/Si0O; I, Fe powder, and Fe, O3 are shown in Fig. 2.
The activity data between 450 and 573 K were obtained
under both increasing and decreasing temperature condi-
tions after steady-state conditions were achieved in order
to verify the reproducibility of the measurements and to
detect if any deactivation occurred. Apparent activation
energies obtained from the slopes of the Arrhenius plots
varied between 16 and 27 kcal/mol, as shown in Table 2,
and activities at 523 K showed a significant disparity in TOF
among the supported and unsupported iron catalysts. The
well-dispersed 1.5% Fe/SiO, catalyst, which was prepared
with Fe;(CO);,, showed negligible reduction activity and
the reaction yielded only acetone and CO;. A moderately
dispersed 6% Fe/carbon catalyst, on the other hand, had
a substantially higher initial TOF but it deactivated very
rapidly, which prevented measurement of its steady-state
activity and activation energy.

Different pretreatments also affected the kinetics, as
seen with 3.0% Fe/SiO, and 4.1% Fe/SiO,. A calcination
treatment of 3.0% Fe/SiO,11 prior to the standard reduction
procedure increased the TOF significantly. A 1-h reduction
of 3.0% Fe/SiO,III at 723 K, which increased the Feg con-
centration, produced a TOF similar to that of the catalyst
pretreated with the standard reduction, whereas reduction
of 4% Fe/SiO, 1II at 773 K produced larger Fe crystallites
but also increased the TOF. The large Fe crystallites in the
30% Fe/SiO; catalyst had the highest TOF and lowest ac-

and 4.1%Fe/SiO, (sample I). Reaction conditions: H,/HOAc =47.6, P =
1 atm.

tivation energy of the supported Fe catalysts. Unsupported
iron derived from Fe, O3 or Fe powder was very active for
hydrogenolysis and hydrogenation, as exhibited by TOFs
that were an order of magnitude larger than those of the
supported catalysts, while their apparent activation ener-
gies were similar to that of 30% Fe/SiO;.

With the exception of the 6% Fe/carbon and 1.5%
Fe/SiO; samples, very high acetaldehyde selectivity was

TABLE 2

Activities and Apparent Activation Energies for Acetic Acid
Reduction by H, over Fe Catalysts

Reduction activity at 523 K

TOF at Activation
pumol pmol 523K energy
Catalysts HOAc/s/gcat HOAc/s/gFe  (s7! x 100)  (kcal/mol)
1.5% Fe/SiO, 0.0 0.0 0.0 —
3.0% Fe/SiO,
1 0.12 4.0 0.33 24
11 0.18 6.0 0.53 27
111 0.16 53 0.32 24
4.1% Fe/SiO,
1 0.15 3.7 0.34 24
II 0.25 6.1 0.74 21
30% Fe/SiO, 0.83 2.8 0.83 17
5.7% Fel/ 1.7¢ 307 1.1¢ —
Carbon
Fe, 03 0.35 0.18 4.2 17
Fe powder 0.21 0.21 5.8 16

“ Initial activity at 553 K. Pyoac = 14 Torr; Py, = 700 Torr.
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TABLE 3

Product Selectivity during Acetic Acid Reduction

Selectivity (mol%)

Temp  Conversion
Catalyst (K) % Acetaldehyde  Ethanol Ethane Ester Acetone CH,+ CO, + CO
1.5% Fe/SiO, 616 4 0 0 0 0 50 50
3.0% Fe/SiO, 533 4 100 0 0 0 0 0
543 8 90 7 0 4 0 0
4.1% Fe/SiO, 518 3 90 6 0 0 2 2
550 8 90 2 0 0 4 4
30% Fe/SiO, 453 2 100 0 0 0 0 0
503 11 95 5 0 0 0 0
5.7% Fe/Carbon 553 5 64 11 0 3 11 11
Fe, 03 503 4 100 0 0 0 0 0
533 12 95 5 0 0 0 0
Fe powder 493 5 100 0 0 0 0 0
513 10 94 6 0 0 0 0

generally obtained with iron catalysts, and Table 3 shows
product distributions obtained at steady state. Selectivities
as high as 100% were obtained at conversions of 5% and
below, but higher conversions shifted the product distribu-
tion to ethanol, one of the secondary reduction products.
In addition to ethanol, ethyl acetate was also produced at
high conversions. The effect of conversion on product se-
lectivity can be seen more clearly in Fig. 3, which shows that
an increase in conversion to 35% decreased acetaldehyde
selectivity to 80%. The maximum conversion obtained here
is about one-half the equilibrium conversion of 80% under
standard reaction conditions. The effect of temperature can

100 ~
80 A
®
E
= 60 ® Acetaldehyde
2 O Ethanol
3
© @ Ethyl Acetate
D 40 4
20 A
O
0,0 o
0~ T
¢] 10 20 30 40
Conversion, mol %
FIG. 3. Productselectivity as a function of acetic acid conversion over

silica-supported iron catalysts at 523 K.

be excluded from this selectivity profile because the con-
version was varied by changing the space velocity at a con-
stant temperature of 523 K. Ethane, methane, and carbon
monoxide were detected in much smaller amounts (5-6%),
but usually only at temperatures above 553 K. Significant
ketonization activity was observed with 1.5% Fe/SiO, and
5.7% Fe/carbon, which yielded acetone and CO,, and in
fact, this was the only activity observed with 1.5% Fe/SiO,,

The effect of reactant partial pressure on reaction ki-
netics was also determined using 4.1% Fe/SiO;. Catalytic
activities were first measured at hydrogen partial pressures
between 100 and 700 Torr while the HOACc partial pressure
was kept constant at 14.3 Torr, then HOAc partial pressures
were varied between 3 and 54 Torr while the H; partial pres-
sure was kept constant at 700 Torr. Data were obtained at
three different temperatures between 530 and 568 K and,
for each data set, activity measurements were made at both
increasing and decreasing partial pressures to verify the
reproducibility of the measurement. In addition, the rate
measurements at Py, = 700 Torr and Puoac = 14.3 Torr
were compared for consistency with those obtained dur-
ing separate Arrhenius runs conducted at these standard
conditions. These results, when interpreted by a power rate
law, showed that the apparent reaction order with respect
to hydrogen varied between 1 and 2 while that with respect
of acetic acid remained near zero, as indicated in Table 4.
While the change in HOACc partial pressures had insignifi-
cant effect on the product distribution, acetaldehyde selec-
tivity was markedly affected by the H, partial pressure, as
shown in Fig. 4, and lower pressures of H; increased acetone
formation significantly.

DISCUSSION

There are various reactions involving acetic acid that can
occur over metal and metal oxide surfaces. The reduction
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TABLE 4

Apparent Reaction Orders with Respect to H,
and Acetic Acid (HOAC) Partial Pressures for
Acetic Acid Reduction over 4.1% Fe/SiO,

Reaction Order

Temp. (K) X y
530 0.08 1.1
546 0.06 1.4
568 0.09 1.7

Note. The rate of reaction is expressed as ryoac =

kPonc P

pathway consists of an initial hydrogenolysis step involving
the addition of one molecule of hydrogen to HOAc to pro-
duce water and acetaldehyde, which can then be further hy-
drogenated to ethanol and then reduced to ethane. The lat-
ter reactions are particularly rapid on Pt/TiO; and Pt/Al, O3
(13). An important secondary reaction pathway is esteri-
fication involving HOAc and the hydrogenation product,
ethanol, and it becomes particularly important when the
ethanol concentration is high, typically at high conversions.
A bimolecular HOAc ketonization reaction to produce ace-
tone along with CO, and water can also be significant in the
absence of, or at low partial pressures of, hydrogen, partic-
ularly on metal oxides such as Al,O3, Fe;O3, TiO; (13),
and others, as reported by Pestman and coworkers (37a,
37b). Dehydration of HOACc to form ketene can also occur
on metal oxides, and although ketene formation is rarely

100

Selectivity, Mole%

800

Py, Torr
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observed at atmospheric pressure or higher, ketene pro-
duction can occur with short contact times over functional-
ized silica monoliths (38). Finally, HOAc can also decom-
pose via decarboxylation and decarbonylation pathways to
produce CHy, CO, CO,, and water. These reactions are
typically associated with metal surfaces but require much
higher temperatures than hydrogenation and ketonization
reactions. The products of these reactions are depicted in
Table 3.

The reduction of HOAc by H; to acetaldehyde is cer-
tainly favorable on iron-based catalysts, as reflected by their
selectivities above 80%, and is in sharp contrast to Pt/TiO;.
Given that acetaldehyde, ethanol, and ethane are the prod-
ucts of consecutive reactions involving hydrogen, the high
selectivity to acetaldehyde on these catalysts implies a
higher rate of acetaldehyde desorption from iron surfaces
relative to its further hydrogenation to ethanol. It can also
imply that the adsorption of acetic acid is more favored than
that of acetaldehyde.

Another unique feature of these reduced iron catalysts
is that they generally require an induction period of up to
5 h on stream to achieve stable behavior, except for the
Fe/carbon catalyst, which showed severe deactivation dur-
ing this period. It has been proposed that both metal and ox-
ide phases are required for HOAcreduction over supported
Pt and Fe, O3 (13, 19, 37), and the same criterion should
also apply to these iron catalysts. Due to its strong oxi-
dizing nature, HOAc should be capable of oxidizing some
of the metallic surface iron atoms after adsorption. After
reduction most, if not all, of the iron is in the metallic phase
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FIG. 4. Product distribution as a function of hydrogen and acetic acid partial pressures using 3.0% Fe/SiO; at 568 K and ~10% conversion.
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and some time would be required for conversion into a bulk
oxidic phase; thus, this induction period may be associated
with the transformation into a mixed-phase state consisting
of zero-valent iron and iron oxide. The former is required
to activate H, by dissociative adsorption, while the latter is
needed to activate acetic acid.

Apparent activation energies can be an important indi-
cator of kinetic behavior because they can be composite
values representing a number of elementary steps, includ-
ing adsorption of HOAc and hydrogen; however, the exact
relationship among these entities is often nonlinear and
complex, depending on the intrinsic kinetics. Acetic acid
reduction over supported Pt catalysts exhibited activation
energies from 9 to 13 kcal/mol (13), whereas the values
obtained for iron catalysts were generally twice as much,
i.e., between 17 and 27 kcal/mol; thus, the large differences
in E, values can imply that the reaction proceeds via a
different mechanism on these two catalysts; for example,
a different rate-determining step (rds) could occur in the
same sequence of elementary steps. On the other hand, if
the reaction occurs via the same mechanism and the same
surface species are assumed to predominate in these two
catalyst systems, the larger apparent activation energy asso-
ciated with iron catalysts could be related to a lower heat of
adsorption for HOAc and/or hydrogen on Fe compared to
Pt. Unfortunately, the heat of adsorption for acetic acid on
either metal surface is not known, so a direct comparison is
not possible. In contrast, hydrogen adsorption on Pt and Fe
surfaces has been studied extensively and markedly differ-
ent behavior has been observed in that values for the heat
of adsorption of H, on reduced iron surfaces have varied
between 23 and 39 kcal/mol (39-43) while those for Pt are
lower and have ranged from 9 to 29 kcal/mol (44). However,
hydrogen adsorption on Fe is very sensitive to surface
contamination and it often becomes an activated process
(45, 46).

Both the turnover frequency (TOF) and the apparent ac-
tivation energy (E,) are affected by iron crystallite size. As
displayed in Fig. 5, as the average iron crystallite size in-
creased from 10 to 4000 nm the TOF increased from 0.3 to
6 s~! and the E, value decreased from 27 to 17 kcal/mol. A
dependency of catalytic properties on iron particle size has
been observed previously in both the ammonia synthesis
(23, 47) and the hydrocarbon synthesis (48) reactions. For
example, the TOF for ammonia synthesis increases several
orders of magnitude as the iron particle size varies from 1 to
30 nm, and Topsge and coworkers have reasoned that this
behavior is caused by an increase in the concentration of
active sites on the surface as the iron particle size increases
(23). Although the influence of iron particle size on the
TOF for HOACc reduction is not as significant as that men-
tioned above, the trend is similar. Furthermore, the Fe par-
ticle size range in this study falls outside that which should
alter the behavior of “structure-sensitive” reactions most
dramatically, i.e., 1-5 nm (49); therefore, the extent of the
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total CO uptake) and activation energy.

crystallite size effect must be considered to be incompletely
determined at this time.

The activity trend observed during the catalytic activity
maintenance study, as displayed in Fig. 1, indicates tran-
sient behavior during the first 4-5 h, during which dynamic
restructuring of iron occurred due to oxidation and re-
reduction by the reactants to leave mixed-phase iron, as
discussed in the second part of this study (35). The pres-
ence of both metallic and oxidic Fe phases facilitates this
reaction, and the respective amounts of these two surface
iron phases dictate the kinetics. Iron surfaces are highly
susceptible to oxidation, but the degree of oxygen removal
from the surface during re-reduction has been found to
vary from one Fe surface to another (50, 51), and it can
vary with iron particle size (46); thus, the thermochemical
quasiequilibrium of iron phases present under a particular
gas-phase composition in the catalyst bed may vary with
iron particle size, but to what extent is presently unknown.
Based on the evidence that the attainable degree of reduc-
tion increases with increasing iron particle size (35), one
might speculate that the fraction of surface maintained in
the metallic form increases as crystallite size increases. With
very small iron particles, such as in the case of 1.5% Fe/SiO»,
the iron cannot be reduced to the zero-valent state under
the pretreatment and reaction conditions employed here
(35), thus causing the lack of hydrogenation activity ob-
served. Hydrogen chemisorption can also be affected by
the presence of oxygen on the surface, and it is a slow and
activated process on small iron particles when oxygen is
not easily removed (46); consequently, one might surmise
that the energy associated with hydrogen adsorption may
also vary with particle size and alter the apparent activation
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energy. Subsequently, the increase in TOF and the decrease
in E, may also be attributed to varying degrees of iron re-
duction and hydrogen adsorption on these surfaces under
reaction conditions.

A previous kinetic study of acetic acid reduction by H;
over Pt/TiO; catalysts showed that the reaction can be de-
scribed by a Langmuir-Hinshelwood-type mechanism in-
voking two types of sites, one on the metal to activate Hj
and the other on the oxide to adsorb and activate HOAc
(13). A TPD and DRIFTS study of HOAc adsorbed on
Pt/TiO, provided evidence that reduction of HOAc pro-
ceeds predominantly via addition of atomic hydrogen to
an acyl species which is formed when HOAc adsorbs on
the titania surface (52). Acetaldehyde is the initial product,
and it can either desorb or react with additional hydrogen
atoms to form ethanol and, subsequently, ethane. The pro-
posed reaction mechanism consisted of quasiequilibrated
hydrogen and HOAc adsorption, two irreversible elemen-
tary surface reactions steps, and reversible product desorp-
tion steps, which allowed the derivation of a rate expression
that exhibited thermodynamic consistency and fit with the
experimental data well (13, 52).

This current investigation of iron catalysts indicates that
the reaction over these catalysts can again involve a metallic
phase of iron to activate H, and an oxidic phase to activate
acetic acid, and optimal reduction performance is obtained
when both phases are present. Despite this similarity
between iron and Pt/TiO, catalysts, the intrinsic kinetic be-
havior is different, as indicated by the results obtained with
4% Fe/Si0,, i.e., the apparent reaction order with respect
to the hydrogen partial pressure is between 1 and 2 and
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FIG. 6. Dependence of kinetic behavior of 4.1%Fe/SiO, on acetic
acid and hydrogen partial pressures. Solid lines denote the optimum fits
from Eq. [16] while the open symbols are data obtained at constant Py,
and the filled symbols are data obtained at constant Pyoac.
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more than double that obtained for Pt/TiO,, the rate has no
dependence on the HOACc partial pressure, and the appar-
ent activation energy is twice that for Pt/TiO,. Regardless, a
reaction model similar to that used to describe HOAc
reduction over Pt/TiO, was applied to this reaction over
4%Fe/Si0,, with the only difference being that the rds
involved the addition of the first H atom to an acetate
species rather than an acyl species, based on DRIFTS,
TPD, and TPR results (35). However, the rate expression
derived from this model had a maximum reaction order
on H; pressure of unity, whereas the experimental values
obtained here were greater than 1, as shown by the slopes of
the In TOF vs In Py, plots in Fig. 6. In addition, analysis of
the entropy of adsorption for Hj, obtained from the
equilibrium adsorption constants in the rate expression,
gave a value much higher than the absolute entropy of Hj.
Consequently, these considerations led to rejection of this
model (29).

However, the higher reaction order can also imply that
addition of the first hydrogen atom to the adsorbed acetate
species is a rapid, quasiequilibrated step, which would give
the following sequence of elementary steps to describe this
reaction on iron:

Hyp +2° & 2H", 2]
CH;COOHy +2* & CH;CO0" + HY, 3]
CH;COOHy + S 2 CH;COOH-S, [4]

CH;COOH-§ ‘& CH;COO-S-H, [5]

K
CH;COO-5-H + H* = CH;CHO-S-OH+*,  [6]
CH;CHO-S-OH + H* 2> CH;CHO-S + * + H,0y.

(7]
CH3CHO-S <= CH;CHO, + S, 8]

-3
CH;CHO-S + H* % CH3;CHOH-S + *, [9]
CH;CHOH-S + H* %% CH;CH,OH-S +*,  [10]
CH;CH,OH-$ k": CH;CH,OHg, + 5, [11]

k_6

where * and S represent sites on the metallic and oxidic
iron phases, respectively, and the latter type of site could
involve more than one atom. As mentioned, the reduc-
tion activity represents only the formation of acetaldehyde,
ethanol, and ethane, and application of the steady-state ap-
proximation to the surface intermediates with the assump-
tion that the product partial pressures, and hence their
surface concentrations, are very low gives a reaction rate
of

rHOAc = k20AHOH, [12]

where 6; is the fractional surface coverage of species i, and
the subscripts AH and H refer to the partially hydrogenated
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acetate species on the oxidic sites, S, which exist in the in-
terfacial region between the metallic and oxidic phases, and
hydrogen atoms on the metallic sites, *, respectively.

Assuming that adsorbed hydrogen atoms (H*) and an ac-
etate species (CH3COO¥*) are the abundant surface species
on metallic Fe sites and that the x sites are near satura-
tion coverage, a balance on the * sites gives the following
expression for 0y:

ki

(KB + Kncla K P)

O = [13]

It is further assumed that a surface acetate species (Ace) is
the most abundant surface intermediate on the S sites, an
assumption supported by the low conversions (hence low
product concentrations) and by DRIFTS spectra obtained
during reaction over 3.0% Fe/SiO,, which are shown in the
second part of this series (35). This gives the following equa-
tion for Oace:

KaceKaP
9Ace _ AceNATA . [14]
(1 + KAceKAPA)
N .
Then K = AT 1o give
AceVH
Oan = K10aceO/0x, [15]

where 6, represents the fraction of vacant metallic sites,
and the final rate expression is obtained by substituting
Egs. [13]-[15] into Eq. [12] to give

. koK1 K ace KAKH, Pa Py,
HOAc =
© T (Kip Pip + KacPa/Kip P )L+ K aceKaPa)
kPa Py,

= , 16
(Kn, P, + KacPA)(1 + KaceKaPa) [16]

in which the total number of * and § sites is incorporated
into k. Based on this rate equation, the maximum possible
reaction order with respect to acetic acid can vary between
—2 and unity, but the maximum with respect to H; pressure
is now 1.5. Other models were considered but rejected on
the basis of inadequate fit or inconsistent thermodynamic
parameters (29).

The rate equation given by Eq. [16] was fitted to the ex-
perimental data obtained from the partial pressure runs
with 4.1% Fe/SiO; using a least-square nonlinear optimiza-
tion method. An iteration method was performed using the
Microsoft Excel Solver Routine, and the process was initi-
ated with various sets of initial values and continued to ver-
ify that the same set of optimum values was obtained. These
optimum parameters are given in Table 5. The equilibrium
adsorption constants found in Eq. [16] can be written as

Ki=exp (ASy,;/R— AHy,; /RT), [17]

167

TABLE 5

Optimized Rate Parameters for Acetic Acid Reduction
over 4.1% Fe/SiO,¢

Kk KHZ x 1073 Kac X 107 KaceKa
Temp (K) (s7! - atm™?) (atm™1) (atm™1) (atm™1)
530 0.044 32.6 4.48 12.2
546 1.03 5.38 2.06 5.51
568 1.59 3.63 0.87 7.11
“In Eq. [16].

where R is the ideal gas law constant, T is temperature, and
ASY,; and AH(, ; are the standard entropy and ethalphy
of adsorption, respectively, for compound i. The results of
fitting the experimental data are shown in Fig. 6, and the
enthalpies and entropies of adsorption for hydrogen and
acetic acid obtained from the temperature dependence of
K1, Kac,and Ka Kace are reported in Table 6. The rate ex-
pression derived from this model gave a mean residual sum
of squares (MRSQ) of its predicted rates equal to 0.005,
which was half that obtained from the rejected model (29).
Note that Egs. [4] and [5] can be combined to describe disso-
ciative HOAc adsorption to form a surface acetate species.
The enthalpy and the entropy of adsorption for HOAc and
hydrogen are negative, as required by thermodynamics, and
the entropy for HOAc adsorption on either Fe’ or FeO
surfaces satisfies additional constraints and guidelines for
evaluating the entropy of adsorption, i.e., (53, 54)

0<]AS < S°,
10 < —AS? <122 -0.0014 %« AH?,

(18]
[19]

where Sg is the absolute entropy of HOAc or hydrogen in
the gas phase. The absolute entropies for HOAc and H,
at 500 K are 77 (55) and 34 e.u. (56), respectively; thus
the entropy of adsorption for Hj is still somewhat greater
than the maximum allowed, but the uncertainty of the ASY,
value obtained from extrapolating the two 95% confidence
limits is quite large at £170 e.u. The heat of adsorption for
H; is at the high end of the range of values reported for
H, on polycrystalline Fe metal (39-43), implying that only

TABLE 6

Enthalpies and Entropies of Adsorption from Parameters
in Rate Expression [16]

AHY, ASY

Adsorption step (kcal/mol) (cal/mol/K)
H, on Fe’ (Kw,) -33 —43
Acetic acid on Fe® (K ) —26 —-18
Acetic acid on FeO (K K ace) -8 -10

Note. Standard state, 1 atm.
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the high-energy sites are involved under reaction condi-
tions. These results also imply that dissociative acetic acid
adsorption on an iron oxide surface is much weaker than
that on metallic iron.

The above reaction model was derived assuming a uni-
form catalyst surface throughout the catalyst bed; however,
the state of the iron surfaces may vary with reactant (and
product) partial pressures, i.e., the reduction potential of
the gas phase, particularly at high temperatures. If the num-
ber of active sites were to vary with the H, pressure be-
cause of either the Fe/FeO redox potential or coverage by
carbonaceous species, a higher dependency on Py, could
result (57), and this could explain the high dependency at
higher temperatures. To what extent this situation occurred
and affected catalytic behavior under the reaction condi-
tions applied here is not yet known and further work is
required to examine and to quantify possible changes of
the Fe surface. Such a study could also provide more infor-
mation about the observed particle size effects, which are
tentatively attributed to the state of the iron surface under
reaction conditions.

SUMMARY

The catalytic behavior of vapor-phase acetic acid hy-
drogenolysis and hydrogenation was studied over both sup-
ported and unsupported iron with metal crystallite sizes
ranging from 10 to 4000 nm. Very high selectivity to ac-
etaldehyde (above 90%) was obtained at low conversion,
but this dropped to ~80% as conversions approached 40%.
In addition to conversion, temperature and hydrogen par-
tial pressure also affected the selectivity. The iron crystallite
size has a significant effect on both the TOF for reduction
by H; and the apparent activation energy, as the former
increased and the latter decreased as Fe crystallite size in-
creased. Acetic acid reduction over iron catalysts was de-
scribed by a model invoking two types of sites, i.e., one set
on metallic Fe and the other on Fe oxide, and the kinetics
at steady state were modeled by a Langmuir—Hinshelwood-
type mechanism invoking adsorbed hydrogen atoms on the
metallic sites and an acetate species adsorbed on the oxidic
sites as the predominant intermediate species, with addi-
tion of the second H atom to form adsorbed acetaldehyde
being the rds.
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