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The rate of CO insertion into surface CH, species was investigated on silica-supported rhodium
and rhodium—vanadium catalysts. Isotopically labelled *CO was used in a transient kinetic experi-
ment under steady-state conditions. A main conclusion is that vanadium promotion does not affect
the rate of CO insertion. From temperature-programmed surface reaction measurements the surface
concentration of CH, species during steady-state reaction was determined. It is increased by
vanadium coadsorption. Combining these data with the selectivity and activity in synthesis gas to
oxygenate conversion, a model is derived from which reaction rates of elementary steps and surface
concentrations are calculated. Ethanal formation appears to occur at two distinguishable sites.
Vanadium promotion decreases the desorption rate of ethanal, enhances the hydrogenation rate to

ethanol, and increases the surface concentration of oxygenated intermediates.

Press, Inc.

INTRODUCTION

The formation of oxygenated compounds
such as ethanol and ethanal from synthesis
gas is of significant fundamental interest (/,
2). Supported rhodium catalyses this reac-
tion. Oxidic promoters like Mn,0,, FeO,
V,0;, HfO,, and TiO, have been shown to
be necessary for high selectivity for ethanol
formation (3-7). In the mechanism for the
formation of ethanol and ethanal three main
elementary reaction steps can generally be
distinguished: CO dissociation, CO inser-
tion into surface CH, fragments, and hydro-
genation of surface intermediates. The value
of x in the CH, species during CO insertion
is equal to 3 or 2 (8) because only then can
the metal—-carbon interaction be considered
small enough (9) to allow CH, species mobil-
ity so that CO insertion is possible. CO in-
sertion leads to a reaction intermediate
which can produce ethanol and ethanal.
This is indicated in the general reaction
scheme of Fig. 1.

Orita et al. (10) have shown that the for-
mation of ethanal occurs from an acetate
species as reaction intermediate. Un-
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derwood and Bell (//) and Kiennemann et
al. (12) showed that ethanal is the precursor
for ethanol formation. Jackson et al. (13)
suggested that different reaction intermedi-
ates are responsible for ethanol and ethanal
formation, because ethanal formation is
much faster than ethanol formation. This
was deduced from experiments in which
BCO was pulsed in a synthesis gas flow.
Contrary to this finding, Ichikawa and
Fukushima (/4) showed, by a reaction of
BCO and *CH;0H with synthesis gas, that
ethanal and ethanol can be generated from
a common reaction intermediate. Fuku-
shima et al. (15) indicated this reaction inter-
mediate as an acyl species from FT-IR
spectroscopy. In addition to such a reaction
intermediate a second oxygenated reaction
intermediate must be proposed in the reac-
tion mechanism of Fig. 1, which can be an
ethoxy species as shown by the same au-
thors (15). This intermediate was also pro-
posed by Agarwal et al. (16), who studied
the hydrogenation of ethanal to ethanol.
They argued that ethanal adsorbs on the ca-
talytic active surface through the oxygen
atom and is hydrogenated to an intermediate
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FiG. 1. Elementary reaction scheme for synthesis gas
conversion into oxygenates (10-16).

which is bonded by its hydroxy carbon atom
to the metal surface. Although it remains
unclear whether the first oxygenated reac-
tion intermediate (CH;CO) is adsorbed as
an acyl species or as acetate, and whether
the second oxygenated intermediate
(CH;COH) is bonded through a carbon atom
or an oxygen atom to the surface, the tran-
sient data show that at least two different
reaction intermediates must be taken into
account.

The influence of promoters on the rate of
CO dissociation has been studied exten-
sively (I17-19). Both alkali and oxygen-
containing species from transition metals
can enhance the rate of CO dissociation.
The enhanced CO dissociation rate, as dem-
onstrated for vanadium promotion (20, 21),
will increase the overall activity of a rho-
dium catalyst with respect to the synthesis
gas conversion reaction. Much less is
known about the effect of promoters on the
CO insertion rate into adsorbed CH, spe-
cies. Fukuoka et al. (22, 23) recently sug-
gested a mechanism for iron-promoted rho-
dium catalysts in which tilted adsorbed CO
molecules resulted in an enhanced activity
for CO insertion. From activity measure-
ments, Chuang et al. concluded that CO in-
sertion is favoured by small metal ensem-
bles, which could be created by blocking
silver atoms (24) or by coadsorbed sulfur
(25). The results of CO insertion activity
obtained from ethylene addition to synthesis
gas resulting in propanol (26-29) must be
interpreted cautiously. Ethylene addition

will also change the surface concentration
of reaction intermediates, which may affect
selectivities. Orita et al. (10) showed that
potassium oxide could supply reactive oxy-
gen, which can be used to stabilise acetate
species. This was also shown by Fukushima
et al. (30, 15) with FT-IR measurements
on vanadium-promoted rhodium in a similar
way for acyl species. Also Boujana et al.
(31) noted a stabilised acetyl species when
a promoter is added to a paladium catalyst.
A relation has been proposed between the
stabilisation of oxygenated intermediates
and an improved selectivity for ethanol for-
mation. Despite all these suggestions, a di-
rect study of the reactivity of adsorbed CH,
fragments with CO has not yet been per-
formed. Here we report on a study of the CO
insertion step under steady-state conditions
using transient kinetic experiments.

Steady-state isotopic transient Kkinetic
analysis (SSITKA), as introduced by Hap-
pel, is a powerful tool to analyse reaction
rates of elementary steps and has been used
by several groups (32-37). Without chang-
ing the steady-state conditions it is possible
to determine surface concentrations of reac-
tion intermediates and their residence times
on the catalyst surface. Also the heterogene-
ity of the surface can be analysed, as is
shown for the formation of ethanal.

The effect of vanadium promotion on a
silica-supported rhodium catalyst was stud-
ied for the reaction of surface CH, and CO
to an adsorbed CH,CO intermediate and its
subsequent hydrogenation. The enhance-
ment of CO dissociation by vanadium pro-
motion (38, 39) complicates direct analysis
of the transient data. To circumvent this we
analysed the incorporation rate of *C from
CO into the carbonyl group of ethanal and
into the hydroxy-carbon group of ethanol
during a stepwise change from 2CO synthe-
sis gas to labelled CO.

H, + CH, + ®CO —
CH,"CHO + CH;*CH,0H. (1)

The 3C carbon atoms (boldface) in ethanal
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and ethanol are from undissociated CO, and
the rate of incorporation will be independent
of the rate of CO dissociation. The incorpo-
ration of these 13C atoms can be detected by
analysing mass spectra.

The rate of appearance of *CO in prod-
ucts will not only depend on the rate of CO
insertion, but also on the rate of hydrogena-
tion of the adsorbed CH,CO intermediates
and on their subsequent rate of desorption.
To analyse the interactions of ethanal and
ethanol precursors with the catalyst, we car-
ried out temperature-programmed desorp-
tion (TPD) experiments. The hydrogenation
rate of surface intermediates was studied in
a separate experiment in which ethanal was
hydrogenated to ethanol.

The results are analysed using a model in
which the influence of the vanadium pro-
moter is described in terms of changes in
reaction rates of the elementary steps and
surface concentrations of reaction interme-
diates. In order to do so, the surface con-
centration of adsorbed CH, intermediate
must be known. The concentrations were
estimated from separate temperature-
programmed surface reaction (TPSR) ex-
periments, using the observation that the
reactivity of adsorbed CH, intermediates in
hydrogenation is much higher than that of
adsorbed CO (39, 40).

EXPERIMENTAL
Catalyst

A 3 wt% rhodium catalyst was made by
pore volume impregnation of preshaped
Grace 332-type silica (surface area = 300
m?/g, mesh size = 100) with an aqueous
solution of RhCl;. After reduction at 350°C
for 16 h and passivating at room tempera-
ture, vanadium was added by post-impreg-
nation of a solution of ammonium metavana-
date. On the promoted catalyst the mol ratio
of rhodium : vanadium was 3. The amount
of CO that can be chemisorbed on the pro-
moted catalyst system was rather insensi-
tive for the reduction temperature. The va-
nadium promoter covered the rhodium
particles as deduced from CO chemisorp-

tion and other techniques (39). From trans-
mission electron microscopy photographs it
was concluded that the rhodium particles
have the same size on both catalysts.

Method

Prior to each experiment, the catalyst was
reduced in situ at 350°C for at least 1 h.
Catalytic reaction was carried out with 500
mg of the catalyst in a flow of 15 ml/min of
synthesis gas (H,/CO = 2) at 210°C. All
experiments were performed after 1 h of
steady-state synthesis gas reaction.

With TPSR the surface concentration of
reactive surface carbon species during syn-
thesis gas reaction was determined. After
the synthesis gas reaction the reactor was
quickly cooled to 100°C in a helium flow,
while CH, intermediates as well as CO re-
mained adsorbed. At 100°C only the reactive
CH, intermediates produce methane in a re-
action with hydrogen. On raising the tem-
perature surface carbon monoxide and gra-
phitic carbon are hydrogenated to methane.
The amount of methane produced at 100°C
divided by the total amount of methane pro-
duced in a TPSR experiment was used as an
estimate for the concentration of adsorbed
surface CH, intermediates.

For the transient kinetic experiment a re-
actor system equipped with a mass spec-
trometer was used. All dead volumes were
minimised. The dead volume of the reactor
above the catalyst was filled with quartz.
Just above the reactor a four-way valve
could switch from normal synthesis gas to
3C-labelled synthesis gas. After the catalyst
bed a small tube led to a multiposition
16-way loop valve (type ST16 Chrompack).
This valve contained 16 loops of 0.3 ml
which could be placed in turn into the reac-
tion gas flow. By switching this valve, 15
loops of reaction gas could be stored. It was
kept at 110°C. To obtain well-defined re-
sponse data without disturbing the steady
state, it is important that the pressures are
the same in the two flow sets before switch-
ing. The pressure drop of the catalyst bed
(normally about 0.18 atm) was also created



16 KOERTS AND VAN SANTEN

TN
N
|

N

Compute)
System
.

NLGC N

>N Mass. Spec. N
AN

F1G6. 2. Schematic presentation of the time-based
GC-MS equipment as used for the isotopic transient
experiment.

in the second flow by a needle valve. The
system is schematically presented in Fig. 2.

The temperature in the catalyst bed was
measured by a thermocouple in a quarts cap-
illary. After 1 h of steady-state reaction, the
synthesis gas was switched to labelled *CO
(MSD isotopes, 99.3% '*C). Reaction con-
tinued and 15 loops of reaction gas were
subsequently stored. Afterwards the stored
gases were pulsed into a gas chromatograph
on a widebore plot q column 13 mlong (¢ =
0.53 mm). All components, except methane,
hydrogen, and CO, were separated in a tem-
perature-programmed GC run from 30 to
180°C. The widebore column was connected
by a glass press-fit coupling with a capillary
column of 3 m length which introduced the
components into a high-resolution mass
spectrometer (AMD MMHI1, Harpstedt,
Germany (41)). Every 1.5 s all masses be-
tween 10 and 50 atomic mass units were
measured. The data were stored in a com-
puter system and evaluated afterwards with
a DP 1.05 program. From the fragment ions
in the mass spectrum it was possible to cal-
culate the fraction of labelled *C in the car-
bonyl group of ethanal from masses 29 and
30 and in the hydroxy-carbon group of etha-
nol from masses 31 and 32. Corrections were
made for the natural fragmentation of the

products, the oxygen and nitrogen back-
ground, and the natural abundance of *C of
1.1%. The transient experiment was dupli-
cated.

The hydrogenation of ethanal to ethanol
was tested in a microflow reactor (i.d. 10
mm). A flow of 58 ml/min of 2% ethanal and
8.5% hydrogen in helium was passed over
300 mg of the reduced catalysts at different
temperatures. The products were analysed
with a gas chromatograph (Chrompack, CP
9000), using a widebore plot q.column of
25 mlength (¢ = 0.53 mm). The TPD exper-
iments were performed in the same reactor
system. The catalyst was saturated with
ethanal or ethanol by adsorption in a helium
flow of 56 ml/min at 110°C. After flushing
for 30 min in helium the reactor was cooled
to 40°C and the TPD was started in a helium
flow of 20 ml/min. The temperature was
raised at 5°C/min while every 2 min the
desorbing products were analysed with
the GC.

RESULTS

The activity and selectivity of the cata-
lysts during the steady-state synthesis gas
reaction are presented in Table 1. As pre-
viously noted (20, 21, 38, 39) the vanadium
promoter shifts the selectivity from ethanal
to ethanol. The overall activity is about four
times increased.

The transient response curves of the in-
corporation of *C into BCO to produce
CH,"*CHO and CH,CH,0OH for the rho-

TABLE 1

Activity and Product Distribution during Synthesis
Gas Reaction at 210°C (H,/CO = 2, 1 atm) of the Rho-
dium and the Rhodium—Vanadium Catalysts

Catalyst  Activity Selectivity (%)
TON*®
Ethanal Ethanol Methane C3 H.C. o0x0's
Rh 0.27 7.18 18.9 42.0 25.0 6.9
RhV 1.00 2.28 22.8 36.3 29.8 8.8

9 Activity expressed as mmol CO converted per surface metal atom
per second.
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dium and rhodium-vanadium catalyst are
presented in Figs. 3a and 3b.

The disappearance with time of the frac-
tion of 2C in the above-mentioned carbon
atoms of ethanal and ethanol for the Rh and
RhV catalysts is shown on a logarithmic
scale in Fig. 4. The presence of the vana-
dium promoter slows the rate of 1*C incorpo-
ration into ethanal while it is enhanced in
ethanol.

Differences in the interaction of ethanal
and ethanol with the silica support follow
from the TPD curves of Fig. 5. Ethanal and
ethanol TPD experiments from the Rh and
RhV catalysts were also carried out, show-

a
s 9
=
[
£
D 407
Gt
=3
g o °
Q L
£ 307
o
2 o
£
20 T T T 3 T
0 200 400 600 800

Time [ sec. ]

ing a rate of decomposition of ethanal and
ethanol higher than that of the pure silica.
To compare the normalised rate of CO
insertion on the Rh and RhV catalysts, the
surface concentration of reactive surface
carbon is required. This was analysed with
a TPSR experiment (Fig. 6). The total
amount of hydrogenatable surface species
on the RhV catalyst is about half of that on
the Rh catalyst, due to partial coverage of
the rhodium particles by the promoter. The
concentration of reactive carbon species is
determined from the amount of methane
produced at 100°C divided by total amount
of methane formed (up to 400°C) and is
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FiG. 4. The disappearance of ')CO in C, oxygenates compared on the rhodium (squares) and
rhodium-vanadium (circles) catalysts. (a) Ethanal. (b) Ethanol.
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0.34% for the Rh catalyst and 1.4% for the
RhV. The low concentration of the reactive
C,carbonaceous intermediates corresponds
well with the amount found by Efstathiou
and Bennett (40).

Finally we analysed the influence of the
vanadium promoter on the hydrogenation of
ethanal to ethanol in a separate experiment.
The activity and selectivity as well as the
order in ethanal and hydrogen are presented
in Table 2 and Fig. 7. It can be seen that
both activity and selectivity to ethanol are
greatly increased by the vanadium pro-
moter. The activation energy for ethanal
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Fi1G. 6. Temperature-programmed hydrogenation of

surface species formed during 1 h of synthesis gas re-
action.
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TABLE 2

Activity and Selectivity for Hydrogenation of
Ethanal to Ethanol at 110°C

Ethanol
selectivity hydrogen ethanal
(%)

Order in  Order in Deactivation
(%/h)

Activity
TON?

Rh/SI0,
RhV/SiO,

0.114 65 1.70
0.965 933 0.80

-0.5 4
-0.4 1

2 Mol converted ethanal per surface rhodium atom per second.

conversion is hardly changed: 44 kJ/mol for
Rh and 43 kJ/mol for RhV.

DISCUSSION

The incorporation rates of *C correspond
well with the results of Jackson ef al. (13)
on Rh/SiO,. They pulse-labelled *CO and
C"™Q into a synthesis gas flow and measured
the incorporation into ethanal and ethanol.
They noted that the incorporation into etha-
nal is very fast while the incorporation into
ethanol was so slow that it could not be
observed.

Analysis of the SSITKA data presented
in Fig. 3 permits one to quantify the hetero-
geneity of the surface. A semilogarithmic
plot of the normalised isotopic transient data
is expected to be linear. However, for the
formation of ethanal, a clear deviation exists
from straight line behaviour (Fig. 4) at
higher response times. The total turnover
frequency (TOF) of a first-order surface re-
action taking place on a nonhomogeneous
surface can be modelled as a sum of expo-
nentials. The distribution of the rate con-
stant k can be estimated by fitting the tran-
sient curve with

TOF = 6, >, (x;k,e ). )
6, is the total surface coverage, and x; is the
fraction with reactivity k;. De Pontes et al.
(36) derived a general deconvolution to ex-
tract the function x(k). For less well-defined
data one can also model the transient data
using Eq. (2). Fixed k values were chosen
and the amplitudes were fitted. The k-value
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FiG. 7. Hydrogenation of ethanal to ethanol on the rhodium (squares) and rhodium-vanadium
(circles) catalysts. (a) Arrhenius plot. (b) Selectivity.

distributions derived from the Rh and RhV
catalyst are shown in Fig. 8. The incorpora-
tion rate calculated from this figure is shown
as the fit in Figs. 3a and 3b. One concludes
that ethanal formation occurs at least at two
different sites. Vanadium promotion de-
creases the reactivity of the active sites and
increases the fraction of stabilised ethanal
intermediates which desorb only slowly as
ethanal.

To obtain quantified information from the
plots in Figs. 3a and 3b, in terms of elemen-
tary reaction rates, we used the kinetic
scheme as shwon in Fig. 1. Also the surface
concentrations of the reaction intermediate

0.8
0.6 '1
0.4 1

0.2 1

Amplitude k;x;

0.0 4

.0001 .01 .1

001
k [sec'1 1

F1G. 8. Distribution of the reactivity constant k for
ethanal formation on the rhodium (squares) and
rhodium-vanadium (circles) catalysts as deduced from
the isotopic transient kinetic data.

CH;CO and CH;COH can be calculated.
The hydrogen dependence of each elemen-
tary step is not explicitly considered. Our
analysis implicitly assumes that the hydro-
gen partial coverage is constant. The two
important oxygenated reaction intermedi-
ates from Fig. 1 are presented as I} = Ocy,co
and I, = Ocy,con - To extract the r values, the
necessary equations must first be deduced.
For incorporation of *C into the aldehyde
group of ethanal according to the mecha-
nism from Fig. 1, one can write the rate
equations

dCH,"*CHO

_—Sdt =rs Pl (3)
d®I
d_tl = r30%H30?3CO - (rs + r6) 13]1 . (4)

The reaction orders a and 8 of the surface
intermediates are assumed to be one. The
integration of (4) results in

r30ch,

1311(1) = [1 _ e—(r5+r6)t]

rs + Te
rifcw,

REL ©

[e—(r5+r6)t _ e—yl].
In this equation vy is introduced as a correc-
tion for the nonideal switch from >CO to
13CO, which can be deduced from the exper-
imental data in Figs. 3a and 3b. For large y
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(stepwise change from 2CO to *CO) the
second part of this equation becomes zero.
The measure y values were 0.05 s~! for the
Rh and 0.03 s~! for the RhV experiment
while the dead time for response was 27 s.
The scrambling between adsorbed '2CO and
BCO gas is rapid, as concluded by Yates et
al. (42).

The rate of “CO incorporation into the
aldehyde function of ethanal follows from
Egs. (3) and (5).

Fst oc
CH313CH0(1) = 3 3CH, - e—(r5+rﬁ)t]
rs + rg
r5r300H3 [e=(rs+7et =4 (6)
- | € — € .
vy = (rs +rg)

The incorporation of BC into the hydroxy-
carbon group of ethanol can be deduced in
the same way according to the mechanism
of Fig. 1.

d"“CH,CH,OH
dt
dl3l2

—2=n BL) — r, BL(). (®)

=r, PL(1). )

The solution for I,(¢) is presented in (9) as-
suming y > ks + kq, which is valid because
the incorporation of 1*C in CO is much faster
than that in ethanol as shown in Fig. 3.
BL ()

rer3fcw,

T ry(rs + 1) s+ rg— 1y

_ _ "7 —rTt
<1 "5+r6_"7)e ] ©)

Equations (7) and (9) produce the desired
equation

e~ (rg+rght

rel's cu

63 3[1 — Ke~{rs+rot
rs + rg
— (1 _ K)€4r7r]

CH313CH20H(t) =
(10

for the rate of appearance of *C into etha-
nol, in which K = ry/(rs + rg — rq).

For the analysis of the rate constants ac-
cording to Eqs. (6) and (10) only the reactive

TABLE 3

Changes in Reaction Rates and Surface Concentra-
tions of C,0 Intermediates by Vanadium Promotion at
210°C

ry? rs? re " 6C,0* 8C,0H*
Rh 22 5.7 15 0.83 0.003 0.06
RhV 20 095 10 1.2 0.024 0.18
RhV/Rh 09 0.17 07 15 7.2 3.0

¢ r as TOF: mmol converted product per second per mol
reaction intermediate.
¢ Surface concentration 6 in rhodium fraction covered.

sites for ethanal formation are taken into
account. The experimental data of '*C incor-
poration into ethanal is fitted with formula
(10). The fitted curves are shown in Fig. 3b.
The resulting k values: ks + k¢ and k;, are
presented in Table 3. At high response time
the calculated ethanal curve becomes higher
than the measured one (Fig. 3b). This can
be corrected if the slow sites for ethanal
formation are also taken into account in Eq.
(10). However, at residence times lower
than 750 s, the transient data can be ex-
plained within experimental error. This sup-
ports the chosen mechanism. The deduced
rate parameters from these fits are presented
in Table 3.

The reaction rate constants r4, rs, ¥4, and
r;, as well as the surface concentration of
the reaction intermediates /, and [,, can be
calculated for both the rhodium and the
vanadium-promoted catalyst from a more
complete analysis. Therefore six indepen-
dent equations must be solved. The neces-
sary information is obtained from the selec-
tivities and turnover numbers (TON) from
Table 1 and the surface concentration of
CH, intermediates, which has been esti-
mated with TPSR. The first two equations
are (6) and (10). The other equations can be
solved using the steady-state assumptions

rs _ ethanal selectivity

re  ethanol selectivity (1
r30C00CHX = Il(rs + r6) (12)
Iirg = TON selectivity ethanal (13)
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Lr; = TON selectivity ethanol. (14)
The resulting rate parameters for the rho-
dium and vanadium-promoted rhodium cat-
alysts are presented in Table 3.

Residence times of surface intermediates
may be affected due to chemical interaction
of C,0 or C,OH intermediates with the silica
support. The following equilibrium must be
considered especially

Si-OH + HOCH,CH; &
SiOC,Hs; + H,0. (15)

To ensure that the long residence time of
ethanol intermediates is not due to a great
buffer of C,OH intermediates adsorbed on
the silica carrier, TPD experiments were
performed. In Fig. 5 it is shown that most
of the chemisorbed ethanal and ethanol will
desorb below 210°C, the reaction tempera-
ture during steady-state experiments. More-
over, during synthesis gas reaction, the con-
centration of water is about three times
greater than that of ethanol, which shifts the
equilibrium of Eq. (14) to the left. Thus it is
unlikely that long residence times of ethanol
are due to an interaction with the silica sup-
port. However, for ethanal desorption it
cannot be excluded that the unreactive sites
(Fig. 8) for ethanal formation are responsi-
ble for an interaction with the silica support
because some ethanal formation also occurs
at temperatures above 210°C.

The TOF for CO insertion from Table 3
on the Rh and RhV catalyst differ by only
10%. CO insertion is fast compared with
the hydrogenation steps and is therefore not
rate limiting. This reaction step can be con-
sidered to be in local equilibrium because
the reverse reaction, the decomposition of
a C,0 intermediate to CO and CH,, is also
fast on rhodium catalysts. This follows from
TPD experiments by Davis and Barteau
(43). Coadsorption of vanadium makes the
CH, fragments a little less reactive for CO
insertion. The enhancement for CO inser-
tion through oxidic promoters, as measured
in homogeneous catalysis (44, 45), is not

valid for the discussed heterogeneous RhV
system.

An increase in the selectivity towards
more C, oxygenates through oxidic promo-
tion is not due to an enhanced CO insertion
activity, but can be due to a stabilisation of
oxygenate intermediates. This shifts the CO
insertion equilibrium to adsorbed oxygen-
ates. Further, oxoselectivity can be in-
creased through a decrease in the reactivity
of the CH, intermediates towards methane,
as discussed before (46). The stabilisation
of the C,0 intermediates appears from the
increased surface concentration of these
surface species through vanadium promo-
tion. The stabilisation of acetate species
during the synthesis gas reaction has been
observed with infrared spectroscopy (47,
48). However, Orita et al. (47) mentioned
that not all the observed acetate species are
reaction intermediates because they do not
disappear upon hydrogenation. Also
Bastein (48) could not estimate which part
of the reaction intermediates is able to react
towards ethanol or ethanal. The same is
valid for the FT-IR work of Fukushima et
al. for acyl species (15). In our experiment
we only account for those CH,CO species
that are true reaction intermediates because
they are calculated from the TOF. For the
mechanism of acetate stabilisation, Orita et
al. (10) showed that one oxygen atom of
the support is needed. Similarly, it can be
proposed that vanadium can act as an oxy-
gen donor, which can increase the number
of stabilised oxygenated intermediates.
Also the ionic V-0 bonds can influence the
metal particles, resulting in a more polar
rhodium surface. This can result in more
strongly adsorbed oxygen-containing inter-
mediates.

Orita et al. (10) suggested that acetate
species are located at the support near the
rhodium metal particles. The high surface
coverage of oxygenated reaction intermedi-
ates as calculated in Table 3 also suggests
that at least part of these species are not
located on the rhodium particles. Especially
in the presence of vanadium, the high sur-
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face concentration of oxygenated intermedi-
ates suggests that CH,CO species are possi-
bly located on the vanadium or on the silica
support near the rhodium particles. From
the heterogeneity in the residence time of
ethanal intermediates one can speculate that
the reactive ethanal species are created on
the rhodium particles while the less reactive
ones are slowly desorbing from the silica
support. This was also suggested by Ara-
kawa et al. (50) who noted two different
acetate species with in situ IR spectroscopy
during synthesis gas conversion at 50 atm at
260°C.

Table 3 shows that during the synthesis
gas reaction the hydrogenation rate to etha-
nol is increased by vanadium promotion, as
was also found for cerium oxide promotion
by Kiennemann ez al. (12), for molybdenum
promotion by Jackson et al. (51), and for
tungsten promotion by Bhore et al. (52).
This is more obvious from the separate hy-
drogenation experiment of ethanal to etha-
nol (Figs. 7a and 7b). From these figures it
appears that the hydrogenation activity is
increased by a factor of 9 without changing
the activation energy. The enhanced activ-
ity seems to be due to a greater number
of active hydrogenation sites. The reaction
order during hydrogenation of ethanal to
ethanol is a little negative in ethanal and
positive in hydrogen, suggesting a stronger
adsorption of ethanal than hydrogen. Re-
markable is the decrease in the reaction or-
der in hydrogen from 1.7 to 0.8 through va-
nadium. This can be due to stronger
adsorbed hydrogen. This effect is in
agreement with effects induced by spillover
hydrogen as reported in Refs. (57, 52). Also
the selectivity for methane formation is de-
creased during ethanal hydrogenation. This
effect is due to the smaller size of rhodium
metal ensembles on the RhV system be-
cause the vanadium promoter is on top of
the rhodium particles. This decreases the
rate of C—C bond scission, which is known
to be a structure-sensitive reaction. This is
in agreement with the reduced activity for
hydrogenolysis of ethylene to methane

through vanadium on this catalyst as re-
ported in Refs. (38, 49).

CONCLUSION

The influence of vanadium promotion on
the kinetics of several elementary reaction
steps was studied by a steady-state isotopic
transient kinetic analysis experiment. On
the basis of the transient data, a kinetic
model based on elementary reaction steps
is proposed. It appears that the residence
time of oxygenated intermediates on the cat-
alyst surface reacting to ethanal is much
smaller than intermediates reacting to etha-
nol. Vanadium promotion reduces the resi-
dence time of ethanol intermediates, while
it enhances the residence time for ethanal
intermediates. The turnover frequencies for
CO insertion are high compared with hydro-
genation rates and CO insertion is not a rate-
limiting step. Vanadium promotion does not
promote CO insertion.

Ethanal formation occurs at least at two
different sites. Vanadium promotion stabi-
lises oxygenated reaction intermediates on
the catalyst surface, which results in a de-
crease of the rate of ethanal desorption. The
hydrogenation activity of oxygenated inter-
mediates to ethanol is enhanced by vana-
dium, which can be explained by more
strongly adsorbed hydrogen.
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