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Abstract

The CO hydrogenation over Rh/Si€e(, was investigated kinetically in order to find the rate equation as a function of
CO and H partial pressures. Relative to previous findings obtained with Rb/8ifairly higher dependence on adsorbed
CO is evident. Together with additional evidences found by TPD/TPR and IR spectroscopy, this higher dependence has
been tentatively associated to a CO in which both the carbon and the oxygen ends are bonded to Rh, aagp@etively.
The influence of the support has been emphasized in order to ascertain the role;qp@efbter) relative to Rh/Si In
agreement with previous findings we have found that with Rh/Si®0, catalysts, the promoter inhibits the total activity
while favoring the formation of EtOH. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction vestigated, for example with Rh supported on FiO
[1], LaxO3 [2,3], ThG, [4] and V»03 [5]. Interest-
The formation of oxygenates from carbon monox- ing results for ethanol formation have been observed
ide hydrogenation over Group VIII metals has been while conflicting data have been reported for rhodium
shown to be quite sensitive to support and promoter supported on Si@[6,7] and ZrQ [8,9]. As for the
composition as well as metal dispersion. Among the promoters and the specific role for syngas conversion
different catalytic systems, rhodium based catalysts to oxygenated products, various contributions [10-13]
are the most suitable for the study of the promoter have been made.
and support interactions that are of great importance Recent workers have claimed that the promoters
in determining the selectivity and activity. and/or the supports influence the adsorption of car-
To increase the selectivity insxygenated prod-  bon monoxide. An adsorption mode of carbon monox-
ucts, the effect of support has been thoroughly in- ide was observed on promoted catalysts [10,14-18]
in which both the carbon and the oxygen ends of the

* Corresponding author. Tek+39-2-23993247; CO moiety are bonded to the c.atalyt|c surface. An
fax: +39-2-70638173. extensive review has been published on the subject
E-mail addressakim.kaddouri@polimi.it (A. Kaddouri). [19].
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More specifically the studies of the particle size
[20,21] have evidenced partial coverage of the metal
particles by patches of promoters or support.

Another unsolved problem is the influence of the
promoters on the carbon—carbon bond formation. An
acyl intermediate [22—-24] has often been proposed
to be the key to the £oxygenate formation. Addi-
tional evidences are now discussed in order to ex-
plain the reactivity and selectivity tests performed on
Rh/CeQ/SiO; catalysts.

Another aim of the present study is to find additional
kinetic evidences on the role of cerium oxide in ethanol
promotion.

2. Experimental
2.1. Catalyst preparation

The catalyst was prepared by incipient wetness
method using Si@ (Roth 0201; 100 mesh) and a so-
lution (0.6 g in 5 ml of distilled water) of Rh@inH,0
(Johnson Mattey; 42.5% Rh) and Ce(j@6H,0
(Fluka) which correspond to the percentage of geO
desired. The solution (mixture of Rh and Ce salts)
was brought into contact with silica, under vac-
uum. After leaving the catalyst in air for 30 min,
it was dried at 333K for 30 min, under argon, and
then at 433K overnight. Finally, the catalyst was
calcined at 823K during 6h. Rhodium crystal-
lite size (by H/O, adsorption): Rh/SiCeQ =
43-46A.

2.2. Apparatus and procedures

Catalytic runs were performed in a stainless steel
(AISI 316) tubular reactor (length 45cm, i.d. 0.8cm)
heated in a ventilated oven. A thermocouple was
placed in the middle of the catalytic bed which was
prepared by blending (1:30) the catalyst with carbu-
rundum (>200 mesh) to obtain better control of the
temperature; carburundum was also added to fill the
reactor. A temperature range of 473-530K under a
total pressure 4, + Pco) of 1atm was investigated
using different sets of experiments. The effects of
partial pressure were analyzed fob O = 1-5
by dilution with He. Low conversions were ob-
tained by varying the space velocity (SV) of the
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feed. Runs were performed using CO;z ldnd He
and varying the gas ratios by flow mass controllers
(Brooks). 99.99% pure #Hwas used to activate the
catalyst = 648K, F = 4lh1ge ! during
16h).

2.3. Analyses

One milliliter of reacted gas mixture was sampled
periodically in a heated (383K) eight-port on-line
valve and analyzed simultaneously by two chro-
matographs equipped with hot wire detectors, (H
carrier gas 1.51h!) (A) analysis of volatile prod-
ucts — Porapack QS column (length 4 m, i.d. 2 mm),
isothermal at 303K; (B) analysis of 1€Cs frac-
tions — Porapack R column (length 6 m, i.d. 2 mm),
isothermal at 413 K.

Data were obtained on the basis of identified prod-
ucts having a retention time less than 45min from
type B analysis. Carbon efficiency was calculated by
the formulan;/ > n;C; wheren; is the carbon atom
number of the € compound. The analytical results
adequately satisfied material balance.

2.4. Temperature-programmed desorption (TPD)
and reduction (TPR)

For TPD runs Ce@ Rh/CeQ, Rh/SIGQ and
Rh/CeQ-SiO, samples were reduced withoHor
3h at 573 and 723K and cooled under He flow to
ambient temperature. CO (0.1 MPa) was fed up to
saturation at the same temperature and then desorbed
at increasing temperature (6Kmih in flowing
He (21h 1 geart). The TPD/TPR runs on Rh/CeO
have been investigated by preliminary adsorbing
CO at 403K up to saturation followed by cooling
at room temperature. The sample was heated up
to 423K under He flow (TPD) and again cooled
to room temperature. TPR runs were carried out
by heating under bl flow after (TPD). The des-
orbed products were analyzed simultaneously by
two chromatographs, using HWD detector for CO
and CQ and a FID detector for ClH Successively
a catharometer was used to have the total gaseous
product concentration. Accordingly, no direct quanti-
tative correlation can be made between CO,@0d
CHa.
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3. Results ture desorption peak at ca. 370K, and a high temper-
ature desorption peak at 473K, assigned to strongly
3.1. TPD experiments adsorbed CO. By adding Ce@o Rh/SIiQ catalysts

(see Fig. 2a lll, IV, V and VI) the low temperature

According to literature [25,26], CO, GQand CH, CO, peak is obseryed in the temperature range of
have been observed during TPD experiments onCeO CO peak, and the high temperature O@ak appears

Rh/CeQ, Rh/SiG and Rh/SiQ-CeO, catalysts. at the same temperature of methane peak (ca. 610K
On pure Ce@ it results that (F|g ]_) with 5% Rh/SiQ). It has to be pointed out that, by

e CO, desorption begins at ca. 380K and will con- increasing the amount of Cedrom 0 to 5% (see
tinue till high temperature. Fig. 2a, b), the maximum of high temperature peak,

e CO desorbs in the temperature range 500-750K. both for CQ and CH,, is shifted to lower tempera-
e CHj4 formation occurs at high temperature (630K). tures.

The TPD desorption of C®occurs at lower tem- From the TPD data it is thus possible to conclude
perature, and in two steps, by adding 5% of Rh on that:
CeO (see Fig. 2a Il relative to Fig. 1). The first e the low temperature C&formation implies the dis-
desorption peak is observed at ca. 370K in the re-  sociation of chemisorbed CO;
gion of CO desorption; the second desorption peak at ® the high temperature GQormation is paralleled by
high temperature, coincides with the maximum peak  the CH formation and this implies the CO reaction
of CHa. On|y the h|gh temperature CZOjesorption with surface hydroxyl groups to yleld methane and
peak (at ca. 610K) is observed with 5% Rh/%iO water;
catalysts (see Fig. 2a I), exactly at the same tempera-® this latter reacts further with CO yielding G@nd
ture of the methane peak. CO shows a low tempera- hydrogen.
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Fig. 1. TPD analysis on CeQO
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Fig. 2. (a) TPD analysis on Rh/S}ORh/CeQ and Rh/Ce@/SiO, catalysts: (a) Cht (b) CO; and (c) C@. (b) Shift of CO and second
CO, TPD peak maximum with Ce(percent).

3.2. TPD/TPR experiments lysts in the temperature range 298-773K. Fig. 3 re-
ports the TPD/TPR data on Rh/CeQPD performed

Consecutive TPD/TPR experiments have been per-in the temperature range 298—-400K shows only a

formed on Rh/Ce@ Rh/SiQ-CeQ,, Rh/SIQ cata-  small peak probably due to carbon monoxide and
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Fig. 3. TPD/TPR analysis on Rh/CgQ@atalyst.

carbon dioxide desorption. The total response of the CH, formation during runs performed after TPD at
following TPR experiment shows two desorption high temperature (773 K) can be explained only on the
peaks: a very large peak at 480K followed by a wide basis of hydrogen reaction with surface carbon formed
peak with a maximum at 570 K. No carbon dioxide in the previous TPD experiments. This suggests that,
is evidenced in these runs. From the difference of the during the thermal treatment, the chemisorbed CO
total desorption response observed at 570K and thatwould partially dissociate with formation of surface
of methane at 480K it may be concluded that, owing carbon and oxygen. This last species in inert atmo-
to the parallel formation of water, this latter partially sphere reacts with CO to GO
desorbs with methane while the more strongly bound  The TPR/TPD total desorption response on RhSiO
water desorbs at higher temperatures. is reported in Fig. 5a. Both experiments show two
Fig. 4a shows the total responses of TPD, TPR, and peaks: the first one occurs at 373 K for both while the
TPR after TPD af" > 423K on Rh/SiQ-Ce, and high temperature peak occurs at 508 and at 603 K, re-
(Fig. 4b) the methane response in the same runs. Thespectively for the TPR and TPD experiments. The re-
total initial TPD response shows two peaks: one at sponses of CO, Cfand CH, are shown in Fig. 5b.
low temperature (388 K) and the second one at 548 K. CO has a continuous desorption only in TPD exper-
Methane is observed only at high temperature. The iments while it is totally absent in the TPR experi-
TPR experiments carried out consecutively shows, a ments. CQ is present at low temperature (298-473 K)
total response (Fig. 4a), a wide flat peak with a maxi- in TPR runs and at high temperatures (523-773K)
mum at ca. 448 K. The trend of this response is similar in the TPD experiments. As for CHin the TPD
to that of methane (Fig. 4b) and no particular sugges- runs, it is present only in traces at high temperature
tions can thus be drawn. TPR experiments performed (around 573 K). In TPR experiments, @lt present
after treatment in He al’ = 423K shows a total  at 423K, with a maximum at 498K ca.; its formation
response which almost coincides with the methane continues up to 773 K. This suggests that methane is
response while the different evidences are proba- formed not only by CO reaction but also by surface
bly due to water since carbon dioxide has not been C reaction formed in the previous desorption in He
detected. stream.
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Fig. 4. TPD/TPR analysis on Rh/CefSiO, catalyst: (a) total desorption; (b) methane.

3.3. Kinetic data and parameters r =koexp™ */RTPY PLy

The experimental results of CO hydrogenation un- are reported in Table 2. It results that for the
der different experimental conditions are reported in Rh/SiG-CeQ, catalyst the hydrogen partial pressure
Table 1. The kinetic parameters obtained by regres- positively affects both the CO disappearance and the

sion analysis with the following pseudo-homogeneous product formation (Ch-C;HsOH), while the CO
partial pressure has no influence on the rate of EtOH

equation
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Fig. 5. TPD/TPR analysis on Rh/SiQatalyst: (a) total desorption; (b) methane analysis.

formation but it decreases both the CO disappearanceabsence of the promoter (Cgfavors the formation
and the CH formation rate. This is further confirmed of CHa.

by considering for the sake of comparison typical ki- Table 3 reports the results obtained with 5%
netic parameters obtained by other authors [35] with Rh/SiQ or 5% Rh/SiQ-CeQ (5%) under compa-
Rh/SiG catalysts. Indeed, it may be seen that the rable experimental conditions. Ce@educes drasti-
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Table 1
CO conversion and carbon efficiency on Rh/g§i0eQ; for various H/CO ratios and space velocity

T (°C) Ho/CO Py, + Pco (mm Hg) F/W (ml/g cat.) Conv. (%) Carbon efficiency

CHy HCiot EtOH MeOH AcH CQ
200 1 253 3 2.2 32.0 46.9 35.6 6.1 1.1 10.3
220 1 253 6 3.9 37.9 60.2 27.5 2.7 1.9 7.7
235 1 253 6 9.9 46.9 74.2 17.8 2.2 1.3 4.5
200 3 506 3 3.1 40.5 54.6 30.7 7.1 nd 7.6
220 3 506 6 6.2 45.2 60.0 28.1 5.2 2.4 4.3
235 3 506 10 8.3 54.8 70.0 19.4 3.7 3.2 3.7
200 1 760 6 0.8 31.2 45.6 275 14.3 nd 12.6
220 1 760 6 1.5 335 46.8 36.1 5.9 3.3 7.9
235 1 760 10 1.8 40.7 56.5 30.2 4.3 35 5.5
200 3 760 3 2.4 37.2 50.6 36.3 7.9 nd 5.2
220 3 760 5 6.9 56.6 64.5 25.7 4.5 2.4 2.9
235 3 760 10 8.1 60.0 72.5 18.7 3.1 34 2.3
200 5 760 6 3.5 46.5 55.9 32.3 7.9 nd 3.9
220 5 760 11 7.6 56.7 63.2 25.2 6.8 2.9 1.9
235 5 760 16 13.2 61.6 75.0 16.7 4.5 2.2 1.6
a8(n;C; x 100/ )" n;C;) wheren; is the carbon atom number of the €ompound.
Table 2
Kinetic parameters = A exp™“/RTPj P¢,
Catalyst Species A2 E2 m n
5% Rh/CeQ (5%)/Si® CcoO 9.30x 108 194 0.42 -0.30
CHq 0.01 x 102 22.1 0.62 -0.77
EtOH 2.03x 10 11.8 0.46 0.05
1% Rh/SiQ [35] CH, 4.1 x 100 22.6 0.57 —0.20
1% Rh/ZrQ [23,33,34] CO 360x 10° 25.4 0.35 -0.94
CHq 180 x 10%? 34.3 0.65 —1.44
EtOH 6.1x 10* 15.8 0.43 —0.53
apA: molh~1gRhlatm (™+m): E: kcalmoleL.
b Expressed in (3! atn (m+™),
Table 3
Effect of promoter on the carbon efficierficy
Catalyst Conv. (%) Carbén(%) efficiency Reference
CHy HCiot EtOH MeOH AcOH CQ
Rh (5%)/SiQ 11.2 64.1 91.8 0.7 0.4 7.1 n.d. This study
Rh (5%)/CeQ (5%)/Si0 3.1 40.5 58.6 30.7 7.1 n.d. 7.6 This study
Rh (5%)/ZrQ (3%)/Si0:° 45 46.8 50.3 2.8 [25]

aReaction temperature 473 K; Hy/CO = 3; Pyt reagents= 498 mm Hg; gas flow= 0.5 I/h geat.
b Carbon efficiency= (n,C; x 100/SnC;) wheren; is the carbon number of the; @ompound).
CH,/CO = 2; gas flow=21h"1ge L.
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cally the activity while the selectivity to ethanol and As for the observed increase of the maximum CO
methanol is sensibly increases (almost 10 folds in desorption temperature on increasing the ea@%
terms of overall @—C, alcohol yield evaluated as on SiQ surface (Fig. 2b) it may be due to an increased
the product of carbon efficiency and the conversion). interaction with Rh—CO bonds while the temperature
Also the CQ formation increase while acetaldehyde decrease of the second g@esorption peak suggest
is no longer observed. an increased CO reactivity with surface hydroxyls.
Chemisorbed CO may dissociate directly

CO, + 0’ — Co + 00’ (@)

to O, and G which is thoroughly hydrogenated to
CH, or alternatively with (chemisorbed) hydrogen

4. Discussion

The two-step CQ@ desorption observed in TPD

runs with Rh/Ce@/SiO, (Fig. 2a lll, 1V, V and VI)
have been observed by other authors on differently

Rh supported samples. For instance, in the case of *Ho +(CO)y — (CHy-1)5 + OH,

Rh/SiG-LaxO, [27] a broad low temperature peak

participation as follows:

)

is observed below 500K followed by a larger peak 4-1- Direct CO dissociation

above 500K. A similar behavior has also been re-
ported for Rh/ZrQ [23]. In order to understand how
the promoter (Ceg) influences the behavior of car-

In the first approachy’ may differ from CO adsorp-
tion sites being an Rh site or near to the borderline of

bon monoxide from ambient to high temperatures the patches (e.g. €&). Under equilibrium conditions
it is necessary to consider some previous findings. it may be assumed that

Indeed, from IR data of carbon monoxide hydro-
genation over Rh/Si©) Rh/CeQ/SiO, and Rh/Ce®@

Oc x Op = (bcoPco)(")\Z/

®3)

catalysts it has been shown [15] that the following CO where®y is the fraction of free sites.
adsorbed species are present at ambient temperaturel. If o’ = o and assuming tha@c = ©o, the carbon

linear monocarbonyl Rh(CO) (I), gem-dicarbonyl
Rh(CO} (Il), CO-bridged Rh—CO-Rh (lll) and C—
and O- bonded Rh—-CO-M (IV) species. The for-
mation of IV has been explained assuming a geO
reduction near the patches borderline on the metal
particle (a redox mechanism e — Cée** pro-
moted by Rh) with the formation of a dual site
chemisorption system Rh=0-Ce [28]. On increas-
ing the temperature only the adsorption of species
| and IV are evident and significantly the adsorption
of the latter species increases. Thus, the two peaks
which characterize the COdesorption may be at-
tributed to a Ce@ promoted: (1) CO dissociation
at T < 500K which lead to C@ according to the
Boudouard [29] reaction (2CG> C + CO, or (2)

CO interaction with surface OH at higher tempera-
tures. In the latter case, the surface carbon formed
at lower temperatures is hydrogenated further to
methane by reacting either with OH groups or with
produced hydrogen. These mechanisms are supported
by the observation that the maximum €@eak of

the second step fairly parallels the maximum peak of
CHa.

coverage may be expressed as follows:

_ v'bcbcoPco
(1+ bcoPco + /bH Py + 2/bcbcoPco)
(4)
Wherebc is the equilibrium dissociation constant

of adsorbed CO. Accordingly the surface reaction
between carbon and dissociated hydrogen is

vbcbcoPcov/b Py
(1+ bcoPco
+2/bcbeoPco + /b Pr)?
If under the reaction conditions CO is strongly
adsorbed and its surface concentration approaches

saturation, then the main surface moiety is disso-
ciated CO and

Oc¢

()

rco = kco

2/bcbcoPco > 1+ beoPco+ VbuPr  (6)
while the rate equation becomes:

po5
reo = koo s @)

Cco
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in fair agreement with the experimental results. Ac-
cording to this model, the rate-determining step is
the surface reaction betweepg @nd H,. CO is ad-
sorbed both in undissociated and dissociated form,
the latter being the predominant. Also the surface
concentration of hydrogen is low.

. If o is a Rh adsorption site ard a reduced cerium
site near the borderline of the Rh particle, the fol-
lowing assumption has to be introduced:

Oc = Og (8)

In other words, the fraction of Rh particles covered by

C is equated to the fraction of surface cerium oxide

covered by O. Assuming that the rate-limiting step is

the surface reaction of the adsorbed carbon it results:

(bebcobh Pr Peo)Y/?
x (14 (bu Pw)Y/? + (bcoPco))Y/?

[(1 + (byPe)Y? + bcoPco)*/?
+(bebcoPco)t?)?

= ks

(9)

wherebg is the equilibrium dissociation constant of

adsorbed CO.
1/2

If bcoPco > byPy thenr = fPFT) while if
by PH > bcoPco it results thatr = f(Pég) Both

limiting cases are not compatible with the experimen-
tal results.

4.2. Hydrogen assisted CO dissociation

Assuming that the rate limiting CO dissociation is
promoted by hydrogen, the following rate equation is
obtained:

bcoPco(by Pr)*/?

oo =K [1 + bcoPco + (bn Pr)/2]<+1 4o
Assuming that
(bcoPco) > (bn Py)*/*™ (11)
it results

K" P2
rco = P, (12)

while if bcoPco may be neglected and

(bt Pi)Y? > (1+ bcoPco) (13)

C. Mazzocchia et al./Journal of Molecular Catalysis A: Chemical 165 (2001) 219-230

then Eg. (10) becomes:
bcoPco

rco =4k ((bHPH)x/Z)

Eq. (14) is clearly incompatible with the experimental
results while Eq. (12) ifc = 1, fairly reminds (see
Table 2) the results obtained with Rh/Zr©Qatalysts:

rco = k/xa§5x—094p—059 (15)

(14)

co tot

rather than those obtained with Rh/C£810, cata-
lysts

rco = kXX 30PgH (16)

While in the former case CO has a stronger inhibiting
effect on the overall reaction rate, the role of adsorbed
hydrogen is apparently similar in both cases. Never-
theless, it should be observed (see Table 2) that the CO,
CH,4 and EtOH frequency factors on Rh/Cg6iO,
catalysts are two, five and one order of magnitude, re-
spectively lower than on Rh/ZOcatalysts together
with the corresponding activation energies which fol-
low the same trend.

For the Rh/ZrQ catalysts the kinetic evidences re-
ported above seem to remind a suggestion proposed
by Bell [30] on the basis of isotopic studies which as-
sume hydrogen participation

(COH,)s — (CHy)s + OH, 7

for the CO dissociation catalyzed by transition metals,
with x = n — 1 andn varying according to the metal.

New spectroscopic evidences have been obtained
which seem to support the hydrogen assisted CO dis-
sociation reported above. Indeed, a direct interaction
of Ha (g) with chemisorbed CO on Rh/Sihas been
reported [15], which involves Hin a reversible ligand
process such as

RK (CO), 2RH (H)(CO) (18)

This induces a structural rearrangement where atomi-
cally dispersed Rhsites are reduced and clustered to
form larger metallic crystallites.

With Rh/CeQ/SiO, catalysts, it has already been
anticipated from IR data that the main effect of ceria
is the formation of CO species adsorbed in such a way
that the carbon end of the molecule is attached to Rh
and the oxygen to a Ce cation:

re © O\ (X = CeQ)
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It is possible to discuss the results obtained in terms As an alternative to Eq. (21) methane formation may
of reactivity in relation to the formation of these C- be derived by interacting adsorbed hydrogen and the
and O- bonded species. Indeed referring to the dataCHs moiety on the surface:

obtained in this study reported in Table 3 it may be

seen that on passing from 0 to 5% Ge® sensible (CH3); + Hs — CHa, (22)
in_crease of _oxygenated products is ob_served together-l-he selectivity may thus be redefined as:
with a drastic decrease of CO conversion to methane

and hydrocarbons. A similar behavior is found in lit- rEtoH  ketoHOcH:Oco  k'Oco
erature for 5% Rh/3% Zr@SiO, [25]. On the other " rche | kc@n®ch, | On
hand, always in agreement with the same findings [25],

our TPD results on ceria containing catalyst point to Assuming that surface concentration of chemisorbed
an easier CO dissociation as compared to unpromotedCO, @co, and that of dissociatively chemisorbed hy-
catalyst. This seems at odds with the decreased con-drogen®, are given respectively by:

version to methane and hydrocarbons and can be rec-

onciled only if the carbon formed by CO dissociation ©co = becoPeobv:
is assumed to be Igss reactive on ceria—qontaining cata-Eq_ (23) becomes
lysts than on Rh/Si@[15,31]. The formation of a less

i [ Pco _
reactive carbon has also been reported by Rieck and _ XcoXHS“r’ Ptg.ts (25)

Bell [32] for LapO3z-promoted Pd/Si@ The C and O plz
L . Hz

coordination and the decreased hydrogenation rate of

carbon or carbonated species could enhance the selecwhich fairly reminds the experimental results.

tivity to oxygenated compounds. If it may be safely

assumed [28] that the formation of an oxyphiliCet

Rh—CeQ interface leads to C—and O- bonded species 5. Conclusions

next to the borderline, then the Rh—CO bond should be

(23)

On =bn- P26y (24)

more available for i or (CH,), insertion reactions The previous discussion allows to draw the follow-
leading to formyl or acyl species. ing considerations:
Finally, referring again to the data reported in 1. The addition of Ce@on SiG shifts CO hydro-
Table 3 for 5% Rh/Si@Ce(Q, catalysts the equations genation to oxygenates, mainly ethanol.
for ethanol and methane formation can be used to 2. The Rh/Ce@'SiO, system, at least in the range
define the selectivity S as follows: of the studied experimental conditions, has car-
FEIOH 016082 0169082 1066 bon efficiency values quite similar to those of the
S =——=ksPy, "Pco” = ksXp, Xco Prot Rh/ZrQ, catalysts.
T'CH, 3. A comparison between Rh/Ce(SiO, and
(19) Rh/ZrQ®, indicates that the former system has a
while for 1% Rh/ZrQ catalysts the following equation lower number of surface active sites and a lower
is found: activation energy moreover the inhibiting effect of
CO is lower on the Rh/CeflSiO, catalysts.
S = ksPry, 22 PE3" = ksXy X PL® (20) 4. The mechanism of CO activation and reaction

on Rh/CeQ/SiO; is probably different from
that on Rh/Zr@. While on the former the CO
adsorption occurs either as CO carbonyl or
bridging-carbonyl-bonded, and this last moiety
play a key role in the CO reaction path, on Rh/2rO
it seems highly probable that the CO adsorption
occurs as CO carbonyl or bridged CO and the
reaction path is characterized by CO dissociation
(CH3), + CO, — CH3CO, (22) assisted by hydrogen.

In both cases, an increase of the phartial pressure
negatively affect the EtOH selectivity while on in-
creasing the CO partial pressure the reverse is true.
Both catalytic systems have a similar dependence on
total pressure.

In agreement with earlier findings [22] ethanol for-
mation occurs through an acyl intermediate
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Finally, we would like to remark that, even if the
interaction of CO with the surface sites of the various

catalysts (CO dissociation, CO dissociation-assisted or

promoted by hydrogen, bridged CO etc.) and its ac-
tivation and reaction pathway are different, the main

reaction steps to oxygenates are similar on all cata-

lysts since all of them implies an acyl intermediate

through the reaction between an adsorbed methyl, orl

a methylene, group and an adsorbed CO.
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