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The hydrogenation of CO over ZrOrsupported rhodium catalyst has been extensively investi- 
gated in an attempt to increase the C2HSOH/CH4 ratio while minimizing CH,OH. Only one scheme 
has been found to account satisfactorily for the experimental rate equation determined by using CO 
and Hz partial pressure dependence. This scheme assumes the formation of a CH, moiety on the 
catalyst surface as the rate-determining step. Furthermore, in agreement with earlier findings, it is 
also consistent with the intermediate formation of acetaldehyde. Finally, the role of the support has 
been emphasized, as it has been found that ZrOz significantly affects ethanol selectivity. B 1988 

Academic Press. Inc. 

INTRODUCTION 

Hydrocarbons and oxygenated com- 
pounds can be produced catalytically using 
synthesis gas (CO + Hz) as the starting ma- 
terial. Products are affected by the choice 
of the catalyst among the Group VIII met- 
als, which all share the ability to hydroge- 
nate carbon monoxide with ultimate hydro- 
genolysis of the C-O bond and varying 
extents of C-C bond formation. A screen- 
ing of the lesser known metals of Group 
VIII has already provided evidence that 
rhodium has a unique ability to produce 
two-carbon (C,) chemicals selectively (I). 
There is particular interest in understanding 
the mechanism by which Rh-containing cat- 
alysts convert CO/H2 into &-oxygenated 
products (ethanol, acetaldehyde) rather 
than hydrocarbons. 

Interesting results for ethanol formation 
have been observed for rhodium supported 
on TiOZ (2), Laz03 (3, 4), ThOz (5), and 

’ To whom all correspondence should be addressed. 

V20j (6), while conflicting data have been 
reported for rhodium supported on Si02 
(7, 8) and ZrOp (9, IO). 

The purpose of the present investigation 
was to establish the role of experimental 
parameters in modifying the C2H50H/CH4 
ratio while possibly eliminating methanol 
formation. As for the support, Zr02 seemed 
most appropriate (11) since it is known as a 
metal oxide with intriguing characteristics 
(12), displaying acidic and basic properties 
on the surface together with oxidizing and 
reducing properties (13). 

Another purpose of the present investiga- 
tion was to shed some light on the mecha- 
nism by which the main reaction products 
are formed. In this regard some authors, on 
the basis of the proximity of the activation 
energies, proposed the same intermediate 
species for hydrocarbon (CH4) and C2- 
oxygenated (C2H50H, CH,CHO) product 
formation (3, 24). Accordingly, rate data 
have been acquired over a broad range of 
reaction conditions and the obtained infor- 
mation has been discussed in the context of 
reaction mechanism. 

345 
0021-9517/88 $3.00 

Copyright 0 1988 by Academic Press, Inc. 
All rights of reproduction in any form reserved. 



346 MAZZOCCHIA ET AL. 

EXPERIMENTAL 
Catalyst. The catalyst was prepared as 

described in Ref. (15). Rh4(C0h2 was dis- 
solved in pentane and chemisorbed on sus- 
pended Zr02 (99.9% from Strem Chemi- 
cals). The oxide (70-140 mesh with a 
surface area of 70 m’/g) was first treated for 
10 h in inert gas at 450°C to obtain a tetrago- 
nal/monoclinic phase ratio corresponding 
to an X-ray diffraction peak intensity ratio 
of ZJZ,,, = 100/95 (diffraction peaks at maxi- 
mum intensity). The catalyst, whose char- 
acteristics were reported previously (ZZ), 
was charged into the reactor under inert gas 
and activated with H2 at 250°C for 12 h. The 
treatment was repeated for 2 h before each 
catalytic test. 

Apparatus and procedure. Runs were 
performed in a stainless-steel (AISI 3 16) tu- 
bular reactor (length 45 cm, i.d. 0.8 cm) 
heated in a ventilated oven. A thermocou- 
ple was placed in the middle of the catalytic 
bed which was a solid blending (1 : 30) of 
catalyst and carborundum greater than 200 
mesh to obtain better control of the temper- 
ature. Carborundum was also added to fill 
the reactor. A temperature interval of 200- 
280°C and pressure range of 1-25 atm were 
investigated using Hz/CO gas-mixture ra- 
tios of 2, 3, and 5. Integral and differential 
runs were performed by varying the space 
velocity (SV) of the feed. Premixed CO/Hz 
mixtures and 99.99% pure Hz (to activate 
the catalyst) were supplied through two in- 
dependent lines, from cylinders equipped 
with pressure control valves. Flow was 
maintained at the desired level by two elec- 
trically heated fine metering valves at the 
outlet of the reactor and checked by a flow- 
meter. When acetaldehyde was supplied to 
the catalytic bed, the CO/Hz flowed 
through a saturator kept at -50°C. 

Analysis. One milliliter of product gas 
mixture was sampled periodically in a 
heated (1lO’C) eight-port valve and ana- 
lyzed simultaneously by two gas chromato- 
graphs equipped with hot-wire detectors 
(H2 carrier gas 25 ml/min): (A) analysis of 
volatile products-Porapak QS column 
(length 4 m, i.d. 2 mm), isothermal at 

30°C; (B) analysis of Ci-Cs fractions- 
Porapak R column (length 6 m, i.d. 2 
mm), isothermal at 140°C. 

Data were obtained on the basis of iden- 
tified products having a retention time less 
than 45 min from type B analysis. Carbon 
efficiency was calculated by the formula 
n$ilxniCi where ni is the carbon atom num- 
ber of the Ci compound. The analytical re- 
sults adequately satisfied CO material 
balance. 

RESULTS 

Table 1 reports a comparative analysis 
between the most significant rates of forma- 
tion of CH4 and CzHjOH observed at low 
conversions within the frame of this investi- 
gation. Our data agree with those in the lit- 
erature (3, 9). The accumulated data can be 
described by a power-law rate expression 
of the form 

r = koe- E’“=P”H,P’c@ 

It may be seen (Table 2) that the activation 
energies are almost unaffected if the total 
pressure is varied between 1 and 12.5 atm. 
However, if the composition of the reacting 
mixture is varied at constant pressure, then 
only the activation energy for ethanol syn- 
thesis seems to be unaltered. As for differ- 
ences in the partial pressure dependence 
with respect to CO disappearance and CH4 
formation, it may be seen that they agree 
fairly well with existing data. In any case 
the CO dependence is of a weakly negative 
order, while the H2 dependence is of a 

TABLE 1 

Rate of Product Formation” 

No. T P SV co Rate [mm01 
(“C) (atm) (h-l) conversion (8 Rh)-’ h-‘I 

m 
CH4 cnjon C$I,OtI 

250 1 
:b 200 1 

1290 4.2 93 6 26 
729 4 4 0.5 5 

3 220 1 729 12.3 25 9 19 
4c 250 5 729 7.3 9 0.2 7 
5 2ood 1 350 - 7 2.5 4,s 
6 243d 10 1200 4 8 1 8.4C 

o Tubular reactor; catalyst, Rh/ZrOl (1.4% Rh); Hz/CO = 3. 
b n2ico = 5. 
= H2/C0 = 312. 
d Ichikawa (9). 
c C& total. 
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TABLE 2 

Hydrogenation of CO: Kinetic Parameters over Rh/ZrOz 

P Hz/CO CO conversion CH4 formation CzHSOH formation 
Mm) ratio 

E act Xb yb E act Xb yb E act Xb yb 
(kJ mol-‘) (kJ mol-‘) (kJ mall’) 

u Data of Ichikawa and Shikakura (3). 
b u = p”H,Pyco. 

weakly positive order. This seems to imply 
an inhibiting effect, which may be due to a 
preferential adsorption of CO with respect 
to hydrogen (16-18). In the case of ethanol 
synthesis the discrepancies reported in the 
literature concerning the dependence on H2 
and CO partial pressure (19) have not been 
resolved. However, this effect may be par- 
tially due to the intermediate formation of 
acetaldehyde, as suggested by the data in 
Table 3. 

At higher conversions (>lO%) the prod- 
uct distribution has been expressed in 
terms of carbon efficiencies. The influence 
of different experimental parameters, such 
as temperature and space velocity (Table 
4), composition of the reacting mixture, and 
pressure (Table 5), can be directly eval- 
uated. 

DISCUSSION 

To express the fractional coverage of free 

catalyst surface in terms of Hz and CO par- 
tial pressure we have considered the data 
reported in Table 3. These data strongly im- 
ply that acetaldehyde is easily hydroge- 
nated to ethanol, probably on the same 
sites that preside over its formation. Ac- 
cordingly, in agreement with earlier find- 
ings (20), it may be assumed “by 8, we 
define the fraction of free sites while by 
&n,cno6 we define the diadsorbed acetal- 
dehyde” that ethanol formation occurs 
through an acyl intermediate: 

&H, + &O = &H&O + 6, (1) 

&H&O + H2 + 8, * &H&HO + OH, (2) 

&H&HO + 6 e ‘kH$HO@r (3) 

‘eCHsCHOe + 2eH + cH3cH20H. (4) 

As an alternative to Eq. (1) methane forma- 
tion may be derived by interacting ad- 

TABLE 3 

Hydrogenation of Acetaldehyde over Rh/Zr02 (Rh = 1.4%) 

AcH 
(mhf, X lo-‘) 

0 
50 
50 

co Carbon efficiency (%) 
(conv. %) 

CH4 CO2 CH3OH CzHxOH Cz+., C3 C5 AcH 

14.3 60.8 4.7 1.3 16.2 7.2 5.6 2.2 1.6 
12.1 33.76 2 0.6 42.1 3.9 6.3 4.3 4.2 
12.1 60.6’ 4.8 1.1 7.5 6.9 11 7.5 - 

” Flow reactor; T = 250°C; P = 1 atm; SV = 3300 h-i; HZ/CO = 3; ethyl ether has the same 
retention time as the Cs fraction. 

b Carbon efficiency calculated for comparative purposes on total carbon feed. 
c Calculated on converted CO only assuming that AcH gives ethanol. 
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TABLE 4 

Effect of Temperature and Spatial Velocity on Hz/CO 

No. 
(afin) 

SV 
(h-9 

co 
(conv.%) 

Carbon efficiency (%) 

CH, CO2 CHrOH CzHrOH C, AcH 

1 250 1 7290 4.2 53 9 0.2 30 6 2 
2 220 1 719 16 57 12 2.5 15 10 0.2 
3 250 1 719 45 74 10 0.1 5 10 0.4 
4 280 1 719 71 88 8 n.v. 0.4 3 n.v. 

n Tubular reaction: Hz/CO = 3; 1 < n 5 5. 

sorbed hydrogen and the CH3 moiety on the 
surface: 

where k’ = k4K1 KlK3, and 

&H, + OH -+ OCH,. (5) 

It should be stressed that this approach in- 
volves no assumption regarding the rate- 
determining step of the whole process. Fur- 
thermore, all the steps are in quasi-equilib- 
rium, except Eqs. (4) and (5) where, due to 
thermodynamic considerations, the reverse 
reactions have been neglected. 

rCH, = k&H,% (7) 
can be used to define the selectivity S 

In the first approach, the equations for 
ethanol and methane formation, 

rC2HJOH 
s=--..-.-= 

k%-r,&&&rpH, 

rCH4 k&x,& 

= ~eCO~~pH~ (8) 

where K’ = k’/ks . Equation (8) may be fur- 
ther simplified if (see below) the fractional 
coverage of catalyst surface by adsorbed 
CO is defined as 

rC,H,OH = 
I 

k4 6CH,CHOd’& 
f’co = &of’coh, 

= k4 
8” 

~~~z~~~H$co~H, - 
OH > 

&I 

(6) 

(9) 

“where Kco is the adsorption equilib- 
rium constant as illustrated by Eq. (13),” 
thus obtaining 

TABLE 5 

Effect of Hz/CO Ratio and Pressure on Product DistributionR 

No. Hz/CO P SV co Carbon efficiency (%) 
(atm) (h-r) (conv.%) 

CH4 COz CHrOH CzHsOH C, AcH 

1 3/l 1 719 36.3 72 8 0.2 9 9 0.5 
2 312 1 729 12.5 51 8 0.3 26 12 2 
3 3/l 1 7290 4.2 53 9 0.2 30 6 2 
4 5/l 1 7290 34.7 86 2 0.02 4 6 0.3 
5 5/l 10.5 7290 7.6 65 5 3 22 4 1 
6 311 4 719 41 72 6 0.8 15 6.2 0.3 
7 312 5 729 7.3 37 9 1 41 9 4 

a Flow reactor; catalyst = Rh/ZrOz (1.4%); T = 250°C. Runs l-4 have to be considered two 
by two, as indicated. Further speculation should be avoided since, with a Hz/CO = 5 ratio under 
the conditions reported for runs 1 and 2, total conversion of CO is observed with almost 
exclusive formation of CH4, while with a HZ/CO = 312 ratio under the conditions reported for 
runs 3 and 4, very low conversion (<0.5%) of CO is observed, with formation primarily of 
ethanol. 
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s = K”PcoP& (10) 

where II” = II’Kco. Equation (10) can be 
equated to the selectivity derived from the 
experimental rate equation, 

s = W’H,PS~ 
k p0.45p -0.55 = k,,,P:;P& 045, (11) 
-4 H, co 

to express the fraction “where kexp = kd 
kc-, is the ratio of kinetic constants of etha- 
nol and methane formation” of free cata- 
lyst surface, 

045 -1.45 0.5 8, = A&’ Pco 1 , (12) 

where A = k,,,lK”. 
It may be seen that 19, is poorly affected 

by the hydrogen partial pressure while a 
stronger dependence on CO partial pres- 
sure seems to be operative. With these 
constraints in mind, a number of kinetic 
sequences were examined that incorpo- 
rated the breaking of the carbon-oxygen 
bond. Only one sequence has been found 
that is consistent in all respects with the 
experimental results (21). 

Carbon monoxide is known to chemisorb 
strongly on transition metals (16, 22) while 
the more weakly bound hydrogen competes 
for adsorption on the small number of 
available metal sites remaining. If the metal 
surface is preferentially saturated with CO, 
the rate of reaction might be expected to be 
dependent upon the strength of metal- 
adsorbate bond. Accordingly, the following 
sequence of elementary steps is proposed: 

co + 8, e l9co (13) 

Hz + 20, G= 20” (14) 

f&o + 0, = Bc + 80 (15) 

ec + OH Gl= &H + 8, (16) 

‘%H + OH = &H, + 8, (17) 

&HI + OH = &H, + ‘% (18) 

00 + Hz + Hz0 + 0” (19) 

Here, the last step proceeds very rapidly 
and does not influence the kinetics of the 
reaction. This model is similar to that pro- 
posed earlier by Wang et ~1. (23) while 

studying the CO hydrogenation to methane 
on Pd catalysts. 

The scheme reported above implies that 
CO, C, and 0 are adsorbed on one surface 
atom whereas H2 is adsorbed on two sur- 
face atoms. However, CO may adsorb on 
metal sites corresponding to three or four 
atoms as evidenced by CO adsorption on 
silver-palladium alloys (24). Moreover, IR 
spectroscopy on differently supported Rh 
crystallites reveals different species. Under 
CO pressure the formation of gem-dicar- 
bony1 species has been shown, while the 
contributions from linear or bridged CO are 
negligible (25). However, special attention 
should be focused on the identification of 
surface species formed during the reaction. 
By using in situ IR spectroscopy it has been 
shown that above 200°C only the linearly 
bonded CO exists on supported Rh cata- 
lysts in a detectable concentration on the 
surface during the reaction (26). In addi- 
tion, the formation of surface C was also 
detected and its amount increased with 
increasing temperature. Accordingly, we 
feel that the assumptions reported above 
may be justified. 

Under stationary conditions the rates of 
disappearance of adsorbed oxygen and car- 
bon can be equated. Specifically, the rate of 
water formation may be equated to the rate 
of methane and ethanol formation from 
adsorbed CH3, as indicated in Eqs. (7) and 
(6). If the rate-determining step (RDS) is 
the hydrogenation of adsorbed carbon 
[Eqs. (16)-( 18) to form a CH, moiety on the 
surface (27), then (see below) it may be 
assumed that 

rRDs = kh& = k1900PH2 (20) 

where y = number of hydrogen atoms in- 
volved in the rate-determining step. 

The oxygen coverage is thus given by 

(21) 

which can be used to obtain the carbon 
coverage through 

ktlceL 
K&o~v = Bc - 

kwfh, 
(22) 
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and 

The rate of reaction then is 

NIX = [K15kk19pH2eco~“e HI ’ ‘.j. (24) 

By substituting Eq. (9), Eq. (12), and 

fiH = (~~4~H~)“‘~~ (25) 

in Eq. (24) and by expressing y aigebrai- 
tally, we obtain 

r = ppo.34p-0.34 
H2 CO cm 

where kn’ = [K~~kk19K~oK~A(y+2)]0.5 which 
satisfactorily confirms the experimental 
data. 

Normally, the number of H atoms inter- 
acting in the rate-determining step should 
be an integer from 1 to 3 if the RDS 
involves a two-body or a multiple improba- 
ble interaction. In this case, considering the 
nonintegral value of y obtained, it is reason- 
able to assume as a limiting value y = 0 or 
y = 1. If y = 0 the HZ dependence is zero 
and the rate of reaction necessarily implies 
a dissociative adsorption of CO: 

rRDS = Kdko8,. 

By substituting Eq. (9) and Eq. 
Eq. (27), it can be shown that 

rms =: kVp~;45p;;45 

(27) 

(12) into 

(28) 

with kV = klSKcoA, while we have found 
that the hydrogen partial pressure posi- 
tively affects the rate. If y = 1, only one 
hydrogen atom is involved in the RDS and 
the rate of reaction becomes 

Q.DS = kd’cfh. (29) 

By substituting Eq. (23) into Eq. (29) and 
Eqs. (9), (12), and (25) into the result, and 
simplifying, we obtain 

rms = kV’&;‘p$6 (30) 

where k”’ = (A3K~olY~~K15k16k19)0.5 which 
agrees satisfactorily with the experimental 
results. It may be seen that the calculated 
dependence on CO partial pressure is 

slightly overestimated. However, it should 
be observed that the CO disappearance is 
not regulated only by its reaction with H2 
since it is also affected by the formation of 
ethanol. 

Finally, the rates of methane [Eq. (7)] 
and ethanol [Eq. (6)J formation may be 
equated to the rate-determining step [Eq. 
(241: 

k&x&+k’ #cH~eco~“$HpH2 
= (K15kk19PH,ecoeveH)“‘5. (31) 

Under stationary conditions C)Cu, may be 
expressed explicitly from Eq. (31). Assum- 
ing that 

ks s== k’&o&P~, (32) 

we obtain 
0.5 

b-I, = . (33) 

Thus, by substituting Eq. (33) into Eq. (7) 
and Eqs. (9), (12), and (25) into the result, 
and simplifying, we obtain dependences on 
Hz and CO partial pressures that agree with 
the experimental values. Similarly, if we 
substitute Eq. (33) into Eq. (6) and Eqs. (9), 
(12), and (25) into the result, after simplifi- 
cation we confirm the data obtained for 
ethanol and the validity of Eq. (32). 

Equation (30) is consistent with the se- 
lectivities obtained by using the data re- 
ported in Table 2 since it increases or 
decreases on increasing the H2 or CO par- 
tial pressures. On an increase in the CO 
partial pressure the CO dissociation is em- 
phasized and this beneficially affects the 
formation of methane, whereas the rate of 
ethanol formation is more affected by an 
increase in the H2 partial pressure. From 
what has been discussed above it is clear 
that no definite conclusion can be drawn 
yet because of the limited and contradicting 
information found in previous studies on 
the dependence on H2 and CO partial pres- 
sure. The rate parameters determined from 
the present measurements disagree with 
those given by Ichikawa and Shikakura 
(13); moreover, the rate data obtained by 
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the latter authors differ from those reported 
by Underwood and Bell (19) in the case of 
Rh/La,O,. In this respect it should be 
noted, however, that the role of the support 
cannot be disregarded. We have already 
anticipated that a number of basic oxides 
having weak acidity, such as La20j, Ce02, 
TiOz , ZrOz , and Th02, act as promoters for 
the formation of Cz-oxygenated products 
when used as carriers for dispersing Rh 
clusters. In contrast, the same Rh precur- 
sors impregnated on acidic oxides, such as 
SiOz , Y-A1203, Zeolite 13X, V205, and 
W03, produce largely methane and higher 
hydrocarbons. Since Rh clusters supported 
on basic oxides are known to be active for 
olefin hydroformylation, while when sup- 
ported on acidic supports they are virtually 
inactive (28, 29), it may be provisionally 
assumed in agreement with our kinetic as- 
sumptions that ethanol formation may be 
rationalized in terms of a base-promoted 
CO insertion into the surface CH, moiety. 
This, however, does not explain the con- 
flicting evidence found when using the 
same support ZrOz: contrary to Ichikawa’s 
data (9) and to our results, Tiruka et al. 
(10) do not report the formation of Cz- 
oxygenated products. Rather, these differ- 
ences can be attributed to different activat- 
ing conditions. Indeed, it has been reported 
(30) that the strength of the acidic and basic 
properties of the active sites depend on the 
temperature. For ZrOz, the basic proper- 
ties are more pronounced at 500°C rather 
than 7OO”C, whereas for the acidic proper- 
ties the opposite is true. Furthermore, it 
has been reported that at 600-7OO”C, the 
low-temperature metastable tetragonal 
form of zirconia (31) is converted into the 
monoclinic form. At 500,600, and 700°C we 
have found 14, 60, and 94% of the mono- 
clinic form, respectively (unpublished); ac- 
cordingly, under our experimental condi- 
tions for the ZrOz activation, we never 
excluded 600°C in order to optimize the 
basic and acidic requirements. References 
(9, 20) do not report the phase composition 
used. 

When dealing with higher conversions, it 
may be observed that on increasing the 
space velocity (see Table 4, runs 1 and 3), 
in agreement with Kuznetsov et al. (4), the 
C2HsOH/CH4 ratio increases in terms of 
carbon efficiency while the ethanol yield 
decreases. On increasing the reaction tem- 
perature (see Table 4, runs 2-4) while the 
yield of methane increases, the yield of 
ethanol decreases specifically between 250 
and 280°C. Based on the activation energies 
it is reasonable that methane formation is 
more affected by the temperature than eth- 
anol formation; it may also be assumed that 
an increase in space velocity inhibits any 
further evolution of ethanol (4). 

As for the effect of the reaction mixture, 
on increasing the CO partial pressure (Ta- 
ble 5, runs 1, 2 and 3,4) the CO conversion 
decreases; furthermore, while the yield of 
ethanol seems unaffected, the C2HSOH/ 
CH4 ratio increases in terms of carbon 
efficiency. It may also be seen that with 
three different HJCO ratios, on increasing 
the total pressure (Table 5, runs 2-7, and 
Table 4, run 3) the ethanol-to-methane car- 
bon efficiency ratio sharply increases in 
agreement with a few indications given by 
Ichikawa (9). 

CONCLUSION 

The present results demonstrate that un- 
der appropriate experimental conditions it 
is possible to obtain, at low conversions, 
much smaller amounts of methanol than 
with other catalysts (4, 5); the results can 
thus be discussed mainly in terms of the 
C~HSOH/CH~ ratio. At higher conversions 
the same trend for methanol is confirmed, 
but a clearer interpretation of the results, 
which are intriguing and sometimes unex- 
pected, must await the development of a 
better understanding of metal-support in- 
teractions and their influence on catalyst 
activity and selectivity. Comparison of the 
obtained rate expressions seems to suggest 
that the hydrogenation of acetaldehyde 
may indeed be a major pathway to ethanol. 
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