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CO hydrogenation over Ni/SiO;, Ru/SiO,, Rh/SiO,, and Pd/SiO, was studied by the addition of
various probe molecules (C;H,, CH;CH,0H, and CH;CHO) to the reactant stream under synthesis
conditions. The well-known differences among these catalysts in product formation (methane,
higher hydrocarbons, C,, oxygenates, and methanol) were shown to be due to differences in their
activities to catalyze hydrogenation, hydrogenolysis, dehydrogenation, decarbonylation, CH, in-
sertion, and CO insertion rather than just CO dissociation. Ni/SiQ, and Pd/SiO, exhibited weak
activities for the incorporation of these probe molecules into higher hydrocarbons and oxygenates.
Rh/SiO,, a good catalyst for the production of C; oxygenated compounds, showed strong activity
for CO insertion and for the incorporation of ethylene and ethanol into Cs, oxygenated compounds.
Ru, a higher hydrocarbon synthesis catalyst, displayed fairly strong activities for the incorporation
of ethanol and acetaldehyde into C;, hydrocarbons. Probing of the surface under reaction condi-
tions by the addition of certain reacting molecules provides an excellent method for developing a
better understanding of reaction mechanisms as well as of fundamental properties of catalysts

under those conditions.

I. INTRODUCTION

The catalytic hydrogenation of carbon
monoxide over Group VIII metals can pro-
duce a wide range of hydrocarbons and ox-
ygenated products. Depending on catalyst
formulations and reaction conditions, the
major products may be methane, C,; hy-
drocarbons, methanol, C,, alcohols, alde-
hydes, and acids (/-5). The formation of
these various products from CO and H, ap-
pears to involve a number of elementary
reaction steps such as C-O bond disso-
ciation, H-H bond scission, C-H bond for-
mation, O-H bond formation, and C-C
bond formation (6, 7). A number of reac-
tion mechanisms consisting of various se-
quences of these elementary steps have
been proposed to explain product forma-
tion during CO hydrogenation (1-9).

These proposed mechanisms may be
classified into two groups: chain growth
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via hydrocarbon intermediates and chain
growth via oxygenated intermediates. Due
to the complexity of the mechanism of
CO hydrogenation, several reaction paths
may have common intermediates (5). Due
to the difficulty in differentiating one path
from another, controversy still exists with
regard to the mechanism(s) of CO hydro-
genation.

One of the effective ways for studying
complex reaction mechanisms is by the ad-
dition of probe molecules to the reactant
stream during reaction. The probe molecule
technique has been widely applied in heter-
ogeneous catalysis. Applications have in-
cluded (a) determining reactive intermedi-
ates (10-15), (b) detecting the active sites
for specific reactions (7, 16, 17), (c) deter-
mining secondary reactions of primary
products (I8, 19, 42), (d) elucidating reac-
tion networks in an overall reaction (5, 18,
20-22), (e) determining the catalytic and
chemical properties of the surface of a cata-
lyst (23), and (f) determining the abundance
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TABLE 1

Possible Reactions Due to Ethylene Addition during CO Hydrogenation

Formation of CH,
H,/CO
1. CH,—=CH, [ZT> 2 CH,

ol

Hydrogenation
CO/H;

2. CH,=CH, + H, —[‘m C,Hg

Chain growth
CH, CH, H,/CO

3. CH=CH,+ | or|] ——> CHs
M M Ry

Schulz and Achtsnit (/6),
van den Berg (18)

Schulz and Achtsnit (16),
van den Berg (18)

Ekerdt and Bell (12)

C4. Hydrocarbons

CO insertion

4. CH=CH, + H, + CO —— CH,CH,CHO
[Rh;0s1

Watson and Somorjai (40),
van den Berg (/8)

[Rh] | H:

CH,CH,CH,0H

of precursors to various products under
synthesis conditions (24-29).

In order to gain a better understanding of
the mechanism of CO hydrogenation, we
have studied Ni/SiO, (a methanation cat-
alyst), Ru/SiO, (a higher hydrocarbon
synthesis catalyst), Rh/SiO, (a synthesis
catalyst with a high selectivity for C,
oxygenates), and Pd/SiO, (a methanol syn-
thesis catalyst) by the addition of probe
molecules to CO/H; under synthesis condi-
tions. Ethylene, ethanol, and acetaldehyde
were utilized as probe molecules in this
study. The addition of ethylene can pro-
duce hydrocarbon intermediates, and the
addition of ethanol and acetaldehyde may
lead to oxygen-containing intermediates.
These intermediates may be similar to
those produced by Fischer-Tropsch (F-T)
synthesis. The addition of such probe mole-
cules, however, could have a great effect
on the overall product distribution. The
possible reactions due to the addition of
these probe molecules can be summarized
in Tables 1-3. By determining the ability of
a catalyst to catalyze these specific reaction
steps, the reaction paths for the formation

of hydrocarbons and oxygenates on these
metal catalysts may be clarified.

II. EXPERIMENTAL

Catalyst Preparation and
Characterization

Rh/SiO, and Pd/SiO, were prepared via
the incipient wetness method by impregna-
tion of SiO, using aqueous solutions of the
metal chloride. Ru/SiO, was prepared by
ion exchange using Ru(NH;),Cl;. Ni/SiO,
was also prepared by the incipient wetness
method using an aqueous solution of
NiCQ;. Following drying overnight in air at
40°C, the catalyst precursors were reduced
in flowing H, on heating in 50°C steps (30
min) to 400°C and holding at that tempera-
ture for 16 h. Prior to reaction, the catalysts
were again reduced in flowing H, at 400°C
for 3 h. Average metal particle sizes for
these catalysts were determined by either
X-ray diffraction line broadening using a
MoK« radiation source or H, chemisorp-
tion. Metal loadings and average metal par-

ticle sizes for these catalysts are listed in
Table 4.
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TABLE 2

Possible Reactions Due to Ethanol Addition during CO Hydrogenation

Formation of CH, or C, hydrocarbons
1. CH3CH20H _— CH4, C2H4, C2H6
[Fe(100))

2. C,Hy,+OH(ad) T) C.H;,.OH(g)

Benziger and Madix (43)
Rendulic and Sexton (44)

CO(ad) + 2(n + )H(ad) + nC(ad)
CO(ad) + C,_;H;,_s(ad) + SH(ad)

3. CH;CH;OH —_— CH2=CH2 + H20
[Oxide

cat.]

4. RCH,0H ~ RCH,CHO + H,
RCH,CHO ~ RCH; + CO
1
CO + 3H2m CH, + H,0
1

Chain growth
CO/H:
5. CH,CH,0H ITC]Z) C;. Hydrocarbons

Dehydrogenation
6. CH3CHZOH m CH;CHO + Hz
I

cat.]
Formation of C; oxygenates
CH,

|
7.M  + (CH;CH,0H),s —> CH,CH,CH,OH

nCH, CH,CHO

8. 2, CH(CH,),CHO,,

I+
M M
Formation of C, oxygenates

9. 2CH,CH,0H —2% 2CH,CHO

2

Krylov (46)

Pines (23)

Kummer and Emmett (21)

Krylov (46)

Rofer-Depoorter (5)

Hackenbruch et al. (49)

Krylov (46),
Deluzarche et al. (47)

CH,CH—CHCHO 3 CH,CH,CH,CHO

CO/H,

[Rh(Mn/Mo)/Si0s]

EtOAc

van den Berg (18)

Apparatus and Procedures

The apparatus used for this study is de-
scribed elsewhere (19). The major parts of
this apparatus consists of two saturators for
feeding liquid vapor probe molecules (etha-
nol and acetaldehyde), gas flow controllers
(H,, CO, and He), a stainless-steel micro-
reactor containing 0.2—-0.75 g of the catalyst
in a furnace, an on-line GC using a 8-ft. X }-
in. Poropak Q column in series with a 6-ft.
X $-in. 80/100 Carbopak C/0.2% Carbowax
1500 column, and an Apple II computer
with an interface for automatic control. The
CO hydrogenation and probe molecule
studies were carried out at 300°C, 10 atm,

CO/H; = 1, and space velocity of 700 to
1100 h~!. After more than 3 h of just CO
hydrogenation a small amount (1.1-3.3
mol%) of ethylene was added to the feed. It
was continued for 2 h then terminated. The
reaction was carried out for another 3 h to
establish the reference data to estimate the
rate of product formation that resulted from
the ethylene addition. The increases in the
rates of formation of certain products were
assumed to be due primarily to the reaction
of ethylene with adsorbed CO, adsorbed
H, and/or CO hydrogenation intermediates
corresponding to reactions shown in Table
1. By comparing the rates of product forma-
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TABLE 3

Possible Reactions Due to Acetaldehyde Addition during CO Hydrogenation

Formation of CH; or C;H,

H
1. CH,CHO —— CH, or C;H,
{Fe(100))

Chain growth

2. CH,CHO 2™ ¢, Hydrocarbons
Hydrogenation

3. CH,CHO —2, CH,CH,OH

Formation of C; oxygenates
0

|
R

M M

5. CH;CHO + H,CO W CH,CH,CHO + H,O
1d¢

cat.]

6. 2CH3CHOW CH;CHCHCHO + H,0
X

Benziger and Madix (45)

Schulz and Zein Al Deen (48)

Krylov (46)

cat.] ‘ + H
Butyraldehyde

CO/H
7. CH,CHO —— EtOAc

van den Berg (18)

tion before, during, and after the addition of
ethylene, the rates of hydrogenation, chain
incorporation, and hydrocarbonylation of
ethylene could be estimated. After the eth-
ylene addition study, ethanol was added to
CO/H, by passing CO/H, through a stain-
less-steel saturator at room temperature.

TABLE 4

Metal Particle Size of Ni/SiO,,
Ru/SiO,, Rh/Si0,, and Pd/SiO,

Catalyst Average metal
particle diameter

A)

20 wt% Ni/SiO, 754
80

1.8 wt% Ru/SiO, 16°
<30°

3 wt% Rh/SiO, <30¢
2.3 wt% Pd/SiO, 42°

4 Measured by hydrogen flow chemi-
sorption at 25°C.

b Determined by X-ray diffraction.

¢ Determined by static hydrogen che-
misorption at 25°C, H,/M, = 1.

The composition of the mixture was deter-
mined by gas chromatography. The proce-
dure and data treatment was similar to that
of the ethylene addition study. The addition
of acetaldehyde was also studied in a simi-
lar manner except a slightly different way
of adding acetaldehyde to the CO/H, was
used. Since acetaldehyde has a very high
vapor pressure at room temperature, the
acetaldehyde was added to CO/H, by using
a He carrier flow of 2 cm?min to keep the
concentration of added acetaldehyde under
2.5 mol% of the reactant mixture.

Due to the fact that the fraction of sur-
face actually participating in certain reac-
tions is unknown, and given the innate het-
erogeneity of surface sites on certain of the
catalysts, only relative rates of reaction will
be of concern here. Thus, the rates of reac-
tion will be reported in units of moles per
kilogram per hour.

III. RESULTS
CO Hydrogenation
The product distributions from CO hy-
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TABLE 5

Activity and Product Selectivity (mol%) during
CO Hydrogenation

00wt% 1.8 wt% 3 wt% 2.3 wi%
Ni/SiO, Ru/Si0, Rh/SiO, Pd/SiO,
reo 0.91 5.06 1.3 2.7
(mol/kg/h)
% CO conv. 0.16 34 0.88 0.5
CH, 82.8 76.5 41.2 0.9
C 12.8 8.5 6.8 1.4
C3,HC 3.7 12.6 1.8 0.4
MeOH 0 1.1 1.4 97.0
EtOH 0 0.6 18.1 0
MeCHO 0.51 0.4 13.3 0
C;0X 0.14 0.3 16.6 0.14
Acetone
Butyraldehyde 0.03 0 0.6 0
EtOAc
Note. 300°C, 10 atm, CO/H, = 1. OX, oxygenated com-

pounds; HC, hydrocarbons.

drogenation over Ni/SiO,, Ru/Si0O,, Rh/
Si0;, and Pd/SiO, are listed in Table 5. Ni/
SiO, produced mainly methane with small
amounts of C,, hydrocarbons and oxygen-
ates. Although Ni is a well-known methana-
tion catalyst, the formation of small quanti-
ties of oxygenated compounds is not
surprising. Promoted and supported Ni cat-
alysts are known to produce a certain
amount of oxygenated compounds at 150—
350°C and 1-30 atm (30). Ru/SiO, showed
the highest selectivity to C,+ hydrocarbons
among these catalysts. Ruthenium is
known to be one of the most active cata-
lysts for the F-T synthesis (31, 32). Numer-
ous studies have reported that supported
Ru catalysts, including Ru/SiO,, are able to
produce significant amounts of higher hy-
drocarbons (3, 11, 31, 32). Rh/SiO; exhib-
ited a good selectivity to C,, oxygenated
compounds with the production of only a
small amount of methanol. Pd/SiO, showed
a high selectivity for the formation of meth-
anol. These results for Rh and Pd catalysts
parallel those reported in the literature (18,
33-35).

Addition of Ethylene to CO/H,
The addition of ethylene to CO/H; re-
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sulted in a significant variation in the rate of
the formation of certain products and in the
conversion of CO. When ethylene addition
was terminated, the rates of product forma-
tion and CO conversion were essentially re-
turned to those in existence before ethylene
addition. Table 6 summarizes the increases
in the rates of product formation as a result
of ethylene addition.

Ni/SiO, appeared to demonstrate a slight
activity for the hydrogenolysis of ethylene
to methane under synthesis conditions,
while Ru/Si0,, Rh/Si0O,, and Pd/SiO, were
essentially not active for hydrogenolysis.
The low hydrogenolysis activities of these
catalysts are known to be due to the pres-
ence of adsorbed CO and competing reac-
tions such as hydrogenation and CO inser-
tion (16, 18). CO on metals is known to
affect both hydrogenolysis and hydrogena-

TABLE 6

Product Selectivity (mol%) from Ethylene Reaction
during CO Hydrogenation

0wt% 1.8wt% 3wt 23 wt%
Ni/SiO, Ru/Si0; Rh/Si0, Pd/SiO,
Selectivity* (mol%)
CH, 5 0 0 0
C,H, 9% 97.2 76 99.5
C;.HC 1 2.0 0.3 0.3
MeOH 0 0 0 —»b
C,0X 3.1 0.7 23.4 0.3
reo®
(w/o) 0.91) (4.94) (1.3) (2.70)
w 1.19 4.98 2.85 1.75
% C; 1.1 2.8 3.1 3.3
added
ref 8.65 8.12 6.49 36.2
% C; 75 99 71 9
conv.

Note. 300°C, 10 atm, CO/H, = 1.
@ Selectivity (mol%) to the specific product =
number of moles of the specific product
formed from the probe molecule
total number of moles of products formed
from the probe molecule
b 44% decrease in overall MeOH formation.
¢ All rates expressed as mol/kg/h. (w/0), Rate of CO
conversion without the addition of ethylene; w, rate of
CO conversion during the addition of ethylene.




PROBE MOLECULES IN THE STUDY OF CO HYDROGENATION

tion (/6), and it appears to have a stronger
effect on hydrogenolysis than hydrogena-
tion. Although Rh has long been known to
be one of the most active catalysts for eth-
ylene hydrogenation (37), the selectivity for
ethane was somewhat lower over Rh than
over any of the other three catalysts. This
can be readily understood by the fact that
the CO insertion reaction to form C; oxy-
genated compounds (propionaldehyde and
1-propanol) competes with the hydrogena-
tion-to-ethane reaction over Rh/SiO; cata-
lysts. The selectivity for CO insertion into
adsorbed ethylene over these catalysts de-
creased in the order: Rh > Ni > Ru > Pd.
Although the abilities of these catalysts to
catalyze CO insertion are different from
one another, it is important to note that CO
insertion would appear to be possible on all
of these catalysts to a certain extent.

It is interesting to note that the addition
of ethylene to CO/H, over Pd/SiO, resulted
in dramatic decreases in the conversion of
CO and in the formation of methanol. In
contrast, a slight increase in CO conversion
was observed for Ni/SiO, and Ru/SiO;,, and
a noticeable increase in CO conversion was
found for Rh/SiO; during the addition of
ethylene to CO/H;.

Addition of Ethanol to CO/H,

The product distributions resulting from
the added ethanol were estimated by a simi-
lar approach as used in the ethylene addi-
tion study. The amount of added ethanol
for Ru/SiO, was somewhat higher com-
pared with the other cases (Table 7). The
concentration of ethanol is known to affect
its selectivity to diethyl ether, a compound,
however, not stable at temperatures above
190°C (23). As shown in Table 7, Ru
showed a strong activity and a high selec-
tivity for the conversion of ethanol to C;
and C, hydrocarbons as well as the appar-
ent incorporation of ethanol into Cs hydro-
carbons. Rh exhibited a moderate selectiv-
ity for the conversion of ethanol to C; and
C, hydrocarbons but a relatively high selec-
tivity for the incorporation of ethanol into
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TABLE 7

Product Selectivity (mol%) from Ethano! Reaction
during CO Hydrogenation

20wt% 1.8 wt% 3 wt% 2.3 wt%
Ni/Si0O, Ru/Si0, Rh/SiO;  Pd/SiO,
Selectivity (mol%)
CH, 0 74.6 15.1 0.7
C, 0 10 2.1 4.2
C;.HC 1.8 13.2 3.0 33
MeOH 0 0.5 6 0«
MeCHO 91 1.4 20.8 87.6
C,0X 3.7 0 38.6 2.6
Butyraldehyde 3.1 0 0 2
EtOAc 0 0.2 14 0
reo®
(w/o) (0.99) (4.9) (1.10) (1.24)
w 0.81 4.6 1.24 1.67
% EtOH
added 0.75 2.5 0.65 0.85
reon’ 0.16 6.5 0.28 0.54
% EtOH
conv. 2 81.9 16 6

Note. 300°C, 10 atm, CO/H; = 1.

2 No decrease in MeOH formation.

® All rates expressed as mol/kg/h. (w/0), Rate of CO con-
version without the addition of ethanol; w, rate of CO conver-
sion during the addition of ethanol.

C; oxygenated compounds. In contrast to
Rh and Ru, both Ni and Pd showed low
selectivities for conversion or incorpora-
tion of ethanol to other products and exhib-
ited mainly dehydrogenation activity.

Addition of Acetaldehyde to CO/H,

The product distributions and rates of ac-
etaldehyde conversion during the addition
of acetaldehyde to CO/H; are shown in Ta-
ble 8. In the case of Ni/SiO,, the selectivity
for butyraldehyde was higher than that for
C; oxygenated compounds indicating that
the aldol condensation of acetaldehyde oc-
curred on Ni/SiO, during the addition of
acetaldehyde to CO/H,. In addition to the
aldol condensation, Ni/SiO, also showed a
fair selectivity for the decarbonylation of
acetaldehyde to CH, and a high selectivity
for the hydrogenation of acetaldehyde to
ethanol. In contrast to Ni/SiO,, Ru/SiO,
and Rb/SiO, did not show aldol condensa-
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TABLE 8

Product Selectivity (mol%) from Acetaldehyde
Reaction during CO Hydrogenation

20 wt% 1.8 wt% 3 wt%
Ni/SiO, Ru/Si0, Rh/SiO,
Selectivity (mol%)1
CH, 13 60.7 4.8
C, 1.1 10.0 0.3
C;.HC 43 9.6 3.2
MeOH 0 0 0
EtOH 68 19.1 86
C;0X 1.8 0.2 2.2
Acetone 0.4 0.26 1.1
Butyraldehyde 10 0 0.6
EtOAc 0 0.1 0.6
reo®
(w/o) (0.68) 4.9) (1.32)
W 1.39 3.0 1.32
% HAc added 0.87 2.4 0.73
ra? 4.4 6.7 1.56
% HAc conv. 46 95.3 73

Note. 300°C, 10 atm, CO/H, = 1.

@ All rates expressed as mol/kg/h. (w/o0), Rate of CO
conversion without the addition of acetaldehyde; w,
rate of CO conversion during the addition of acetalde-
hyde; HAc, acetaldehyde.

tion activity. Rh/SiO, exhibited a strong ac-
tivity for the hydrogenation of acetalde-
hyde to ethanol. Ru/SiO, demonstrated a
high activity in the decarbonylation of acet-
aldehyde to CH, and the conversion of ac-
etaldehyde to C, hydrocarbons as well as
the incorporation of acetaldehyde into Cs.
hydrocarbons.

1V. DISCUSSION
Addition of Ethylene to CO/H,

The added probe molecules may react
with adsorbed CO, H, and/or reactive in-
termediates produced by CO hydrogena-
tion and they may even block the active
sites for specific reaction steps. This could
result in variations in the rates of CO con-
version and product formation from CO hy-
drogenation during the addition of probe
molecules. The selectivity of probe mole-
cule reactions in this study may be influ-

enced by the surface concentrations of CO
hydrogenation intermediates and probe
molecule intermediates as well as by the
capability of the catalysts to catalyze the
specific reaction steps of these intermedi-
ates. As shown in Table 1, the adsorbed
ethylene species may react with adsorbed
CO and adsorbed H to form propionalde-
hyde and 1-propanol, may react with H to
form ethane, may incorporate with CH, to
form higher hydrocarbons, or may undergo
hydrogenolysis to form methane. Among
these three reactants (CO, H,, and C;Hy),
adsorbed CO and adsorbed H are probably
the most abundant species on the surface
even in the presence of C,H,. This is indi-
cated by the fact that the reaction of the
added ethylene did not apparently deplete
the reservoir of adsorbed H and CO neces-
sary for the formation of primary products
such as CH4 and C; oxygenated compounds
from CO hydrogenation. As a conse-
quence, there may be a sufficient amount of
adsorbed H and CO for hydrogenation, hy-
drogenolysis, or incorporation of ethylene
as well as for hydrogenation of CO. Since
the formation of methane and Cs;; hydro-
carbons over Pd/SiO, is only slightly af-
fected by the addition of ethylene to CO/
H,, the decrease in CO conversion and
methanol formation would appear to be due
to blockage of methanol formation sites by
the added ethylene. In contrast to Pd/SiO,,
an increase in CO conversion during the ad-
dition of ethylene to CO/H, was observed
for Ni/SiO,, Ru/SiO,, and Rh/SiO,. This
appears to be due to the reaction of ethyl-
ene with adsorbed CO (36).

All group VIII metals are known to be
active in catalyzing both CO hydrogenation
and ethylene hydrogenation (3, 37), both in-
volving C~H bond formation. They also in-
volve different reaction steps and active
site requirements (3, 37), so that the activ-
ity for ethylene hydrogenation does not
parallel that of CO hydrogenation over
these metals.

As shown in Table 6, hydrogenolysis of
ethylene only occurred on the Ni/SiO, cata-
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lyst. A similar observation has been re-
ported by van Barneveld (7).

The capability of group VIII metals to
dissociate CO has been well established in
the literature (38, 39). CO dissociation ac-
tivity decreases in the order: Ni/SiO, > Ru/
SiO, > RhW/SiO, > Pd/SiO,. Thus, the sur-
face concentration of nondissociatively
adsorbed CO during synthesis may increase
in the reverse order. Since nondisso-
ciatively adsorbed CO is known to be the
precursor for insertion into adsorbed ethyl-
ene species to form C; oxygenates (pro-
pionaldehyde and propanol) (19, 40), the
low selectivity of ethylene toward C; oxy-
genates over Pd/SiO, must be attributed to
a lower activity of Pd to catalyze CO inser-
tion than hydrogenation. In contrast to Pd,
Rh has a greater tendency to dissociate CO.
It also is the best catalyst for the formation
of C; oxygenates from ethylene. It is likely
that the selectivity for the conversion of
ethylene to C; oxygenates is dependent
upon both the activity of the catalyst for
CO insertion and the surface concentration
of nondissociatively adsorbed CO.

All these metal catalysts showed very
low selectivities for the incorporation of
ethylene into higher hydrocarbons (Table
6). A similar observation has also been re-
ported by van Barneveld (7). The low se-
lectivity for incorporation of ethylene into
higher hydrocarbons could be due to the
high activity of these catalysts for ethylene
hydrogenation. Among Group VIII metals,
only cobalt has been observed to be very
active in the incorporation of ethylene into
higher hydrocarbons (10, 42).

Addition of Ethanol to CO/H,

Adsorbed ethanol has been identified in
the form of an ethoxy group on Fe (43) and
Pt (44), and it can react to produce CH,4 and
C,;H,. In the presence of CO/H,, the ad-
sorbed ethanol and its decomposition prod-
ucts may react with CO hydrogenation in-
termediates resulting in a variety of
products (Table 2). As shown in Table 7,
both Ni/SiO, and Pd/SiO, are active in cat-
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alyzing dehydrogenation of ethanol to acet-
aldehyde but are essentially inactive in cat-
alyzing any incorporation of the ethanol
into higher hydrocarbons or oxygenated
compounds. Although these two metals
have different CO dissociation abilities,
they have similar selectivities for the incor-
poration and the conversion of ethanol.
This could be due to the fact that different
active sites are responsible for the reactions
of these two molecules. CO dissociation
has been shown to take place on ensemble
sites of metals (3), while the breaking of the
C-0 bond of ethanol has been proposed to
require both intrinsic acidic sites and intrin-
sic basic sites of metals (23).

In the case of Ru, a moderate selectivity
for the incorporation of ethanol into higher
hydrocarbons and a high selectivity for the
conversion of ethanol to C; and C; hydro-
carbons were observed. As with Fe (20,
21), Ru also shows a higher selectivity for
the incorporation of ethanol into higher hy-
drocarbons compared with the incorpora-
tion of ethylene into higher hydrocarbons.
Emmett and coworkers (20, 21) suggested
that dehydration products of ethanol serve
as intermediates for chain growth. How-
ever, the selectivity for the incorporation of
ethylene, a dehydration product of ethanol,
to C;; hydrocarbons has been observed to
be very low for both of these metal cata-
lysts. The formation of a significant amount
of C; oxygenated compounds (propanol
and propionaldehyde) during the addition
of ethanol to CO/H; over Rh/SiO; may be
also explained by dehydration of ethanol
followed by CO insertion. Reactions 7 and
8 of Table 2 are also possible on these metal
catalysts, but there is no definite evidence
for these reactions.

Addition of MeCHO to CO/H,

Adsorbed acetaldehyde has been found
to readily form ethoxy intermediates on Fe
(45). Since ethanol can dehydrogenate to
form ethoxy intermediates and acetalde-
hyde, and acetaldehyde can hydrogenate to
form ethoxy intermediates and ethanol, the
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TABLE 9

Selectivities of the Probe Molecule Reactions

Ni/SiO, Ru/Si0O, -Rh/SiO, Pd/Si0O,

CO Dissociation (38, 39) s s m 0
Hydrogenation of C3 s s s
Hydrogenolysis of C; w 0 0 0
Incorporation of C; into

C;.HC w w 0 0
CO insertion in C; w 0 s 0
Dehydrogenation of EtOH s w s s
Dehydration of EtOH 0 m w w
Conversion of EtOH to

CH4 0 S S 0
Conversion of EtOH into

C;,.0X w 0 S w
Conversion of EtOH into

C;.HC w S w w
Conversion of MeCHO

into C;,.0X w 0 w NA
Conversion of MeCHO

into C;,HC w m w NA
Decarbonylation of

MeCHO s s w NA
Aldol condensation m 0 0 NA

Note. 300°C, 10 atm, CO/H, = 1. s, strong (>10% of probe reactant incorporated); m, moderate (>5%); w,

weak (>1%); 0, inactive (<1%).

differences in product selectivity for etha-
nol reaction versus acetaldehyde reaction
over these catalysts may relate to the rela-
tive ease of hydrogenation and dehydro-
genation. If this is the case, it would not be
expected that such a significant variation in
CO conversion would occur during the ad-
dition of acetaldehyde to CO/H, as hap-
pened over Ni/SiO; and Ru/SiO,. In con-
trast, the addition of ethanol to CO/H, did
not produce such a change. It is not clear
how adsorbed acetaldehyde modifies CO
hydrogenation over these two catalysts.

Ru appears to have a greater activity for
the decarbonylation of adsorbed acetalde-
hyde intermediates than for hydrogenation
of these intermediates to ethanol. Signifi-
cant activity for the aldol condensation of
acetaldehyde was only observed for Ni/
SiO,. Aldehydes have a great tendency to
undergo the aldol condensation but it is not
clear why this occurs mostly on the Ni/SiO,
catalysts.

A small amount of acetone was observed
during the addition of acetaldehyde to CO/
H, over Ni/SiO;, Ru/SiO,, and Rh/SiO,.
This could proceed through dehydrogena-
tion of the acetaldehyde to acyl intermedi-
ates followed by their association with CHj
species to produce acetone (41, 48). In fact,
by isotopic tracing experiments, this latter
step has already been shown, to occur (41).

Reaction Mechanisms

The selectivities for the various probe
molecule reactions are summarized in Ta-
ble 9. Ni/Si0O,, Ru/SiO,, Rh/SiO,, and Pd/
Si0, catalysts demonstrated differences not
only in product selectivity for CO hydroge-
nation but also in their catalytic capabilities
for hydrogenation, hydrogenolysis, dehy-
drogenation, CO insertion, and the incor-
poration of ethylene, ethanol, and acet-
aldehyde during CO hydrogenation. The
reaction steps suggested by the results of
this study and by those reported in the liter-
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FiG. 1. Possible reaction network for CO hydrogenation.

ature (/—49) are summarized in Fig. 1. Ni, a
methanation catalyst, showed a strong cat-
alytic activity for ethylene hydrogenation,
ethylene hydrogenolysis, ethanol dehydro-
genation, and acetaldehyde hydrogenation
but poor catalytic activity for CO insertion
and incorporation of cthylene, ethanol, or
acetaldehyde into higher hydrocarbons and
oxygenated compounds. The catalytic ac-
tivities displayed by Ni/SiO, appear to be
unfavorable for the formation of higher hy-
drocarbons and oxygenated compounds.
Ru/Si0,, a good higher hydrocarbon syn-
thesis catalyst, demonstrated a strong cata-
lytic activity for ethylene hydrogenation,
conversion of ethanol to C; and C, hydro-
carbons, decarbonylation of acetaldehyde,
and incorporation of ethanol and acetalde-
hyde into higher hydrocarbons but a weak
catalytic activity for hydrogenolysis of eth-
ylene and CO insertion. A poor CO inser-
tion capability and a strong decarbonylation
activity prevent the formation of C;; oxy-
genated compounds, and they exclude oxy-
genated intermediates as major intermedi-
ates for hydrocarbon chain growth over
Ru/SiO;. Rh/SiO,, a good C, oxygenate
synthesis catalyst, exhibited strong cata-
Iytic activity for the incorporation of eth-
ylene and ethanol into C; oxygenated
compounds but poor catalytic activity for

decarbonylation of acetaldehyde and hy-
drogenolysis of ethylene. A strong ten-
dency for the incorporation of ethylene and
ethanol into C;, oxygenated compounds in-
dicates that both oxygenated and hydrocar-
bon intermediates could be important for
chain growth to form oxygenated com-
pounds. Pd/Si0O,, a methanol synthesis cat-
alyst, showed strong catalytic activity for
hydrogenation and poor catalytic activity
for CO insertion, conversion of ethanol to
methane, and the incorporation of ethylene
and ethanol into higher hydrocarbons and
oxygenated compounds. The activity in
catalyzing probe molecule reactions exhib-
ited by Pd/SiO, is somewhat similar to
those displayed by Ni/SiO;. They do not
favor the formation of C,, species.

V. CONCLUSIONS

The synthesis of oxygenated compounds
and hydrocarbons over Ni/SiO,, Ru/SiO,,
Rh/Si0;,, and Pd/SiO, would appear to fol-
low different reaction paths resulting in dif-
ferent product distributions at 10 atm. The
formation of C,, oxygenated compounds
over Rh/SiO; is controlled by both the ac-
tivity of the catalyst to catalyze CO in-
sertion and the surface concentration of
nondissociatively adsorbed CO. Both
oxygenated and hydrocarbon intermediates
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may be important for oxygenate chain
growth on Rh. The insertion of CH, into
C,H, appears to be a major route for the
formation of higher hydrocarbons over Ru/
SiO;. The inability of Ni/SiO; and Pd/SiO,
to catalyze the formation of C,. species
would seem to be related to their poor abili-
ties in catalyzing the incorporation of hy-
drocarbon and oxygenated intermediates to
form C,+ species. Nevertheless, the factors
for controlling these specific reaction steps
remain as yet unclear. A more thorough
study of the relationship between the sur-
face states and electronic configuration of
these metals and their catalytic abilities for
specific reaction steps (as shown in Fig. 1)
should provide a deeper insight into the
mechanism of product formation over the
Group VIII metals.
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