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The catalytic behavior of Pd catalysts supported on ultrapure
silica and promoted with basic metal oxides was investigated in the
hydrogenation of CO and CO; to methanol at high pressure. In con-
trast to previous claims, Pd on very pure silica produced hardly any
methanol from CO and H; or CO; and H;, while doping with basic
additives led to a high activity. Molecular adsorption of CO or CO,
and the availability of activated hydrogen are not sufficient to form
methanol; basic metal oxides are needed to give Pd a high methanol
activity. The promoting effect on the silica-supported Pd catalysts
and the absence of a promoting effect for alumina-supported Pd
catalysts suggest that the basic oxide additives must be close to or
in contact with the Pd particles to be effective in methanol synthe-
sis. The rate enhancements for methanol formation of the metal
oxides followed a volcano curve when plotted as a function of the
metal ion electronegativity, with a maximum for metal oxides with
a moderate basic nature. Calcium and lanthanum were best for
CO hydrogenation, and barium and lanthanum were best for CO,
hydrogenation. In contrast to Cu/ZnO, the methanol activity of
Ca/Pd/SiO; increased with increasing CO content in a CO—-CO,—H;
mixture, suggesting that CO rather than CO; is the main carbon
source for methanol.  © 1998 Academic Press

INTRODUCTION

For many years, supported palladium catalysts have been
claimed to be good catalysts for the production of methanol
(1, 2). Whereas Rh is a metal on the borderline between
adsorbing CO dissociatively and associatively, Pd is hardly
capable of dissociating CO (3, 4). Thus, Boudouard CO
disproportionation studies have shown that CO adsorp-
tion on Pd at 573 K is predominantly nondissociative (5).
This explains why Pd, Pt, and Ir rank low in a comparison
of group VIII metals for hydrogenation of CO to CHy at
0.1 MPa (6).

Poutsma et al. (2) reported that the same Pd, Pt, and
Ir catalysts, supported on Davison grade 57 SiO,, trans-
form synthesis gas almost quantitatively into methanol
when operated in the suitable thermodynamic regime. They

1'To whom correspondence should be addressed. Tel.: 41-1-6325490.
Fax: 41-1-6321162. E-mail: prins@tech.chem.ethz.ch.

ascribed the high activities and selectivities to the ability of
Pd, Pt, and Ir to chemisorb CO associatively and hydro-
genate it to CH3OH, and to their inability to chemisorb
CO dissociatively. Subsequent work of Fajula et al. (7) on
Pd supported on SiO; and Y zeolites demonstrated, how-
ever, that selectivity and activity depended on the support.
Over acidic Pd/Y and over Pd/SiO,, prepared from Davison
grade 01 silica, mainly methane was produced, while over
Pd/SiO; supported on a Davison grade 57 SiO; methanol
was the main product. On the other hand, only very little
methanol was observed when reacting synthesis gas over
unsupported Pd, e.g. Pd black (8).

These observations suggest that impurities in the support,
which can be transferred easily to the metal surface during
catalyst preparation or reaction, may influence catalyst per-
formance (9, 10). Indeed, it was claimed in patents that basic
oxide additives significantly improve the hydrogenation of
CO to methanol (11), and studies with Pd/SiO, catalysts
promoted by alkaline earth oxides, iron oxide, and La,Os,
as well as studies with Pd catalysts directly supported on
such basic oxides, indicated high methanol selectivities at
low and normal pressure, be it with low yields (4, 8, 12-14).

Therefore, the present study investigates the catalytic
properties of Pd catalysts supported on SiO; in the con-
version of synthesis gas. In contrast with previous studies,
the silica was synthesized in a very pure form to avoid un-
intentional contamination which could affect the catalytic
properties; the experiments were carried out under realis-
tic conditions: a continuous flow reactor instead of a closed
circulating system, high instead of (sub)ambient pressure,
and 24 h activity tests to check steady state properties and
catalyst stability.

The catalytic behavior of Pd supported on ultra pure silica
in the hydrogenation of CO was compared with the cata-
lytic performance of Rh/SiO,. The effect of residual anions
was studied by analyzing the properties of Pd/SiO, catalysts
prepared from chloride and nitrate salts. Ca-doped Pd cata-
lysts, with increasing additive to metal ratios, and Pd/SiO,
catalysts doped with several metal oxides were employed to
investigate the role of basic metal oxides in the formation of
methanol from synthesis gas. To better understand the role
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of CO and CO; and their interconversion in the water—gas
shift reaction during the methanol synthesis, the properties
of the catalysts in the hydrogenation of CO, CO,, and CO-
CO, mixtures were studied.

EXPERIMENTAL
Catalyst Preparation

Ultrapure silica, prepared by hydrolysis of tetraethoxysi-
lane (15), was ground, sieved to a 250-300 wm size fraction,
and stored in a desiccator until use. Pd/SiO, catalysts were
prepared by pore volume impregnation of this impurity-
free SiO; with an aqueous solution of Pd(NH3)4(NOs3),
(Johnson Matthey). The catalyst precursors were dried at
393 K (heating rate 60 K-h~') for 16 h and calcined in
flowing air at 723 K (heating rate 300 K -h~!) for 2 h. The
Pd loading was 4.5 wt% in all cases. Ca/Pd/SiO; catalysts
with Ca/Pd ratios between 0.04 and 0.33 were prepared by
impregnating these Pd/SiO; catalysts with a Ca(NOs3), so-
lution, and calcining and drying them as described above.
Similarly, two Ca/Pd/SiO, catalysts were prepared from
Pd(NOs), and PdCl, (Johnson Matthey) solutions with a
Pd loading of 4.5 wt% and a Ca/Pd = 0.04 ratio.

X/Pd/SiO; catalysts (X =Li, Na, K, Rb, Cs, Mg, Ca, Sr,
Ba, Mn, Zn, La) with an atomic ratio X/Pd =0.125 were
prepared by impregnation of a calcined Pd/SiO; precursor
(prepared from Pd(NHj3)4(NOs3),) with nitrate solutions of
the additives. The catalysts were dried and calcined as de-
scribed above for the other catalysts.

Pd/Al,O3 was obtained by pore volume impregnation of
a commercial y-alumina (Condea, 250-300 wm, 226 m%/g,
0.51 mL/g) with an aqueous Pd(NH3)4(NOs3), (Johnson
Matthey) solution. The catalyst precursor was dried and
calcined as described for the Pd/SiO, catalyst. The Pd load-
ing was 3.0 wt%. A Ca/Pd/Al,Oj3 catalyst with Ca/Pd =0.2
was prepared by impregnating the calcined Pd/Al,Oj cata-
lyst with a Ca(NO3); solution and drying and calcining as
described above. For comparison, a Rh/SiO; catalyst was
prepared as described in (16).

To prevent the uptake of alkali and alkaline earth metal
cations from glass, the preparation of the supports and the
subsequent catalyst preparation were always carried out in
polyethylene equipment which had been washed previously
with 5% boric acid and rinsed with water, distilled twice.

Characterization

Surface area, pore volume, and pore size distribution of
the self-made ultrapure SiO, support were obtained from
nitrogen adsorption and desorption isotherms at 77 K and
at equilibrium pressures between 0.5 and 100 kPa. Hy-
drogen chemisorption was performed on catalysts (typi-
cally containing 1-2 mg of Pd) reduced in flowing H; at
723 K (300 K-h7!) for 1 h and evacuated at 1072 Pa for
1 h. Because the formation of the B-hydride phase will
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affect the results, the backsorption method was applied
(16), and the H/Pd values were obtained by subtracting the
backsorption isotherm from the total adsorption isotherm
[Hirr/Pd = (Hiot — Hrev)/Pd].

TPR measurements were carried out on catalysts con-
taining 25-55 pumol of reducible species with 5% H; in Ar
at a flow rate of 0.183 cm?-s~! from 180 to 980 K with a
temperature ramp of 10 K - min~!. After cooling in Hy/Ar
to 180 K the flow was switched to Ar, and a second switch
peak was recorded by switching back to 5% Hy/Ar. The
comparison of the two peaks revealed the hydrogen uptake
hidden under the first switch peak (17).

Catalyst Testing

Synthesis gas conversion was performed in a steel reac-
tor equipped with an internal quartz reactor to avoid con-
tamination of the catalyst with Fe, Ni, or Cr formed from
metal carbonyls by the reaction of the steel with CO; for
the same reason, a y-Al,O3 trap upstream of the catalyst
bed was used to adsorb such metal carbonyls. About 300 mg
of catalyst precursor was reduced in a flow of pure hydro-
gen at 723 K and 0.1 MPa for 1 h. The catalyst amount
was chosen in order to keep the conversion between 0.1%
(necessary for accurate product analysis) and 5% (differ-
ential conditions). After cooling to reaction temperature,
the hydrogen pressure was increased to working pressure,
and CO or CO;, was added stepwise to the feed. Unless
otherwise stated, the Pd catalysts were tested at 553 K,
2.5 MPa, Hy/CO =2 (flowfeeq =0.11 mol - h™1), Hy/CO, =
3 (lowgeea=0.15 mol- hfl), and at a space velocity of
770 moleeq - h~/molpq. The Rh/SiO, catalyst was tested at
553 K, 4 MPa, H,/CO =3, and SV = 10* molteeq - h~!/molgp
(16). The experiments were generally carried out for 24 h
on stream. The reactor effluent was analyzed every 30 min
by a computer-interfaced on-line GC. The product activi-
ties and selectivities were summarized in four main classes:
CH., C,+ (paraffins and olefins with n > 2), Cy.ox0 (methanol
and dimethyl ether), and C,.ox, (acetaldehyde and ethanol).

RESULTS

Catalyst Characterization

The BET surface area (534 m?/g), pore volume (1.39 mL/
g), and pore size distribution (mainly in the 80-175 A
range) of the SiO, support, prepared by hydrolysis of
tetraethoxysilane, are very similar to those of commercially
available SiO, supports, whereas the purity is very much
higher (AAS and ICP measurements showed that the ultra-
pure silica contained impurities in the sub-ppm level only).

The TPR profile of a Pd/SiO, catalyst prepared from
PdCl; showed a peak at 400 K with a half-width of 70 K. No
hydrogen consumption was observed above 650 K, and the
calculated H,/M value near 1.0 indicated full conversion of
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FIG. 1. Product activities in the hydrogenation of CO over Pd/SiO, prepared from different Pd salts. (<) CHa, (A) Cay, (O) Cioxo-

Pd** cations to Pd" clusters. Therefore, reduction at 723 K
for 1h in flowing hydrogen, as applied before catalyst
testing, is sufficient to completely reduce the supported Pd
catalysts.

Although the promoters were added as a nitrate salt dur-
ing catalyst preparation, the subsequent calcination in air at
723 K will have transformed them into oxides. An XPS mea-
surement showed that after subsequent reduction at 723 K
in hydrogen, calcium was present in the +2 oxidation state.
Therefore, it is assumed that the promoters described in
this study (perhaps with the exception of Zn, see Discus-
sion) were present as metal oxides and/or (surface) metal
silicates during reaction.

CO Hydrogenation over Pd/SiO; and Ca/Pd/SiO;

The product activities in the CO hydrogenation over the
Pd/SiO; catalysts made from Pd(NO3),, PA(NH3)4(NO3),,
and PdCl, as a function of reaction time (TOS =time on
stream) are presented in Fig. 1. Because Pd can hardly
dissociate CO, the total activity of the Pd/SiO; catalysts
was almost 2 orders of magnitude smaller than that of
Rh/SiO; (16), and the product distribution was limited to
methane, trace amounts of ethane and propane, and Cj_oxo
products (methanol and dimethyl ether); acetaldehyde and
ethanol were not formed. The three Pd/SiO; catalysts had a

methanol activity about as low as Rh/SiO,, indicating that
Pd catalysts supported on impurity-free SiO, are not partic-
ularly efficient in producing methanol, in contrast to claims
made by Poutsma et al. (2).

The Pd salt had an influence on the properties of the re-
sulting Pd/SiO; catalyst. Catalysts prepared from PdCl, and
Pd(NH3)4(NO3), had a higher hydrocarbon activity than
the catalyst prepared from Pd(NO3),, whereas all catalysts
had a similarly low methanol production (Fig. 1). Since only
traces of chlorine were detected in the Pd/SiO; catalyst pre-
pared from PdCl, after reduction (Cl/Pd=3.5 x 10%), and
no nitrogen was detected in the catalysts prepared from the
nitrate salts, the Pd salt anion cannot influence the catalysis.
It has an indirect effect, however, through its influence on
the final metal dispersion. The H;/Pd values for the cata-
lysts obtained from Pd(NH3)4(NO3),, PdCl,, and Pd(NOs3),
were 0.28, 0.30, and 0.02, corresponding to average particle
diameters of 35,32, and 550 A, respectively. CO dissociation
is known to be favored on small Pd particles (18, 19), and
therefore the Pd particles obtained from Pd(NH3)4(NO3),
and PdCl, had the highest hydrocarbon activity.

Doping of the Pd/SiO; catalysts with 1000 ppm (mo-
lar) Ca resulted in a strong decrease in the hydrocarbon
formation due to the suppression of the CO dissociation
and a higher methanol production (Fig. 2). The Ca-doped
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FIG.2. Product activities in the hydrogenation of CO over Ca/Pd/SiO; (Ca/Pd=0.04) prepared from different Pd salts. (<) CHa, (&) Cay,

(O) Cl—oxo~
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catalyst obtained from Pd(NOs3), had a very low hydro-
carbon formation due to the low Pd dispersion and the
further suppression of the CO dissociation by the addi-
tion of Ca. The higher methanol activity of the Ca/Pd/SiO,
catalysts prepared from PdCl, and Pd(NH3)4(NOs3), shows
that the Pd particle size influences the methanol formation
as well. Catalysts with small Pd particles will have larger
CaO-Pd contact areas, resulting in a stronger promotion
of the methanol formation. Since, in the preparation of Pd
catalysts from the Pd(NH3)4(NOs), precursor, high disper-
sions are obtained and problems due to the formation of
HCI during catalyst pretreatment are avoided, all further
experiments were carried out with catalysts prepared from
this Pd salt.

By testing systems with different Ca/Pd ratios, we ob-
served a clear correlation between the Ca amount and
methanol yield (Fig. 3, right hand side). The hydrocarbon
formation of undoped Pd/SiO; is very low because of the
modest CO dissociation capacity, and the addition of Ca
causes a further decrease of the hydrocarbon formation
and a dramatic increase in the methanol formation. Thus,
a Ca/Pd ratio larger than 0.05 is sufficient to obtain 99%
Ci.oxo selectivity (Table 1). The results in Fig. 3 (left-hand
side) show that Rh/SiO; is about as active in methanol for-
mation as Pd/SiO, and suppresses hydrocarbon formation

TABLE 1

Catalytic Properties after 24 h of Ca/Pd/SiO, Catalysts
Prepared from Pd(NH3)4(NO3),

Activity Selectivities (%)

Ca/Pd (mmolcp)/  Deact. MeOH/

(molar) Hi,/Pd molpa-s (% h’l) CH;y G,y Cioxo DME?
— 0.26 04 0.9 547 37 416 0.7
0.004 0.24 0.7 0.5 216 11 773 0.6
0.02 — 43 03 1.6 01 983 18.5
0.05 022 7.2 0.4 1.1 01 988 19.3
0.11 — 8.0 0.0 09 01 99.0 224
0.20 — 8.9 0.0 09 01 99.0 27.8
0.33 0.18 8.7 0.0 09 01 99.0 35.6

“ Methanol to dimethyl ether ratio.
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relatively even stronger than Pd/SiO,. Nevertheless, since
hydrocarbon formation of undoped Rh/SiO; is 2 orders of
magnitude higher than that of undoped Pd/SiO,, it cannot
be suppressed strongly enough over Ca/Rh/SiO; to obtain
better than 90% Ci.oxo selectivity.

The addition of Ca also influences the formation of
dimethyl ether (Table 1). Acidic sites present on the sup-
port, which are responsible for the condensation of surface
methoxy groups to dimethyl ether, are neutralized by ba-
sic metal oxides (8). Dimethyl ether formation is therefore
inhibited by the increasing concentration of basic additives
on the catalyst surface.

The slight decrease in activity at high Ca loading is prob-
ably due to the decrease in the chemisorption capacity as
shown by H, chemisorption measurements (Table 1). A
suppression of the exposed metal surface may be due to
coverage of Pd by CaO, or, if the metal oxide additive is
distributed as small islands (20), by coalescence of the ox-
ide patches to much larger particles, so that fewer interfacial
sites will be present.

CO and CO; Hydrogenation over X/Pd/SiO;

The Cj.oxo product activities in the hydrogenation of CO
over Pd/SiO; catalysts doped with various metal oxides
(X/Pd =0.125) are presented in Fig. 4. There are substan-
tial variations in the promotional behavior between the
different groups of metal oxides (alkali, alkaline earth, rare
earth, and transition metals) as well as within the groups
themselves (Fig. 4 and Table 2). The La-doped Pd/SiO,
catalyst showed the highest activity in the methanol forma-
tion. In addition, the alkaline earth oxides strongly affected
the catalytic performance of Pd/SiO,. Large differences
in the promotional behavior were observed among the
alkali oxides. Thus, only the Li-doped catalyst showed
a strong promotion of the methanol synthesis, while, in
agreement with previous results (12), the activity decreased
in the order Li »» Na > K > Rb, Cs. The two catalysts
doped with Mn and Zn oxide showed dissimilar properties.

=

=) o
1 1

£
|

Activity C]-oxo {mmo]m!molm. s]

- Li Na K

Rb Cs Mg Ca Sr Ba Mn Zn La

FIG. 4. Cj.ox activity after 24 h of X/Pd/SiO; catalysts in the hydro-
genation of CO.
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Catalytic Properties after 24 h of X/Pd/SiO, (X/Pd = 0.125) g ] T
in the CO Hydrogenation _§ 0. I_E S
= & -0
o g 1%
Activity Selectivities (%) E ool
(mmolco/ TOF > ol
Additive Hi,/Pd molpg-s) (1073-s7)) CO, CHs Cop Croxo E ]
‘5 _
— 0.16 03 19 123 221 15 641 < 00014 —————————
Li 0.17 33 19.4 28 17 01 954 0 5 10 15 20 25
Na 0.16 0.9 5.6 72 17 06 905 TOS [h]
K 0.16 0.5 3.1 1.7 33 14 836 L o )
Rb 0.16 0.4 25 137 34 08 2.1 FIG.5. Product activities of Pd/SiO; in the hydrogenation of CO,.
Cs 0.15 0.4 27 148 42 08 802 (9 CHi(O) Crox (V) CO.
Mg 0.15 4.5 30.0 35 13 01 951
Ca 0.16 6.9 431 42 05 01 952
Sr 0.16 6.0 375 48 04 01 947  was more than an order of magnitude higher than that of
Ba 0.15 48 320 68 03 01 9238 undoped Pd/SiO,. However, since the increased catalytic
Mn 0.16 1.4 8.8 42 103 1.0 84.6 . . .
7n 0.10 03 30 146 91 10 753  performance is mainly the result of the promotion of the
La 0.14 9.6 68.6 58 24 02 916 reverse water—gas shift, the methanol selectivity does not
_a 0.28 36 12.9 124 180 05 691  show much improvement when metal oxides are added
Ca®? 33 114 128 05 753 (Table 3). The promotional effect of basic additives on
Al methanol as well as CO formation suggests that methanol
b Caz/gé S_uggort' synthesis and the reverse water—gas shift reaction have a

The influence of Mn was moderate, whereas that of Zn was
negligible.

Substantial differences were also observed in the per-
formances of X/Pd/SiO, catalysts in the synthesis of
hydrocarbons (Table 2). The addition of basic oxides was
generally accompanied by a suppression of the hydrocar-
bon formation, which is ascribed to an inhibition of the CO
dissociation. Only Mn and La enhanced the hydrocarbon
production.

Several authors observed that in the hydrogenation of
CO3, Pd catalysts produce only methane and CO if neu-
tral or acidic supports were used (21, 22). Ramaroson et al.
(23) reported subsequently that methanol is formed when
the reaction is carried out over catalysts supported on ba-
sic oxides. Similar to the hydrogenation of CO, it was pro-
posed that both activity and selectivity of the catalyst are
affected by the acid-base properties of the metal oxide that
is used as an additive or as the support (21, 24, 25).

The catalytic properties of a Pd/SiO; catalyst in the hy-
drogenation of CQOy, as a function of the reaction time, are
shown in Fig. 5. The total catalytic activity is about as low as
that for CO hydrogenation, but the product distribution is
different (cf. Tables 2 and 3). Carbon monoxide, produced
by the reverse water—gas shift reaction, was the main prod-
uct in the conversion of H, and CO,; methane was the only
hydrocarbon detected, and methanol was formed only in
trace amounts.

The presence of oxidic additives affected not only the
formation of methanol but also the conversion of CO;
in CO (Fig. 6). The total activity of most doped catalysts

common reaction intermediate and take place on the same
catalytic site. It was proposed (25-27) that both reactions
occur through formate species adsorbed on the support:

/ CH;0OH

N

CO,—— HCOO
CO

TABLE 3

Catalytic Properties after 24 h of X/Pd/SiO; (X/Pd =0.125)
in the CO, Hydrogenation

Activity Selectivities (%)
(mmolco/ TOF
Additive Hj,/Pd  molpg-s) (1073.s71) CO CHy Cirowo
— 0.16 0.4 2.5 81.8 13.6 4.6
Li 0.17 49 28.6 85.2 0.2 14.6
Na 0.16 7.1 44.4 94.8 0.1 5.1
K 0.16 5.0 313 95.8 0.1 4.1
Rb 0.16 3.6 22.5 96.7 0.1 32
Cs 0.15 2.9 19.3 96.2 0.1 3.7
Mg 0.15 35 233 81.1 12 17.8
Ca 0.16 52 32.8 83.3 0.2 16.5
Sr 0.16 6.5 40.6 85.6 0.1 14.3
Ba 0.15 7.9 52.7 87.1 0.1 12.8
Mn 0.16 1.7 10.6 74.9 7.7 174
Zn 0.10 0.5 5.0 88.1 35 8.4
La 0.14 6.6 471 78.7 35 17.8
— 0.28 3.6 12.9 498 384 11.8
Ca®? 3.0 432 434 134
“ AlL,O3 support.
b Ca/Pd=0.2.
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where methanol is formed by hydrogenation, and CO by
dehydration of this intermediate.

The influence of the reaction temperature on the product
activities of Ca/Pd/SiO; in the hydrogenation of CO and
CO; is shown in Fig. 7. Reaction temperature had a strong
influence on the Ci.ox activity. Below 560 K, methanol
formation is controlled by the reaction rate, while at
higher temperatures the yield is limited by thermodynamic
equilibrium (28). In the investigated temperature range
(503-603 K), the formation of hydrocarbons and the reverse
water—gas shift reaction are, however, controlled only by
the kinetics. Thus, over the whole temperature range
hydrocarbon and CO yields are much lower than the
maximal thermodynamic yields.

Arrhenius plots of methanol and methane formation
from CO gave apparent activation energies of 58 and 103 kJ/
mol, respectively, in good in agreement with the values ob-
tained by Ryndin et al. for Pd/Al,03 and Pd/La,O3 (8).
The apparent activation energies for CO, hydrogenation
to methanol and methane were 48 and 101 kJ/mol, respec-
tively, the latter value being in good agreement with that
obtained by Erdohelyi et al. (29).

Hydrogenation of CO/CO; Mixtures over Ca/Pd/SiO>

As described above, the total rates in the hydrogenation
of CO and CO; are similar (cf. Tables 2 and 3), but the

S
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=

Activity [mmol . 02/mt:olP - s]
[=)}
|

. . co
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FIG.7. The effect of the reaction temperature on product activities in
the hydrogenation of CO (A) and CO; (B) over Ca/Pd/SiO,. (- --) Ther-
modynamic yield of methanol (A) and CO (B).
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rate of methanol formation in the hydrogenation of CO,
is much lower than that in the hydrogenation of CO, since
most of the CO; is converted to CO while most of the CO
goes to methanol. Although CO; is known to be the main
carbon source of methanol in CO-CO,-H, mixtures over
Cu/ZnO catalysts (30), the rate of methanol formation
over Ca/Pd/SiO; catalysts increased with the CO partial
pressure (Fig. 8). The methanol formation was linearly
related to the CO partial pressure over a wide range
(Fig. 8, dotted line) but was lower than the dotted line in
the conversion of the CO-free mixture and higher in the
conversion of the CO,-free mixture. These observations
indicate that competitive adsorption of CO and CO; on
the basic surface sites of the oxidic additive plays a role in
the hydrogenation of CO-CO, mixtures.

CO and CO; Hydrogenation over Pd/AL,O3
and Ca/Pd/Al,O3

Supporting the Pd clusters on an amphoteric oxide such
as y-alumina increases the catalyst activity by almost 1 or-
der of magnitude relative to Pd/SiO, (Table 2). Not only
the increased metal dispersion (0.16 for Pd/SiO; and 0.28
for Pd/Al,03) but also the chemical characteristics of the
support must be taken into consideration to explain this.
As reported above for doped Pd/SiO; catalysts, additives
with a basic character positively affect the formation of
Ci.oxo products (methanol and dimethyl ether). Apparently,
the presence of basic sites on the Al,O3 surface improves
the adsorption of CO as formate, while the interaction of
the carbonyl oxygen with Lewis acid sites increases the rate
of hydrogenation of these intermediates to methanol (25).

The hydrocarbon distribution was also significantly af-
fected by the alumina support. Whereas the methane ac-
tivity is ten times higher over Pd/Al,O3 than over Pd/SiO,
(Table 2), the production of higher hydrocarbons is only
four times higher and still limited to C,~C; paraffins. It is
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possible that methane is formed by the hydrogenation of
methoxy species adsorbed on the support surface, as sug-
gested by Hsiao and Falconer (31). The increased methane
formation could then be a consequence of the higher con-
centration of methoxy groups and the higher reactivity of
these species. On the other hand, the C-C bond forma-
tion occurs on the Pd metal surface by insertion of carbene
species into an alkyl-metal bond and is affected only indi-
rectly by the support.

In the hydrogenation of CO,, alumina also improved
the catalytic behavior of Pd catalysts substantially, with
the Pd/Al,O3 catalyst being almost 1 order of magnitude
more active than Pd/SiO, (Table 3). Alumina positively
influences not only the formation of methanol but also
the reverse water—gas shift reaction and the production
of methane. Methanol synthesis and the reverse water—gas
shift reaction may have a common reaction intermediate
and take place on the same catalytic site. Formate species,
formed by the hydrogenation of carbonate species on the
support surface, are hydrogenated to methanol or dehy-
drated to CO (25-27). The presence of basic sites on the sup-
port surface may increase the adsorption of CO; in the form
of carbonate or hydrogen carbonate species. On the other
hand, the acid sites not only activate the hydrogenation of
the intermediates but also promote their dehydration to
CO (32).

In contrast with Pd/SiO,, addition of Ca to Pd/Al,O, im-
proved neither the methanol activity in the hydrogenation
of CO nor that in the hydrogenation of CO, (Tables 2 and
3). In addition, the methanol to dimethyl ether ratio hardly
changed (0.3 for CO hydrogenation and 2.5 for CO, hy-
drogenation). These observations suggest that Ca interacts
strongly with the acid sites of the alumina support and that
the formation of a Pd—CaO interface is much more difficult
on a catalyst supported on alumina than it is on a silica-
supported catalyst. This may confirm that intimate contact
between the palladium metal particle and the oxidic ad-
ditive is necessary for the enhancement of the methanol
formation (12, 20, 24, 33).

DISCUSSION

The results presented in Tables 2 and 3 show that several
alkali, alkaline earth, and other metal oxides increase the
activity of Pd/SiO; catalysts for the formation of methanol
from H; and CO as well as from H, and CO; by an order
of magnitude or more. It is clear that, in contradiction to
former claims (2), Pd alone is not a good methanol catalyst.
The ability to adsorb CO molecularly and H; dissociatively
is not sufficient to form methanol, and the small amount of
methanol produced by the Pd on an ultrapure SiO; catalyst
may even be caused by low levels of impurities.

The small and sometimes negligible variations in the
chemisorption capacities of most of the X/Pd/SiO; catalysts
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(Table 2) demonstrate that differences in the Pd surface
area or particle size are not responsible for the variations
of the methanol activities. Only the Zn-doped catalyst had
a noticeably lower H;,,/Pd ratio. It is conceivable that ZnO
reacts with hydrogen atoms, formed on the Pd surface and
spilled over onto the support, to Zn hydride or even to
metallic Zn which may migrate to the Pd surface (34). The
formation of a Pd-Zn alloy would explain the decrease in
the hydrogen chemisorption.

Catalysts made from noble metal chlorides are often
more active than those made from other salts, and this
has sometimes been explained by an influence of chlorine
on the catalysis (8, 12-14). In our catalysts, the Cl~ and
NOj anions had completely disappeared after calcination
and reduction, so that the anion could only have an indi-
rect effect on the catalyst activity. The catalysts made from
Pd(NH3)4(NO3); and PdCl, on ultrapure SiO; had, how-
ever, similar Pd dispersions and similar activities and selec-
tivities. It might very well be that differences between cata-
lysts, as described in the literature (2, 7, 14, 35), are due to
the use of impure supports. Metal salt solutions, especially
those from metal chlorides, can be aggressive and leach al-
kali and alkaline earth ions out of the glassware used in
catalyst preparation. For that reason we prepared our sup-
ports and the catalysts in well-rinsed polyethylene beakers
(see Experimental). Leaching by the metal salt solution dur-
ing catalyst preparation may also explain the differences
observed between catalysts prepared on different commer-
cial SiO, supports. Even the seemingly low Ca impurity
levels of Davison grades 01 and 57 (0.006 and 0.06 wt %, re-
spectively) mean that the 5 wt% Pd/SiO; catalysts of Kelly
et al., made from these supports, contained Ca/Pd ratios of
0.003 and 0.03, respectively (14). If the calcium had been
leached out of the support and deposited next to the no-
ble metal particles, the results in Table 1 demonstrate that
this could have led to increases in activity by factors of
about 2 and 12, respectively, compared to a calcium-free
catalyst. The observed suppression of methanol activity
upon the addition of basic metal cations (35) might also
be due to impurities in the support. Exchange of active
impurity cations (e.g. calcium) by less active cations (K,
Rb, Cs) during impregnation of a Pd/SiO; catalyst, made
from a calcium-containing SiO,, would lead to a decrease in
activity.

The promotion of methanol formation by basic metal ox-
idesis not restricted to Pd. This was observed previously for
other metals such as Rh and Cu; as far as Rh is concerned,
little attention had been paid to it, with the exception of
mechanistic aspects (3, 4). The main reason was that Rh is
a much more active catalyst for CO dissociation and, there-
fore, even though Ca promotes methanol formation of a
Rh/SiO; catalyst about as well as it does of a Pd/SiO; cata-
lyst, it does not suppress hydrocarbon promotion to such
an extent (Fig. 3). As a consequence, a Ca/Rh/SiO; catalyst
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can be as productive a methanol catalyst as Ca/Pd/SiO,
though less selective (90 rather than 99%).

For Rh catalysts, the prevalent opinion is that the pro-
moter is located on or close to the metal particles, probably
as metal oxide patches (4). Catalysis may then take place
at the interface between noble metal and metal oxide pro-
moters (36). Ponec proposed that the metal oxide stabilizes
Rh cations which may insert CO into a Rh*—H bond. The
resulting formyl species is subsequently hydrogenated on
metallic Rh to methanol (4). Others have suggested that a
CO molecule on the surface of the noble metal may react
with chemisorbed O and H atoms to formate (34,37), just as
CO; reacts with metal hydride complexes to formate com-
plexes (38-40). Methanol is then formed by hydrogenation
of formate, again at the metal surface. The role of basic pro-
moters would then be to stabilize the formate species at the
noble metal surface (38).

A third model is based on bifunctionality of the noble
metal plus the basic metal oxide catalyst (41). As in the in-
dustrial process for formic acid, in which CO and methanol
react to methyl formate over a basic catalyst (39, 40, 42),
CO may react with a hydroxyl group at the surface of a
basic metal oxide patch to formate (43). This formate can
then be hydrogenated either by hydrogen atoms, which spill
over from the metal particles to the basic metal oxide sur-
face (12, 20, 23, 41, 44), or by hydrogen atoms on the noble
metal after migration of the formate species to the metal
surface (26). Alternatively, the formate could react with
methanol to methyl formate on the basic metal oxide, fol-
lowed by diffusion of methyl formate through the gas phase
to the surface of a noble metal particle and hydrogenolysis
to two methanol molecules (33). In this case, the catalytic
cycle must be started by the promotion of a first methanol
molecule via one of the other routes.

The increase in methanol formation of Ca/Pd/SiO; in the
hydrogenation of CO—-CO; mixtures with increasing CO
content and the decrease in methanol formation when go-
ing from Li to Cs as a promoter in X/Pd/SiO; catalysts is
quite different to the behavior of promoted Cu catalysts
(26, 45, 46). It suggests that, in contrast to Cu/ZnO, where
CO; is the carbon source of methanol (30), CO is the source
of methanol over Ca/Pd/SiO,. This supports the idea that
formate is the crucial intermediate for Ca/Pd/SiO,, because
it can be easily formed by the reaction of CO with a basic
OH group on the surface of the metal oxide. The presence
of formate on the catalyst support surface during the syn-
thesis gas reaction (12, 29) or when exposed to CO (43)
is well documented for amphoteric and basic supports. On
silica, however, formate is detected only when the silica is
doped with alkali metal cations (43, 44). Notwithstanding
this excellent correlation between methanol activity and
the presence of formate on the support surface, formate
has usually been regarded as a spectator species and not as
a reaction intermediate.
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The promoting effect of the alkali and alkaline earth
metal oxides on the silica-supported Pd catalysts suggests
that basic oxide additives, close to or on the Pd particles,
are directly involved in the methanol synthesis. The fact that
Ca has hardly any effect on alumina-supported Pd catalysts
indicates that the promoter should also be close to or in con-
tact with the metal particle. The distribution of the additives
over the silica and Pd surface in the Pd/SiO; catalysts and
their presence in the form of (basic) metal oxide patches
or (nonbasic) metal silicates are not known yet. Studies of
Rh/SiO; catalysts promoted with La and Pd/SiO; catalysts
promoted with Na have shown that the promoter and noble
metal particles are in close contact (47, 48). Further studies
to answer these questions are in progress.

The substantial differences in the effect of the metal ox-
ides show that the presence of basic metal oxide patches
close to the Pd surface is not the only factor which deter-
mines methanol synthesis. Intrinsic characteristics of the
metal oxide, such as acid-base properties and density of
surface sites, affect the performance of the catalyst as well
(8, 12, 41). The acid-base properties of a metal oxide are
related to the electronegativity of its metal cation (49-51).
Tanaka and Ozaki proposed (52) that the electronegativity
of cations in oxidic materials (EN;) is related to the Paul-
ing electronegativity ENy of the element and the oxidation
state Z of the cation: EN; = ENp (14+22).

Figure 9 shows the degree of rate enhancement of the
doped catalysts relative to the undoped Pd/SiO; cata-
lyst for the methanol formation as a function of the
electronegativity EN; of the additive cation. Additives with
low cation electronegativity (strong basic character) as well
as oxides with high cation electronegativity (Lewis acid)
have hardly any effect on the rate of methanol formation
or are only modest promoters, while metal oxides with a
moderate basic nature, such as the oxides of the alkaline
earth metals, or with amphoteric properties, such as La,0Os3,
strongly increase the methanol formation. Thus a clear
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FIG. 9. Rate enhancement for Cj.ox, formation in the hydrogenation
of CO as a function of the electronegativity (EN;) of the additive cation.



310

volcano-shaped correlation is established between cation
electronegativity and methanol formation. This supports
the idea that the basic (nucleophilic) OH groups present
on the oxide surface are responsible for the formation of
formate species and that the hydrogenation rate of these
intermediates is also related to the acid—base properties of
the additive (25, 53). Metal oxides with low EN; enhance
the surface concentration of formate, but their strong basic
nature causes an excessive stabilization of this intermedi-
ate. As a consequence, the hydrogenation of formate to
methanol is reduced by the weaker electrophilic character
of the carbonyl carbon. On the other hand, metal oxides
with Lewis acid properties may increase the rate of formate
hydrogenation but, at the same time, the formation of ad-
sorbed formate is diminished by the weak nucleophilic char-
acter of the surface OH groups. For these reasons, it is not
surprising that La,O3 dramatically increases the methanol
formation and that it is situated above the volcano curve.
As an amphoteric oxide, La;O3 can adsorb CO as a formate
species on the basic sites and can activate the formate for
the hydrogenation to methanol by the acid sites.

The differences in the performance of the X/Pd/SiO,
catalysts in the hydrogenation of CO; can be related to
the acid-base properties of the metal oxides as well. A
clear volcano-shaped correlation exists between cation
electronegativity (as a measure of the acid-base proper-
ties) and the methanol formation (Fig. 10), and the rate
enhancements induced by the different additives are of sim-
ilar magnitude as those obtained in the CO hydrogenation.
This supports the idea that the formation of methanol from
CO as well as CO; occurs through the same reaction in-
termediate (formate), and that the active sites involved in
the catalytic reactions are also the same. The presence of a
basic oxide on the support may enhance the adsorption of
CO; in the form of surface carbonate (54). This species
is subsequently hydrogenated to formate by hydrogen

Rate Enhancement

2 3 4 5 6 7 8 9
EN, of additive X

FIG. 10. Rate enhancement for Cj.ox formation in the hydrogena-
tion of CO; as a function of the electronegativity (EN;) of the additive
cation.
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activated on the Pd surface and spilled over onto the sup-
port from which methanol or CO can be formed.

While all added metal oxides increased the formation of
methanol, most of them decreased the formation of hydro-
carbons (Table 2). This might be ascribed to a coverage
of the Pd kink and corner sites where CO dissociation is
supposed to occur (18, 19). Only the acid MnO and ampho-
teric LayO3 oxides increased the formation of hydrocarbons
(Table 2). This has also been observed for Rh catalysts and
explained by an interaction between the oxygen atom of
adsorbed CO or H,,CO and acid sites of the metal oxide.
This promotes the CO dissociation process and, thus, the
formation of surface CHy species which lead to hydrocar-
bons (50).

CONCLUSIONS

Contrary to claims made in the past for supported Pd
catalysts but in agreement with studies of unsupported Pd
catalysts, the results obtained with the Pd catalyst support-
ed on impurity-free SiO, demonstrate that Pd is not a good
methanol catalyst. Molecular adsorption of CO and the
availability of activated hydrogen are not sufficient for the
formation of methanol. Basic metal oxides are needed to
give a Pd catalyst a high activity for methanol formation
from CO and H,. The clear correlation between Ca load-
ing and methanol formation supports the assumption that
the reaction takes place on bifunctional catalysts. Sites on
the metal oxide are responsible for the formation of the
formate species, and Pd activates hydrogen for the further
hydrogenation steps.

The hydrogenation of CO and CO; over X/Pd/SiO; cata-
lysts showed that the promoting effect of the additives on
the methanol formation is related to their acid-base proper-
ties. Basic sites increase the concentration of adsorbed for-
mate, whereas sites with Lewis acid properties can activate
this intermediate for the hydrogenation to methanol. This
further supports the suggestion that formate species are in-
termediates and that the additives are directly involved in
the catalytic formation of methanol, i.e. that basic metal
oxides are not merely promoters but act as co-catalysts.

While CO; is the main carbon source of methanol over
Cu/ZnO catalysts, CO is the main source over a Ca/Pd/SiO,
catalyst. High CO partial pressures may inhibit the reverse
water—gas shift reaction, the decomposition of the formate
species in water and CO and thus favor the hydrogenation
of formate to methanol.

The use of Al,O3 as a support strongly improved the Pd
catalyst activity. This can be ascribed not only to an in-
creased metal dispersion but also to the amphoteric prop-
erties of the support. The lack of a promotional effect of
Ca in alumina-supported catalysts indicates that the strong
interaction of this basic additive with the acid sites of the
support suppresses the mobility of Ca on the surface and
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prevents the formation of the catalytically active CaO—-Pd
interface.

Our results show that, for certain catalytic reactions, it
is not enough to use a commercial support of high purity
but that extreme precautions must be taken to avoid im-
purities. It is common knowledge in surface science that
single crystal surfaces should be carefully treated before
use, because impurities, even at the ppm level, often end
up at the surface and modify the catalysis; for supports this
is less well known. For a support such as alumina which
has reasonably strong acidic as well as basic surface sites,
impurities in the support or introduced during wet catalyst
preparation constitute much less of a problem. In such a
support the impurities are quite strongly bonded, and be-
cause the support has a much larger surface area than the
active catalyst, the chance of an impurity being located next
to a catalyst particle is negligible. On a support like silica,
on the other hand, the impurities are weakly bonded and
can move during catalyst preparation and end up next to
the active catalyst particles. In that position they can have a
strong influence on the catalysis. The impurity level of silica
must be in the ppm level or below in order to observe the
intrinsic catalytic properties of the catalyst particles them-
selves.
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