
.JOTJRN.\L OF C \T.kLTSJS 52, 1.i7-168 (1978) 

Selective Formation of Methanol from Synthesis Gas 
over Palladium Catalysts 

M. L. POUTSMA, L. F. ELEK, P. A. IBARBIA, A. P. RISCH, AND J. A. RABO 

Corporate Research Laboratory, Union Carbide Corporation, Tarrytown, New York 10581 

Received June 24, 1977 ; revised November 10, 1977 

Hydrogenation of carbon monoxide over supported Pd catalysts gave methanol in high 
selectivity at 260-350°C and 15616,000 psig of pressure. Methanation became significant 
only outside the temperature-pressure regime for which methanol formation is thermodynami- 
cally favorable. The behavior of Pt and Ir appears similar although fewer data have been 
gathered. The catalytic behavior of these three noble metals toward synthesis gas is thus not 
only different from that commonly thought but. also sharply contrasted with that of the other 
Group VIII metals for which ultimate C-O bond hydrogenolysis and hydrocarbon formation 
are a dominating feature. Silica-supported Pd was directly compared with Ni at 314°C and 
12.25 atm of CO : Ht (30: 70) ; Pd not only gave methanol formation rather than the methana- 
tion observed for Ni but also much less chain growth activity than Ni. It is suggested that 
these differences in catalytic performance may be related to the inability of Pd (and Pt and 
Ir as well) to chemiaorb CO dissociatively at reaction temperatures, compared to other Group 
VIII metals. 

INTRODUCTION 

The Group VIII met’als all share the 
ability to hydrogenate carbon monoxide, 
largely with ultimate hydrogenolysis of the 
C-O bond and with varying ext’ents of 
C-C bond formation. Nickel is the most 
thoroughly studied methanation catalyst 
(la). Cobalt and iron are the classic 
Fischer-Tropsch catalysts for synthesis 
of higher hydrocarbons containing small 
amounts of terminally oxygenated prod- 
ucts, especially alcohols (2). Chain growth 
to form polymethylene is maximized over 
ruthenium (2, S) at low-temperature-high- 
pressure conditions. Formation of C&I 
terminally oxygenated products (carboxylic 
acids, aldehydes, and alcohols) is charac- 
teristic of rhodium at elevated pressures 
(4). In contrast, the catalytic properties of 
palladium, platinum, and iridium for syn- 

thesis gas conversion have been much less 
extensively dcscribcd, although they have 
generally been considered to be relatively 
inactive catalysts and to form largely 
methane (1, 2b, c, 4b, 5). 

Vannice (6) recently compared the spe- 
cific activities of all the Group VIII metals 
(except OS) for hydrogenation of CO at 1 
atm of pressure (1 atm = 100.3 kN m-“) 
in a differential rcact,or; chemisorption of 
CO was used to measure metal dispersion. 
The specific activity order at 27S’C for 
metals supported on v-A1203 was : Ru > Fe 
> Xi > Co > Rh > Pd > Pt > Ir with a 
total range of -100. In an early study by 
Fischer et al. (7) with unsupported metals 
of unknown dispersion, Pd ranked last in 
methanation activity. Under Vannice’s (6) 
conditions, only hydrocarbon products were 
detected and the order of selectivity toward 
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methane formation was: Pd (no other 
significant product reported) > Pt > Ir 
> Ni > Rh > Co > Fe > Ru. This self- 
consistent data set (8) thus confirms the 
generalization made from earlier scattered 
data that Pd, Pt, and Ir arc methanation 
catalysts of relatively low activity. The Pd 
catalysts were subject to sizable support 
effects (8): Pd/q-A1203 had some go-fold 
the specific act’ivity at 275°C of Pd black; 
even at identical dispersions, Pd/q-Al& 
was some 45-fold more active than Pd/SiOz; 
however, the high selectivity to methane 
was observed throughout. Under the quite 
different reaction conditions of -500°C 
and 21 atm of CO :HP (1:3), Shultz et al. 
(1, 9) reported a mcthanation selectivity 
of 298% for Pd and -687$ for Pt, the 
remaining products being higher hydro- 
carbons. Kertamus and Woolbert (10) 
reported a modest met’hanation activity for 
Pd/AlzOs at 650°C and 1 atm. Eidus 
and co-workers (11) studied Pd/ThOz/ 
kieselguhr and Pt/kieselguhr catalysts at 
250-300°C and 3@-50 atm. Both were rc- 
ported to have very low activity and to 
produce traces of methane. In a survey of 
noble metal catalysts at high pressure, 
Kratel (12) reported that Pd black at 
280-400°C and 100 atm was comparatively 
inactive and gave traces of hydrocarbons 
but no oxygen-containing compounds. 

We report herein t’hat hydrogenation of 
CO over supported Pd catalysts produces 
methanol in high selectivity within the 
temperature-pressure regime for which 
methanol formation is a thermodynamically 
allowed process. The same behavior was 
found for Pt and Ir as well. This is then 
the first major exception to the observation 
that methanol formation from synthesis 
gas is typica. of zinc oxide and its mixed 
oxides with Cr, Mn, and/or Cu (IS), 
whereas hydrocarbon formation is typical 
of Group VIII metals. As we will show, 
there is no discrepancy between our obser- 
vations and those of Vannice (6, 8) or the 
Bureau of Mines group (9) because their 
tcmperaturc-pressure regimes were thcrmo- 
dynamically incompatible with formation 
of significant amounts of methanol. How- 
ever, it is not clear why methanol was not 
observed by Eidus et al. (11) or Kratel (12). 

EXPERIMENTAL 

Catalyst preparations. A solution of 16.7 g 
of PdClz in 200 ml of concentrated HCl : Hz0 
(50:50, v/v) was absorbed into 200 g of 
silica gel (Davison Grade 57, 6 mesh) and 
excess liquid was removed in a rotary 
evaporator at 60°C in vucuo. The sample 
was then dried in vucuo at 150°C for 3 hr, 
activated in air at 300°C for 1 hr and 

TABLE 1 

Properties of Catalysts Employed 

Designat.ion Metal support Surface Metal Metal Analysis (%) 
area dispersion crystallite 

W g-9 (%) size Metal Cl C H 

(-9 

AWGL) Pd SiO2 
I> Pd SiOs 
E Pd y-AlzOa 

G Pt SiOt 
H Ir SiOz 
M Ni SiOz 

a Not determined. 
b No Pd phase detected by X ray. 

256 26 62 4.6 0.06 0.01 0.20 
278 ND” ND 0.50 0.03 ND ND 
215 27 -b 4.8 2.9 0.03 0.59 

249 25 254 5.0 0.04 ND ND 
219 44 27 4.3 0.38 ND ND 
ND ND 158 2.7 ND ND ND 
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TABLE 2 

Conversion of Synthesis Gas over Palladium Catalysts in a Tubular Flow Reactor 

RUII Cat&&* Tempera- PIYWlre SVb CO:Hz RUIl Average rate of Final Pd 

ture bid (hr-1) time formationC rrystallitr 

(“Cl (hr) (mol liters-1 hr-1) sine” 

(A) 
CHaOH HCOKHa 

1 A 275 16,000 3,300 30:70 4 5% 0.11 160 
2 II 275 16,OOil 3,300 30:70 4 4.5 0.08 164 
3 A 275 16,000 3,300 90: 10 4 1.6 0.03 lQ6 
4 II 276 8,000 3,300 30:70 4 3.0 0.05 155 
5 C 275 8mo 3,300 30:70 a 4.4 0.05 
6 C 273 8,ooo 3.300 30:65f 2 1.4 0.08 
7 B 325 8.000 3,300 30:70 4 15.2 0.27 202 
8 I3 325 4,ooo 3,300 30:70 4 0.7 0.12 120 
9 R 3rm 1,500 3,300 30:70 4 7.1 0.03 -* 

10 C 260 750 10,000 30:70 4 0.5 tram 
11 C 330 7% 6,700 30:70 4 2.5 0.003 
12 C 325 150 3,300 30:70 4 0.48 trare -Ii 

13 D 275 8,000 3,300 30:70 2 0.13 trace 
14 E 275 16,000 3.300 30:70 4 3.3 0.18 489 

-.. 

(1 bee Table 1. 

) Feed volume at STP; bed volume = 30 ml, -13 g for SiOz-supported catalysts. 

c For trace products. see text. 

d From broadening of 28 = 40.15’ X-ray line; initial sisr for A-C -60 A. 

c Corresponds to 13.1% CO conversion. 

I COZ in feed, 5%. 

s Major line shows shoulders at lower 28 values. 
h Major line at -39.1°. 

at 400°C for 4 hr, cooled under argon, 
reduced in Hz at 300°C for 2 hr and at 
500°C for 2.5 hr, and finally evacuated 
and cooled. The analytical data, t’otal 
surface area, I’d dispersion based on CO 
chemisorption with the assumption of 1: 1 
stoichiometry, and crystallite size deter- 
mined from X-ray line broadening and the 
Scherrer equation are given in Table 1 for 

TABLE 3 

Conversion of Synthesis Gas over Noble Metal 
Catalysts in a Tubular Flow Reactor” 

Catalyst Metal Average rate of 
formation 

(mol liters-l hr-I) 

CH,OH HCOzCH3 

-h 

G 
H 

Pd 
Pt 
Ir 

5.2 0.1 
0.2 trace 
0.33 0.007 

a All runs for 4 hr at 275”C, 16,000 psig of CO: Hr. 
(30:70), and SV = 3300 hr-I. 

b Average of runs 1 and 2, Table 2. 

this catalyst, labeled A, and the other 
catalysts prepared. Catalysts B, C, and L 
were separate but operationally identi- 
cal preparations with identical properties 
within experimental error. Catalyst D was 
prepared in the same manner except that 
one-tenth the amount of PdClz was used. 
A solution of 33.4 g of PdClz in 240 ml of 
concentrated HCl : Hz0 (50 : 50, v/v) was 
absorbed into 400 g of -y-A1203 (Alcoa 
F-l, 6-S mesh). Analogous drying and 
activation gave catalyst E. 

A solution of 25 g of H&Cl, in 500 ml 
of water was evaporated in a rotary cvapo- 
rator onto 200 g of silica gel in vacua at 
60°C. The sample was dried ill vacua at 
150°C for 6 hr, activated in air at 300- 
400°C for 3 hr, reduced in Hz at 300°C for 
3 hr and at 500°C for 3 hr, and finally 
evacuated and cooled to give catalyst G. 
Catalyst H was prepared analogously from 
a solut,ion of 13 g of IrC14 in 300 ml of water 
evaporated onto 100 g of silica gel. 

A solution of 27.35 g of Ni(N03)z.6HP0 
in 250 ml of water was soaked into 200 g 
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TABLti 4 

Conversion of Synthesis Gas over a Palladimn 
Catalyst in a Gradientless Reactor* 

Exposure CHzOH CHaOH 
time level in formation 

b-1 effluent”tc rateb 
(mol y()) (mol 

liters-r 
hr-1 ) 

13,200 1.33 0.078 0.42 
4,200 2.75 0.146 0.25 
1,500 0.75 0.21 0.13 

600 1.25 0.31 0.08 
13,200 1.0 0.020 0.11 

a Catalyst L (4.6% Pd/SiOz) at 275278°C and 
11.9 atm of CO:H2 (30:70). 

b Measured at end of exposure period indicated 
for each SV. 

c Lesser amounts of CHI detected but not quanti- 
fied. 

of silica gel ; similar activation gave 
catalyst M. 

Catalytic reactors. The data listed in 
Tables 2 and 3 were obtained with a high- 

pressure stainless steel tubular rcact(Jr 

(& in. id. X 16” long) containing a 30-cm3 
catalyst charge retained between plugs of 
stainless steel wool. Temperature was moni- 
tored and controlled by means of a coaxial 
thermocouple. The premixed feed gas 
(Lindc) was passed through beds of acti- 
vated coconut charcoal and Molecular 
Sieve 13X at cylinder pressure and then 
compressed into two l-liter storage vessels 
to -9000 psig, with a lO,OOU-psi stain- 
less steel diaphragm-type compressor. The 
16,000-psig pressure was obtained by pump- 
ing oil into the storage vessel with a 
Sprague 30,000-psi fluid pump. The catalyst 
was flushed with nitrogen, conditioned in 
flowing hydrogen at 275°C and 1500 
psig overnight, depressurized and again 

flushed with nitrogen, and finally charged 
with the feed gas to the desired pressure 
from the storage vessels. Feed gas was then 
introduced at the desired constant rate by 
displacement from the storage vessel with 

TABLE 5 

Conversion of Synthesis Gas over an “Aged” Palladium Catalyst in a Gradientless Reactora 

Entry Elapsed Tem- Pressure 
(lZ) 

CHIOH CH,: CHaOH 
time perature (atm) level in CHaOHb formation 

b-1 (“C) effluent b rateb 

Cm01 2%) (mol liters-l 
hr-r) 

1 OC 290 12.25 2000 0.24 0.05 0.20 

2 1 290 12.25 8000 0.064 0.06 0.21 

3 3.5 290 12.25 800 0.37 0.07 0.12 

4 5 290 12.25 2000 0.21 0.06 0.17 

5 22.75 290 12.25 2000 0.23 - 0.19 

6 25.5 290 3.1 800 -0.03 -0.6 -0.01 

7 28d 290 28.2 800 0.98e 0.03 0.32” 

8 28.5 290 28.2 800 1.13 0.05 0.37 
9 32.5 290 12.25 2000 0.26 0.05 0.21 

10 34.8 306 12.25 2000 0.22 0.08 0.18 

11 51.5 314 12.25 2000 0.17 0.16 0.14 

12 52.5 314 12.15 800 0.23 0.30 0.075 
13 55.5 314 12.25 500 0.25 0.44 0.051 

a Catalyst L (4.6% Pd/SiOz) with C0:H.r = 30:70. 
* Measured at end of each period just before changing conditions for next entry. 
c After 48.5 hr on stream; see text. 
d A 68-hr period under Nz at 290°C intervened between entries 6 and 7. 
e Not all Np was removed; rate may be depressed; see entry 8. 



pumped oil. Downstream from the reactor, were methanol, mc%hyl formate, and (at 
pressure was reduced to 1500 psig by means highest sensit’ivity) ethanol. Met’hanol and 
of an Annin high pressure m&r valve acetaldehydc were not resolved but were 
controlled by a rcmot~e, recording Foxboro clearly stparated on a column wibh p,p’- 
controller, and the rffluent gases wcrc oxydipropionitrilc liquid phase. The prod- 
passed through a water-cooled scrubber uct assignment of methanol was confirmed 
cont’aining -100 ml of water to remove by NMR spectroscopy. Quant’itativc data 
condensable products. The final pressure were obtained by peak int,egration and 
step-down from 1500 psig was performed calibration bawd on an added acrtonc 
with a Grove “Teflon” diaphragm back- internal standard; occasional uso of quan- 
pressure regulator. The off-gases were titative KMR confirmed the reliability of 
monitored by a wet-test meter and could this procedure. 
be sampled on-line by gas chromatography. Traces of vicinal diols were determined 
At the end of a run, the transfer lines wcrc at 120°C on a silanizcd glass column of 
rinsed with water which was added to the “Carbowax ‘LOM” polyethylrnc glycol on 
scrubber. Used catalyst was soaked in “Chromosorb T” with use of (nonlinear) 
water overnight; insignificant amounts of calibration curves derived from standard 
products were obtained although methanol solutions. Care must be taken to avoid 
could bc detcct’ed. “ghosting” by previous samples (15); prc- 

The data in Tables 4 and 5 were obtained conditioning t,hc column wit,h HZ0 was 
with a stainless steel Berty-t,ypc rccirculat- essential. Diol structurrs were confirmed 
ing gradientless rcact,or (14) with 30 cm3 by evaporating most of the methanol prod- 
of catalyst placed in the catalyst basket. uct and water from a scrubber aliquot, 
The feed gas flow was controlled by a treating the residue with an CXCPSS of 
prccalibrated Circle Seal fine-needle valve 1, I-dimcthoxycyclopcntall~, and analyzing 
and a Grove “Teflon” diaphragm back- the resulting mixt8urc by int,erfaccd gas 
pressure regulator. All transfer lines were chromat’ography-mass spectroscopy. This 
heated and led dirrctly to a h&cd sampling reagent,, after consuming residual water by 
valve after the back-pressure regulator for ketal hydrolysis, convrrts diols to cyclic 
gas chromatographic analysis. kctals the mass spc&rum of which is 

Analytical procedures. The aqueous prod- dominated by a stable (M-29) ion pre- 
uct solution from t,hr scrubber (always sumably formed as shown below ; the pro- 
single phase) was analyzed by gas chro- cedure was standardized \vith aut,hcntic 
matography with use of a flame ionization diols. 
detector and a silanizcd glass column 
(6 ft X 8 mm i.d.) of “Porapak IY”. By 
appropriate tcmpcrature programming bc- 
tween 100 and lGO”C, t’he following oxy- 

RcH-cH:“:fiocH3~J---J R’ 
b” bH I I 

genated compounds could be routinely 
detected in synthetic mixtures : met,hanol, 

I 

e- impact 

ethanol, n-propanol, isopropanol, n-butanol, - CH2=CH2 

isobutanol, acetaldehyde, propionaldehydr, - H. 

n-butyraldehyde, acetic acid, propionic R R’ 

acid, wbutyric acid, acctonc, and t,hc 
formate and acetate esters of most of the 
alcohols. In all runs with Pd catalysts, the CH 

only detectable products with this column E”, 
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Gas analysis for CO, Hz, H&I, COZ, CH+ 
CSH4, CzHs, 02, and N2 was performed by 
gas chromatography with use of a thermal 
conductivity detector and two columns 
(6 ft X 0.25 in. o.d. stainless steel) of 
“Porapak QS” and Molecular Sirvc 5A con- 
nected in series through a four-way switch- 
ing valve and operated at room tcmpcr- 
ature; sample injection was performed with 
a constant-volume gas sampling valve. In 
the first phase of the analysis with the 
columns in series, Hz eluted from both 
columns (not quantifiable with He carrier 
gas); 02, Nz, CO, and CH4 passed through 
the ‘LPorapak” column and proccedcd onto 
the Molecular Sieve column ; and the other 
components remained on the L‘Porapak” 
column, Value switching then connected the 
“Porapak” column directly to the detector 
to analyze for COZ, HzO, and the Cz hydro- 
carbons while t’he Molecular Sieve column 
was dead-ended. Finally, returning the 
valve to the initial position allowed com- 
pletion of the analysis of the components 
held on the Molecular Sieve column. For 
analysis of methanol and C1 hydrocarbons 
when these were present in the gas phase, 
the same procedure was used except that 
the ‘LPorapak” column was held at 80°C to 
hasten elution of these materials. 

RESULTS 

Performawe of Palladium in a Tubular 
Reactor 

Palladium catalysts supported on high- 
surface silica gel and y-alumina were prc- 
pared by standard impregnation tech- 
niques. Catalysts were given arbitrary 
letter designations and are listed in Table 
1. These were charged to a fixed-bed 
tubular flow reactor, conditioned over- 
night in flowing Hz at 275°C and 1500 psig 
(1 psi = 6.8 kN rnv2), and then flushed 
with Nz before beginning the CO-H, feed 
gas flow. Catalytic performance was evalu- 
ated in 2- or 4-hr runs as a function of 

temperature, prcssurc, space v&city [SV 
= (volume feed at STP) . (volume of cata- 
lyst bed)-‘. hours-l], and CO : Hz feed ratio. 
Condensable liquid products were scrubbed 
by cold Hz0 at 1500 psig (or at reaction 
pressure, if lower) and analyzed at the 
conclusion of the run by gas chromatog- 
raphy and NMR spectroscopy; all liquid 
products were miscible with HzO. The 
gaseous effluent was analyzed on-line by 
gas chromatography. Results are compiled 
in Table 2. 

Methanol was the dominant product 
(typically 98-99s selectivity) over the 
range 260-350°C and 150-16,000 psig. The 
rates of methanol formation shown [moles. 
(volume of reactor bed)-‘. hours-‘] arc 
averaged over the t’cst period and therefore 
mask any effects of catalyst decay while on 
stream (see below). The only other easily 
detectable product was methyl formate, 
typically 1-2 mol% of the amount of 
methanol over Pd/SiOz catalysts. Occa- 
sional use of specific trace analysis tech- 
niques, however, revealed other oxygenated 
products at t’he level of <O.l mol% of 
methanol. For example, runs 7, 8, and 9 
gave ethanol at levels of 0.03, 0.04, and 
0.14 molyO of methanol, respectively. All 
runs at 2 1500 psig gave minute amounts 
of vicinal diols. For example, run 2 gave 
ethylene glycol (0.05 molyO of methanol) 
and (tentatively assigned) propylene glycol, 
l,Zbutancdiol, and 2,3-butanediols; the 
molar ratio of these diols was 1: -0.7: 
<O.l : -0.5. No methane nor any other 
gaseous hydrocarbons were found in super- 
atmospheric runs at an analytical sensi- 
tivity which should have detcctcd a mcth- 
ane formation rate of 0.015 mol liters-’ 
hr-‘. Thus for the highest methanol pro- 
ductivity encountered (at 325’C and 8000 
psig of CO: Hz = 30:70; run 7), the ratio 
CH, : CHSOH < 10p3. In a run with catalyst 
C at 325OC and atmospheric pressure, 
traces of both methane and methanol were 
found. 
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Although the runs shown in Table 2 were 
not performed with the careful temperature 
cont’rol and low conversion levels required 
to derive accurate kinetic information, 
certain semiquantitative effects of reaction 
variables on the rate of methanol formation 
for the SiOz-supported examplrs (runs 
l-13) arc readily apparent. Incwased prcs- 
sure at CO:H, = 30:70 and SV = 3300 
hr-l increased the rate at both 275°C (runs 
1, 2, and 4) and 325°C (runs 7, 8, and 12). 
However, any attempt to dctcrminc the 
overall pressure exponent is futile because 
of the small spread in the dat’a except for 
run 12 which, as we will show below, was 
equilibrium limited. The decreased rate 
with increased CO : Hz ratio (runs 1, 2, and 
3) shows that the pressure dependence on 
Hz must be more positive t,han that’ on CO ; 
this behavior is analogous to that for 
methanation at atmospheric pressure (6’). 
Added carbon dioxide (runs 5 and 6) is 
mildly inhibitory. The temperature dc- 
pendencc, based on comparison of runs 4 
and 7 at SO00 psig of CO : Hz = 30 :70 and 
of runs 10 and 11 at 750 psig, is relatively 
modest. Decreasing the I’d level on SiOZ by 
a factor of 10 (runs li and 13 at 275°C and 
5000 psig of CO : Hz = 30 :70) decreased 
the rate by an even greater factor of 34; 
this surprising phenomenon has not been 
investigated further. y-Alumina support 
was comparably effective to SiOZ (runs 1, 
2, and 14); this behavior contrasts sharply 
with that reported (8) for methanation at 
atmospheric pressure for which q-AL03 was 
some 4:i-fold as effective as SiOZ at com- 
parable Pd dispersions and for which therc- 
fore a favorable electronic effect of t,ht: more 
acidic support was invoked. 

Fresh Pd/SiOz catalysts had a metal 
dispersion of --25y0 based on CO chemi- 
sorption and 1: 1 surface stoichiomctry 
[but see Ref. (IGa)] and a metal crystallite 
size of -60 .& based on X-ray line broaden- 
ing. Examination of used cat’alysts uftcr 
depressurization and removal from the re- 

actor into ambient conditions revealed 
several changes from the fresh material. 
Chemical analysis showed no detectable Pd 
loss but some accumulation of carbon 
(m1..5,% C for runs at 16,000 psig). In- 
frared spectra of degasscd, used catalysts 
showed two sharp bands at -22555 and 
-29% w-l. Since most, of the carbon 
found by analysis as well as thrse C-H 
&etching bands could be rrmovcd by 
c>xtrnct,ion with boiling HzO, surface meth- 
oxylation of the SiOZ support by the 
methanol product is implicated (17). For 
the runs at 24000 psig the Pd X-ray line 
at 28 = 40.15” narrowed, indicative of 
crystallite growth from -60 to 1.5@-200 A. 
Used catalysts from lowr pressure runs 
also showed an ‘(extra” broadened line at 
lower 20 values approaching that of the 
@-palladium hydride phase (18, 19). This 
behavior may represent a residual p-PdH, 
phase because of slow Hz loss from slightly 
surface-contaminated samples (20) but was 
not studied further. Infrared spectra of 
adsorbed CO on fresh and used catalysts 
wcrc compared by treating the samples in 
Hz at 5OO”C, degassing, and exposing to 
200 Torr (1 Torr = 133.3 Nm-*) of CO 
at ambient temperature. Fresh catalysts 
showed the expected narrow band at 2085 
cm-’ and a broad band at 1970 cm-l (21). 
Used catalysts from runs 1 and 3 retained 
a significant amount of the lower frequency 
band but none of the >2000 cm-1 band. 

Such behavior has been associated (22) 
with the formation of more well-annealed 
Pd crystallitrs which expose a smaller 
fraction of high index planes. These data 
together thus indicate I’d mobility on the 
support under reaction conditions to give 
larger crystallites and loss of Pd surface 
area. The total surface area of the SiOZ- 
supported catalysts did not significantly 
change with use but that of catalyst E on 
r-AlzO, showed a decrease from 21.5 to 
SO m* g-l (run 14). 
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Performance of Platinum and Iridium 

A comparison of Pd, Pt, and Ir, each 
supported on SiOZ, is shown in Table 3 for 
runs at 275°C and 16,000 psig of CO: HP 
(30 : 70). The latter two noble metals were 
at least an order of magnitude less active 
than Pd for comparable weight percentage 
loadings (approximately one-half the molar 
loadings) but they were fully analogous with 
respect to selective methanol formation. 

Perjormance of Palladium in a Gradientless 
Reactor 

The equilibrium constant for methanol 
formation can be calculated from standard 
thermochemical data (2s) to be: 

log K, (atm-2) 

= log 
(PC,,,,) (YCHaOH) 

(Pco>(Yco)(~H,)*(YH~)~ 1 
= (5280). (l/T) - 12.78 

which coincides reasonably well with the 
rather scattered experimental data avail- 
able (1%). Assuming that the fugacity 
coefficient (y) ratio will be near unity for 
relatively low pressures (I%), we can 
calculate approximate equilibrium-allowed 
conversions to methanol as a function of T 
(in degrees Kelvin) and 

P = (PCH~OH + Pco + PHI). 

For example, at 325°C and 150 psig of 
CO: Hz (30:70) (the lowest pressure entry 
in Table 2, run 12), the limiting calculated 
conversion is 0.7yc; the actually observed 
conversion was 1.1%. Hence within the 
accuracy of the calculated K, value and 
the ideality approximations involved, this 
run had achieved equilibrium. Of course, 
under these conditions the formation of 
methane is still highly allowed. Hence it 
was of interest to observe the CHI : CHBOH 
ratio in the temperature-pressure regime 
where formation of the latter becomes 

seriously equilibrium limited. A second 
series of runs was therefore conducted in a 
back-mixed gradientless flow reactor of the 
type described by Berty (14) to achieve 
better temperature control and differential 
reactor conditions. Both methanol and 
methane were analyzed on-line as gases by 
use of a heated gas sampling valve and gas 
chromatogra.phy. 

The initial observation under these con- 
ditions was a relatively rapid decay of 
activity with time on stream. An example 
is shown in Table 4 for Pd/SiOz at 27*5- 
278°C and 11.9 atm of CO : Hz (30 : 70). The 
catalyst was conditioned overnight at 
275°C and 150 psig of H,; feed was then 
introduced and data were taken as a 
function of SV (effluent CO analysis con- 
firmed that complete reactor flushing had 
occurred at the first sampling point). The 
instantaneous rate (proportional to the 
steady-state CHSOH level in the well- 
stirred reactor) at a given flow rate ap- 
peared to decrease markedly with decreas- 
ing SV. However, return to the initial 
conditions after -6 hr on stream revealed 
a fourfold decrease in rate. X-Ray line 
broadening indicated a parallel increase in 
Pd crystallite size from -60 to -200 A, 
similar to that observed under much higher 
pressures in the flow reactor studies. Pre- 
sumably a similar decay process in the 
early parts of the runs in Table 2 is con- 
cealed by the lack of instantaneous rate 
data. 

More extensive data were collected from 
a run in which we first attempted to produce 
a “stabilized catalyst” after the initial rapid 
crystallite growth. Thus a catalyst was not 
only conditioned in Hz as before but then 
was also exposed at 290°C to 12.25 atm 
of CO: Hz (60:40) for 30.5 hr followed by 
CO: Hz (30 :70) for another 18 hr, all at 
SV = 2000 hr-‘. This procedure did indeed 
produce a relatively stable catalyst as 
shown in Table 5 by several comparisons 
of rate under identical conditions after 
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varying times on stream (for example, over this period. Note again the sharp 
compare entries 1, 4, 5, and 9). In Table 5 increase in CH, : CHsOH ratio at the lowest 
the analytical data to determine instan- pressure of 3.1 atm. Finally, entries 9-11 
taneous rate were taken for each entry at showed a small decrease in rate at 12.25 
the elapsed time shown (plus the 48.5 hr of atm and SV = 2000 hr-’ when the tcm- 
conditioning) ; the time allowed to achieve peraturc was increased by 24°C; this result 
steady-state conditions at the conditions of is again most easily interpreted in terms of 
any entry can be obtained by subtracting an increasing contribution from reversal 
the elapsed time of t’hc previous entry. of methanol formation. 

Changing the CO :Hz feed ratio from 
60 :40 to 30 : 70 during the conditioning 
period led to a twofold rate increase (data 
not listed in Table 5), again indicative of a 
more positive pressure dependence on Hz 
than CO. Entries l-5 at 290°C and 12.25 
atm probe the effect of SV; the calculated 
equilibrium level of CHsOH is 0.55 molyG. 
The fourfold decrease from 8000 to 2000 
hr-l led to almost no change in rate, i.e., 
an almost fourfold increase in steady-state 
CH,OH level from 0.064 (7.5% of equilib- 
rium) to 0.23 mol% (27% of equilibrium). 
However, a further B.&fold decrease in SV 
gave a 1.6-fold decrease in rate as the 
CHIOH level increased further to 0.37 
mol% (44y0 of equilibrium). Such be- 
havior would be expected either because of 
significant reversibility of CHsOH forma- 
tion or because of t’rue product inhibition 
in the methanol-forming pathway. The 
precision of the data do not allow a dc- 
cision. For this set, the ratio CH,:CH,OH 
did not change significantly. Entries 11-13 
form a second set of SV variat’ion at 314°C 
and 12.25 atm. Here both a decline in 
CHsOH format’ion rate and an increase in 
CH,:CH,OH ratio occur. The CHsOH 
level in entry 13 is 70% of equilibrium. 
Again the precision of the data does not 
allow us to decide whether the CH, : CH,OH 
ratio finally begins to increase because of 
an independent route to CHI or hydro- 
genolysis of CH,OH or both. Entries 3, 6, 
and 8 reveal the significant’ effect of in- 
creased pressure at constant temperature 
(290°C) and SV (800 hr-‘) ; flanking entries 
1 and 9 indicate absence of catalyst aging 

Comparisoa with nickel. Nickel is gener- 
ally rccognizcd to give the most selective 
mot,hanation and t’he least C-C bond 
formation of the common Fischer-Tropsch 
catalysts, i.e., Xi, Co, Fe, and Ru (2, G). 
To compare with Pd under identical con- 
ditions, a 2.7% Ki/SiO, catalyst (Table 1, 
catalyst M) was charged to the same 
gradientlcss reactor, flushed w&h T\Ts over- 
night at 300°C and 12.25 atm, and then 
conditioned with CO:Hz (30:70) for 3.75 
hr at -29O”C, 12.25 atm, and SV -12,000 
hr-* ; there was evidence of rate decline 
during t’his period. Under stabilized con- 
ditions of 295”C, 12.25 atm of CO:H2 
(30 :70), and SV = 14,000 hr-I, the ob- 
served products were methane, ethylene, 
ethanc, propylene, and propane in a molar 
ratio of 1:0.02:0.23:0.08:0.09 for a C1: 
cz:c3 ratio of 1:0.5:0.5 on a carbon 
content basis. The total rate of CO con- 
sumption was 6.3 mol lit’crs-’ hr-‘. Even 
higher hydrocarbons may well have been 
formed since the analysis was t,runcated at 
Cs. So methanol could be det’ected. After 
24 hr on stream, the CO consumption rate 
had decreased to 2.5 mol liters-’ hr-1 but 
the molar ratio of the five hydrocarbons 
(1:0.03 :0.26 :0.09 :0.06) had barely changed. 

The hydrogenation of carbon monoxide 
over supported Pd catalysts is charac- 
t,crized by highly selective methanol pro- 
duction within the t’cmperature-pressure 
regime for which the activity of the catalyst 
and the restraints of thermodynamics allow 
its formation. [The facile decomposition 
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of CHIOH to CO and Hz over Pd/asbestos 
has been reported (24) outside this regime.] 
Outside this range slower methanation 
occurs. The previous descriptions of selec- 
tive methanation over Pd catalysts by 
Vannice (6) and Schulz and co-workers (9) 
were indeed for conditions outside the 
allowed methanol formation range. Thus 
at 275°C and 1 atm of CO: Hz (1:2) 
feed (6)) the equilibrium-limited, calcu- 
lated final CHsOH:CO ratio is 3.2 X 10e4; 
similarly at 499°C and 21 atm (9), 
(CH,OH:CO), is 2.3 X 10h4. In contrast, 
the studies by Eidus and co-workers (11) 
at 250-300°C and 30-50 atm were in the 
range where CH,OH would have been 
expected but apparently was not observed. 
In their catalyst formulation (Pd/ThOz/ 
kieselguhr), thoria may well not be an inert 
component. The failure of Kratel (12) to 
observe CH30H at high pressures over Pd 
remains a puzzle ; he did however report 
traces of CHIOH over Pt catalysts. 

At least at the very high pressures 
studied herein, Pt and Ir share the selec- 
tivity of Pd toward CH30H formation, 
albeit at lower rates. 

Palladium thus stands in complete con- 
trast with its congener Ni with respect to 
ability to cleave the GO bond. It differs 
completely from its other nearest neighbor, 
Rh, in its comparative inability to catalyze 
C-C bond formation (4). 

The mechanism of methanation over Ni 
has been widely studied (1) but is still the 
subject of active debate. Araki and Ponec 
(25~) recently described extensive static 
methanation studies on Ni films at 250- 
300°C and fractional Torr pressures from 
which they concluded tha.t the initial step 
is dissociative chemisorption of CO followed 
by exhaustive hydrogenation of the rcsult- 
ing separate C and 0 adatoms. In this 
mechanism (25) complete C-O bond rup- 
ture precedes any hydrogenation and no 
partially hydrogenated, oxygenated inter- 
mediates (lb), which could be potential 

precursors of formaldehyde or methanol, 
are involved. Wentrcek and co-workers (26) 
carried out pulsed experiments and reached 
the same mechanistic conclusion. In this 
work it was demonstrated that a pulse of 
pure CO was disproportionated to gaseous 
COZ and surface carbon at >175”C and 
that the latter could subsequently be re- 
moved as CH4 by a pulse of Hz. Similar 
studied by Rabo and co-workers (27) sup- 
port this behavior for Ni/SiO, at 300°C. In 
contrast, parallel studies (27) with Pd/SiOz 
showed that pulsing with CO at 300°C 
gave only traces of CO,. However, CO 
was retained, presumably in undissociated 
chemisorbed form, and could be largely 
methanated by subsequent pulses of Hz. 
(The Hz pressure in pulsed experiments is 
too low to allow significant CH,OH for- 
mation.) These pulsed studies thus show a 
sharp contrast in the abilities of Pd and 
Ni to adsorb CO dissociatively. Combining 
this information with the catalytic be- 
havior reported herein, we suggest that 
the ability of Pd (and of Pt and Ir as well) 
compared with Ni to catalyze methanol 
formation to the virtual exclusion of 
methane under elevated pressure results 
from its excellent hydrogenation ability 
coupled with its inherent tendency to 
adsorb CO nondissociatively even at re- 
action temperatures. 

The adsorption behavior of CO on tran- 
sition metals at room temperature under 
UHV conditions has recently been sum- 
marized (28). Adsorption is nondissociative 
not only on Pd (1B), Ir, and Pt, but also 
on Ni and Ru ; only Fe gives evidence for 
CO cleavage. However, at >2OO”C, dis- 
sociation occurs also on Ni (29). Rhodin 
(29a) determined the energy separation 
between the 1~ and 4a levels of molecularly 
adsorbed CO by photoemission spectros- 
copy using synchrotron irradiation and 
suggested that increased level separation 
(Pt < Ir < Pd < Ni ,$ Ru < Fe) was 
diagnostic of greater C-O bond lengthening 
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in the adsorbed state and therefore of a 
lowered activation energy for dissociation. 
[A resolution of the higher energy PES 
band of Pd into l?r and 5a lrvrls has bran 
described (SO)]. By this spectroscopic 
criterion, the tendency toward dissociation 
should be least for Pt and should increase 
as one proceeds upward and toward the 
left in the Periodic Table, in agrremcnt 
with available chemisorption da,ta. The 
order of heats of adsorption of 0 and C 
atoms, another fact’or which will contribute 
t,o the tendency toward dissociative chrmi- 
sorption, also increases in a similar order 
throughout Group VIII @8b, $1). We 
suggest then that the catalytically signifi- 
cant break at -300°C with respect to 
retention of the C-O bond occurs between 
the lower right-hand triad, Pt, Pd, and Ir, 
and the rest of Group VIII. 

The implication is thus that the mech- 
anism of CH,OH formation on Pd involves 
addition of adsorbed H atoms t,o adsorbed 
CO and must thrreforc proceed through 
partially hydrogenated CH,O surface com- 
plexes. It is of interest to note t,hat co- 
adsorption of CO and Hz at room tem- 
perature and UHV conditions on a Pd (110) 
surface leads to an ordered mixed surface 
structure as judged by LEED results but 
one with minimal interaction as judged 
by thermal desorption and work function 
studies (32). The rate response to CO : Hz 
ratio suggests that Hz competes poorly 
with CO for surface sites, in accord with 
known heats of adsorption (6, SW). 

Our data include cases (ent,ries 6, 12, 
and 13 of Table 5) where the CH,:CHsOH 
ratio increased when the formation of 
CHSOH became equilibrium limited. How- 
ever, we do not have sufficient data on 
product formation profiles vs time to 
indicate whether methane formation under 
these conditions occurs by hydrogcnolysis 
of methanol as an intermediate or by an 
independent pathway from CO and Hz 
parallel to that of methanol formation, 

It has been demonstrated for certain 
reactions involving Hz that the ar-Pd-H 
solid solution and /?-Pd-H phase can 
possess differing catalytic activities (18, 
8s). Most of our experiments were carried 
out at tc>mpcratures and pressures high 
c>nough so that those phases merged (18, 
19). However, some of those in Table 5, 
chosctn to rclprclscnt temprraturc-pressure 
condit,ions rclstricting CHsOH formation, 
thcrc>by fall near the critical solution tem- 
pcraturr and pressure (300-310°C and 20 
atm Hz) for t,hc bulk o( and p phases. Hence 
there is an ambiguit,y in specifying the 
composition of the m&al phase(s) at this 
point, particularly if small particles are 
dominated by surface effects which lead 
to deviations from bulk phase diagrams 
(33). Whcthcr this has any secondary rela- 
tionship to our catalytic rc>sult,s is not 
apparent. 
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