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0 

Cesium formate significantly promotes methanol and C2 oxygenate (methyl formate MF and 
ethanol EtOH) synthesis over the Cu/ZnO catalyst. 13C NMR analysis of the product obtained from 
WH30H and ‘ZCO/H2 shows that MF is formed by direct carbonylation of methanol and EtOH is 
formed by coupling of oxygenated C, intermediates originating from methanol. The C, coupling 
mechanism overrides various CO insertion paths to ethanol over the present CsiCulZnO catalyst. 
The kinetic significance of C, aldehydic species such as adsorbed formyl and formaldehyde is 
supported by experimental evidence and theoretical calculations. o 1988 Academic press. IIIC. 

INTRODUCTION 

Promotion of higher alcohol and oxygen- 
ate synthesis over methanol synthesis cata- 
lysts by doping with alkali metal ions has 
been shown to occur over both the early 
reported high-pressure (20.3-25.3 MPa) (1 
atm = 0.1013 MPa) and high-temperature 
(673-723 K) zinc chromite catalysts (I) and 
the newer low-pressure (2-10 MPa) and 
low-temperature (500-600 K) copper-based 
catalysts (2, 3). One of the earliest studies 
was conducted by Morgan et al. (4), where 
it was shown that the salts of alkali metals, 
particularly of rubidium and cesium, are ef- 
fective promoters of higher oxygenate syn- 
thesis over a Cr203/Mn0 catalyst. Re- 
cently, Vedage et al. (5) reported that over 
the copper-based catalysts, heavy alkali 
ions are also effective promoters for higher 
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oxygenate synthesis. However, the effect 
of alkali doping on the synthesis of metha- 
nol has until recently been reported to in- 
clude mainly the retardation of the reaction 
and lowering of the selectivity to methanol 
(2, 4, 6). Over transition metal catalysts 
such as palladium supported on silica (7), 
alkali doping inhibited methanol formation, 
whereas over copper-based methanol syn- 
thesis catalysts, the patent literature (8) 
specifies the absence of alkali from the cat- 
alyst composition for the selective synthe- 
sis of methanol. However, in 1986 a report 
from this laboratory demonstrated that 
heavy alkali, particularly cesium, also pro- 
mote methanol synthesis when used at opti- 
mum surface concentrations (9). 

Numerous reaction mechanisms have 
been proposed for methanol synthesis, and 
the development of mechanistic concepts 
has been summarized and discussed else- 
where (10, 11). The existence of formate 
and methoxy intermediates on the surface 
of the Cu/ZnO-based catalysts has been 
firmly established with the use of tech- 
niques such as in situ infrared spectroscopy 
(12), chemical trapping (13, 14), and iso- 
tope labeling (Z5), and more recently the 
presence of a formyl or aldehydic interme- 
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diate has also been reported (16-18). In the 
case of higher alcohol synthesis, the obser- 
vation of a formyl or aldehydic intermedi- 
ate is significant in view of mechanistic pro- 
posals put forward as early as that of 
Morgan et al. (4), which suggest that the 
synthesis occurs via the aldol coupling of 
the C, intermediate with other aldehydic in- 
termediates, followed by partial dehydra- 
tion and hydrogenation. A similar reaction 
mechanism has recently been invoked by 
Vedage et al. (5) and has been used in ex- 
plaining the promotional effect of alkali 
metal ions such as cesium in the selective 
synthesis of higher alcohols, in particular 
the branched product 2-methyl-1-propanol. 

The present paper reports on a mechanis- 
tic investigation of the initial steps of higher 
oxygenate synthesis over the Cs/Cu/ZnO 
catalyst. Aside from methanol, methyl for- 
mate and ethanol are the initial side prod- 
ucts. The rate of methyl formate formation 
can be taken as a measure of C-O bond 
formation and that of ethanol as a measure 
of C-C bond formation. 

The synthesis of methyl formate can oc- 
cur by direct carbonylation of methanol, 

CH30H + CO + HCOOCH3 (1) 

by dehydrogenative coupling of two metha- 
nol molecules, 

2CH30H + HCOOCH3 + 2H2 (2) 

or the related Tischenko dimerization of 
formaldehyde, 

2HCH0 -+ HCOOCH3 (3) 

or by the esterification of formic acid with 
methanol 

HCOOH + CH30H -+ 
HCOOCH3 + Hz0 (4) 

The direct carbonylation (1) has been a fa- 
vored reaction mechanism over alkali alk- 
oxide catalysts (19-21) but dehydrogena- 
tive coupling of methanol (2), thought to go 
via methanol dehydrogenation followed by 
the Tischenko reaction (3), has been sug- 

gested for the copper-based catalysts (22). 
A reaction path from formaldehyde and 
methoxide via a “hemiacetal” intermediate 
(5) has also been proposed for the copper- 
based catalysts (23, 24) where the reac- 
tants are surface-bound species (25). The 
“hemiacetal” intermediate has also been 
reported (26) to be important for the re- 
verse of reaction (.5), 

HxC-0 H 

H&-O 
\ /H 

C 

A hemiacetal mechanism similar to (5) 
has also been invoked by Vedage et al. (5) 
as a general path to methyl esters in higher 
oxygenate synthesis. However, Smith et al. 
(27) found that the rate constant for methyl 
formate synthesis over the Cs/Cu/ZnO cat- 
alysts had a much higher value than that for 
higher methyl esters, and this result indi- 
cates that the mechanism for methyl for- 
mate may be different from that for higher 
esters. Since the CsiCuiZnO catalyst has 
both the basic alkali component and the 
hydrogenation-dehydrogenation Cu/ZnO 
components, it is of interest to determine 
whether the alkali-catalyzed carbonylation 
reaction (1) prevails on this catalyst over 
reactions (2)-(4) that require dehydrogena- 
tion of methanol. 

The synthesis of ethanol has also been 
proposed to occur by several paths. These 
can be divided into three principal catego- 
ries: direct synthesis from CO/Hz, 

2C0 + 4H2 -+ CzH50H + Hz0 (6) 

homologation of methanol by CO/Hz, 
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CH30H + CO + 2H2 + 
C~HSOH + Hz0 (7) 

and coupling of two methanol molecules 

2CH30H + CZHSOH + Hz0 (8) 

Reaction (6) has been proposed for the syn- 
thesis of ethanol over supported Rh cata- 
lysts (28, 29), while reaction (7) has been 
employed to describe alcohol formation in 
Fischer-Tropsch synthesis (30-33) and in 
higher alcohol synthesis over alkali/Cu- 
based (1, 5, 34) or other (35) catalysts. The 
synthesis of ethanol over unspecified high- 
pressure alcohol synthesis catalysts has 
been proposed by Graves (36) to occur by 
reaction (8), and higher alcohols would be 
formed by analogous coupling reactions. A 
modification of reaction (8) has been in- 
voked for alcohol synthesis over alkali 
acetylide catalysts (37) in which C, alde- 
hydic intermediates are the reactants, 

2CH30H -2Hi 2H2C0 + 
CH20H . CHO 2 C~HSOH. (9) 

The various classes of methyl formate 
and ethanol-forming mechanisms can be 
distinguished by experiments in which the 
source of carbon atoms of the C2 oxygen- 
ates is traced to carbon monoxide or to 
methanol. The reactions of isotopically la- 
beled mixtures of i3CH30H and ‘*CO/H2 
were used to this end, and the appearance 
of r3C in each individual carbon of methyl 
formate and ethanol (and propanol) has 
been followed and quantitatively analyzed 
by 13C NMR of the collected product. The 
results of the analysis presented below 
show that the dominant source of the 
methyl (carbonyl) group of the methyl for- 
mate is methanol (carbon monoxide) and 
the dominant source of both carbons of eth- 
anol is methanol. This synthesis pattern is 
consistent with the dominance of path (1) 
for methyl formate and of path (8) or (9) for 
ethanol. Independent evidence from pre- 
vious studies indicate the kinetic signifi- 

cance of surface aldehydic intermediates 
(15, 18) and favors the aldehyde coupling 
reaction (9) over the alcohol coupling reac- 
tion (8) for ethanol synthesis over the 
present Cs/Cu/ZnO catalyst. 

EXPERIMENTAL 

Catalyst preparation involved the initial 
precipitation of the hydroxycarbonate pre- 
cursor, identified as aurichalcite (Cu1.5Zn3.5 
(C03)2(OH),) by Himelfarb et al. (329, by 
previously described procedures (39) fol- 
lowed by stepwise calcination to 623 K to 
give the CuO/ZnO = 30/70 mixture. Ce- 
sium doping with CsOOCH in aqueous so- 
lution was carried out either after precursor 
calcination, the catalyst so prepared being 
termed “calcined-doped,” or after reduc- 
tion of the catalyst in 2% H2/N2 at 523 K, 
termed “reduced-doped” catalyst. In the 
latter case, the catalysts were prepared by 
removing the reduced catalyst (Cu/ZnO) 
from the reactor under N2 and adding 2.5 g 
to 2.5 ml of Nz-purged CsOOCH solution at 
323 K. The solution was then evaporated to 
dryness under flowing NZ, and the resulting 
doped catalyst was reintroduced into the 
reactor under N2 for the determination of 
its activity. Both doping procedures have 
been shown to deposit the alkali salt in 
a molecularly dispersed submonolayer. 
Quantitative X-ray photoelectron spectro- 
scopic (XPS) analysis led to the conclusion 
that the alkali salt was located predomi- 
nantly on the zinc oxide component of the 
catalyst (40). 

A ternary Cu/Zn/Al catalyst was also 
prepared by initial precipitation of a hy- 
droxycarbonate precursor (41-43), which 
in this case had a hydrotalcite structure 
(44). Hydrotalcite is a naturally occurring 
mineral having the typical composition of 
Mg6A12(0H)&03 * 4H20, whereas the cat- 
alyst precursor prepared here contained Cu 
and Zn in place of the magnesium and was 
isomorphous with the natural mineral. The 
hydrotalcite-like precursor was subse- 
quently calcined at 623 K in the usual man- 
ner to give the oxide form of the catalyst 
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and then doped with cesium as previously 
described for the calcined-doped binary 
CuO/ZnO catalyst. Before being subjected 
to the reaction conditions, the catalyst was 
reduced in 2% H2/Nz at ambient pressure at 
523 K. The reduction process was moni- 
tored by gas chromatographic analysis of 
water in the exit gas and was terminated 
when a sudden decrease in the production 
of water was observed. Such a reduction 
resulted in a catalyst that was black (4.5) 
and had a high activity (39). 

Catalyst testing was carried out in a fixed 
bed continuous flow reactor operating at a 
total pressure of 7.6 MPa. Details of reactor 
construction and mode of operation have 
been described previously (39, 46). Por- 
tions of 2.45 g of the Cs/Cu/Zn catalyst 
having a particle diameter between 0.85 and 
2.0 mm were used, and the catalyst was 
diluted with approximately three times its 
volume with 3-mm Pyrex beads. The exit 
gas from the reactor was sampled every 22- 
60 min using an in-line automated heated 
sampling valve and analyzed in a Hewlett- 
Packard 5730A gas chromatograph that was 
coupled with a Model 3388A integrator- 
controller unit. Reaction products were 
separated on a Poropak Q column and were 
identified by comparison of their retention 
times with those of known standards and 
also from their mass spectroscopic frag- 
mentation patterns, as determined with the 
use of a Finnegan-4000 GC/MS spectrome- 
ter. 

Initial catalyst activities were determined 
at 523 K with a synthesis gas composition 
of Hz/CO = 2.33, gas hourly space velocity 
(GHSV) = 6120 liters (STP)/kg cat/h, and 
at a total pressure of 7.6 MPa. The steady- 
state activities established after 24 h under 
these conditions were used to compare the 
methanol synthesis rates over the different 
cesium doped catalysts. Under these reac- 
tion conditions, methyl formate, ethanol, 
carbon dioxide, and traces of methane and 
water were the only side products. Under 
more severe reaction conditions of higher 
temperatures and lower GHSV with a Hz/ 
CO = 4.5 synthesis gas, I-propanol, methyl 

acetate, and 2-methyl-1-propanol were also 
detected and analyzed. 

The mechanism of the formation of lower 
oxygenates such as methyl formate, etha- 
nol, and 1-propanol over a 0.4 mol% Cs/ 
Cu/ZnO catalyst was studied by the use of 
i3C-enriched methanol that was injected 
continuously into the synthesis gas flowing 
over the catalyst operating under steady- 
state synthesis conditions. The methanol 
was enriched by a factor of 22.3 over the 
natural carbon-l 3 abundance of 1.1 I at.%. 
The enriched methanol was introduced into 
the synthesis gas feed at the inlet of the 
reactor using a high-pressure Gilson Model 
302 pump. The injection rate was such that 
the carbon introduced as methanol did not 
exceed 10% of the total carbon introduced 
as carbon monoxide and the concentration 
of injected methanol was substantially less 
than the equilibrium methanol concentra- 
tion for the reaction conditions used, T = 
490-543 K, P = 7.6 MPa, and HZ/CO = 
0.45. Under these conditions, methanol de- 
composition, and thus scrambling of the i3C 
label between methanol and the reactant 
carbon monoxide, was suppressed and the 
system was not significantly perturbed by 
the injected methanol. During the “C-en- 
riched methanol injection experiments, and 
also control experiments using methanol 
containing natural abundance i3C carried 
out under identical conditions, the reaction 
products were collected using liquid nitro- 
gen traps placed downstream from the back 
pressure regulator and transferred to NMR 
tubes that were subsequently sealed. The 
i3C spectra were obtained with a JEOL 
FX90Q Fourier transform NMR spectrom- 
eter using broadband proton decoupling. 
Quantitative measurements were made by 
suppressing the nuclear Overhauser effect 
using a gated decoupling sequence and uti- 
lizing a 45” pulse angle with sufficiently long 
pulse delays (10 s). Quantitative analysis of 
i3C in each carbon was made by peak height 
measurements based on calibrations of i3C 
signals from mixtures of alcohols of known 
composition. 

Surface areas of the tested and untested 
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catalysts were determined by the BET 
method using argon gas, assuming an area 
of 0.168 nm2/argon atom (47). Samples 
were loaded under N2 into the BET appa- 
ratus, evacuated overnight, and subse- 
quently heated under vacuum for 1 h at 383 
K prior to the surface area measurement at 
77 K. 

RESULTS 

Before the effect of cesium doping on the 
rate of methanol and higher oxygenate syn- 
thesis was studied in detail, conditions 
were established such that reaction rates 
were obtained when the reactor was operat- 
ing in the differential mode. A detailed anal- 
ysis (48) further showed that external mass 
and heat transfer, plus intraparticle diffu- 
sion limitations, were negligible in the case 
of the Cu/ZnO catalyst under the reaction 
conditions employed in this investigation, 
The activities and apparent activation ener- 
gies of various cesium doped binary cata- 
lysts were subsequently obtained under 
these conditions. 

600, 

.= Reduced - doped 

300’ m= Calcined - doped 

k 
0.4 0.8 1.2 1.6 2.0 

Nominal Cs Cont. Mol.% 

FIG. 1. Yield of methanol as a function of cesium 
loading over the catcined-doped (H) and reduced- 
doped (0) binary Cu/ZnO catalyst. Testing condi- 
tions: T = 523 K, P = 7.6 MPa, Hz/CO = 2.33, catalyst 
weight = 2.45 g, GHSV = 6120 liters (STP)/kg cat./h. 

Nominal Cs Cont. Mol.% 

FIG. 2. Yield of methyl formate (A) and ethanol (0) 
as a function of cesium loading over the calcined- 
doped Cu/ZnO catalyst. Experimental conditions are 
given in Fig. 1. 

Effect of Cesium Content on Activity and 
Selectivity 

In Fig. 1 is shown the effect of cesium 
loading on the rate of methanol formation 
over the binary Cu/ZnO catalyst at 523 K, 
7.6 MPa, and H2/C0 = 2.33. It is evident 
that the two different preparations, re- 
duced-doped and calcined-doped catalysts, 
produced identically active catalysts. Up to 
0.4 mol% loading of cesium, the activity for 
methanol formation increased rapidly from 
260 to 550 g/kg cat./h, beyond which the 
rate passed through a broad maximum at 
0.8 mol% cesium followed by a decrease in 
activity. The effects of cesium loading on 
the methyl formate and ethanol formation 
over the calcined-doped Cu/ZnO catalysts 
are shown in Fig. 2. The surface cesium 
dopant promoted the formation of both 
products, with methyl formate, like metha- 
nol, passing through a distinct maximum 
but at a higher cesium concentration of 1.2 
mol%. The activity for ethanol increased 
from zero at a 0.0 mol% cesium doping 
level to reach a plateau at cesium concen- 
trations greater than 1.5 mol%. However, 
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FIG. 3. Plot of selectivity for higher oxygenate for- 
mation (defined as mol% of methyl formate + ethanol 
in the product mixture) as a function of cesium loading 
over the calcined-doped Cu/ZnO catalyst. Experimen- 
tal conditions are given in Fig. I. 

even at the highest cesium concentration of 
2.13 mol%, ethanol and methyl formate ac- 
counted for less than 1.1 mol% of the prod- 
uct, as demonstrated in Fig. 3. 

Surface areas of the calcined-doped cata- 
lysts were determined before and after cat- 
alyst testing. Doping with higher levels of 
cesium led to a moderate drop in surface 
area as shown in Fig. 4. Testing also led to a 

32. 

308 

26 
0.5 1.0 1.5 2.0 2.5 

Cs Loading Mot.% 

FIG. 4. Surface areas of the tested cesium calcined- 
doped catalysts (after 24 h of testing) as a function of 
cesium loading. Experimental conditions are given in 
Fig. 1. 

M2 I g 
Tested Catalyst 

FIG. 5. Relationship between the surface areas of 
the cesium calcined-doped catalysts before and after 
testing (Note that surface areas before testing were 
measured after doping and before reduction.) Experi- 
mental conditions are given in Fig. I. 

drop in surface area for all the samples as 
represented in Fig. 5. A similar result was 
found for the reduced-doped catalysts. Us- 
ing the measured surface areas of the tested 
calcined-doped catalysts, the activities in 
Fig. 1 were replotted in the form of activity 
per unit surface area of the catalyst vs the 
cesium coverage expressed as cesium ions 
per square meter of catalyst and the result- 
ing plot is presented in Fig. 6. XPS analyses 
of the tested catalysts showed that within 
experimental error the cesium was highly 
dispersed in submonolayer form on the cat- 
alyst surface, primarily over the ZnO 
phase, with no clustering occurring. The 
initial analyses and data treatments have 
been reported (5, 40, 49). Maximum activ- 
ity for methanol occurred when the Cul 
ZnO catalyst was doped with 15.0 x 19” 
cesium ions/m2 of the total (Cu + ZnO) sur- 
face area, which corresponds to a fractional 
surface area coverage, 13c,, equal to 0.17. 
For methyl formate and ethanol, maximum 
activity occurred at 8cs = 0.26 and >0.32, 
respectively. 

Effect of Temperature on Oxygenate 
Synthesis 

The effect of reaction temperature on the 
reaction rate and selectivity was studied in 
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CCs Ions / M2 cat.1 X 10” 

FIG. 6. Methanol yield (specific activity) as a func- 
tion of cesium loading over the calcined-doped Cui 
ZnO catalyst. Experimental conditions are given in 
Fig. I. 

detail over the 0.34 mol% cesium calcined- 
doped catalyst, BcS = 0.17. Up to 523 K, 
linear Arrhenius plots were obtained for the 
rate of formation of both methanol and 
methyl formate, with ethanol not being de- 
tected in the product composition except in 
trace quantities at the higher temperatures. 
At the higher temperatures the rates of the 
formation of ethanol and of ethanol plus 
higher oxygenates (methyl acetate + l-pro- 
panol) gave linear Arrhenius plots as shown 
in Fig. 7. Methyl acetate and 1-propanol ac- 
counted for 4 to 14 mol% of the C: oxygen- 
ate composition. The apparent activation 
energies calculated from the Arrhenius 
plots are summarized in Table 1. 

The effect of reaction temperature on the 
yield of methanol and higher oxygenates 
was also studied over a 0.8 mol% cesium 
doped Cu/Zn/Al catalyst, the results of 
which are summarized in Figs. 8 and 9. In 
this case, the ratio of Hz/CO employed was 
0.45 so as to promote higher oxygenate syn- 
thesis. In Fig. 9 are represented the effects 

TABLE 1 

Comparison of the Apparent Activation Energies 
for Methyl Formate, Methanol, and Ethanol 

Formation over the 0.34 mol% Calcined-Doped 
CuiZnO Catalyst from Hz/CO = 2.33 Synthesis 
Gas at 7.6 MPa and with GHSV = 6120 liters 

(STP)/kg cat/h 

Product .Etpp (kJ mol-I) Temperature 
range (K) 

Methyl formate 
Methanol 
Ethanol 

79.6” 488-523 
73.9b 483-523 

148.5’ 532-563 

n Estimated from the following data points (T (K), 
rate (mol - (kg cat.)-’ hr-I)): (488, 0.0218); (493, 
0.0296); (523, 0.0871). 

b Estimated from the following data points (‘I (K), 
rate (mol - (kg cat.)-’ hr-I)): (483, 3.511); (488,4.709); 
(493, 5.685); (523, 15.41). 

c From Arrhenius plot for ethanol in Fig. 7. 

of temperature on the rates of methyl for- 
mate and ethanol plus higher oxygenates. 
As expected, the selectivity for higher oxy- 
genates increased rapidly with tempera- 
ture, the Arrhenius plot slope for higher ox- 
ygenate synthesis being greater than that 
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FIG. 7. Arrhenius plots for methyl formate (W), etha- 
nol (A), and ethanol + higher oxygenate (0) formation 
over the 0.34 mol% cesium calcined-doped catalyst. 
Experimental conditions are given in Fig. 1. 
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FIG. 8. Arrhenius plot for methanol formation over 
the ternary 0.8 mol% cesium calcined-doped CuiZniAl 
catalyst. P = 7.6 MPa, Hz/CO = 0.45, catalyst weight 
= 2.45 g, GHSV = 3260 liters(STP)ikg cat./h. 

for ethanol that tended to level off at higher 
reaction temperatures. 

injection of Native and “C-Enriched 
Methanol 

The effect of injecting methanol and 13C- 
enriched methanol into the synthesis gas 

-2.50. 

FIG. 9. Arrhenius plots for methyl formate (D), etha- 
nol (A), and ethanol + higher oxygenates (0) over the 
ternary 0.84 mol% cesium, calcined-doped CuiZniAl 
catalysts. Experimental conditions are given in Fig. 8. 

feed under steady-state conditions was de- 
termined by on-line GC analysis of the gas- 
eous product and i3C NMR analysis of the 
collected liquid product samples. Spectra 
of the liquid product collected during injec- 
tions of the native and i3C-enriched metha- 
nol are shown in Figs. 10 and 11 for the 
synthesis temperatures of 490 and 513 K. 
The product molar fractions determined by 
gas chromatography were identical for both 
the native and the isotopically enriched 
methanol injected at each reaction tempera- 
ture. At 490 K, methanol, methyl formate, 
and traces of water and carbon dioxide 
were the only products formed. Methanol 
gave rise to a single r3C NMR peak cen- 
tered at 49.0 ppm, whereas methyl formate 
gave rise to a carbonyl carbon peak at 162.2 
ppm and a methyl carbon peak at 50.2 
ppm. In the experiments with the native 
[I’C]methanol injection, the peak heights of 
the carbonyl and methyl groups of the 
methyl formate product were identical, and 
the molar fractions of methyl formate and 
methanol as determined from the NMR 
peak heights agreed well with those ob- 
tained from GC product analysis. The 
results shown in Table 2 demonstrate the 
quantitative aspects of the *jC NMR analy- 
sis. 

For the i3C-enriched methanol injection 
experiments, comparison of the relative 
peak heights of the methyl and carbonyl 
groups of methyl formate clearly showed 
substantial enrichment of the methyl group 
relative to the carbonyl carbon. This indi- 
cated that CO from the synthesis gas was 
reacting with the injected methanol as illus- 
trated in 

8 
*CH@H + CO -+ He-O*CHj (1) 

It was further observed that the signals of 
the carbonyl carbon for both the blank and 
the i3C-enriched experiments were nearly 
equal (both spectra were obtained under 
identical instrumental operating condi- 
tions), thus providing evidence that the car- 
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CH30H Injected, 1 Opl/min. 

13.CH30H Injected, 10 pl/min. 

I A 
I , I 

FIG. 10. Effect of injecting methanol and 13C-enriched methanol into the synthesis gas feed under 
steady-state conditions at 490 K on the r3C NMR spectra of the liquid product. Catalyst is 0.4 mol% 
CslCulZnO, catalyst weight = 2.45 g, methanol injection rate = 194 g/kg cat/h, l”C enrichment = 
22.3, GHSV (CO + H,) = 3260 liters(STP)/kg cat/h, Hz/CO = 0.45, P = 7.6 MPa. The peak at 54 ppm 
is probably due to the methyl group of a hemiacetal. 

bony1 carbon in methyl formate originated relative to the carbonyl carbon while little 
from CO and not from the injected or no enrichment was observed in the car- 
[13C]methanol. An identical result was ob- bony1 carbon. At 513 K, ethanol was also 
tained at 513 K; i.e., the methyl carbon in observed in the product by GC and NMR. 
methyl formate was substantially enriched The 13C NMR resonance of the C-l carbon 
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CH30H Injected, 10 pl/min. 

13 CH30H Injected, 10 pllmin. 
J OH 

FIG. 11. Effect of injecting methanol and ‘)C-enriched methanol (24.7% “CH,OH) into the synthesis 
gas feed under steady-state conditions at 513 K on the 13C NMR spectra of the liquid product. Other 
experimental conditions are given in Fig. 10. 

of ethanol was centered at 57.4 ppm and the tent. This isotope distribution is a result of 
C-2 carbon at 17.6 ppm. Comparison of the the Cr + CZ synthesis mechanism and not 
peak heights for the native r3C and r3C-en- of isotopic scrambling in ethanol as evi- 
riched methanol injection experiments dented by the retention of the r3C label in 
clearly showed that (i) enrichment of both 12CH313CH20H injected under identical 
carbons of ethanol had occurred and (ii) synthesis conditions (50). 
both carbons were enriched to the same ex- In an attempt to exploit the 13C NMR ex- 
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TABLE 2 

Comparison of the Quantitative Analysis of the 
Collected Liquid Products Produced over the 0.4 
mol% Cs/Cu/ZnO Catalyst during Nonenriched 

Methanol Pumping Experiments 

Temperature Compound 
W analyzed 

mol% Composi- 
tion of 
product 

By CC By NMR 

490 

513 

553 

Methanol 96.81 97.50 
Methyl formate 3.19 2.50 

Methanol 97.34 98.06 
Methyl formate 2.44 1.94 
Ethanol 0.22 0.00 

Methanol 95.80 94.93 
Methyl formate 1.50 1.55 
Ethanol 2.05 2.59 
1 -Propanol 0.65 0.93 

Nore. Reaction conditions are given in Fig. 10. 

periments to the fullest, a detailed analysis 
was carried out for the injection experi- 
ments over the temperature range 490-543 
K. The product molar fractions determined 
by GC were used to calculate the enrich- 
ments of each carbon center observed by 
NMR. Using the results from experiments 
using nonenriched methanol, it was found 
that the carbon mol fraction ratio (C,) as 
determined by GC and NMR (CcMR/CFC) 
for each of the products varied from 0.9 to 
1.1 (1.0 + 0.1) for the major products and 
from 0.7 to 1.3 (1.0 t 0.3) for the minor 
products. The greater error observed for 
the higher oxygenates was due to their very 
low concentrations in the product mixture, 
typically less than 5.0 mol%. The low con- 
versions used were selected for the isotope 
studies since methyl formate, for example, 
equilibrated with methanol when present in 
concentrations of I to 2 mol%. Therefore, 
the reaction conditions were chosen such 
that the yield of methyl formate was far 
from equilibrium, hence allowing informa- 
tion to be obtained only for the forward re- 
action. 

Taking into account the observation 

that the carbonyl group of methyl formate 
was not enriched by r3C during the 
[13C]methanol injection experiments, the 
carbonyl carbon could be used as an inter- 
nal standard. The degree of enrichment of 
the oxygenate product could be calculated 
by combining the GC chemical analysis and 
the observed NMR spectra. Setting the de- 
gree of enrichment of the carbonyl carbon 
equal to 1, relative enrichment factors were 
calculated for each carbon center of the 
products collected during the r3C-enriched 
methanol injection experiments. The re- 
sults are summarized in Table 3 (also see 
Fig. 12) and the corresponding GC analyti- 
cal data are given in Table 4. From the data 
presented in Table 3 it is evident that the 
methanol in the product oxygenate mixture 
had retained the r3C label. Some decompo- 
sition of methanol to CO and Hz occurred 
as indicated by the 13C balance calculations 

‘3CH,‘3CH20H 

r 

0 

Jc&7.2 Hz) 

1 r 1 ‘3CH3’3CH20H 

L 
“#I”” 

FIG. 12. Comparison of the r3C NMR spectra in the 
parts per million range encompassing the main peaks 
of ethanol and the doublets arising from W-W cou- 
pling for nonenriched (A) and W-enriched (B) metha- 
nol injection experiments at 543 K. Other experimen- 
tal conditions are given in Fig. 10. The peak at 18.3 
ppm is identified as the 13C resonance of the methyl 
groups of 2-methyl-1-propanol. 
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TABLE 3 

Carbon Labeling of the Products Formed During Injection of Enriched 
[“C]Methanol into the Synthesis Gas as a Function of Reaction 

Temperature 

Product Enrichment factor for individual carbons 

490 K 501 K 513 K 523 K 532 K 543 K 

CH,OH 18.9 17.4 10.9 11.9 8.0 7.0 

CH, 22.1 11.2 10.7 12.3 5.7 5.8 

d 
I 

c=o I.0 1.0 1.0 1.0 1.0 1.0 
H 

CH,” - - 13.6b 20.2UO.7) 7.5(12.3) 9.0(10.9) 
I 

CHzOH - - 11.0* 17.7( 9.7) 6.0(12.1) 7.9(11.0) 

CH, - - - - 9.76 4.8b 

CHz - - - - 6.5b 6.4b 

eHzO~ - - - - 5.4b 7.4b 

n The numbers in parentheses are percentages of the 17C atom of the 
given carbon that are exchange-coupled with nearest neighbor 13C as deter- 
mined from the observed satellite-to-main resonance ratios as in Fig. 12. 

b No satellite peaks due to “CJ3C exchange coupling could be deter- 
mined due to the low concentration of the product molecule and low signal- 
to-noise ratio. 

summarized in Appendix I. It is evident, reactants and the products (better than 
however, that the 0.02 to 0.70% enrichment 0.2%), 13C could not be lost to unaccounted 
of CO by 13C form 13CH30H decomposition for compounds such as carbon or waxes de- 
cannot account for the enrichment of the posited on the catalyst surface. Upon in- 
carbons of the products if CO were the car- creasing the reaction temperature, the en- 
bon source for their synthesis. Further, richment factor for the methanol carbon 
based on the carbon balances between the decreased from 18.9 at 490 K to 8.0 at 543 

TABLE 4 

Quantitative Analysis of the Same Liquid Products as Those Used for 
Table 3 as Collected over the 0.4 mol% CsiCuiZnO Catalyst during 

“C-Enriched Methanol Injection Experiments 

Product mol% Composition of the product 

490 K 501 K 513 K 523 K 532 K 543 K 

Methanol 96.29 96.91 97.07 97.13 97.36 96.83 
Methyl formate 3.71 3.09 2.71 2.41 1.97 I .78 
Ethanol - - 0.22 0.39 0.55 1.08 
I -Propanol - - - 0.07 0.12 0.31 
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K. This is accounted for partly by dilution 
of the label with native methanol synthe- 
sized over the catalyst and partly by in- 
creased extent of methanol decomposition 
at the higher temperatures. Even at the 
highest temperatures employed (543 K), the 
total injected and synthesized methanol 
(CH30H/CO/H2 = 0.089/0.667/0.244) was 
still at significantly less than equilibrium 
concentration (CH30H/CO/H2 = 0.232/ 
0.764/0.004). A detailed analysis of the 13C 
distribution in ethanol is presented in the 
discussion for the purpose of distinguishing 
the various classes of C-C bond-forming 
reaction mechanisms. 

DISCUSSION 

Methanol Synthesis 

The synthesis results presented in Figs. 
1, 2, and 3 demonstrate that doping the bi- 
nary catalyst with cesium gives rise to a 
substantial promotion of methanol and 
higher oxygenate synthesis. Figure 3 fur- 
ther shows that promotion of methanol syn- 
thesis by a factor of 2.2 or greater can be 
achieved at low temperatures and high Hz/ 
CO ratios while maintaining the high selec- 
tivity for methanol at 98.9 mol%. The ob- 
served promotion by cesium was further 
shown in Fig. 6 to be related to an increase 
in the speci$c activity of the catalyst sur- 
face and not to increases in surface area 
upon doping (Figs. 4 and 5). Both the num- 
ber and the reactivity of the active sites on 
the catalyst surface are increased by ce- 
sium doping. 

The essential features of methanol syn- 
thesis have been discussed previously for 
the unpromoted binary Cu/ZnO catalyst 
(15). With the present Cs promoted cata- 
lyst, the role of Cs+ in CO activation via 
association with its -OH counterions, 
shown in Scheme I, is supported by recent 
in situ IR studies (51) that have shown that 
contacting Cs/ZnO or Cs/Cu/ZnO (0.4/5.0/ 
94.6) with CO + H2 led to the formation of a 
unique CsOOCH species on the catalyst 
surface. Further hydrogenation of the Cs 

CO + CsOH - - 

i I 

Lo 
&Se 

+H,O ‘iH, 
CsOH + CH30H,,,,, L- 

Q 
cs” 

CWHp,, 

SCHEME I. Methanol synthesis. 

formate is thought to be the rate-limiting 
step for the synthesis of methanol by the 
pathway represented by Scheme I. The 
slow hydrogenation of formate has also 
been observed for surface formates on 
ThO;! (52) and the formate has been pro- 
posed as a reaction intermediate in metha- 
nol synthesis over these catalysts (15, 52). 
On the other hand, gaseous methanol has 
been shown to readily react with basic 
metal oxides such as ZnO to form initially a 
physisorbed species (53) that rapidly forms 
adsorbed methoxide, a species also formed 
from synthesis gas-derived formyl (54). 

In Scheme I, intermediates associated 
with Cs+ in square brackets are unproven 
and their existence is only inferred from 
their reaction patterns with higher alcohols, 
aldehydes, ketones, and amines. In particu- 
lar, the hydride may not be associated with 
cesium but rather (i) with centers induced 
by copper species as indicated in thin film 
model studies (55) or (ii) as a CuH moiety 
that is thought to be significant in copper 
catalyzed homogeneous methanol synthe- 
sis (56). 

An important result of the present study 
is the observation of distinct maxima in 
both methanol and higher oxygenate syn- 
thesis rates as a function of cesium loading. 
Thus, the effect of cesium loading on the 
rate is reminiscent of previous results on 
the effects of CO2 (57) and Hz0 (25), where 
it was observed that small levels of both 
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gases promoted methanol synthesis, fol- 
lowed by retardation at higher concentra- 
tions. As in the case of water promotion 
(15>, the existence of a maximum in metha- 
nol synthesis as a function of cesium load- 
ing can be explained by the bifunctional na- 
ture of the catalyst, whereby the intro- 
duction of cesium increases the number of 
CO activating sites. At higher coverages of 
cesium the hydrogenation function of the 
catalyst is suppressed, and this leads to the 
lowering of activity. The coverage of ce- 
sium necessary for maximum activity in- 
creases from methanol to methyl formate to 
ethanol, indicating, as might be expected, 
that the synthesis of esters and higher alco- 
hols requires even more CO activation than 
the synthesis of methanol. The synthesis 
maximum of ethanol does not coincide with 
that of methanol (Figs. 1 and 2) and can be 
explained as follows: (i) ethanol synthesis is 
less sensitive to Cs poisoning of hydrogena- 
tion sites and (ii) Cs has the added effect of 
making the C, aldehydic intermediate more 
reactive in the C1 -+ CZ step. This is also 
consistent with previous results that 
showed that higher alcohol synthesis was 
favored at lower HZ/CO ratios (I, 2, 5, 58). 
The synthesis pathways that yield methyl 
formate and ethanol are discussed in the 
sections that follow. 

Formation of Methyl Formate 

Several mechanistic and thermodynamic 
features were considered to account for the 
observed upper limit of methyl formate for- 
mation shown in Fig. 7. These included the 
questions of whether methyl formate had 
reached thermodynamic equilibrium at T > 
530 K under the present reaction conditions 
for a reaction stoichiometry indicated in 
(l)-(4) below and whether methyl formate 
was a reaction intermediate leading to etha- 
nol or higher oxygenates. In order to deter- 
mine whether the methyl formate yield was 
thermodynamically controlled, several re- 
action equilibria leading to its formation 
were considered, and the theoretical Keq 

values were calculated (59) as 

Direct carbonylation of 
methanol with CO 

w 
CH30H + CO -+ CH3-O-C-H 
AG& = +33.4 kJ moltI 
AH& = -37.77 kJ mol-’ 
K em3 = 4.614 x 1O-4 

(1) 

Dehydrogenation of methanol 

2CH30H --, CH3-O-C-H + 2HZ (2) 
AG& = +6.62 kJ mol-’ 
AH& = +60.56 kJ mol-I 
K eqs23 = 2.18 x 10-1 

Formaldehyde dimerization 
(Tischenko reaction) 

R 
HCHO + HCHO + CH3-O-C-H (3) 
AG& = -46.77 kJ mol-’ 
AH& = - 116.44 kJ moi-’ 
K eq?P = 4.69 x IO4 

Esterification of formic acid 
with methanol 

HCOOH + CH30H + 

ii 
CHj-O-C-H + Hz0 (4) 

AG& = -13.39 kJ mol-’ 
AH;23 = -9.54 kJ molP’ 
K al523 = 2.174 x IO’. 

Gas-phase reactions (3) and (4) may be 
ruled out on the basis that formaldehyde 
and formic acid were never detected in the 
gaseous product mixture. For reaction (2), 
the observed yield of methyl formate was 
3-20 times greater than the equilibrium 
yield predicted. On the other hand, the 
yield of methyl formate was always less 
than or equal to that predicted for reaction 
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TABLE 5 

Comparison of the Theoretical 
Equilibrium Yields of Methyl 

Formate for the Reaction CH30H + 
CO = HCOOH, with Those Found 

Experimentally at 523 K 
(Kp = 5.24 x IO-“) 

Catalyst 

Cu/ZnO undoped 0.19 
0.13 mol% CslCuiZnO 0.43 
0.26 mol% CslCulZnO 0.30 
0.34 mol% CsiCulZnO 0.44 
0.85 mol% CsiCuiZnO 0.56 
1.7 mol% CslCuiZnO 0.74 
2.13 mol% CsiCuiZnO 0.74 

a Ratio of the observed yield of 
methyl formate to the calculated 
equilibrium yield. 

(1) under the reaction conditions used, 
based on the theoretical equilibrium con- 
stant and the exit gas composition. This is 
demonstrated in Table 5 where the ratio @ 
of the observed yield of methyl formate to 
the calculated equilibrium yield is tabulated 
as a function of cesium loading for the 
calcined-doped catalysts, and in Fig. 13A 
where it is shown as a function of reaction 
temperature for the 0.34 mol% cesium 
calcined-doped catalyst. Increasing the re- 
action temperature increased the ratio from 
0.2 to 0.9, with the upper limit leveling off 
at this value. As would be expected at a 
given temperature, an increase in contact 
time (decrease in GHSV) increased the 
yield of methyl formate until the thermody- 
namic limit was reached. This is shown in 
Fig. 13B where, at 5.54 K, an increase in 
contact time of reactants over the cesium 
doped CuiZnO catalyst showed an asymp- 
totic increase in the ratio @ toward 1. 

Similar temperature effects on the yields 
of methanol and higher oxygenates over the 
cesium doped Cu/Zn/Al catalysts were ob- 
served as shown in Figs. 8 and 9. An in- 
crease in the reaction temperature above 
570 K led to a drop in methanol yield pre- 

itations; however, the conversion of metha- 
nol to higher-molecular-weight products 
also was a contributing factor. As antici- 
pated, the methyl formate yield was ther- 
modynamically controlled under these con- 
ditions, and the value of @ calculated in the 
temperature range 560-596 K varied from 
0.86 to 1.25. Above 560 K the plot of the 
logarithmic rate of methyl formate forma- 
tion vs 1 lT was linear with a negative slope, 
as shown in Fig. 9. 

Conclusions on the interrelationship be- 
tween methanol, methyl formate, and etha- 
nol formation rates can be drawn from the 
analysis of the thermodynamic, isotope, 
and apparent activation energy data. From 
the thermodynamic and isotope analysis 
summarized in Tables 1, 3, and 5 and Figs. 
10, 11, and 13, the most likely reaction 

A 
(,O _.....___.......____.................................................. 

1 

I. I I I. I I I. 
480 500 520 540 560 

Temperature. K 

FIG. 13. Effect of temperature (A) with GHSV = 
6120 liter(STP)/kg cat./h and of contact time (B) at 554 
K on the value of Q1, defined as the ratio of methyl 
formate yield observed to the predicted thermody- 
namic yield by reaction (1). Contact time is defined as 
reciprocal space velocity. Catalyst is 0.34 mol% ce- 
sium calcined-doped catalyst and the other experimen- 
tal conditions are given in Fig. 1. Thermodynamic 

dominantly because of thermodynamic lim- equilibrium @ = 1 is marked by a dashed line. 
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CsOH + CH,OH 
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co 

H3 
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SCHEME II 

mechanisms for methyl formate formation 
involve methanol and CO as primary reac- 
tants in a stoichiometry of 1 : 1. Our ob- 
served activation energy of 79.6 kJ mol-I 
for methyl formate can be compared with 
that found by Tonner et al. (21) for the ho- 
mogeneous carbonylation of methanol cata- 
lyzed by sodium methoxide (67.7 kJ mol-I). 
Their reaction was shown to occur through 
the direct coupling of an intermediate 
methoxy anion and CO. Over the Cs/Cu/ 
ZnO catalysts, the same mechanism ap- 
pears to operate, where the methyl group of 
methyl formate originates from methanol 
and the carbonyl is derived from CO in the 
synthesis gas. Scheme II shows the methyl 
formate-generating mechanism for the Cs 
dopant on the Cu/ZnO catalyst. 

Theoretical investigations of the interac- 
tion between CO and a free methoxide ion, 
Eq. (IO), were carried out by Klier et al. 
(60) using the MNDO method for electronic 
energy calculations with the McIver-Ko- 
mornicki-Powell sigma method for geome- 
try optimization of the transition state as 
imbedded in the MOPAC/2 Program (61). 
The results showed that no activation bar- 
rier exists for reaction (10) and that the nu- 
cleophilic attack of CO by the methoxide 
anion is strongly exothermic, 

CH3 
CH3 

d 
+co+o a.0 (10) 

0 

kyy 

(1) (2) 

The rearrangement of the intermediate spe- 
cies by methyl transfer that could lead to 

carbon-carbon bond formation (1 l), was 
found to have a high activation energy (257 
kJ mol-i) in spite of the sum of reactions 
(10) and (11) being exothermic overall, 

The energetics along the reaction coordi- 
nate for both steps are shown in Fig. 14. 
The transition state for the rearrangement 
reaction was identified as having met the 
criteria described by Murrell and Laidler 
(62). Since the activation barrier for the 
overall reaction is very high even if the pro- 
cess proceeds adiabatically from 1 to 3 
through 2, the system evidently finds a 
more favorable hydrolytic pathway as 
shown in (12), which is the final step in 
Scheme II. Thus, methyl formate is formed 
before the acetate ion can be formed by re- 
action (1 l), 

7H3 

0 @ 0 + Hz0 -+ 
\. .y 

CH3 

\ //O 

o-c + @OH (12) 
\ 

H 

o- CH3 
“So - 
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FIG. 14. MNDO energy diagram for the reaction of 
carbon monoxide with methoxide to form methyl for- 
mate. 
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Since the degree of 13C enrichment of the 
methyl group of methyl formate was close 
to that for methanol over the entire temper- 
ature range used, methanol in the gas phase 
must have been in rapid equilibrium with 
the adsorbed methoxide. In fact, several 
studies have shown that alcohols such as 
methanol readily react with the surfaces of 
basic oxides such as ZnO to give adsorbed 
methoxides (53, 63, 64) even at 300 K (65). 
The most effective adsorption sites in the 
present case are considered to be the sur- 
face cesium cations. The methoxide coun- 
terions associated with Cs+ are more nu- 
cleophilic and thus more reactive toward 
carbonylation than those on the undoped 
surface. This is supported by the observa- 
tion that the @ values in Table 5 increase 
dramatically in going from the undoped to 
the 2.13 mol% Cs doped catalyst. 

Over the 0.8 mol% cesium doped ternary 
Cu/Zn/Al catalysts, the yield of methyl for- 
mate was again consistent with CO and 
methanol being the primary reactants as 
shown in Fig. 9. The yield of methyl for- 
mate did not exceed, within experimental 
error, the predicted thermodynamic yield 
over a wide temperature range. In addition, 
from the slope of the plot in Fig. 9 the ex- 
perimental reaction enthalpy AH can be 
calculated for temperatures above 560 K. 
The theoretical value of AH for reaction (1) 
is not greatly affected by temperature, 
changing from -38.04 kJ mall’ at 298 K to 
-37.8 kJ mall’ at 523 K (59). The AHvalue 
obtained from Fig. 9 is -36.5 kJ mol-*, thus 
further supporting the reaction route for the 
formation of methyl formate by Scheme II. 

It should be noted that esterification of an 
adsorbed formate by methanol 

HCOO@ + CHjOH + HCOOCH3 + @OH 
(13) 

coupled with a rapid regeneration of the 
formate 

CO + @OH --, HCOOO (14) 

also has the overall stoichiometry of reac- 
tion (1) and moreover would result in the 

observed isotopic composition of methyl 
formate from labeled methanol and unla- 
beled CO. This path cannot be excluded by 
the present data although it is considered 
less likely than that shown in Scheme II due 
to steric hindrance in reaction (13). 

The “hemiacetal” route to methyl for- 
mate from adsorbed methoxide and formal- 
dehyde 

CH30@ + HzCO + [CH30CH20@l + 
HCOOCH3 + Ho (15) 

that has been suggested to be a mechanistic 
route over the copper-based catalysts (5, 
23, 24) is apparently ineffective compared 
with the CO insertion shown in Scheme II. 
In the “hemiacetal” route (15), the source 
of the carbonyl carbon is adsorbed formal- 
dehyde that is expected to be enriched with 
13C by equilibration with [13C]methanol. 
Thus the hemiacetal mechanism would pre- 
dict the i3C label to be located in both the 
methyl and the carbonyl group of methyl 
formate, contrary to the experimental 
result. 

Formation of Ethanol 
The high enrichment of 13C in ethanol 

synthesized from t3CH30H and 12CO/H2 
(cf. Table 3) shows that methanol is a major 
source of both carbons of ethanol. More- 
over, the observed isotope composition of 
singly and doubly i3C-labeled ethanol mole- 
cules provides for distinguishing between 
three classes of mechanisms for ethanol 
formation, as detailed in Appendix II. The 
three distinctive mechanistic classes are 
homologation of methanol via a CO inser- 
tion mechanism represented by Eq. (M-l) 
in Appendix II; homologation of methanol 
by CO via a symmetric intermediate, such 
as one suggested by Mazanec (35) repre- 
sented by Eq. (M-2) in Appendix II; and 
coupling of two methanol molecules repre- 
sented by Eq. (M-3) in Appendix II. In Ta- 
ble 6, the relative efficiencies Rlvr.1, RM.z, 
and RM.3 of the three mechanisms, calcu- 
lated from the NMR data of Table 3 and 
the GC analyses of Table 4, are given. The 
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TABLE 6 

Fractions of ‘3CH31ZCH20H (F,), ‘“CH3’3CH,0H (F,), and “CH3”CH20H (F;) Observed after 
Injection of “CH30H into ‘*CO/Hz, and the Relative Efficiencies’ RM.I-RU.3 of Mechanisms (M-l) 

to (M-3) over the CslCuiZnO Catalyst 

Temperature (K) Ohs.* Ca1c.c Calc.1 Obs. Ca1c.c Obs. RM, &2 RW3 
F, P F: F, F: F, 

F; FI F; F; 

522 0.02356 0.1535 5.514 9.34 5.514 8.26 0.06 0.30 0.65 
532 0.01031 0.1015 8.850 7.98 8.850 6.44 0.10 -0.31 I.21 
543 0.01140 0.1068 8.368 8.68 8.368 7.60 0.06 -0.09 1.03 

U RM.,, Rhl.*, and RM.3 are quantities derived from the measured F,, F,, and F.-. Standard error 
analysis shows that the absolute standard deviation error in RM~, is kO.03, in Ru.? is 20.13, and in Rhl.? 
is 20.15 if the relative error in F,, F,, and Fz is *5%. 

* Determined from observed NMR intensities and GC analyses by using Eq. (A-4) and the procedure 
outlined in Appendix II. 

'p = e;F: = F: = p(I -p). 

calculation utilizes the observed fractions 
F,, Fy , and Fz of the 13CH312CH20H, 
12CH3’3CH20H, and 13CH3’3CH20H mole- 
cules for the determination of Rhl., , Rhl.*, 
and RMI-3 by the procedure outlined in 
Appendix II. 

Although the values of RM., , Rlll.2, and 
Rhl.3 are burdened by a considerable error, 
especially at low temperatures, it appears 
that at all temperatures studied the metha- 
nol coupling mechanism (M-3) dominates 
since RMd3 > RM.*, Rhl., . At 543 K where the 
NMR data are most accurate, the values of 
RM-, , RM.2, and RM.3 support the conclusion 
that the mechanism (M-3) operates exclu- 
sively (RM.3 = 1, RM-, = 0, RM.2 -‘I O).4 This 
result rules out, over the present catalyst, 
several earlier proposed C-C bond-forming 
mechanisms. These include class (M-l) 
mechanisms via insertion of CO into the 
C-O bond of methoxide to form acetate 
that is hydrogenated to ethanol as originally 
proposed by Fischer (34) and later invoked 

4 The relative efficiencies of mechanisms (M-I)-(M- 
3) over alkali MO& and alkali CoS-MO& catalysts are 
diametrically different and the CO insertion mecha- 
nism (M-l) dominates over these catalysts (R,., = 1, 
RM.2 j= 0, Rh1.3 = 0) (66). Thus the C-C bond-forming 
reaction steps are uniquely determined by the catalyst 
used. 

by Natta et al. (I) and Vedage et al. (.5), CO 
insertion into a methyl-metal bond pro- 
posed as the chain growth step in several 
mechanistic studies of Fischer-Tropsch 
synthesis (30-32) if the methyl group would 
originate from methanol, and conversion 
of methyl formate (formed by reaction 
Scheme II above) to acetic acid or acetate 
that is subsequently hydrogenated to etha- 
nol. Also ruled out are class (M-2) mecha- 
nisms including CO insertion into adsorbed 
formaldehyde forming a symmetric glyco- 
late that is subsequently hydrogenated to 
ethanol as proposed by Mazanec (35). 

The acceptable mechanisms must fall 
into class (M-3), and one such previously 
proposed mechanism involves the nucleo- 
philic attack of an adsorbed formyl on for- 
maldehyde as suggested by Fox et a/.(37). 
Both the adsorbed formyl and the react- 
ing formaldehyde must be preferentially 
formed from methanol in order for the Fox 
et al. mechanism to qualify as the present 
(M-3). The whole reaction sequence due to 
this modified Fox et al. mechanism is repre- 
sented in Scheme III. Alternative mecha- 
nisms that satisfy class (M-3) involve an SN2 
attack on methanol by formyl as repre- 
sented in Scheme IV or coupling of formyl 
with an adsorbed CH, fragment as sug- 
gested by Kiennemann et al. (67, 68) for Rh 
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CH&H,OH 

SCHEME III 

catalysts. The CH, fragments can also be 
hydrogenated to methane (14, 68) which, 
however, is only a trace product over the 
present Cs/Cu/ZnO catalyst and therefore 
a mechanism involving the intermediacy of 
CH, is unlikely. 

Schemes III and IV thus remain the most 
prominent ones for the Ci + C2 synthetic 
step over the Cs/Cu/ZnO catalyst (although 
Scheme IV is considered less likely for 
steric reasons), and they both involve ad- 
sorbed formyl. The chemistry of this spe- 
cies has previously been considered to be 
important in CO/Hz-amine and methanol- 
amine coupling reactions (15, 18, 69) and 
its existence has been inferred from trap- 
ping reactions with CH31 to form acetalde- 
hyde (14). Spectroscopic evidence has 
been put forward for the presence of formyl 
on the surface of the present type of cata- 
lysts (16, 17). 

On the basis of the mechanisms written 
above, the net charge carried by the formyl 
species, its orientation, and polarity are of 
great interest. In organometallic complexes 
containing formyl, the carbon atom has 
been shown to have a considerable carbene 
character (70, 71) that results in unex- 
pected lengthening of the C-O bond and 
lowering of its vibrational frequency and 

implies a negative charge of this species. 
Similar low-frequency positions of the C-O 
group of the reported adsorbed formyls 
have been observed over ZnO and Cu/ZnO 
(16, 54). 

SUMMARY 

Cesium doping of the Cu/ZnO catalyst 
significantly enhances the rates of forma- 
tion of methanol, methyl formate, and etha- 
nol from CO/H;!. While high methanol se- 
lectivity can be maintained at low temper- 
atures and high Hz/CO ratios, the higher 
oxygenates become more significant prod- 
ucts as the temperature increases and the 
Hz/CO ratio decreases. The Ci surface spe- 
cies that is readily formed from methanol is 
a precursor of the methyl group of methyl 
formate and of both the CH3 and the CHZ 
groups of ethanol. Methyl formate is 
formed by methanol carbonylation and is 
not a precursor of ethanol. The C-C bond 
in ethanol is made by coupling of the Cr 
surface intermediates originating from 
methanol. This mechanism is specific to the 
present Cs/Cu/ZnO catalyst system, and 
different CO insertion mechanisms can op- 
erate over other types of catalysts, e.g., on 
alkali MO& catalysts (66). For the present 
Cs/Cu/ZnO and related Cu/ZnO catalysts, 

-Ha ) H$‘CH,OH, 
‘“‘OH CsOH 

-Ha0 c”,’ 

CH,CH~OH 

SCHEME IV 
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evidence based on chemical trapping, 13C 
label flow, and spectroscopic observations, 
as well as quantum chemical calculations, 
supports a mechanism in which adsorbed 
formyl is a reactive nucleophile that forms 
the C-C bond by attacking the electroposi- 
tive carbon of adsorbed formaldehyde or 
methanol. 

APPENDIX I 

Accurate carbon and oxygen mass bal- 
ances of the reactants entering the system 
and products exiting the system were deter- 
mined from on-line GC analytical data. The 
error in the carbon balance was found to be 
less than 0.5% as shown in column 2 in Ta- 
ble Al for each reaction temperature indi- 
cated in column 1. A 13C balance was also 
calculated by comparison of the 13C in- 
jected into the system as enriched metha- 
nol, column 2, to the 13C exiting the reac- 
tion and collected as liquid products, 
column 3. The quantity of 13C unaccounted 
for, column 4, was expressed as a percent- 
age fraction of the total CO in the effluent 
stream, column 5. Added to the natural 
abundance of 1.1% in the CO gas, the total 

13C content in exit CO was obtained, 
column 6. The 13C enrichment of CO was 
negligible in accounting for the significant 
enrichment observed in all product mole- 
cules. This was especially significant in the 
high percentage of doubly labeled ethanol 
evidenced by the doublets arising from cou- 
pling of adjacent 13C atoms in the CH3 and 
CH2 groups of ethanol. 

APPENDIX II 

Fractions of 13C-Labeled Ethanol 
Molecules 

The fractions of the three 13C-labeled 
ethanol species, ‘3CH3’3CHZOH, 13CH3 
12CH20H, and **CH313CH20H, have been 
calculated from the 13C NMR intensities 
and the molar concentrations of ethanol 
(EtOH) and methyl formate (MF) in the 
product utilizing the carbonyl 13C signal in 
MF as internal reference. It has been estab- 
lished independently that the carbonyl 
group of MF has native abundance of 13C, 
1. I%, in all the present isotope experiments 
(51). For clarity the NMR signals used are 
represented in Scheme V. 

The satellite doublets around each car- 

TABLE Al 

A Comparison of Carbon Balances from CC Analyses (Column 2) and 
Carbon-13 Balance (Columns 3-6) during Injection of Enriched Methanol into 

the Synthesis Gas as a Function of Temperature 

Reaction % Error in r3C IN as ‘C OUT as ‘T “C contenth 
temperature the total methanol liquid balance,” of the total 

WI carbon (mohkg product (molikg exit CO (7~) 
balance cat.//h) (molikg cat./h) 

from CC cat/h) 
analyses 

490 0.018 1.455 1.331 -0.124 1.245 
501 0.123 1.455 1.467 +0.012 1.100 
513 0.127 1.455 0.959 -0.496 1.660 
523 0.172 1.455 1.211 -0.244 1.384 
532 0.239 1.455 0.938 -0.517 1.703 
543 0.357 1.455 0.925 -0.530 1.729 

u r3C balance is given by the difference between 13C OUT in column 4 and ‘C IN 
in column 3. The negative numbers indicate unaccounted for ‘C. The positive 
balance is generated by accumulated experimental error. 

b Calculated from unaccounted for izC in column 5. 



430 NUNAN ET AL. 

SCHEMATIC OF OBSERVED SPECTRUM 

I I 

162.2 57.4 17.6 

ppm shift from TMS 

SCHEMEV 

bon of ethanol marked with .Zcx = 37.2 Hz 
are due to exchange coupling between the 
two carbons of r3CH3i3CH20H and have 
been used for quantitative determination of 
the fraction of doubly labeled ethanol mole- 
cules. The possibility of the doublets being 
spinning sidebands has been eliminated by 
standard procedures that include verifying 
the independence of the frequency separa- 
tion of the doublet on the sample spinning 
rate. The center peaks between the dou- 
blets are the resonances of ethanol mole- 
cules singly labeled at the carbon marked 
13C in Scheme V. 

In the analytical calculations, Zi is the in- 
tensity of the NMR signal corresponding to 
species i, i.e., 

I,, of 13C carbonyl in MF; 
Zz, of 13CH2 in WHJ’~CH~OH; 
Zj, of 13CHz in 13CH3i3CH20H; 
Zq, of i3CH3 in 13CH3’2CH~OH; and 
Is, of 13CH3 in 13CH313CH20H. 

Here Z, and Z5 are given by the sum of the 
doublet peak heights of 13CH, and 13CH2 
groups of ethanol, respectively. The total 
number of 13C gram atoms in a unit volume 
of the product sample is denoted as 

u, the total number of 13C gram atoms per 
unit volume of the product sample; 

NhlF, the number of mols of MF per unit 
volume; 

NE, the number of mols of EtOH per unit 
volume; 

x, the number of mols of 13CHX12CH20H 
per unit volume; 

y, the number of mols of 12CH313CH20H 
per unit volume; and 

z, the number of mols of i3CH313CH20H 
per unit volume. 

Then 

u = NMF x 0.011 i z;/z, , (A-1) 

where the factor 0.011 stands for the natu- 
ral abundance fraction of 13C in the car- 
bony1 group of MF. The total number of r3C 
gram atoms in YH3i3CH20H per unit vol- 
ume is equal to u(Z3 + Zs)/‘EiZi and the total 
number z of 13CH313CH20H moles per unit 
volume is equal to one-half that number, 

z = 1 u (13 + 15) 

2 Eli’ 
(A-2) 

Combination of (A-l) and (A-2) gives 

z = ; = NMF x 0.011 (” ; ‘t (A-3) 

Hence the fraction F, of ‘3CH313CH20H 
among all ethanol isotope species is 

F _ Z _ 1 NMF (13 + 1s) 
z 

NE 2 NE 11 

x 0.011. (A-4) 

Similarly the fractions F, = (x/NE) and Fy = 
(y/N,) of ‘3CH312CH20H determined from 
the NMR and GC analyses are 

F = NMF~~ 
* -- x 0.011 and 

NE 11 

F =NMF& 
Y -- x 0.011. (A-5) 

NE 11 

Denote further F, = p* where p is the prob- 
ability of finding two 13C atoms simulta- 
neously in an equilibrium mixture of 13CH3 
13CHZOH, ‘3CH3’2CH20H, ‘*CH3’*CH20H. 
The so-defined p provides for the determi- 
nation of whether the observed mixture of 
isotopically labeled ethanol molecules actu- 
ally is or is not in statistical equilibrium, 
and this in turn is used to distinguish be- 
tween the principal classes of mechanisms 
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for ethanol formation, 

13CH30H + ‘2CO/H 2’ 

‘3CH3’2CH20H (M- 1) 

13CH30H + 12CO/H 2’ 

+[‘3CH3’2CH20H 
+ ‘2CH3’3CH20H] (M-2) 

213CH30H -+ 2[F:(‘3CH3’2CH20H) 
+ F.;(‘2CH3’3CH20H) 

+ F;(‘3CH3’3CH20H)] (M-3) 

Mechanisms (M-l) and (M-2) do not give 
rise to doubly labeled ethanol molecules 
(except those with native 13C concentration 
which are neglected) and only mechanism 
(M-3) gives rise to the statistical distribu- 
tion of 13C among the three 13C-labeled mo- 
lecular species. 

If mechanism (M-3) operates simulta- 
neously with (M-l) and (M-2), no statistic 
equilibrium can be reached. Further, mech- 
anism (M-2) can be distinguished from (M- 
l) in that (M-2) results in equal concentra- 
tions of 13C in the two singly labeled spe- 
cies ‘3CH3’2CH20H and ‘2CH3’3CH20H 
whereas (M-l) produces only 13CH3 
‘*CHzOH. The Fox et al. mechanism (37) 
falls into the (M-3) category, the Mazanec 
mechanism (35) corresponds to the (M-2) 
category, and a CO insertion mechanism 
into a methyl-metal bond or into the C-O 
bond of methoxide (30-32) falls into the 
(M- 1) category. 

From p = a, the fractions F: of 
‘3CH3’2CH20H and F; of ‘2CH3’3CH20H 
that would be in isotopic equilibrium with 
the doubly labeled ethanol are 

F: = F; = ~(1 -p). (‘4-6) 

These are the fractions theoretically pre- 
dicted from the observed fraction F, of the 
doubly labeled ethanol if the mechanism 
(M-3) operates exclusively. Any difference 
between the observed F, and F: or F: must 
then be attributed to mechanisms (M-l) and 
(M-2), the extent of which can be further 
determined using the difference between F, 
and Fy . 

We now define the relative efficiencies of 
mechanisms (M-l) to (M-3) as RM.’ to RM.~ 
as 

RM.' = (F, - F,)/0; 
RhI.* = 2(F, - F;)/0; 
RM.3 = (F; + F; + FJ0, (A-7) 

where 8 = (Fx + Fy + F,). That these indi- 
ces are relative efficiencies of the three 
mechanisms follows from the properties 
that RM.3 = 0 when F, = 0 and RM.3 = 1 
when F, = F:, Fy = F;, and F, f 0, i.e., 
when the ‘3CH3’2CH20H, ‘2CH3i3CH20H, 
and ‘3CH3’3CHZ0H molecules are in statis- 
tical equilibrium as dictated by mechanism 
(M-3); RM.2 = 0 when Fy = FG and RMI-* = 1 
when F, = 0 and F, = Fy as dictated when 
(M-2) operates exclusively; and RM.I = 0 
when F, = Fy and RM., = 1 when Fp = FZ = 
0 as dictated when (M-l) alone operates. 
The values of RMM-,, RMe2, and RM.3 are given 
in Table 6 for the present catalyst. 
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