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Initial carbon—carbon bond formation during synthesis gas
conversion to higher alcohols on K-Cu—-MgsCeO, catalysts
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Isotopic tracer studies of alcohol synthesis pathways using 13CO/H,/*2CH30H mixtures have shown that ethanol is formed predom-
inantly by direct reactions of *3CO on Cug sMgsCeO,, promoted with K at short residence times, without significant involvement of the
12CH40H present in the feed. The observed decrease in 13C content in ethanol with increasing residence time is caused by reverse aldol
reactions of higher alcohols, which contain lower 13C contents because of the significant involvement of 12CH3OH in their formation,
and by reactions of methyl formate with 12CH3OH-derived species. The effects of residence time on the 13C distribution within reaction
products and on the rates of formation of ethanol, methyl formate, and methyl acetate are consistent with the intermediate role of methyl

formate and methyl acetate in ethanol formation.
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1. Introduction

The formation of higher acohols from synthesis gas
(CO/H3) has been widely studied, predominantly on alkali-
modified methanol synthesis catalysts, but significant de-
tails about the reaction pathways involved in the forma-
tion of initial carbon—carbon bonds remain unresolved.
Elliot and Pennella [1] and Nunan et al. [2] used iso-
topic tracer methods in order to identify the intermedi-
ate species involved in the formation of ethanol from
CO/H; on Cu/ZnO/Al,03 and on Cs-promoted Cu/ZnO cat-
aysts.

The addition of 3C-labeled methanol to CO/H, feeds on
Cs-promoted Cuw/ZnO led to ethanol with substantial 3C
content [2]. The concentration of injected methanol was
much lower than the equilibrium methanol concentration
at their reaction conditions. *C NMR analysis of reac-
tion products confirmed the presence of a large fraction
of doubly-labeled ethanol and showed that the 3C atom
in singly-labeled ethanol molecules was distributed with
equa probability among the two carbon positions. These
data led to the conclusion that secondary reactions of pri-
mary methanol products were the predominant and possibly
exclusive pathways for the formation of ethanol. Nunan et
al. [2] proposed that the initial C—C formation occurs by the
nucleophilic attack of formaldehyde by an adsorbed formyl
species on Cs*. Both formyl and formaldehyde species are
believed to be formed from methanol.

A similar study on Cu/ZnO/Al,O3 was reported by El-
liot and Pennella [1] at reaction conditions leading to very
low conversions of CO and H,. The experiments were car-
ried out at conditions far removed from methanol synthesis
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equilibrium in order to minimize isotopic contamination of
12CO by decomposition of 3CH3;OH. Both unlabeled and
labeled ethanol were detected, even at very low conver-
sions, suggesting that both *>CO and *CH3;OH participate
in the synthesis of ethanol. Calverley and Smith [3] aso
reported that both methanol and CO are direct precursors
to the C; species that lead to ethanol formation on these
catalysts. Our studies extend these previous studies by ex-
ploring reaction pathways for the formation of initial C-C
bonds during synthesis gas conversion to higher acohols
on K—-Cu-MgsCeO,, catalysts. K—CupsMgsCeO,, materi-
als are among the most active and selective catalysts for
the synthesis of isobutanol and other higher alcohols from
COJ/H; mixtures at low temperatures [4-6].

2. Experimental

Isotopic tracer studies of alcohol synthesis pathways
were carried out on 1.0 wt% K—CupsMgsCeO,. cataysts
using amixture of *3CO/H, and *>*CH3OH in order to probe
the roles of CO and methanol in chain growth pathways.
These catalysts were prepared by co-precipitation synthe-
sis procedures described in the literature [5,6]. 1*CO (*C:
99%, 80O < 1%, Cambridge Isotope) was used as the la-
beled reactant because an 20 impurity typically present in
13C-labeled methanol complicates the isotopic analyses of
reaction products.

I sotopic tracer experiments were carried out at low tem-
peratures (538 K) in order to maintain low conversions.
Reaction rates were first measured at 2.0 MPa and a gas
hourly space velocity of 6000 cm3(CO + H,)/(g-cath) us-
ing an equimolar mixture of *3CO and H, and a 100 mg
catalyst sample. After steady-state rate measurements, the
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equimolar H,/**CO mixture was routed through a saturator
containing liquid *CH3;OH at room temperature and iso-
topic tracer experiments were carried out at severa space
velocity and CO conversion levels. All inlets and effluent
lines were heated to 363 K in order to prevent condensa-
tion of reactants and products. The effluent stream was
analyzed by extracting a sample using a syringe and in-
jecting it into a gas chromatograph—mass spectrometer sys-
tem (Hewlett-Packard, model 5890 Il plus GC; Hewlett-
Packard, model 5972 mass selective detector). Reaction
products were also trapped after the reactor using a tube
cooled by liquid nitrogen. This method allowed the ac-
cumulation of larger amounts of products for the multiple
GC-MS analyses required to increase the accuracy of iso-
topic content measurements. The 1C content in reactants
and products was cal culated from mass spectra using a ma-
trix deconvolution method that accounts for natural abun-
dance 3C and for mass fragmentation kinetics [7]. Similar
analyses of the smaller fragments of molecular ionization
processes were used to determine the location of *3C atoms
in labeled reaction products.

3. Results and discussion

At the conditions of our study (538 K, 2.0 MPa, and
H,/*3CO = 1) the equilibrium partial pressure of methanol
is 86.6 kPa [8]. The partial pressure of >CH3;OH in the
feed was 13.3 kPa; and the ratio of 2CH3;OH to 13CO
was 1:75. All experiments were carried out at CO con-
versions below 1%. The most abundant reaction products
were 3CH30H and 3CO,. Ethanol, 1-propanol, isobu-
tanol, methyl formate, and methyl acetate were also de-
tected and their concentrations in the effluent stream and
their formation rates as a function of bed residence time
are shown in figures 1 and 2. The bed residence time is
calculated using the gas volumetric flow rate at reaction
temperature and pressure and the catalyst bed volume.

Ethanol and 1-propanol concentrationsin the reactor ef-
fluent increased with increasing bed residence time (fig-
ure 1), suggesting that neither reaction product approaches
thermodynamic equilibrium. The increase in the rates of
ethanol and 1-propanol formation with increasing residence
time suggests that these products are formed in secondary
reactions (figure 2). Both methyl formate and methyl ac-
etate, however, reached a maximum concentration with in-
creasing residence time (figure 1), indicating that they are
reaction intermediates or that primary reactions leading to
their formation approach thermodynamic equilibrium. In
either case, formation rates of methyl formate and methyl
acetate would decrease as residence time increases, as ob-
served experimentally (figure 2).

13C contents as a function of bed residence time are
shown in figure 3 for each acohol product detected. The
13C content in methanol increases with increasing bed res-
idence time because *CO hydrogenation leads to the for-
mation of labeled methanol. The 3C content in ethanol
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Figure 1. Effect of bed residence time on product concentration for
1.0 wt% K—CupsMgsCeO,. (538 K, 2.0 MPa, 3CO/H,/CH3OH =

100/100/1.3.)
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Figure 2. Effect of bed residence time on product formation rate for
1.0 wt% K—CugsMgsCeO,. (538 K, 2.0 MPa, 13CO/H,/CH30H =
100/100/1.3.)

decreases with increasing bed residence; extrapolation of
the ethanol isotopic content to zero residence time shows
that the initial ethanol product is predominantly labeled
(94% *3C). Thus, ethanol is formed predominantly by di-
rect reactions of 3CO without significant involvement of
the 2CH30OH present in the feed, at least at our experi-
mental conditions for a 3CO/?CH3OH ratio of 75 in the
reactant mixture.

At longer residence times, ethanol is also formed by
reverse aldol reactions of higher alcohols after keto—enol
isomerization of surface intermediates formed in condensa-
tion steps, as described in the scheme below. As a result,
the 13C content in ethanol decreases because of the signif-
icant involvement of 22CH3OH in the formation of Co+
aldol species. This reverse aldol reaction leads to the ob-
served decrease in 3C content in ethanol with increasing
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Figure 3. Effect of bed residence time on product carbon-13 distribution
for 1.0 wt% K—Cup sMgsCeO,. (538 K, 2.0 MPa, 13CO/H,/CH30H =
100/100/1.3.)

residence time. Indeed, *C contents in 1-propanol and
2-methyl-1-propanol (isobutanol) are significantly lower
than in ethanol. Thisis consistent with synthesis pathways
involving condensation reactions of ethanol and methanal,
leading to the formation of 1-propanol and 2-methyl-1-
propanol [6]. The detailed pathways mechanism for reverse
aldol-condensation reactions that lead to the decrease in the
13C content in ethanol as bed residence time increases are
shown in scheme 1.

The 13C content in 1-propanol calculated by assuming
that it formed exclusively via ethanol addition to ethanol in
aldol-condensation steps (dashed line in figure 3) is, how-
ever, lower than the values measured. This indicates that
one pathway for ethanol to 1-propanol chain growth in-
volves carbonylation of C,HsOH by 3CO. Some of the
1-propanol may form by linear chain growth pathways that
also lead to the formation of some 1-butanol during CO
hydrogenation on K—Cup sMgsCeO,. [9]. These pathways
may involve the intermediate formation of methyl propi-
onate in pathways similar to those discussed below for
the formation of ethanol products. A large fraction of the
1-propanol forms, however, via adol-condensation reac-

-

Table 1
Isotopic composition of methyl formate formed from 3CO/22CH3;0H/H,
reactants on 1.0 wt% K—CupsMgsCeO,, at bed residence times of 1.5,
3.0 and 6.0 s (538 K, 2.0 MPa, 13CO/H,/CH30H = 100/100/1.3).

13c (%)
15s 30s 6.0s
H-13CO-O-13CH;3 7.8 21.7 29.5
H-13CO-O-12CH3 88.9 68.3 60.7
H-12CO-O-13CHj3 33 48 44
H-12CO-O-12CH3 0 5.2 5.4
Total 13C content 52.3 55.9 59.9

tions of ethanol with methanol; these pathways are unavail-
able for ethanol formation from two methanol molecules,
because methanol molecules lack the two a-hydrogens re-
quired for aldol-type condensation pathways.

In addition to labeled higher acohols, methyl formate
and methyl acetate with significant *C enrichment were
also formed. The '3C content and the isotopic distribution
in methyl formate are reported in table 1 at several values of
residence time. The methyl formate products at short res-
idence time (1.5 s) are mainly singly-labeled (90%), with
about 95% 13C at the carbonyl carbon atom for the singly-
labeled methyl formate. Methyl formate has been shown
to form by reactions of methanol with CO on basic cata-
lysts[2]. Our results are consistent with nucleophilic attack
on 13CO by the oxygen atom in ?CH3;0H, leading to the
predominant presence of >C in the methyl group of methyl
formate. The '3C content in the methyl group of methyl for-
mate increases with increasing bed residence time, because
the required methanol reactant acquires increasing amounts
of 13C via *CO hydrogenation. The *3C content in the car-
bonyl group remains high because CO retains its high iso-
topic purity throughout the entire range of residence time.
As discussed below, reactions involving methyl formate or
related surface precursors, such as CHzO*CO—, may lead
to the initial C—C bond formation during the synthesis of
ethanol from H,—CO mixtures. C-C bond formation, how-
ever, requires the isomerization of methyl formate, a step
with a significant activation barrier [2].

-
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Scheme 1.
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At short residence times and low CO conversion levels,
gas phase methanol and any surface intermediates derived
from methanol are predominantly unlabeled. CO insertion
into surface methoxide species could lead to an intermediate
species (CH3O* CO™) stabilized by alkali cations present in
alkali-modified basic oxides [10]. Theoretical studies car-
ried out by Klier et al. [11] show that nucleophilic attack of
CO by surface methoxide species is an exothermic reaction
without a significant activation barrier. These intermediates
(CH30*CO™) lead to either methanol via hydrogenation re-
actions, as suggested for surface formate species [12-14]
or to methyl formate with labeled *C predominantly in the
carbonyl group via the following hydrolysis reactions [10]:

CH; CH, 0

O0—5C + °oH
H

0. o .0 + HO—
\13C'/

In addition to hydrogenation and hydrolysis reactions,
surface CH30*CO~ species can also undergo isomerization
reactions leading to acetate species that contain the initial
carbon—carbon bond. Hydrolysis of these surface acetate
species followed by esterification reaction with methanol
can lead to methyl acetate. As mentioned earlier, methyl
acetate production goes through a maximum with increasing
bed residence time, suggesting that it is a reaction interme-
diate and the hydrogenolysis of which could form ethanol.
Unlike the hydrolysis reactions of CH3;O*CO~, which are
exothermic and require no activation energy, theoretical cal-
culations show that isomerization of surface CH3O*CO~
(viamethyl shift) to CH3*COO™ (acetate) on alkali cations,
however, requires a very high activation energy [2]. There-
fore, the formation of surface acetate species and the hy-
drogenolysis of such speciesto form ethanol are unlikely to
occur. In addition, such pathways would predict the initial
formation of ethanol molecules with a single *3C atom at
the 1-position. Our data show that the initial ethanol mole-
cules formed are predominantly doubly-labeled (figure 3).
At short residence times, doubly-labeled methyl acetate is
also the predominant species and 3C atoms are located
in the CH3—CO group (table 2). Therefore, isomerization
of surface methyl formate species cannot account for the
formation of carbon—carbon bonds in either methyl acetate
(table 2) or ethanal (table 3) on K—-Cu-MgsCeO,, catalysts.

The isotopic composition of methyl acetate is consistent
with the pathways shown in figure 4, where M™ repre-
sents coordinatively unsaturated cations, such as K+ and
Mg?*. The nucleophilic attack of surface methyl formate
(or formate) species containing 3C in the carbonyl group
by surface CH30*CO~ (or formate) species leads to the
formation of the initial C-C bond (steps | and I, fig-
ure 4). Methyl formate ions could also react with sur-
face formaldehyde species derived from methanol to form
asingly-labeled carbon—carbon moiety (step 111). Formalde-
hyde addition pathways lead to the observed formation

Table 2
Isotopic composition of methyl acetate formed from 13CO/2CH3;0H/H,
reactants on 1.0 wt% K—CupsMgsCeO,, at bed residence times of 1.5,
3.0 and 6.0 s (538 K, 2.0 MPa, 13CO/H,/CH30H = 100/100/1.3).

¢ (%)

15s 30s 6.0s
1BB3CH3-13CO-O-13CH3 55 15.8 26.8
13CH;-12CO-0-13CH3 0.5 6.4 11.6
12CH5-13CO-O-13CH3
13CH;-13CO-0-12CH3 63.1 51.5 428
1BB3CH3-12CO-0-12CH; 231 17.8 11.1
12CH;3-13CO-0-12CH3
12CH3;12CO-O-13CH3 14 2.8 7.7
12CcH,-12CcO-0-12CH3 6.6 5.6 0
Total 13C content 56.2 60.6 69.3

of 2CH33CH,0H, the concentration of which increases
with increasing residence time. These pathways appear
to involve reactions of methanol that increase in conver-
sion with increasing residence time and account, in part,
for the observed increase in 2CH3'CH,OH concentration
with increasing residence time. Aldol self-condensation re-
actions of formaldehyde derived from methanol, as sug-
gested by Klier et a. [2], would lead only to an unlabeled
carbon—carbon moiety. Since most carbon—carbon moieties
in ethanol and methyl acetate are doubly-labeled, reaction
pathways | and 11 are most likely to occur. Hydrogenation
of these surface oxygenated species leads to the formation
of methyl acetate speciesthat can desorb from the surface or
undergo hydrogenolysisto form ethanol and methanol at the
high hydrogen pressures typical of higher alcohol synthesis.

The hydrogenolysis of surface formate leads to the for-
mation of methanol on methanol synthesis catalysts[12-14].
A similar type of reaction would lead to ethanol and
methanol via hydrogenolysisof methyl acetate. Thisis con-
sistent with the observed similarity between the 13C content
and distribution in the CH3CO group within methyl acetate
(table 2) and in the ethanol product of *CO/*2CH30H/H,
reactions (table 3). At short bed residence times, both car-
bon atoms in the C—C group of methyl acetate and ethanol
are predominantly labeled (tables 2 and 3). The effects of
residence time on the rate and selectivity for the formation
of ethanol, methyl formate, and methyl acetate are consis-
tent with the intermediate role of methyl formate in the
formation of methyl acetate and with a subsequent role of
the methy! acetate in the formation of ethanol during CO
hydrogenation. Ethanol formation rates increase with in-
creasing residence time, while formation rates for methyl
acetate and methyl formate are only weakly affected. If
ethanol were a precursor to methyl acetate, methyl acetate
formation rates would increase as ethanol formation rate
increases. Our experimental results show that methyl ac-
etate isalikely precursor to ethanol. It is also possible that
ethanol and methyl acetate are formed from a similar pre-
cursor, the concentration of which increases with increas-
ing residence time. The rate of formation of methyl acetate
goes through a maximum with increasing residence time,
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Table 3
Isotopic composition of ethanol formed from 13CO/2CH3OH/H, reactants on 1.0 wt% K—Cug sMgsCeO,; at bed residence times of
1.5, 3.0 and 6.0 s (538 K, 2.0 MPa, 13CO/H»/CH30H = 100/100/1.3).

51

13c (%)
15s 30s 6.0s
Expt. Predicted® Expt. Predicted® Expt. Predicted®

13CH4—13CH,0H 77.0 68.6 63.1 67.3 57.0 69.6
13CH5-12CH,0H 46 23.6° 9.8 24.2b 11.8 22.7°
12¢cH,13CH,0H 10.4 16.5 19.2

12¢cH,12CH,0H 8.0 8.0 10.6 8.4 12.0 7.7
Total 13C content 84,5 76.3 725

aPredicted values if ethanol formed from methyl acetate.

b Percentage of singly-labeled ethanal with 13C in either carbon group (methylacetate isotopomers leading to individual ethanol

isotopomers cannot be distinguished by mass spectrometry).
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Figure 4. Pathways for carbon—carbon bond formation in methyl acetate.

suggesting that, in contrast with ethanol, methyl acetate is
a reactive intermediate.

The hydrogenolysis of methyl formate or methyl acetate
involves the use of Cu sites to dissociate H, and form the
required H atoms. The hydrogenolysis steps using these
hydrogen atoms may occur directly on such Cu sites or on
basic sites using hydrogen atoms placed on oxide surface
regions via hydrogen spillover.

These isotopic tracer studies have shown that ethanol
is formed predominantly by direct reactions of CO on K—
CupsMgsCeO,, at short residence time. The initia rate
of ethanol formation is zero, suggesting that ethanol is a
secondary reaction product. Therefore, a gas phase inter-
mediate molecule, derived from CO, must be present for
the formation of ethanol. This mechanism for C-C bond
formation from CO/H; on K—CupsMgsCeO,, differs from
those reported previoudly in the literature [1-3] and from
our recent results on Cs-promoted CuzZnAlQO,, [15].

4. Conclusions

Pathways involving coupling reactions of surface for-
mate and methy! formate species formed directly from *CO
account for the formation of the initial carbon—carbon bond
in ethanol from CO/H; on K—Cup sMgsCeO,.. Reverse al-
dol condensation reactions of ethanol and methanol and
reactions of methyl formate with >*CH3;OH-derived inter-
mediates become more important with increasing bed res-
idence time. These reactions decrease the 13C content in
ethanol because 12CH3OH molecules are involved.
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