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QUARTERLY TECHNICAL REPORT

The goals of this project are to develop a catalyst and process for the conversion of
syngas to isobutanol. The research will identify and optimize key catalyst and process
characteristics. In addition, the commercial potential of the new process will be
evaluated by an economic analysis.

This report describes the preparation and testing of a variety of potential higher
alcohols synthesis catalysts based on a bifunctional formulation consisting of a noble
metal dehydrogenation function on a basic mixed metal oxide support. A pilot plant
catalyst screening test using a 10/1 methanol/ethanol feed blend has been used to
identify a new class of catalysts that afford higher selectivities and productivities of
the desired isobutanol and other C,, products than the Cu/Zn/Al oxide methanol
synthesis catalyst that is being used as a baseline for this work'., 2% Pd or Pton a
Zn/Mn/Zr oxide support and 2% Pd on a Zn/Mn/Cr support have given the best
performances to date. In addition to isobutanol, these catalysts afford significant
guantities of isobutyraldehyde and methyl isobutyrate. In order to elucidate the
reaction pathway occurring with this class of catalyst, the 2%Pd on Zn/Mn/Zr oxide
catalyst has been evaluated over a range of space velocities. It has been found that
isobutanol and higher oxygenates yields increase with decreasing space velocity at
ethano! conversions greater than 90%. This suggests that this catalyst is capable of
converting methanol alone to higher alcohols. This is different from the result
obtained with the Cu/Zn/Al oxide baseline catalyst, which showed no change in
product yields at high ethanol conversions'. Therefore, further effort will be focussed
on the development of these noble metal/basic metal oxide catalysts for this

application.
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EXPERIMENTAL

Catalysts

Two co-precipitation procedures have been used to prepare the mixed metal oxide
supports described in this report. Aqueous metal nitrate solutions containing all of the
metals were used in both methods. In the first method the co-precipitation was
accomplished by simultaneous addition of the metal solution and an aqueous KOH
solution to a stirred bucket while maintaining pH at 11 and temperature at 50 °C. The
following materials have been prepared by this procedure:

Zn/Mn/2r oxide (34/34/32 molar)

Zn/Mn/Cr oxide  (34/33/33)

Zn/Mn/Ce oxide (33/33/33)

Zn/Mn oxide (50/50)

Zn/Zr oxide (50/50)
The second co-precipitation procedure was similar, except that a Na,CO, solution and
pH 7 were used. The materials that have been prepared using this method are:

Zn/Mn/Cu oxide  (34/33/33 molar)

Zn/Al oxide (74/26)

Zn/Cr oxide (74/26)
After the precipitation the solids were recovered by filtration, washed extensively with
deionized water, dried at 127 °C for 15 hours, sized to 20-40 mesh and calcined at
327 °C in air for 3 hours. An additional metal oxide sample, of MnO,, was obtained
from Chem Metals of Baltimore, MD.

Portions of the metal oxides described above were impregnated with Pd, Pd or Ag
using aqueous metal chloride (Pt and Pd) or metal nitrate {Ag) solutions. After
impregnation the materials were re-calcined at 400 °C to afford the final catalysts.
A mixed Ag metal / Zn/Mn/Zr oxide catalyst was also prepared by physically mixing
the mixed metal oxide with 60 mesh Ag granules obtained from Aldrich.

Catalytic Testing Procedure

The pilot plant testing of catalysts for the conversion of a methanol/ethanol blend to
isoalcohols was accomplished as follows. The catalyst, as 20-40 mesh granules, was
loaded into a 1/2" I.D. stainless steel reactor. The reactor was purged N, at 250 °C,
10 psig, 0.5 scf/hr for 1 hour then pressure tested with N, at 250 °C, 500 psig for
1 hour. After restarting the N, purge, temperature and pressure were adjusted to the
desired conditions. After 2 hours, the methanol/ethanol blend (10/1 molar) was cut
into the plant at the desired rate and continued for 16 hours. Product analyses were
obtained using two on-line GCs to analyze the total hydrocarbon/oxygenate product
and the overhead gas. Conversions, selectivities and productivities (including CO and
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CO,) are based on moles of carbon. For all of the tests described in this report, the
averages of results obtained between 8 and 16 hours on stream are reported. A
listing of the pilot plant runs included in this report is given in Table 1.

RESULTS AND DISCUSSION

‘Catalyst Screening of Noble Metal on Mixed Metal Oxides

This report describes catalyst preparation and testing directed at identifying a
promising noble metal and basic metal support for further development. Previous
work in this project found that a 2 wt.% Pd on Zn/Mn/Zr oxide catalyst gave the
highest isobutanol selectivity and productivity of any catalyst that had been tested to
date in this program for the conversion of a methanol/ethanol blend to higher
alcohols’. This material is similar to the catalysts described by Keim, etal. to give high
isobutanol selectivity from syngas, albeit at very severe conditions (high temperature
and pressure)?.

The ability of bifunctional materials to catalyze the conversion of light aicohols to
higher branched alcohols can be rationalized in the following way. The aldol coupling
reaction, that presumably affords the C-C bond forming in this system, likely requires
the presence of aldehyde as a target for nucleophilic attack. This suggests that the
rate of condensation can be increased if the concentration of aldehyde species in the
feed can be raised. Noble metal catalysts are well known to catalyze this
dehydrogenation. For example, silver metal is used commercially for the conversion
of methanol to formaldehyde. Therefore, the addition of a noble metal function to a
catalyst support capable of promoting the aldol condensation reaction should lead to
a superior catalyst.

A series of mixed metal oxide supports have been prepared by the co-precipitation of
a metal nitrate solution with KOH at constant pH. These supports, after drying and
calcining, have been impregnated with both 2 wt.% Pd and 2 wt.% Pt and tested in
the standard pilot plant screening test for the conversion of a 10/1 (molar)
methanol/ethanol blend. Table 2 summarizes the testing results of the Pd containing
catalysts, while Table 3 summarizes results with Pt containing materials.

In the case of Pd, the Zn/Mn/Cr (33/33/33 molar) support affords the highest
isobutanol selectivity and productivity. The Zn/Mn/Zr (33/33/33) support gives
comparable selectivity, but at a slightly lower activity level. This material also shows
lower CO, selectivity due to reduced CO. Other supports tested, Zn/Mn/Ce, Cu/Zn/Al
and Zn/Mn, all show lower selectivity to the desired isobutanol product than the best
catalysts. B —




The Zn/Mn/Zr (33/33/33) support gives the best Pt containing catalyst, with the
Zn/Mn/Ce {33/33/33) catalyst a close second. On contrast to the Pd findings, Pt on
the Zn/Mn/Cr support gave poor selectivity to isobutanol and total C,, products and
high selectivity to CO,. The preparations of Pd and Pt catalysts on this support will
be repeated to determine if this difference is reproducible. The Cu/Zn/Al support, as
well as several bimetallic oxide supports, gave lower isobutanol selectivity than the
best samples.

Table 4 summarizes the results with the best two supports, Zn/Mn/Zr and Zn/Mn/Cr,
as a function of the noble metal functionality. The Pd or Pt metal addition clearly
increases the activity of these catalysts for methanol/ethanol conversion. Catalyst
with either no metal or Ag as the metal (either impregnated or physically mixed), show
much lower conversion levels. This suggests that the dehydrogenation of alcohol to
aldehyde is an important, and perhaps rate limiting, step in the condensation process.
In the case of Zn/Mn/Zr, it appears that isobutanol selectivity is relatively independent
of the identity or presence of the noble metal. This suggests that oxygenate
selectivity may be primarily a function of the basic metal oxide support. Therefore,
variations of this support composition would be a reasonable approach for improving
isobutanol selectivity. Table 5 shows an overall summary of the selectivities to all
identified products observed with the Pt and Pd containing catalysts on a CO, included
basis. All of these catalyst show higher selectivity to isobutyraldehyde than to
isobutanol. This may be due to the low pressure (30 psig) used in this testing, where
equilibrium favors the dehydrogenated product. The presence of substantial amounts
of methyl isobutyrate, the ester derived from methanol and butyric acid, suggests that
either further oxidation to the carboxylic acid or condensation of iC, aldehyde and
methanol is also occurring. Acid catalyzed etherification of methanol to DME appears
to be minimal, except for the Pd on Zn/Mn/Zr oxide catalyst, but light ester formation,
presumably by the reaction of methanol with formaldehyde and acetaldehyde
intermediates, occurs at about 3% selectivity. The Pd containing catalysts show
twice as much CO formation as the Pt samples, which is highly undesirable since it
‘represents that reverse of the methanol synthesis process.

WHSYV Testing of Pd on Zn/Mn/2r Oxide to Determine the Reaction Pathway

One of the primary mechanistic questions in the production of branched C,
oxygenates from methanol is the relative rates of the C,-C, and C,-C, ; condensation
steps. While the latter condensation is sufficient for the production of higher alcohols
from a methanol/ethano! feed blend, the C,-C, coupling step is necessary for the
primary goal of this project which is the condensation of methanol only to higher
alcohols. In order to evaluate the extent of C,-C, coupling occurring over the
experimental catalysts, tests have been conducted to determine the dependence of
product yields onspace velocity. In particular, at conditions where ethanol conversion
is high, an increase in the yields of isobutanol and other higher oxygenates as WHSV




is decreased suggests that methanol alone is being converted to the desired products.
Previous testing has shown that the baseline Cu/Zn/Al methanol synthesis catalyst is
poor for converting methano! alone to higher alcohols'. Figures 1 and 2 show
conversions and yields as a function of space time for this catalyst.

The 2% Pd on Zn/Mn/Zr oxide catalyst (7887-64) has also been evaluated at varying
space velocities to determine if C,-C, condensation is occurring with this material.
Figure 3 shows methanol, ethanol and total carbon conversions as a function of space
time. This data shows that ethanol conversion exceeds 80% at space time greater
than 0.15 hr and reach 95% at 0.50 hr. Figure 4 shows that over this range of space
times the vyields for the desired products, isobutano! and total C,, oxygenates,
increase 2-3 fold. This suggests that this catalyst may be capable of condensing
methanol alone to higher aicohols. Further testing with a methanol only feedstock will
be conducted to confirm this conclusion.

CONCLUSIONS

A pilot plant catalyst screening test using a 10/1 methanol/ethanol feed blend has
been used to identify a new class of catalysts that afford higher selectivities and
productivities of the desired isobutanol and other C,, products than the Cu/Zn/Al
oxide methanol synthesis catalyst that is being used as a baseline for this work'. 2%
Pd or Pt on a Zn/Mn/Zr oxide support and 2% Pd on a Zn/Mn/Cr support have given
the best performances to date. In addition to isobutanol, these catalysts afford
significant quantities of isobutyraldehyde and methyl isobutyrate. In order to elucidate
the reaction pathway occurring with this class of catalyst, the 2%Pd on Zn/Mn/Zr
oxide catalyst has been evaluated over a range of space velocities. It has been found
that isobutanol and higher oxygenates yields increase with decreasing space velocity
at ethanol conversions greater than 90%. This suggests that this catalyst is capable
of converting methanol alone to higher alcohols.
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