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The purpose of our research is to develop and evaluate novel catalytic systems for
the selective conversion of syngas into a mixture of alcohols useful as a fuel additive,
These systems include both homogeneous and heterogeneous catalysts, and may
involve two-stage operation through methanol.

We have mainly investigated three catalytic approaches from syngas to higher
alcohols. A novel methanol homologation process discovered under our previous
conmract has been a subject of continued study. This homogeneous catalyst converts

-methanol (with syngas) into ethanol under lower pressures than previously possible;

good rates and selectivities are obtained below 1000 psi. Homogeneous ruthenium-
based catalysts have been developed which can produce a mixture of C;-Cy4 alcohols

" from syngas under pressures of 3000 to 5000 psi. Certain novel catalyst additives have

been found to increase the activity and selectivity to higher alcohols, Heterogeneous
molybdenum sulfide-based catalysts have also been investigated. A major objective in
these studies is to discover new modifications of the catalyst with improved
performance.
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Nevel Methanot Homelogation Catalyst System
K. G. Moloy and R. W. Wegman, J. Chem. Soc., Chem. Commun., 820
{1988)
U. 5. Patent 4,727,200 (1988}, to Union Carbida.

. S. Patent application filed on preparaticn of ligands for this sysiem
{1988).

Work an this system originated from an interast In improving on the

known cobalt catalyst for convarsion of methanol to acetakdehyde
and ethanol, and the following question:

Could Rhodium be s Setter Methano! Homologation Catalyst?
» Rhodium catalyzes s vatiaty of carbonylation reactians with faster
rates under milder conditions than cobalt.
Compare.
Rhodium vs. cobalt catalyzed olefin hydreformylation,
Rhogdium vs. cobalt catalyzed methanol carbanylation.
+ Rhodlum had been investigated for methancl hydrocarbonylation and
homolagation, but very high ratias of Hx/CO ware required — 40:1.

Carbonylation to acetic acid highly favored.

Key Difference Between Cobalt- and Rhodium-Gatalyzed Mathanol
Carbanylation

» Gobalt acetyl compiex reacts with hydrogen to produce acetaldehyds.

= RAhodium acetyl complex rapidly eliminates acety] iodide.

+ Rhodium acety! not stable enough 1o be intercepted by hydrogen. A
maans of stabilixing the acatyl must ba found.
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Mathanot Homologation - Concluslens

+ Movel system with supefiar parfiormanca 1o previously known
sy§iems.

- Diphosphine kgands stabilize rhedium acyl complexes undar catalylic
conditions.

+ Kinstic, mechanistic, and labaling studies have baen used to
elaborate the rasction machanism. All steps of the proposad
meachanism hava baan varifiad.

. Catalytc reactions sludied only in smali-scale batch raactions.

- Catalyst stability appears good in these tests.

+ Significant improvements in rate/productivity raquired.

» Expermental work concludad until further concepts for catalyst
impravament developsd. ' I
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* Homogeneous ruthenium catalysts previously found to be active.

* Novel catalyst additives found which improve catalyst activity and
selectivity to Co+ alcohols,

» Improved activity allows operation at lower pressure.
« U. S. patent application filed (1988).

Etfects of Catalyst Additives

Mol/ithr
Total Rate  Co+ Rate Additiveg
1.8 0.8 K
4.1 1.9 Kl, A16, A92
6.7 2.5 Lil, A16, A111

All runs at 5000 psi 1:1 H,/CO, 230°C with
Ru catalyst, NMP or DMI solvent.

Effects of Reaction Pressure

Mol//hr
Pressure, psi Jotal Rate C.+ Rate
5000 6.7 2.5
4000 6.4 2.2
3000 4.8 1.0

All runs with 1:1 H,/CO, 230°C with Ru catalyst, Lil, A16, A111
additives, DM! solvent.
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Recent Experiments with the Ruthenlum-Based Homogeneous Bystem

« A number of additives tested for thelr polential as rate of selectivity
promaotars.

+ Mast of the additives tested had negative effects on activity.
. Ratio of higher alcohols to mathanal can ba increased significanily by
longar reaction imes {greater contact time}.

Effect o Resction Time on Preduct Selestivity

Reaction Time, Hrs. 1.5 A0
Methanel, g 56 49
Ethanal, g 5.7 10.2
n-Propancl, g 0.8 59

n-Butanal, g 0.4 1.6
Teota! Rale, MAMr 58 4.04
Do+ Alcohols, wt % 43 61

Conditions: 4.7 mmol Rus(CO)qa, 7 mmot A18, 1 mmat A3, 30
mmo! KI, 83 mmol A93, 38 mL DMI, 5000 psi 1:1 Ha/CO, 230°C.
Ditect Syngas Conversian with Homogeneous Catalysts
Experimental Status

« Stydied in small-scale batch reactions; 35-75 mi. tetal solution.

» Substantial improvements in nuthanium catalyst activity al lower
pressures atiained.

» Eunher enhancemants setactivity to higher alcohols attained.
+ Improvements In activity needed. |

 Experimantal werk being suspendad until new approaches are
identified.
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ir n Conversi ith Heter T} talys

@

* Molybdenum sulfide-based catalysts being investigated,

* Alkali-promoted Mo5; catalysts ¢an produse up to 85% Gy -Cy
linsar alcohaols.

K-Mo&. Jarget
Rate 10 Alcchols 15-20 Ib/ethr >25 Micf/hr
% Dxygenates 70-85 »85
WLY% Cos Alqnha.ls 35-45 50

Typical conditions: 1200 psi, 300°C, 600D GHSY

Objactives

+ Oblain increased acivity.
_ ' + Gain inlormation on catalyst s1ability.
L

* Reduce methang formation.

Apprecaches

* Understand present catalysts - physical faciors atfecting
partormanca.

- Study aflernative catalyst preparations. '

* Explore modifications of the catalyst,

Tast Facilities

* U-Tube microreactars, continuous flow without recycle.
* 1-3 o catalyst charge.

« Liquids condensad and aralyzed by GC.

* Effluert gas analyzed diregtly by GC.
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Alkall impregnation Step lnvestigated

-

High potassium lavels needed for good selectivity to akcohols.

-

Lowers surface arsa: 65 m2/g to & m2/.

Potassium acelate wals calalyst surfaca and appears to fill mosi of
the small pores.

Leachlng with water ramoves the potassium and resiores mos! the
the criginal surfacs ama, even with used catalysis.

Effects of Potasslum Loading

Aleohol Select — Schulz-Flory glpha
K/Mo Rae WHC  C/Cp+  aleohols  hydrocarbons
008 493 §7.9 506 0356 0405
0.1 135 7R3 5, 0405 0376
02 184 257 118 0228 0223
035  19. 209 786 0230 0.4l

Evaluations al 300°C, 1200 psi, GHEV = 6000, Hy/CO = 1.

1.4
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Some Approaches Investigated

» Standard procedurs involves precipitation of ammonium
thiomolybdate from ammonium paramolybdate and H,S,
decomposition to amorphous MoS;, and impregnation with K salt.

* Various procedures investigated for preparation of ammonium
tetrathiomolybdate (ATM) precursor (temperature, time, solvent, etc.).

« Potassium incorporated during the ATM precipitation step.

- Catalysts prepared by low temperature calcination of ATM to produce
MoSj;, then impregnated and calcined.

+ Catalysts prepared by precipitation of ATM to give finer particles.
+ Catalysts prepared from (NH4),M00,S,.

* KMogSg (Chevrel phase) used as catalyst precursor.

Modified Catalysts
+ Catalyst supports investigated, especially high surface-area carbon.

» Carbon-supported K-MoS, show lower activity than the bulk batalyst.
although rates on a contained Mo basis are higher.

* Metal additives investigated in a statistically designed approach.

* Eleven additives investigated at two levels in 12 experiments.
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EHfects of Additives on Rate 1o Alcohols {fbfkg/hr)
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Modified Catalyst Composition and Preparation
" A new procedure needed to be deveioped for preparation of A116-
containing catalysts.

- These modilied calalysts appear to have a 10-15% advantage in rate
over previcus best catalysts.

+ Product selactivilies are not negatively affected.

Dlrecl Syngas Converslon with Heterogeneous Catalysts

Experimental Status

* No direct cotrelstion observed betwaen catalys! surtace area and
activity,

= No significant improvements attained through modified preparations of
K‘MDSE catalyst.

- incorparation of mesal additive A116 appears to significantly improve

v the activity,

* Experimental approaches with other heterogansous catalysts are ceing
ferrmulated and will be pursued in the next year.
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