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Executive Summary

Status

E.1 Overview

The manuf_ture of liquid energy fuels from syngas (a mixture of 1-12and CO, usually containing CO2)
is of growing ;mportance and enormous potential because

• Abundant U.S. supplies of coal, gas, and biomass can be used to provide the needed syngas.

• The liquid fuels r:rodu¢'cd,oxygenates or hydrocarbons, can help lessen environmental pollution.
Indeed, oxygenates are required to a significant extent by the Clean Air Act Amendments (CAAA) of
1990.

• Such liquid synfuels make possible high engine efficiencies because they have high octane or cetane
ratings.

• There is new, significantly improved technology for converting syngas to liquid fuels and promising
opportunities for further improvements. This is the subject of this report.

The purpose of this report is to provide an account and evaluative assessment of advances in the
technology for producing liquid energy fuels from syngas and to suggest opportunities for future research
deemed promising for practical processes.

Much of the improved technology for selective synthesis of desired fuels from syngas has resulted from
advances in catalytic chemistry. However, novel process engineering has been particularly important
recently, utilizing known catalysts in new configurations to create new catalytic processes.

This report is an update of the 1988 study Catalystsfor Fuels from Syngas: New Directions for Research
(Mills 1988), which is included as Appendix A. Technology for manufacture of syngas is not part of this
study.

The manufacture of liquid synfuels is capital intensive. Thus, in evaluating advances in fuels technology,
focus is on the potential for improved economics, particularly on lowering plant investment costs. A
second important criteria is the potential for environmental benefits.

Improved technology and special needs, some political and some environmental, have led to a variety of
recent commercial installations of liquid hydrocarbon fuels from syngas. The novel MTG (methanol-to-
gasoline) process begaii operation in New Zealand m 1985. A new type of Fischer-Tropsch unit, a fixed-
fluidized-bed unit, was instzlled by South African Coal, Oil, and Gas Corporation, Ltd. (SASOL) in South
Africa in 1989. The largest synfuels plant built to date is being started up in Mossel Bay, South Africa,
using SASOL synthesis technology. In 1993, the SMDS (Shell Middle Distillate Synthesis) plant will
begin operation in Malaysia. A small plant near Denver, CO, has started o_rations, producing diesel fuel
based on slurry-phase catalytic conversion of syngas made from landfill gas.

Insofar as oxygenate fuels from syngas are concerned, gasoline blends containing mixed alcohols,
manufactured from syngas, were marketed in Italyfor a period of time in the 1980s. In the United States,
the Tennessee-Eastman plant has been recently expanded, manufacamng products that include methanol,
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using syngas made from coal. The growth in use of methyl tertiary butyl ether (MTBE), manufactured
from methanol and isobutene, has been phenomenal. Production reached 6 million gallons per day in the
United States in 1992 (gasoline usage is 300 million gallons per day).

The use of oxygenates in fuels is greatly influenced by the CAAA of 1990. Forty-four cities require that
gasoline contain 2.7% oxygen (equivalent to 15 vol % MTBE) in the winter months beginning in 1992.
In these cities the carbon monoxide in the air exceeds the amount deemed allowable for health reasons.

Further, in 1995 nine cities not in compliance with air standards will require that gasoline contain 2%

oxygen year-round. There are other future requirements for clean fuel fleets.

lt should be noted that gasoline reformulation has been voluntarily instituted to some degree by the

petroleum industry. Reformulated gasoline contains some oxygenates.

Our discussion will be concerned with two types of hydrocarbon fuels and three types of oxygenate fuels

that can be synthesized from syngas. Seven alternative reaction pathways are involved (see Figure E-1).

Dimethyl Ether

Diesd I Ethers

Figure E-1. Liquid fuels from syngas: pathways for their syntheses
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E.2 Oxygenate Fuels

Oxygenates generally thought to be most suitable for fuels are shown in Table E-1.

Table E-1. Oxygenates Most Suitable for Fuels

Blending Blending Btu/Gal
RVP 1 Octane 1000s

Methanol 31 116 65

Ethanol 17 113 77

MTBE 8 110 109

ETBE 2 4 110 117

TAME 3 2 103 112

t-.Butanol 9 100 101

Isobutanol 5 102 95

Gasoline 87 125

IRVP = Reid vapor pressure
2ETBE = ethyl tertiary butyl ether
3TAME = tertiary amyl methyl ether

t

Other oxygenates under consideration as blending agents include diisopropyl ether and dimethylcarbonate.

E.2.1 Methanol Manufacture

Blends of gasoline and low levels of methanol have been tested extensively. Higher molecular weight
alcohols are usually included in the blend to help prevent phase separation, which can occur when small
amounts of water are inadvertently present. At present, blends containing low levels of methanol are not
well regarded as commercially desirable by the public and industry.

In contrast, fuel M85, 85% methanol and 15% gasoline, provides excellent performance in vehicles

designed for this fuel. M85 is being marketed in California and other U.S. locations. In addition, flexible
fuel vehicles (FFVs) are being manufactured. FFVs can use gasoline or methanol or blends of any

intermediate composition.

Technology that will permit a higher conversion per pass of syngas will improve the economics of
methanol production. In current methods for methanol manufacture, conversion of syngas per pass is
limited by thermodynamics to 25% and in practice is about 10%. Expensive recycle is required. Several
encouraging concepts for higher conversion rates per pass are being investigated.

E.2.1.1 More Effective Heat Removal

If heat could be removed more effectively from the reactor, temperature rises could be prevented, creating
hot spots that decrease methanol conversion levels and shorten catalyst life.
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• A slurry catalyst system, liquid phase methanol or LPMEOH process, _ been developed and
operational parameters established both in the laboratory and in a 10-ton-per-day pilot unit.
Demonstrations on a larger scale are being proposed.

• Utilization of a fluidized bed catalytic reactor for heat removal has been explored with some success.

E.2.1.2 Methanol Removal From Reactor to Achieve Higher Conversion

Conversion of syngas to methanol is limited under industrial conditions by thermodynamic considerations.
However, the following schemes are proposed for methanol removal from the reactor, which would
increase conversion and decrease or eliminate the need for expensive recycle of unreacted syngas.

(1) Gas solid trickle flow reactor
(2) Reactor system with interstage product removal
(3) Condensing methanol principle.

E.2.1.3 Novel Catalysts for Methanol Synthesis

These novel catalysts can be used at 150°-180°C instead of the usual 250°-300°C. These catalysts would
permit higher conversion of syngas because of more favorable thermodynamic limitations at lower
temperatures. Also, operation at lower pressure in less expensive equipment would be possible.
Additionally, the possibility is offered that the expensive oxygen plant would not be required. Syngas
made in an air-blown gasifier would be used and the nitrogen separated more easily from the liquid
methanol product rather than from gaseous oxygen.

Unusually high-activity catalysts have been discovered. These are based on metal alloys, KOCH3 (methyl
formate route), and supported metals platinum group metals such as Pd and Rh.

Although these catalysts have promise, each has practical problems, lt is here that fundamental research
can provide critical information and ideas.

E.2.2 Coproduction of Methanol and Electricity

Several plants are being installed to generate syngas from coal for use in generation of electricity in
integrated gasification combined cycle (IGCC) operation, lt is proposed that it would be economically
beneficial to combine the generation of electricity and the manufacture of methanol. Methanol would be
manufactured from syngas in off-peak electrical periods when syngas is available. Methanol synthesis
technology that can accommodate CO-rich gas and that can "load follow" efficiently is needed. One
option being proposed is a "once-through" configuration, in which the syngas passes through the methanol
synthesis reactor and on to the electrical plant.

E.2.3 Coproduction of Methanol and Dimethyl Ether

Higher syngas conversion per pass can be achiev_ by providing a catalytic system that produces a
mixture of methanol and dimethyl ether (DME) in a single reactor. This is a chemical method of removing
methanol from the reaction system. DME is synthesized by the sequential reaction:

2 CO + 4 H2 --->2 CH3OH --->CH3OCH3 + H20.

E-4



Depending on th; catalyst and conditions, CO2 may be produced instead of H20. A combination of a
methanol synthesis and a methanol dehydration catalyst is employed. DME has a number of applications
for fuels and manufacture of fuels and chemicals. The development of mixed MeOH and DME

manufacture is regarded as an important new technology.

E.2.4 Increased Energy Efficiency in Methanol Use

If waste heat from an engine exhaust is used to provide the energy to convert methanol back to syngas,
an endothermic reaction, the heating value of the syngas is larger than that of the methanol from which
it is derived. A gain in energy efficiency of as much as 20% is possible.

E.2.5 Mixed Alcohols

There was much enthusiasm during the 1980s for the production of mixed alcohols for use as octane-
enhancing components in gasoline blends. The following special catalysts were developed: (1) alkali
modified copper methanol synthesis catalysts, (2) Co or Ni modified copper methanol synthesis catalysts,
(3) MoSx-based catalysts, and (4) supported platinum-group metals (Pd, Rh). A comprehensive tech-
nology base was developed and trial commercial production was initiated in Italy. An extensive series
of pilot unit tests were conducted in Japan using French/Japanese technology. Processes are available for
license. However, at present mixed alcohols are not regarded as commercially promising because they
cost more to manufacture than methanol, and most importantly, the need for a octane-enhancing blending
agent is being filled with MTBE, which is regarded as having better all-round properties.

However, there is interest in and opportunities for individual higher alcohols, particularly ethanol and
isobuta,_i91.

E.2.6 Ethanol

Ethanol is regarded as a desirable fuel both alone and in blends. Promising research results for selective
ethanol synthesis have been obtained by

• Homologation of methanol CH3OH + CO + 2H2 _ CH3CH2OH + H20
• Biocatalysis enzymes

• Isomerization of DME CH3OCH 3 -+ CH3CH2OH.

E.2.7 Isobut_nol

lt is proposed that isobutanol can be suitable as a blending agent in competition with MTBE.
Alternatively, isobutanol is also desired for manufacture of isobutylene needed for reaction with methanol

to produce MTBE. Although the isobutanol content of mixed alcohols is high, (for example, 70% of C 4
alcohols) the overall selectivity from syngas to isobutanol by known technology is not high.

lt is encouraging that, in syngas conversion, the thermodynamically allowable isobutanol is very high.
Secondly, it has been found that recycle of methanol in mixed alcohol synthesis increases higher alcohol
formation by homologation of lower alcohols.
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E.2.8 Methyl Tertiary Butyl Ether

MTBE was first inlroduced in gasoline blends in Italy in 1973. Its growth has been phenomenal, reaching
6 million gallons per day in the United States (gasoline use is 300 million gallons per day). Synthesized
by the reaction

CH3OH + iso C4H8 --->CH3OC(CH3)3 ,

MTBE is partly derived from syngas: 36% by weight of MTBE is provided by methanol. Plants to
manufacture TAME are also being installed.

One interesting technical innovation it,,ether synthesis is the use of "catalytic distillation" to carry out the
above reaction with the advantage that the reaction is driven almost 100% to the ether.

There has been concern that there would be insufficient isobutene for MTBE needs. However, the need
is being met by dehydrogenation of isobutane and by new cracking catalysts, which produce higher than
usual amounts of isobutene. Also, as pointed out above, isobutanol can be produced from syngas and
dehydrated to isobutene.

E.3 Hydrocarbon Fuels

E.3.1 Fixed-fluidized-bed Fischer-Tropsch (FT) Synthesis Reactor

The Fr process has long been employed for production of gasoline from syngas, notably in Germany in
World War U and in South Africa (SASOL) beginning in 1954. Recently, important new and improved
technology has emerged, unexpectedly perhaps, since Fr is such a long and well-researched process.

SASOL announced in I989 that a fixed-fluidized-bed catalytic synthesis reactor had been installed. They
report that this cuts the cost of the synthesis plant section in half relative to the previous entrained-fluid-
bed reactors. Improved plant operability is also reported. SASOL has also indicated that a slurry-phase
reactor system will be operated in 1993.

E.3.2 Synthesis to Wax, Hydrocrack to Diesel and Gasoline

Royal Dutch/Shell, Amsterdam, is constructing a 14,000-barrel-per-day (bpd) plant in Malaysia at a cost
of $660 million. A novel combination of catalytic processes is employed in the SMDS process. Syngas
from natural gas is converted to high molecular weight waxy hydrocarbons, lt appears certain that a cobalt
catalyst will be used, operated under conditions that provide for conversion to high molecular weight
hydrocarbons (high alpha value [ASI=l)in the synthesis process. A key feature is that the production of
low molecular weight hydrocarbons, particularly methane, is avoided. The waxy product is selectively
hydrocracked, using modern hydrocracking catalysts, to produce high-quality diesel fuel, valuable waxes,
and gasoline.

Exxon has been active in developing a new process for synthesis of hydrocarbon fuels from syngas.
Almost nothing has appeared in the technical literaUtre. However, Exxon has said to stockholders that its
divisions are "collaborating on advanced proprietary technology for on-site conversion of natural gas to
liquid products." A demonstration unit is now in operation and excellent progress is being made in
obtaining critical data for scaleup to commercial size. An investment of more than $100 million has been
made over a 10-year period and more than 100 patents have been obtainec[ lt appears that this is also a
variation in the Fr-type process, lt is reported that a new fluid-bed gas-reforming process has been
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developed. Exxon has reported that the syngas is converted to an intermediate product. This may consist

of C5. hydrocarbons that are isomerized and/or hydrocracked to produce a gasoline that has a suitable
octane rating, as well as other products, such as diesel fuel.

E.3.3 Slurry Phase FT

One of the most exciting developments in F1_ technology is the slurry phase conversion of syngas to
hydrocarbon fuels. Originally investigated in Germany by Koelbel following World War II, recent
engineering and economic evaluations have given great impetus to the possible "advantages of slurry phase
FT. A major improvement is the capability to carry conversion per pass nearly to completion, thus
avoiding major recycle costs, lt has been recognized that information obtained on a larger scale unit is
needed. An important test was carried out in August 1992 in the La Porte unit sponsored by the U.S.
Department of Energy (DOE) and a number of natieaal and international industrial partners.

A slurry phase FT operation is being conducted on a very small scale in a plant operated by the Fuel
Resources Development Company near Denver, CO. An iron-based catalyst is used and the diesel fuel
product has been reported to have excellent properties.

E.3.4 Methanol-to-Gasoline and Related Processes

The Mobil MTG process, developed cooperatively with DOE, has been in successful operation in New
Zealand for 6 years. Also with support from DOE, a fluid-bed version of MTG has been demonstrated
on a semi-commercial scale in Weseling, Germany. Further, related processes called MTO (methanol to
olefins) and MOGD (Mobil olefins to gasoline and distillates) have been developed.

Improvements have been made to the MTG process since its installation in fixed-bed form. The TIGAS
(Topsee) variation provides for plant savings by process integration. The experience gained with these
processes has shown that several additional improvements can be achieved. The process can be optimized
to make it more economical by engineering the best technology combinations of MTG, MOGD, and
TIGAS for particular applications. One such application might be for removal of the greenhouse gas CO2
and its conversion to a useful fuel.

E.4 Chemistry of Syngas Catalysis

The development of improved catalysts and processes has, to a great degree, been made possible by
advances in understanding the chemistry of syngas catalysis reactions. Advanced instrumental
characterization of catalyst surface structures has been particularly important, as well as reaction
mechanism studies using isotopic labeling and kinetic research, lt is now clearly established, perhaps

unexpectedly, that over Cu-ZnO/Al203 catalysts and industrial conditions for methanol synthesis,
hydrogenation of CO2 predominates over CO hydrogenation and copper metal is the active catalytic

component. CO is converted to CO2 by the water gas shift reaction. The reaction steps of the water gas
shift reaction are independent of those in methanol synthesis, lt is believed that methanol formation

proceeds through reaction of CO 2 to formate and methoxy intermediates, lt has been established that
higher alcohol formation over alkali-containing catalysts is a kinetically controlled chain growth
mechanism superimposed on a thermodynamic background. Experimental and theoretical calculations
support the mechanism in which chain growth in oxygenate synthesis is via aldol addition with oxygen
retention reversal.

For hydrocarbon synthesis, a quantitative understanding has been developed of product carbon distribution
numbers in FT synthesis over both iron- and cobalt-based catalysts. This knowledge, coupled with kinetic
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data, has been vital in the development of new processes for diesel and gasoline manufacture. Likewise,
experiments on heat and mass transport are being used in critical development of greatly improved slurry-
phase catalytic processes.

Exploratory research on innovative catalytic concepts is a powerful tool for making major improvements.
Exciting advances have been made in novel catalysts from metal alloys, alkoxide activation of CO and

supported rhodium catalysts, and expert system concepts (artificial intelligence) for catalyst design.

E.5 Economics

The cost of production of synthetic fuels is much more dependent on plant investment costs than on raw

materials costs. This is illustrated in the following generalized estimate for producing synfuels from coal.
The figures may be taken as cents per gallon of fi_el, totaling 100 cents per gallon.

Coal 23

Operation 5

Maintenance, insurance, etc. 26 (both capital related),
Profit 23
Taxes 23
Total 100

Capital-related charges, including taxes, equal 72; raw materials equal 23.

lt is now being recognized that the value of a fuel can be strongly dependent on environmental criteria,
which alter fuel economics. Higher environmental performance justifies higher prices. Thus, while the
current price of gasoline at the refinery is 65 cents per gallon, MTBE with 87% as large a heat of
combustion sells at 100 cents per gallon.

lt can be considered that fuel prices are determined by the following values: heat of combustion, octane
or diesel rating, and environmental properties. Thus the price of MTBE is determined to be 57, 20, and
23, respectively, for a total of 100. Thus, 23 cents a gallon is justified by environmental benefits.

lt should be mentioned that if carbon dioxide emissions are taxed in the future, (an idea being discussed
in Europe at about $10/barrel of oil), there could be a significant economic benefit to fuels from biomass.

Overall, fuels from biomass are not considered to add to CO 2 pollution.

Experienced engineers have made many detailed economic estimates for the manufacture of synfuels.
Considerable variations in estimates occur partly because costs of plant construction and of raw materials
are quite site-specific. However, it is clear that, under usual industrial conditions, synfuel manufacturing
costs are greater than those for gasoline made from petroleum at current petroleum prices, lt is also clear
that special considerations can justify synfuel manufacture. These special considerations may be to ensure
a secure fuel supply, to receive special credit for coproduction of chemicals or electricity, or to benefit
from environmental improvements.

E-8

[



How much can improved syngas conversion reduce fuel manufacture costs? The syngas conversion section
of a methanol plant represents only 22% of plant investment. However, improvements can have an
amplification effect where

• More valuable products are produced

° Overall plant costs are decreased; for example, where cheaper syngas manufacture is made possible
(air-blown syngas), eliminating the oxygen plant.

Perhaps the most striking are the estimates that have been made for the production of diesel and gasoline
from syngas using modem gasifiers coupled with slurry FT. In going from the SASOL operation
involving Lurgi gasifier aald fixed-bed catalytic synthesis to a modem gasifier and slurry FT, the energy
efficiency is increased from 44% to 59%. The selling price of the diesel and gasoline is decreased from
$55 per barrel to $42 per barrel! The $42 per barrel price for gasoline and diesel makes slurry Prr as low
or lower than direct liquefaction of coal for the same gasoline and diesel products (not crude oil) ,aaade
by direct liquefaction of coal.

Future Research Opportunities

E.6 Potential

Liquid oxygenate and hydrocarbon fuels manufactured from syngas have high performa.nce characteristics.
Their use provides efficient engine performance and environmental benefits.

There is the potential for substantially increased use of MTBE and other oxygenates in gasoline blends.
There are opportunities for manufacture of ethanol or isobutanol from syngas and their use in blends,
depending on whether future technology can decrease costs of their manufacture from syngas.

Fuels consisting entirely or mostly of oxygenates also have much potential. In the long term, of the
oxygenates, methanol appears to be the fuel of choice in vehicles designed for its use. However, if
methanol, now being marketed as M85, proves unacceptable because of its poisonous character, ethanol
may become the preferred alcohol fuel.

Important new technology for manufacture of hydrocarbon diesel fuel from syngas provides opportunities
for this type of fuel. Diesel fuel performs with high efficiency in well-established engines. The diesel from
syngas has an excellent cetane rating and is reported to be environmentally superior to conventional diesel
fuel.

The main barrier to synfuels from syngas is their cost relative to gasoline made from petroleum at today's
prices. As described in this report, there is the potential to lower the cost of liquid synfuels from syngas
by new and improved catalytic synthesis technology, which can

° Lower the cost of manufacture by 10%-30%, particularly by lowering plant investment costs
• Justify higher-than-gasoline price by 10%-15% by providing improved engine performance
• Justify higher-than-gasoline price by 35% by providing environmental benefits (MTBE is an example)
• Improve the economics of synfuel manufacture by providing for high price coproducts: chemicals tc

electricity

• Provide for liquid synfuels from biomass that are not subject to future tax on CO2 emissions. This
could be a $10 per barrel advantage over fuels from petroleum.
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To accomplish these objectives, a combination of research approaches is needed: fundamental science and
innovative and exploratory chemistry, as well as engineering/deve.',.opmental research. New ideas could
open up unexpected opportunities. A modest improvement in a near-commercial process could serve an
important function of crossing the threshold in making it commercially viable.

Specific research opportunities are summarized in Table E-2 and E-3 in terms of technical objectives,

potential benefits, and research concepts/approaches to achieve objectives. The nature and status of
accomplishments and problems to be overcome are reviewed in the detailed report.

E.7 Integral Syngas Production/Fuel Synthesis

There is an opportunity to combine catalytic syngas production with fuel synthesis with large potential
savings. The desired overall reaction is

CH x + H20 --->CH3OH + CO 2 .

The concept is combination catalysts that promote steam reforming and methanol synthesis.

E.8 Fundamental Catalytic Science and Engineering

Modem processes for selective synthesis of high-performance fuels from syngas have benefited greatly
from advances in fundamental catalytic science and engineering. The knowledge of kinetics and
thermodynamics and determination of reaction mechanisms has contributed greatly to improved technology

of modem processes. There are critical opportunities to more clearly delineate critical catalyst
structure/performance relationships. There is much promise that the new instrumentation and research
techniques for fundamental catalytic surface science characterizations will lead to the design of even more
selective catalysts that are not otherwise achievable.
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Status ,... ...

1,0 Introduction

The manufacture and utilization of synthesis gas--a mixture of H2 and CO that usually contains CO2--is
rapidly growing in importance as a source of liquid energy fuels and as a clean fuel for electricity
generation.

Several factors are expediting the move in this direction. First, syngas can be made from "abundantU.S.
supplies of coal, gas, and biomass. This provides the advantage of choice of feedstocks and, in particular,
avoids reliance on importation of expensive, uncertain, foreign petroleum.

Second, syafuels from syngas can help lessen environmental pollution. Fuels from syngas are sulfur free.
Furthermore, the inclusion of oxygenates in gasoline blends acts to lessen levels of atmospheric carbon
monoxide and ozone. Indeed, oxygenates are required to a considerable extent by the Clean Air Act
Amendments (CAAA) of 1990.

Third, fuels of widely varied composition can be selectively synthesized. These can be hydrocarbon or
oxygenate fuels that have high engine performance characteristics. Specifically, fuels of higher octane
(gasoline) or cetane (diesel) values, which provide for higher energy efficiencies, can be manufactured.

Fourth, a major factor in advancing the viability of synfuels from syngas is the, advent of new,
significantly improved catalytic technology for their manufacture and use. This improved catalytic
technology is the subject of this report.

This report is designed to provide an account and evaluative assessment of advances in technology for
production of liquid energy fuels from syngas and to suggest specific opportunities for future research
deemed promising in bringing such technology to commercialization. Technology for manufacture of
syngas is not included in this study.

In direct liquefaction, the starting material, generally coal, is contacted with hydrogen under pressure in
the presence of a catalyst to produce a liquid that is then extensively refined. The hydrocarbon liquid
fuels from direct liquefaction are highly aromatic, reflecting the characteristics of the parent coal.

The manufacture of liquid fuels via syngas is often refexred to as indirect liquefaction because two
separate, successive steps are involved. First, coal, gas, or biomass is converted to syngas. Second, the
syngas is converted over a catalyst to a liquid fuel. In contrast to direct liquefaction, hydrocarbons from
indirect liquefaction are paraffinic in nature. The growing concern and increasing restrictions on aromatic
in gasoline favor indirect liquefaction fuels that do not contain aromatics. In addition, hydrocarbon fuels
from indirect liquefaction are sulfur free.

As an alternative to production of hydrocarbon fuels, indirect liquefaction can be used to produce
oxygenates. Incorporation of oxygenates in gasoline is environmentally beneficial and is in fact required
to a significant degree by the CAAA of 1990.

Of greatest importance to advanced technology for synfuels manufacture is the almost miraculous variety
of catalysts available, each of which imparts individual selectivity to product formation during CO
hydrog_,nation. For example, nickel catalysts guide conversion virtually 100% to methane, whereas
copper-based catalysts can direct conversion almost 100% to methanol. The variety of catalysts and the



reactions _iley catalyze is illustrafed in Table 1. An increasing number of catalysts is being discovered,
some with multifunctional capabilities. Additionally, the scientific understanding of catalyst structure/
functional relationships is ,advancing rapidly, which holds promise for the creation of intentionally
designed catalysts with higher activity and selectivity capabilities.

A further important point is that catalytic engineering is contributing greatly to the success of new,

practic',d catalytic systems. Such improved reactor systems provide better control of essential heat and
mass transfer. More important, virtually new processes have been created by novel process combinations
that utilize a previously established knowledge of catalytic kinetics.

In evaluating adv atces in synfuels technology, criteria for improved technology will focus on the potential
to improve the _conomics of manufacture, particularly by lowering plant costs; to produce fuels that have
environmental benefits in manufacture and use; and to provide higher selectivity to higher priced products.
This includes c'.::_nicals and fuels that have better engine performance characteristics.

Attention is drawn to the interaction of advances in syngas technology in different energy application

areas. Specifically, several ]arge commercial installations have been initiated in the United States and
abroad for syngas manufacture from coal and utilization of the syngas Ibr generation of electricity, using
an integrated gasification combined cycle (IGCC)technology. This is of two-fold significance. First,

Table 1. The Role of Catalysts in Alternative Fuels Technologya

Producl Reaction Catalyst

Syngas CH 4 + H20 -._ H2 + CO + CO2 Ni

Methanol Syngas --->CHaOH Cu-ZnO/AI203

Higher Alcohols Syngas --->CnH2n+IOH Cu-ZnO-K/A1203;
Cu-Co/Cr203; K-MoS2;
Rh-Mo/Al203

Gasoline (FT) Syngas --¢ CnH2a+2 Fe, K

Hydrogen (shift) Syngas + H20 ---)H2 + CO 2 Fe203-Cr203; Cu-Zn oxides

Ethar, ol Sugar, starch --_ C2HsOH Enzymes

1PA, SBA Olefm + H20 --_ ROH H3PO4/SiO 2

MTBE, ETBE, TAME Olefia + alcohol --_ ethei Acid resin

Isobutylene TBA --_ i C4H8 + H20 H3PO4/SiO 2

Isobutylene C4Hlo --_ i C4H8 4- H2 Cr203/A1203

Gasoline (MTG) CH3OH -'_ CnHm including ZSM-5 zeolite
aromatics

Environmental protection CO, HC, NO x --_ CO2, H20, N2 Pt, Pd, Rh/A1203
(exhaust converter)

aMTG = methanol-to-gasoline process, IPA = isopropyl alcohol, SBA = sec-butyl alcohol, MTBE =
methyl tertiary butyl ether, TAME = tertiary amyl methyl ether, TBA = tertiary butyl alcohol.
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industrial experience often leads to technology improvementsmin this case, syngas manufacture. Second,
it permits possible improved economics through a combination of generation of electricity and manufacture
of liquid fuels, particularly methanol.

This report is an update of a previous report--Catalysts for Fuels from Syngas--New Directions for
Research (Mills 1988). In the earlier report, included here as an appendix, a concerted effort was made
to identify novel catalytic concepts, exploratory research testing and scientific advances. Since that time,
significant advances have been made in technology for syngas manufacture and utilization. These
advances are a primary subject of this report.

Several industrial plants have been installed recently, or are being installed, to manufacture liquid fuels
from syngas, lt seems that, with the exception of ZSM-5 catalysts, these new installations are based not
on novel catalytic chemistry but on catalytic engineering. That is, the processes used in these new plants
utilize previously known types of catalysts in advantageous combinations and novel configurations. The
fruits of previous research are being harvested. An example of such developments is the selective
conversion of syngas to higher molecular weight hydrocarbons using a cobalt catalyst, followed by modem
selective hydrocracking to premium liquid fuels. Another example is the use of slurry-phase catalytic
reactor systems for more economical synthesis of methanol or liquid hydrocarbons.

A further point of major importance to both hydrocarbon and oxygenate fuels is the impact of the CAAA
of 1990. Forty-four cities require that gasoline contain 2.7% oxygen (equivalent to 15 vol % MTBE) in
the winter months beginning in 1992. In these cities the carbon monoxide in the air exceeds the amount
deemed allowable for health reasons. Further, by 1995 in nine cities not in compliance with air standards,
gasoline is to contain 2% oxygen year-round. There are other later requirements for clean fuel fleets. In
an understatement, the administration has said "The CAAAs of 1990 were not intended to be an energy
policy, but because of their major impact on the energy industry, they will have significant effect on
energy use." The CAAA is revolutionizing the petroleum refining industry.

lt seems certain that the combination of the technical advances being made, the depletion of petroleum
and gas reserves, and balance of trade issues are bringing us close to the time when synfuels manufacture
is justified. Indeed, already special circumstances have provided justification for synfuels manufacture
here and abroad. In the United States, almost 6 million gallons per day of MTBE are being used. This
is a significant fraction of the 300 million gallons per day of gasoline that are used in the United States.
lt is noted that methanol made from syngas contributes 36% by weight to MTBE manufacture.

The various liquid fuels from syngas and reaction steps to create them from syngas were illustrated in
Figure E-1. Two types of hydrocarbon fuels and three oxygenate fuels are identified. Seven chemical
reaction pathways lead to the syntheses of these fuels. Of course, there are many more individual
chemical reactions involved. This figure serves as the basis for the 3rganization of the report, beginning
with oxygenates, then hydrocarbons, followed by sections on science of syngas catalysis and on synfuels
economics, and finally a presentation of future research opportunities.
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2.00xyfuels

2.1 Overview

Oxygenates that are generally considered to be suitable candidates for fuel use are showtl in Table 2. An
idea of the relationship between molecular structure/octane values is given in Table 3. A wide variety of
alcohols and ethers is represented, each with particular fuel manufacture characteristics. Key fuels
properties are energy content (heat released on combustion) and blending octane number (Unzelman
1989a, 1989b; Spindelbalker and Schmidt 1986; Ecklund and Mills 1989). However, other properties are
important, such as blending vapor pressure, because evaporative regulations are becoming more stringent
(Figure 1).

Alcohols have long been used as transportation fuels, either alone or in gasoline blends to extend gasoline

supplies, to enhance octane rating and so improve engine performance, and to decrease pollution (of recent
major concern) (Ecldund 1992).

Ethanol is manufactured by fermentating sugar from sugarcane in Brazil and from com in the United
States. In Brazil, three million cars are powered by E96 (96% ethanol, 4% water) and twice as many cars
by gasoline blends containing up to 20% ethanol. In the United States, a blend of 10% ethanol from
biomass and gasoline is termed gasohol. Ethanol use in gasohol reached 2.3 million gallons
(55,400 barrels per day or bpd) per day in 1987, about the present day level. Gasoline usage is 300 million
gallons per day in the United States.

Table 2. Properties of Fuel Oxygenates

Blending

Btu/gal U.S. Production
Oxygenate RVP Octane No. lO00s BP°C a millions gal/day

Methanol 31 116 65 65 3.0

Ethanol 17 113 77 79 3.5

Isopropanol 14 109 95 82 0.6

t-Butanol 9 100 101 83

Isobutanol 5 102 95 108

Mixed alcohols 106 range

MTBE 8 109 109 55 6.1

El'BE 4 110 117 73

TAME 2 103 112 86

Di-isopropyl 5 104 69
Ether

Dimethyl 104
Carbonate

Gasoline 87 125 300

a BP = boiling point °C
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Table 3. Typical Octane Blending Values of Alcohols and Ethers (adaptedfrom Courty et al. 1990)

RO- Cl-C6

R' CH30- C2H50- iC3H70- tC4H9O- Alcohols

RON 123-134 120-130 121 105-110 120-121
H Methanol Ethanol IPA TBA

MON 98-100 96-100 -96 • 93-95 97-98

RON 113-117 -117 -105

tC4H9 MTBE ETBE

MON 95-101 -101 -96

RON 112-114

tCsH l I TAME

MON 96-100

RON -110

iC3H7 DIPE

MON -99

RON -93

tC6H]3 t-Hexyl ME

MON -85

/"

_ !z 7wt%ozi
I

zm I 1 7.al I 5.4
110 - _ I Ethanol !
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= 100 ^
-, • I

BOH .,

9o_ ®_ _ _ Butanetamm _ _ _ mm=., i _ _ ,malB

80 w ! i i .I I i i ! i I I I I i _ I I I I

0 5 10 15 20 25 30 35 V 60 70

Figure 1. Blending properties of various oxygenates (Chem Systems 1992)



Alcohols used as transportation fuels, other than ethanol, are manufactured from syngas (Courty and
Chaumette 1987). Methanol-gasoline blends of r_latively low levels of methanol (5%-10%) have been
tested extensively worldwide. Blends of gasoline and methanol plus higher molecular weight alcohols,
which are added to assist in solubilizing methanol, have been used extensively. In 1982, Atlantic

Richfield (ARCO) pipelined more than 35 million barrels of Oxinol TM blends (methanol/tertiary butyl
alcohol) in its Pennsylvania/New York pipeline, which served more than 20 terminals (now discontinued).
Methanol/gasoline blends are subject to phase separation brought on by the inadvertent addition of small
amounts of water. Concern about possible deleterious effects of methanol on engines and fuel systems
in autos not designed for methanol use has also been a negative factor for methanol acceptance.

However, methanol blends of high (85%-100%) methanol levels have had much success in vehicles
designed for their use. Methanol is the fuel of choice for race cars because of increased power that can
be obtained compared to a similar gasoline-fueled engine. M85 fuel, 85% methanol/15% gasoline, is
being marketed to the public by a number of petroleum companies, particularly in California,to test the
validity of perceived improved environmental benefits and engine performance qualities. In addition,
flexible fuel vehicles (FFVs) have been tested extensively and the_ir mass production is near. These
vehicles can utilize either gasoline, methanol, or blends of any intermediate composition.

2.1.1 Ethanol

Japan and other countries continue to be interested in the selective manufacture of ethanol from syngas.

Research continues directed to the homologation of methanol, that is, the addition-of CO and I-I2 to
methanol according to the reaction

CH3OH + CO + H2 _ CH3CH2OH.

There is also interest in enzymatic conversion of syngas to ethanol.

A new possibility is suggested, namely the isomerization of dimethyl ether (DME) to ethanol according
to the reaction

CH3OCH 3 --_ CH3CH2OH.

DME can be manufactured efficiently from syngas.

2.1.2 Isobutanol

There is special interest in isobutanol; it is proposed that isobutanol could compete with MTBE as a
blending agent.

A further interest in isobutanol comes from the fact that it can be dehydrated to form isobutylene, needed
for reaction with methanol to manufacture MTBE. lt is interesting that MTBE can be manufactured
entirely from syngas. Methanol and isobutanoI are synthesized first and, as discussed later, are converted
to MTBE providing the following overall reaction:

CO + H2 _ CH3-O "CH 3

CH 3



2.1.3 Mixed Higher Alcohols

The technology for manufacture of mixed alcohols, namely C1---C 5 alcohols, has been well developed.
Commercial processes have been developed by Snamprogetti/Topsee (Paggini et al. 1986), Lurgi (Goehna
and Koenig 1989); Dow (Murchison et al. 1988), and llZP/Idemitsu (Courty et al. 1990). Gasoline blends

containing CF-C 5 alcohols were marketed as Superfuel E in Italy in the late 1980s (Morandi et al. 1988).
Additionally, extensive semiworks experimental runs for mixed alcohol production were carried out by
ldemitsu Kosan in Japan in cooperation with the Institut du Petrole of France (Courty et al. 1990).

Extensive research has established that catalysts containing alkali, particularly cesium, have the ability to

catalyze the formation of relatively high amounts of isoalcohols, particularly isobutanol (Klier et al.
1992a). A large-scale test is planned 1993 in the LaPorte, TX, Air Products plant with DOE support, using
a slurry-phase Cs-containing catalyst, lt will be interesting to see if this test includes recycling of lower
alcohols, Since as discussed above, this study concludes that there is little interest in mixed alcohols that

include C1-C 3 alcohols.

The consensus is growing that mixed alcohols are not promising commercial blending agents because
(1) they contain lower alcohols that are perceived to make such blends subject to phase separation,
(2) they are more expensive to manufacture than methanol, and (3) the primary reason--MTBE has a
better overall combination of qualities.

2.1.4 MTBE

MTBE is an indirect but straightforward method of introducing methanol into gasoline blends. The

petroleum industry has long known MTBE as an octane enhancer. Gasoline blends containing MTBE
were first marketed in Italy in 1973. The greatly increased use of MTBE has been augmented by a
combination of favorable factors: its compatibility with gasoline (it is said to be "fungible"); its high
blending octane number (109); its established efficient manufacture from methanol and isobutylene, the
need for octane enhancement occasioned by the removal of lead from gasoline; perceived problems with
blends containing methanol; and the requirement of the CAAA for use of fuels containing 2.7% oxygen

in metropolitan areas that have not attained low enough levels of CO or ozone deemed essential for health.
Commercial growth of MTBE manufacture has been phenomenal (Piel 1991; Haigwood 1991) (see
Figure 2).

The status of technology for manufacture of oxygenates will now be examined. In particular, the potential
value of recent improvements and opportunities for future research will be addressed.

2.2 Methanol Manufacture

There is extensive literature on the technology of methanol synthesis, including recent authoritative
reviews by Supp and Quinkler (1984), Bart and Sneeden (1987), Lee (1990), Chinchen et al. (1990),
Hoehlein et al. (1991), Trimm and Wainwright (1990), and Catalytica (1991). Utilization of methanol in
spark and diesel engines has been extensively reviewed in the Ninth International Alcohol Fuel
Symposium in Italy (1991). Social considerations deriving from methanol fuel have also been presented
(International Energy Agency 1990a, 1990b; U.S. National Research Council 1990; Sperling and DeLuchi
1989; Gushee 1989).

Although the chemistry of methanol manufacture is simple (CO + 2H 2 --->CH3OH), several process steps
are required as shown in the process diagram for a modem plant for methanol production from natural
gas (Figure 3).
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Syngas conversion to methanol per pass in present commercial operation is limited to 25% or less by
thermodynamic restrictions, even with modern catalysts and plant design. Costly recycle is required. A
primary objective of improved technology for methanol manufacture is therefore to provide means for

higher conversion of syngas per pass. Thi_ is/being sought by
/.

° More effective heat removal to keep re_tion temperatures as low as possible (methanol synthesis is
highly exothermic)

• Methanol removal during reaction to shift equilibrium to higher methanol conversion per pass
• More active (novel) catalysts able to operate at lower temperatures and so increase thermodynamically

allowed methanol levels.

2.2. I More Effective Heat Removal

Heat removal from catalytic reaction zones in modern plants is achieved either by indirect heat exchange
by having catalysts packed in tubes surrounded by boiling water, or by the use of multiple, sequential
catalyst beds with interstage quenching.

2.2.1.1 Sluny Catalyst Operation tor Heat Control. A different concept for heat removal and
temperature control is the use of a slurry catalyst system, utilizing catalyst particles suspended in an inert
liquid (Bukur et al. 1990). This has been termed the liquid phase methanol process (LPMEOH). The
liquid acts as a heat sink and keeps down temperature increases by making efficient heat exchange





possible. Building on initial work by Chem Systems, Air Products has carried out a 10-year laboratory
research and pilot plant program costing $25 million, cost-shared by DOE and the Electric Power Research
Institute (EPRI) (Underwood et al. 1991; Brown et al. 1990). Some 7,000 hours of experimental and

demonstration operation were carried out in a 10 ton per day plant in La Porte, TX. A wide spectrum of
operational conditions was examined. This work has established the technology base for operation:

• Characteristics required of a 1- to 10-1am catalyst for the synthesis reaction and suspension
• In-situ catalyst activation
• Demonstration that this system can simultaneously carry out methanol synthesis and water gas shift

reactions and so utilize a cheaper syngas made by a modern gasifier with a H2/CO ratio as low as 0.5
• Improved original plant design, including better gas distribution configurations and heat removal using

more efficient internal heat exchange design

• Better operational procedures, which resulted in extended catalyst life.

Plant outputs higher than design were achieved over extended operational periods.

Proposals are under discussion for demonstration of the LPMEOH process in the Cool Water, CA, plant
and other locations. One proposal in cooperation with EPRI contemplate" combining the process with
generation of electricity using coal gasification combined cycle (CGCC) technology.

Estimates of improvements provided by the LPMEOH process have been favorable by Chem Systems
(Nizamoff 1989) and marginal by Bechtel (Fox et al. 1990).

2.2.1.2 Fluidized Bed or Superconverter for Heat Control Fluidized reactors have been used
commercially for many highly exothermic reactions because they permit high heat transfer and
consequently near-isothermal operation. Higher process efficiencies as a result of higher per-pass
conversions have been reported using a fluidized bed (Trimm and Wainwright 1990). Another design
reported is the "superconverter," which features a 20-meter-long double-wall reactor. It was reported that
this was being tested in a unit that has full-scale dimensions.

2.2.2 Methanol Removal to Achieve Higher Conversion

As mentioned, a major improvement in methanol synthesis manufacture can be achieved by lowering
thermodynamic limitations on methanol conversion (Figure 4). This may be achieved by removal of
methanol as it is formed, so shifting the reaction to further methanol formation.

2.2.2.1 GSTFR, RSIPR. A novel approach has been tried in two forms. The first design is named gas
solid trickle flow reactor (GSTFR) (Westerterp and Kuczynski 1986). In this scheme, the product
methanol is removed from the reactant zone by selective adsorption on a porous solid powder (an
amorphous silica-alumina cracking catalyst), which trickle flows over (through) a fixed bed containing
pellets of conventional methanol synthesis catalyst and Rashig ring packing. By removing the methanol
from the reaction, methanol yields of 100% can be achieved. An alternative approach to product

separation, by the same group at Twente University, is by the use of the reactor system with interstage
product removal (RSIPR) (Westerterp et al. 1988; Kuczynski et al. 1987). This reactor scheme is based
on conventional fixed multibeds with selective methanol removal between each bed.

2.2.2.2 Solvent Methanol Process (SMP). This concept of "beating the equilibrium" (Betty et al.
1990) involves a high boiling, inert solvent that is introduced into the reactor, wtfich contains a fixed
catalyst bed. The solvent flows concurrent with the synthesis gas stream. The solvent selectively absorbs
methanol as soon as it is formed over the catalyst bed, causing the methanol activity to remain low and
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Figure 4. Mothanol equilibrium as a function of pressure and temperature

enabling an equilibrium shift toward the product. Feed conversion can be enhanced and gas recycle can

be virtually eliminated. Operability was demonstrated. Best results were reported using tetraglyme as
solvent.

2.2.2.3 Condensing Methanol Principle. Recent advances in methane reforming have made it possible

to generate a synthesis gas, H2/CO = 2, (stoichiometric for methanol synthesis), with a low CO 2 (2%)
content at a reasonable cost. Thermodynamic calculations were made (Hansen and Joensen 1991) to
determine equilibria for methanol synthesis, shift equilibria, and methanol dew points for various pressures
and temperatures (Figure 5). Laboratory experiments were carded out in isothermal reactors; results are
shown in Figure 6. The conversions measured at 230 ° and 240°C were in excellent agreement with those

predicted for gas phase equilibria. However, at 220°C and below, it was found unexpectedly that
conversion levels were so high that condensation must have occurred and in fact the dew point line had

been crossed. More surprisingly, at 200 °, 210 °, and 220°C the conversions were above the levels that gas
phase thermodynamics actually predict.

The observations were explained by the highly non-ideal properties of the liquid phase condensing on the
catalyst. In further experiments it was determined that it was possible to operate completely without a gas
purge from the reactor at a conversion of CO + CO2 of 97%. Pilot plant tests were conducted over a
period of several months, which demonstrated that the thermodynamic "barrier" had been broken because
condensation occurred in the exit section of the reactor.
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2.2.3 Novel Catalysts for Methanol Synthesis

Several non-conventional catalyst types have attracted attention because of their high activity for methanol
synthesis. These include (1) catalysts from alloy precursors, (2) supported platinum group metals,
(3) alkoxide to activate CO-forming methyl formate and hydrogenation of the formate to methanol, and

(4) biocatalysis. Reviews of novel catalysts have been provided previously by Mills (1988) and a very
informative update has appeared by Trimm and Wainwright (1990).

2.2.3.1 Alloys: Raney, The Raney method has been utilized for catalyst preparation, dissolving
aluminum from CuAI 2 alloys with or without the presence of dissolved zinc (Trimm and Wainwright
1990). Catalysts prepared in this way have high activity and selectivity for methanol synthesis. Research
focused on leaching conditions. It was found that catalysts could be greatly improved by low-temperature
leaching in caustic solutions that contain near-saturation levels of sodium zincate (see Table 4).

Curry-Hyde et al. (1991) reported on the performance of a new Raney Cu-ZnO-AI203 methanol synthesis
catalyst, produced by leaching a Cu-AI-Zn alloy pellets in a sodium rich sodium hydroxide solution. They
conclude that, compared with industrial coprecipitated catalysts, the use of the Raney catalyst could
significantly reduce the costs of methanol production. The rate of production of methanol at 220°C was
up to 70% higher than those obtained over commercial catalysts using similar reaction conditions.

2.2.3.2 Alloys: Cu-Rare Earths. Binary copper-thorium alloys were prepared followed by oxidizing
the thorium to thoria, then reducing the copper oxide formed to copper metal. The catalyst was active for
methanol synthesis over a range of conditions (Baglin et al. 1981; Daly 1984).

Table 4. Methanol Yields over Catalysts Suitable for Use in Conventional
Converters, Syngas to Methanol (Trimm and Wainwright1990)

Syngas Temperature Pressure GHSY Yield

Catalyst Ha:CO:CO 2 (K) (MPa) (hl) (kg/1/h

Raney Ia 91:5:4 493 4.5 36,000 1.1

Raney Hb 91:5:4 493 4.5 36,000 0.6

ThCu3. 6 16:1:0 513 6.0 31,000 0.83

ThCu3. 6 16:1:0 493 6.0 31,000 0.42

CeCu 2 1:1:0 513 5.0 72,000 2.42 c

7J'Cu3.3 2:1:0 507 6.0 3,990 0.24

CAT Xd 91:5:4 493 4.5 36,000 0.60

aCu-A1-Zn alloy leached in 6.1 M NaOH/0.62M Na-Zincate at 303 K

bCu-A12 alloy leached in 6.1 M NaOH/0.62 M Nz-Zincate at 303 K
cCalculated on the basis of a bulk density of 3.9 kg 1"l

dCommercial coprecipitated Cu-Zn-AI20 3 catalyst
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Catalysts derived from rare earth/copper intermetallic alloy precursors have been found (Owen et al. 1987)
to exhibit extraordinarily high activity for CO hydrogenation to methanol (Table 4). Typical precw:sor
alloys were also prepared by melting Cu and Ce or La. Methanol synthesis over Cu/La catalysts was
observed at temperatures as low as 100°C. Detailed studies showed that the formation of certain
intermediate hydride phases is critical to formation of the active catalyst (Owen et al. 1987). The highest
steady-state activity was obtained for catalysts from CuCe alloys. Greatest activity was obtained when

the Ce was only partially oxidized to CeO 2. Unfortunately, it was observed that these catalysts are
irreversibly deactivated when exposed to low concentrations of CO 2.

2.2.3.3 Supported Platinum Group VIII _tals. Interest in this type of catalyst was aroused by the
report by Poutsma et al. (1978) that catalysts containing Pd can produce sizable amounts of methanol
when operated under conditions where methanol is thermodynamically stable. Of the platinum group
metals, rhodium catalysts have received the most attention. Supported rhodium catalysts containing large

amounts of molybdenum are particular active. (See later report, Section 2.5.4.) Although selectivity to
alcohols is enhanced by molybdenum addition--to about 60% to alcohols and 40% to hydrocarbons--at
250°C, this selectivity is not attractive commercially. However, it has been pointed out that there is an
opportunity to improve selectivity by utilizing the differences between energies of activation for alcohol

formation, 18.6 kcal/mole, and hydrocarbon formation, 31.2 kcal/mole (Bhore et al. 1990). The wide Eact
difference results in a more rapid decrease in formation of hydrocarbons relative to oxygenates as reaction
temperature is decreased. Selectivity to oxygenates is increased. The relative rates for selectivity to

oxygenates, ro, and to hydrocarbons, rh, are expressed by the relationship:

to selectivity to oxygenates - D e-(E°-Eh)u, m qP •

r h selectivity to hydrocarbo,_s RT

D is a constant whose value was established experimentally (Bhore et al. 1990). The following selectivities

to oxygenates are those calculated and found for various temperatures using the activation energies cited
above.

Temp. °C 273 250 225 200 180 160 140

Calculated % 50 61 75 85 91 95 98

Found % 65 73 86

Although much previous research with rhodium catalysts has focused on mixed alcohols, it is suggested
that the approach discussed above points the way for research to develop a methanol catalyst that can
operate advantageously at low temperature (Comotti et al. 1991; Bhore et al. 1990). A more active
catalyst is needed. There are a number of concept suggestions for catalyst synthesis, which are discussed
in Section 2.6.

2.2.3.4 Methyl Formate. One interesting concept that dates back to 1919 (Christiansen 1919) is the
conversion of an alcohol to a formate by carbonylation of methanol to formate and subsequent hydro-
genation of the formate to two alcohol molecules:

CO + ROH ---) HCO2R HCO2R+ 2H2 _ ROH + CH3OH.

The catalyst for carbonylation is an alcoholate such as KOCH 3, formed by reacting an alkali metal, K,
with the starting alcohol. The reaction to synthesize formate is carded out in homogeneous solution
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containing KOCH3 at 80°C and 3 MPa. Then the hydrogenation reaction is conducted in the liquid phase
(slurry) or gas-phase (fixed bed of catalyst) 180°C and 3 MPa using a copper chromite catalyst (Tonner
et al. 1983; Rat 1990). A severe if not fatal problem has been that the alkali methoxide reacts with and
is deactivated by CO2, which is generally found in syngas. Moreover, the methoxide reacts with and is
deactivated by water, formed to some extent as a reaction byproduct.

The methyl formate route has recently received new attentionwith reports that, if the carbonylation and
hydrogenation reactions are carried out simultaneously in the presence of both catalysts, small amounts
(1%) of water or of 1% CO2 can be tolerated (Liu et al. 1988, 1989; Palekar et al. 1990). Research at
the University of Pittsburgh and elsewhere is being conducted to determine the tolerance of the dual
catalyst system.

2.2.3.5 Brookhaven Homogeneous Catalytic Process. A novel processis claimed to enablethe
production of methanol at much lower temperatures and pressures than conventional methanol synthesis
(Sapienza et al. 1986, O'Hare et al. 1986; Slegier et al. 1984). The catalyst is described as a complex
reducing agent with the structure NaH-RONa-M(OAc)2, where M is a metal such as Ni with a strong
hydrogenating activity and R is an alkyl group such as tertiary amyl. The preferred carbonyl is Mo(Ct)6,
although Ni(Ct)4 is also used. An important suggestion is that the process be operated using a synthesis
gas manufactured by partial oxidation using air, so the expense of an oxygen plant is avoided. The
nitrogen is separated from methanol rather than from oxygen.

A cost evaluation has been carded out (see Section 5). lt has been reported that this process is being
investigated further by Amoco.

2.2.3.6 Biocatalysis. The conversion of syngas to liquid fuels offers an unusual opportunity to
selectively synthesize liquid oxygenates, particularly higher alcohols such as ethanol (Klasson et al. 1992).

2.3 Coproduction of Methanol and Electricity

The manufacture of syngas from coal or from biomass and the use of the syngas for generation of
electricity has important technical and environmental advantages. The clean syngas is highly suitable for
use in high-efficiency gas turbines. The syngas can be purified to a degree not practical by stack gas
cleanup of combustion gases. IGCC technology has been successfully demonstrated at the commercial
scale by Dow at Plaquemine, LA, and by Shell at Deerpark, TX, and is planned in Cool Water, CA.

Using modern com gasifiers, several IGCC plants are being installed in the United States. In the
Netherlands a 250-MWe plant is being built using a Shell Oil gasifier. Commercial experience usually
assists in improving technology and so can be expected to improve the use of modem gasifiers for syngas
production.

lt has been proposed that it would be advantageous to coproduce electricity and methanol. An advantage
would accrue by operating the gasifier at capacity ali the time and, when electricity needs are low, to
manufacture methanol with part of the syngas. This methanol can be marketed or used for "peak shaving"
generation of electricity.

Advanced studies are being carried out for EPRI by Houston Power and Lighting Co.; Interfact, Inc.;
Stone and Webster Engineering; and Shell Oil Co. (Kern et al. 1991; Bauman and Epstein 1991). One
of the main objectives of this study is to design a standard IGCC plant that is integrated to both electricity
and methanol production. Included is base load to cycling operation: full electricity to full methanol
production.
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An additional technological proposal is to operate methanol synthesis more economically by a "once
through" technique. The syngas is passed over a methanol synthesis catalyst, the methanol is removed, and
the unreacted syngas is used for generation of electricity.

It is interesting that plants for the generation of syngas are being installed in the United States but plants
for the conversion of syngas to transportation fuels are not. Certainly environmental regulations are a

main driving force for the electric utility companies. It may be that the utilities, traditionally very
conservative, rather than the usually enterprising petroleum companies, will begin the manufacture of

liquid fuels from coal.

2.4 Coproduction of Methanol and Dimethyl Ether

Coproduction of methanol and dimethyl ether offers an opportunity for increasing syngas conversion per
pass. Higher conversion of syngas per pass may be achieved by removal of some methanol by chemical
conversion, in the synthesis reactor, by its conversion to DME.

Much interest has been generated by novel technology being developed for the conversion of syngas to
a mixture of methanol and dimethyl ether in a single reactor in which the following reaction sequence

proceeds:

2CO + 4H 2 --->2CH3OH methanol st-Ahesis catalyst
2CH3OH --->CH3OCH 3 + H20 dehydration catalyst.

A combination of two types of catalysts is employed to make this reaction sequence possible. One catalyst
is a methanol synthesis catalyst; the second is a dehydration catalyst, such as alum'_na, that has acidic

properties.

The water gas shift reaction can also be camed out simultaneously. Then the following reactions proceed:

The effect of the combination of these reactions results is to essentially avoid unfavorable thermodynamics

limitations for methanel synthesis. Methanol, the product of the first reaction step, is consumed in the
_.econd reaction, forming DME and water. The water is shifted by the water gas shift reaction, generating
carbon dioxide and hydrogen. The latter is a reactant for the methanol synthesis. Thus, one of the

products of each step is a reactant for another. This creates a strong driving force for the overall reaction,
allowing very high conversion of syngas in a single pass.

The advantage of combining methanol and DME synthesis is illustrated in Figure 7. Carbon equilibrium
cot, versions are shown as a function of pressure with and without inclusion of the DME reaction.
Conversion levels similar to those c,f conventional methanol synthesis may be achieved at far lower

-

_
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Figure 7. Equilibrium conversion of syngas versus pressure at 240°C (Reprinted with
pe_nissionfromHansenandJoensen1991,ElsevierSciencePublishers)

pressures (lower plant constn_ction cost) when the DME reaction is allowed to proceed. Utilization of
DME for energy and chemicals manufacture is discussed later.

A variety of dual functioning catalysts has been tested in the TopsOe laboratory in order to optimize
activity and selectivity and to study deactivation phenomena (Hansen et al. 1991). An aging test showed
only a modest activity loss during an 1800-hour test period.

The consecutive nature of the reactions involved emphasizes the objective of proper catalyst optimization
with respect to concentration of active sites. This is illustrated in Figure 8. Actual and equilibrium
conversions are shown as a function of temperature for two catalysts with different site densities.

A pilot plant test was conducted to study the consequence of scaleup with respect to temperature control.
Although there was a rapio temperature increase in the bed close to the reactor inlet andtemperature
rose from 240 ° to 330°C, virtually no byproducts were formed, lt was concluded that the combination
production of methanol and DME offers advantages in terms of favorable thermodynamics that allow high
conversion per pass, high activity and selectivity achieved by proper catalyst design, long-term stability,
and high flexibility.

The slurry catalyst reactor system has been used in carrying out the novel simultaneous synthesis of
MeOH and DME from syngas (Brown et al. 1991). Operation of a back-mixed slurry reactor exploits
synergisras of the three reactions (synthesis of MeOH, DME, and water gas shift), and moderates the
reaction exotherm to permit higher conversion of the syngas to liquid products than could be achieved
from the 'abzeereactions practiced separately. Process development focused on the use of coal-derived

-- ul_ti. L.,u.tl syngas .... is rich in ""
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Figure 8. Dimethyl ether syntheses--equilibrium and measured concentrations (Reprinted with
permissionfrom Hansen and Joensen 1991, ElsevierSciencePublishers)

Three potential commercial modes of operation that produce MeOH/DME were investigated (Figure 9).
The first operating mode uses an oxygen-blown coal gasifier with recycle of the syngas. The second
scenario is a derivative of the first, in which syngas makes ordy one pass through the reactor. MeOH and
DME are rece" ered and unreacted gas is fired in a turbine. The "once-through" configuration can be
adapted to a CGCC plant. The third scenario is also a once-through process but uses basic oxygen furnace
(BOF) off-gas as the feed stream.

The slurry catalyst concept has been demonstrated using combinations of standard catalysts. Productivities
of MeOH and DME are shown in Figure 10 as a function of space velocity at 250°C and 750 psig,
(5.3 MPa) for combinations of BASF $3-86 catalyst and three different alumina-based catalysts. Because
the same amount of methanol catalyst was used in these experiments, catalysts with higher dehydration

activity would lead to higher DME productivity at the expense of lower MeOH productivity. Catalyst A
shows the best dehydration activity. Other tests demonstrated the effects of varying the methanol synthesis
catalyst. A comparison of the use of different methanol catalysts is shown in Figure 11.

A comparison of LPDME and LPMEOH is shown in Figure 12. The CO conversion in liquid phase
dimethyl ether (LPDME) is up to twice as high as that in LPMEOH and much higher than the equilibrium
conversion achievable in the methanol reaction alone.

A variety of options for commercial operation were analyzed including the use of kinetic models to predict

the effect of removal of CO2.
-
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Figure 9. Three operating modes for the DME process (Reprintedwithpermissionfrom Brownet al.
1991, Elsevier Science Publishers)
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Figure 10. Effect of different dehydration catalysts (ReprintedwithpermissionfromBrownet al. 1991,
ElsevierScience Publishers)
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With DOE support, Air Products carried out a demonstration of the LPDME in the Laporte, TX, unit in
April/May 1991.

Several attractive uses for DME have been discussed. DME or DME/MeOH mixtures can be used for

generation of electricity in gas turbines. The manufacture and use of DME or DME/MeOH in a CGCC
application provides a liquid fuel for peak shaving application. There is interest in use of DME for diesel
engines, providing for ignition particularly in cold engines (see above). DME/MeOH is an excellent feed
for manufacture of gasoline by the methanol to gasoline (MTG) process.

An attractive portfolio of suggestions for use of DME and DME/MeOH as fuel precursors, fuels, and
chemicals has been identified (Brown et al. 1991; Underwood et al. 1991) (see Figure 13). The
carbonylation of DME reaction to methyl acetate, and hence the manufacture of acetic acid, is regarded
as having high potential.

2.5 Utilization of Methanol

It is beyond the scope of this study to report in detail on engine performance features of fuel oxygenates.
lt is true, of course, that the status of fuel utilization does have a critical role in the acceptance of

oxygenate fuels and therefore interest in fuel synthesis. It is pertinent to point out that the automotive
community and government agencies have carded out major programs on the utilization of alternate fuels.

Possible Fu_ Or
Fuel MeChodok

DME
CHaOCHgCHzOCHa Odd. Coupling

CH 3OH CH aOCH---CH 2 --_ CHaOCH2CHa Vinylation/Hydrogenation

CH30

__E CH3OCH 2CH 2OC(CH3) 3 Oxid. CouplingCH3CO2CH 3 Carbonylation

Figure 13. Possible fuel or fuel precursors from DME (Reprintedwith permissionfrom Brownet al.
1991, ElsevierScience Publishers)

21



The current state of knowledge was reported most recently at the IX International Symposium on Alcohol
Fuels in Firenze, Italy, in November 1991. Reports were presented on utilization, environmental, and
implementation aspects. Authoritative reports were presented by representatives from major U.S., German,
and Japanese engine and auto industry representatives. Both neat and blended alcohols were discussed.
In general these reports described successful use of alcohols and were concemed with optimizing efficient
fuel use, safety, and possible environmental benefits.

Both spark and diesel engines (as well as fuel cells) were described. A particularly important segment of
the meeting was tlm discussions of the use of fuels in diesel engines and technology for providing cold
start assistance. In this regard, of interest and relevant to this report is the paper "Dimethyl Ether as an
Ignition Source for Heavy-Duty Methanol Engines" by King and Green (1991). The authors found that
the use of DME allows compression igxfition of neat methanol and DME-assisted combustion showed a
drastic reduction in total hydrocarbon exhaust output.

Further, Dippo et al. (1991) in their paper "Design of a Methanol Dehydration Reactor for Cold-starting
Methanol-fueled Engines" found that on-board DME generation from methanol may be an attractive

method of cold starting methanol-fueled engines.

There is a further concept for improving methanol fuel efficiency. This is the "on-board" catalytic
decomposition of methanol to syngas fuel. If waste heat is utilized, there is a gain in efficiency because
the heating value of the syngas is greater than that of the methanol from which it was derived (Figure 14).
When waste exhaust heat, which is available on board an automobile or in a power plant, is used to

Methanol Reforming

Methanol Reformed Gas

300°C
CH s.OH >- 2H 2 + CO

Low Calorific U Low Calorific

Value (Liquid) Endothermic Value (Gas)
Reaction

4760 kcal/kg 5720 kcal/kg

Figure 14. Increase in energy content by reforming methanol
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decompose methanol, greater efficiency can be attained: 15% when methanol is steam reformed and 20%
when it is dissociated (Yoon et al. 1985).

The use of catalysts to enhance fuel-use efficiency presents opportunities of considerable potential. This
is a research area that has been relatively neglected.

2.6 Mixed Alcohols

The synthesis of higher alcohols from syngas has long been known. Fischer and Tropsch observed alcohols
in their earliest catalytic research. Mixed alcohols were manufactured in Germany for the period 1927-45
in the so-called Synthol process using an alkalized iron catalyst (not to be confused with the SASOL

Synthol process). In the United States, an alkalized Mn-Cr catalyst was used by Du Pont in the 1940s
to produce methanol and higher alcohols on a commercial scale for a period of more than 10 years (Stiles
et al. 1977, 1991).

Early work has been reviewed by Natta et al. (1957) and Stiles (1977) and in the 1980s by Haag et al.
(1987), Wender and Klier (1989), and Mills (1988). Recently, excellent reviews have been provided by

Herman (1991), Tronconi et al. (1989), Xaiogding et al. (1987), and by Courty et al. (1990).

Catalytic processes and appropriate catalysts for manufacture of mixed alcohols have been developed and
are available for license for commercial production. A diagram for manufacture of alcohols from gas is
shown in Figure 15. The status, characteristics and performance features has been summarized by Herman
(Table 5) and Courty et al. (Tables 6 and 7).

The composition of fuel alcohols is given in Table 8. The alcohols do not conform to the Anderson Shulz
Flory (ASF) distribution pattern. It should be noted that, in contrast to alkali-modilied Cu catalysts, the

MoS x (Dow) catalyst produces straight chain alcohols. In the Lurgi product, isobutanol makes up 70%
of the C4 alcohols, lt was shown that methanol can be recycled to extinction in the Dow process,
increasing ethanol production.

Essentially four types of catalysts have been investigated in the past decade:

• Alkali-modified Cu-ZnO/Al20 3 methanol synthesis catalysts
• Fe or Ni modified Cu-ZnO/Al20 3 methanol synthesis catalysts

• MoS x catalysts
• Supported platinum-group catalysts.

2.6.1 Alkali-modified MeOH Catalysts

lt has been long known that by adding alkali elements, methanol catalysts can be modified to produce

higher alcohols. Reaction conditions may be severe, e.g., > 400°C and 30-40 MPa (Stiles 1977). Products
do not follow the ASF distribution pattern. The mixed alcohol product contains methanol, substantial
amounts of isobutanol, and some ethanol and propanol (Slaa et al. 1991). From a practical viewpoint,

K compounds are used although Cs is known to be more effective (Nunan et al. 1989). This is illustrated

in Table 9, which shows that the promotional effect towards C2+ alcohols follows the order Cs>Rb>K and
that the lower ratio H2/CO syngas produced the highest yield of the higher alcohols, although the total CO
conversion was decreased by decreasing the 1-I2 content of the syngas.
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Table 8. Composition of Fuel Alcohols from Syngas

Other

Alcohol, % C 1 C 2 C 3 C 4 C5+ Oxygenates Catalyst

MAS (SEHT) 69 3 4 13 9 2 K/Zn/Cr

Substifuel (IFP) 64 25 6 2 2.5 0.5 K/Cu/Co/AI

Octamix (Lurgi) 62 7 4 8 19 m alkali/Cu/Zn/Cr

HAS (Dow) 26a 48 14 3.5 0.5 8 CoS/MoS2[K

aMethanol can be recycled to extinction, increasing ethanol %.
Dow = straight chain alcohols
Lurgi = isobutanol is 70% of C4 alcohols

Table 9. Catalytic Results of Testing Alkali-promoted CuO/ZnO/AI203 Catalysts (Herman 1991)

Promoter (ppm)

K (252) Rb (5475) Cia (8505)

Synthesis Gas A B A A B

CO Conversion, % 59.0 31.3 58.5 56.1 29.6

Yields, g/L catalpa
Total Liquid 895 770 875 860 710
Methanol 823 716 796 774 593

Higher Alcohols 48.3 71.6 56.0 60.2 795

Selectivity Among Higher
Alcohols (wt %)

C2 31.6 27.3 26.3 23.0 19.9
C3 20.9 18.9 19.1 16.7 15.8
C4 21.5 22.1 27.7 29.2 30.5
C5 10.5 9.5 11.9 13.4 12.5
C5++ Other Org. Compds. 15.6 22.2 15.0 17.7 21.6

aplus 260 ppm K.

2.6.2 Catalyst Modified by Co or Ni

A major R&D programwas carried out by the Institut Fran_aise du Petrole in cooperation with Idemistsu

Kosall of Japan under the RAPAD program sponsored by the Ministry of International Trade and Industry
(MITI) of Japan. A copper-cobalt (IFP) and a copper-nickel (IK) catalyst were tested at the laboratory,
bench, and demonstration scale. The copper-cobalt catalysts were made of homogeneous spinel-type

multimetallic entities modified by incorporating alkali metals.

The program has been reviewed in a comprehensive report (Courty et al. 1990). Pilot plant performances
of various catalysts are given in Table 10.
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Table 10. Pilot Performances of Various Alcohol Synthesis Catalysts (Courty et al. 1990)

CuAIZrtRb
CuCoZnK CuNiZnK (Rb/Cu.0.006

(K/Co.0.03) (K/Ni.0A) at .at'l)

Loading Density 1.15

Hydrogen Reduction 100 to 300°C 100 to 240°C 100 to 240°C
1%H2-N2 (60 h) (60 h) (36 h)

Test Conditions: T°C 280 310 300
P (MPa) 8 6 6

H2/CO 1.5 1.8 0.35
CO2% 1.0 1.0 1.3
GHSV 3,200 3,000 3,000
(h"l)
Aging time 240 527 265
(h)

Performances CO conv. (CO2excl.): 6.5 10.5 13

Mass product, g,g'lh'l 0.06 0.09 0.11

Alcohols select. 76.5 63.3

Oxygenates selecL 76.2 82.3

C2+OH wt % 37.4 30.5 25.2

C2+oxy. wt % 38.2 34.8 38.4

Liquid Product Characteristics:
CH3OH 61.5 55.5 60.1
C2+OH 37.4 34.8 25.2
(Alcohols) (98.9) (90.3) (85.3)
Esters 0.4 5.6 1.1

Other oxy. 0.4 3.2 12.1
Hydrocarbons 0.3 0.9 1.5

Demonstration tests were carried out on the Co and Ni-containing catalysts in a 7,000 barrel per year (bpy)
unit in Chiba, Japan. Good and stable performance was experienced at moderate temperatures
(305°-310°C) and pressures (6-8 MPa). Two series of car fleet tests with alcohol/gasoline mixtures
demonstrated that the alcohols obtained can be used satisfactorily in practice as octane enhancers.

Although the demonstration tests verified the predicted behavior of the catalysts, the economic evaluation,
discussed later, is not favorable at present.

2.6.3 Alkali-promoted MoS x Catalysts

AlthOUgh MoS 2 is known to hydrogenate CO to hydrocarbons, it was found that alcohol formation can

be promoted by operating at decreased temperatures. Alcohol selectivity is increased by incorporating
alkali in catalyst formulations.

29



In 1984 the Dow Company and Union Carbide Corporation separately disclosed novel catalyst systems

__ for production of linear alcohols from syngas. These new systems consist of supported or unsupported
alkali-doped MoS 2 or alkali-doped Co/MoS 2. They are not poisoned by sulfur as are copper-based
catalysts. Alcohol selectivities of 75%-90% are obtained from H2/CO = 1 syngas; hydrocarbons make up
the balance.

Research reports on MoS 2 catalysts from Dow and Carbide and Lehigh and McMasters universities have
been thoroughly reviewed by Herman (1991). Additional information developed by British Coal is found
in Mill,s (1988).

The effect of various alkali elements has been investigated. The selectivities and activities of MoS 2,

K/MoS 2, and Co/MoMoS 2, catal_ sts are shown in Table 11. lt is clear that practically only hydrocarbons
are produced over undoped MoS 2 and that the selectivity is dramatically altered toward alcohols upon
promotion of the MoS 2 with either K or Cs. The distribution of products fits generally in the ASF
relationship although the sum of hydrocarbons and alcohols fits better than either one alone.

Upon addition of cobalt to alkali-doped MoS 2 catalysts, a shift in product selectivity has been noted, lt
seems clear that the cobalt promotes the homologation of the methano" step, C 1 --) C 2.

The product distribution obtained with a K,zCO3/Co/MoS 2 and a CsOOCH.MoS 2 catalyst is shown in
Figure 16. It is apparent that the addition of cobalt shifted the selectivity in favor of ethanol as reported
by Murchison et al. (1988). A particular point made by Murchison is that homologation of methanol
occurs to such an extent that there is great deviation from the ASF distribution pattern. The commercial
significance is that methanol, the lowest value alcohol in the mixed alcohol product, can be adjusted via
recycle to any desired level, indeed to zero production.

2.6.4 Supported Platinum Group For Hight.' Alcohols

Because I'd is well known for its ability to hydrogenate CO to CH 4, it was rather a surprise when it was
reported (Poutsma et al. 1978) that palladium catalysts produced sizable amounts of methanol when
operated at conditions under which methanol is thermodynamically stable. Much attention has been
devoted to rhodium-containing catalysts for synthesizing mixed alcohols (Mills 1988). Interest was
heightened by the finding that activity and selectivity can be greatly influenced by the support and
particularly by added constituents, which act as promoters (Ellgen et al. 1979; Wilson et al. 1981). Early
work established the dramatic effect of small amounts of Mn, Mo, W, and Fe on the activity of Rh/SiO 2
catalysts. The oxidation state of Rh was examined and the concept developed that Rh+ is needed for

oxygenate formation. This remains controversial. Multimetallic catalysts have been investigated by
Arakawa et al. (l°q. 8), who suggested two classes of promoters for Rh/SiO2: those that increase CO
conversion based on acceleration of CO dissociation and those that h'nprove selectivity based on the

control of electronic state mad ensemble size of Rh particles (Figure 17).
J

Considerable effort has been put forth to develop bicomponent catalysts for selective formation of ethanol
from syngas (Ewald et al. 1991).

In the mid-1980s it was discovered that when relatively large amounts of molybdena or vanadia are
incorporated into supported rhodium catalysts that the activity for CO hydrogenation is increased more
than ten-fold and selectivity to oxygenates is augmented considerably (Jackson et al. 1986; Sudhakar et al.
1988; Bhore et al. 1988, 1990; DeCanio and Storm, 1991; Marengo et al. 1992; Foley et al. 1990; Kip
et al. 1987). The ei_ect of moiybdena addition is illustrated in Table i2.
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Table 11. Product Selectivities over MoS2 Catalysts (Herman 1991)

Selectivity a

Product MoS 2 K/MoS2 Cs/MoS 2

Hydrocarbons

C 1 43.64 17.80 17.88
C 2 25.24 3.31 3.73
C 3 16.98 -- 1.17
C 4 8.92 ....
C 5 3.86 ....

Alcohols

C1 0.67 45.15 38.34
C 2 -- 26.14 26.85

C 3 -- 5.32 8.98
C4 -- tr 1.43

Esters

Methyl Formate -- 1.25 0.54
Methyl Acetate -- 1.03 1.07

a Selectivity is based on carbon mole selectivity on a CO2-free basis.
Product selectivitics obtained over undotP_ MoS2, 0.22 mole K/mole MoS2
(10.36 wt % = 18.03 mole % KOOCH), and 0.22 mole Cs/mole MoS2
(20.00 wt % = 18.36 mole % CsOOCH) Catalysts. Testing was carried out at 295°C and
82 lV_a with H2/CO = 0.96 sT_taesis gas at GHSV = 7790 I(STP)/kg caml/h.

As mentioned earlier, there i_ promise that this type of catalyst can he developed into a practical low-
temperature catalyst for m:tlaanol manufacture.

2.7 Ethanol

At present, mixed alcohols are not regarded as commercially promising because they cost more to
manufacture than methanol and, most importantly, the need _,, .r an octane-enhancing oxygenate b._ending
agent is being filled by MTBE, which is regarded as ha_ lg better all-round properties than mixed
alcohols.

However, there is interest in and opporttmities for individual 1. ",her alcohols, particularly ethanol and
isobutanol. Ethanol is regarded as a desirable fuel both alone and iL blends. Promising research results
for selective synthesis of ethanol from syngas have been obtained by

(1) Homologation of methanol CH3OH + CO + H2 -) CH3CI-I2OH
(2) Biocatalysis enzymes

(3) Isomerization of DME CH3OCH 3 --->CH3CH2OH.

The manufacture of ethanol from syngas by a two-step process is known as the Ensol process or the Davy-
McKee process (Mills 1988).
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Figure 16. Product distributions MoS2 catalysts (Reprintedwith permissionfrom Herman1991,

ElsevierSciencePublishers)
Note: (TheproductdistributionobtainedwithH2/CO= 0.96synthesisgasat8.3 MPaoverthe
K2CO3/(CO/MoS) = 10/90wt % catalyst(304°C, GHSV= 1940 L/kgcatal/h)andoverthe
CsOOCH/MoS2 = 10/90 wt % catalyst(294°C, GHSV = 7790 L/kgcatal/h),wherethe
conversionswere13.1and14.1 moleCO/kgcatal/h,respectively.)

Numerous attempts have been made to carry out the homologation in a one-step operation but none has
been commercialized. Cobalt appears to be the best catalyst in terms of activity and selectivity. A
significant discovery was the enhancement in methanol homologation by the addition of iodine. There is
an opportunity to improve methanol homologation with better selectivity (Santacesaria and DiSerio 1991).

The enzymatic conversion of syngas to oxygenate fuels presents an opportunity for synthesis of ethanol.
A recent report, (Klasson et al. 1992), describes the action of an anaerobic bacterium to be effective in
converting CO, CO2, and Hz to ethanol at relatively high rates. A continuous stirred tank reactor (CSTR)
cell recycle system was shown to be effective in permitting the cell concentrations necessary for high
concentrations of ethanol.

With the advent of processes for manufacture of DME from syngas, the suggestion is made to develop
technology for catalytic conversien of DME to ethanol, lt is evident that ethanol and DME have the same
atomic content but different structa_es. Thermodynamically, the isomerization of DME to ethanol is greatly
favored. The free energy of change for isomerization, calculated from free energies of formation, is

AG298= -168.5 - (-112.6) -- -56 kilojoules/mole.
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Figure 17. The roles of additives for effective synthesis of EtOHand AcOH (Arakawaet al. 1988)

A multistep process can be visualized: converting syngas to methanol, methanol to ethylene over ZSM-5
catalyst (not very selective), and then hydrating the ethylene. However, a more direct and selective
isomerization is desired.

2.8 Isobutanol

lsobutanol is desired as a blending agent in possible competition to MTBE. Alternatively, it is desired for
manufacture of isobutylene needed for reaction with methanol for manufacture of MTBE.

lt has been noted that there is a remarkable amount of isobutanol in the C4 alcohol fraction of mixed
alcohols; for example, 70% has been reported by Lurgi. However, the overall selectivity of syngas to
isobutanol is not high in mixed alcohol synthesis, although Keim and Falter (1989) reported very high
selectivity.

There is encouragement in that the thermodynamically allowable isobutanol is very high under certain
conditions. The distribution of C4 alcohol isomers is shown in Figure 18 (Roberts 1992). At ambient
temperature, tertiary butyl alcohol is the dominant species thermodynamically; the yields of other isomers
are ali negligible. As temperature increases, the amount of tertiary butyl alcohol declines rapidly and
isobutanol becomes the dominant ,species at about 4501C This diagram illustrates that erroneous
conclusions can be drawn concerning the possible isomers without due consideration of the temperature.
lt also illustrates the potential for synthesis of tertiary butyl alcohol and isobutyl alcohol.
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Table 12. Syngas Conversion by Rh/Mo/AI203 Catalysts: Effect of Catalyst Composition on Product
Distribution (Bhoreet al. 1988)

3% Rh/ 3% Rh/

Catalyst 3% Rh 7.5% Mo 2% Na 15% Mo

Temp. °C 250 250 275 250
GHSV, (H"l) 3000 36000 820 3000
CO Conv. % 5.7 5.3 6.1 1.8

of CO Conv. % to CO2 1 25 7.3 50

of CO converted, % Converted to: (CO2 free basis)

Hydrocarbons 72 34 62 100

CH4 61 26 56 60.9
C2H6c 4 6 4 29.4

C3H6 5 2 1.6 9.7
CnHlo 2 0 0

Oxygenates 28 66 38.6 0

MeOH 2 16 1.9
MeOMe 1 26 0
MeCHO 2 0 9.4

EtOH 11 7 8.8
MeOAc 3 1 3.5
HOAc 0 0 2.5

EtCHO 0.4 0 2.4
n-PrOH 2.7 1 0
MeOEt 3 15 0
EtOAc 3 0 10.1

C 1 oxy 5 47 3

C 2 oxy 21 17 33
CH4 + C 1 oxy 61+5=66 26+47=73 56+3=59

lt was pointed out by Roberts et al. (1992) that the calculations performed exclude alcohols of C5 and
above in order to keep computational problems within reasonable bounds. However, such higher alcohols
are indeed formed and this limitation needs to be remembered in connection with this study.

Attention is drawn to the disappointingly low octane of MIBE, methyl isobutyl ether (Reagan 1992). It
seemed an attractive concept to utilize a mixture of methanol and isobutanol, which are coproduced, to
synthesize MIBE.

BRON 1 BMON 2 BON

MTBE in unleaded regular gasoline 120.1 96.3 108.2

MIBE in unleaded regular gasoline 60.8 67.0 63.9

] Blending Research Octane Number
2 B!en_ng Motor OC,mne Number
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Figure 18. C4 alcohol isomerdistributionas a functionof temperature(Reprintedwithpermission
fromRoberts1992,AmericanChemicalSociety)

Synthesis of ethers has been reviewed by Brockwell et al. (1991).

Chemical pathways and catalysts for synthesis of MTBE are shown in Figure 19.

At present, fuel ethers are manufactured by reacting alcohol with isoolefin over an acid resin catalyst
(Brockwell et al. 1991). Attention is directed to the novel technology for conducting the alcohol + olefin
to ether reaction by catalytic distillation (Rock et al. 1992; Lander et al. 1983). This technique provides
for more complete reaction by product removal and thereby shifts the reaction to MTBE, if isobutylene
is the olefin, or TAME if isoamylene is the ether. Catalytic distillation is carried out in a fractionation
tower in which the catalyst forms the packing, so that both catalytic reaction and distillation occur
simultaneously (Figure 20).

The question has been raised as to the adequacy of supply of isoolefm. Isoolefin production in normal
catalytic cracking is being increased by alteration in cracking conditions and by the introduction of
catalysts modified so that more olefins are produced. Further, plants have been installed for production
of isobutene by isobutane dehydrogenation.

Furthermore, there is interest in manufacture from syngas via isobutanol synthesis and dehydration and
research results are now beginning to appear.
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37



3.0 Hydrocarbon Fuels

3.1 Overview

The catalytic technology for conversion of syngas has been extensively reviewed. Publications by Storch,
Anderson, Pichler, and Emmett in the 1950s reflect intensive research in that period. Then during the late
1970s and 1980s reviews on Fischer Tropsch (FT) by Dry (1981), Frolming et al. (1982), Falbe (1980),
Anderson (1984), Wender and Klier (1989), and Mills (1988) appeared. MTG by Chang (1983, 1984),
Meisel et al. (1976), and Meisel (1988) also appeared. During the last 5 years, progress at SASOL has

been reported by Jager et al. (1990) and by Dry (1990) and on MTG by Tabak and Yurchak (1990) and
Yurchak and Wong (1991). A particularly comprehensive FT review was given by Bartholomew (1991).
Economic evaluations have been provided by Fox (1990, 1992), and Gray et al. (1991).

The history of industrial actual installations of industlial plants for manufacture of hydrocarbon fuels is

presented in Table 13.

Much has been learned about the hydrogenation of CO in the last 90 years. Yet with the exception of

ZSM-5, the catalysts are essentially those discovered in Germany 50 years ago: Ni for methane; alkalized
Fe, Co, or Ru for FT; and those containing ThO 2 for isosynthesis.

Fe is less active for hydrogenation than Co and so produces more olefins and alcohols. Ru is noted for

its capability to produce higher molecular weight hydrocarbons. Fe catalysts are active in promoting the
water gas shift reaction; neither Co nor Ru are active. Catalysts without water gas shift activity reject

oxygen (introduced by CO) as water, so that syngas with a H2/CO ratio of 2 is required in making olefins
or alcohols and a slightly higher ratio than 2 for making paraffins. For catalysts that promote the water

gas shift reaction, the oxygen from CO is rejected mainly as COx. The water formed in the FT reaction
reacts with CO to form additional H2. Consequently, less expensive syngas with a low H2/CO ratio,

produced in high temperature gasifiers, can be used with these catalysts, with a practical minimum of
about 0.6.

Chain growth in FT synthesis has been recognized to be similar to a polymerization process where the

distribution of product chain length is a consequence of relative rates of propagation, Rp, and termination,

Rr The weight fraction, Wi, of a product with a carbon number C i is given by the equation

log(Wi/Ci) = (log ct)Ci + K,

where ct is the probability of chain growth = Rp/(Rp=R t) and K is a constant. This equation, usually
known as the ASF equation has as a consequence that, of the hydrocarbons, methane can be made in near-
quantitative selectivity. All other products have well-defined maxima allowable selecfivifies, illustrated in
Figure 21 for hydrocarbon synthesis. From a practical viewpoint, in the FT synthesis, there is a wide
distribution of chain lengths. For instance, maximum gasoline (C5-Cll) is 47% and maximum diesel

(C12-C17) is 40%. A genetic problem in conducting catalytic syngas reactions is the formation of too
much low-value methane.

3.1.1 Mossgas Project

A process designed to produce transportation fuels from off-shore natural gas in South Africa was
announced in 1987 (Van Rensburg 1990; Jager et al. 1990). This has been described as the world's largest

synthetic fuels project, lt is nearing completion. About 85 miles offshore from Mossel Bay, South Africa,
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Table 13. Industrial Installations of Hydrocarbon Fuels from Syngas

1902 Methane synthesis over Ni catalysts, Sabatier and Sanderens

1923 Higher hydrocarbons over Fe modified by alkali, FT

1930s-1940s Nine FT plants installed in Germany, World War II, producing 10,000 bpd fuels

(syngas from coal. FT = 15% of fuels used by Germans, Co/ThO2/MgO/SiO 2
catalyst. 100/5/8/200. 85% by Bergius direct coal liquefaction)

1950s Bureau of Mines plant in Louisiana, Missouri, operated briefly Fe catalyst

1950 Brownsville plant in Texas operated briefly. Fixed fluidized bed, Fe-K catalyst.
syngas from methane

1950 Slurry-phase FT tested in pilot unit by Koelbel in Germany

1950s German plants operated on petroleum residua, but shut down because of cheap
abundant petroleum

1954 SASOL I, South Africa constructed 8000-bpd plant, using Fe/K catalysts, Arge
fixed bed, Synthol circulating fluid bed. Syngas from coal, Lurgi gasifiers

1980 SASOL II, 50,000-bpd plant Synthol technology

1983 SASOL B1 50,000-bpd plant Synthol technology

1985 14,000-bpd MTG plant in New Zealand, gas---_syngas---)methanol-->gasoline,
molecular sieve ZSM-5 catalyst

1989 SASOL installed fixed fluidized bed

1992 Mossel Bay, large plant using SASOL synthesis technology, syngas from coal

1989-1992 Fuelco installs 50-, then 25Q-blxl plant using slurry FT, Fe catalyst, syngas from
landfill gas, product diesel fuel

1992-1993 Start-up, SMDS 13,000-bpd plant in Malaysia, syngas from methane, products:
diesel, kerosene, wax

1993 SASOL, slurry-phase FT reactor

a production platform has been constructed. The gas is 2,500 meters under seabed and under 105 meters
of water. An underwater pipeline will transport 200,000 cubic meters per hour of gas and 50 tonnes per
hour of gas condensates to a point onshore close to the :own of Mossel Bay. Five of the process units,
including two oxygen plants (Linde), have been installed. Start-up is scheduled for 1992.

The synthesis process being installed is the SASOL circulating fluidized bed. lt was stressed that the
selection made in 1987 was determined by a deliberately conservative policy to have long established
technology and to have technology secure within South Africa. Governmental unwillingness to export
technology may have prevented options of the MTG or TIGAS processes.
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3.2 Fixed Fluidized-bed FT Synthesis Reactor

3.2.1 SASOL

The enormous commitment to FT in South Africa has inspired SASOL to seek improvements and a
number of significant advances have been achieved over the past several decades. These have been
reported in comprehensive reviews by Dry and Hoogendoom (1981), Dry (1990), Jager et al. (1990),and
Jones et al. (1992) emphasizing the recent use of a new fixed-fluidized bed operation and new emphasis
on chemicals production, particularly olefins and waxes.

The overall SASOL plant operation, shown in Figure 22, is a reminder that the total process of indirect
liquefaction of coal is a complex series of process operations that include not only syngas manufacture
and its FT synthesis but also product upgrading required to meet fuel specifications.

Until recently, SASOL employed two types of FT reactors. The fixed bed, designated Arge, previously
operated at 220°C and at 25 bar, but recently at 45 bar, using a precipitated Fe catalyst. The circulating
fluidized bed (CFB), known as Synthol, is shown in Figure 23. In operation since 1955, the CFB,
operated at 25 bar and 340°C, is employed for gasoline production. Typical product spectra are shown
in Table 14. Products of the Synthol are lighter and more olefmic than those of the Arge. Both produce
some oxygenates.

Beginning in 1989, a new type of reactor was installed--a fixed-fluidized bed (FFB) (Dry 1990; Jager et
al. 1990). Many of the limitations of the CFB reactor are eliminated by the FF_. The FFB consists of
a vessel with a gas distributor, a fluidized bed containingthe catalyst, cooling coils.in the bed, and a
system to separate the catalyst from the gaseous product stream. The various SASOL reactors are depicted
in Figure 24. The FFB is much smaller than the CFB. Operating experience with the FFB is reported to
be good. Catalyst consumption is decreased and improved operability observed. A further advantage is
achieved through the use of filters instead of cyclones.

There is new interest in operation of the FT process in a mode that results in production of high molecular
hydrocarbons including waxes and diesel fuel. An improvement in the SASOL Arge operation was
achieved by operating at increased pressure, lt was shown (Dry 1981) that if pressure is increased and the
feed flow is increased in proportion that the production per unit vohune of reactor space increases in direct
proportion to pressure. A new fixed-bed reactor that operates at 45 bar instead of 25 bar was
commissioned in 1987 and wax production increased by 50% as predicted.

SASOL (Dry et al. 1981) reported that wax produced in low-temperature Fr processes can be cracked to
extinction at relatively mild conditions to yield 80% diesel and 15% gasoline. The diesel is more branched
than straight-run FT diesel but has a good cetane rating, 65 versus 75 for the straight run. The aromatic
content remains at zero so that the fuel is of prime qualitT. Tests have also been made by UOP using
SASOL wax with similar results.

3.3 Synthesis of Wax and Hydrocracking to Diesel and Gasoline

3.3.1 Shell

Shell Oil announced in 1989 that a Shell Middle Distillate Synthesis (SMDS) process plant would be built
in Bintulu in Sarawak, Malaysia, to come onstream in 1993. The process consists of three major steps,
(Burgt et al. 1985, 1990).

1. Conversion of natural gas to syngas with a H2/CO ratio of about 2
2. Conversion of syngas in a modernized version of Fr using a catalyst having high activity, stability,

and selectivity to high molecular weight waxy hydrocarbons
3. Hydrocracking and hydroisomerization to maximum middle distillates (kerosene and diesel) with

minimum gas formation.
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Figure 22. Block diagram for SASOL plant processes (Reprintedwith permissionfrom Dry 1990,
ElsevierSciencePublishers)
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Figure 23. SASOLSynthol CFB(ReprintedwithpermissionfromJageret al. 1990,J.C. Baltzer,A.G.
ScientificPublishingCompany)

Product distribution follows the ASF pattern.

Classical FT operation is generally operated with an alpha of 0.68 for Fe catalysts and 0.75 for Co. The
good fit of the observed carbon number distributions to the ASF model is shown in Figure 25 for typical
examples for Fe, Ru, and Co catalysts with alpha values of 0.7 to 0.95.

An important consequence of the sequential chain growth mechanism is that it is theoretically impossible
to exclusively synthesize a particular hydrocarbon, except for CH 4, or to synthesize a paraffin fraction of
a specified narrow range of chain lengths. However, by providing suitable catalyst and process conditions
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Table 14. Product Selectivities of SASOL Commercial Reactors (Jager et al., 1990)

Operating conditions and SASOL I SASOL II

product selectivity, wt% Arge Synthol Synthol

Catalyst, alkali promoted Fe Precipitated Fused Fused

Catalyst circulation rate, Mg.h "1 0 8000 m

T, °C 220-255 315 320

p, MPa 2.5-2.6 2.3-2.4 2.2

Fresh feed H2/CO, molar 1.7-2.5 2.0-3.0

Recycle ratio, molar 1.5-2.5 2.0-3.0 m

H2+CO conversion, mole % 60-68 79-85

Fresh feed, km3/h 20-28 70-125 300-350

Diameter x height, m 3 x 17 2.2 x 36 3 x 75

C] 5.0 10.0 11.0

C2 = 0.2 4.0

C_ 2.4 6.0 7.5

C3 = 2.0 12.0

C3 2.8 2.0 13.0

C4 3.0 8.0

C4 2.2 1.0 11.0

C5_C12 22.5 39.0 37.0
(C5-191°C)

C13-C18 15.0 5.0 11.0
(191-399°C)

C19-C21 6.0 1.0 3.0

C22-C3o 17.0 3.0 (399-521 °C)

C3o 18.0 12.0 0.05
(>521°C)

Nonacid chemical._ 3.5 6.0 6.0

Acids 0.4 1.0 m

= indicates olefin

_

=



Figure 24. SASOL FT reactors (Dry 1990)

favorable for achieving a desired value of alpha, different product ranges can be manufactured, including
those of high molecular weight (Figure 26).

The SMDS process utilizes a multitubular fixed-bed reactor-catalystsystem for the Fr synthesis. This

selection was made after extensive consideration was given to fluidized-bed, ebullating-bed, and slurry
reactor options (Sie et al. 1991).

A mathematical relationship was derived giving the maximum alpha value permissible and the limits of

operating pressure, temperature, and conversion level to ensure trouble-free fluid-bed operation when

producing high molecular weight products. The known commercial Fr processes, Hydrocol and Synthol,
which operate in a fluidized regime, produce a relatively light product at high temperature and moderate
pressure. ='l_,e_""'_'*'_--_.o,,u,Lium for stable fluidized operation are indeed met. lt was concluded that fluidized

technology is not suitable for the SMDS because of accumulation of condensed products on the catalyst
beyond the amount that can be accommodated in the catalyst pores.
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Figure 25. Typical carbon.number distribution, SMDS (Sie et al. 1988)

~

Consideration was also given to intraparticle diffusion limitations for fixed- and ebullating-bed processes.
lt was concluded that there is a substantial loss of activity upon increasing particle size from 0.38 to

2.4 millimeters. Further, it appears that the diffusion mechanism that limits the reaction rate in catalyst

particles of a diameter greater than 1 millimeter is in essence the diffusion of dissolved gas (CO and H2)
through the liquid-filled pores. This makes it understandable that pore diameter has little or no effect on
pore diffusion limitations, in contrast to the situation for a gas-phase reaction under relatively low pressure
where Knudsen diffusion is rate detemaining.

Slurry-phase operation was also considered. Catalyst particle size is important because it determines the
maximum allowable concentration in the liquid. Very small particles can only be used in relatively low
volume concentrations if unduly high slurry viscosities are to be avoided. Larger particles are acceptable

in higher concentrations but may give rise to problems because of their tendency to settle in regions where
gas and liquid velocities are inadequate to keep particles fully suspended. Separation of the catalyst from
the liquid is also an important factor.

An important factor in a Fr slurryprocess is the mass transfer outside the catalyst particles, in particular
the transport of synthesis gas components from the gas bubbles to the liquid. Satterfield and Huff (1980)
concluded that significant gas-liquid gas transfer limitations do occur, in particular at higher reaction
temperatures.
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Figure 26. Product distribution for FT synthesis as a function of alpha (van der Burgtet al. 1985)

The slurry phase FT will be discussed further later in this report. In the SMD$ process the catalyst is
packed in tubes that are cooled by surrounding boiling water. Selection of the multitube mode may have
been made in part because of uncertainties in knowledge of slurry-phase operation. Clearly, additional
R&D information on slurry is needed.

3.3.1.1 Hydrocracking of Waxes The relative reactivities observed in the hydrocracking of paraffins
in the range Clo-C17 over a bifunctional (acid/metal) catalyst are shown in Figure 27. The reactivity
increases dramatically with increasing carbon number of the paraffin.

The carbon number distribution of products obtained by hydrocracking of an FT fraction consisting
predominantly of C16 iS shown in Figure 28. There is very little if any formation of methane or ethane.
It is important that there is a strong tendency to break more centrally situated C-C bonds.

Thus there is a length-independent chain-growth process and a chain-length dependent selective cracking
process. Calculated products distributions are given in Table 15 for different values of chain-growth
probabilities of alpha, lt can be seen that selectivities to C_o--C2oexceeding 70% can be obtained for alpha
values of 0.95 or higher. The effectiveness of this combination in producing a carbon-number distribution
in the faiddle range is illustrated in Figure 29, which shows experimentally determined products
distributions of a P'Tliquid product before and after hydroprocessing at two different severities.
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Table 15. Calculated Product Distributions as a Function of the Chain-growth Chance cc
(Sie et al. 1991)

AFS Distribution Calculated Distributions

of Fr Products of the Two-stage Concept

Growth

Chance Percent by Weight of Percent by Weight of

Ct <C 10 C 10-C,20 >C20 <C 10 a10-C20

0.80 62.4 31.8 5.8 63.6 36.4

0.85 45.6 38.9 15.5 48.7 51.3

0.90 26.4 37.1 36.5 33.7 36.3

0.95 8.6 19.8 71.7 22.9 77. I

0.98 1.6 4.9 93.5 20.3 79.7

0.99 0.4 1.4 98.2 20.0 80.0

The combination of chain-length-independent synthesis of heavy paraffins and their seiective cracking to
lighter pa.raft-ms is the basis of the SMDS process.

The waxy HPC (heavy paraffin conversion stage) product is hydrocracked and hydroisomerized in a mild
trickle-flow process operated typically at 30-50 bar and 300°-350°C.

For syngas production, noncatalytic autothermal partial oxidation is used. Little or no adjustment in the

H2/CO ration is required. There is a net formation of water:

CH 4 + 1/20 2 = CO + 2H 2 = -(CH2)- + H20 .

There is additional H2 production by steam reforming of the CI-C 4 fraction of the Fr products. This
hydrogen is used for the hydrocracking of the Fr products and hydrodesulfurization of the natural gas
feed.

The two-stage concept of SMDS process provides considerable flexibility with regard to product range,
illustrated in Table 16.

Although a degree of selectivity to desired products is evident, it is also true that there is considerable
room for selectivity improvement.

3.3.2 Exxon

The Exxon corporation has announced that its 10-year $100 million gas-to-liquids project is nearing
completion, including operation of a demonstration plant at Baton Rouge (Velocci 1991). The Exxon
process is a three-step process. First, natural gas is converted to syngas using a unique fluidized-bed
reactor system. In step two, hydrocarbon synthesis (HCS) the syngas is converted to an intermediate liquid
hydrocarbon product. A high performance catalyst and an advanced reactor system are involved, lt is
stated that in a major departure from prior industry practice, an advanced reactor and catalyst system has
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Figure 29. Carbon number distribution of an FT product before and after selective hydrocracking
(Reprintedwith permissionfrom Sie et al. 1991, ElsevierScience Publishing)

Table 16. Variation in Product Range and Some Leading Properties of SMDS Products
(Sieet al. 1991)

Product Gas Oil Mode Kerosene Mode

Tops/naphtha wt% 15 25

Kerosene wt% 25 50

Gas oil wt% 60 25

Property Gas Oil (Diesel) Kerosene

Boilingrange °C 250-360 150-250

Density kg/m3 780 750

Pour point °C -10

Cetanenumber 75

Smokepoint mm >50

Freezingpoint °C --47
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been devised that raised HCS yields and reactor throughput substantially. In the third step, the intermediate
hydrocarbon product is upgraded in a step similar to conventional refinery hydroprocessing.

Although little has been published previously other than 100 issued patents, (e.g., Mauldin and Riley 1990;
Iglesia et al. 1991, which concern preparation of catalysts in which cobalt is deposited on outer surfaces
of particulate supports), related basic research results are beginning to appear on FT synthesis on Co and
Ru (Igelesia et al. 1992), reaction-transport selectivity models and the design of FT catalysts (Igelesia et al.
1992), and selectivity control and catalyst design in Fr synthesis (Iglesia et al. 1992).

3.3.3 Institut Frangais du Petrole

The formation of middle distillates from syngas on modified cobalt catalysts (Cu/SiO 2, Co/Ru/SiO2) has
been investigated in a fixed-bed and slurry-phase reactor (Chaumette et al. 1992). lt was established that
obtaining high CO hydrogenation activity and selectivity requires a prior optimization of reduction
conditions for each catalyst system. The study of the reducibility of the catalysts systems by TPR and CO
dissociation proved to be especially valuable techniques. The temperature-programmed-reduction (TPR)
curves in Figure 30 illustrate the variations in reducibility, which are related to the ability to dissociate
CO. Ru, which chemisorbs hydrogen more strongly than Co, assists in the reduction of Co.

3.4 Slurry-phase FT

A slurry-phase FT reactor operates with a finely divided catalyst suspended in an oilmedium. Using a
precipitated Fe catalyst, the slurry-reactor FT was demonstrated in high single-pass conversion with a low
H2/CO ratio (0.6) syngas. Koelbel and Ralek (1980, 1984) provide excellent reviews of their pioneering
work for the period from conception to 1970.
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Figure 30. TPR of Co/SiO2and Co-Ru-SiO2 catalyst (Reprintedwith permissionfrom Chaumette et al.,

Copyright1992, American ChemicalSociety)
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The hydrodynamics of three-phase slurry systems have been studied extensively in order to provide
en_neering design for appropriate catalytic reactors for optimum performance (O'Dowd et al. 1985;
Bukur et al. 1991; Stem et al. 1985; Kuo et al. 1987). A comprehensive review "Assessment of State-of-
the-art Hydrodynamic Models" is being published (Zhou and Srivastava 1992). Heat transfer properties
have also been studied (Saxena and Srivastava 1986). Laboratory evaluations for bubble column reactors

have been performed in bench-scale, mechanically stirred, slurry reactors.

Much interest has been aroused by the potential economic improvements based on the high conversion
per pass, resulting in lowered recycle requirements, discussed later (Gray et al. 1991; Fox et al. 1990).

The suitability of various iron-based catalysts for slurry-phase operation has been reviewed (Rao et al.
1990, 1992a, 1992b, 1992c) including those prepared by precipitation, fusion, ultrafine particles, and

catalysts produced by laser pyrolysis. They concluded that there is a need for additional research for
synthesis of reproducible active and stable catalysts.

There has been considerable research by industry, much unpublished.

A DOE-sponsored research program has resulted in the development of an Fe-based catalyst having FT
and water gas shift activities that are higher than those of the commercial Ruhrchemie Fe catalyst. The
catalyst developed has favorable suspension behavior in slurry medium. Plans are to manufacture
sufficient quantities of tills catalyst for study in the Alternative Fuels Development Unit in Laporte, TX.
This important scale-up test is being sponsored by DOE, Air Products, Exxon, Shell Oil, and Statoil
(Norway). The test was carried out during August 1992, and preliminary reports have been favorable.

3.4.1 Fuelco Slurry FT Plant Operation

Fuel Resources Development Co. (Fuelco), a wholly owned subsidiary of Public Service Company of
Colorado based in Denver, has described a technology named Synhytech (Synthetic Hydrocarbon
Technology). A small 50-bpd unit was constructed in 1989 for converting syngas to liquid fuels using a
slurry catalyst technique employing a Fe-based catalyst (Rowley 1990). An update by C. B. Benham is
scheduled for the 1992 International Pittsburgh Coal Conference. The Synhytech process is shown in
Figure 31 and the synthesis reactor in Figure 32. Products include naphtha, diesel fuel, and wax. Special

attention was given to the environmental aspects of producing a diesel of good cetane value.

In 1992 a 230-bpd plant was placed in operation (Fennig 1991). Diesel fuel from the process provided to
Detroit Diesel had the properties shown in Table 17 (Bennethum and Windsor 1991). From their engine
tests they concluded "We were surprised at the reduction in particulates that we measured compared to
a DF-1 fuel used with the same engine. The particulate reduction was much greater than would be
expected from the aromatics and sulfur reductions. Our conclusion was that the presence of oxygenates

contributed significantly to the PM reduction measured."

It is interesting to note that the feed to the Fuelco plant is municipal landfill gas, whose typical

composition is about 47% CH4, 47% CO2, 3.7% N2, and 0.8% O2. O'Leary and Tansel (1990) have
described technology for recoveo, collection systems. Fuelco indicated that it regards liquid fuels
manufacture more practical than building a pipeline, at least for some locations. Furthermore, the plant
can be moved.

=
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Table 17. Synthetic Diesel Fuel Specifications (Bennethumand Winson 1991)

ASTM a Distillation, °F

IBP b 332

90% 514

EP 555

Cetane Index 62

Sulfur Content, wt % < .001

Cloud Point, °F -2

Pour Point, °F -6

Conradson Carbon on 10% Residuum, wt % .05

Flash Point, °F 146

Bottom Sediment & Water, vol. % < .025

Kinematic Viscosity @ 100°F, est c 189

API a Gravity @ 60°F 48.5

Aromatics, wt % 0

Paraffins, wt % 47

Olefins, wt % 41

Alcohols, wt % 6

Other Oxygenates, wt % 6

Heat of Combustion, Btu/Ib 18,585

Heat of Combustion, Btu/gal 128,230

a ASTM = American Society of Testing and Materials

b IBP = initial boiling point
c cSt = centi stokes
d API = American Petroleum Institute

3.4.2 Cobalt Catalyst for Slurry.phase FT

Both cobalt and iron-based catalysts have been used commercially for FT synthesis. The catalyst used by

Germany during World War II was Co/MgO/ThO2/SiO 2. The Germans carried on research to substitute
Fe for Co but such catalysts were not installed during World War II. However, the SASOL units use Fe-
based catalysts. There has been considerable interest in Co catalysts, particularly for use in slurry-phase

FT operation to produce higher molecular weight hydrocarbons, including waxes. As has long been noted,
cobalt catalysts are generally more reactive for hydrogenation compared to Fe, leading to less olefin and
alcohol production. Co is not active as a water gas shift catalyst (as is Fe). Thus, oxygen, introduced by
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CO, is rejected as H20 with Co and as CO2 by Fe catalysts, although the H2/CO ratio in the syngas is also

influential in how oxygen is rejected. As may be expected, a high H2/CO ratio favors rejection as H20.

Shell has reported the good agreement of the observed carbon number distribution to the ASF model.

Figure 25 shows a few typical examples for Fe, Ru, and Co type catalysts with alphas varying between
0.75 and 0.95.

Goodwin (1991) has reviewed current directions in Fr catalysts and pointed out that a number of patents
have been issued involving Co (see Table 18). He suggested that the inclusion of a metal in addition to

Co is to permit reduction of the Co at a lower temperature,thereby providing a larger Co metal area and

consequent higher activity fEd et al. 1989). lt has long been known that Ni and Co are not readily reduced
when supported on A120 3.

lt has been suggeste d that, for Ru/Co-containing catalysts, the advantage may be that ruthenium promotes
hydrogenolysis and the intimate association of ruthenium with cobalt might allow carbon deposits to be
gasified by hydrogenolysis in cobalt-containing catalysts.

3.5 MTG and Related Processes

The MTG process represents a different approach to conversion of syngas to gasoline. Syngas is first
converted to methanol, which is then converted nearly quantitatively to a high-octane gasoline over a
catalyst containing ZSM-5 (see Figure 33). This process is based on the discover3, by scientists at Mobil
of the capability of an unusual molecular sieve catalyst, ZSM-5.

Invented by scientists at Mobil (Meisel et al. 1976; Meisel 1988), the process technology was developed
by Mobil under the joint technical direction of Mobil and DOE (Mills 1977) with a funding formula of
30% Mobil: 70% DOE. The MTG process has been installed (1985) in New Zealand using a fixed-bed
catalyst mode. Production of 14,500 bpd continues successfully, supplying one-third of New Zealand's
gasoline needs. Part of the gasoline production is exported to Japan. The syngas is manufactured from off-
shore natural gas.

To improve process technology, a second generation MTG technology has been developed based on the
use of a fluid-bed reactor. As shown in Table 19, fluid-bed MTG gives higher yield of higher quality
gasoline than fixed-bed MTG. This yield and quality advantage combined with improved energy utilization
results in a cost advantage over fixed-bed MTG of at least 10% for the total complex. Fluid-bed operation
has been demonstrated in a 100-bpd semiworks unit in Wesseling, Germany, and is deemed ready for
commercialization (Tabak and Yurchak 1990).

Mobil has developed further modifications to the MTG process. Examination of the reaction pathway for
methanol conversion to hydrocarbons (Figure 34) indicates that the reaction proceeds through olefinic

intermediates. In the MTO process, methanol is converted to olefins. In the MTO/MOGD process
(Figure 35), light olefins first formed are reacted further to produce gasoline and diesel. Product yields
and quality are illustrated in Table 20 (Yurchak and Wong 1991).

3.5.1 TIGAS

Seeking to improve the economics of the MTG process, H. TopsOe Co. has developed technology for an
integrated gasoline synthesis by modifying the three process steps: syngas production, methanol synthesis,
and conversion, in order to be able to operate ali steps at the same pressure and the last two steps in a
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Table 18. Patefi_ed Cobalt-Containing FT Catalysts (Goodwin 1991)

Typical Catalyst Constituents

Company Primary Secondary 1 Secondary 2 Support

Gulf Co Ru oxides alumina

Exxon Co Re/Ru oxides titania

Shell Co w/w/o noble metal ZrO 2 silica

Statoil Co Re oxides alumina

, recycle purg _ recycle

, purge _._

___.__= methanol___ separation gasoline--_ separationI LPG__syngas synthesis unit unit unit r

gasoline

raw methanol
storage

Figure 33. Two-stage MTG process

single synthesis loop, without isolating the synthesized methanol. The TopsOe Integrated Gasoline
Synthesis (TIGAS) process, shown in Figure 36, utilizes combined steam reforming and autothermal
reforming for syngas production (Topp-Jorgensen 1986, 1988). A multifunctional catalyst is used to
produce methanol and DME instead of only methanol. The production of MeOH and DME allows higher
syngas conversion. The process has been demonstrated on a process unit, operated for 10,000 hours during
the period of 1984-1987.

The basic problem of process integration is that the process steps are preferably carried out at very
different pressures: synthesis gas production at 15-20 bar, MeOH synthesis at 50-100 bar, and the MTG
process at 15-25 bar.

In the integrated loop, the recycle stream from the high pressure separator will have to pass the oxygenate
catalyst. Because a Cu-based catalyst is used, any unsaturated compounds in the recycle gas are

hydrogenated. The olefin content in the product from integrated process is low, resulting in a stable
gasoline product.

The highest gasoline octane, RON, in the TIGAS process, is a few numbers lower th'.,min the normal
MTG process. Process flexibility and lower investment are main advantageous features of the TIGAS

process.
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Table 19. MTG Hydrocarbon Yields (TabakandYurchak1990)

Fixed Bed Fluidized Bed

Hydrocarbon Product, wt %

Light Gas 1.3 4.3

Propane 4.6 4.4

Propylene 0.2 4.3

iso-Butane 8.8 11.0

n-Butane 2.7 2.0

Butenes 1.1 5.8

C5+Gasoline 81.3 68.2

100.00 100.0

C5+Gasoline (including Alkyate) 83.9 91.2

Gasoline Octane Numbers

RON 93 95

MON 83 85

o methanol

• dimethyl ether
El water

- c5
& p_ (andC 6+ olefins)

70- "
& aromatics
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Figure 34. Reactionpathwaysfor conversionof methanolto hydrocarbonsover ZSM-5 catalyst
(MTG).(P._printedwithpermissionfromChangandSilvestri,Copyright1977,AcademicPress)
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Table 20. MTO/MTOG Product Yields (Tabak andYurchak 1990)

Distillation/Gasoline Ratio 0.65 0.95

Product Yield, wt %

LPG 5.1 5.1

Gasoline 57.0 48.0

Diesel 37.9 46.9

100.0 106.0

Product Quality

- Gasoline R+O 92.5 91.8

M+O 85.6 85.3

-" (R+M)/2 89.1 88.6
J

Diesel Cetane Number 50 50
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4.0 Chemistry of Syngas Catalysis

There is an immense scientific literature on the catalytic chemistry of hydrogenation of CO and CO2.
There are 1,700 references cited in "New Trends in CO Activation," (Guczi 1991). There are

comprehensive reviews of alcohol synthesis (Herman 1991) and FT catalysis (Bartholomew 1991). Other
chapters describe fundamental research on characterization of catalyst surface structure and interactions

with CO and H2 utilizing modem instrumental techniques.

The potential for design of alcohol synthesis catalysts assisted by knowledge-based expert systems
("artificial intelligence") has been described by Hu et al. (1991).

4.1 Methanol

The main features desired in a methanol synthesis catalyst are (1) good hydrogenation ability, which is
generally considered to be a limiting factor in the reaction; (2) activation of CO without dissociation as

otherwise methane formation occurs; (3) activation energy < 15 kcal/mole; and (4) absence in the support
of undesirable components such as active alumina (excessive dehydration ability). Another requirement
is a stable Cu metal dispersion.

Characteristics of a commercial Cu-ZnO/A!203 catalyst are total area of 60-100 square meters per gram,
Cu area (by N20) of 20 meters per gram, and ZnO area of 55 square meters per gram.

Very comprehensive reviews of catalytic synthesis of methanol over Cu-ZnO/Al203 are provided by Bart
and Sneeden (1987) and Waugh (1992).

The nature of the catalytically "active" site has been very controversial, particularly the existence and
importance of Cu ° and Cu l+. It has been established that the methanol productivity for a given type of

Cu-ZnO/A1203 catalyst and a given H2/CO/CO 2 feedstock is proportional to the copper metal surface area.
o l+

However, there is evidence that a Cu -Cu redox couple is important. It is known that the presence of

Cu 1+ is strongly dependent on the gas phase composition, particularly the presence of H20 and CO2.
Under industrial conditions, catalysts contain both metallic and oxidized copper. It may be that
copper/ZnO contiguity is important. The effect of supports has been investigated by Robinson et al.
(1991).

A wide range of mechanisms has been proposed for methanol synthesis based on experimental evidence
from kinetics, l,se of isotopic labeling, trapping of intermediates, variation of feed components, and
spectroscopic studies of catalyst surfaces (Stiles et al. 1991; Smith et al. 1990, 1991). It is now recognized
that more than one mechanism may lead to methanol synthesis, produced by hydrogenation of both CO
and CO2 at different rates as a function of the catalyst composition and teed and reaction conditions. The

catalytic behavior is sensitive to the gas phase environment: the activities and selectivities in CO/H 2 and
CO2/H 2 reactions are different.

Until 1975, the more generally accepted mechanism corresponded to the reaction:

HE

CO 2 -_ CO z-_2 CH3OH<..._
I-LO

_

z

2
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An alternative scheme is

H20

CO -'_ CO 2 __.._2 CH30 H +H20

H2

where CO hydrogenation proceeds by initial formation of CO2 and its subsequent hydrogenation to
methanol. It has been established, particularly by isotopic labeling experiments, that the second mechanism

is the predominant route for Cu-ZnO/A120 3 catalysts under usual industrial conditions for methanol
synthesis (Rosovskii et al. 1977; Chinchen et al. 1986, 1988).

In summary, kinetic and isotopic studies (Bart and Sneeden 1987) over an industrial synthesis catalyst in

CO/CO2/I-I 2 syngas allow the conclusions that (1) hydrogenation of CO2 to methanol predominates over
CO hydrogenation and copper metal is the active component, (2) CO is converted to CO 2 probably via
the regenerative shift reaction, and (3) the reaction steps in the water gas shift reaction are independent
of those in methanol synthesis; that is, the two reactions have no common adsorbed intermediate species.

In addition to their direct participation in the reaction mechanism, CO2 and H20 contribute to maintain
an optimum oxidation state of the catalyst and therefore its activity and stability.

It has been suggested that methanol formation proceeds through the formation of formate and methoxy
intermediates. Identification of such species by trapping and spectroscopic examination has led to the
postulate that formate, dimethoxylene, and methoxy groups are intermediates linked through oxygen to

the metal copper site. From infrared studies using Cu-ZnO/A1203, Bailey (1992) proposes the reaction
sequence shown in Figure 37.

H H

Oads + CO + H 2 _ C dimethoxylene

0 0
I I

CO _ dimethoxylene_ formate_ formaldehyde-#methoxy-_methanol

-_ Figure 37. Reaction scheme for methanol synthesis over Cu-ZnO/AI20 3 (Bailey 1992)

61
_



4.1.1 Schottky Junctions

In a different approach, it has been proposed (Frost 1988) that the Schottky junctions at the interface
between metals and oxide in the catalyst affect the surface chemistry of the oxides in a way that correlates
with catalytic behavior. It is suggested that this theory can predict the existence and properties of new
catalysts.

4.1.2 Supported Platinum Group VIII Metals

Research has provided much insight into the very high increase in CO hydrogenation activity and
selectivity of rhodium/alumina catalysts brought on by molybdena addition. Gilhooey et al. (1986), found
wide variations in apparent activation energies and pre-exponential factors. Foley et al. (1990) found a
bimodal distribution of particles with larger particles enriched in rhodium. They proposed two separate
sites leading to oxygenates and hydrocarbons. Oxygenate production is attributed to chemistry at the
smaller, molybdenum-rich sites and the role of molybdenum is to act as a textural promoter. Bhore et al.
(1988) propose a dual-site mechanism in which CO is activated by Rh and 1-12by MOO3.x with migration
of the activated hydrogen to the activated CO. A major point is that while Rh is capable of activating 1-I2,
such activation is inhibited by CO. As a consequence of increasing the hydrogenation capability by the
molybdena, which is rate limiting, the overall catalytic activity for CO conversion is greatly accelerated.

4.2 Higher Alcohols

Efficient carbon-carbon bond formation is one of the major triumphs of catalysis. Recently, an
understanding has been developing of the assembly of C-C bonds in terms of surface science. Idriss,
Libby, and Barteau (1992) and Idriss, Kim, and Barteau (1993) have recently reported three diffe_ent
classes of C-C bond formation reactions on single crystal surfaces of TiO2 under ultrahigh vacuum (UHV)
conditions. A study of carbon-carbon bond formation via aldolization of acetaldehyde on single crystal
and polycrystalline TiO2 surfaces reflected the influence of surface heterogeneity. These studies represent
an extension of stoichiometric reactions observed on single crystals in UHV toward the creation of novel
catalysts.

The reaction mechanisms for formation of higher alcohols under industrial conditions has been intensively
investigated. Superimposed on a thermodynamic background is a kinetically controlled chain growth
mechanism that is dominated by the two routes shown in Figure 38 (Forzatti et al. 1991). The first route
entails aldol-type condensations occurring according to the "normal" mode (BN) leading to higher
aldehydes and to the "oxygen retention reversal" (ORR) mode (BoP,R) (Smith et al. 1990) leading to
ketones. In the ORR mode, the aldol intermediate of the condensation undergoes hydrogenation +
dehydration of the carbonyl group and retention of the anionic oxygen rather than dehydration with loss
of hydroxyl oxygen. The second route entails the stepwise C 1 additions on the carbonyl carbon atom,
which are assumed to occur both in normal (a N) and in the reverse mode ((xORP,);in particular this route
with RICCHO replaced by HCCHO in Figure 38 is responsible for the first C-C bond formation of the
chain growth process (C1 _ C2 step).

Klier et al. (1992a, 1992b) have described their combination of experimental data and theoretical
calculations in support of the mechanism for Cn + C1 and Cn + C2 chain growth in oxygenate synthesis
in which the efficient and dominant aldol addition with oxygen retention reversal is caused by bonding
of alkoxide oxygen of the intermediate 1,3-keto-alkoxide to the alkali ion while the carbonyl group is
released for hydrogenation by a cis-trans isomerization thereof. The role of the alkali promoter is to
activate the ...... ..,.__ _,, ,,,,.,,,,,,,_,, ,....,...... A ,,_,4 ,,,,.,,,.,,,,4,,l_,r,,,_o (Fig 39)Cmouu ul hhC reac'diig a_u_yu_, or aaa_ tO _ a ...... _, ..... _.,. 'JLrCl_k.l._ I,U ,t,il_, •O_t2t
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Figure 38. Reaction mechanism involved in chain growth scheme (Reprintedfrom Forzattiet al.
1991 by courtesyof Marcel Dekker, Inc.)

Lietti ct al. (1991) emphasize the importance of formaldehyde and rapid aldol-like condensation reactions

and fast hydrogenation to alcohols to explain the observed distribution of oxygenated products.

An overall mechanism for higher alcohol synthesis has been proposed by Kienemann et al. (1991), which
they believe best accounts for observations obtained with probe molecules and temperature programmed

desorption studies (see Figure 40 7,_,.cial attention was given to first C-C bond and branched-product
formation.

The identification of species of molybdenum active for alcohol synthesis was investigated by Muramatsu
et al. (1992).

lt should be noted that the presence of CO 2in syngas is important; this has been studied by Calverley and
Smith (1991).
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Figure39. "Aldol couplingwith oxygenretentionreversal"(Klieret al. 1992a,1992b)

4.3 Hydrocarbons

The chemistry of Fr catalytic reactions has been reviewed recently by Dry (1990) and by Bartholomew
- (1991).

Research in Japan has been described in "Progress in C] Chemistry in Japan" (Japan 1989) and in Energy=

± Conversion and Utilization with High Efficiency, Section BO1A-OO, "Catalyst Development of Coal
-_ Conversion to Synthetic Fuels," which contains descriptions of syngas conversion research (Japan 1990).

Iglesia and associates have published several significant articles (1992a, 1992b, 1992c).
_
l
_

_
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Figure 40. Overall mechanism for higher alcohol synthesis on Co-ZnO-AI20 3 (Reprinted with
permissionfrom Kienemannet al., Copyright1991, AmericanChemical Society)

Research progress on FT has been reported by Satterfield and associates with emphasis on product
distribution of the FT synthesis on iron catalysts (Matsumoto and Satterfield 1989; Donnelly and
Satterfield 1989). Carbon distribution numbers are described by a modified ASF distribution with two
chain growth probabilities (Donnelly and Satterfield 1989).

Cobalt catalysts have also been examined by Yates and Satterfield (1991a, 1991b). The inhibiting effect

of CO was determined quantitatively and a Langm_tir-Hinshelwood-type rate equation was developed. The
apparent Eact was 94 kilojoules per mole.

: 65
_

' ....... "' '_IP



The feasibility of using a mechanical mixture of a Co/MgO/SiO 2FT catalyst and a Cu-ZnO/A120 3 water-
gas-shift catalyst for hydrocarbon synthesis in a slurry reactor was established. (Chanenchuk, Yates, and
Satterfield 1991).

Ruthenium FT catalysts have been examined by various investigators including Kfishna and Bell (1992),
who determined the dynamics of chain initiation, propagation, and termination.

There have been many attempts to utilize molecular sieves in FT synthesis catalysts. For example, Zhou

et al. (1991) tested a catalyst prepared using zeolite-entrapped orrnium carbonyl clusters and determined
that at low conversions a non-ASF distribution of C1-C 5 hydrocarbons was produced.

Studies by Goodwin and co-workers, (Oukaci et al. 1988), provide strong evidence for the bifunctional

nature of zeolite-supported Fr Ru catalysts and new insight into the role of exchanged cations and acidity
in determining hydrocarbon selectivity. Their reaction scheme is depicted in Figure 41.

lt is pertinent for production of fuels to comment on the hydrocracking reaction of waxy FT hydrocarbons.
The symmetrical product distribution shown in Figure 27 is indicative of primary cracking and suggests
a reaction mechanism by which the occurrence of C-C bond scission on an rx, 1], and 7 position from the
terminal carbon atoms is disfavored. A new reaction mechanism has been proposed by Sie (1992); see
Ansorge and Hoek 1992, and Figures 42 and 43.
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5.0 Economics

lt is fair to say that the economics of synfuels manufacture is such that under usual commercial
circumstances, on an energy equivalent basis, synfuels would cost nearly twice that of fuels made from
petroleum, now available at about $20 per barrel.

A comparison published by the National Research Council (1990) illustrates the panel consensus of
equivalent costs of alternate automotive fuels (see Table 21). For this comparison gas was priced at
$4.20/thousand cubic feet (mc0. A 15% energy efficiency advantage was assumed for methanol.

This report concludes that the use of wood for methanol production is one of the more attractive methods
for using biomass. In the study, wood and coal feed costs were approximately the same and, for the same
size plant, gasification and process costs would be about the same.

The production of the greenhouse gas, CO 2, could well have a major effect on the choice of raw materials
for transportation fuels. Biomass-based fuels are considered to be greenhouse-gas neutral. In Europe, an
environmental tax on oil of about $10 per barrel is being considered.

Many social issues are discussed in reports by the International Energy Agency, Paris, (1990b, 1991), as
well as by Gushee and Bamberger (1989), in the United States.

Beyond conventional economic considerations are social values that alter values assigned to fuels° lt is
pertinent to point out the cost of subsidizing the Gasohol program in the United States. The federal tax
benefit is 54 cents per gallon of alcohol used in Gasohol. In 1987, there were 55,000 barrels per day
ethanol fuel sales (about present volume), corresponding to a subsidy of nearly $500 million annually.
There is an additional subsidy for the corn used to produce the ethanol (Sperling and DeLuchi 1989).

Table 21. Equivalent Crude Cost of Alternative Fuels (in 1988 dollars per
barrel, at 10% discounted cash flow) (NationalResearch Council
1990).

Cost Estimate for Current

Process Published Technology

Heavy oil conversion 25

Tar sand extraction 28

Coal liquefaction 38

Western shale oil 43

Methanol via coal gasification 35--40

Methanol via natural gas at

$4.89/mcf 45

$3.00/mcf 37

$1.00/mcf 24
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Environmental considerations are shaping selection of fuels and, consequently, R&D relative to their
manufactureand use (DeLuchi et al. 1988; InternationalEnergy Agency 1991). In the United States, the
EPA has determined that more than 100 city areas have not attained the sufficiently low levels of CO or
03 deemed essential for health. The CAAA of 1990 requires gasoline in 44 city areas in 1992 winter
months to contain2.7% oxygen, equivalent to 15% MTBE or 8% ethanol. In 1995, gasoline in nine city
areas must contain 2% oxygen year-round.

Fuels are now evaluated on their performance qualifies (Mills 1990, 1992). These alter fuel economics.
Better environmental performance justifies higher prices. Thus, while the current price of gasoline at the
refinery is 65 cents per gallon, MTBE with 87% as large a heat of combustion, sells at 100 cents per
gallon, lt can be considered that fuelprices are determined by heat of combustion, octane or diesel rating,
and environmental properties. Thus the price of MTBE may be considered to be determined as 57, 20, and
23, respectively, for a total of 100. Thus 23 cents per .. lion is justified by environmental benefits.

Attention is drawn to the fact that synfuels manufacture is capital intensive. Capital costs dominate (Fox
1990, 1992). The cost of synfuels is dominated by capital costs rather than by raw materials. The money
needed for plant construction, plant maintenance, taxes, and profit generally accounts for about 70% of
the selling price of syafuels.

Cost estimates for alternative fuels are dependent on a number of factors other than technology (Notari
1991). Location is especially important because it greatly affects raw materials and construction costs.

Criteria for estimating the value of new and improved synfuels technology are based on (1) the potential
to improve economics of manufacture, particularly by lowering plant costs; (2) technology that produces
fuels having environmental benefits in manufacture and use; and (3) higher selectivity to more valuable
products. Item (3) includes fuels having high engine performance qualities. Also included are coproduct
chemicals or electricity. Chemicals such as waxes, olefins, and oxygenates can fulfill a critical role for a
few plants. A larger potential is for coproduction of fuels and electricity.

5.1 Oxygenate Fuels

As background the price and supply of methanol are given in Figures 44 and 45.

Cost estimates for production of methanol vary widely from 19 to 71 cents per gallon according to
Kermode et al. (1989). Cohen and Muller estimate manufacturing cost of methanol to be 64 cents per
gallon selling price for U.S. production using gas at $4 per million Btu. Comprehensive studies have been
made by Bechtel (Fox et al. 1990).

Courty et al. (1990) have published their calculations for the cost of methanol and mixed alcohols using
advanced technology. Their results are presented in Figure 46 starting with natural gas at either $2.00 or
$0.50 per million Btu and illustrate the distribution of production costs.

About 40%-60% of capital costs is required for the manufacture of purified syngas from natural gas (see
Figure 47).

Although the costs of the methanol loop represent ot,ly about 22% of the capital costs, and selectivity to
methanol is about 99%, there are improvements of economic consequence possible in the synthesis loop.
The introduction of a much more active Cu-ZnO/AI20 3 catalyst by ICI in 1966 made possible the
lowering of synthesis temperature to 250 ° from 350°C and pressure to 5-10 MPa from 30 MPa. Centrif-
ugal compressors can be used at the lower pressure instead of the more expensive reciprocal compressors.
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Figure 47. Methanol plant capital cost breakdown (ICI Company brochure)

It has been estimated (Bew 1981) that the new catalyst made possible the savings of 5% in overall plant

costs, a relatively large amount in a large plant

A marked advantage (about 10%) has been estimated for slurry-phase methanol synthesis and for once-
through design using LPMEOH technology over conventional vapor phase technology (Nizamoff 1989).
The potential economic advantage of coproduction of electricity and methanol have been made by Kern
et al. (1991). The advantage is expressed in ternts of lower electricity costs (Figure 48). The economic
conclusions are critically dependent on the future price of natural gas. Other studies are being made by
the Tennessee Valley Authority (TVA) with emphasis on environmental benefits.

EPRI has published a conceptual design and cost evaluation of the Brookhaven process performed by the
Stone and Webster Company, which shows a reduction in capital cost of 73% and a reduction of methanol
delivery cost to 80% of that for a conventional plant at a Middle East location, lt is clear that the question
is whether or not technical problems can be overcome, particularly inactivation of the catalyst by 1-120or

CO 2.

Potential economic advantages being evaluated are: higher conversion per pass; coproduction of methanol
and DME; catalysts of high activity that can operate at lower temperature and use air-blown syngas;
catalyst systems having high selectivity to ethanol or isobutanol; or isomerization of DME to ethanol.

5.2 Hydrocarbon Fuels

The decrease in plant costs achieved by SASOL by using a fixed-fluid instead of an entrained-fluid bed
synthesis is shown in Table 22 for production of synfuels from natural gas. The cost of a SASOL
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Table 22. Capital Cost Comparison, SASOL Circulating- and Fixed-fluidized Bed Synthesis Units
(Jager et al. 1990)

Relative Capital Cost

Number of

Type Reactors Pressure Reactors Gasloop Total Plant

S-CFB (base) 3 normal 1.00 1.00 1.00

S-FFB 2 normal 0.46 0.78 0.87

S-FFB 2 high 0.49 0.71 0.82

fLxed-fluid bed is estimated to be 50% of a SASOL CFB reactor and the total piant is 15% cheaper.
Additionally, a gain in energy efficiency is reported.

The production of chemicals has taken on new importance at SASOL in providing economic justification
for FT. SASOL has reported that because of the decreased profitability of synfuels manufacture, it has
e×-_andecl production of higher value products, particularly olefins and waxes.
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The cost of the MTG New Zealand plant of about 14,000-bpd plant has been reported at $1,200 MM.
Experience has led to substantially decreased estimates for the fixed-bed configuration. Also, the use of
fluid-bed design has been reported to provide for cost savings (Figure 49, Srivastava et ai. 1992). Further,
the TIGAS process offers savings over the original New Zealand plant.

The economics of the new "wax and crack" concept being installed in Malaysia depends on sale of

gasoline, diesel, and wax. The relatively high value of the wax can be an important factor in this
13,000-bpd plant that costs $660 million to install.

Greatest interest is being expressed in new estimates for the use of slurry reactors. Gray et al. (1991) have
examined five plant configurations: a SASOL type plant using a Lurgi gasifier and Synthol FT synthesis;
a plant using a Shell gasifier and Synthol FT; a plant using Shell gasifier and slurry Fr; a plant using
Lurgi gasification and Arge synthesis; and a plant using Shell gasification and Arge synthesis (Table 22).
Wyoming coal was used in ali cases. Total plant output was about 83,500 barrels per day in each case.

Plant construction costs in 1989 dollars vary from $3,995 to $2,883 MM, a decrease of 28%. The required
selling price of the final gasoline and diesel product_o are calculated from standard economic parameters.
Calculations were based on 75/25 debt to equity ratio, 25-year project life, 34% income tax, no price
escalation above general inflation, 3% general inflation, 15% return on equity, 8% interest on debt, and
5-year construction period.

The results are shown in Table 23. lt is striking that, by using modern gasifier and slurry FT, the overall
energy efficiency can be increased from 44% to 59% and the required selling price decreased from $59
to $42 per barrel. This price is for finished products, which is as low or lower than has been calculated
for direct coal liquefaction.

Technology ,%/bblequivalent

PETC's Oxidative Halogenation i 32

ARCO's Oxidative Coupling I

mB

36

Mobil's Fluid-Bed MTG 30

Shell's "Fischer-Tropsch" 31

Mobil's Fixed-Bed MTG 33

0 i00 2O0 30O 400 500 600 700

Capital Cost, Million $

o

Comparison of approaches at 14,500-BPD capacity, U.S. Gulf Coast basis.

Figure 49. Natural gas conversion to liquids (Srivastavaet al. 1992)
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Table 23. Improvements in Indirect Coal Liquefaction (Gray et al. 1991)

Case LURGSYNW LURGARGE SHELSYNW SHELARGE SHELSLUW

Lur$i + Lurgi + Shell + Shell + Shell +

Configuration: Synthol F-T ARGE F-T Synthol F-T ARGE F-T Slurry F-T

Coal Feed (TPSD AR) a

Gasifer 46,489 42,337 43,197 47,742 42,707

Steam Plant 7,969 10, ! 1......._1 O O O

TOTAL Plant Coal 54,458 52,448 43,197 47,742 42,707

Energy Input (MMBtu/h)

Coal 38,618 37,197 30,632 33,855 30,285

Electricity 17 96 35._.66 25 28._0

TOTAL 38,635 37,107 30,988 33,880 30,565

Plant Outputs (BPSD) b

Alcohols 4,444 1,762 4,586 1,836 1,954

Propane LPG 7,146 4,467 7,426 4,037 4,207

Butane LPG 4,701 5,403 4,957 5,522 5,560

Gasoline 59,607 36,450 58,701 32,494 33,953

Diesel 7,66.__._3 35,419 7,92_...._4 39,61'/ 37,828

TOTAL 83,561 83,501 83,594 83,505 83,503

Output Energy (MMBm/h) 16,980 17,902 16,967 18,022 17,362

Overall Efficiency (HH'V%) 44 I 48 1 55 ! 53 1 59 i

Plant Construction Costs ($MM 1989)

Gasification 496.64 465.15 720.53 772.80 714.80

Shift 0 0 101.15 87.17 19.90

Gas Cleaning 485.30 454.71 202.79 224.14 177.52

Syngas Reforming Loop 434.05 394.69 273.96 63.23 212.78

FT Synthesis 415.42 441.18 409.29 403.53 333.47

Raw Product Refining 332.53 293.20 309.91 264.96 239.75

FT Catalyst Preparation 136.17 119.83 139.21 123.26 62.99

Oxygen Plant 469.13 367.74 507.45 497.83 469.50

Coal Handing/Drying 19Z83 181.96 244.53 262.27 242.58

Power Gen. and Dist. 148.29 169.13 119.20 140.16 86.05

Steam Generation 416.89 449.96 0 41,34 0

Balance cf Plant 467.35 420.05 366.50 377.01 323.82

TOTAL ConstructionCost 3,994.60 3,757.60 3,394.52 3,257.70 2,883.17

TOTAL Capital Requh'ed 6,087.99 5,723.67 5,189.11 4,988.77 4,406.45

NET Annual Operating Cost 465.91 432.33 412.86 393.71 350.68

Required Selling Price of Products ($/bbl)

Gasoline/Di_el 58.89 I 54.65 I 54.32[ 47.88 i 42.48 1

Delta Percent Change -7.76 =6.08 -6.15 - 11.28

a TPSD AR = tons per standardday as received

b BPSD = barrelsper standardday
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A frequently stated research goal is to reduce the cost of syncrude produced from coal, gas, or biomass
from estimated $40 to $30 per barrel. Advanced technology described in this report, brought to fi'uition,
promises to accomplish this goal. One pathway is the slurry FT and another is improved methanol
synthesis.

But new concepts concerning environmental protection have entered the economic picture. A potential
advantage to synfuels from biomass--considered to be carbon dioxide neutral--may provide an advantage
that may be equivalent to $10 per barrel compared to petroleum.

A further direction to make s)._ff-uelseconomically attractive is the potential for producing higher price

products. Syngas conversion can produce fuels with premium engine performance (high octane or cetane
values), which sell at a premium.

A higher price can be achieved through fuels that provide environmental benefits. This has been
demonstrated by MTBE. About $10 per barrel of its selling price can be attributed to its qualifications,
which make its incorporation in gasoline blends desirable for environmental benefits and its overall
compatibility.
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Future Research Opportunities

6.0 Potential

Liquid oxygenate and hydrocarbon fuels manufactured from syngas have high performance characteristics.
Their use provides efficient engine performance and environmental benefits.

There is the potential for substantially increased use of MTBE and other oxygenates in gasoline blends.
There are opportunities for manufacture of ethanol or isobutanol from syngas and their use in blends,
depending on whether future technology can decrease costs of their manufacture from syngas.

Fuels consisting entirely or mostly of oxygenates also have much potential. In the long term, of the
oxygenates, methanol appears to be the fuel of choice in vehicles designed for its use. However, if
methanol, now being marketed as M85, proves unacceptable because of its poisonous character, ethanol
may become the preferred alcohol fuel.

Important new technology for manufacture of hydrocarbon diesel fuel from syngas provides opportunities
for this type of fuel. Diesel fuel performs with high efficiency in well-established engines. The diesel from
syngas has an excellent cetane rating and is reported to be environmentally superior to conventional diesel
fuel.

The main barrier to synfuels from syngas is their cost relative to gasoline made from petroleum at today's
prices. As described in this report, there is the potential to lower the cost of liquid synfuels from syngas
by new and improved catalytic synthesis technology, which can

• Lower the cost of manuf_ture by 10%-30%, particularly by lowering plant investment costs

• Justify higher-than-gasoline price by 10%--15% by providing improved engine performance
• Justify higher-than-gasoline price by 35% by providing environmental benefits (MTBE is an

example)

• Improve the economics of synfuel manufacture by providing for high-price coproducts: chemicals
or electricity

• Provide for liquid synfuels from biomass that are not subject to future taxes on CO2 emissions.
This could be a $10 per barrel advantage over fuels from petroleum.

To accomplish these objectives, a combination of research approaches is needed: fundamental science and
innovative and exploratory chemistry, as well as engineering/developmental research. New ideas could
open up unexpected opportunities. A modest improvement in a near-commercial process could serve an
important function of crossing the threshold in making it commercially viable.

Specific research opportunities are summarized in Tables 24 and 25 in terms of technical objectives,
potential benefits, and research concepts/approaches to achieve objectives. The nature and status of
accomplishments and problems to be overcome are reviewed in the detailed report.
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6.1 Integral Syngas Production/Fuel Synthesis

There is an opportunity to combine catalytic syngas production with fuel synthesis with large potential
savings. The desired overall reaction is

CHr. + H20 --_ CH30H + CO2 •

The concept is combination catalysts that promote steam reforming and methanol synthesis.

6.2 Fundamental Catalytic Science and Engineering

Modem processes for selective synthesis of high-performance fuels from syngas have benefited greatly
from advances in fundamental catalytic science and engineering. The knowledge of kinetics and

thermodynamics and determination of reaction mechanisms has contributed greatly to improved technology
of modem processes. There are critical opportunities to more clearly delineate critical catalyst
structure/performance relationships. There is much promise that the new instrumentation and research
techniques for fundamental catalytic surface science characterizations will lead to the design of even more
selective catalysts that are not otherwise achievable.
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Abstract

The science and technology of catalytic conversion of synthesis gas to liquid hydrocarbon and oxygenate fuels has been
reviewed. The objective has been to identify exploratory research results and new catalytic concepts whQse development could
lead to significant improvements i_1indirect coal liquefaction. From an assessmentof present technology, it is concluded that
there are three major opportunities to improve syngas conversionprocessesby meansof new and improved catalysts which
provide a) higher selectivity to highperformance fuels, b) decreasedplant investment costs,c) improved thermal efficiency.

During the past, 'ecadethere hasbeen an intensive world-wide researcheffort on catalytic reactionsof synthesisgas, mixtures
of hydrogenand carbonoxides. A vast range of ideashas beentried including the use of zeolites, metal complexes,
multifunctional catalystand, recently, biocatalysis. Moreover, the scientific design of catalystsis beingapproached with some

success. Also, an important routefor improved synthesisof liquid fuels is through useof catalystsspeciallydesignedto
function in systemswhich improve processengineering.

An evaluation has beenmade of the results of more than 300 recent researchpapers in the context of their potential to fulfil

needsfor improved synthesisgasconversioncatalysts. 1"hisevaluation has led to a descriptionof opportunities for new
researchdirectionsin catalysisfor indirect coal liquefaction. These can find application in l) further improvements for catalytic
systemsunder development, 2) innovative catalytic processes,or 3) new scientific catalytic approaches. It is concluded that
thereare excellent researchopportunitiesfor improvements in indirect coal liquefaction for productionof both hydrocarbonand
oxygenate liquid fuels, lt has beenestimated that catalystshaving improved capabilitiesfor syngas conversionhave the
potential to improve the economics of synthetic fuels manufacture by 10% to 30%.
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1 Introduction

This reportisconcernedwithcatalytictechnology for indirect 1.1 Historical synopsis
coal liquefaction,the two-step process in which coal is first
convertedto synthesis g_ (syngas: a mixture of hydrogenand Two processes for convertingcoal to liquid transportfuels
carbonoxides) which is then reactedcatalyticallyto produce were used in GermanyduringWorldWar II. Direct
liquid fuels. The focus is on catalysis, boththe science and liquefaction (Bergius) involves the directcatalytic
application,for the conversion of syngas to hydrocarbon hydrogenationof coal to liquids which are furtherrefined. In
and/oroxygenate liquidfuels, particularlythose suitablefor contrast, indirect liquefaction involves two steps, first the
transportationuse. Coal gasification isnot includedin this conversion of coal by partialoxidation in the presenceof
study, steamto synthesis gas (H2+ CO + CO2) which, after

purification,is reactedcatalytically in a secondstep to form
This report seeks to identify liquid hydrocarbonfuels (Fischer-Tropsch,FT). The

hydrocarbonsproducedby theBergius and by theFT process
1) the essentialrole of the catalyst as well as needed research differ greatly, the Bergiusproductbeing charac_ by its

to overcome genericproblems, aromaticnaturewhile the FT productconsists mainly of
2) promisingexploratoryresearch results and new catalytic paraffinsof variouschain lengths. The FT process was used

conceptsapplicable to indirectcoal liquefaction,and to produceabout 15%of fuels in GermanyduringWorldWar
3) an assessmentof the potentialof new researchdirectionsto II but it and the Bergius process were discontinued after

significantly improve coal indirectLiquefactionprocesses. WorldWar II, since they were not economically competitive
with widely availablepetroleum. However, the FT process is

Proceeding froma brief review of the background of catalysis now being usedat SASOL in South Africa on a largescale,
in CO hydrogenationreactions, emphasis has beenplacedon particularlywiththe two large plantexpansionsmade in the
new scientific conceptsand techniques and on experimental 1980s.
resultsof novel exploratory research to delineate possible new
directions for research. As may be expected, these new lt should be noted thatin the pastdecade or so, there have
directionsare basedonpreliminary, exploratoryresults and been significant improvements in coal gasification technology
indeed areoften controversial. Also, references often appear for syngas manufacture,particularlyhigh-temperature
in progressreportswhichmay be difficult to locate, pressurised-processes (entrained,fluid andmoving bed) which

providemore economicalsyngas,freefromtarand methane.
Inputto the study was providedfrom the literature(not These processes have beendemonstratedon a commercial
includingpatents)anda review and discussionsof ongoing plant scale. They are of interest for productionof electricity
research projectswith scientists at variousresearch fromcoal with environmentalprotection,as well as synthetic
establishments. The ultimateobjective of researchis to fuels manufacture. Since coal gasification costsarea major
provide the technical basis for the economical manufactureof economic cost in indirectcoal liquefactioneconomics, these
synthetic fuels. Therefore, research hasbeen reviewed with advances in coal gasification technology are seen as important
this objective in mind. This was assisted by an estimationof in improving commercialopportunities for indirect
the potentialof successful research to overcomechemical and liquefaction. The high temperatureWinkler process has been
engineeringbarriersand so to conu'ibuteto more economical successfully demonstratedin a plant operating at950"Cand
manufacture. These considerationshave led to an assessment 1.0 MPa converting30 t/h German browncoal to syngas
of opportunitiesfor new directions for research, which is used to synthesise about14 t/h methanol

11



Introduction

(Rheinbraun, 1986). Significant also is the largescaleuseof a

Texaco gasifier for conversionof coal to syngas:at Cool 1.2 Chemicals trom syngas for fuelWater, USA, for generation of electricity; at Syntheses-Anlage
Ruhr in Germany for acetic acid production, and at Eastman use
(Larkin, 1986) for the manufacture of acetic anhydride.

Improved gasification technology has also been demonstrated There is a remarkable diversity of chemicals which can be
by Westinghouse and British Gas-Lurgi. synthesised by catalytic hydrogenation of carbon oxides,

Figures i and 2 (Wender and Seshadri, 1984). As noted,
lt is also significant that methanol, which is manufactured specific catalysts have been developed which provide for the
from syngas, and long utilised for chemicals purposes and also selective manufacture of different hydrocarbon and oxygenate
employed as a premium fuel in racing cars, has recently products, many of which are suitable for fuel use. This
entered into public commercial use for automobile diversity is further expanded by products (for example,
transportation, albeit in a small way. Methanol manufacture MTBE) obtained by reactions of H2 and CO with a third
has grown to be one of the largest synthetic chemicals molecule. While synthetic fuels are the main theme of this
worldwide. Syngas is being manufactured from coal in some review, there is some discussion of chemicals from syngas (in
parts of the world, but at present most is made from natural addition to methanol). This is to be found in: Section 2.1.5 on
gas. higher oxygenates which includes C1-C6 alcohols, isobutanol,

MTBE, TAME; Section 2.2.3 on C2 oxygenates; and
Further, in what may be regarded as a hybrid process in New Section 3.6 which discusses hydrocarbons, namely olefins
Zealand, syngas made from off-shore natural gas is converted and isoparaffins.
into methanol which is then transformed into high octane

gasoline over a molecular sieve catalyst. Beginning in 1986,

this MTG (methanol-to-gasoline) process now supplies 14,500 formic acid

barrels per day of gasoline, one-third the gasoline needs in that
methyl ethylene acetic

country, ammonia formate glycol anhydride

Additionally, in some 13 countries, synthetic methanol is % cot ¢.,0._,acetate

reacted with isobutylene to form MTBE (methyl tertiary butyl H O formaldehyde methylacetate

ether) which is blended into gasoline as an octane-enhancer, _ : ._l l"Z Rh
now more important with phase-down of tetraethyl lead. ethanol_--h-F:--T--[CO+ H__methanol _--_-_aceticacid

MTBE is remarkable in that its high-performance C2oxygenates / _,,,o , i'_,._ // \ ,.,_u
characteristics make it economically attractive despite ,' %_:,.,,,_,,e H,,CO_o_. _ "--_
depressed world oil prices. #' _"_,"__ ,2 , ,

ethylene ethylene I ethanol single-cellprotein
glycol propyleneI

At the present time, with the special exception of MTBE, butenes I
synthetic fuels do not compete economically with petroleum, benzene [

toluene I
priced at about 18 $/bbl. In fact under conventional xylenes ._j
commercial economic conditions, synthetic fuels would be
two to three times as expensive as oil at 18 $/bbl. commercial

........... near commercial

............ potential (next decade)
wgs: water gas shift reaction

Figure 2 Commercial, near commercial and potential
chemicals from synthetic gas (Wender and
Seshadri, 1984)

I zeolites Fischer- gasolinegasoine.,t .... Tropsch _%dieseloil
dieseloil _ ._ z;other products• |Fe CoRu_×

C1-C alcohols • ' /_,L-: MTBE fuelcells 1.3 Chemical reactions,
"o..->,. I CO isobutylene/- turbine thermodynamics

_-q---'\ t / i' 1 / _._ fuel
lm,K+ H_I met a o automotel_U .-r n21 - _ -

Ce.., x_,,/II "_ _ fuel The catalytic chemistry, of syngas reactions to hydrocarbon
N_/"/,, ,, \\ThO_,.,e_____O _"_/ leo Rh _ (additive) and oxygenates has been discussed extensively, both in earlier
/ IH_o '_,-,k,:,_,_ "_V ,' "_

/ I(wgs "_'v2 _ / ethan°l automotive reviews (Emmett, 1956; Natta, 1955, 1957; Storch and others,
methane H2 isosynthesisgasoline fuel (neat) 195l) and recently (Anderson, 1984; Dry, 1981, 1982, 1986,

diesel oil 1987; Falbe, 1967, 1970, 1977, 1980, 1982; Keim, 1983,
aromatics (BT'X)

1986; Klier, 1982; Poels and Ponce, 1983; Ponce, 1982;
commercialprocesses
potential (next decade) Sachtler, 1984; Stiles, 1977; and Vannice, 1976, 1987).

MTBEis anoctaneenhancer(CH3OC(CH3)3) ProceSSstepsand principal reactions for synthetic fuels
wgs:watergasshift.reaction processare summarised in Figure 3.

Figure 1 Commercial or near commercial processes for
the production of liquid fuels from synthetic gas Both thermodynamic and kinetic considerations areof critical
(Wender and Seshadri, 1984) importance. Fortunately, thermodynamic information on
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Introduction

syngasreactionshasbeanwell established.Heatsof reaction C3H4methyl acetylene

are shown in Figure4 and free energy values in Figure 5 as a 60- C_Hs benzene

functionof temperature_Andcrson,1984). Thermodynamic Cg graphitewgs: water gas shift
considerationsimposelimitationsfor maximumconversions. CH4
Figure6 showsthemaximummethanolwhichcanbe _...---
producedwith a H2/CO= 2, at 300"Catvariouspressures. 50- _I

Heat release in CO hydrogenation is a serious problem since C2 H6

exothermic reactions can raise the temperature and limit the
conversion potential. Higher temperatures also can affect 40- C2oHa2
adverselycatalystactivityandstability.

"_ _ C20H40
E _ CzHsOH

Reaction mechanisms and relatedkinetics of syngas reactions := ,,,
have been studied extensively. A crucial concept in _ _ CsHe
determining product selectivity is the nature of the E" 30-
chemisorption of CO. lt is believed that whenchemisorption _'_ _ C2Ha

occurs in a non-dissociative manner, the addition of activated _ _- CH3OH
hydrogen proceeds to formation of methanol. Alternatively, _-
CO chemisorbed dissociatively forms a type of active carbon <3 20-

species (not a true carbide) which addshydrogen _oform an _ C3H4
active CHx surface species which can add hydrogen to form
methane.

10- _ wgs

For metals there exists a relationship between their position in CzH2
the periodic table and their ability to chernisorb CO
dissociatively. A dividing line has been established for
ambient temperature (Broden and others, 1976)between _--'---- CH20i { i
metals that chemisorb CO nondissociatively and those which 0 0 2(_0 400 600 800
have at least some crystal faces that split the CO molecule into Temperature, *C
surface carbon and oxygen. Figure 7 shows a section of the
periodictablewhereinelementson theright-handsideof the Figure4 Standardheatsof reactionpercarbonatom inthe
borderlineadsorbCO nondissociativelyandviceversa, organicproduct(Anderson,1984)

C3H4methylacetylene
C6Hsbenzene

20 Cggraphite
numbersareenthalpychange,Z_H,kcal/g.mole, "7-indicatesexothermicheatofreaction wgs:watergasshift

coal

steam gasification
oxygen = C+H20--._CO+ H2 +31.4

C+ O2----_ CO -94.5

gaspurification ----_H2S, NH3, CO2 _.
v

shift conversion E_
CO + H20"_CO 2 + H2 -9.8 o

synthesis gas
Hz,CO,CO2

b

methanol synthesis [ [ Fischer- Tropsch synthesis

CO + 2H2--_CH3OH -221 [CO + H2._.(CH2)n. + H20_39. 4CO2+ 3H2-P-CH3OH + H20 -12[

1methanol

I 0.o"--I ,o.,oi,
ICH3OH hydrocarbons+ H20 I

I 2d)O ' l ,
o 400 600 800

MTGgasoline Temperature,*C

Figure3 Processsteps in indirectcoal liquefaction Figure 5 Standardfree energies of reaction per carbon
(MillsandEcklund,1987) atom of the organic product (Anderson,1984)
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li + o+15-

.E 10-
= I'-_--_- I CHx,JCO" C2H5OH_---1CH3CO[----_ CH3CHOo

Jl "
' ' lt2.5 _ 10 20 30 - "V

Pressure,MPa

Figure 6 Methanol equilibrium as a function of Figu= "_ Kinetic model for C0/H= reactions overrhodium
temperature and pressure catalysts (Sachtler, 1984)

similarities to polymerisation reactions Where the disttibudon
viii IB of productch_,_ length is a consequence of relative rates of

. ,'xopagP_ion, Rp, and termiw_*Jon,Rr. ]"he weight fraction, Wi

Cr Mn Fe i! Co / Ni i Cu .J a product with carbon number Ci is g_ven by the equation: =;

• r ...... _ r_.... "-' log (Wi/Ci) = (log a)Ci + Ki r .

MO TC II Ru Rh II Pd Ag
..... _ ..... J where a is the probability of chain growth = Rp/(Rp + P_) and---------4 r

i K is a constant, This equation, sometimes known as theW Re Os I lr Pt Au
Anderson-Shul_-Rory, or ASF, equation, has as a

J ' consequence that only C l products such as methane or

methanol can be m_e in near quamitative selectivity. Ali
other products wi"_ have well-defined maximum allowableambientteml:)erature synthesistemperatures200-300"C
selectivities illustrated in Figure 9 for hydrocarbon synthesis.

dotted lines separatemetalson the left which split COfrom thoseon ! .O-
therightwhichadsorbCOnondiesociatively.

Cl

Figure 7 CO chemisorption on transition metals (Broden 0.8-
and others, 1976) =

.O
q=,

==o.6- d_,el(c_-c2s)
lt must be emphasised(Klier, 1982) that nondJssociative Z_=

chemisorptionof CO, which appearsto he a necessary _ 0.4 gasoline(Cs-C11)
condition for itshydrogenationto methanol, is not a sufficient

prerequisite. Forexample, gold chemisorbsCO 0.2-
: n.ondissociatively at ambient temperature but it is not a

methanol synthesi, catalyst. Cenmn forms of rhodium have 0.0
been found to b¢catalystsof intermediate activity and 1 2 3 4 5 6 7 8 9 10 11 12

selectivity for methanol. Ali of these metalshave the common Degree of polymerisation
property tha¢ they lie close to the high-tem_ borderline
in Figure 7. Moreover, metals guiding the synthesis
selectivity to methanol are to the tight, but not far to the right Figure 9 Yield of selected product fraction with increasing
of this boundary. This indicates that good methanol catalysts degree of polymerisation
chemisorb CO with moderatestrength, which is sufficient to
perturb this molecule to allow it to react with hydrogen but From a practical viewpoint, in the Fischer-Tropsch proce:_,
insufficient to break it or any interme:liates into fragments, there is a wide distribation of hydrocarbon chain lengths. For

instance maximum gasoline (Cs-CI 1) is 47%, and maximum

Furthermore, by a chain growth mechanism CHx can undergo diesel (C12-C_7) is 40%. A genetic problem in conducting
CO insertion and then add hydrogen to form higher alcohols catalytic syngas reactions is the formation of too much
or hydrocarbons as _own in Figure 8 (Sachtler, 1984). low-value methane. Much research is directed towards

improving product distribution, by circumventing the ASF

Chain growth hasbeenrecognisedas having certain distribution limitation. This has been accomplished in a
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Introduction

numberof instances,particularly when secondaryreactions [ topoison [ ! toinhibit i [ tornodify I l tolimit
are involved or by the useof shapeselectivezeolite catalysts, undesired consecutive surface molecular

activity reactions access size

1.4 Approaches to catalytic research 1 [ ! I
The role of the catalyst is to hastenthoseCO hydrogenation inert inert inert catalystinselective adsorption optically
reactionswhich form desired products,to avoid the wide adsorbed competitor active molecular
variety of competing rea_:tionswhich are possible,to do soat poison for product adsorbent sizecage
high enoughvelocity (catalyst activity) to be commercially HCI in no ZSM 5
useful, to do so at relatively low temperaturesandpressures, C3H4 COin C2H2 commercial zeolitefor
and to continue to be active and selectivein stable operation oxidation hydrogenation applicationatpresent CH3OHgasoline
for longperiodsof time.

Figure 10 Typical devices to enhance catalyst selectivity
In general,catalyst improvementsare soughtwhich can (Andrew, 1981 )

- provide for high selectivity for fuels having high
performance value in fuel applications;

- decreasecapital costs; - The catalytic reactionchemistryis determined with a view
- improve thermal efficiency, to identifying and improving critical steps. For this

approach,reaction mechanismsaredetermined using
Catal)_ic researchhasfollowed severalapproaches: kinetic studies,isotopictracers,chemisorption

measurements,and soon.

- The classical approachto catalystresearchhas beento vary - Fundamental catalyst structure/performancerelationshipsare
compositionand method.of catalystpreparation, to determinezlusing modem instrumental techniques,
correlate thesevariableswith catalystperformance,and seekingon thebasis of a surfacesci.cnceapproach, a
then to try modificati.onsin catalystpr:._paration, scientific understandingto be able to predict and design
Modifications arcmadeon the basisof an assessmentof improvedcatalysts.
thedata anda perceptiveknowledge,by those skilled in - Catalysts arc developedwhich aresuited to new process

theart, c f the effect of catalyst constituentson the requirements dictatedby improved processengineering.
chemistryof definedreactions, and alsoavoidanceof - Catalystsfor synthesisof specific chemicalsfor fuel use.
those which causelossof activity or selectivity. The - Catalyststo testnovel concepts.
scientific literatureon catalyst preparationis not large.
One reference(Andrew, 1981) doesdescribe options to It will be convenient to examinecatalyst researchaccording to
increase selectivity, Figure 10. each of these approaches, at least to a certain extent.
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2 Oxygenate fuels from syngas

This chapterfirst discusses catalystswhich containZnO, a key manufacturingcosts (Bew, 198I), a relatively largeamount in
component of classical catalystsfor manufactureof alcohols, largeplants. This is a significant impwvement considering
Then catalysts which do-notcontainZnOare reviewed, the many yearsof developmentfor methanol synthesis which
Finally,there are brief remarkson the catalyticdissociation of provideforreaction selectivityof 99%. The improvedprocess
methanol to syngas for fuel use. economics were madepossible by advances inpurification

technology, and the use of less expensive centrifugal

2.1 ZnO-based catalysts compressors,suitablefor large-scaleuse,ali of which
advantages depended on the improved propertiesof this new

Following a backgroundsummary,this section discusses: catalyst. This emphasises the need to coordinatethe search
for improvedcatalyst performancewith engineering/

- researchon preparationalvariationsfor catalyst improvement; manufacturingneeds and capabilities(Dybkyjaerand Hansen,
- studies to determinereactionchemistry; 1985; Supp, 1985).
- studies to identify catalystslructure/performance

relationships; 2.1.1 Variation in catalyst preparation
- catalysts designed for improvedprocess engineering;
- synthesis of higheroxygenate, namely Ct-C6 alcohols, While early (1913-23) patent literatureon catalysts for

isobutanol,MTBE,TAME. methanolmanufacturewas chaotic, graduallythere emerged
the conceptof a mixed oxide consistingof ZnO anda

Researchto crea_ecatalysts capableof hydrogenatingCO to difficultly reducibleoxide, particularlyCr203. Of great value
methanol began about i913. A wideandconfusing variety,of to the achievement of stable catalystperformancewas the
catalysts appearedin the earlypatentliterature(Stiles, 1983). recognitionand preventionof antiselectivity by iron
This research culminatedin 1923in the first commercial contamination,derived from Fe(CO)5wansportedfrom reactor
manufactureof methanol from syngas in Germanyby BASF. walls and deposited on the catalyst.
A ZnO/Cr203catalyst was usedandremained the catalyst of
choice until the 1960s when it was supplantedby the much Marschnerand others (1982) have reviewed catalyst
more active Cu/ZnO/AI203catalyst, introducedby ICl composition and manufacturefor both high pressure and low
(Rogerson, 1984). Higheractivity is importantin that it pressure methanolsynthesis. For the latter, they show the
permitsreaction rates of commercial interest at lower following compositions, takenfrom patents.
temperatures. Lower temperatures,becauseof
thermodynamiclimitations mentionedearlier, permitthe use Atomic %
of lowerpressures resultingineconomic savings in plant ICI Lurgi
investmentand operation. Earliercatalysts were operated at Cu 90-25 80-30
3(X)-400"Cand 30-35 MPapressure,whilst modem Zn 8-60 10-50
copper-containingcatalystsareoperated at 250-300"C and Cr 2-30 -
5-10 MPa However, the coppercatalysts are morereadily V - 1-25

_ poisonedbysulphurandhalidesandhencemorestnngent Mn - i0-50
syngaspurificationisrequired.Nevertheless,thereisan
overallsaving, estimated at about5%of methanol As far as can be determined from the literarare,the fursttest

_
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Oxygenate fuelsfrom syngas

involvingcopper-containingcatalystsinanindustrial 2.1.2 Reaction chemistry determination
synthesistookpiaceina Polishchemicalcombinein

Oswiecim. The catalyst was prepared by precipitationwith Many studies have been devoted to determining the
sodium aluminate from copper and zinc solutions. Care was mechanism of methanol synthesis. Two options have
taken to ensure maximum removal of alkali from the filter generally been considered.
cake. The catalyst had the following composition in weight%:
62.5 CuO, 25.0 ZnO, 7.5 A!203, 5.0 H20. a) carbon-down

Beginning in 1976, three internationalsymposia have H H H
addressed catalyst preparation science, including papers on M + CO --->M = C = O ---->M - C = O _ M = COH
ZnO catalysts. The optimum composition of Cu/7_,n/Alwas
studied and the atom ratio 1/0.6/0.08 was reported best H H H H

(Kotera and others, 1976). lt was suggested that Cu metal --->M- C OH --->M + CH3OH
plays a dominant role. Catalyst structure was examined by
CO chemisorption and X-ray powder diffraction, b) oxygen-down

Utilising the methanol dissociation to syngas reactionas a CO O 4H
measure of catalytic properties of Cu/ZnO catalysts (Okamoto MOH --_M CH _ MOCH3 + H20 --->MOH + CH3OH
and others, 1984), it was concluded that ZnO plays a major O
role, being considered to act synergistically to provide

increased concentration of CH3OH molecules as a reservoir. Surface intermediates, namely formyl, formate and methoxide,
Cu-ZnO is seen as a biftmctional catalyst. Copper metal have been identified by infrared measurements and trapping
activates CH3OH to form HCHO, this being the rate techniques. In addition, kinetic studies and isotopic tracer
controlling step. lt is considered that Cu is a major active methods have gone far in delineating catalytic reaction
species, since ZnO alone shows negligible activity <200"C. mechanisms. These are discussed in detail in review

references. However, it must be pointed out that in contrast to
The structure of this typeof catalyst was delineated (Okamoto the above mechanisms, there is considerable evidence that for

and others, 1983; Herman and others, 1981) by cleon'on the Cu and ZnO systeLas,the reaction to methanol proceeds
microscopy and X-ray emission microanalysis with the through CO2,not CO (Bowker andothers, 1981, 1983, 1984).
conclusion that alumina is amorphous, the ZnO is crystalline, This is discussed later.
that Cu occurs as erystallites and as a solute in ZnO. The

active phase was said to be the Cu-ZnOsolid solution, lt was 2,1.3 Catalyst structure/performance
concludedthataluminastabilisesthehighlyactiveand identification
morphologically favourable form. The physical natureof the

catalyst depends critically on the precursor - it 'remembers' A majorresearch effort has been made to identify the
the original precursormorphology. While most Cusegregated structural nature of catalyst surface on an atomic scale, since it
to larger metallic particles, the idealcatalyst was considered to is believed that it is the chemical nature of active surface sites
be a micromonolith having the composition 8 Cu, 50 Zn, 42 which determines their catalytic properties (Ghiotti and
A1203, atomic percentages. The alumina acts as a 'glue.' Buecuzzi, 1987). The recent development of instrumental

techniques (Kelley, 1987) now make it possible to 'see' atoms
From further morphological studies (Himelfarb and others, and complexes on the surface. This has led to an enormous
1984) it was concluded that ternary polycrystalline platelets research effort to identify critical surfacestructures in
(Cu/ZnlAI) and a binary lace-like Cu/ZnO morphology are scientific terms with the expectation of advancing catalyst
active in methanol synthesis, which activity is believed to be a synthesis from an art to a science and making possible
resulz of the intimate dispersion of CuanZnO erystallites in preparationsof catalysts of superiorproperties by design.
both morphologies. The alumina is regarded as a support.

One reseat'eh team (Chinchen and others, 1984) extending
The concept of preparing a special preferred ternaryprecursor research by Rozovskii and others (1977) sought the basis for
(Petriniandothers,1983)wasattemptedby thesynthesisof catalyticreactivityof Cu/ZnO/AI203,by providinganswersto
hydrotalcite-like (Cu,Zn)6AI2(CO)3(OH)t6.4H20 (Gherardi a series of questions.
and others, 1983). This structure decomposes to oxides at a

lower temperature than hydroxycarbonate phases. This leads Q. Is methanol synthesised from CO or CO27
to the smallest crystal size oxides which on reduction give rise A. From CO2 (isotopic labelling experiments).
to copper crystallites of extremely small size. These small

crystallites are due to the 'perfect' distribution of elements Q. What is the role of supports, ZnO and AI2037
inside the ternary struct_tre (no catalyst performance data are A. Surprisingly, they are not unique (determined by
presented in this paper), omitting them).

In smnmary, the approach described in this section is to Q. What is the critical oxidation state of copper in the
-_" prepare special precursor structures which result in a superior catalyst?

catalysts. A. Copper metal (from the observation that there is a-

-
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Oxygenate fuels from syngas

='_ /./-j which provides a new pathway for CO hydrogenationand so
//,/,4// theoverall rate of methanol synthesisis speededup.

1.0- J_'_// Otherinvestigators have heldthe strong view that Cu l+ rather
,,,/ ;,/¢_/ thanCu iscritical tomethanolsynthesis(Klier, 1982;Herman

,/ _,,_"" 1984). Theyseethreebasiccatalystmorphologies,largeCu
0.5- /'/ / /" panicles (>0. I micron), Cu/Zn/AIpolycrystal platelets, and a

// binaryCu/ZnO morphology. Ternaryplatelets andbinary
/._ J ./ lace-likemorphologiesarebelievedactiveinmethanol

"_ / _Y'"'/ synthesiswhichisbelievedtobearesultof the intimate
O _/j rf-- ) _ _ dispersionoftheCu andZnO crystallitasinboth
0 I0 20 30 40 morphologies.Thealuminacomponent,whichappearstobe

Copper surfacearea m2/g catalyst charged amorphous, is astructuralsupportin theplateletsandwidens
Figure 11 Linear correlationbetween activity andcopper theCu/ZnratiorangeforwhichhighdispersionofCuand

surface(95% confidencelimits) for ZnO canbeobtained.Theseconclusions,particularlythe
Cu-ZnO-AIzOa importanceattributedto Cul+,-werethe resultof electron

microscopestudiesandsupportedbyXPSdatathatclaimthat
Cul+ mustbemaintainedonthecatalystsurfaceforcontinued
activityformethanolsynthesis(Karwackiandothers,1984).

lineardependenceofsynthesisactivityontotalCuarea) StrongshiftsinCu bindingenergyforreducedcatalysts
(seeFigureII). indicatethatCuI+isincorporatedintotheZnO lattice.

Further,theseinvestigatorsbelievethatitisacoppermetalor Chaumeneandothers(1988)haveshownthatcarbonatesand
coppermetal/copperoxidecombinationwhichisimplicatedin formatesarckeyintermediatesinmethanolsynthesisfor
theratedeterminingstep. Cu-Zn-AIcatalysts.Copper,zincoxide,andinteracting

carbonateentitiesandgasphaseCO2 areallindispensible.

Additionalmechanismstudies(temperatureprogrammed Carbonatespecies appear tobeessentialsincetheyincrease
reactionspectroscopy)showedformateionsurfacespecies copperdispersionandconstituteapan of theactivecentres
believedinvolvedin thefollowingmechanism: alongwith the Cu°/Cul+ coupleandZnO. It isbelievedthat

theCO32"/CO2solid-gasequilibriumis associatedwith the
CO2-(a) + Hfa)_ HCO2-(a) Cu0/Cu1+redoxcouple.

HCO2-(a)+ 3H(a)-->CH3OI'I(g)+ O-(a) Ponec(1988)hastheopinionthattheroleofCum.in
methanolsynthesisisasfollows:whenthecatalystisvery

wherethesubscriptsaandgrelatetoadsorbedandgasphase wellreduced,theonlycentresofH (comingfromCu°surface)
speciesrespectively.Thenegativechargeontheadsorbed + CO reactionsaretheCu+ionsinZnO,SiO2orA1203.The
CO2 andformatespeciesmay belessthanunity, catalystisthenbetterthemoreofthesecentresthathave

survivedthereduction.Intermediateonthewayto"methanol
ltwasnotedthateachcoppersiteatwhichmethanolis isaformylwhichisstabilisedbyapluschargeandaformate
synthesisedwillbecomeoxidisedasaconsequenceofthe formedfromitordirectlyfromCO2.When thecatalystis
synthesisreaction.Thus,theactivesiteconsistsofaCu paniallyoxidisedbyCO2 orH20,ahighnumberofnew
surfaceatomincloseproximitytoanoxidesurfacesite,a centresisbeingformed.Cu ionsarestabilisedmostlikelyby

(ZnO,Cr203,A1203)whichissituatedonCu ;thisview similarto that proposedbyothers (Akomotoandothers, the oxide o
1983) and to that proposedforZnO catalysts not containing oxide is transferredthereduringthe preparationsteps. In this
Cu (Bowker andothers, 1981, 1983, !984). way migrationof Hadsto these centres is easy.

The point was also made that oxidation of CO on partially While the precise surfacechemistryof syngas reactions over
oxidised copper constitutes pan of the shift reaction. The shift ZnO catalystsremains somewhatcontroversial, much has been
reaction undermethanol synthesis reactionconditions does not established (Chinchenand others, 1988). lt is believed that
involve a formate ion intermediate, this scientific knowledge can providethe basis for the design

of improvedcatalysts and also can act as an inspirationfor
CO2 + H2¢:_complex¢:_ CH3OH novel ideas.

doesnot 2.1.4 Catalysts designed for improved
process engineering

CO + H20
The relativelyhighheatreleasein CO hydrogenationhas

Liu and others (1988) found the active state in a working required limitation in the conversion per pass inorder to avoid
.... '.... Cu° '..ha,,',,,',h_-,ol synthesis temperature incre.a._swhich aredetrimental to catalyst.... :o, to be . ,_aeyconclude ...............
proceedsthroughmultipleroutesandthatthemainroleof stabilityandselectivityandalsooccasionadverse

= C02 is to maintain a high concentrationof surface hydroxyl thermodynamic limitations. This results in expensive recycle
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of unreactedsyngas.Subsequenttoreaction,non-converted engineeringflowdatahasbeendevelopedfor threephaseflow
reactantsmustbeseparatedfromtheproducts,the product dynamics.
methanolremovedbycondensationandthereactants
recirculatedto thereactorbyacompressor.Asaconsequence Onerecentnovelapproachto circumventingthermodynamic
therehasbeenaneffort to applyprocessengineeringideas limitationsistoremovemethanolin thereactoritself
whichcoulddiminishplant investmentandoperatingcosts. (WestenerpandKuczynski, 1986).Selectedforthis approach
Suchengineeringapproachestoheatcontrolhaverequiredthe wasa trickle flow principle inwhichcatalystpelletsform a
developmentof appropriatecatalysttechnology, stationarypackedbedandsolidadsorbenttricklesdownward

over (through)thepackedbed. ThisGas-Solid-Solid-Trickle-
It hasbeennotedthatwhileenergyrequirementsfor methanol Flow-Reactor(GSSTFR)hasbeendemonstratedusingalow
manufactureha,,e.beencutbyonethirdsince1923,methanol aluminacrackingcatalystasadsorbent,lt wasdemonstrated
manufactureremainsalargeenergyconsumer, thatcatalyticconversionproceededuptocompleteconversion

andthata theoreticaltreatmentcan beusedtocontrol
A majoreffon isunderwayto developa liquid-phase performancevery weil.
methanolsynthesisprocessinwhichcatalystparticlesare
suspendedinaninert liquidmedium.Thissystemprevents Controlof reactionheatisconventionallyapproachedby
excessive temperature increaseand so permits greatersyngas muidbed reactorswith intermediate quenchandalternatively
conversion to methanol in one pass. This decreasesexpensive by the use of indirectheat exchange. A recent development
recycle. Some believe that this process has the potential to be .(Makiharaand others, 1987) is the 'superconverter'which
the most efficient and economical means of producing features a long (20 metre) double-wall reactor in which heat is
methanol from coal. removed, allowing high conversion without raising the

temperature adversely. This is being tested in aunit having
This approach has requiredthe development of appropriate full scale dimensions.
catalyst technology for this system. Catalyst activity
maintenance is a key factor and experimental data have been There is a growing body of literature (Fabbricino and others,
obtained to select catalyst, withdrawal/addition scheduling and 1984) suggesting that periodic 'dosing', such as pulsing of the
temperature programming for optimum operation as shown in reactor system with carbon dioxide, can cause a substantial
Figure 12 (Lewnard and others, 1986). improvement in catalytic activity in methanol synthesis.

Another promising 'engineering' approach involves the
2457 catalystF21/DE75-O9 integrationof gasification,methanolsynthesisandgenerationCO-richgas

| 5270 kPa of electricityusingefficientcombinedcycle. Coal
L I gasificationisfollowedby catalyticmethanolsynthesisona

240-_ GHS%'10000/n/ / once-through basis to form methanol (Keller, 1985) with the

"_ I' GHSV50OO/h] /_ unmactedgasesproceedingtocorabustionin efficient turbines.

i ,.,.,mi°,,r°,,°.°.,.,;°,--.,+,°,,,
isobutanol, MTBE, TAMEE 20000/

230 Relevantthermodynamicconsiderationsandreaction
networksfor CO hydrogenationhavebeenreferredtoearlier.
Earlyresearchin Germanyledto processesforproductionof

225_0 260 400 600 800 productscontaininghigheroxygenates,thencalledSynthol
products.TheseprocessesweretermedSynolsynthesis,oxy]

Time on stream, h
synthesis,andisobutyloil synthesis(CornilsandRottig,
1982). Fromacatalystviewpoint,it hasbeenknownsincethe

Figure 12 Temperatureprogrammingfor a LPMEOH 1930sthattheadditionof alkali to methanolsynthesis
(Lewnardandothers,1986) catalystspromotesthe formationof higheralcoholsandother

oxygenates,Tablel (Natta, 1957). Forthistypeof catalyst,
bestresults were obtained at 440"C. 25 MPa. The most active

The liquid slurry catalyst process has been operated promoters for the production of higher alcohols are Cs, Rb,
successfully in a Process Development Unit (PDU) on a and K. From a practical viewpoint, K is used commercially
5-8 t/d methanol scale (Tsao and Heydom, 1985; Tsao and because of the high cost of Rb and Cs. The role of K as
Rao, 1986; Studer and others, 1987). The so-called promoter in the selective synthesis of higher alcohols has been
LPMEOI-Ira (liquid phase methanol) continues to be attributed by DiConca and others (I984) to its basic character
developed vigorously+ Further scale-up to commercial size which favours condensation of formaldehyde, in agreement
has been proposed, with the earlier hypothesis proposed by Natta.

Liquid systems with suspended catalysts have also been The manufacture of MAS, Metanolo ed Alcoli Superiorie, a
investigated for hydrocarbon, synthesis from syngas, discussed mixture of methanol and higher alcohols has been carried by
iater, foiiowing original work by KoelbeI. To assist in the Snamprogetti in a plant having 15,000 t/y capacity, Synthesis
development of efficient slurry reactors, much basic conditions were 12-16 MPa, 35(g-420'C. The percentage
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Table I Effect of alkaline promoters upon the performance Table 2 Typical composition of liquid products from
of a ZnO-Cr203 catalyst employed in the synthesis synthesis gas over Cu/ZnO/AI203 catalyst at
of alcohols (Natta, 1957) 0.5 H2/CO ratio, 3300 GHSV, 285"C, 6.6 MPa

(Elliottand Paneila, 1986)
Fractionsobtained Catalystactivatedwith
in thedistillation Compound Wt%
of product** Li Na K Rb Cs

Water 0.53

Tops 0.9 0.6 0.4 0.5 0.8 Methanol 76.59
CH3OH 40.4 44.6 53.5 46.6 47.4 Methyl fomaate 0.64
C2 4.6 4.6 3.5 3.8 4.0 Ethanol 6.98

45.9 49.8 57.4 50.9 52.2 Methyl acetate 2.16
1-propanol 3.70

C3 0.5 0.9 0.8 1.6 1.0 Butanone 0.27
Methyl propanoate 0.39

lsobutylalcohoi 8.1 12.5 10.3 15.2 15.6 2-methyl- 1-propanol 3.92
(primary) l-butanol 1.38

2-pentanone 0.46
C5(amyl alcohols) 0.6 0.9 1.1 1.7 1.3 2-pentanol 1.07

C6 ketones 1.05
Intermediates 0.3 0.5 0.9 1.6 1.1 C6 alcohols 0.41
C6 0.5 1.2 1.0 1.3 1.6 C7 ketones 0.70
C7 0.8 !.3 1.2 2.3 2.0 Cs ketones 0.21
Residue 0.5 2.5 2.3 4.1 4.5

2.1 5.5 5.4 9.3 9.2
350"C and 10 MPa, MnO favours the formation of ethanol,

Intermediates 2.4 1.7 1.7 1.7 2.5 2.4 Cr'203 favours propanol and ThO2 favours butanol, see
+ distillation loss Table 3.

H.-,O 41.1 28.7 23.3 18.8 18.3 The effect of Cs and Rb was found to enhance higher

oxygenates using a Cu/ZnO catalyst, Figure 13 (Vedage and
Yield, expressed 0.585 0.985 0.882 0.980 1.102 others, 1983).
in litres per hour

per litre of catalyst Interest in synthesis of isobutanol (2-methyl- 1-propanol) is

* The compositions of the catalysts, expressed in weight percentages, two-fold: it is useful as a gasoline blending agent (octane
before the reduction of CrO3 to Cr'zO3,were the following: enhancer and methanol solvent) and, alternatively, for possible

ZnO:CrO3:Li20 = 55.0:36.1:0.32 manufacture of MTBE. MTBE, methyitertiaxybutyl ether, is

ZnO:CrO3:Na.'zO= 56.1:34.1:0.59 made by reacting methanol with isobutylene.
ZnO:CrO3:K20 = 55.5:35.6:0.96
ZnO:CrO3:Rb20 = 55.0:35.5:1.90
ZnO:CrO3:Cs:zO= 54.5:33.7:2.20 Table 3 Effect of promoters on selectivity of

As it may benoticed,thealkali contentsareequalin ali catalysts,if Cu-ZnO-AI2Oz-K catalysts (Hofstadt and
measuredinmoles others, 1983)

**The concentrations of reaction products are expressed in weight Distribution of higher aliphatic alcohols, %
per cent

Cat Promoter*C2 C3 C4 C5 >C5

composition of alcohols is C], 68-72; C2. 2-3; C3, 3-5; 2- 1- 2- i- I-

C4. 10-15; C5.7-12. Blending octane number is (R + M)/2 = B - 23.1 2.5 33.1 2.0 31.4 1.9 4.0 2.5
106--121.

B1 MnO 38.4 2.3 36.1 2.0 14.5 2.0 2.7 2.0
With the advent of much more active Cu catalysts, interest
turned to their application for synthesis of higher oxygenates B2 CrzO3 18.3 2.4 36.5 1.6 34.6 1.5 2.3 2.8
(Comils, 1982). The Cu catalyst is capable of high selectivity
to methanol. However, when a 'standard' catalyst is operated B3 ThO2 11.9 2.2 25.9 4.0 42.9 4.3 5.6 3.2
at 285"C and 6.6 MPa presstae, using a syngas Hz/CO
ratio = 0.5, higher oxygenates axe formed. A typical B7 Cr203 18.2 2.5 37.4 1.5 34.1 1.4 2.2 2.7
composition of liquid products is given in Table 2 (Elliot and

D2 CrzO3 18.0 2.5 38.1 1.4 34.0 1.3 2.1 2.6
Pannella, 1986). Although the main product is methanol
under these conditions, significant amounts of higher alcohols C2 = ethanol
are formed including isobutanol. C3, 2- = propan-2-ol, 1-= propan-l-ol

C._ 2- = butan-2-ol, i = 2-methylbutan- 1-ol, 1-= butan- 1-ol
A detailed study was made of the effect on selectivity and C5 = pentanols
activity by the addition of components to Cu/ZnO/AI203/K >Cs = higher aliphatic alcohols

-- catalysts (Hofstadt and others, 1983). They found that, at * ali catalysts contain 3% K and A1203
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288'C, 7.6 MPa H2/CO = 0.45 At present, by-product _obutylene is generally cheaper than

M = methanol isobutyleneproducedin thismanner.However,it isofE = ethanol
1-P= 1-propanol interestthatMTBE canbemanufacturedwhollyfromsyngas
2-M 1-P= 2-rnethyl,1-propano) byamultisteproute.Thismaybeof commercialinterestin
1-B = 1-butanol special circumstances,suchascheapcoalorgas,oftenin

t ' I i ' I i
I I t l remote locations, lt is significant that the use of MTBE, a

3oo- _ L I 1- _ I[ _ ] _ synthetic fuel which is economically successful despite low oil
,- I I I I II h _ I" _ prices, is growing rapidly worldwide, and its success is based

I I _ I I I II N I _. on its high-octane performance values ratherthan its energy

'_= I li IIII II IIii I _ I o. content.t1_1
200- I I = II I = = = =

._ I _ I o I I "- o I I II o ] o It should be mentioned that TAME, tertiary amyl methyl
=: II ca II = I _ ether, also a high octane gasoline additive which is

r,-6 o=1 bl _11_ II _,. II _,- I / b=,l b= manufactured from i_amylene (isopentene) and methanol, is

•= NI _I _II_ N IINIII [ N I N

8 loo- "_ I "_ ] ",_ II '_ I x_ "_ I "_ I "_ also enjoying growing manufacture and use.ca I ca I _ II ca I ca II ca ca ca
I I I II I Actually, it is possible to synthesise isobutanol from syngas at

II I II -
0 "_ I "L t -,.. I='_,-, I "-t.,_I_'r'q.,IL,,.. I _ fairly high selectivity usingalkali-promotedZnO catalysts,

.='_L"='" ='_ ='L'. ="_L'. ='_t.=.='.=.=._=",._., particularlywhenoperatedathigh temperatures.Early work
=_ _ _ _ =_ _ emphasisedsevereconditions,30-40 MPaand>400"C (Natta,

1957).Figure13 A comparisonof alcoholyields over
impregnatedCU/ZnO (30/70 tool%)catalyst
(Vedageandothers,1983) WithCu/ZnO/AI203catalystspromotedwith K, relatively

highyieldsof higheralcoholswereobtainedat <300"Cand
10-13 MPa (Smith and Anderson, 1983.). Furtherresearch

acid resin showed that caesium is a particularly effective promoter for
CH3OH + CH3-C = (_H2 _ CH3OC(CH3)3(MTBE) isobutanol manufacture with the Cu system, Table 4 (Klier

I 80"c and others, 1984, 1987). An extensive laboratory pilot plant
CH3 study established the optimum parameters for catalysts for

maximising isobutanoi and other alcohols for use in gasoline
Isobutylene can be made from isobutanol. (Talbot, 1983).

CO + H2 ---->CH3CH CH2OH ---> CH3 - C = CH2 There are many opportunities for synthesis of chemicals from
I I syngas, H2 + CO, with the addition of a third reactive

CH3 CH3 molecule. One example is OXO alcohols. Slyvinsky and
others (1988) have shown that the addition of aeetylenic

Table4 ProductdistributionoverCu/ZnO=30/70catalystswith varyingconcentrationsof caesiumsalts
(Klierandothers,1984)

Cu/ZaO CsOH/Cu/ZnO CsOOCWCu/ZnO
(0.4/30/70) (0.8/30/70) (0.4/30/70)

Yield Selectivity* Yield Selectivity Yield Selectivity Yield Selectivity

CO 2136.65 - 1757.35 - 2!10.69 - 2015.85 -
COt,. 124.38 - 96.17 - 78.83 - 97.67 -
H.-,O ...... 0.32
CFIa 3.98 2.06 3.46 1.54 3.89 1.92 3.47 1.72
C._H6 1.90 1.06 0.54 0.26 0.37 0.19 0.57 0.30
CH._OH 283.73 74.31 322.1! 71.88 3!8.66 78.86 303.58 75.3i
HCOOCH3 6.16 1.72 7.94 1.89 8.74 2.31 8.04 2.13
C2H._OH 20.83 7.59 1790 5.56 12.92 4.45 i 5.0 i 5.18
CH3COOCH3 l 1.13 3.78 8.04 2.33 4.45 1.43 6.68 2.15

C._H-/OH 12.I ! 5.07 24.29 8.67 14.95 5.92 17.55 6.97
(CH3).-,CHCH2OH 5.33 2.41 14.82 5.72 9.01 3.86 12. I1 5.20
C4HgOH 3.67 1.66 5.59 2. i6 2.47 1.136 2.44 !.05
C._HsCOOCH3 0.53 0.21 ......
CH._COOC._H._ 0.30 0.12 ......

CO conversion % 14.! 1 17.54 i4.27 14.89

288"C,7.6 MPa,H2/CO=0.45
Totalflowrate = 8 l/h
yielding/kgcat/h,
*selectivityincarbonatomper cent
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compounds, as thethird component, offers a meansof Table 5 Reactions of syngas employing a dual functional
obtaining aliphatic and aromatic alcohols, aswell asdiols, by catalyst consisting of nickel boride and
reactions designatedas 'initiated hydrocondensationof carbon molybdenum hexacarbonyl (Slegierand others,
monoxide'. 1984)

Millimoles Temp, Pressure,Time, Yield,%
2.2 Catalysis not involving ZnO Ru. boride* "C MPa hour MeOHt Methanet

This section is primarily concerned with catalytic research to 1 1.39 150 2.0 4 4.2 -
test novel concepts. The discussion is organised as follows: 2 1.42 160 2.0 4 5.4 -

3 1.43 170 2,0 4 7.3 -
- liquid phase systems ; 4 1.42 180 2.0 4 22.0 -
- modified metal catalysts ; 5 1.39 190 2.0 4 31.0 -
- catalysis for C2 oxygenates. 6 1.45 195 2.0 4 33.0 -

7 1.39 200 2.0 4 42.8 51.5

2.2.1 Liquid phase systems 8 1.46 225 5.1 4 49.8 70.2
9 1.42 195 4.6 4 41.6 -

Base catalysis 10 1.46 200 5.1 4 48.2 38,2

An entirely different liquid phase system for the manufacture
* 5 millimole molybdenum hexacarbonyl in each case

of methanol consists of the synthesis of methyl formate, t- Yield based on nickel. Stoichiometxic yield = 37.5%, based on
prepared by reacting methanol with CO in the presence of a Ni2B:4(Ni2B)21"I3+ CO = 3CH3OH + 8Ni2B
homogenous alkali alkoxide catalyst at 80"C, and 3 MPa,
followed by catalytic hydrogenation of the methyl formate to single pass through the methanol synthesis reactor.
methanol at 180"C and 3 MPa. The reaction chemistry is Significant economic advantages are visualised. A favourable
shown below, factor, when syngas is generated from methane, is that partial

oxidation with air can be used, eliminating the need for an

NaOCH3 oxygen plant. The catalyst can operate in the presence of
CH3OH + CO _ HCOOCH3, nitrogen. Specific technical information has not been made

public. There have been reservations about the practical
Cacatalysts operation, for example its inactivation by C02 in syngas.

HCOOCH3 + 2H2 _ 2CH3OH

Metal complexes
CO + 2H2 _ CH3OH Lapidus and Savelen (1984) reviewed the characteristic

features of activation of CO and CO2 by transition metal
Recent work has shown that the temperature and pressure complexes. They concluded that in principle homogeneous
required for hydrogenation on the formate can be reduced systems can be developed which are superior to heterogeneous

considerably. A pilot plant was reported to have been built in catalysts. They also concluded that the study of metal
Germany in 1945 (Woodward. 1967). A recent economic complex catalysts for reduction of carbon oxides can prove
evaluation has been made (Rao and DeRosa, 1987) which useful both for the development of new industrial catalysts for

concluded that the LTMP (two-stage low temperature synthesis of hydrocarbons from mixtures of carbon.oxides and
methanol process) is economically unattractive when hydrogen and for the improvement of existing catalysts. _
cryogenic separation of syngas is required. However,
suggestions were made concerning improvements which were Advances in catalytic theory and practice involving metal
regarded as possible, complexes has made such complexes a promising catalyst

research subject, lt has been found that ruthenium complexes
Dual site catalysts used as catalysts can produce a mixture of Ct to C4 alcohols
A liquid phase catalyst system is being developed at from syngas. Pressures of 40 MPa are required (Dombeck,
Brookhaven (Slegier and others, 1984) based on a 1983). The addition of novel ingredients to the catalyst is
dual-function concept of catalysis. One form involves the reported (Dombeck, 1985, 1986) to increase activity and

reaction of syngas using a catalyst consisting of nickel boride selectivity to higher alcohols and make possible the lowering
and molybdenum hexacarbonyl, Table 5 (Siegier and others, of the pressure to 200 MPa (Figure 14). In addition, related
1984). catalysts were found to promote methanol homologation.

The concept involves activation of CO at one site, metal The concept of bimetallic catalysts in which one metal is a
carbonyl, and the activation of H2 as a hydridic-reducing good hydrogenation catalyst and the other metal active for
agent at a second site. Further catalyst development (O'Hare carbonylation has been investigated (Whyman, 1986). A
and others, 1986) is pointing to a new low temperature homogenous catalyst with a composition of 10/I Ru/Rh was
process, the development of which is made possible by a found to be very effective in converting syngas to C2
catalyst system (composition not disclosed) that lowers oxygenates, particularly when ah alkaline metal ion was used

synthesis temperature from 257"C to about 100"C. The new as promoter. Acetate esters were formed in an acetic acid
catalyst operates in a liquid phase system which allows medium. Pressures of 100 MPa were required.

synthesis reaction to,proceed at isothermal conditions making
possible complete conversion of syngas to methanol in a Metal cluster chemistry has entered a period of exponential

--
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20- _ otheroxygenates The surveyconcludedthat,theoretically,microorganisms
[_ n-propanol _ actingonsyngas,whichcanbemadefromcoal,canproduce
[_ ethanol manychemicalsincludingmethanol,ethanol,butanol,acetic

= acid,propionicacid,andacetone.Of these,onlythe
,._ ml methanolo organisms capableof producing acetate have been isolated
•o 1O- and studied.It isnoted that methane may be formed easilye ""'"
o. ,.-,-,-,- "'"_1 [-"---i fromCO bytheactionof methane-producingbacteria.The

,.,,,,,., [ _ conversionof syngastomethanewasdemonstrated__ (Augensteinand others, 1977) but no advantage was seen over0 _ the useofconventionalnickelcatalystswhicharehighly
_ w _ _ selectiveformethanesynthesis.It is notedthatamethanotrop

standard A39 A62 A38 A38 maybeusedtoproducemethanolor formaldehydefrom
5 m/h 20.7 MPa methane.Table6 listsmicrobialculturescapableof

3.75 mmolRu,15gBu4PBrat34.4 MPa,230°Candusinga conveningCO,CO2,H2,oracetatesasprimarysubstrates.
H2/CO = 1 synthesisgas However,ingeneral,little in-depthinformationisavailablein
Figure14 Effectof severaladditiveson acatalyticsystem the literature.

(Dombeck,1986)
It hasbeensuggestedthatsewagesludge,soilandsoon,
ratherthanpurecultures,bescreenedforCO andacetate
conversion.Screeningstudieshaveshowntheinfluenceof

growthduringthepastdecade(Gatesandothers,1987). someof theparameters,forexampletheimportanceof pH.
Muchof thedrivingforceistheprospectof applicationof Fh'climinaryresultsshowedslowCO conversiontoalcohols,
metalclustersascatalysts.Metalclustersarccompounds some40%of CO convenedgoingtoalcohols,predominantly
containingmorethanonetransitionmetalatom. Co2(CO)sis ethanol.Theseresultsareregardeda_encouraging.
acluster.In thepresenceof hydrogenit isconvenedto
HCo(CO)4,famousasa hydroformylationcatalyst,butnot A technicalandeconomicpredictiveestimatehasbeenmade.
consideredtobea cluster. Forthepurposeof evaluatingthepotentialof bioconversion,

assumptionsweremadebelievedtobeachievable(Bechtel,
Oneoutstandingexampleof clustercatalysisisfoundin the 1986). Capitalandoperatingcostswereestimatedforethanol
rhodiumcatalysedhydrogenationof COto formethylene productiontobeaslowas60centspergallon(aliare US
glycol(Pruett,1977). Underreactionconditionsof 500°Cand gallonsinthisreport)usingutilitytypefinancing,compared
120-200MPapressure,rhodiumprecursorsaretransformed

Table6 Summaryoi microbialculturesusingCO,CO2,into a mixture of anionic rhodium carbonyl clusters. The
H2, or acetateas primary energysubstrates*

hydroformylationof olefinswithRh4(CO)I2is related reaction (Gaddy,1986)
chemistrywhichgivessomeinsightintotheroleof theanionic
r!_odiumcarbonyl clusters in catalytic reactions with CO. Energy Major

Organisms Source substrate(s) products
The unique characteristics of clusters and opportunity to
synthesise specific variations are believed to provide a bright Desulphobulbus estuarine
future for cluster catalysts, particularly for multisite activation propionicus sediment acetate propionate

of a substrate leading to unusual products. Rhodopseudomonas natural acetate
capsulata environment butyrate H2+CO2

A different approach to homogeneous catalysts for methanol
synthesis was explored using soluble Group VI metal ion Acetobacterium marine
complexes (Klingler and others, 1986). In this research woodii estuary H2+ CO2 acetate
hexamethyisilicon and hexabutyltin oxides were found to
catalyse five fundamental reactions which form a catalytic carbon acetate+
cycle for methanol synthesis and water gas shift reactions, rumen monoxide CO2)
The facile formate ion disproportionation is a central feature
of this chemistry. Acetoanaerobium swamp

noterae sediment H2+ CO2 acetate

Biocatalysis Clostridium

The application of biocatalysis to assist in the use of coal has aceticum sludge H2+ CO2 acetate
been investigated extensively, especially for sulphur removal
(Couch, i 986). In addition, there has emerged the realisation Clostridium carbon acetate+
that biocatalysis may find an application forconversion of thermoaceticum sludge monoxide butyrate
syngas to liquid fuels. The biological production of fuels from
coal-derived gas has been the subject of a recent review carbon
(Gaddy, 1986)and exploratory research (Bank and others, C/ostridium monoxide acetate+
1986; Clausenand Gaddy, 1986) as well as a preliminary thermoautotrophicum sludge H2+ CO2 butyrate
evaluation of the technical and economic potential (Duthie,
1985, 1986). * partiallist
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with 106-128 e/gel reported as costs of fuel grade ethanol, homologating to initially formed alcohols is significant.
Sensitivity to cost-determining parameters were established to Relatively large deviations from the statistically predicted C2
help guide future research, and C3 fractions result from this secondary reaction

(Murchison and others, 1987).

2.2.2 Modified metal catalysts
Molybdenum sulphide catalysts have been characterised by

Molybdenum catalysts electron microscopy, XPS, X-ray powder diffraction and
Catalysts containing molybdenum can readily convert syngas catalytic performance. The incorporation of caesium was
to methane. However, alcohols can be synthesised employing found to enhance conversion selectivity (Klier and others,
properly formulated molybdenum catalysts operated under 1986, 1987).
suitable conditions (Table 7). The nature of the support
greatly influences the activity of supported MoS2 in CO A systematic laboratory pilot plant study (British Coal, 1987)
hydrogenation (Mauchausse and others, 1988). The most of molybdenum sulphide catalysts for conversion of syngas
active catalysts have supports which are able to react with H2S examined the effect of support, Mo and K loading,
to form sulphide species thus decreasing the number of temperature, H2/CO ratio, pressure, flow rate, and time on
Mo-O-support inhibiting linkages, steam, Carbon used as a support was found to be superior to

Ai203 or SiO2. A 20% MoS2 - 10% K2CO3/C catalyst,

A process to convert syngas to alcohols over a molybdenum provided for a straight line increase in CO conversion from
catalyst is in an advanced development stage. Most versatile 270"C, an increase in alcohol yield between 170 and 350"C,
are catalysts based on poorly crystalline MoS2 derived from followed by constant production at 350"C and a gradual
the rapid heating of MoS3 or an ammonium thiomolybdate increase in CI-C3 products, Figure 15.
salt. Alkali promoted catalysts result in, on a CO2-free basis,

80-90% selectivity to alcohols containing 50--60% C2-Cs Detailed results of tests using a I: 1 H2:CO ratio over a range
alcohols. When promoted with Co or Ni salts, and operated at of temperatures are shown in Table 8.
30-60% conversion, methanol can be reduced to 25-35%

while retaining a total selectivity to oxygenates of >80%. The variation of yields of various alcohols and hydrocarbons
With these doubly promoted catalysts, the parallel re,action of is shown. The temperature for maximum yield of desirable

Table 7 Catalytic activities and principal products formed over MoS2catalysts from synthesis gas. (Kliorand others,1985)

Catalyst* Surface Temp, Pressure, H2/CO GHSV, %CO Principal Researcher
aream2/g "C MPa h'L conversion products_

MoS: 23.5 350 0.1 3.1$ 4000- 0.5-0.8§ >97% CI"h McMaster Univ
6500

55.6% CH4
MOS., 63 255 8.3 0.92 3140 5.0 43.6% C_+HC Lehigh Univ

0.8% CH3OH

3% KOH/MoS2 2.2 350 2.05 1.97 179 52 96.3% Cs+HC EXXON

42.5% CH3OH
4% KOH/MoS2 27 262 8.21 0.76¶ 676 16.5 32.7% CzHsOH Dow Chemical

10.6% CH4

53.2% CH3OH
10% K2CO3/66% - 255 10.45 1.02'* 3171 16.3 24.9% C2HsOH Dow Chemical
MoS2/20% clay 12.6% CH4

57.7% CH3OH
10% K.-,CO3/MoS2 60 255 8.3 0.92 3140 9.5 17.4% C2HsOH Lehigh Univ

17.1% CH4

35.5% CH3OH
17.4% KOH/MoS2 300 2.75 1.00 12.000 4.4 36.6% C2HsOH Union Carbide

19.0% CI-14

* wt%
_" carbonatom%; CO2-freebasis
+ similarresultsobtainedwitha H2/CO= 1 synthesisgas
§ after 45 hrof testing; initialactivity was approximately 60% higher
¶ contained 20 ppanH2S
**contained 50 ppm H2S
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1200- Table 8 Conversion of syngas over a MoS2tcarbon]K2CO3
catalyst': effect of temperature upon yields and
selectivities (BritishCoal, 1987)

H2:CO= 2:1 Operatingconditions
10OO P= 10 MPa

GHSV= 5OO0/h Ttmp, "C 275 290 300 310 320 330
Pressure, MPa i0.1 10.1 iO.l !0.1 10.1 10.1

COconversion GHSV, l/h/icat 3106 3196 3080 3046 3095 3056
H2:CO I 1 I 1 ! 1

800 Recoveries,% 105.3 107.9 104.7 102.9 104.8 104.1J_

Conversions,/h/kg cat

600- CO, g 263.2 473.9 687.3 893.5 1170.6 1513.6
__ CO, tools 9.4 16.9 24.5 31.9 41.8 54. I
_. x = CO, wt% of CO fed 6.8 l 1.9 17.8 23.5 30.3 39.6

H2, g 15.6 28.I 43.8 61.1 76.1 95.8
H2, mols/molCO 0.8 0.8 0.9 1.0 0.9 0.9

400-

Yields, g/h/kg eat

C _ 16.9 29.3 50.4 79. l 116.i 128.5

/fxx / C2 0.0 7.8 7.3 20.2 33.0 37.1
200- C3 0.0 0.0 0.0 9.9 19.4 18.1

C,_ 0.0 0.0 0.0 0.0 12.8 11.9

/ ,778,0
.._...._Cl-C3 gas MeOH 79.1 141.6 161.6 184.3 181.5 145.5

O --"---'_"='" EtOH 57.6 92.0 127.7 140.0 135.4 1o8.1l

270 290 310 310 = PtOH 18.2 28.5 47.2 58.3 69.8 61.9350
H20 2.8 7.2 6.2 -2.0 1.3 10.9

Temperature'°C Total 278.8 502.0 731.0 954.6 1246.8 1609.4

Figure 15 Yields as a function of temperature, MoS= Selectivities, wt% of CO
catalyst (British Coal, 1987)

CI 6.4 6.2 7.3 8.9 9.9 8.5
C2 0.0 1.7 1.1 2.3 2.8 2.4

products was found to be 310"C. Optimum efficiencies appear C3 0.0 0.0 0.0 1.1 1.7 1.2
to be at a CO conversion rate of 650 g/h/kg catalyst. C_ 0.0 0.0 0.0 0.0 1.i 0.8
Efficiencies at 300"C were 49% in CO and 39% in H2 CO2 39.6 41.3 48.1 52.0 57.9 71.8

consumption, 55% in CO2 produced, 75% in gas made on a MeOH 30.0 29.9 23.5 20.6 15.5 9.6

weight basis. These low efficiencies were caused by high EtOH 21.9 19.4 18.6 15.7 11.6 7.1
hydrocarbon gas production. PrOH 6.9 6.0 6.9 6.5 6.0 4. !

H.-,O 1.1 1.5 0.9 -0.2 0.1 0.7
H2 -5.9 -5.9 -6.4 45.8 -6.5 -6.3

Alkali-promoted Mo catalysts have also been investigated for Total 100.0 100.0 100.0 100.0 100.0 100.0
alcohol synthesis from syngas. Selectivity to alcohols as

opposed to hydrocarbons is greatly influenced by the Selectivitie,, COz free,wt%
precursor and K salts (Tatsumi and others, 1985, 1986, 1987).

Further, the sequence of impregnation is important (Tatsumi C i-C4 9.7 12.1 !4.4 22.3 31.8 37.5
and others, 1986). The remarkable effect of KC1 on increasing MeOH 45.3 46.2 40.4 37.6 31.9 27.9
alcohol production compared to K2CO3 for SiO2-supported EtOH 33.0 30.0 31.9 28.6 23.8 20.7
catalysts may be partly due to its ability to prevenf. Mo species PrOH 10.4 9.3 11.8 11.9 12.3 11.9
from interacting with SiO2. Further, the addition of alkali H20 1.6 2.4 1.5 -0.4 0.2 2.1

metal halides to Mo/SiO2 was found to increase activity and Total 100.00 100.00 100.00 100.00 100.00 100.00
selectivity with increased processing time. Over Mo-KF/SiO2

* 19% MoS2/SS610Carbon (5% K2CO3)
the alcohols comprised 70% by weight of the total product on
a CO2-free basis. However, the KCl-promoted catalyst gave

the highest CO conversion (Tatsumi, 1987). It was suggested the oxygen leaves the reaction as CO2 rather than H20, due to
that the presence of K effectively prevents the complete the activity of the Mo catalysts for the CO shift reaction. The

reduction of Mo to metal, resulting in increased production of formation of a Ni-Mo alloy was confirmed for a used catalyst
alcohols (Muramatsu and others, 1987). by observation of corresponding X-ray diffraction lines, with

the Mo content of the alloy estimated to be 30 wt% from the
The addition of Ni to Mo-KCI/SiO2 greatly enhanced alcohol lattice spacing.
production in CO hydrogenation and improved selectivity to

C2+ alcohols, Table 9 (Tatsumi and others, 1986). Almost ali The hydrogenation of carbon dioxide over alkali-promoted

L__j
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Table 9 Performance of Mo-M (Fe, Co, Ni)-K/SiO2 catalysts* capability to hydrogenate CO to hydrocarbons, theycan be
modified to enhance their capability to synthesise alcohols

Catalyst CO CO; Alcohol C2,/Cl ratio (Sugi and others, 1985). The formation of C2 oxygenates was
Mo M K conv, %yield %,STY1" SeI_; AlcoholHC found to be increased by modification of Co/SiP2 by Ru or Re

and alkaline earth metals. X-ray photoelectron spectroscopy
5 - 0.84 0.44 0.14 2.9 66 0.97 1.2 (XPS) measurements suggest that cobalt is kept in a moderate
5 5Fe 0.84 0.64 0.13 2.6 33 3.4 1.2 oxidation state by the synergistic effect of the transition metal
5 5Co 0.84 0.52 0.14 3.1 46 4.2 1.5 and alkaline earth, and further, that the formation of C2
5 5Ni 0.84 2.9 1.7 16 48 2.1 1.4
5 5Ni 1.63 1.8 0.74 6.9 56 2.0 1.3 oxygenates occurs on a partially reduced cobalt site (Kaneda
10 1.63 0.52 0.15 3.6 71 1.4 1.8 and others, 1985). Additional information is provided for

10Ni i.63 0.28" 0.14 0.44 21 0.38 0.79 modification of cobalt catalysts for the enhancement of C2
oxygenates in CO hydrogenation.

* Reaction conditions;
523 K, 1.6 MPa (CO/Hz= 1), W/F = 10g cat h/mpi Nickel catalysts are capable of producing higher alcohols such

- space-time yield, g/kg-cat h as ethanol and propanol when catalysts are prepared by
- selectivity in carbon atom per cent coprecipitation of Ni with titanium or manganese oxide and

further promoted with copper and sodium, lt was observed

Mo/SiP2 catalyst to form CI-C5 alcohols was demonstrated from temperature programmed desorption (TPD)
(Tatsumi and others, 1985). MoS2 catalysts containing large measurements that the amount of associatively adsorbed CO
amounts of alkali are capable of converting syngas to C1-C4 on copper is remarkably increased when Na is added to the
alcohols. Bifunctionality has been attributed to the alkali catalyst (Uchiyama and others, 1985). A coprecipitated
activation of CO and MoS2 dissociatively activation of H2 Ni-TiP2 catalyst produced higher alcohols along with
(Santiesteban and others, 1988). The addition of Ni to methanol, and a coprecipitated Ni-ZnO catalyst selectively
Mo-K/SiP2 was found by Tatsumi and others (1988) to be produced methanol, while a coprecipitated Ni-AI203 catalyst
effective for enhancing alcohol production, ascribed to the produced hydrocarbons, mainly methane (Hayasaka and
formation of a Mo-Ni alloy, others, 1988).

Fe, Co, Ni catalysts for alcohols Platinum group metals
While Fe, Co, and Ni have long been known for their catalytic Palladium. Since palladium is well known for its ability
capability to hydrogenate CO to methane, it has been found to hydrogenate CO to CH4, it was rather a surprise when it
possible to utilise catalysts containing these metals for the was reported (Poutsma and others, 1978) that palladium
synthesis of alcohols. Indeed the standard alkali-promoted catalysts produced sizeable amounts of methanol when
iron FT catalyst produces significant amounts of alcohols, operated at conditions under which methanol is

Oxygenates are enhanced if this type of catalyst is modified by thermodynamically possible. Modest amounts of methyl
nitriding and reaction conditions are adjusted to augment formate and ethylene glycol were also observed. Since that

oxygenates formation (Anderson, 1984; Schulz and others, time, many varied studies have established the importance of
1988). the support (Ryndin and others, 1981), Pd particle size

(Ichikawa and others, 1984), and an understanding of

Early patents on alkalised Co catalysts for production of intermediates active in the catalytic chemistry (Pohec, 1982).
oxygenates from syngas provided the basis for operation of There is considerable support for the belief that the presence
the so-called 'Synthol' process in Germany. of Pd ions is somehow essential for methanol synthesis. Pd

compounds wholly in ionic form are not active in convening

Recently it has been disclosed (Courty and others, 1982; syngas to methanol.
Grandvallet and others, 1984) that Co catalysts can be used to

produce C 1-C6 alcohol mixtures when certain rules are Hydrogenation of CO to form methanol, ethanol, and
followed during preparation of the catalyst. Only certain acetaldehyde was investigated, at atmospheric pressure over

precursor materials possessing certain phase composition and alkali doped Pd and Rh catalysts on various supports. During
crystallographic structure lead to catalysts which are active in reaction, surface formate or acetate ions were detected by
higher alcohol synthesis. The main steps in preparation of a infrared spectroscopy (Naito and others, 1!)84). No such

copper-cobalt-aluminium zinc mixed oxide catalyst have been species were detected in undoped samples. Using tracer
described (Grandvallet and others, 1984) to obtain well techniques, it was demonstrated that active sites for

dispersed Cu-Co bimetallic catalyst. This type of catalyst has oxygenated compound formation contain some surface
been characterised and tested for methanol decomposition at oxygen and that alkali metal cations are effective in preserving

atmospheric pressure and a mechanistic picture given for the such surface oxygen.
functioning of the catalyst.

In a study on Pd/MgO/SiO2 catalysts it was possible to detect

The IFP process being developed (Couny and others, 1982, formyl species by a chemical trapping method (Hindermann
1984, 1987) is described as based on Cu and Co as being the and others, 1984). Moreover, a correlation was found between

key compor=ents, associated with at least one other metal as concentration of formyl surface complex and methanol
well as alkali. This permits formation of 20-50% C.',alcohols, activity of the catalyst, which has given rise to a mechanism in

which the reaction takes place on oxidised palladium in the

While cobalt and nickel catalysts are well known for their neighbourhood of the support or promoter. Chemical trapping
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wasalsousedby Ve:dageandothers(1984)toelucidatethe synthesisandthatRhm+speciesarenotnecessaryfor, butmay
acceleratingeffectsof H20 onhydrogenationoverCu/ZnO. promote,formationof higheralcohols.

Althoughthecoppercatalystsprovidefor99%selectivityto Theconceptof requiringan 'ensemble'of metalionshasbeen
methanol,thereisstillaneedfor animprovedmethanol advancedwith thebelief thatacertainminimumsizeis
catalyst.Pdmaybeableto providethebasisforacatalyst necessarytoprovidetheseveralsitesnecessaryfor
whichcanoperatewithmoreactivityandstability(Kikozono dissociationof CO andH2chemisorption.Smallensembles
andothers,198I). favouroxygenatessincelessdissociativechemisorption

occurs on them.
Platinum. The role of the support for F't-basedcatalysts for
selective formation of methanol wasdetermined by lt was found that the dispersion of Rh in Rh/SiO2 has a strong
Meriaudeau and others (1984) whodetermined that catalysts influence on activity and selectivity for hydrogenation of CO
such as Pr-The2 act as bifunctional catalysts and that for (Arakawa and others, 1984).With decreasing dispersion,
catalysts such as Pt-SiOz or -AI203, the mechanism is turnover frequency of CO conversion does not change
probably via a formate intermediate, significantly up to 0.5. CH3OH is produced selectively at

highdispersion. C2 oxygenated compounds are produced
Rhodium, ruthenium, iridium. In addition to methanol, much favourably for dispersions 0.25-.0.45. CH4formation
attention has been devoted to catalysts for the synthesis of decreased monotonously with decreasing dispersion (less
higher alcohols from syngas, particularly with Rh catalysts, methane athigh dispersion) (Figure 16). However,
Supported rhodium catalysts have received greatly increased
attention during the past decade, not only with a view to
developing catalysts for the production of oxygenated
products by CO hydrogenation, but also because of the Rhparticlesize,nm
excellent opportunity to study the fundamental relationship 11.2 3.7 2.2 1.6 1.21 t ,,. i

between catalyst structureand performance. Interesthasbeen
heightenedby the finding thal activity and selectivity to
oxygenates can be greatly influenced by the support (reviewed
by Bell, 1987)andby addedconstituentswhichactas 70-
promoters(Dai andWorley,1986;Chuangandothers,1985;
GoodwinandWender,1985).

Theinterpretationof surfacechemistryof CO hydrogenation 60-
over supportedrhodiumcatalysts has been controversial
(PeelsandPonce,1983).Variousconceptshavebeen

proposed to account for the observations (Kawai and
Ichikawa, 1985). Earlywork(Ellgenandothers,1979; "$ 50- I:i C.2oxygenates-
Wilsonandothers,1981)establishedthedramaticeffect of _ A methanol
smallquantitiesof Mn, Mo, W, Fe onthe activityof Rh/SiO2 =,_ • acetaldehyde
catalysts,lt waspostulatedthat the promoterformsamixed .-= O ethanol
oxidewith Rhwhichdecreasesthe=ateof CO dissociationand _ li aceticacidi_ 40- & methane
thusfavours the increased selectivity to oxygenates. "6

03

Basic supports were reported (Katzer and others, 1981) to
favour formation of oxygenateg, but no clear correlation 30-
between basicity of the support _s=dactivity has been

established (Bell, 1987). Rare earth oxides such,as lanthanum •
have also been found to be effective in enhancing rhodium for
syngas conversions (Underwood and Bell, 1987; Bondand
Richards, 1986). A strong interaction was found between Ru 20-
and A1203,shown in the influence on activity for CO =ii

hydrogenation over Ru/AI203. When the catalyst is strongly •
reduced, CO conversion activity increased. XPS showed that

the Ru is electronegatively charged (Okadaand others, 1984). 1O-

oxidation state of Rh has been assigned a major role in
O

The

determining activity and selectivity (Sachtler, 1984; Peels and
f

Ponec, 1983;Peels and others, 1984; Lee and others, 1986, _ _'t3"_

1987). A great deal of data has been developed concerning 0.1 013 015 0.7 0.9
the necessity of Rh I+for formation of oxygenates, but this still
remains controversial. Data accumulatedin the last decade H/Rh. dispersion

(Leeandothers,1986,1987)indicatethatRhm+species Figure 16 Relationshipbetween dispersionand
promotemethanolsynthesis,perhapsbybeingcentresof selectivity (Arakawaandothers,1984)
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Table 10 Hydrogenation of CO over silica-supported molybdenum-iridium catalysts (Kuwaharaand others, 1985)

Catalyst Metalloat,ng, GHSV COconv, Carbonatomseleetivi_,,%
no wt% h"I % Hydrocarbons Alcohols CO2

Mo lr Cl C2 C3 C4 Cs Cl C;_ C3 C4

l* 3.2 0 62 0.61 22 8.0 3.6 1.3 0 0 0 0 0 65
II* 0 6.5 62 0.60 42 7.6 4.2 2.2 0.7 15 2.0 0.9 0 25
IIIA* 2.5 5.0 6(X)0 3.0 28 7.5 4.0 1.7 0.8 23 11 3.3 1.0 18
IIIB 2.4 6.2 2000 3.8 26 6.4 3.5 1.2 0.7 22 11 3.7 1.2 23
lvr 2.5 6.4 2000 8.2 24 5.6 2.9 1.2 0.6 23 9.4 2.6 0.9 28

V_ 2.3 6.9" 2000 3.4 25 6.3 3.2 1.1 0.6 24 10 3.7 1.5 24
VI§ 2.4 6.4 20(0 0.65 27 7.9 4.3 2.4 1.0 19 12 4.0 1.4 19

Conditions: CO:H2:Ar=3:6:I, 2.13 MPa, 220"C
* resul)sobtained after 4 h on stream,240"C

_" Ir-doped MolSO2
Mo-doped lr/SO2

§ after impregnation, the catalyst was calcined in airat 500"Cfor 3 h and reducedin H2

differences in activity have been attributed to differences in (1988) conclude that for Felr/SiO2 the active sites for
morphology of the particles (Kip and others, 1988). methanol formation contain noble metal and iron cations.

Ichikawa and others (1988) found cluster-derived bimetallic

Crystal size effect for Ru/A1203 was also found for catalysts prepared from SiC)z-supported Rh4F¢ carbonyl
hydrogenolysis of butane (Lin and others, 1986). clusters exhibit markedly higher activities and selectivities

towards oxygenates which mainly consist of ethanol and

Attention has been focused on the activity of _-;,metallic methanol.

catalysts for CO hydrogenation. Along this line it was found
that catalysts containing both lr and Ru arc effective in Multimemllic catalysts such as Rh-Ti-Fe-lx/SiO2 have been
formation of oxygenated compounds. The addition of Li investigated by Arakawa and others (1985). Ethanol was
brought about improvements in both activity and se_,,ctivity produced at more than 50% selectivity from syngas over
(Hamada and o)hers, 1984). The promotion effects for an Rh-Ti-Fe-h'/SiO2 tested at 50 MPa and 260"C (Table 11).
Ru/Al203 catalyst have also been reperted by Mori and others, This multi-promoted catalyst was specially developed to
1986. Fukushima and others, 1985, found that the addition of enhance ethanol production. The performance of Rh/SiO2

Fe to Ir/SiO2 improves yield and selectivity towards methanol catalysts altered by individual metals was investigated,
(90% carbon efficiency) owing to suppression of methanation, followed by the approach of using multimew.ls. From X-ra_,

diffraction line broadening, Rh crystalline size was estimated

Kuwahara and others (1985) found that Mo-lr catalysts are to be 3.3 nra. Changes in XRD pattern and diffraction
even more effective than Ir-Ru, even through Mo or lr patterns indicate major changes in crystallite behaviour with

catalysts have little activity alone. Mo-lr/SiO2 catalyst individual modifiers and combinations. Most interesting is
prepared by coirnpregnation was about 500 times as active as that peaks due m Rh crystallites are not observed in the case of
Mo/SiO=,.or Ir/SiO2. Alcohols with up to four carbon atoms catalysts containing TiO2 additive except for

were formed in experiments at 220--240°C and 2.1 MPa Rh-Ti-Fe-Tr/SiO2.
pressure (Tcble 10).

Arakawa and others (1988) suggest the concept of two classes

In a study of bimetai_ic catalysts, Niernantsverdriet and others of promoters for Rh/SiO2, those which increased CO

Table 11 Reaction behaviour of promoted RWSiO2 catalyst (Arakawaand others,1985)

Selectivity, %

Catalyst CO conv MeOH* EtOH* AcH AcOH* C2-oxy CH4 C2+ CH4/C2+

Rh/SiO2 2.9 2.3 6.5 34.2 34.9 75.5 18.4 2.3 8.2
Rh-lr (i :0.5)/SIO2 3.1 2.3 17.5 31.2 25.8 74.5 20.3 1.4 14.3
Rh-Ti ( 1:1)ISiO2 12.2 9.1 22.5 6.8 13.7 43.2 32._ 9.2 3.6
Rh-Fe (i "0.3)!SIO2 5.9 11.7 39.0 !.7 7.3 48.0 32.8 2.0 16.4
Rh-Ti-Fe ( 1:1:0.3)/SIO2 14.3 3.4 42.2 2.9 12.0 57.0 30.6 3.3 9.3
Rh-Ti-Fe-lr ( I:1:0.3:0.5)15iO2 12.5 3.7 50.7 1.8 12.5 65.0 21.5 2.6 8.3

Each catalyst contains 4.7 wt%of Rh. Number in aparenthesis shows an atomic ratio of additives to Rh. Data were obtained at a time on stream
of 2 h. *denotes the sum of neat product and ester. CN denotes the sum of hydrocarbons other than el-la. Reaction conditions; catalyst charge:
1.0g. reaction pressure: 5. ! MPa, reaction temperature:260"C, flow rate: 1130ml/rain, syngas ratio (H2/CO):!.
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conversionbasedon accelerationof CO dissociationand those
Table 12 Syngas conversion by Rh/Mo/AIz_),acatalysts:

which improve selectivity basedon the control of electronic effect of catalyst composition on product
stateand ensembleof Rh particle. By the combinationof distribution (Bhore andothers, 1988)
additives, efficient multi-promoted catalystsweredesigned.
Ethanolandaceticacidwereproducedwithmore than50% Calzdyst 3% Rh 3% Rh/ 3%Rh/ 15% Mo

selectivityoverRh-Ti-Fe-lr/SiO2andRh-Mn-Li/SiO2 7.5%Mo 2% Na

respectively.A highCO/I-12ratio,forexamplev,isessential Temp,"C 250 250 275 250
GHSV, (h'_ 3000 36000 820 3000

forselectivesynthesisofaceticacid. CO Conv,% 5.7 5.3 6.l 1.8
ofCO Conv,% toCO2 I 25 7.3 50

lthasbeensuggestedthatthemodifieraffectsthebondingof

CO tothemetal(vanden Bergandothers,1985)inwhat ofCO convened,% Convenedto:(CO2freebasis)
mightbecalledanelectroniceffect.Loweringtheheatof

bondingtothemet-q,weakeningtheCO bondorassistingin Hydtocazbcms 72 3_ 62 100

tiltingtheCO sothattosome extentbothendsoftheCO CH4 61 26 56 60.9
molecule areattached to the surfacehave ali been discussed. C2I-k 4 6 4 29.4

Infraredstudieshavegenerallyshown thatpromoterscausea C31-16 5 2 1.6 9.7

lowering of the C-O bond strength and increaseRh-CO bond C4H_0 2 0 0

strength. Oxygcna_ 28 66 38.6 0
McOH 2 16 1.9

Ichikawaandothers(1984)concludedthatMn, TJ,andZr Me(DMe l 26 0
additionspromotedconsiderableCO dissociationonRh metal MeCHO 2 0 9.4
andalsostabilisedsurfaceoxygenand C2-oxygenated

precursorstoimprovetheyieldofC2oxygenatedproducts.In EtOH II 7 8.8

contrast, Fe suppressedCO dissociation andenhanced McOAc 3 1 3.5
reactivity of Rh for the hydrogenation of C2 oxygenate HOAc 0 0 2.5
precursor to ethanol as well as associative CO into methanol.
Addition of Mo to Rh/ZrO2 catalysts maintains good CO E_HO 0.4 0 2.4
dissociationpropertiesand,atthesame time,favoursCO n-PrOH 2.7 I 0

insertion and formation of C2+ oxygenates (Carimate and MeOEt 3 15 0
others, 1988). EtOAc 3 0 10.1

C Ioxy 5 47 3
A comprehensive mechanism has been proposed (Sachtler and C2 oxy 21 17 33
Ichikawa. 1986) in which a 'dual site' model was deduced CH4 + CI oxy 61+5=66 26+47=73 56+3=59
involving dissociative chemisorption of CO and H2, the
formation of CHx adsorbed groups and a chain reaction on an
ensemble of Rh atoms. Liu and others (1988) have shown by A comparison of the kinetics of CO hydrogenation reactions

chemical trapping techniques that the main rcaction-p ,_.hway over Rh/A1203 with and without added MoO3 established thai
involves ketene as an intermediate in formation of etf, tool the hydrogenation capability of the former is not inhibited by
over promoted Rh/SiO2 catalysts. CO as it is for the latter. From these and other evidence, a

dual site mechanism has been proposed (Figure 17) in which

h should be noted, by the way, thai the formation of, "tAxis
required for synthesis of higher oxygenates. Since Cha can
proceed to form methane and higher hydrocarbons, the dualsite Rh ensemble
avoidance of hydrocarbon formation in higher alcohol

synthesis is difficult, more so than in methanol synthesis. OC H H cO

. \'_ CH4Recently it has beer, discovered that when relatively large :/ "_ H20

amountsofmolvbdenaorvanadiaareincorporate,dinto. CHaOH :C_Rh !I_ C _" _

supported rhodium catalysts, the activity for CO A \ 0hydrogenation increased more than ten-fold and selectivities

others,1986:Sudhakarand others,1987;Foleyand O'Toole,

1987;Kip and ethers.1987).
_2" y hZ"_

As noted in Table 12 (Bhore and others, 1988)the Mo/AI203 _

catalyst has very low activity and does not form oxygenates. Mo= Mos"
The dramatic influence of incorporating a large amount of ^. = A!3*
molybdena in Rh/Al203 catalyst is to increase CO conversion,
water gas shift reaction, selectivity to oxygenates and C!

oxygenates asa percentageof oxygenates. Othereffects are: Figure 17 Proposed structure/rea_ivity scheme,
absenceof aldehydes, low acetic acid and esters,and high rhodium-molybdena-alumina catalyst (Sudhakar
ether formation, and others, 1987)
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CO is activated by Rh and H2 by MoO3.x with migration CO H2
(spillover/reverse spiliover) of hydrogen to the activated CO H2/CO _ CH3OH _ CH3CO2CH3 ---->
complex. Increased hydrogenation capability is a -H20
consequence of separate activation of CO and H2. This
concept is believed to be of value in the design of more CH3CH2OH + CH3OH
effective catalysts of this type.

Alloy catalyst for alcohol synthesis The homologation or reductive carl_onylation of methanol to
Catalysts derived from rare earth/copper intermetallic yield ethanol plus acetaldehyde and acetates has been much
precursors have been found (Jennings and others, 1987) to studied, but has not yet been commercialised (Comils and
exhibit extraordinarily high activity for methanol synthesis by Rottig, 1982).
CO hydrogenation. Methanol synthesis was observed at
temperatures as low as 100"C. A stable activity of 25 moles Co2(CO)8
of methanol perkilogram of catalyst per hour wasobtained for CH3OH + 2H2 + CO -------> CH3CH2OH + H20
a catalyst derived from CeCu2. In situ XRD studies revealed RuCI3,12
that the formation ,)f certain intermediate hydride phases is
critical to the formation of the active catalyst. Both Cobalt catalysts, first used, are still the best catalysts in their
intermetallic and rare earth hydrides are involved. XRD and activity and selectivity. Rhodium produces acids and esters
transmission electron microscopy (TEM) analysis showed that together in addition to ethanol.
discharged catalysts contain large crystallites of Cu
(40-80 nra) and the corresponding lanthanide oxide. A very significant discovery in methanol homologation has

Methanol activity does not appear to correlate with copper been the rate enhancement associated with the addition of
crystallite size, and BET N2 isotherms gave total surface area iodide or iodine. Mel is formed which enters into the reaction
of less than 5 m2/g. cycle. A selectivity to acetaldehyde of greater than 60% can

be obtained at 68% conversion. For the production of ethanol,
lt was also shown that _ese catalysts are irreversibly ruthenium has been found to be the best cocatalyst since all
deactivated when exposed to low concentrations of CO2. aldehyde is hydrogenated to ethanol (Wonder and Seshadri,

These findings strongly suggest that the reaction mechanism 1984). For comparison, it should be noted that methanol
which obtains here is quite different from that which operates carbonylation to acetic acid proceeds with 99% selectivity.
with conventional Cu/ZnO/Al203 catalysts. There is an opportunity for improvement in methanol

homologation selectivity.

In other work, a better understanding of alloy surfaces for CO
hydrogenation was provided by Szymanski and others (1984) Acetic acid from syngas
who found that alloying P1 with Zr increased selectivity to Homogeneous catalyst systems have found important
methanol, especially on _,ZrO2 support, industrial applications in the manufacture of acetic acid and

acetic anhydride from syngas. The reactions involved in the

2.2.3 Catalysis for C2 oxygenates" ethanol, TennesseeEastmanCompany integratedproductionsof
acetic acid chemical from coal areshown below. The conversionof

methyl acetateto acetic anyhydride representsa novel
Ethanol from methanol application of a homogeneousrhodium-iodine catalyst
The manufactureof ethanol from syngasby a multistep (Larkins, 1986).
process,first synthesisingmethanol, then adding CO and H2
to form ethanol, has the important advantagethat eachstep is Cu-ZaO
now well known and proceeds with high selectivity. 2H2 + CO _ CH3OH

The invention by scientists at Monsanto of a process for Rh
manufacture of acetic acid by insertion of CO into the CH3OH + CO -----.> cH3cooH (=:cdcacid)
methanol molecule, using a rhodium- or iridium-iodine

catalyst, has been an outstanding success worldwide. This has H+
led to the concept of the manufacture of ethanol from CH3OH + CH3COOH ------> CH3COOCH3 + H20,
methanol by adding the further step of hydrogenating the (methylacetate)
acetic acid to ethanol.

Rh+12

In the Ensoi process (Humphries and Glasgow, Monsanto, CH3COOCH3 + CO _ (CH3COO)20
BASF), the chemical reactions are: (aceticanhydride)

CO H2 (CH3COO)20+ceUulose
,_,,-,-,,J . ,-,u.r,r_u t',u3CU2Ou cellulose acetate+CH3COOH

-H20 (recycled)

- Alternatively, the'Davy-McGee process (Marten and Camps, The efficient manufacture of acetic acid directly from syngas
!986) involves hydrogenation of methyl acetate as follows: offer; the possibility of a route for the manufacture of ethanol

_
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whichis benerthanthemuitistepprocesseswhichhavebeen • C2oxygenates
discussed. 0 aceticacid

m acetaldehyde
D higher hydrocarbons

Commoditychemicalssuchasaceticacidandethyleneglycol, A methane

aswellasC_-C4alcohols,usefulasgasolinecomponents,can A ethanol

begenerateddirectlyfromsynthesisgasbytheapplicationof 80- -= ; ; ;
'melt' catalysts. These meltcatalysts generallycomprise
rutheniumcarbonyls,oxides and soon, dispersedin low
melting point (mp <150"C)quanemaryphosphoniumsalts.

Optionally,asecondtransitionmeta]derivativemaybeadded SO-
toensureimprovedyieldsof particularproducts.Ruthenium,
cobalt,andhalogenarckey elementsof thecatalysttoproduce _ ..o". -400 -acetic acid directly from syngas (Knifton, 1986, 1987). For _. -=
example,asshowninTable13,aliquidproductcontaining :-. _
76 wt%aceticacidplus!.1% propionicacidwereproducedat _ 40- _ -300 ==
48.8 MPa. o_ _ '=

=g

"0 _.

The synthesisof acetic acid fromsyngas oversupported cn
multimetai catalysts has been investigated (Nakajo and others, 20-
1986). lt was found possible to produceacetic acid with more
than63%selectivity overRh-Mn-Zr-Li/SiO2catalysts at
300"Cand 10MPa pressureof syngas having a CO/H2ratio
of 9. There is a striking influenceof COPrI2ratio on the
selectivity to acetic acid shown in Figure 18. 0

2:1 4:1 9:1 19:1

Syngas ratio, CO: H2 "
In furtherwork(Nakajoandothers,1987).a strikingeffect reactionconditions10.4 MPa300°C
wasfoundon aceticacidselectivityforhighpressure Rh:Mn:Zr:Liffil:_A:_:=Aatomicratio
hydrogenationof CO bytreatmentbyH2Sof thecatalyst Figure18 Influenceof syngasratioon reactionbehaviour
Rh-lr-Mn-Li/SiO2(Table14). The roleoftreatmentbyH2S over3wt% Rh-Mn-Zr-Li/SiOz(Nakajoandothers,
onCOcatalyticchemistrywasstudiedbyFTIR, ESCA,and 1986)
chemisorption.ESCAmeasurementsshowedthatthe
electronicstateof Rhparticleswasnotmuchinfluencedby
theH2Streatment.FromFTIRmcasu_ments,it was the amountofCO chemisorbeddecreasedwithH2Streatment.
determinedthatthebridged-speciesalmostdisappearswith TheseresultssuggestthatH2Streatmentreducestheamount
H2Streatment,leavinglineard30species.It wasfoundthat of bridged-COspecieswhichcontributesto increaseinCO

Table13 Carboxylicacidsfromsynthem gas(Knifton,1986)

Productcomposition(retool)* liquid
Catalystprecursor CH:3COOH C2HsCOOH CH:g2OOMe CH3COOEt CH3COOPr H.K) CH4 yield,%

Ru(acac)3-C.ol2 II0 I 2 9 2 20 53 66
RuO22Co12t" 33 5 0.2 4 2 7 22 24
Ru3(COh2-Co12$ 58 0.4 3 9 2 l0 18 4I
gu3(COh2-(3o12 116 5 4 34 6 10 37 84
RuO2-CoBr2. 132 2 32 81 20 25 156 204
guO2-CoC12 50 7 39 66 11 382 678 358§
RuO2-CoCO3 60 2 3 i 47 9 225 374 2991
Ru3(CO)12-Co2(CO_ 34 2 5 6 1 29

RuO2-Co2_(CO)s-12 i 13 3 6 23 6 19 122 108

RuO-2-Co12-12 20 I 0.3 I 15 II

RuO__-CoI2-4MeI 24 <2
C012 <2

Ru3(CO)i2:[: 23 16 3 14 141 192

Operating condilions: 48.8 MPa; 220"C; 18 ht; CO/I-I2, 1:1

Reactioncharge:Ru,4.0mmoi:Co,4.0 mmol:BuaPBr.10.0g quaternarysalt
* Analysisof gasand liquidsamplesbyglc;CHzCOOEtandCHzCOOPrfractionscontainsmallquantitiesof C2HsCOOMeandC2HsCOOEt
respectively,liquidproductsmayalsocontainsmallerquantitiesof MeOH,EK)H,PrOH,MeOOCH,and(CH2OH)2
"1"Reactioncharge:Ru,4.0retool:Co,8.0mmol
$ Runume,6h
§ Productalsocontains: MeOH,150retool;EK)H,136mmol;PrOH,29mmol:liquidproductcomprisestwo phases

_- ¶ Productalsocontains: MeOH,107mmol;EK)H,104retool;PrOH,23 mmol
** Productalsocontains: MeOH,244 mmol:EK)H.110retool;PrOH,11mmol
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which there is an intimatedispersionof Cu in ZnO. lt hasTable 14 Influenceof H=Streatmentof thecatalystonthe
reactionbehaviour(Nakajoandothers,1987) beenestablishedthattheprecursorsusedin catalyst

preparationareof critical importance. Significant also is the
H.,S/Rh CO Selectivityin carbonefficiency.% STY? of finding that activity for methanol synthesis is directly

atomic conv CH._COOH CH3CHO C._+* _ C2-C._ CH3COOH proportionaltocoppermetalsurfacearea.Further,reaction
ratio % oxygen- hydro- g1j h"_ chemistrystudieshaveestablishedthatthepathwayto

ares carbons methane' for this catalyst type is throughCO2 andnot through
CO. However, additionalinvestigationhas shown that Cu1+is0,000 6.4 55.4 19.i 9.5 3.2 11. I 450

o.oo4 4.5 63.9 20.4 5.3 3.o 5.9 359 also involved and thatthe oxidation stateof the copper is
0.006 3.0 67.2 20.2 4.2 2.8 3.8 260 dependenton gas phase composition, p.articularlyC02 and
0.011 1.9 69.4 1"9.9 3.4 2.8 2.3 171 H20 content,whichcontrolstheCu/Cu_+redoxcouple.Thus,

recentreactionmechanismandcatalystcharacterisation
Catalyst:7.0wt%Rh(1)-lr(l/8)-Mn(1/48)-Li(1/!6)/SiO2 studieshaveestablishedto agreatextentthe reactionnetwork
Catalystcharge:]0 ml pathways,includingtheimportantwatergasshiftreaction,and
Reactionconditions;temperature:300"C,pressure9.8MPa, thecriticalroleplayedbythecopperinitsdifferentoxidation
GHSV: 10000h"1,CO/H2:9/1 states,lt is believedthatthisscientificknowledgecanactasa

* sumofC2HsCHO,C3H'_CHO,andC2HsCOOO guideandasan inspirationforthedesignof newand
_" spacetimeyield improvedcatalysts.

conversionaswell ashigherhydrocarbonformation.Thus Therehasbeenconsiderableprogressin thedevelopmentof
chain propagationis suppressedandacetic acidselectivity liquidslurry catalystsystems for methanol synthesis. There is
increased, considerableoptimism thatthe heat controlprovidedby this

typeof system can providefor more economical manufacture.

2.3 Catalytic decomposition of Thereare opportunitiesfor furtherimprovements, such ascatalysts which operate with higherstability. A novel concept
methanol for fuel use whichhasbeendemonstrate4isthe integratedcatalytic

synthesisandseparationof productmethanol.Thetechnology
Syngascanbemadeavailableasafuelbythecatalytic formanufactureofC]-C6alcoholshasbeenimprovedand
decompositionofmethanolorcatalyticreactionofmethanol demonstratedcommercially.Thereisstillanimportantneed
withsteam.Thereisagaininfuelefficiencyifwasteheatis todecreasemethaneformationwhichoccursattheelevated
usedtocarryouttheconversionofmethanoltosyngas, temperaturesusedinhigheralcoholsynthesis.Relativelyhigh
Investigationoftheuseofsyngasasanenginefueldatesback amountsofisobutanolareproducedandthereaxeindications,
atleastto1970.Theheatingvalueofthesyngasisgreater suchasbyincorporationofcaesiuminthecatalyst,astohow
thanthemethanolfromwhichitwasderived.Conversionof isobutanolselectivitycanbeincreased.Isobutanoiisof
methanol to syngas isendothermic. When waste exhaust heat interest not only as an octane enhancer in gasoline, butalso
is used which is available on board an automobile (or in a because of its potential in the manufacture of MTBE. Total
power plant) todecompose methanol, _eater efficiency can manufacture of MTBE is possible from syngas. It is noted
be achieved: 15%when methanol is steam reformed and 20% that the worldwide manufacture of MTBE, which involves
when it is dissociated (Yoon and others, 1985). However, synthetic methanol, represents a very important advance in
engine tests have shown a fuel consumption benefit at the synfuels technology and commercialisation.
same equivalence and compression ratio is actually about
3-7% (Mills andEcklund, 1987). Non-ZnO catalysts studies have been a particular active and

fruitful research field. Complexes of transition metals,
A catalytic methanol dissociationreactor is not very proficient notably ruthenium, have been discoveredwhich, in
at providing good transient response. Experimental homogenous systems, are capable of alcohol synthesis from
development now is focused on a composite system using syngas. These are regarded as promising for improved control
dissociated methanol andvery lean mixtures at light to of activity andselectivity. Recently it has become recognised
medium loads, and liquid methanol with lean to stoichiometric that enzymes, themselves metal complex catalysts, have the
mixtures as the load increases to full output, capacity to convert syngas selectivity to C2 oxygenates,

specifically ethanol andacetates. Biocatalysis, long famous
The use of catalysts to enhance fuel-use efficiency presents for high selectivity and activity at low temperature, offers a
opportunities of considerable potential. This is a research area new, or at least little explored,direction for research. There is
which has been relatively neglected, a special interest in ethanol as a fuel. The technology for its

productionfrom syngas has developed along three lines:

2.4 Commentary homologationreactions(betterselectivityneeded),multistep
synthesisviaCO insertionintothemethanolmolecule

Thischapterhasdiscussedadvancesin catalysisfor followedbyhydrogentation(highselectivitydemonstrated,
conversionof syngastooxygenates.ZnO-containingcatalysts commercialplantsproposed),orbydirectsynthesisusing
havebeenextensivelyinvestigated.The morphologyof supported-metalcatalysts.MuchimprovedGroupVIII metal
Cu-ZnO-AI203catalystshasbeenestablished.Aluminaacts catalystshavebeensynthesisedutilisingthe conceptof
tostabilisecatalyticallyfavourableformsconsistingof ternary multimetalcombinationswhichcombinetoenhanceactivity

- platelets of Cu-ZnO-AI203 and binaryCu-ZnO, in both of and selectivity. These have been shown to convert syngas to
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alcoholmixtures with >50% selectivity to ethanol or, combination of Ce and Cu which convert sbygasto methanol
alternatively, to >50% toacetic acid. Evenhigher selectivity at a high activity a the very low temperatureof 100"C.
(76%) to acetic acid has beenachievedusinga novel "melt' Unfortunately, this catalyst is deactivatedby CO2. Special
catalytic systemcontainingruthenium carbonylsdispersedin attention is directed to molybdenum-containingcatalysts.
low-melting phosphoniumsalts.For supportedmetal catalysts, Those basedon MoS2 havebeen studiedextensively and

the control of product formationby metal particle size appears optimised for synthesisof oxygenates. Their performancehas
to bean important finding. Selectivity to methanol of 75% been establishedunder detailedpilot plant testsunder varied
was observedfor Rh of 1.2nm sizeand 75% to C2 oxygenates processconditions. Additionally, it hasbeen discoveredthat
for 11.2 nm size. This hasbeenattributedto reactioncontrol catalysts, typified by Rh-MoO3-AI203, have unusuallyhigh
by multiple active site interactionswhich dependon ensemble activity and improvedselectivity to oxygenates. The concept

size. lt is importantto note that the understandingof of dual sites,with one site activating CO and theother
supportedtransition metal catalystshas advancedgreatly in activating H2, opens the way for enhanceddesignof improved
respectto influenceon activity andselectivity by choice of catalysts.
support, metal combinations,addedchemical modifiers. As a
consequence,a modified cobalt catalyst hasbeendeveloped Finally, it has beenpointed out that the useof catalyststo

which is beingconsideredfor industrialinstallation. The increasefuel useefficiency pre.sentsopportunity of
searchfor specialalloy catalystshasuncovereda remarkable considerablepotential.

33



3 Hydrocarbon fuels from syngas

In this chapter,key features in the long developmentof FT Falbe, 1967, 1970, 1977, 1980, 1982;Keim, 1983, 1986;
catalytic technology are summarised. Then recentresearchon Fahey, 1987). Otherreviews havespecifically addressedthe
catalysts which do not c.ontainzeolites is presented. Catalysts methanol-to-gasoline MTGprocess (Chang, 1983;Voltz and
which containzeolites are then discussed,beginningwith the Wise, 1976).
technology of the methanol-to-gasoline processand
proceeding to researchon directconversionof syngas to high The developmentof catalystsfor conversion of syngas to
octane gasoline. This is followed by a review of catalysts to hydrocarbonfuels began in 1902with the discovery of
improveprocess engineering,specifically FT operatedto Sabatierand Sanders thatNi promotesformationof methane.
producea high wax content product,followed by selective In 1910Mittasch, Bosch and Haberhad discovered that iron
crackingto liquidfuel; FT operated in the slurryphase; and modified by alkali can convertnitrogenand hydrogen to
variationsof operatingconditions to improveselectivity. Fr ammonia. By 1923 FischerandTropsch had found that while
chemical reactionsandthe relationshipbetweencatalyst Fe catalyses the conversionof syngas to methane, a mixture
structureand performancearethen discussed. The next of alcohols andhigher hydrocarbonsis formedwhen Fe is
section reviews recent research on selective conversion of modified by alkaliaddition. The Synthol process (not to be
syngas to isoparaffins or to low molecular weight olefins, confusedwith the Sasol Synthol process, Cornilsand Rottig,
Finally, there is a summaryof the Koelbel-Engelhardtprocess 1982)was commercialisedthat year in Germany producing
involving the conversion of CO and H20 to hydrocarbons, mixed alcohols, as was the processfor making synthetic

methanol. Itshould benoted that selection and controlof

3.1 Development of catalytic pressureandtemperature,H2/COratioin thesyngasfeed(lower H2/COgives higherwax formation) and avoidance of

background impurities, contributedto successful catalyst performance.
Worldwideinterestwas arousedand considerable catalyst

The development of technology forthe catalytic conversion of and processdevelopment was.carried out, notably in Great
syngas to hydrocarbonfuels hasbeen the subject of thorough Britain.
reviews. However, these reviews stress past accomplishments
and generally do not addressnew and emergingcatalytic During the period 1935-45, which includes WorldWar II,
developments to be discussed in this report.None the less, employing acobalt catalyst, the FT process was used to
past experiences do provide critical information, lt has been produce gasoline in Germany,reaching 10,000 BPD in 1944.
said that a broadjump into the futurecan benefit from a good A considerableresearch effort was made to develop Fe-based
runningstart. Earlyreviews are valuable in pointing out catalysts to replacecostly Co, but Fe catalysts were not
catalytic concepts which have been tried (Storch and others, commercialised. Following the war, operation of the German
1951; Pichler, 1952; Anderson, 1956; Emmen, 1956), plants was discontinuedbecause of the availability of less
information derivedfrom their extensive industrialapplication costly petroleum. Several significant catalytic discoveries
inGermany and South Africa (Hoogendoom, 1977;Dry, were made. It was found that ruthenium is particularily
1981, 1982, 1986. 1987; Frohning, 1980; Frohning and others, capable of making high yields of wax products. Also, the
1982),their overall status (Wenderand Seshadri, 1984; Haag isosynthesis process was foundby Fischer and Pichler
and others, 1987). Some reviews providing insight into (reviewedby Cohn, 1956),with high selectivity to
progress in ,.._,,,,yt,c_,h,.nv,,,,.na(Mills _'_dSteffgen, !973; .-.-r-------,;_"_'_m"_p_._.r*.icu!_!yisebu_ne, us,-ngThO2 catalysts.... and
Vannice, 1976, 1987; Ponec, 1978; Lee and Ponec, 1987; operated at relatively high temperature, lt was in this period

= 34



Hydrocarbonfuels from syngas

alsothatOtto Roclen,in relatedchemistry,discoveredthe gasoline,involvinga newtypeofcatalystinwhich methanol,
OXOreaction, manufacturedfromsyngas,is convenedwith highselectivity

intohighoctanegasolineusinga catalystcontainingZSM 5
Followingthewar, Koelbelpioneeredadevelopment molecularsieve.
programmeusinga liquidcatalystslurrysystemwhich
providedbetterheatcontrolandsoallowshighersyngas It shouldbementionedthatfromthe1970s,whentheoilcrisis
conversion.Also,withEngelhardt,heinventedtheKE wasexperienced,until 1986whenoilpricesweregreatly
processinwhichCOreactscatalyticallywithsteamto lowered,wasaperiodof intensiveresearchforsynfuels
producehydrocarbonproducts.The 1950swasaperiodof prod_":rienfromcoal. Synfuelsreseachhaslargelybeen
intenseresearch.In the UStheBureauof Minesestablisheda discontinued,particularlybyindustry.Duringthisperiod,
widetechnologybaseincludingthermodynamiccorrelation researchfocusedonsurfacescienceof catalysts,catalytic
forsyngasreactions,recognitionof the importantkinetic mechanismsasinfluencedbycatalyststructure,combination
influenceindeterminingchainlengthdistributionof higher catalystsof groupVIII metalswith zeolites,catalystsfor
hydrocarbonsandalcohols(Anderson,1983),and slurryreactors,andcatalystsforprocessschemesdevelopedto
establishmentof thecatalyticperformanceof a widevarietyof avoidhighmethaneformation.In additionto FT slurry
catalyticcompositionsincludingthe useofnitridediron reactors,newprocessschemeshaveinvolvedconversionof
catalysts.An oil-recyclereactorFT plantwasplacedin syngaseithertoolefinswhichampolymerisedto fuel liquids
operationinLouisiana,MO, usingFe catalysts.However,this or tohighwaxproductswhicharehydrocrackedtoliquid
plantwasshutdownafterbriefoperationdueto thediscovery fuels. Attentionalsofocusedoncatalystscapableof utilising
of largepetroleumreserves,as wasthe Hydrocolplantbuiltby cheapersyngasof lowerH_CO ratiosproducedby advanced
industr)' in Brownsville, Texas. This latter plant used an iron high temperature gasifiers (Hz/CO of 0.5 vs 2.0 for low
catalystmodifiedby 1%alkali ina fluid bedmodeforheat temperaturegasifiers).
control.

While much has been learnedsince 1902, relatively few
However, responding to the special circumstances in South catalysts are utilised and, with the exception of ZSM 5, the
Africa,the FT processhas..been installed in a major way catalysts are essentially those discovered 50 years ago, Ni for
beginning in 1955when SASOL I, an 8000 BPD plant was methane, alkalised Fe, Co, Ru for FT, and those containing
placed in operation, followed by SASOL II (50,000 BPD) in The2 for isosynthesis. During this period there has been great
1980and SASOL III of similar size in 1983. These plants developments involving a wide arrayof catalysts for
utilise an alkalised ironcatalyst, SASOL I in the lower petroleum refining and petrochemicals. Arethere new
temperaturefixed-bed Arge process andthe higher opportunities in catalysis forconverting syngas to liquid
temperatureentrained-fluid-bedSynthol process(Figure 19) in hydrocarbonfuels? This is now addressed. As Antoinede
SASOL I, II and III. SaintExupery said in his book, Wind, Stars, Sea and Sand,

'When itcomes to the future, ourtask is not to forsee it, butto

enable it to happen.'

3.2 Non zeolite catalysts
Fe,Co, Ni, andRu arcconsideredto bethe activemetalsin

cyclones FT catalysts. The catalyst used in Germany consistedof

catalyst-sett_ [ _cooling-oil Co-ThO2-MgO-kieselguhr(silica)in 100:5:8:200pansby
hopper outlet weight(Frohningandothers,1982). Thecatalystin theSasol

catalyst prepared by precipitating iron hydroxide into silica gel. The
reactor catalyst for the Synthol units is made by melting ironoxide

______ in_ell _l_ f_ and additivesand then grinding to a powder, in a mannerstandpipe rig-oil similartothepreparationof ironsyntheticammoniacatalysts.

slide valves -_ I _ "_ riser Extensive research has established that Fe is less active in
____i[ .,) ] gas and hydrogenation than Co and so producesmore olefins and

fresh feeJ _ - _ _ catalyst alcohols. Ru is noted for its capability to produce higher
andrecycle mixture molecular weight hydrocarbons. Fe is well known for its

water-gas-shift (WGS) activity, but neither Co nor Ru are

Figure 19 Schematic diagram of entrained fluidised-bed active. For catalysts without WGS activity, the oxygen in the
FT reactor CO is rejected as water, so that a syngas having a H2/COratio

of 2 is required in making olefins or alcohols and an Hz/CO
use ratio slightly larger than 2 in making paraffins. For

A significant new industrial development was the installation catalysts that promote the WGS reaction, the oxygen in CO is
in 1986 of the MTG process in New Zealand, producing mainly rejectedas CO2. The water formed in the FT reaction
14,500 BPD, corresponding to one third of their gasoline reacts with the CO to form additional H2. Consequently, low
needs. This process has been regarded as the first new Hz/CO ratio syngas can be used with these catalysts, with a
catalytic system in 50 years for conversion of syngas to practical minimum of about 0.6.
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Higher .selectivity to desired products is the primaryobjective Ironnitridecatalysts have been characterisedrecently using
in seeking improved catalysts. Catalysts having higher modem techniques (D_lgass, 1986; Schulz and others, 1988).
activity and stability are additional goals. In addition to CO Metal borides have also been examined, although catalytic
hydrogenation ability, the capability of accelerating the water tests were not promising (Bartholomew, 1986).
gas reaction is also desired. This makes possible the
utilisation of more economical syngas having lower H2/CO Raney Fe-Mn has been shown to be two to four times as active
ratios. Cornils and others (1984) have described the important as similarcatalysts made by coprecipitation (Hanson and
aspects of developments for selective synthesis via the Fr others, 1987; Chen and others, 1986).
process. The coupled dependency of catalyst composition,
preparation, pretreatment,and synthesis conditions were Bimetallic clusters which have been sulphided, such as
stressed. The effect on selectivity of each of these factors was Cs-8Mo2Fe'2SI.8,were demonstrated to be sulphur-tolerantCO
illustrated, hydrogenation catalysts (Curtisand others, 1988).

Selectivity sought in Fr reactions usually emphasises higher The conceptof epitaxial deposition has been used to prepare a
yields of high octane gasoline, although in certain novel non-magnetic Fe on Cu 111 and Cu 110. The Fe has
circumstances high yields of diesel fuel of good cetane remarkableelectronic propertiesand interesting preliminary
numbercan be of prime importance. Recently, therehas been catalytic properties forsyngas Conversion (Cooper and
new interest in production of C2-C4 olefins used either to Montano, 1986). Spinel MgAI204has been tested as a
make liquid fuels or used as chemical feedstocks. Further, support for Ce-Co (Kondoh and others, 1986).
there has been new emphasis on formation of isoparaftins as
being more desirable for environmental reasons than Alloys have also been investigated. Alloys of Fe, Co, and Ni
aromatics for octane enhancement, on a support were shown to generally enhance catalytic

activity and suppress methane formation(Aria, 1987). Also,
From the viewpoint of catalyst composition, the capabilities of special porous and amorphous Ni67Zr33alloys have been
metalsforCO hydrogenationwereestablishedby1925. preparedandarebeingtestedforcatalyticproperties
Furtherprogressinthel.ast50yearstoobtainimproved (Shimogakiandothers,1985).
selectivityandcatalyststabilityhasbeenachievedbytheuse
ofpromoters,supportselectionandpreparationalconditions, lthasbeenshownthattheparticlesizeofsupportedRu is
Theconceptofaddingchemicalconstituents,'promoters',to important(Abrevayaandothers,1986,1988).Smallparticles,
moreorlessconventionalcatalystshasbeenwidelytriedand Inm,producedsignificantproportionsofhigher
discussed.Inaddition,anumberofinnovativeideasfor hydrocarbons,andlargesinglecrystals,lInra,gavemainly
improvedcatalystpreparationhavebeeninvestigated, methane(Linandothers,1985,1986,Figure20).

Nitrides. carbides, c'arbonitrides,borides have been shown to
beactive for FT. Nitridedironcatalystsshowimproved treatment hydrogenation ofCO TOF/10"2s.
stability against deterioration caused by oxidation and free R 2.0
carbondeposition.Theypreferentiallycatalysesynthesisof
alcoholsandlow boilinghydrocarbons(Anderson,1983,
1984). Thenitridedcatalystwasmoreactiveandproduced R-O-R [ 1.7
lessgaseoushydrocarbonsthanthecorrespondingreduced
catalyst. Table 15.

Figure20 Selectivitiesand turnoverfrequenciesfor
Table15 Testsof reducedandnitridedcatalystsat high hydrogenationof CO over2.5% Ru/AI203

spacevelocityandtemperature*(Anderson,1984) preparedfrom Ru3(CO)I 2 at 260°C, 0.1 MPa,
Hz/CO=:2 (Linandothers,1986)

Atomratio.N:Fc 0 0.40
Gascomposition.H.,:CO 1.3 1.0

Space",elocity.h"I 2300 2820 The concept of partial poiz _ning provides a powerful means
Temperature.'C 316 288 of improving catalyst selectivity, interpreted in terms of
Contraction.c,; 51 48 ensemble control (Rostrup-Nielsen and Alstrup, 1988).

Yield.wtC,_of totalhydrocarbons Stengen and Sattenfield (1985) and Matsumoto and
Ci 10.3 8.6 Sattersfield (1987) reported decreased methane formation by
C2 14.8 13.7 sulphur poisoning of a fused magnetite Fr catalyst. Along
C._ 20.4 16.6 this line, Tong and McCarty (1957) examined Fe catalysts
C,4 16.8 14.2 treated with a sub-monolayer of chemisorbed sulphur. They

found that the treated catalysts had a threefold reduction in
Condensedproducts methane selectivity relative to the untreated fused iron, when

Upto204"C 26.2 36.3 tested in 2:1 H2/COsyngas at 300"Cand atmospheric
Heavyoil 7.2 9.5 pzessure. The C2 olefin selectivity approached 100%.
Wax 4.3 1.1 McCarty and Wilson (1986) also demonstrated the

* Operatingpressure.2.53MPa improvement in selectivity with Fe treated with low levels of
_ sulphur, see Figure 21.
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reactionconditions applicationof a newtypeof catalyst.Thistwo-.stepprocess1oo- 300oc
H2:CO ffi2 provides for gasoline of high octane quality at high selectivity.
0.1MPa Syngasis first convertedtomethanolwhich, in asecondstep,

80- isconvertednearlyquantitativelyto highoctanegasolineover
acatalystcontainingthemolecularsieveZSM 5, Figure23.
Inventedby scientists at Mobil (first disclosed by Meisel and

60- others, I976) the technology was developed uraderthe jointclean Fe low-level sulphur Fe
•_ technical direction and financial sponsorship (30/70) of Mobilo

installed in New Zealand using a fixed-bed mode, producing
14,500 BPD gasoline, one third of the New Zealand needs.

20 . The syngas is produced from off-shore natural gas. The
process development has been described indetail (Voltz and
Wise, 1976)as has the chemistry (Chang, 1983; Chang and

0 Silvestri, 1977, 1979).
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

Productcarbonnumber
recycle purge recycle

_ se ation purgeFigure 21 CO hydrogenationovercleanversuslow-level meth=noll I_n_mt,nnl I ,nasolinel I
sulphur-treatedFe (McCartyandWilson,1985) syngas-IsynthesisI -[ unit I1-1 unit l- I unit

-- ' I I' I I
lt hasbeenfound thatphysically mixed catalysts, as T _ I gasoline

rawmethanolIdistinguished fromchemically mixed catalysts, can storage I "hydrogenate coal to produce methane (Echigoya and Niiyama,

1982). lnterparticlespilloverisbelievedto providefor a Figure23 Two-stage methanolto gasoline(MTG) processremarkableaccelerationin thisconversionof coaltomethane.
This conceptmayhaveapplicationin formationof liquid
hydrocarbons. OperationoftheMTG inthe fluid-bedmodehasbeentested

in a 100 BPD plant in Germany (Socha and others, 1986).

3.3 Zeolite-containing catalysts Theproductsdistributionsobtainedwith thetwo modesareshowninTable 16.
Zeolitesareporouscrystallinesolidswhichhavewell defined
pore systems and large internal surfaceareas. The diameters Much research has been devoted to understanding the
of their pores are similar to that of hydrocarbon fuel scientific aspects of the MTG reaction chemistry, to develop
molecules. This haz ledto the application of zeolites in alternative or improved catalysts, to process simplification, to
catalysts as 'shape selective' components since only certain changing process conditions to maximise olefin production, to
size or shape molecules can enter and leave the internal use of the MTG catalyst to upgrade products from
porous structure. The most common forms of zeolites are conventional FT operation, and to development of a hybrid
alumino-silicates which can act as strong acids. The structure slurry FT/MTG process. The reaction mechanism has been
of ZSM 5 is shown in Figure 22. The 5.6 nm pore opening is particularly related to the unique properties of ZSM 5 zeolite
formed by a ring of 10oxygen ions. The crystal structural (Chang, 1983; Ono, 1983, 1987; Haag and others, 1987).
arrangement isdepicted by lines drawn between the center of Catalysts have been investigated in which Ai in the ZSM 5
oxygen ions. The pores can also be visualised as tubes whose crystal framework has been replaced by other ions. The
three dimension interconnections are also shown, introduction of Zn or Ga is said to increase selectivity to

aromatic compounds (Ono, 1987).

__ ___ Technology has been developed for integrated gasoline

synthesis by modifying three process steps, syngas production,
_ . _ oxygenate synthesis, and MTG, in order to be able to operate

ali steps at the same pressure and the last two steps in one
single synthesis loop, without isolation of the synthesised
methanol. The TIGAS (Topsoe Integrated Gasoline

Figure 22 Structure of ZSM 5 zeolite Synthesis)process(Topp-JorgensenandDibbem, 1986)
utilises combined steam reforming and autothermal reforming
for syngas production and uses a multifunctional catalyst

3.3.1 Methanol to gasoline and related system,toproduceamixtureof oxygenatesinsteadof only
processes methanol.Thefront endandtheoxygenatesynthesiscan

operateat thesamerelativelylowpressure.WhentheMTG is
Themethanoltogasoline(MTG) processrepresentsa new integratedintotheoxygenatesynthesis,producingboth
approachtothe conversionof syngastogasolineinvolvingthe methanolanddimethylether,theoperatingconditionsare
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Table 16 Typical process conditions and product yields which syngasis converted to gasoline in one step. A
tor MrG processes (Haag and others, 1987) combination methanol synthesis/shape selective catalysts was

d_med to offer a promising approach. However, results were
Conditions Fixed-bed Fluid-bed disappointing in that too much methane is formed. A basic

reactor reactor problem is that favourable pressure/temperature regimes differ
considerably for operation of the two different catalysts.

MeOH/watercharge, w/w 83/17 83/17 Since that time, a wide variety of catalytic approaches has
Dehydration reactor inletT, "C 316 - been tried to develop catalysts which can directly convert

Dehydration reactoroutlet T, "C 404 - syngas to liquid fuels of high octane (Denise and others, 1984)Conversion reactor inlet T, "C 360 413
Conversion reactoroutletT, "C 415 413
Pressure,kPa 2170 275 Suppression of methane formation during syngas conversion

Recycle ratio, tool/tool charge 9.0 _ has been sought by modifying a combination transition
Space velocity, WHSV 2.0 1.0 metal/zeolite catalysts (Melson and Zuckerman, 1988). For a

Co/Si02-ZSM 5 catalyst, the addition of Ca lowered methane
Yields (wt% of MeOH charged) and increased Cs+ yield from 72% to 76% (Ran and others,

'- MeOH * dimethyl ether 0.0 0.2 1986).
Hydrocaroons 43.4 43.5

Water 56.0 56.0 The promotional effects of cations on zeolite supported FT
CO, CO2 0.4 0.1 catalytic metals has been tested by Goodwin and WenderCoke, other 0.2 0.2

I00.0 I00.0 (1986), Oukaci and others (1986, 1987), who found that the
olefin to paraffin ratios are highest when the larger alkali ions

H:_rocarbon product (wt%) have been exchanged into the zeolite, while selectivity to
Light gas 1.4 5.6 isoparaffins is enhanced by smaller alkali ions.
Propane 5.5 5.9
Propylene 0.2 5.0 There is a strong conviction in the scientific community that
Isobutane 8.6 14.5 zeolitespossessgreatpotentialassupportformetalsactivein

n-Butane 3.3 1.7 FT. Combination catalysts of Co/special zeolites/promoters
Butenes I. I 7.3 have been developed which demonstrate improved activity
Cv, gasoline 79.9 60.0 and selectivity (Miller and others, 1986, 1987) specifically

I00.0 I00.0
lower methane and higher C5+ and reduced sensitivity to

Gasoline (including alkylate), H2]CO ratio, Table 17.
RVP-62kPa (9psi) 85.0 88.0

LPG 13.6 6.4 Table 17 Support effects on Co/Xi1 catalysts* (Miller
Fuelgas 1.4 5.6 and others, 1986)

100.0 100.0
Catalystsupport ?-alumina TC-103 TC- 133 TC- 123

Gasoline octane (R+O) 93 97 Conversion 45.6 42.8 49.6 48.0

CI 6.7 5.3 5.4 3.6

relatively mild. The integrated concept results in a simple C2-C4 10.2 9.7 8.5 4.7
Cs -350"F 29.8 23.0 24.7 22.4

flow scheme, Figure 24, and lower investment costs. Cs 350-650.F 35.9 31.5 33.7 34.9
C5 650"F+ 16.6 30.4 27.2 34.4

recyclegas C5+ 83.1 85.0 86.2 91.7

I C..¢Olefin/pamffm 1.8 2.1 2.0 2.7

] =l"'"'t: water- gasoline7 In other work, the natureof surface intermediateswas
- measured by Wolf (1986). Ru/zeolit¢ A catalysts were

Figure 24 Topsoe integrated gasoline synthesis preparedby Rossin and Davis (1986) who found that during
(Topp-Jorgensen and Dibbern, 1986) synthesisreactionthe Ru did notmigrate to the surfaceof the

zeolite. Bimetallic Pt-Mo supportedon Y zeolite was
investigated by Borg and others (1986). Zuckerman and

Alternatively Lurgi has developed a direct heat exchange Melson (1986) tested the concept of preparing catalysts
MTG reactor concept, Supp (1985). containing Ru and Fe using cluster Ru3(CO)I2 and Fe3(CO)I2

supported on ZSM 5, establishing structure/activity

3.3.2 Direct conversion of syngas to liquid correlations for bifunctional reaction capabilities.
fuel

Niwa and Murakami (1987) used a chemical vapor deposition

Early in the development of the two-step MTG process, it was method to put on an ultra thin layer of SiO2 on zeolites.
recognised that it would be preferable to develop a process in Because of the fine-controlled pore-opening size, high shape
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selectivitywasobserved.Conversionof methanolwasshifted 1 initiationandC1 compounds
tOlowermolecularweightproductmolecules,aneffectseen

alsoin thearomatics. COco,s__ C ---" O = C + O

Variationinzeolitecharacterhasbeenextensively S _ S S
investigated.Yashima(1987)reportedonreformingof [+H2 | +H2 H20¥ ¥ +H2
hydrocarbonsproducedfromsyngas,findingthattheyieldof CHzOH _ H -- C -- OH CH2 _ CH4
aromaticsisincreasedwithincreasein theconcentrationof Al / /
inHZSM 5, whichis in turnrelatedtoincreasedacidity. S S

A verydifferentconceptinvolvingmolecularsieveshasbeen 2 chaingrowth (insertion)
triedby Foley(1986). An innovativecatalystwasprepared

CH3 Iconsistingof a particle,theoutsideshellof whichisacarbon R

molecularsieve,andtheinterioraFT catalyst.Theshellis CH2 "H:;H2 CH CH=
designedto let syngasmoleculesintotheinteriorcatalystfor S S CH
conversio,_tohydrocarbons,butnottoletoutlarger, R =_• __"_ /
undesirablemolecules.Theseareconvertedtolower 'l' S

I +COmolecularweightproductswhichthenareallowedtoescape. CH • = CH/ i
Thesecatalystsdid indeedshowimprovedproducts S C-- O/ /
distributionrelativeto thoseobtainedwithusualFT catalysts. S S

3 chain terminations

3.4 Reaction chemistry, catalyst R
I _ RCH = CH 2

structure/performance c.=.II
CH

RCH2CI_I3The reactionchemistry of.CO hydrogenationis controlledby / "#/#_'_"
both thermodynamicandkineticfactors,Thermodynamics S
imposeequilibriaconstraints,expressedin termsof free R

energyvaluesof productmolecules,Figure5. Methaneis I 4.Wz RCH2 CHO
alwaysthepreferredproduct.Thermodynamicconsiderations L RCH2 CH2 OH
alsoprovideinsightintotheimportantinfluenceof pressure C-,_ O _ RCH2COOH
onreactionequilibriaashasbeendiscussedbyAnderson S S
(1984).

Figure25 Mechanismof FT process(Dry, 1987)
Catalysts,ontheotherhand,controlreactionkinetics.They
havetheabilitytoprovideselectivityin productformation
throughtheircapacityto acceleratethosereactionswhich distributionof products.A particularobjectiveistomakeless
formdesiredproducts.TheFT processconsistsof acomplex methanethanprovidedforby ASF.
combinationof reactions.Therateof eachreactioncanbe
alteredbythecatalyst.Fromavarietyofresearchstudies The fundamentaldynamicsof CO hydrogenationover
includingisotopictracersandthe relativelynewtechniqueof heterogeneouscatalysts(Tamaru,1978)havebeendiscussed
trappingsurfacecomplexes(Williamsandothers,1986)the at varioussymposia.Mentioncanalsobemadeofspecial
followingreactions,asshowninFigure25, arebelievedto kinetictechniques,namelytransientkinetics(Zhangand
representFT reactionchemistry(Dry, 1987). Biloen,1985)andPSRA,pulsesurfacereactionanalysis

(Takahashiandothers1986,Murakami,1987).
As mentionedearlier,thedissociationoftheCOmoleculeon
the catalyst surface is a key initial reactioneffecting Mechanism studies of hydrocarbonformation from methanol
selectivity, particularlythe direction towards alcohols or over ZSM 5 catalysts has determinedthat the reaction
hydrocarbons. Itshould also be noted thatoxygenated pathwayproceeds through the formation of dimethylether,
products, particularlyalcohols, arepostulated to be formed in then smallmolecule olefins andon to largerparaffins and
a termination step whereby a surfacealkylgroupmigratesto aromatics, Figure26. Carbenium ion chemistry is involved
an undissociatedCO moleculeon the catalystsurface, includinghydrogentransfer.
However, with Cu catalysts, methanol synthesis has been

shownto proceedthroughCO2asdiscussedearlier. 3.5 Catalysts to improve process
A furtherfundamentalreactionchemistryconceptrelatedto engineerina
thedeterminationof productcarbonchain-lengthdistribution.

Themechanismof chaingrowthby incrementalCO addition 3.5.1 FT to high wax/crack to liquid fuels
leadstoaproductdistributiondescribedmathematicallyby
theASF equation.A consequenceisillustratedinFigure9. TheShellMiddleDistillateSynthesisprocess,SMDS, isa
Muchefforthasbeenexpendedtocircumventtheconstraints two-stageprocessbasedonthe developmentof acatalyst
of the ASF equation, and to thus makea more desirable which convertssyngas into long-chained hydrocarbon waxes
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• methanol wouldbe expectedby simpleextrapolationof dataobtainedin• dimethyl ether
o water theCI0 region. HanlonandSatterfield(1988) concludethat
• C2-Cs olefins the 'double-alpha effect' is not caused by olefin incorporation

70 = _ ,, paraffins (and C6+ olefins)• aromatics norisit atwo-sitecatalysteffectassociatedwithK-promoted
60- / andnon-K-promotedsites.Controlof thiseffectwould

• _,_ /_ ......... e.e¢.=_o50- provideanadditionalway ofimprovingselectivity.

40- _,""- WhenconductingFTforhighwaxformation,it is30-
_3 y_. fundamentalthattheformationof methaneisminimised.

20-
= Utilisationof FT catalystsdesignedfor highwax/low

10- methane,coupledwith theexcellentnew catalytictechnology
0 - _ _ i _ , for selectivewaxcracking,isbelievedtoprovidefor very

10 "4 10 .3 10 `2 10 "1 1 10 promisingimprovedFT technology.

Space time.LHSV 3.5.2 FT synthesis in the slurl_ phase
Figure 26 Reactionpathwayfor methanolconversionto

hydrocarbonsoverZSM 5 at 371°C (Chang In theirexcellentreview,Frohningandothers(1982)discuss
andSilvestri,1977) variationin FTprocessengineeringin ordertoimproveheat

whichcanbehydroconvertedandWactionatedintonaphtha control. Thesevariationsincludeoperationwith entrainedor
for gasoline,kerosineforjet fuel, andgasoil fordiesel(van fluid bedcatalystcirculation,liquidphaseorstaged
derBurgt andothers,1985).Thedecreasein formationof less techniques,or hotgasrecycle.
valuableC1+ C2gasesin favourof waxesintheFT synthesis
is showninFigure27. Thermalefficiencyfromnaturalgasis A slurryFT reactoroperateswith a finely dividedcatalyst
60%. A fixed-bedreactorhasbeenselectedfor theFT suspendedin anoil reactormedium. UsingaprecipitatedFe
reactionandatrickleflow reactorforhydrocracking.Product catalyst,theslurryreactorhasbeendemonstratedto yieldhigh
carbonnumberdistributionsobtainedwithF¢,Co, Ru-Wpe single-passH2+COconversionwith low(0.6) Hz/COratio
catalystshavebeenestablishedforo_= 0.7 toa = 0.93 by Sic gases,lt hasthe advantageofproducinghighC_ product
andothers(1988). Theycalculatedthedistributionof C10and yieldsandutilisesa simplereactordesign.KoelbelandRalek
of Cl0-20productsfromthetwo-stageconceptare64and36 (1980,1984)haveprovidedanexcellentreviewfrom
respectivelyfor a = 0.8,and20 and80fora = 0.95. inceptionof the conceptto 1970.Recently,avarietyof

catalysthavebeentestedforuseintheslurryreactormode.
1O0 Carrollandothers(1986) foundthatcobaltcatalystsprepared

__ from the carbonylwerepreferableto thosemadefromthe
80-__ nitrate.Kikuchi (1987)hasdevelopedultra-fineparticles

orsynthesis.Thesecatalystsaremoreactivethanprecipitated
60- catalystshavingthesamecomposition.The hydrodynamics

_= __j_ of threephase slurryreactor systemshave beenextensively
40. studied in orderto engineerappropriatecatalyticreactors for

optimumperformance(O'Dowd andothers, 1985;Bukur,

20- kerosene _ _ wax 1985,1986;Stemandothers,1985;Fujimoto,1987;Kuoand
others,1985). Heattransferpropertieshavealsobeenstudied

gas-oil (Saxena andShrivastava,1986). In addition,it hasbeenfound
0
0.75 0.80 0.85 0.§0 O.95 thatcatalyticperformancecanbeenhancedbyreductive

ii= classiCalnewcatalystCatalystprobability_ofchainshellgrowth,a pretreatment(McDonald,1986).°fthe catalystwithCO ratherthanH2
development catalyst_"

A secondconceptinvolvingslurryreactorcatalysisconsistsof
acombinationof aslurryphaseFT followedby upgradingof

Figure27 Productdistributionfor FT synthesisas a
function of alpha (vander Burgtandothers, the FT productsoverthe MTG catalyst(Poutsma,1980;Kuo
19851 andothers,1985;Haagandothers,1987). Twomodesof FT

operationwereestablished,characterisedaslowwax andhigh
Inrelatedwork,UOP hascharacterisedFT waxandthe wax.Thewaxcanbefurtherupgradedtomakegasolineplus

potentialforirsupgrading(HumbachandSchoonover,1985; diesel.TypicalselectivitiesarcshowninTable18.These
McArdlcandothers,1986;Shahandothers,1987).Further, differentmodeswereobtainedbyvaryingthecatalystand

Satterfield(1985,1986)hasestablisheddetailedinformation processconditions.Thiscombinationprocessisregardedasa
onthebasickineticsintermsoftheASF distributionrelating significantimprovementoverclassicalFT.
tohighwax formationinvroperation.Evidenceis

accumulatingthatonmostif notali FT ironcatalyststhereare 3,_.3Variationin synthesisconditionsto
twoASF chaingrowthprobabilities(Huff, Satterfield,1984). improve selectivity
The dominatingdistributionin mostcasesshiftsaboutCi0.
The C10+producttypically is about double the amount that Selectivity in FT synthesis can be significantly alteredby
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Table 18 High reactor-wax mode hydrogen selectivities Table 19 Products from SASOL Fischer-Tropsch reactors
tor the two-stage slurry FT/'ZSM-5pilot plant (Haag and others, 1987)
(Haag and others, 1987)

Operatingconditionsand SASOLI SASOLil
Yield,wt% productselectivity,wt% Arge Synthol Synthol

Producttype After FT After ZSM-5* Catalyst,alkalipromotedFe PrecipitatedFund Fused
Catalystcirculationrate,

Cz 3.3 3.4 Mg/h 0 8000 -
C,-,=/C2 1.8/0.7 I. 1/0.7 T, 'C 220-255 315 320
C._=/C3 2.8/0.8 0/3.2 p,MPa 2.5-2.6 2.3-2.4 2.2
Ca= 2.5 0 FreshfeedHz/CO,molar 1.7-2.5 2.0-3,0 -
i-Ca/n-Ca 0/0.9 (i.0)/0.7 Recycleratio,molar i.5-2.5 2.0-3.0 -
C5-CI= 22.4 39.6 H_'t+COconversion, mol% 00-68 79-85 -
CI2.,(liquid) 9.7 1.0 Fresh feed, kma/h 20-28 70-125 300-350
Reactor wax 50 51.3 Diameter x height, m 3x17 2.2x36 3x75
Oxygenates 5. i -

C I 5.0 I0.0 I i .0
Gasoline properties C2= 0.2 4.0
RVP. psi l0 C2 2.4 6.0 7.5
PONA, vol% 60/I 4/'7/19 C3= 2.0 12.0
R+O 92 C3 2.8 2.0 13.0

C4 3.0 8.0
* after alkylation (34 2.2 1.0 11.0
= indicates olefin C5-CI2 22.5 39.0 37.0

(C5-191"C)
CI3-CI8 15.0 5 .0 11.0

varying operating conditigns such as temperature, pressure, (191-399'C)
and H2/CO syngas ratio. The effect of temperature was C)9-C_.= 6.0 1.0 3.0
evident in the differences in products from the Arge unit C22-C3o 17.0 3.0 (399-521"C)

operated at 240"C and the Synthol unit operated at 315"C, C3o 18.0 12.0 0.05
Table 19. (>521"C)

Nonacidchemicals 3.5 6.0 6.0
The increaseintemperatureofsynthesisalsoisevidentinthe Acids 0.4 1.0 -
MTG processwhichhasbeentestedforolefinproduction

when operatedathighersynthesistemperatures. = indicatesolefin

Dry (1986)hasproposedFT operationathigherpressuresina

fixedbed fluidmode whichwouldhaveadvantagesofsmaller low molecularweightolefins.Relevantresearchutilisingboth

sizeand inthecaseofFecatalystswouldresultinlower zeoliteandnon-zeolitecatalystsisdiscussed.

carbondepositionand soleadtolongercatalystlife.

ltisknown thatdecreasingthesyngasfeedH2JCO ratioresults

onashifttohighermolecularweightproductsasillustratedby 0.7-

increasingctvalue(Cornils.1984),Figure28.

The effectoflowerH2/CO ratioshasalsobeendemonstrated

for Ru catalysts(Karn and others, 1965), Figure 29. '==

Other variations in operating conditions have beentested. ._
Concentration cycling has been studied to try to improve o_. 0.6.
selectivity (Gulari, 1986). Chaffee and others (1986) obtained "
unusual product distributions by control of CO/Hz/H20 _oi.

mixture composition over a Co,MgO,ThO'z/SiO2 catalyst. A

different concept was tested by recycling alkenes during CO
hydrogenation, Niiyama and Nakamura (1987; Nakamura and

others, 1988), who found enhanced gasoline yields, Figure 30.

3.6 Selective conversion to os ,o o12 o13 o'.4 o'.s o16 07

hydrocarbontypes Poo.MPa

Special attention has been given to catalysts which produce Figure 28 Dependence of growth probability on partialpressure of CO at 250"C (Cornilsand others,
preferred classesof compounds,particularly isoparaffins or 1984)
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ascomposition, H 4:1 3:1 2:1 1 :1

224 222 225 239 0.1- gas phase

82 77 66 40 _ C1 C2 C3 C4 Cs
/'\ t t t t t

usage ratio 3.9 2.5 2.2 1.9 / _ C1-,,-C2-,-C3"C4-"Cs-"-
0.05 /f _ adsorbent phase

1 C1 S-F distribution_

C1 C2"C4 k_(kp+kt) = 0.8

c, c-c, 1b 1'5 2'o
<185°C Carbonnumber

FT synthesiswith olefin homologation
gas phase

60- 185- 0.1- F_ C1 02 C3 C4 C5

c, c -c, ./--'-.,X,/- t t t t t
,7 "',_ C_.---C2-..--C3--,..C4.--"Cs

352°C 0.05" '/ ""_- adsorbent phase
,. t / S-F distribution _ reactivity for hornologation

<185'.. .352- / _3> C4> C5464=C

185 6 1'o 1'5
1 352* >464"C Carbon number

Figure 30 Anderson-Shulz-Fiorydistributionof
0 -C2-C4- hydrocarbonsexpectedin FT synthesisand

its changewhen olefir_homologationis
superimposed(NiiyamaandNakamura,1987)

Figure29 Effectof H2:_Oratioat 2.2 MPa overa0.5% Ru
on alumina catalyst(Karnand others,1965)

Possiblythemetalmigratesoutof the zeolitewithtimeof
operation.Iwasawa(1987)usingZSM 5 coatedwith

3.6.1 Isoparaffin synthesis Zr(OC2Hb)4todepositZrO2,reportedthecatalysttobevery
selectivein producingisopentanefrommethanol,Table20.

There isparticular inr rest in the synthesisof isoparaffins.
Originatedin Germany. the conversion of syngas to Considerablesuccess in selective formationof isoparaffins
hydrocarbonshaving a high contentof isoparaffins,especially was also achieved using bimetallic Ru-Ptsupportedon
isobutaneand isobutene, hasbeen termed the Isosynthesis zeolites (Fujimotoandothers, 1985;Tatsumi, 1986).
Process.reviewed by Cohr (1956). The Isosynthesis Process Tominaga (1987) found the best catalystin termsof high CO
differsfrom the usual tn' ,.;ocess in that it is conductedat conversion andhigh selectivity [o gasoline (70%)andrich in
considerably higher temperatureand pressureand usesas branchedchain components was a 2%Ru 2%PtlHYzeolite.
catalyst a difficultly reducibleoxide, particularly ThO2. The Alloy formationwas confirmed to be responsible for the
activity is increasedby the additionof 20_- aluminaand the enhanced CO conversion. Non-ASF productdistributionand
addition of 3% K, based on A1203, gave a fu, :her increase in i/n ratios higher than thermodynamic equilibria werededuced
iso-C4compounds. Product distribution does not follow the to be due to acid catalysed secondary reactions of isoalkanes.
ASF distr,outior pattern. At temperatures below 400"C, A similar catalyst supported on DAHY was fairly resistant to
alcohols are the main products. At t,.mperatures above 500"C, deactivation during operation. Shul and others (1986)
low molecular weight hydrocarbons predominate. Interest in investigated the durability of zeolite-supported Ru-Pt
lsosynthesis has revived (Shah and Perrotta. 1976; Chang and bimetallic catalysts for isoalkane synthesis from syngas.
others. 1979). A laboratory pilot study conducted byTalbot lwasawa (1987) using Pd-supported on ultra thin
(1983). establish_.dprocess variable/product distribution lanthana-coated ZSM 5 was able to obtain hydrocarbons of
relationsb:;;:,. Tseng and Eckerdt (1987) and Silver and others which 71% was C3, 96% being propane. Fujimoto and others
(1986) concluded that over ZrO2, isosynthesis propagation is (1985) produced >80'%selectivity to C3-C4paraffins using a
via inserT!onof CO into an aldehyde. Fujimoto and others, hybrid catalyst comprising a methanol synthesis catalyst and
1985,6etermined the activity and selectivity to isoparaffins Y-type zeolite. An H-silicalite support for Rh-Ti-Fe-Ir was
over Ru catalysts egulated by a wide range of promoters, found to convert syngas to ethylene with a 45% selectivity
Chaffe and others (1986) established unusual product (Arakawa and others, 1986).

- distribution using a 24% Co, 2.5% MgO, !.4%
ThO_.ffkieselguhrcatalyst. 3.6.20lefin synthesis

= Another approach forapplicationof metal/zeolite car.alystsis Development of new FT catalysts has also focused on
to produce higher yields of isoparaffins,as reported by increased activity and enhanced selectivity to lower molecular
Fraenkel and Gates (I980). Later work showed that the v,eight olefins. Interest has stemmed, on the one hand, for

: higher-than-usual isoparaffins appearto be transitory, producing chemical feedstocks as well as for conversion to
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Table 20 Selectivities and activities in the CO/H2 reactions(Iwasawa, 1987)

5electivity,%

Catalyst "rrc COconv, % Ci C2 C2= C3 C3= c.4 C.4=- C5+ CO2 Me20

ZSM5/ 300 0.07 61.7 14.I 3.9 9.4 3.1 7.8 0.0 0.0 0.0 0.0

(ZrO2)0.7350 0.13 61.4 10.9 7.3 9.2 3.9 0.0 0.0 0.0 0.0 0.0
400 0.23 62.6 10.4 10.2 8.5 3.6 0.0 0.0 1.4 0.0 0.0

ZSM5/ 300 0.04 72.8 l1.9 5.I 6.8 3.4 0.0 0.0 0.0 32.I 0.0
(ZrO2)j 350 0.75 35.1 10.7 3.7 9.9 1.6 21.8 0.6 16.7 24.7 0.2

400 •0.31 49.5 15.9 3.2 9.3 1.59 17.2 0.5 3.0 34.4 0.2

ZSM5/ 270 0.I1 63.3 16.0 3.I 13.7 3.I 0.8 0.0 0.0 34.4 0.2
(ZrO2)2 320 0.40 61.5 11.3 7.6 10.4 2.8 5.1 1.3 0.0 34.7 0.2

370 0.59 60.7 13.4 9.9 I l.l 2.7 2.1 0.1 0.0 31.6 0.1

= indicates olefin

liquid fuels (Sheldon, 1983; Falbe, 1982; Keim, 1986). Snel magnetite catalysts in slurry phase. Selectivity to C2-C4
(1987) provided a critical review showing selectivity to olefins olefins was 48%. CH4 was suppressed to 11%. Attention is
may be influenced by several _'fects: classified as basicity, also drawn to high olefin selectivity resulting from partial
catalyst dispersion, electron-withdrawal ligand, and several poisoning by sulphur (Tong and McCarty, 1987).
support interaction effects. Improved selectivities have been

observed for K-promoted Fe (for references in the rest of this Research on olefin synthesis using zeolite catalysts has also
paragraph, see Venter and. others, 1986), Fe promoted with Ti, been productive. The MTG process can be altered to
V, Mo and Mn oxides, catalysts promoted by sulphur, maximise olefin production (the MTO process) by increasing
bimetallic and coprecipitated Mn-Fe catalysts, and space velocity, decreasing MeOH partial pressure and
carbon-supportedcatalysts.Inrecentyears,various increasingreactiontemperature(Sotoand Avidan1985;Haag

researchers have reported that the introduction of manganese and others 1987). Yields reported for the MTO process are
in FT catalysts increases olefm selectivity. Most of these C1-C3 paraffins, 4 wt%; C4 paraffins, 4%; C2-C4 olefins, 56%;
studies were conducted with bulk Mn-Fe catalysts prepared by C5+ gasoline, 36%. Hoelrich and others (1983) reported

coprecipitation or initial alloying, although various C2-C4 selectivities as high as 80% as did Supp (1985). lt has
organometallic compounds have been used as precursor. A been possible to convert olefins to gasoline plus diesel fuel in
promising method of obtaining highly dispersed supported >95% yield, by the Mobil MOGD process. Further, because

catalysts is the use of an organometallic mixed-metal cluster of the catalyst shape selectivity, the majority of products are
as metal precursor. This method has the advantage of intimate methyl branched olefins (Haag and others, 1987).
metal contact between the zero-valent metals in known

molecular ratio. Venter and others (1986, 1987a,b) studied the The conversion of syngas to hydrocarbons has also been
preparation, characterisation and catalytic behaviour or developed by Dow using Mo-based catalysts. The catalyst is
carbon-supponed Fe/Mn/K cluster-derived catalysts with Mo on a carbon support, promoted with 0.5-.4 wt% K. These
special emphasis on those giving unusually high selectivities carbon-supported catalysts convert syngas to high yields of
to light weight olefins. Their best catalysts, KMnFe2/S and ethane, the most desirable cracking stock to ethylene. The
KMnFe/C produced a hydrocarbon product containing, for advantages of these catalysts is that they avoid liquids
example. 31% C2H,_.39% C3H6, 20% C4HI0, and 11% CH4. altogether and are sulphur tolerant. The major disadvantage is
Kim and others ( ! 986) also investigated the influence of Mn the high methane yield. Furthermore (Pedersen and others,

as a promoter for C2-C.4olefin production, finding that the 1980), ethane selectivity from syngas is significantly greater
olefin/paraffin ratio increased from I. l to 5.3 as the Mn than ASF predictions over related catalysts, Mo or V plus le,
content was increased from 0% to 10.6%. Raney Mn-Fe was supported on alumina or titania, in the presence of H2S.
particularly effective. Barrault and others (1984) stressed the

importance of the nature of the precursor in controlling Peuchert and Linden (1984) reported on a series of Co
catalyst properties. From the mixed oxide, FexMnyOz, a catalysts on ZSM 5, silicalite, mordenite, and silica.
catalyst was made which produced a product with 75% C2-C4 Pronounced changes were observed in selectivity for CO
of which 70% were olefins. Hnatow and others (1984) hydrogenation. The Co/silicalite catalyst markedly suppressed
established the effect of alkali in promoting precipitated Fe methane formation, and showed high olefin selectivity in the
catalysts in improving l-alkene selectivity. Gustafson and C_C4. fraction, !noi and Mi.ya_.m.oto(!987) found that a
Wehner (1986) concluded that the addition of Pd to Fe Fe-Mn-Ru/zeolite composite catalyst was very effective in
supported on ZnO results in an increase in activity; selectivity converting syngas to C2/C4 olefins. Among the synthesised
to alpha olefins remains high. Pd may increase the dispersion silicates, Fe-silicate having the pentasil structure exhibited

of the Fe and kinetic studies showed that Pd may assist in very high performance in converting light olefins to high
activation of H2. Hagiwara and others (1986) studied octane gasoline. Ga and Pr/Ga-silicate were active and

hydrogenation of CO to light olefins over chlorine-containing selective for the conversion of light olefins to aromatics
[.
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(68%). In other studies, Misono and others (1987) found that methane, high wax product which is selectively hydrocracked
Ru supported on intercalated montmorillonite produced to liquid fuels, particularly middle distillates, lt is reported
C4-Ct0 hydrocarbons with 80% selectivity. The shape that this type of process is being considered for installation in
selectivity of acid catalysed secondary reactions was seen to Malaysia starting with natural gas. The overall energy
be an important factor, efficiency is estimated to be 60%. A second advanced

technology employs a slurry catalyst system, with process

3.7 KoelbeI-Engelhardt synthesis advantagesderivedfrom superiorheatcontrol.A specialdevelopmentalongthislineisacombinationof slurryFT
Systematic research on the role of the water-gas shift reaction followed by processing overa catalyst containing zeolite
led in 1949 to the development of a new process hydrocarbon ZSM 5. Of the product, 71% is gasoline having an octane
synthesis from CO and steam, referred to as the rating of 90 research and 83 motor. Many of the recent
Koelbel-Engeihardt or KE process (Koelbel and Ralek, 1984). outstanding catalytic advances have been made possible by
The reaction the relatively recent discovery of new zeolite catalysts and

their capabilities. A major industrial accomplishment is the
3 CO + H20 ---> -CH2- + 2 CO2 MTG process which has been installed in New Zealand. The

TIGAS process represents a simplification with lower capital
occurs on iron, nickel, and ruthenium catalysts. The process investment costs. There is a need to provide further
makes possible hydrocarbon synthesis without the production simplification by developing multifunctional catalysts which
of hydrogen and is suitable for use with hydrogen-free or at one temperature, are capable of converting syngas through a
hydrogen-poor, CO-rich gases such as producer gas or blast transitory methanol and then to gasoline and diesel fuel.
furnace gas. The primary products of the KE process consist
of mainly unbranched aliphatic hydrocarbons which, Higher selectivity in synthesising liquid fuels has been
depending on reaction conditions, can be primarily olefins. In achieved by use of novel catalyst systems. Iron catalysts in
principle, ali catalysts that are active for the FT reaction and the carbonitride form have shown higher gasoline yields
are oxidation resistant under KE conditions, are active for KE (36% vs 26%) compared with conventional catalysts.
synthes';s. Iron catalysts,are particularily valuable, but cobalt Raney-type alloys of Fe-Mn are two to four times as active as
and nickel catalysts also catalyse the reaction. Under high catalysts of the same composition prepared by conventional
pressure, rutheniumcatalysts produce longer hydrocarbon coprecipitation methods, lt has been demonstrated that the use
chains. Considerable catalyst research has been directed to of ruthenium of small crystal size, 1nm diameter, gave greater
increasing activity, life, and selectivity. Nitriding the iron selectivity to higher hydrocarbons; larger particles, 11 nra,
catalyst hinders CO decomposition. Addition of alkali salts gave mainly methane. This points out opportunities for
suppress methane formation. The process was developed in control of selectivity by use of the concept of metal ensemble
both the fixed-bed and slurry reactor modes, with latter size, and fundamentally in the adjustment of multiple sites
preferable. In 1953, a slurry phase demonstration plant began which are catalytically interacting. This may be a factor in the
operation in Germany and was operated successfully for two finding that partial poisoning of metal catalysts by sulphur can
years, producing about 11.5 tonnes of product a day. bring selectivities of C2-C4olefins synthesis to over 50%,
However, economic interest diminished with the decrease in much higher than the ASF distribution. Partial poisoning has
CO content inexit gases in the modem steel industry, been found to be a very powerful technique for selectivity
Nevertheless, the simultaneous operation of KE and FT control in a variety of catalytic applications. There have been
reactors can be advantageous. The successful operation of the additional examples in selective synthesis of C2 hydrocarbons,
KE demonstration plant using CO and water may have made including notably the use of MOS2.Selectivity in the synthesis
its greatest contribution to the enhancement of recent growing of isoparaffins has also been improved greatly, particularly
interest in slurry phase FT reactors and catalysts designed for involving the use of zeolite catalysts. A Ru-Pt/HY catalyst
their optimum operation, has produced iso/normal hydrocarbons greater than

thermodynamic equilibria and greater than ASF predictions,

3.8 Commentary theiso/normalC.4ratiobeing.10. lt shouldalsobepointedout
that importantnew understandingsof the catalyticchemistry

In summary,thischapterhaspointedouta numberof recent hasbeenachieved,particularlythe keystepsof dissociative
significantadvancesincatalytictechnologyfor conversionof COchemisorptionandCO insertionreactions.This hasbeen
syngasto liquidhydrocarbonfuels. Someareimprovements matchedbya newunderstandingof thecoupleddependency
in classicalFT technology.Theserepresentopportunitiesfor of catalystcomposition,preparationaltechniques,
additionalimprovementthroughresearch.Onepromising pretreatmentandsynthesisconditions.Thisknowlextgecan
techniqueis thecatalyticconversionof syngasto a low contributegreatlyto effectivefuturecatalystresearch.

i
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4 Scientific design of catalysts

Thereis agrowing belief thatcatalytictechnologyisbeing 4.2 New scientific approaches
transformedfrom an an to a science, with the possibilityof the
scientific design of catalysts of greatlyimprovedcapabilities. In additionto the relatively new instrumentalapproachto

catalyst research,and to increasingunderstandingof catalysis
4.1 Surface science by enzymes,man-madeenzymemimics,andhomogeneous

molecularcatalysts,thereareothernewapproacheswhich
Thedevelopmentof advancedinstrumentaltechniquessuchas havepromise.Computer-assistedgraphicsisapowerfulteel
FTIR (Fouriertransforminfraredspectroscopy),XPS(X-ray usedincomplexbiologicalsystems.Visualmodelsof catalyst
photoelectronspectroscopy),EXAFS (extendedX-ray structuresandreactantmoleculesareconstructedtohelpguide
absorptionfinestructure),NMR (nuclearmagnetic synthesisof desiredgeometricshapesanddimensions,goalof
resonance),SIMS(secondaryionmassspectrometry)to molecularlyengineeredcatalystdesign(Cusumano,1987).
identifyafew,nowprovidesthemeansofdeterminingthe Newperspectivesoncatalysisfrom surfacescienceemphasise
surfacestructureof catalystsandsurfacecomplexesonan thecouplingof measurementsof reactionkineticsat elevated
atomicscaleneverbeforepossible(Kelley,1987). Thisis pressureswithanultrahighvacuumsystemforsurface
believedtoprovidethemeansforplacingcatalysisonanew analysis(GoodmanandHouston,1987). A kineticmodeling
scientificbasis.This in rumpromisesanunderstanding approachto designof catalystshasbeenproposedby Dumesic
which,it isbelieved,will makepossiblethesynthesisof andothers(1987)whichallowsestimationofcatalyst
catalystsdesignedto catalysespecificreactions,catalysts performancefromreactionmechanismconsiderationsand
which would nothave been achieved by a trial-and-error serves to direct the catalyst designer towards experiments
method. Surfacescience research reportsand discussion which arelikely to yield the catalyst propen/es .,,ought.
relevant to catalysis are found in the proceedingsof the
quadrennialInternationalCongresseson Catalysis, biennia] Anotherconcept oi"catalyst design is basedon pulse surface
meetings of rhoCatalysis Society of NorthAmerica, reportsof reactionrateanalysis (PSRA) which hasbeen used in which
variousEuropeanmeetings on caxaiysisandjournalswhich has been used in which thedynamics of both CO adsorbedand
deal withsurfacescience. An instructivereview pertinentto CH2producedwere simultaneously measuredoverRu/AI203
syngas reactions is given by Davis andSomorjal (1985). catalysts (Mori and others, 1986). This techniquehasbeen
Otherpapersdeal withspecific topics, for examplewith SMSI used to design promoted Ru/A1203catalysts (Mori andothers,
(strong metal suppon interaction) (Uchijimaand Kunimori, 1986;Takahashiand others, 1986). A relatedproposalis to
1987)and surface carbonformation(Bunand Stan, 1985). lt design catalystsusing artificial intelligence (Murakami,1981).
is beyondthe scope of this review to discuss, much less to
evaluate, this complex and emergingfundamental research Furtherscientific studies can contributeto new and improved
area,other thanto point out that significant advances are catalysts.Possible examples are superconductivematerials
continuingand thatsurface science offers a major opponunivy with unusualcatalytic propertiesor advances inphoto-assisted
for design of greatly improved catalysts, catalysis or electrocatalysis.
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5 Economic considerations

lt is appropriateto considerthe factorswhich make up the 5.1 Cost of synfuels
costs of synfuels and also the cost decreases which successful

research could make possible. A comprehensive assessment of synfuels has been made by
Teper and others (1984), Figure 31. A major advantage in this
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Figure 31 The cost of transport fuels from coal (10% DCF rate-of-return, no tax, SNG at ,_$.5/GJ) (Teper and others,
- 1984)
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Economic considerations

in-depth assessment,is the applicationof a single standard basis.However, beyond the direct comparisonof fuel values
basisfor comparisons, on anenergybasisare their quality orengine performance

values, measuredbyoctanevalue for gasoline, cetane value

Salmon (1986) hasprovideddetailed economicsof production for diesel, and alcohol performance inhigh compression
of methanol from coal and naturalgas. The general engines. Other considerationsincludeenvironmental benefits.
conclusionwas reachedthat methanol from coal is Perhapsmost instructive is the successof MTBE - a synfuel

approachingcompetitivenesswith methanol from natural gas, which is growing rapidly world-wide, whosesuccessis based
providing that favourablefinancing arrangements and on its highperformance asoctane enhancer,economically
guaranteescan ix obtainedand that the price of natural gas is preferred over other methodsof achievingneededoctane.
above S_,/million Btu level.

In orderto assessthe value of potential improvementsin

The elements which make.up coal conversioneconomicshave catalytic technology, it is instructive to consider the relative
been summarised by Mills and Knudsen (1979), Table 2l. costelementswhich have beensummarised by Dry (]986):
The high costburden contributed by plant investment charges
is emphasised. Thus, improvedenergy efficiency can improve Synthesisgasproduction58%
economicsonly a small amountrelative to catalyst (Coal gasification 53%, CH4 reforming 5%)
improvements whichcan reducecapital costs. FT synthesis18% (plant ]5%, catalyst 3%)

Product separation12%(cryogenic 4%, oxygenates4%)

Table 21 Coal conversion economics (Millsand Knudsen, Refinery 10%
1979) Diverse 2%

MSannual $/GJ $/tonne Dry noted that the advantage of a big improvement in FT
selectivity is that the costsof both theproduct separationand

Cap.italcharges! 1.5% 144 1.60 77 the refining sections are lowered.
depreciation(5.0%)

maintenance(4.0%) An overview of the improvement inhypothetical 'advanced
insandtaxes(2.5%) liquefactioncostsis provided by the IEA assessmentof costsCoal at $27.5/tonne 125 1.42 66

Operating cost 16 0.19 9 in Figure 31.

Manufacturing cost 285 3.21 152 Gray (1984) and Gray and Tomlinson (1985) have provided
Federal tax 125 1.42 66 an estimate of the potential for economic improvements in
Profit at 10% after tax 125 1.42 66 indirect liquefaction. Specific estimates on the value of

-- improvements have been provided by Gray and others (1980),
Annual sales 535 The Impact of Developing Technology on Indirect

Liquefaction; E1 Sawy and others (1984), A Techno-Economic
Selling price 6.05 284 Assessment of the Mobil Two-Stage Slurry FT/ZSM-5

Process; Tomlinson and others (1985), The Impact of
Basis: Plant site 7.1 Mm3(250 Mft3) gas or 5700 tonnes Water-Gas Shift Requirements on the Economics of Indirect
(42,000 bbl) oil/day; plant investment $1.25 x 109;
thermal conversion efficiency 67% Liquefaction Processes; and El Sawy and others (1986),

Development of a Techno-Economic Model for the Evaluation
of Research Opportunities in FT Synthesis. lt was concluded

General reviews include the evaluation of alcohols as motor that the elimination of the shift requirement would result in a
fuels assessed from an overall viewpoint by the Swedish gasoline cost savings of 5%. The cost savings in advanced

Motor Fuel Technology Co (1986). The economic impact of synthesis systems such as slurry/ZSM 5 two-stage process are
new developments in methanol technology has been reported in the range of 12-15%. The advantage of increased catalyst
by Dybkyjaer and Hansen (1985). A ranking of synthetic activity is illustrated in Figure 32, which depicts a family of
fuels from indigenous resources for road transport in the curves which represent progressive reduction in the unit cost
United Kingdom has been provided by Langley (1987). of refined FT products with increasing level of catalyst

selectivit_t at different levels of catalyst activity
lt should be noted that on the basis of conventional (CA = m syngas converted per g Fe per hour in slurry
economics, synfuels are about twice as expensive as operation).
petroleum, currently priced at about $18 per barrel.

Calculation for wax upgrading indicates that wax

5,2 Value of attaining research hydrocracking offers the least unit costof refined FT productscompared to both theconventional and non-conventional

objectives refining schemes. This is due to the lower capital and higher
outputo_"the wax hydrocracking unit ascompared to that of

lt is fair to say that presently developing improved technology the FCC unit.
is er.pect_ to improve economics 5-10% in some instances

- and perhaps 30% or so overall. These represent large savings The economic impact of an improved methanol catalyst has
- in costly synfuels plans but in general do not provide synfuels been estimated to be 10% (Grens and others, 1983). Greater

which are as cheap as today's petroleum on a calorific value improvements were seen by Short (1987) for a catalyst which
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Economicconsiderations

CA is cubic metres convened • CA = 1.85 Theabovereviewofeconomicsisbelievedtoillustratethe
1.9" I per gram of Fe per hour mmCA = 3.7 rangeofeconomicimprovementswhich are on thehorizon

1.851 _ • CA-- 7.4 throughdevelopmentswhichareinprogress.It shouldbe

1.8 _ emphasisedthatimprovedcatalystshaveanoveralleconomico"1.7 effectnotonlyontheFTsynthesisstep,butalsoonde,creasing
_= thecostof reactorsusedfor thesynthesis(thatis, moreactive

1.7 catalystsmeansmallerreactorsorfewerof them)andalsoon
1.6 simplification of product upgradingrequired to produce

1 su syngas'cleanup requirements. Catalysts capable of processing
H2]COratio gases eliminate the shift reaction. It is the

sum of ali these improvements that lead to the overall 20-30%
reductioninproductcosts.

1.40 t_r"--"---' i ....
0.72 0.76 0.80 0._14 0._18 0.92 0.9'6 Furthermore, it is the.fuel performance value, not just fuel

Selectivity level energy content, whichdetermines the economic value of a
Figure32 Changein unit productcost with changein fuel. Specifically,it is the valueofhigh octaneenhancement

selectivity level (El Savvyandothers,1986) by syntheticfuelsin blends,comparedtoothermanufacturing
costsof achievingrequiredoctanevalues,whichprovides
economicimprovements.This is particularlyimportantwith

canoperateat 120"Canda pressureconventionalfor phase-downandeliminationof leadin gasoline.
gasificadon.

The potential for newresearch directions is great- catalysts
In order to scope the potential for biosynthesis in indirect which are much more selective to high performance fuels (for
liquefaction of coal, Bechtel (1986) provided an evaluation of example, direct conversion of syngas t9 MTBE), much more
technical and economic potential, lt was concluded dlat costs active catalysts resulting in lower plant costs, catalysts which
for ethanol could be 60--80 ¢/gal compared with fuel use satisfy radically new process concepts (coal simultaneously
ethanol of 100-130 ¢/gal and gasoline of 40- 80 e/gal, gasified and converted to gasoline or methanol).

=

48



6 Assessmentand recommendations

The techmcal status for the catalytic conversion of syngas to recognised that some represent possible improvements in
synthetic liquid fuels has been reviewed with emphasis on technology already under development.while others are of a
recent research results. Significant advances in various longer term nature. For those under development the thought
investigations have been summarised at the end of C_pter 2 is that a further advance could be very valuable in justifying
for oxygenate fuels and Chapter 3 for hydrocarbon fuels. A their industrial installation. For the mid- and longer-term
synopsis of the scientific design of catalysts was presented in projects, it is expected that these have the potential for even
Chapter 4. Chapter 5 provided guidelines for evaluating the greater improvements.
economic importance of research accomplishments. General

improvements in catalytic technology which areneededfor 6.1 Research for near-term
more efficient conversion of syngas to liquid fuel are

summarised below, followed by specific recommendations for applications
new directions for catalytic research.

Slurry FT/ZSM 5. A better knowledge is required of the
Catalytic improvements which could contribute significantly essential reactions in each stage of the combination slurry
to more economical manufacture of synthetic liquid fuels are: phase FT/ZSM 5 process to provide improved catalytic

integraaon of the two stepsfor optimum performance.
1 catalysts which havehigher selectivity to molecular species

which are useful as high performance fuels. For Wax and crack, Research should be carried out to find

hydrocarbons, this means conversion, preferably in one catalysts which synthesise a high wax hydrocarbon product
step, to high-octaae gasoline components, namely having a narrower and hence improved molecular weight
isoparaffins and aromatics, or to olefins which can be distribution.

convened to liquid fuels. For oxygenates, this means

octane-enhancing ethanol or higher mixed alcohols, or MTG process. A multifunctional catalyst should be sought
special value molecules such as MTBE. which, at a single temperature in a single reactor, is capable of

2 catalysts which eliminate or greatly reduce methane conversion of syngas to methanol and thence to high octane
formation, particularly in dm FT process or higher alcohol hydrocarbons, with low methane yield.
manufacture.

3 catalysts which provide for operation of process modes Methanol, There should be a search for a very active catalyst
which are engineered to improve plant mvesunent and for synthesis of methanol which can be used at a temperature
operating costs. An example is the catalytic slurry system of about 150"C. This research should be integrated with
which can control heat release and decrease requirements engineering studies to design plants with lower investment
for syngas recycle, costs.

4 catalyst systems capable of providing for process integration
for better energy efficiency. Slurry synthesis. A determination is needed of the reasons

5 catalysts with higher stability, resistant to deactivation by for loss of catalyst stability in slurry operation for synthesis of

carbon deposition or by sulphur or halides, hydrocarbons or of alcohols, and improved catalysts and
procedures established which provide for some stable

Specific recommendations for research are as follows, it is operation.
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Assessmentand recommendations

CI-C6 alcohols.A concertedeffort shouldbemadeto find Sulphidecatalystsshouldbestudied.A specialobjective
ways to lower methane formation, shouldbe to improveMoSx andrelatedcatalysts so that they

produceless low molecularweight hydrocarbons.
Methanol homologation. Moreselective catalysts should be
sought for directconversionof methanol to ethanol using Melt catalysts are inan exploratoryphaseandproffer
syngas, opportunitiesfor synthesis of particularmolecules of interest

asfuels or fuel precursor. This is a new researchdixection.
Methanol fuel use, Improved catalyticsystems should be
found to increase energyefficiency in use of methanol fuels. Thechemistry of thewatergas shiftreactionshouldbe better

established, particularly in respect to thesynthesis reaction

6.2 Research for the mid-term andfor preparationof catalystswithimprovedbalanceof
functionsabletoutilisesyngaswith lowHz/COratios.

These recommendations arebased on exploratory research
resultsand new conceptssuch as: biocatalysis, partial Epitaxialdepositionoffers a means of providingnovel metals
poisoning, metal ensemble size control,metal complexes, characteristicsnot foundotherwise. These can have unusual
supported andmodified multimetals, molybdenum-groupVIII chemical and thereforecatalytic properties.
metal combinations, dualsites, melt catalytic systems, alloys,
epitaxial depositions anda wide range of ideas on Unusual inorganicstructuressuch as layered smectites, new
zeolite-containing catalysts, zeolites with differentporestructures,and new ceramicsolids,

carbonitridesor ion implantationsystems, areresearch topics
Biocatalysis for conversionof syngas to liquid fuels offers an for improvedcatalytic properties.
essentially new researchapproachwhichmerits support.

Combinationsof zeolites and metals offers one of the most

There is greatmerit in developing thetechniqueof partial challenging opportunitiesfornew catalyticcapabilities. One
poisoning of metal catalysts withsulphurorother agents, and particularobjective is to keep themeta},from migratingfrom
so restrict unwantedreactionsand improveoverall selectivity, the zeolite pores. Other ideas include new types of zeolites in

whichFe replaces Al, ship-in-a-boule techniques,
The effect of metal panicle size needs to be betterunderstood encapsulatingcarbon molecular sieves, andothers.
and techniquesfor controlof panicle size established, with the

objectiveof determiningif theselectivityobservedcanbeput 6,3 Research for the long-range
to practicaluse.

Fundamentalresearchisessentialtoachievenewand
The use of metal-organic complexes, including metal clusters, improved catalysts. In summary, such research is concerned
is recognised as offering the potential for unusually high with establishing reaction mechanisms, in understanding the
selectivity attained by control of geometric and electronic surface science of catalysis and catalyst structure-performance
factors through choice of metal and ligands. The investigation relationships, as well as searching for new techniques for
of transition metal complexes is recommended, scientific design of catalysts.

A goal should be to establish the practical technology for The dynamics of catalytic reactions are fundamental to the
synthesis of isoparaffins and isoalcohols, building on the essential performance of catalysts. A major research
promising information already established and overcoming commitment should be the identification of catalytic
loss of selectivity during operation, mechanisms. This can provide, as it has so successfully in the

past, the scientific knowledge and particularly as a source of
Synthesis of very high yields of low molecular weight olefins new ideas for catalytic improvements which otherwise would
have been reported using several different types of catalysts, not have been achieved.
lt should be a prime research objective to follow up on these
leads and to develop practical catalysts for selective olefin New advanced instrumental capabilities to examine catalyst
synthesis, surfaces on an atomic scale has revealed new understandings

of catalyst structure and surfacecomplexes. Catalyst
Research is needed to find a catalyst which controls chain characterisation by new instrumental techniques as well as
growth synthesis beyond a certain stage by finding catalytic classical methodology have great promise for the scientific
chemistry which avoids the polymerisation type mechanism or design of new and improved catalysts and research on
limits it from proceeding beyond a certain stage, structure/performance should be pursued vigorously.

Modification of supported metals is a field of great potential, The ability to visualise by computer-assisted graphics the
with opportunities in the use of special supports, chemical geometric parameters of catalysts in relationship to their
modifiers, and utilising multimetal components, chemical structure and reactant molecules can provide for the

synthesis of catalysts having new and precise capabilities.
Dual function catalysts whichactivate hydrogen and carbon
monoxide on separate sites offer a new means for control of A scrutiny should be made of scientific di,_ 9veries which
catalytic performance and warrant research to understand and could contribute to novel high performance catalysts.
improve on performance. Examples could be in discoveries in superconductivity
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Assessmentand recommendations

materialsor in fieldsleadingtoelectro-assistedor improvedtechnologyfor improvementsintheeconomicsof
photo-assistedcatalysis.Theseshouldbeinvestigated,at least indirectcoalliquefaction.Improvedcatalystscanprovide
onanexploratorybasis.

- greaterselectivitytohighervaluehigh-performancefuels;
lt haslongbeenknownthatthoseexperiencedin catalyst - decreasedplantcosts;
preparationhavebeensuccessfulinmakingimproved - higherthermalefficiency.
catalyststhroughanintegratedapplicationoftheirexpex_¢nc¢.
lt shouldnowbepossibleto putcatalystsynthesison thebasis lt hasbeenestimatedthatcatalystshavingimproved
of theapplicationof artificialintelligenceandother capabilitiesforsyngasconversionhavethepotentialto
computerisedtechniques, improvetheeconomicsof syntheticliquidfuelsmanufacture

by 10%toabout30%. Bettercatalystscanprovideeconomic
6.4 Conclusions savingsnotonly in theconversionreactionstep,buttheycan

alsobeadvantageousbyacombinationof simplificationof
Thepurposeof this reportistopresentanddiscussnew productupgrading,eliminationof shiftreactionrequirements,
researchideasandexperimentalresultsforthecatalytic andlesseningof needsforsyngaspurification.Beyondthese
conversionof syngastosynfuelssoastoassistin judgements advantages,theselectivesynthe.sisofproductswhichareof
intheirtechnicalandpracticalmeritsandtoprovidepossible highperformancevalueasfuels,notablyoctanerating
justificationforfutureresearchprojecgs.It is believedthat enhancement,cancontributeto economicbenefitsfar beyond
themareexcellentnearandlongertermopportunitiesfor theirvaluebasedontheirheatsof combustion.
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