
THE INDIRECT LIQUEFACTION OF COAL 

by 

Irving Wander 
and 

Kalkunte S. Seshadrl 

Chemical and Petroleum Engineering Department 
University of Pittsburgh 
Pittsburgh, PA 15261 



Page Intentionally Left Blank 



CONTENTS 

Section 

Ii THE INDIRECT LIQUEFACTION OF COAL 

SU~R4ARY.....,....,.......................................... 

THE FISCHER TROPSCHAND RELATED REACTIONS ............. , ..... 

Introduction..,..,...,.,,,,,,,....,.,....,.,,,,,..,,..,..... 

A. FiSCHER-TROPSCH SYNTHESIS ............................... 
Chemistry of the Fischer-Tropsch Synthesis .................. 
Thermodynamics of the Fischer-Tropsch Reaction .............. 
Kinetics of the Fischer-Tropsch Synthesis ................... 
The SASOL Plants ............................................ 
On the Mechanism of the Fischer-Tropsch Synthesis ........... 
The Carbide ~ahanism ....................................... 
The Hydroxycarbene Mechanism ................................ 
The Carbon Monoxide Insertion Mechanism ..................... 

The CHx-Stepwise Polymerization ~chanism ...... . ............ 
The Effect of Temperature ............................. . ..... 

Promoters,,,,,,..,,,,...,,,.,..,,,,,,,,,,,,,,,.,...,.,,,.... 
Gas Composition and Reaction Pressure ....................... 
Deactivation of Catalysts ................................... 

B. THE KOLBEL-ENGELKARDT (K-E) SYNTHESIS ................... 

C. THE ISOSYNTHESiS ........................................ 

References........,....,.................,.........,........ 

METHANOL SYNTHESIS AND USES AS A FUEL, AS A CHEMICAL 

AND AS A CHEMICAL PRECURSOR ................................. 

Introduction....,,..,....,,.,..,....,,.....,..,.,....,...... 
History of Methanol Production .............................. 
Chemistry of Methanol Synthesis ............................. 
Kinetics,....,.,..........,,.,..,,.,.,,........,..,.,,...,,, 
Feedstocks ................................................... 
ProcessTechnology and Reactors ............................. 
Liquld-Phase Methanol Synthesis ............................. 
Othir Reactions for Methanol Synthesis ...................... 
Methanol from Coal .......................................... 
References..,....,,...,.,,.,..,,.,,,...,...,.,.,.,.....,,... 

HYDROCARBONS FROM METHANOL AND OTHER SUBSTRATES USING 
SHAPE SELECTIVE CATALYSTS: THE MOBIL'S METHANOL-TO- 
GASOLINE (MTG) TECHNOLOGY ....................... . ........... 

Introduction ................................................. 
Shape Selective Catalysts; the Mobil (MTG) Process .......... 

II-i 

Ii-4 

!I-4 

II-7 
II-13 
Ii-15 
I!-20 
Ii-21 
II-26 
ii-35 
Ii-36 
II-37 

ii-39 
II-43 
II-43 

II-44 
II-44 

II-46 

II-49 

ii-52 

II-60 

II-60 
II-62 
II-64 
II-68 
ii-69 
ii-69 
II-70 
11-71 
Ii-72 
II-74 

I I - 7 7  

I I - 7 7  
I I - 7 8  

iI-i 



Operation of the MTG Process--Reactor Design in the 
MTG Process ................................................. 
The Mobil Two-Stage Fischer-Tropsch (MFT) Process ........... 
Use of Bifunctlonal Catalysis ............................... 
References...°.,...............,.,..°,.®°.,°...,,.......,.., 

METHANOL AND HIGHER ALCOHOLS AS FUELS ................... q... 

Introduction ........................ . ....................... 

Dissociated Methanol as a Fuel for Automobiles and 
Gas Turbines ................................................ 
Ethanol as a Transportation Fuel ............................ 
Ethanol Directly from Syngas ................................ 
The Homologation of Methanol to Ethanol ..................... 
References,.,..............°............~..,............,... 

SYNTHESIS OF HIGHER ALCOHOLS ................................ 

References.~.o.....,,.....,,.......,.o.,,,.®®.,.,..,.,..~... 

CHEMICALS FROM SYNGAS ............................ . .......... 

Introduction,,......,..,,,,,.,...,,.,o,~.,.~............®,,. 
Formaldehyde . . . . .  ...o, o.,...o,.....,,..®... ®.........,...... 

.... ......................o.o...o................ 

Acetic Anhydride .................. . ..... . ................... 

Methyl Formate~ Formamlde and Formic Acid ................... 
Ethylene Glycol ..... . ....................................... 
Synthesis Using Syngas or CO Plus Another Chemical 
Not Derived from Syngas: The Hydroformylation (OXO) 

Reactlon..,.,..,.,.,,,..,.,...,......,,....~..o......,.o,.. 
Synthesis of Lower Oleflns and Aromatics from Syngas ........ 

References....,.,,.°..,.,....,.,,......®.®..°..°...,..,..... 

Pa~ e 

II-83 
11-85 
1i-87 
11-89 

11-92 

11-92 

11-96 
11-97 
11-99 
11-102 
11-105 

ll-lOg 

11-112 

11-114 

11-114 
11-116 
11-116 

II-I16 

11-118 
11-118 

11-120 
11-121 

11-123 

ll-ii 



No. 

II-i 

11-2 

1!-3 

LIST OF TABLES 

Typical Gas Composition from Principal 
Gasification Processes .................................. 

Typical Performance Data and Products from the SASOL-I 
and SASOL-2 Reactors .................................... 

Product Distribution from SASOL (F-T) and Mobil 
(MTG) Processes ......................................... 

II-5 

11-25 

II-82 

/ 

Ii-iii 



No, 

II-i 

11-2 

II-3 

11-4 

11-5 

II-6 

11-7 

11-8 

II-9 

LIST OF FIGURES 

Commercial or Near Commercial Processes for the 
Production of Liquid Fuels From Synthesis Gas ........... 

Commercial~ Near Commercial, and Potential Chemicals 
from Synthesis Gas... ................... . .......... . .... 

SASOL Process for the Synthesis of ~uels and 
Chemicals......................o.®~o.~,......,.......... 

TypicalMaximumYields of Products from SASOL-2 and 
SASOL-3 ........... . ......... ...~.~® ..................... 

Plot of AG°/n Versus Carbon Number and Temperature ....... 

Fixed-Bed Reactor, ARGE Process .......................... 

Synthol Reactor .......................................... 

Metals that Adsorb CO Dissociatively and 
Non-Dissociatively at Ambient Temperature and 
Fischer-Tropsch Reaction Temperatures ................... 

Tennessee Eastman Company's Coal-to-Acetic Anhydride 
Plant..; ................................................ 

11-2 

11-3 

!I-i I 

II-14 

11-17 

11-22 

11-23 

11-34 

II-I19 

II-iv 



SUM~LARY 

The objective of this report is to furnish an overview of various routes 

for converting synthesis gas (syngas, a mixture of hydrogen and carbon 

monoxide) to liquid fuels and to chemicals. The designation, indirect 

liquefaction, derives from the fact that the coal or other fossil fuel is 

first gasified to syngas which, in other usually catalytic steps, is then 

converted to the desired products. The primary aim is to produce liquid fuels 

from syngas, but this report will also, to a lesser extent, cover the 

synthesis of chemicals from syngas. 

The field designated as indirect liquefaction is an enormous subject and 

this report can only hope to outline the main reactions of syngas involved. 

The commerical, near-commercial and promising fuels that are and that can be 

produced by this route are diagrammed in Figure ii-I. The coresponding routes 

from syngas to ch&mlcals are summarized in Figure Ii-2. 

The two chief routes to liquid fuels from coal, as practiced in Germany 

during World War II, and termed direct liquefaction (originally the Bergius 

Process) and indirect liquefaction (the hydrogenation of carbon monoxide or 

the Fischer-Tropsch and related reactions). Because of difficulties 

encountered in gasifying and especially in removing sulfur impurities from the 

syngas, about 85% of the synthetic fuels used by Germany in WW II were made 

using the direct liquefaction process. Excellent gas purification systems are 

now available and, while there are now no commerlcal direct liquefaction 

plants in operation, there is a growing number of commercial processes that 

produce synthetic liquid fuels and chemicals using the indirect liquefaction 

route. The potential for further growth using this route is very large. 

Ii-i 



Figure If-!: Commercial or Near Commercial Processes For The 
Production of Liquid Fuels From Synthesis Gas 
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Figure zI-2: Commercial, Near Commercial, and Potential Chemicals 
From Synthesis Gas 
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THE FISCHER-TROPSCH AND P~LATED REACTIONS 

Introduction 

The two chief routes to liquid fuels from coal, as practiced in Germany 

during World War iI are termed direct liquefaction (originally the Bergius 

Process) and indirect liquefaction (the Fischer-Tropsch and related 

processes). 

In direct liquefaction, coal is treated wlth hydrogen at about 723}I and 

high pressures (13.6 MPa - 34.0 MPa, although pressures as high as 68 MPa were 

used in Germany during World War II). The hydrogen added in this way raises 

the H/C ratio of the products so that liquid products are obtained. The H 2 is 

obtained by gasification of part of the heavy hydrogenation products or of 

coal itself to yield synthesis gas (syn~as), a mixture of carbon monoxide and 

hydrogen (CO + ~2). The CO in the syngas can yield an equivalent molecule of 

H 2 by the water-gas shift (wgs) reaction: CO + H20 + H 2 + CO 2. 

This report is concerned with the other major route to liquid fuels; 

indirect liquefaction. Here, all of the coal is treated in a gasification 

reactor to yield syngas; unlike the direct coal liquefaction process, 

essentially every bond in the original coal is broken during gasification of 

the coal. The clean syngas is then catalytically converted to liquid fuels. 

The Fischer-Tropsch (F-T) process and the ~ynthesis of methanol are the two 

pr0cesses ndw in commercial use for the synthesis of liquid fuels from 

syngas. The F-T process produces a complex mlxture of hydrocarbons and 

oxygenated products; it will be discussed first. In contrast, the processes 

for the synthesis of methanol from syngas are highly selective, yielding over 

99% of this alcohol, which is both a fuel, a chemical and a fuel and chemical 

precursor. 
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It is important to point out that gasification to syngas is part of both 

the direct and the indirect liquefaction routes to coal liquids. Indirect 

liquefaction processes, gasification to obtain H 2 comprises about 40% of the 

capital cost of the plant. In indirect liquefaction processes, gasification 

of coal to produce clean syngas comprises some 60-80% of the capital cost with 

the remainder of the capital cost of the plant devoted to the conversion of 

the syngas to liquids~ along with some gaseous products. 

Coal gasification, involving the use of steam and oxygen to form syngas~ 

is discussed only very shortly in this report. Indirect liquefaction, the 

conversion of the syngas to hydrocarbons and oxygenates, constituteslts main 

subject. However, it will be important to know the composition of the typical 

gases obtained from the principal coal gasification processes. These are 

given in Table Ii-I. 

Table ii-I: Typical Gas Composition From Principal Gasification Processes 

GAS COMPOSITION 

PROCESS FEED % H 2 % CO % CO 2 % CH 4 

Lurgi Sized Coal 16/20 39 30 I0 

Koppers-Totzek Pulverized Coal 53/57 27/32 10/14 0.I 

Winkler Granular Coal 46 36 14 2 

Shell-Koppers Pulverized Coal 60/65 25/30 2/3 0.I 

Texaco Coal~dater Slurry 40/50 30/40 15/20 0.i 

There are many routes for converting syngas to liquid fuels. Two, the F- 

T process and the synthesis of methanol, have been practiced commercially for 

several decades= others will be coming on stream in the next two years and 
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some are processes that show promise in the coming decade. These are sho~n in 

Figure II-I. A similar breakdown of com~erclal~ near-com~erclal and promising 

routes to chemicals from syngas are shown in Figure 11-2. 
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THE FiSCHER-TROPSCH SYNTHESIS 

Tne Fischer-Tropsch process was the first one to be used to convert 

syngas to liquid fuels on a large scale. The following is a short history of 

events leading to the establishment of the F-T procgss as practiced on a large 

scale in South Africa. Sabatler and Senderens (1902) hydrogenated CO over a 

nickel catalyst to produce methane. In 1913, BASF obtained patents on the 

preparation of hydrocarbons and related oxygenated compounds by hydrogenation 

of CO at high pressure, mostly on oxide catalysts. In 1923, Fischer and 

Tropsch obtained mostly oxygenated products from syngas using alkalized Fe and 

other catalysts; they called the process the Synthol process° Fischer and 

Tropsch, in 1923, synthesized higher hydrocarbons using Ni and Co at one arm 

(BASF had patents covering higher pressures). Several countries, including 

the U.S., England and Japan initiated studies on the F-T process starting 

about 1926. Smith, Hawk and Golden (1930) found that ethylene was 

incorporated into the F-T synthesis using cobalt catalysts; they reported ~ 

however= that ethylene was not incorporated when iron catalysts were used. 

Fischer and his co-w0rkers at the Kaiser Wilhelm Institute for Coal Research 

(K~WIK-now the Max Planck Institute for Coal Research) at Mulheim developed Ni- 

ThO2-~Kieselguhr and Co-ThO2-~ieselguhr catalysts for the F-T synthesis. 

Nickel catalysts gave too high yields of methane and the work with this 

catalyst was dropped. 

In the decade following 1935, the F-T process was operated commercially 

in Germany using cobalt catalysts usually in the 0.5-2.0 MPa range (so-called 

medium pressure). Cobalt was expensive and in short supply~ after World War i 

cobalt catalysts were replaced with alkalized iron catalysts. During this 

period, Pichler produced high molecular weight waxes using ruthenium catalysts 

at high pressures. Fischer and Fichler (Pich!er,1952) while investigating new 
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catalysts and studying the mechanism of the F-T synthesis, developed a process 

called the Isosynthesls (Cohn, 1956). Roelen (1943), in the course of studies 

on the mechanism of the F-T reaction, discovered the homogeneously catalyzed 

hydroformylation (oxo) reaction, now used extensively around the world to 

produce aldehydes and alcohols from oleflns and syngas. 

The production of F-T products in Germany during WW II reached a ~axlmu~ 

of about 650,000 tons per year in 1944. The standard catalyst used in all 

their plants had the composition in relative mass units of 

Co:ThO2:MgO:kleselguhr of 100:5:8:200. Bomb attacks reduced the output of 

these plants to about I0,000 tons per year b~j early 1945. All these F-T 

plants ceased operation by the end of the war and no large scale plant has 

been started up again in Germany. 

After the war, Ruhrchemle and Lurgl Jointly developed the ARGE process 

based on the use of iron catalysts in fixed bed units operated at medium 

pressure. In 1948, Kolbel and Engelhardt developed a hydrocarbon synthesis 

from CO and steam to utilize the then available CO-rlch blast furnace gas 

(Kolbel and Engelhardt, 1951, 1952; Kolbel, 1957) In 1935, the British Fuel 

Research Station initiated work on the F-T process using both cobalt and iron 

catalysts in flxed-bed reactors (Hall and Gall, 1952). At about the same 

time, work on the F-T synthesis was started aS the Bureau of Mines in the U.S. 

In 1950, U.S. firms built a commercial (365,000 tons per year) F-T plant, 

developed by Rydrocarbon Research, in Texas (Kelth, 1946). Syngas was 

obtained by reforming natural gas. The process used a fluidlzed bed reactor 

and, after severe operating troubles requiring the design of a new reactor, 

finally operated properly in 1953. Iron impregnated with about I wt % of 

K2GO 3 was used as the catalyst. Since the price of natural gas rose d~rlng 
l 

this period and it was more profitable to sell the gas than to convert it to 
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gasoline and chemicals (among other products), the plant (using what was 

called the llydrocol Process) was shut down very soon after operation was 

deemed satlsfactory. 

At about the same tlme~ in the Republic of South Africa, the SASOL i 

Fischer-Tropsch plant was built and commercial operation started in 1955. 

This country has an abundance of coal, much of it of poor quality (high ash), 

a dearth Of petroleum resources, and large centers of population far from the 

sea, together with a political and economic need for resource autonomy. The 

SASOL acronym was derived from the South African Coal, Oil and Gas 

Corporation, Ltd. a quasl-government corporation formed and capitalized to 

convert coal to liquid fuels and chemicals via the F-T process. SASOL I 

produced about 8000 BBL/day of products, supplying about 5% of South Africa's 

motor fuel needs plus other fuels and chemicals. SASOL 2, with an output of 

50,000 BBL/day started operation in 1980. SASOL 3, the same size as SASOL 2~ 

went on stream in 1983. South Africa now has the capability of pro;~ding 

about 40% of their liquid fuel and petrochemical needs from coal using the P-T 

process. 

SASOL 1 uses two types of reactors. The fixed bed tubular reactor (Kuo, 

1984~ Dry, 1981) termed the ARGE reactor, uses a precipitated iron catalyst 

promoted with copper and a potassium salt such as K2CO 3. The other type of 

reactor is an entrained fiuldized-bed reactor, " the Synthol reactor, which uses 

a fused iron catalyst with alkali and other proprietary promoters. SASOL 2 

and 3, however, use only the SYnthol reactor. : SASOL 2 and 3 each consume 

about 40~000 tons of coal per day, SASOL 2 (about the same size as SASOL 3) 

is the largest grass roots, single-purpose processlng complex in the world~ 

occupying an area of one mile by one and one-half miles and valued at several 

billion U.S. dollars. . ~ • 
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Since the SASOL plants are the only operating F-T plants in the world, we 

shall use the SASOL experience as the nucleu~ of the discussion of the T-T 

process. It is important to note that the SASOL plants are very specific 

applications of the F-T synthesis. Coal is ~aslfled in Lurgl gaslflers which 

yield significant amounts of CH 4 and large anounts of CO 2 in the gaseous 

products and H2/CO ratios that hover around two (see Table II-!). Lurgl 

gaslflers are generally best used with lo~er rank, non-caklng coals. Two 

types of iron catalysts are used at SASOL; no other transition element Is used 

as a catalyst. Although other catalysts such as ruthenium and perhaps cobalt 

are more active F-T catalysts, iron is a cheap and, Importantly, a versatile 

catalyst. 

However, in the F-T process as practiced at SASOL, the overall methane 

yield can exceed 50% since the Lurgi gaslfier and the F-T synthesis itself 

both yield large amounts of methane. Since no pipelines for the distribution 

of the CH 4 exist in South Africa and the amount of CH 4 made exceeds the 

country's demand, the SASOL plants are forced to reform the excess methane to 

make more syngas, which is then recycled. ;~3 a result, the thermal efficlenc~" 

at SASOL, defined as the lower heating value (LHV) of the products divided by 

the LHV of all the coal used, is only about 40% for the production of motor 

fuels (gasoline, diesel oil and LPG) (Eisenlohr and Gaensslen, 1981)6 Tee 

efficiency would rise to nearly 60% if the nethane could be utilized as suc~h~ 

The SASOL process for the synthesis of fuels can be outlined as sho~'n in 

Figure II-3. 

Other mostly second generation gasifie~s (Table II-I) yield Io~ H2:C0 

ratios and very little methane. Use of these gasiflers for the synthesis of 

fuels and chemicals is currently under active development. These gaslflers 

(Koppers-Totzek, Texaco, Shell) might well require different types of F-T 
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reactors or, if used for the synthesis of methanol or ammonia, may require a 

water-gas shift to obtain a higher H2:CO ratio. 

It should be noted at this point that there has been a remarkable surge 

in interest and funding for F-T research since about 1970. Research on the 

synthesis had decreased abruptly in the 1950~; only SASOL had a modest program 

devoted mostly to practical problems that arose from operation of SASOL i, 

while a small group continued research at the H.S. Bureau of Mines. 

The new researchers, with excellent new instrumentation and analytical 

tools, nevertheless required some 2-3 years to come to grips with the huge 

amount of information already in existence. Since 1978, thousands of 

publications on the F-T and related reaetlon~ have been published. It is a 

herculean Job to keep up wlth all the work in this field hut certain excellent 

and surprising findings have been made; the main reactions that occur during 

the F-T synthesis are now better undertood although there are still many 

unanswered questions as to the mechanism(s) of the F-T synthesis, especially 

when different catalysts are used and conditions varied. 

The Arab oll embargo of 1973, of course, furnished great impetus for new 

research on the F-T reaction with emphasis on improving gasoline and diesel 

oll yields. The SASOL people had greatly improved the Lurgl gaslfler 

operation, learned how to clean the gases that emerged from the gasifier~ 

removing CO 2 and almost all the sulfur compounds, and developed clever and 

very workable methods for the separation of the multitude of products 

obtained. They are now able to maximlze gasoline and diesel production while 

separating out many '~etroleum" feedstocks (ethylene, propylene, etc.) and 

oxygenated chemicals (ethanol, acetic acid, acetone, etc.). They have built, 

in a way, a '~etroleum-less" refinery. The projected dlstrlhutlon of products 

from SASOL 2, in millions of tons per year, is: motor fuels, I,~00,000; 
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Tlene 185,000; chemicals 85,000; tar products, 185,000; ammonia (as N), 

I00,000; and sulphur, 90,000. Some 2,140,000 million tons per year of 

saleable products are envisioned. But the new SASOL plants are flexible 

enough to make possible wide adjustments in output of transportation fuels, 

petrochemicals and fuel gas. Possible production slates are shown in Figure 

11-4. 

Under certain conditions, synthetic fuels from coal are viable and 

improvements, some quite striking and valuable, will continue to be made in 

the F-T and related processes. Much was learned from the building of SASOL 2 

so that the cost of SASOL 3 was much less than that of SASOL 2 ( P du P 

Kruger, 1983). 

Chemistry..9 f the Fischer-Tropsch Synthesis 

The P-T reaction yields a wide spectrum of hydrocarbons and o~genated 

ounds. The major Constituents of the hydrocarbons are paraffins and 

olefins while primary alcohols are usually the chief oxygenated products. 

Stralght-ahaln paraffins along with some 2-methy!-branched paraffins 

predominate among the saturated hydrocarbons~ the major olefin components are 

terminal o!efins. 

A large number of reactions occur during the F-T reactlon~ the chief ones 

are given below~ 

Paraffins (2n+l)H2 + nCO + CnH2n+2 + nil20 (I) 

Olefins 2nil 2 + riCO + CnH2n + hE20 (2) 

Alcohols 2nil 2 + nCO'+ CnH2n+lOH + (n-l)H20 (3) 

Water-Gas Shift CO + H20 + CO 2 + H 2 (4) 

Boudouard Reaction 2C0 + C + C02 (5) 

Coke Deposition H 2 + CO + C + H20 (6) 
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For catalysts such as cobalt, which is not a good water-gas shift 

catalyst (Eq. 4), water is the main reaction product. For catalysts that are 

good water-gas shift catalysts, such as alkalized iron, the water formed in 

Eqs. 1-3 reacts with CO to form H2, so that the apparent H2/CO usage becomes 

smaller. The carbon number distribution of organic compounds is extremely 

wide and much effort has been expended in finding ways to improve the 

selectivity of the F-T synthesis to desirable products; gasoline, diesel fuel, 

C2-C 4 olefins~ ethanol, etc. Glycols are not produced in the F-T reaction. 

Aromatic products become significant only at high reaction temperatures. 

ThermodTnamics of the Fischer-Trospch Reaction 

When several reactions involving the same reactants are thermodynamically 

possible the yields of various products depend upon their relative reaction 

rates as well as the rates of the following reactions. At the temperatures 

usually employed in the F-T synthesis, the actual selectivity found differs 

very much from that expected from thermodynamic calculations. An excellent 

summary of the thermodynamics of the F-T synthesis has been given by Anderson 

(!956). 

Anderson (1984) and Frohnlng eta!. (1982) have pointed out that data on 

the heats of reaction are important, since the F-T synthesis is strongly 

exothermic. Indeed, removal of the heat of reaction, about 25% of the 

calorific value of the syngas, is probably the chief problem in practical 

application of the synthesis. Excessive catalyst temperatures can lead to 

undesirable products~ carbon deposition, catalyst deactivation or catalyst 

disintegration. 

The heats of reaction per carbon atom of the products vary only slightly 

with temperature, increasing (becoming less negative) with increasing carbon 

number ~,or paraffins and decreasing with increase in the carbon number of the 
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oleflns formed. Enthalpy changes for reactions yielding hydrocarbons and CO 2 

(Eqs. 7, 8) exceed those for the corresponding reactions yielding H20. ~e 

(n+l)H2+2nCO + CnH2n+2 + nCO 2 

nH 2 + 2CO + CnH2n +nCO 2 

(7) 

(8) 

enthalpy difference, about 9 kcal, is due to the water-gas shift reaction (Eq. 

4), which is relatively independent of temperature. 

The heats of reaction for the formation of alcohols, also somewhat 

independent of temperature, in kcal/mole/carbon atom are: -23.9 for methanol, 

and -29.5 for ethanol (Wag~nn et al. 1982)o 

The F-T reaction is normally carried out at pressures of from 0.I to 4 

MPa with about 700K as the upper temperature limit. Since F-T synthesis 

reactions involve a decrease in the number of moles, conversions at a given 

temperature increase rapidly with increase in pressure. The pressure and 

temperature limits of the reaction are deter~_Ined by changes in selectivity 

and rate of catalyst deterioration. 

Anderson (1956) has presented equilibrium data for the hydrogenation of 

CO to hydrocarbons and water, plotting AG°/n (AG ° per mole per carbon atom) 

versus temperature. The AG°/n curves for paraffins are about parallel but 

become more positive with increasing carbon number (Figure 11-5). Below 573K, 

AG°/n becomes more negative with increasing carbon number for oleflns. In the 

F-T temperature range, AG°/n values for aromatic and saturated cyclic 

hydrocarbons, which are not significant F-T products, are essentially the sa=e 

as those for olefins of the same carbon number (Anderson, 1956). 

Large equilibrium yields are possible for all primary, straight-chaln 

alcohols except for methanol. Methanol is formed in very small amounts in the 
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F-T reaction, (The synthesis of methanol will he discussed in the following 

section). 

Since kinetic rather than equilibrium considerations are controlling in 

the F-T reaction, only limited amounts of useful information is furnished by 

thermodynamics. The products obtained depend on the selectivity of the 

catalyst. But certain conclusions derived from thermodynamics help us 

understand these syngas reactions: 

. methane is the preferred product at all F-T conditions. 

. the relative stability of various compounds varies with the temperature 

of the F-T synthesis (300-700 K). The order is: paraffins > olefins > 

alcohols 

. Although methane is the preferred paraffin, for olefins the favored 

products are compounds with the highest carbon number. Above about 600K at 

0.i MPa this reverses and light olefins are favored. Aromatics and naphthenic 

hydrocarbons, formed in only small amounts in the F-T synthesis, behave in a 

similar manner to olefins of the same carbon number. 

. The favored alcohol is the one with the highest carbon number. 

• the free energ5" change for reactions producing CO 2 are more favorable 

than reactions which produce water• 

• the equilibrium conversion of the syngas increases with pressure, But, 

because of the effect of pressure (and temperature) on the activity and 

selectivity of the catalyst, the upper limits of usefulness for iron catalysts 

are 3-4 ~a and about 673K. 

• the water gas shift reaction (Eq. 4) is favored under F-T conditions; 

iron is a particularly good catalyst for this reaction. The rate of the 

water-gas shift reaction must be slow when water is obtained in large amounts. 
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• The Kolbel-Engelhardt reaction (Kolbel and Engelhardt, 1951, 1952), the 

reaction of CO plus ~20 to produce hydrocarbons, is thermodynamically more 

favored than the usual F-T synthesis from syngas. This reaction1 will be 

discussed later• 

. The concentrations of n-parafflns and terminal olefins greatly exceed 

equilibrium values in the F-T synthesis• Subsequent isomerization reactions 

are not important. 

. The reaction of any amounts of ethylene and of ethanol with syngas is 

thermodynamically possible at F-T temperatures. 

olefins or of higher alcohols is less favored• 

incorporation is favored over that of ethanol. 

The incorporation of higher 

Thermodynamically, methanol 

The term "incorporation" 

denotes the building-in of an organic molecule together with CO and H 2 in the 

F-T synthesis. 

. As with higher hydrocarbons and olefins, the amounts of oxygenated 

compounds (alcohols, aldehydes, acids, ketones) are aiso formed in much higher 

concentrations than predicted from thermodynamic calculations. But it seems 

that these oxygenated compounds readily interact with each other (Weitkamp and 

Frye, 1963) under F-T conditions. 

CTE3C~20~ ~ C~3C~0 + E 2 

C~3CEO + E2 ° ~ C~3C00~ + ~2 

CE3COCE 3 + H2-------~ CH3CEO~CR 3 

(9) 

(i0) 

(11) 

• Olefin hydrogenation and alcohol dehydration are thermodynamically 

favored under F-T conditions. Oleflns and paraffins may be formed by 

dehydration of alcohols and hydrogenation of the olefins, respectively, as 

well as by primary reactions. 
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• the Boudouard reaction, in which CO can form free carbon and CO 2 (Eq. 

5) is favored under all synthesis conditions. It is, however, possible to 

suppress this reaction in many F-T reactions• 

Kinetics of the Fischer-Tropsch Synthesis 

It is difficult to arrange experiments amenable to analysis on a group of 

reactions of the high degree of complexity of the F-T reaction• This is t~e 

despite the fact that powerful new analytical nethods of great accuracy now 

permit the use of differential reactors, in which conversion is lo%, enough ~o 

that the composition of the feed gas remains essentially unchanged• And in 

integral reactors, there are great difficulties in interpreting data involving 

considerable changes in conversion often involving large changes in 

composition of the reacting gases• 

Anderson (1956) has discussed the kinetics of the F-T synthesis whose 

goal is to find a fundamental rate equation relating the differential rate to 

the partial pressures or concentration of reactants and of products. 

Unfortunately, the kinetics of the this complex series of reactions are not 

well understood. There are too many catalyst variables affecting the 

klnetlcs, lncluding the method of preparation, composition and aging~ as well 

as operating conditions and the transport phenomena involving the catalyst and 

the reactants, intermediates and products. Storch et al. (1951), Anderson 

(1956), Kuo (1984), and Dry (1981) have summarized kinetic expressions derived 

for nickel, cobalt, iron and ruthenium catalyst~® 

Vannlce (1975) uslng AI203 as the support~ reported that the actlvltes of 

Group VIII metals declined in the order Be, Fe, Ni, Co, Rh, Pd, Pt and It® 

With SiO 2 as the support, the activity declined in £he order: Co, Fe, Ru~ Ni~ 

Rh, Ir and Pd (Vannice, 1977). 
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The particle size of the iron catalyst affects the activity of the F-T 

catalyst in the SASOL plants (Dry s 1981). Activity increases linearly with 

the amount of external surface area of the catalysts° it seems likely that 

outside film diffusion resistance is the principal factor involved° 

The SASOL Plants 

The F-T reactions are highly exotherm!c and it is most important in 

maintaining catalyst stability and selectivity to have proper heat removal. 

The ARGE reactor in use today in SASOL i (Figure II-6) is a vertical tube heat 

exchanger reactor with catalyst inside the tube and steam generation in the 

shell. The inside diameter of the reactor is 2.9 meters. The 12 meter high 

catalyst bed contains 2052 tubes of 4.6 cm inside diameter (Kuo, 1984)o The 

capacity of each reactor is 18 million kilograms per year of hydrocarbons and 

oxygenated products. The catalyst is an alkali promoted iron on a support. 

The entrained fluidized bed reactor (Synthol reactor) is the largest F-T 

reactor now in commercial use. Many modifications of the original Synthol 

reactor used in SASOL i were incorporated into SASOL 2 and SASOL 3 s whichs as 

noted earlier~ use only Synthol reactors. A schematic diagram of the Synthoi 

reactor is shown in Figure ii-7. 

In the Syntho! reactors~ feed gas enters at the bottom~ meeting the down 

flowing hot catalyst from the standpipe which heats gas to its ignition 

temperature (Dry5 1982 a). The turbulent flow of gas and catalyst passes 

through heat exchangers to the wlde settling hopper above the standpipe~ here 

catalyst and gas disengage. Hydrocarbon vapors and gas leave the reactor via 

cyclones to remove entrained catalysts returning them to the settling 

hopper. About a third of the generated heat is removed by internal heat 

exchangers~ the rest leaves with the recycle gas. Temperatures of the exit 
s 

gas are about 590-630K. 
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Typical performance data and products from the SASOL 1 and SASOL 2 

reactors are compared with the .~rge (SASOL I) reactor in Table 11-2. The 

SASOL 2 reactor has a capacity about 2.5 times that of SASOL i. The Synthol 

reactor, in comparison with the Arge reactor~ produces more light 

hydrocarbons, more o~Igenated compounds, more gasoline, much more olefins and 

less paraffins. Other reactor designs are described by Kuo (1984) and by Dry 

(1981). Slurry bed reactors are not as yet commercial but are under active 

development. SASOL also operates pilot plants using fixed fluidized beds as 

well as slurry phase reactors. The product spectrum has been found to be 

independent of the type of reactor but rather varies with the catalyst and 

operating conditions. (Dry, 1981). 

At present, most of the SASOL products are thus produced using Synthol 

reactors. At SASOL 2 and 3, the light olefins are oligomerized to yield 

mostly diesel fuel (Dry, 1983). 

The Arge catalyst uses fine metallic iron filings as the raw material; i~_ 

is a precipitated catalyst with alkali promoters® It has been estimated 

(Poutsma, 1979) that the catalyst composition is Fe:Cu:K20"SiO 2 = 

100:5:5:25. Catalyzer changes are made after 70-100 days. 

The Synthol catalyst is made from mill scale obtained from a nearby 

steelworks (Hoogendoorn, 1973). The ground catalyst with added promoters is 

then fused in an open arc furnace. The catalyst leaves the furnace at about 

1773 K, solidifying as it cools. The ground catalyst (~ 200 mesh) is reduced 

with hydrogen and stored in the absence of o~jgen° 
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Table 11-2 

Typical Performance Data and Products From the SASOL 1 and SASOL 2 Reactors 
(Hoogendoorn, 1976; Pay, 1980) 

SASOL i 

ARGE SYNTHOL 

SASOL 2 

SYNTHOL 

Operating Parameters 

Temperature (K) 
Pressure (~a) 
H2:C0 M01e Ratio 
Catalyst: Alkall-promoted 

Fe 

Conversion per pass (mole %) 

Product Distribution (wt %) 

cz 4 

c2 4 

C2H 6 

C3H 6 

C3H 8 

C4H 8 

c4 1o 

C5-C12 (Gaso!ine) 

C13-C18 (Diesel) 

C22-C30 I Wax 

C31 J 

Non-Acid Chemicals 

Acids 

493-523 
2.5 
1.8 

Precipitated 

593 593 
2.0 2.2 
2.5 2.0 

Fused Fused 

70 85 85 

5.o 

0.2 

2.4 

2.o 

2.8 

3.o 

2.2 

22.5 

15 .o 

6.o 

17.o 

18.o 

3.5 

0.4 

lO.O 

4"O I __~ 
6.0  

12.0) ---> 

2.0 

8.0 ~ ___> 

l.OJ 

39.0 

5.0 

3 .oJ  

2 . 0  

6.0 

1.O 

II.0 

7.5 

13.0 

Ii.0 

37.0 

ii.0 

3.0 

0.5 

6.0 

NA 
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On the Mechanism of the Fischer-Tropsch Synthesis 

The F-T reactlon may be defined as the catalytic polymerization and 

hydrogenation of CO to give hydrocarbons and oxygenated products wlth various 

chain lengths; H20 and CO 2 are also formed. ~ere are many reactions that 

occur on an F-T catalyst. Those listed in Eqo I-6 are probably the cost 

important ones but the list of possible intermediates, reactions and products, 

varying with the catalyst and with reaction conditions, is large. It is 

likely that these reactions occur in a series of linked steps termed 

elementary reactions. In such a complex reaction as the F-T synthesis, it is 

difficult to separate these simpler steps; this task is frustrating in itself 

but the realization that any one or set of elementary reaction occurs 

exclusive of other possible reactions makes i£ clear that there is presently 

no clear mechanistic picture of the F-T synthesis although we have learned 

much in the last decade. Up to 1954, some 4000 publications and over 4000 

patents dealing with the synthesis had appeared (Anderson et al. 1954). Since 

then many more thousands of publications on the F-T reaction have appeared and 

interest is still very high. In a way, the complexity and versatility of the 

F-T reaction constitute driving forces for continued work on this reaction. 

There is mqch to learn from a fundamental point of view about catalysis of 

syngas reactions and about catalysis in a general way~ in addition, there is 

the promise of new pathways to commercial syntheses of fuels and chemicals. 

Rofer-DePoorter (1981) has given an account of the chemlsorptlon of CO 

and H 2 that occurs during the F-T synthesis. In addition, she has tackled the 

mechanism of the F-T reaction from the point of view of the elementary 

reactions involved. After a short summary of this approach, the mechanlsm(s) 

of the F-T synthesis will be taken up from the usual point of view - that is, 

based o n  the importance of product dlstrlhution in the practical appilc~tlon 
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of the F-T synthesis. A better understanding of the process should lead to 

greater flexibility of usage of the synthesis. 

We begin with the realization that no understanding of the F-T mechanism 

exists that allows prediction of products under various conditions or 

unification of the numerous observations in a detailed way. This is not 

discouraging; rather it furnishes challenges and opportunities. 

There exists an enormous number of possible combinations of catalysts~ 

pressures and temperatures in the F-T synthesis. Most of the reaction 

mechanisms proposed have been based on inferential deductions or spectral 

identifications of supposedly critical intermediates or reaction paths~ 

although a series of multiple paths has also been proposed. Nevertheless, 

contradictory or insufficient data exist for all the mechanisms proposed. 

As Rofer-DePoorter (1981) has pointed out~ the question in proposing a F- 

T mechanisticscheme is probably less which intermediate is the critical 

intermediate than to what degree each intermediate contributes. The first 

approach has predominated in most mechanistic studies. 

It is important to realize that some intermediates are produced by more 

than one route and a particular intermediate may lead to more than one 

product. With this multiplicity of reaction paths, the picture has been of 

parallel paths or of forking late in the reaction path to produce a number of 

products from some intermediates. But it is much harder to obtain meaningful 

interpretations for the result of a network of reactions than for parallel 

paths or forks. Because of this complexity, few systematlcs have Been derived 

from F-T studies. For instance~ the idea of a rate determining step may not 

be too meaningful in such a complex series of reactions. 

It should be realized that, under certain reaction conditions, the rates 

of some reactions may even approach zero relative to other reaction rates. 
I 
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During the F-T synthesis, the nature of the catalyst surface usually changes, 

the concentration of intermediates may change and the rates may change with 

some reactions disappearing from the surface. But the disappearance of a 

product (zero reaction rate) does not mean that the step has necessarily been 

removed from the F-T mechanistic pathway. 

At a certain set of reaction conditions, a given reaction path m~y 

approach or reach an overall effective rate of zero and the e=rperiment may 

appear to disprove participation of a particular intermediate. But this is 

not a proof that the intermediate is not important for other catalysts and/or 

reaction conditions. For instance, data in the literature on the production 

of hydrocarbons have been explained using a network in which the relative 

rates for paths leading to oxygenated products are effectively zero. One must 

remember that Fischer's (Fischer and Tropsch, 1923) first experiments gave 

high yields of oxygenated products. There is a tendency for investigators, 

for the sake of simplicity, to study only mechanisms for the synthesls of 

hydrocarbons, implying, in a way, that the F-T synthesis of hydrocarbons is 

the main reaction while the synthesis of oxygenated compounds is either a side 

reaction or perhaps not even to be classified as an F-T reactlon. This has 

served to confuse an already complex picture~ for, under higher pressures, 

almost the entire F-T product can consist of o~ygenated compounds. Rather~ as 

a large number of investigators have done, conparlsons o~ systems producing 

hydrocarbons with those producing oxygenates may lead to a more informative 

understanding of the types of intermediates and rate changes that lead to the 

different product distribution. 

Those interested in Fischer-Tropsch studies should he acquainted with 

certain excellent publications on the subject° .Among these are the works of 

Anderson and co--4orkers (Storch etal. 1951)j Anderson (1956; 1984), Dry 
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(1981), Pichler (1952), Vannice (1976), Schulz (1982), Ponce (1978, 1984), 

Bell and co-workers (1984), and Somorjai (1981). 

-Most of the mechanisms that will be discussed will be chiefly the outcome 

of studies on product distribution° As noted earlier, F-T products are 

generally not in thermodynamic equilibrium with respect to the reactants or 

with respect to other products. Selectivity data probably contain the most 

valuable mechanistic information. We can reasonably account for the water, CO 

and CO 2 product pathways. Wate~ is the principal primary product with most 

catalysts~ the CO 2 product is formed in a subsequent water-gas shift 

reaction. It has also been said that terminal olefins or primary alcohols are 

primary products but considerable hedging exists on this point, it is often 

difficult to distinguish between primary and secondary products. Primary 

products are produced directly by the reactions of the proposed mechanism(s) 

while secondary products may be produced by readsorption and further reaction 

of primary products. But the readsorption of stable product molecules 

(olefins, aldehydes, etc) can furnish intermediates indistinguishable from so- 

called primary products. The formation of some products early in the 

synthesis may result from the kinetics of formation of the various products. 

In general, methane is formed in large amounts, C 2 products may pass 

through a minimum and~ after a maximum at C 3 or C4, the ~r~o~ Kumber 

distribution then decreases monotonically. 

In spite of much attention being paid to the straight-chain nature of 

hydrocarbons formed in the F-T reaction, monomethyl-substituted hydrocarbons 

are present in significant amounts. Methyl groups are found in about equal 

amounts all along the carbon chain. Dimethyl-substituted hydrocarbons are 

present in smaller amounts; ethyl groups are found in about the same amounts 

as the dimethyls. Quaternary carbons are not found in the F-T products. 
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The carbon skeletons of the alcohols for~ed in the F-T reaction are 

similar to those f6und in hydrocarbons. Yields of alcohols, on a molar ha~is, 

are highest at C 2 and decrease monotonically with molecular weight. 

Thermodynamics probably limits the yields of methanol, which are very low. 

The literature contains a plethora of product selectlvlties obtained from 

various catalysts (mostly Fe, Co, Ru, and Ni) under a variety of reaction 

conditions. At SASOL, copious information on a commercial scale has been 

generated on product selectlvities obtained with iron catalysts operating 

under various reaction conditions. All sorts of reactors, fixed, fluidized 

bed and slurry reactors have been employed. In addition, a number of 

catalysts, promoted, sintered, and fused, with different particle sizes heve 

been tested. Synthesis temperatures have varied from about 450 to 700K and 

pressures have ranged from atmospheric to 7~5 MPa= Also varied over wide 

ranges have been the relative amounts of H2, CO and CO 2 in the fresh feed 

gases; the fresh feed to recycle gas ratio has also been varied. SASOL 

selectlvitles to methane have r@nged from about five to about 80%; hard ~a~ 

from zero to up to 50%. A study of all the data obtained at SASOL and other 

F-T units showed that there was a definite interrelationship among the various 

products (Weitka~ p and Frye, 1953; Dry, 1981). This is in line with earlier 

work that demonstrated that if the selectlvlty of any one particular c~rbon 

number species is changed, then the selectlvitles of all the other carho~ 

number species will also change by a predictable amount. This holds no ~atter 

how the shift is brought about - whether by a change in the catalyst used or 

by a change in the F-T process conditions. 

Herlngton (1946), first introduced into F-T studies the probabilities of 
i 

chain growth and chaln termination, terms co~on to polymer chemlst~,~ He 

considered the paraffins and oleflns formed on a cobalt catalyst and 
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postulated that they were formed by stepwlse addition of a methylene (-CH2-) 

entity to the growing chain on the surface of the catalyst. Anderson and his 

co-workers (Storch, et al. 1951; Anderson, 1956; Friedel and Anderson= 1950) 

analyzed the product distribution of a large number of F-T runs using 

different fixed bed catalysts. They found that plots of log Wn/n against the 

carbon number, n, yielded straight lines over a fairly large range of products 

(W n is the mass fraction of a particular product). This showed that the 

probability of chain growth, e~ was essentially constant. Most F-T mechanisms 

assume that the monomer unit is the same weight wherever it is found in the 

chain. From Herington (1946) and Anderson's work, (1956) an equation for mass 

fraction can be written as 

W = n(l_~)2 n-I 
n (12) 

This expression is equivalent to the Schulz-Flory equation (Flory, 1950; 1967, 

Schulz 1935) which treats the F-T Product distribution as a polymerization 

process. Equation (12), to give proper credit to Anderson~ might well be 

termed the Anderson-Schulz-Flory (A-S-F) equation. It is usually used in the 

logarithmic form: 

w 
log -~n = nloga + log (13) 

n 

It is evident that, if this equation for the F'T product distribution ho!ds~ 

the calculated value of ~ from the slope (log ~) should be consistent with 

that calculated from the intercept, log (l-s)2/a. The probability of chain 

growth~ e, is the ratio of the chain propagation rate constant to the chain 

propagation plus the termination rate constauts. 
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The SASOL experience as well as numerous other F-T studies leave no doubt 

that the A-S-F equation usually predicts the proportion of methane to gasoline 

to diesel oil to waxes that will be produced in most F-T reactions. The 

highest selectlvlties attainable by F-T synthesis are, in weight %j methane, 

i00; ethylene, 30; C2-C 4 oleflns 56; gasoline~ 48. The large array of 

products from the SASOL operation, including a wide range of hydrocarbons 

mixed with some oxygenated compounds, necessitates a considerable number of 

separation steps. 

A great deal of work has been and is being done on circumventing the A-S- 

F "constraints". Usually the efforts have been unsuccessful hut this is not 

always true. Madon (1979) has presented evidence that the A-S-F model does 

not apply to data for a Ru/AI203 catalyst. It is true that data plotted in 

se~Li-logarlthmic form using this equation tends to mask information so that 

subtle changes in growth patterns may not be differentiated easily on such 

plots. Madon has suggested that attempts to address the problem of product 

selectivity be made by carrying the extensive past work of Anderson and other 

workers a step further, and questioning how akin the synthesis reaction on 

different catalytic surfaces, giving products usually less than C40 , and 

traditional polymerization processes, with products usually greater than 

CIO00 , really are. 

Deviations from the A-S-F relationship would be most likely for products 

of low carbon number where the assumptlon that ~ is independent of chain 

length would be least likely to hold. The CH 4 fraction is often reported to 

be higher than expected and other low carbon number fractions are reported to 

be lower than e~eeted (Satterfleld and Huff~ Jr~, 1982). 

Two-carbon compounds are postulated to have a greater reactivity due to 

chain growth at both ends and CH 4 can be formed by cracking or other means. 
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Deviations from the expected A-S-F product distribution may also be due to 

cracking of higher molecular products, to incomplete or poor analytic 

techniques or to changes in the catalysts due to oxidation, sintering or pore 

plugging. 

It is more than probable that the mechanisms of the F-T reaction actually 

consists of a number of pathways. The same intermediate can yield different 

products and different intermediates can lead to the same product. Owing to 

the wide diversity of F-T synthesis produdts, it is not surprising that so 

many mechanistic postulations for the synthesis have been put forth (Anderson, 

1956; Dry, 1981). The evidence to support these postulated pathways is 

usually indirect and can often be interpreted in more than one way. 

The proposed mechanisms may be placed in about four categorles~ although 

similar steps may be found in each of these proposed schemes. In general, the 

catalysts are reduced in hydrogen before use and it is understood that CO can 

be adsorbed both dissoclatively and associately on these transition metal 

catalysts. It seems quite likely that, on certain catalysts under certain 

conditions, dissociative adsorption of CO is the main route~ on Pd, Pt and Cu~ 

associative adsorption is most likely and on most catalysts (Rh is probably 

the best example), CO is adsorbed in both ways. A better understanding of 

these observations can be gained from an examination of Figure II-8 (Broden et 

al., 1976). 

The dotted line at the left separates those metals (Cr, Mo, etc) that 

dlssociative!y chemisorb CO at room temperature. As the temperature is 

increased the line is shifted to the right. At 473-573K the borderline is 

between nickel and copper, rhodium and palladium, and osmium and iridium. It 

is fairly well established (Kellner and Bell, 1981; Katzer eta!., 1981; 

Biloen and Sacht!er, 1982) that metals to the left of the line catalyze the 
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F-T synthesis whereas those to the right are methanol synthesis catalysts, in 

fact, at still higher tmeperatures, the line is shifted further to the right 

and at these temperatures CO is dissociatively chemisorbed on.even copper and 

palladium. Poutsma and co-workers (1978) showed that Pd~ Ir and Pt catalyzed 

the synthesis of methanol with 100% selectivity at higher synthesis gas 

pressures o 

The "Carbide" Mechanism 

Fischer and his coworkers (1926, 1932) based in part on what must be 

considered brillant intuition, postulated that the catalyst surface was 

carbided by CO and that the carbide was then hydrogenated to methylene (-CH2-) 

groups. These polymerized to a series of longer chain hydrocarbons. This 

mechanistic approach was later refined by Craxford and Rideal (1939). Several 

workers evaluated Fischer's carbide mechansism and concluded that it was not 

satisfactory (Anderson~ 1956; Browning and Emmett~ 1952). The postulation of 

CH 2 polymerization did not seem too reasonable originally since F-T 

hydrocarbons are mostly linear and not branched as would be expected by a 

block polymerization in two or three dimensions. But in the las t few years, 

there has been a strong resurgence of research which essentially furnishes 

support for his theory (Joyner, 1977, Ponec, 1978; Araki and Ponec, 1976; 

Biloen et al. 1979; Ekerdt and Bell, 1979, Biloen and Sachtler~ 1982). 

it mmst be borne in mind that very high selectivitles to oxygenated 

compounds can be obtained with the usual F-T catalysts (Fe, Co, Ru, Ni) by 

changing reaction conditions; recall again that Fischer and Tropsch (1923) 

obtained mostly oxygenates using alkalized Fe and other =atalysts. While use 

of the standard Co-ThO2-MgO-SiO 2 catalyst at about 460K yields only about 1% 

of oxygenates (Dry, 1981), at lower temperatures (430-445K) the alcohol 

content of the liquid organic products rose to some 40% (-Gall et al. 1952). 
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Kagan et al. (1966) obtained a product boiling below 433K that had an alcohol 

content of 86% using promoted iron catalysts at high pressures. ~re 

recently, Knlfton (1981) obtained very high yields of oxygenated products 

using a Ru catalyst at high pressures (43 MPa). 

It is easy to understand, in the light of these flndlngs~ how Elvlns and 

l~sh (1926) were led to postulate that oxygenated species existed on the 

catalyst surface. Storch and Anderson (1951), and Anderson (1956) wrote a 

mechanistic picture In which hydroxycarbene intermediates were the basic 

building blocks in the F-T synthesis. This scheme was supported by the work 

of Emmett and his co-workers by studying the incorporation of alcohols 

labelled with 14C in the F-T synthesis (1951~ 1953). 

The Hydroxv. carbene ~chanlsm 

The Anderson-Emmett hydroxycarbene mechanism may be written: 

H OH 

II 
H 2 + CO + M -) M (14) 

. . ° , . 

. . k , /o .  . /o. c., o, 
c + c ~ \ c ~ c  2~ ) / 

~ u ~t \ ' c  
M M M M 

M M 

Propagation i s  proposed to take place by alternating hydrogenation and 

(Is) 

condensation steps. 
. . . - -  , . .  

3 /.oH . . . . .  H:. / o .  
\ "'\  ~2 c~3 (c~2 !:~ o~ 

C + C ~ CH3C~2\  c / O H  " 
~ ~ -~2o . > ~'~c / 
M M ,J ~t (16) 

M M 
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Termination to give paraffins~ o!eflns or alcohols occurs as shown: 

R-CH^-C-0Hz H 

M 

RCH2CH20H 

__._...-> Rc~ = CR 2 
/ 

RCH~C-~ zll 

M ~ RCH2CH3 

(17) 

In this mechanism, the COldOes not dissociate but is hydrogenated to 

hydrox~carbenes which eliminate water to form carbon-carbon bonds on the 

surface. This type of "lasso" chemistry (Eq. 15), formerly used to explain 

organic reactions, rarely occurs in homogeneous systems and it is unlikely to 

occur here° 

The evidence to support this enolic mechanism has not been substantial. 

Nevertheless, the suggestions that such oxygenated surface intermediates are 

involved in the F-T reaction has m~chmerit. Ko!be! and co-workers (1970), 

obtained IK spectra under F-T conditions which indicated the presence of 

carbonyl, carbonate and carboxyl species on the catalyst surface. Blyholder 

(1966) has postulated that a!koxlde (M-OR) structures are active F-T surface 

intermediates. 

The Carbon Monoxide Insertion Mechanism 

Pich!er, ° as early as 1940, noted that the rate of the F-T reaction 

Increased wlth increasing (CO) pressure until conditions were reached under 

which metal carbony!s were formed (Pichler, 1952). He postulated that the F-T 

reaction took place at conditions just below those favorable for metal 

carbonyl formation. Later, Wander and coworkers (1957, 1958, 1959) proposed a 

sequence of reactions for the F-T synthesis based on their work on homogeneous 

catalysis of syngas reactions catalyzed by metal carbonyls. They postulated 

the migratory insertion of surface CO groups into an alkyl-metal bond to form 
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an acyl-metal entity (RCO-M). This could behydrogenated to primary alcohols) 

~llch could be dehydrated to olefins or hydrogenated to paraffins. 

Pichler and Schulz (1970) and Schulz and E1 Deen (1977) have proposed a 

more complete version of this CO insertion mechanism, based also on reactions 

occurring in homogeneous organometalllc chemistry (Dry, 1981), 

R //o H 
l co ~-"~i M ~ H c - - o  2~ cH 

H I j .. )~i 2 
bl bl M M -H20 M 

CH __ H 
U 2 nCO 
M 

CH 4 

> 

M(CO) n !H3 

:~(co)~._ I 

(18) 

(19) 

CH2R 

:=0 

M 

~ H2R 
HO-C 

1 
OH M 

!~ (A) 

T 
H2R 

3--C ,, 

M 

0 
I 
M 

0 

J 
M 

~ RCH2CO0~ 

>RCH2COCH 3 

(2o) 
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2H 

A . ~ RCH2CH20H (21) 

CH (22) 

M RCH2CH 3 

Here, rather stable surface carbonyl compounds form and a migratory 

insertion of alkyl group to adsorbed CO occurs. 

Deluzarche et al. (1977) have proposed that CO inserts into an M-OH 

surface group to form M-OCOH which then hydrogenates to M-OCH3o Insertion of 

CO into M-OCH 3 yields M-OCOCH 3 and the reactions are then repeated° 

All the steps in the Pichler-Schulz mechanism appear plausible and almost 

all known F-T products are explained~ There is still some question concerning 

the formation of the formyl intermediates in the first step although 

tliermodynamic calculations indicate that a small amount of formaldehyde (~ 

0.3%) is formed in a corresponding homogeneous reaction: 

H R 
i i 
M CO~---~M-C = 0 (Fahey, 1981; Dombeek, 1980; Costa~ 1983). Most 

workers feel that the migratory insertion of CO to form alcohols is a 

termination step in the F-T synthesis. There is little doubt, however, that 

several of the reactions in this mechanism contribute~ sometimes greatly~ 

sometimes only in a small way, to the overall F-T mechanism° 

The CHy-Stepwlse Polymerization Mechanism 

As pointed out earlier~ there has been a strong resurgence of support for 

a somewhat modified version of Fischer'soriglna! carbide theory of the 

F-T mechanism (Joyner, 1977; Ponec~ 1978~ Araki and Ponec, 1976; Biloen et 

al.~ 1979; Ekerdt and Bell, 1979). Studies has indicated that CO adsorption 

on F-T metals at normal F-T temperatures is largely dissociative although 
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significant amounts of undissoclated CO are present on the catalyst surface 

under F-T conditions (Ekerdt and Bell, 1979; P~bo et al., 1978; Sexton and 

Somorjai, 1977; Bell, 1981). 

Wentrlcek et al. (1978), in a seminal paper, showed that hydrogenation of 

carbon deposited by the dlsproportionatlon of CO readily yielded methane. 

Later studies (Arakl and Ponec, 1976) showed that C2+ hydrocarbons could also 

be formed. 

Bonzel et al. (1980, 1982) examined catalyst surfaces by Auger and x-ray 

photoelectron spectroscopy; these studies revealed that at least three types 

of carbon probably exist on an F-T catalyst surface: a CH x moietyj carbldic 

carbon and graphitic carbon. Only the graphltlc carbon fails to react to give 

methane and higher hydrocarbons at F-T temperatures. Biloen et al. (1979) and 

Biloen and Sachtler (1981) obtained further evidence for the role of carbldlc 

carbon in hydrocarbon chain growth. Ni, Co, and Ru catalysts were precovered 

with 13C atoms and then exposed to a mixture of 12C0 and H 2. A good yield of 

13CH 4 and hydrocacbons with a number of 13C atoms were obtained in the 

product. The times to convert 13C atoms and adqorbed 12CO molecules to 

methane were essentially the same. Biloen and his co-~orkers concluded that 

CO dissociation is very rapid and that CH x species are the most reactive C I 

species on the catalyst surface. Methane and hydrocarbons are products of the 

same building blocks, namely CH x (x = 0-3). Since deposited surface carbon 

will gradually convert to the less reactive graphltic carbon in an inert 

environment (McCarty and Wise, 1979; Wentrcek~ et al., 1978; Pebo at al, 1978) 

we conclude that chain growth proceeds by polymerization of CH x species. The 

mlg~atory insertion of CH x (usually methylene) into the M-C bond on a catalyst 

surface led Biloen (1980), and Biloen and Sachtler (1981) to postulate a 

plausible mechanism for the chain growth of hydrocarbons. 
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These views were reinforced by the elegant work of Brady and Pettit 

(1980). These workers, taking advantage of the dissociative chemisorption of 

diazomethane (CH2N2) to obtain methylene groups, were able to put methylene 

groups on the surface of F-T catalysts. Diazomethane in an inert gas passed 

over supported Fe, Co, Ru ~, Ni, Pd and Cu at 298-473K and 0.I MPa yielded 

mostly ethylene and N 2. But the addition of H 2 to the CH2N 2 gave entirely 

different products. The amounts and types of compounds obtained very much 

resembled F-T products using Fe, Co, and Ru. Mostly CH 4 along with some 

higher hydrocarbons were obtained with Ni and Pd; Cu gave only ethylene. The 

data are in concordance with the idea that methylene plus H 2 react as do the 

intermediates postulated in a CH x stepwise polymerization scheme. 

In a second paper, Brady and Pettit (1981), conducted experiments with a 

cobalt catalyst in which the 13CO/12CH2N2 ratio was varled; the results were 

consistent wlthcalcu!ated product predictions of the surface carbide 

mechanisms. Deviations were large for the hydroxycarbene hypothesis and 

moderate for the CO insertion mechanism° While it is true that strongly 

adsorbed intermediates added to a system may dominate the catalytic route and 

give a distorted idea of the reaction path~ the work of Brady and Pettit 

furnlshes strong support for the CH x stepwlse polymerization mechanism. 
. 

Based on ~his and on much other evidence we can write the following 

mechanism for the F-T synthesis: 

Biloen and Sachtler, 1982). 

O 
II 

CO + M-----) C 

M 

c _ _ ~ c  o c 
, il il I! 
M M M M M 

(Ke!iner and Be!l~ 1981~ Katzer et al., 1981~ 

Adsorption (23) 

M 

+ H20 Dissociation of CO (24) 
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CH 
~+ H x j -----> II 
M M M 

Synthesis of CH 3 initiator 
or CH:. ~ ~onomer (2S) 

H 

M M 

R 
l 

R ~H 2 

M g M M 

Rain growth, initial step, 
migratory insertion of :CH 2 

into an R-M bond 

Propagation, further :CH 2 insertion 

(26) 

(27) 

R 
1 
~ H 2 H ! 
M + M------> g + R'CH - CH 2 

R 
l 

~ H 2 H 
I 

M + M  JM + RCH 3 

Termination: Olefin formation 

Termination: Paraffin formation 

(28) 

(29) 

R 0 R 

I Migratory insertion of CO~ acyl formation (30) 

R 
~=0 + H ~ RCRO ~ RC}{20}I 

l 
Termlnatlon: aldehyde and 
alcohol formation (31) 

As stated earllerj it is difficult to prove or disprove any of these F-T 

mechanisms. It does seem that any mechani~tlc scheme that excludes CO 

dissociation on the catalysts seems unlikely. But the CH x stepwfse or carbide 
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mechanism does not adequately explain the production of oxygenated products, 

among other facets of the F-T synthesis. 

Oxygenated products, particularly alcohols~ are postulated to be formed 

in a termination step whereby a surface alky! group supposedly migrates to an 

undissociated CO molecule on the catalyst surface. The pertinence of the 

carbide mechanism has been questioned by Kenrice-O!ive" and Olive" (1983), who 

claim that the findings of the researchers who advocate this pathway for the 

F-T reaction are just as compatible with a mechanism based primarily on the 

migratory insertion of CO. There is obviously mmch work yet to be done on 

clarifying the nature of the mechanistic pathways involved in the F-T 

synthesis. A major objective of F-T research is to develop new catalyst 

systems that improve selectivity. 

The Effect of Temperature 

The effect of temperature on selectivity is consistent for all F-T 

catalysts. As the temperature of the synthesis is increased, the OH 4 

selectivity increases, the amount of olefins in the product rises and the 

selectivities toward oxygenated compounds decreases. The temperatures used at 

SASOL bear out these effects and take them into account in actual operation. 

Promoters 

Promoters have been divided into two types according to their mode of 

action. Oxides that are difficult to reduce such as Si02, A!203, MgO, Th02, 

La203 and Zn0 are ca!l~d structural promoters. They furnish a large surface 

area and prevent recrystallization and sintering of the active catalyst. 

Recent work has indicated that these so-called textural promoters often 

interact chemically with various oxidation states of the catalyst and even 

exchange oxygen atoms (Orita et al., 1984). Chemical promoters exert their 

by mechanisms not yet clearly understood. They may transfer 
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electrons to the catalysts or even block pores~ ~Llkalis and their salts are 

the chemical promoters most often used - they are basic salts and catalyst 

baslclty, especially for the iron catalysts used at SASOL, is a key 

parameter. The effect of these promoters are dependent not only on the type 

and amount of the alkali salt added but also on the interaction of the alkali 

with the support, with other promoters, and with i=purltles. Potassium oxlde~ 

K20, is the chemical promoter used most often° If the alkali reacts with the 

support, the baslclty will be decreased and more alkali must be added. For 

instance, supports such as AI203 or TiO 2 are ~oo acidic to be used as 

promoters at SASOL. Alkalis are considered to be electron donors. 

The effects of alkali promotion on F-T catalysts such as iron (Dry et al® 

1969; 1972), ruthenium (Gonzales and ~Rura, 1982), and nickel (Campbell and 

Goodman, 1982) may be summarized as follows: (a) suppression of hydrogenation 

capability, (b) increase in CO dlssoclatloi~, (c) increase in formation of long 

chain hydrocarbons, and (d) decrease in the conversion activity of CO. 

Gas Composition and Peactlon Pressure 

The simple ratio PH2/Pco adequately represents the selectivity for the 

SASOL fixed bed reactor operating at a low temperature with an extruded iron 

catalyst (Dry, 1982). The partial pressure of CO 2 as well as the total 

pressure (Dry, 1981) influence the selectivity for the SASOL Synthol catalysts 

which operate at a higher temperature. This is an ongoing area of research at 

SASOL. 

Deactivation of Catal>.sts 

F-T catalysts can lose activity for a number of reasons: (a) slnterlng 

(loss of active surface area due to growth of crystals), (b) conversion of the 

active parts of the catalyst ~o inert phases (i.e® metal to a metal oxide), 

(c) deposltion of carbonaceous substances on the active surface area (carbon 
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deposition) or, (d) chemical processing or poisoning of the surface (sulfur is 

the chief culprit here). Coke deposition is likely the most important mode of 

catalyst deactivation at SASOL. 

Most sulfur compounds are dissociative!y adsorbed on F-T metals with the 

surface sulfur held much more strongly than the sulfur in bulk sulfides 

(Anderson, 1984). Poisoning by sulfur compounds apparently occurs chiefly by 

adsorption of sulfur atoms on active metal sites~ destroying their catalytic 

activity. The amount of allowable sulfur in the F-T reaction is on the order 

of a few parts per billion. 

Tungsten and molybdenum catalysts that are more sulfur resistant than the 

usual F-T catalysts have been found. In generals they have low activity and 

poor selectivity. An alka!ized molybdenum catalyst that is selective to low 

molecular weight products has been developed (Murchison and Murdick, 1980). 

The SASOL technology has been a remarkable success in South Africa. But 

conditions in other countries are different: cheap coal may not be available, 

labor is not as cheap and the oll supply perhaps more assured. In genera!~ 

SASOL technology is limited to non-caking or poorly caking coal (really only a 

limitation of the gasifier used at SASOL). Other disadvantages in SASOL 

technology are the broad product distribution and the straight-chaln nature of 

the products (resulting in a low octane number for use as gaso!ine~ but the 

cetane number for the diesel fraction is good). The maintenance cost for the 

SASOL plant tends to be fairly high and the thermal efficiency (to 

transportation ~uels) is low. 
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THE KOLBEL-ENGELHARDT (K-E) SYNTHESIS 

Two excellent reviews summarizing work on the Kolbel-Engelhardt (K-E) 

synthesis, which may be considered an offshoot or variant of the F-T 

synthesis, have been published by Kolbel and Zalek (1982; 1984). The K-E 

synthesis occurs on iron (Kolbel and Engelhardt, 1951;1952) cobalt, (l~ibel 

and Vorwek, 1957), nickel, (Kolbel and Gaube, 1961), and ruthenium (Ko!be! and 

BhattachatD, ya , 1958) catalysts. 

The K-E synthesis was originally conceived as a way of using CO- 

containing gas streams which had little or no hydrogen. The synthesis 

consists of two well-studled reactions, the F-T synthesis and the water-gas 

shift reaction. The products obtained are essentially the same as those 

obtained with the F-T reaction. Equations for the K-E synthesis of paraffins 

(Anderson, 1984) may be written: 

F-T reaction (2n+l)H 2 + nCO---->CnH2n+2 + nH20 (32) 

Water-gas shift (2n+l)H20 + (2n+l)CO----->(2n+l)H 2 + (2n+i)CO2 (33) 

K-E reaction (n+l)H20 + (3n+l)CO ------>CnH2n+2 + (2rrbl)C0 2 (34) 

The reaction enthalpies of the F-T and K-E reactions differ only by the 

single or ~ultiple values of the enthalpy of the water-gas shift reaction: 

CO + H20------> CO 2 + H 2 AH = -9.5 kcal/mole (35) 
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Essentially all active F-T catalysts that are resistant to oxidation 

under K-E conditions are also K-E synthesis catalysts, with iron catalysts 

particularly suitable (Kolbel and Engelhardt, 1951; 1952). 

Kolbel and Engelhardt used both fixed bed and slurry reactors; the slurry 

bed synthesis was found preferable. In 1953, a slurry phase demonstration 

plant began operation in C~ermany and was operated successfully for two years 

producing about 11.5 tons of product per day (Ko!bel et al., 1956; Kolbe! and 

Ealek 1980). The availability of cheap oil prevented construction of other, 

larger K-E plants. 

IFne successful construction and operation of the K-E demonstration plant, 

using CO and water, however, may have made its greatest contrlbutlon to the 

enhancement of the recent growing interest in slurry phase F-T reactors. 

Second generation coal gasifiers yield CO-rich syngas (H2/CO ~ 0.6). The 

SASOL reactors deactivate rapidly with syngas with a high CO/H 2 ratio due to 

carbon deposition. The U.S. Department of Energy and several industrial 

companies are supporting research on the use of slurry phase reactors in the 

F-T synthesis and in the methanol synthesis (Lee et al., 1983; Sherwin and 

Blum, 1978). 

Fischer and co-workers were the first to use slurry reactors in the F-T 

synthesis (Fischer et el., 1932). In general, this type of reactor uses 

finely divided iron catalysts suspended in a high-boiling oll (which may be a 

high-boiling F-T fraction). Kolbel's pioneering work in Germany has aleady 

been referred to. Hall et al. (1952), in England, Schlesinger eta!. at the 

U.S. Bureau of Mines (1951), and Sakai and Kunugl (1974) in Japan have all 

carrrled out work on slurry phase F-T reactions. 

As opposed to fixed bed or entrained bed reactors, slurry reactors using 

high CO/H 2 synthesis gas offer advantages for use in the F-T synthesis. These 
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include (a) avoidance of a separate water-ga~ shift reaction, (b) excellent 

temperature control of the reactor, (c) high ~ingle pass synthesis gas 

conversion which maximizes heat recovery and minimizes utility requlre~ents 

and (d) comparatively simple reactor design. 
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THE ISOSYNTHESIS 

Isoparaffins, especially isobutane and isobutylene~ are excellent raw 

materials for conversion to high Octane gasoline. Pichler and Ziesecke 

(1949), working with Fischer, began work on the synthesis of these types of 

compounds in 1941. Cohn (1956) reviewed thig synthesis, termed the 

Isosynthesis, in which syngas is catalytically converted to products 

consisting predominantly of branched~ mostly saturated hydrocarbons, using 

certain difficulty reducible oxides as catalysts. Development of the process 

was rapid (Cohn 1956~ Pichler and Ziesecke, 1950) but its commercial use was 

cut off by the sudcessful development of new catalysts for the production of 

high octane gasoline from readily available petroleum. 

One method for the synthesis of isoparaffins from syngas consists in the 

preparation of isobuty! alcohol, produced when alkali is added to a zinc oxide 

methanol synthesis catalyst (Pichler and Ziesecke, 1950). The branched 

alcohols thus produced, largely Isobutyl alcohol, can be dehydrated to 

isobuty!ene which can then be converted to high octane gasoline. But methanol 

is the main product over these catalysts. 

The Isosynthesis differs from the Fischer-Tropsch reaction in several 

ways, aithough both use syngas as the feed. The Isosynthesis gives high 

yields of isoparafflns rather than normal paraffins, the catalysts are 

difficulty reducible oxides such as thorium oxide (Th02) rather than reduced 

transition metals. Isosynthesis temperatures and pressures are considerably 

higher than those used in the F-T synthesis. 

Thorium oxide is a good catalyst for the Isosynthesis reaction. This 

catalyst is prepared by precipitation with Na2CO 3 and rhea pretreated by 

slnterlng in air at 573K. The catalyst could be regenerated with air after 

several weeks so that it had considerable activity for a lengthy period of 
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time. Carbon mono:~de and hydrogen are consumed in 1.2CO/IH 2 ratio in a 

single pass. The thorium oxide catalyst is not affected by sulfur compounds 

but the synthesis should be carried out in vessels (chrome alloy steel or 

copper-llned reactors) which exclude F-T catalysts (U.S. Bureau of l~nes Bull~ 

488). In addition to Th02, ZrO 2 and to a lesser extent, Ce02 are active 

Isosynthesis catalysts at 723K and 150 atm (15 MPa). 

The type of products formed over ThO 2 in the Isosynthesis do not follow 

the A-S-F equation. At temperatures below 673K, especially below 648K~ 

alcohols are the m~in products; above 773K, low molecular weight hydrocarbons 

predominate. At 723K, 25% of Iso-C 4 compounHs, chiefly isobutane, are formed, 

together with about 16% of methane and 46% of liquid products containing 

mostly branched allphatlcs plus some aromatics and naphthenes. Optimum 

pressures for the production of liquid hydrocarbons in the Isosynthesi$ are 

between 30 and 60 MPa. At the higher pressures~ methane and dlmethyl ether 

predominate. 

The activity of ThO 2 is greatly increased by the addition of A1203; best 

results were obtained when 20% AI203 was added to the Th02 catalyst. The 

addition of 3% of K2CO 3 (based on A1203) gave a further increase of iso-C 4 

compounds. While AI203 added to Th02 increazed the formation of Isob~tane~ 

the addition of ZnO increased the formation of liquid products (Shah and 

Perrotta, 1976). 

The nature of the products in the Isosynthesls process is determined 

chiefly by the type of catalyst and the reaction temperature and pressure. It 

is important to note~ however, that alcohol~ are the main products at lo~er 

temperatures and pressures; there is little doubt that alcohols are the 

primary products in this synthesis. Th02 i~ an active catalyst for the 

hydrogenation of C0 to alcohols; it is also an excellent dehydration 
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catalyst. A!203 addition to thoria may aid in the dehydration of the 

alcohols. 

Details of th~ mechanism of the isosynthesis have not been worked out. 

Anderson and co-workers postulate that form~idehyde is the initial product; 

this is reduced to methanol (Storch et al. 1951). Successive additions of CO 

to methanol give the higher alcohols. Dimethy! ether, formed from methanol by 

dehydration~ may be an intermediate in the Isosynthesis. 

As will be shown in the a later section, interest in the F-T and in the 

isosynthesis reactions, (Chang et al., 1979) is reviving owing to the 

combination of synthesis gas conversion catalysts with shape selective 

(zeolite) catalysts. The product slates are dramatically altered in this way. 
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