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SUMMARY

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 afe and that can be
produced by this route are diagrammed in Figure II—i. The coresponding routes
from syngas té chémicals 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 hydrogemation of carbon monoxide or
the Fischgr-Tropsch and related reactions). Because of difficulties
encountered in gasifying and especially in remov;ng sulfur impurities from the
syngas, about 85%Z 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 commerical direct liquefaction
plants in operation, there is a growing number of commercial processes that
produce syanthetic liquid fuels and chemicals using the indirect liquefaction

route., The potential for further growth using this route is very large.
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Figure II-1: Commercial or Near Commercial Processes For The
Production of Liquid Fuels From Synthesis Gas
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Figure I1-2: Commercial, Near Commercial, and Potential Chemicals
From Synthesis Gas
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THE FISCHER~-TROPSCH AND RELATED REACTIONS

Introduction

The two chief routes to liquid fuels £rom 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 with hydrogen at about 723K and
high pressures (13.6 MPa - 34.0 MPa, although pressures as high as 68 MPa ware
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 obtaineds The Hy is
obtained by gasification of part of the heavy hydrogenation products or of
coal itself to yield synthesis gas (syngas), a mixture of carbon monoxide and
hydrogen (CO + Hg). The CO in the syngas can yield an equivalent rolecule of
Hy by the water-gas shift (wgs) reaction: CO + Hy0 + Hy + CO,.

This report 1s concerned with the other major route to liquid fuels;
indirect liquefaction. Here, all of the coal is treated in a gasification
reactor to yleld syngas; unlike the direct ceoal liquefaction process,
essentially every bond in the original coal is broken during gasification of
'the coal. The clean syngas 1s then catalytically converted to liquid fuels.
The Fischer;Tropsch (F=T) process and the syathesis of methanol are the two
processes now in commercial use for the synthesis of liquid Ffuels from
syngas. The F-T process produces a complex mixture 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

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

pPrecursor,
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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. In direct
liquefaction processes, gasification to obtain Hy comprises about 40%Z of the
capital cost of the plant. In indirect liquefaction processes, gasification
of coal to produce clean syngaé 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. Indirec; liquefaction, the
conversion of the syngas to hydrocarbons and oxygenates, constitutes its mein
subject. However, it will be important to know the composition of the typlecal
gases obtained from the principal coal gasification processes. These are
given in Table II-1,

Table II-1: Typical Gas Composition From Principal Gasification Processes

GAS COMPOSITION

PROCESS FEED % Hy % Co % G0y % CHy
Lurgi Sized Coal 16/20 39 30 10
Koppers—Totzék Pulverized Coal 53/57 | 27/32 10/14 c.1
Winkler "Granular Coal 46 36 14 2
Sheli-Koppers Pulverized Coal 60/65 25/30 2/3 0.1
Texaco Coal-Water Slurry  40/50  30/40  15/20 0.1

There are many routes for converting syngas to liquid fuels. Two, the F-
I 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 promlse in the coming decade. These ars shown in .
Figure II~1, A similar breakdown of commercial, near—commercial and promising

routes to chemicals from syngas are shown in Fizure II-2,
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THE FISCHER-TROPSCH SYNTHESIS

The 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 process as practiced on a large
scale in South Africa. Sabatier and Senderems (1902) hydrogenated CO over a
nickel catalyst to produce methame. In 1913, BASF obtained patents on the
preparation of hydrocarbons and related oxygenated compounds by hydrogenation
of CO at high pressure, mostly on oxide catalystscv In 1923, Fischer and
Tropsch obtained mostly oxygenated prodicts from syngas using alkalized Fe and
other catdlysts; they called the process the Synthol process. TFischer and
Tropsch, in 1923, synthesized higher hydrocarbons using Ni and Co at one atm
(BASF had patents covering higher pressures). Several countries, including
the U.8., 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 coEalt catalysts; they reported,
however, that ethylene was not incorporated when iron catalysts were used.
Fischer and his co-workers at the Kaiser Wilhelm Tnstitute for Coal Research
(KWik-now the Max Planck Institute for Coal Research) at Mulheim developed Ni-
ThO,~kieselguhr and Co-ThOy-kieselguhr 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 ccbalt 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 Pichler (Pichler,1952) while investigating new
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catalysts and studying the mechanism of the F~T syanthesis, developed a process
called the Isosynthesis (Cohn, 1956)., Roelen (1343), 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 olefins and syngas.

The productlion of F-T products in Germany during WW II reached a maxinmum
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:ThOZ:MgO:kieselguhr of 100:5:8:200, Bomb attacks reduced the ocutput of
these plants to about 10,000 tons per year by 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, Ruhrchemie and Lurgl jointly developed the ARGE process
based on the use of iron catalysts in fixzed 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-rich blast furnace gas
(Kolbel and Engelhardt, 1951, 1952; Kolbel, 1957) 1In 1935, the British Fuel
Researéh Station initiated work on the F~T process using both cobalt and iron
catalysts in fixed-bed reactors (Hall and Gall, 1952). At about the same
time, work on the F-T synthesls was started at the Bureau of Mines in the U.S.

In 1950, U.S. firms built a commercial (365,000 tons per year) F~T plént,
developed by Hydrocarbon Research, in Texas (Reith, 1946). Syangas was
obtained by reforming natural gas. The process used a fluidized bed reactor
and, after severe operating troubles requiring the design of a new reactor,
finally operated properly in 1953. Iron impregnated with about 1 wt % of
KyC04 was used as the catalyst. Since the price of natural gas rose during

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 Hydrocol Process) was shut down very soon after operation was
deemed satisfactory.

At about the same time, in the Republic of South Africa, the SASOL 1
Fischer-Tropsch plant was bullt and commercial operation started ip 1955,
This country has an abundance of coal, much of it of poor quality (high ash),
a deartﬁ of petroleum resources, and large centers of pcpulation far from the
sea, together with a political znd ecouomic need for rescurce autonomy. The
SASOL acronyn was derived from the South African Coal, 0il and Gas
Corporétion, Ltd. a quasi-government corporation formed and capitalized to
convert coal to liquid fuels and chemicals via the F-T process. SASOL 1
produced about 8000 BBL/day of products, supplylng about 5% of South Africa’;
motor fuel needs plus other fuels and chemicals. SASQL 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 pr viding
about 407 of their liquid fuel and petrqdhemical needs from cozl using the F-T
process.

SASOL 1 uses two types of reactors. The fixzed bed tubular reactor (Ruo,
1984; Dry, 1981) termed the ABGE reactor, uses a precipitated iron catalyst
promoted with copper and a potassiuﬁ‘salt such as K;C03. The other type of
reactor 1s an entrained filuidized-bed reaqtor,fthe Synthol reactor, which ﬁses
a fused iron catalyst with alkalil gnd.qther p;bprietary promoters. SA$OL 2
and 3, however, use only the Syathol reactor.¥5SASOL 2 and 3 each consume
about 40,000 tons of coal per dgy.b‘SASOL 2 (about the same éize-as SASOL 3)
is the largest grass roots, single-purpose proéessing complex in_the %o;id,
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 nucleus of the discussion of the F-T
process. It is important to note that the SASOL plants are very specifie
applications of the F-T synthesis. Coal 1s gasified in lurgi gasifiers which
yield significant amounts of CH; and large ancunts of €Oy in the gaseous
products and Hy/CO ratios that hover around two (see Table II-1)., Iurgi
gasifiers are generally best used with lower rank, non-caking 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 methans
yield can exceed 507% since the Lurgi gasifier and the F-T synthesis itself
both yield large amounts of methane. Since no pipelines for the distribution
of the CH, exist in South Africa and the amcunt of CH, made exceeds the
country’s demand, the SASOL plants are foreced to reform the excess methane to
make more syngas, which is then recycled. A3 a result, the thermal effiaiengy
at SASOL, defined as the lower heating value (LHV) of the products divided by
the LHV of all the coal used, is only about 407% for the production of motor
fuels (gasoline, diesel oil and LPG) (Eisenlohr and Gaensslen, 1981)., The
efficiency would rise to nearly 60%Z if the nathane could be utilized as such.

The SASOL process for the synthesls of fuels can be cutlined as shown in
Figure 1I-3.

Other mostly second generation gasifiers (Table 1I~-1) yield low Hy:CO
ratios and very little methane. Use of these gasifiers for the synthesis of
fuels and chemicals is currently under active development. These gasifiers

(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 requira a
water—gas shift to obtain a higher H9:CO ratio.

It should be unoted 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 1950s5; only SASOL had a modest program
devoted mostly to practical problems that arose from operation of SASOL 1,
while a small group continued research at the U.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 hugs
amount of information already in existence. Since 1978, thousands of
publications on the F-T and related reactilons have been published., It is a
herculean job to keep up with all the work im this field but certain ewcellent
and surprising findings have been made; the mwain reactions that occur during
the F-T synthesis are now better undertood although there are still many
unangwered questions as to the mechanism(s) of the F-T éynthesis, especially
when different catalysts are used and conditions varied.

The Arab oil embargo of 1973, of course, furnished great impetus for new
research on the F-T reaction with emphasis on improving gasoline and diesel
0ll yields, fhe SASOL people had greatly improved the Lurgi gasifier
operation, learned how to clean the gases that ererged from the gasifier,
removing COZ 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 maximize gasoline and diesel production while
separating out many ‘“petroleum” feédstocks (2thylene, propylene, ete.) and
oxygenated chemicals (ethanol, acetic acid, acetcne, etcs). They hava buile,
in a way, a "petroleum-less" refinery. The projected distribution of products

from SASOL 2, in millions of toms per year, 13: wotor fuels, 1,500,000;
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‘thylene 185,000; chemicals 85,000; tar products, 185,000; ammonia (as N),

100,000; and sulphur, 90,000, Some 2,140,000 million toms per vear of
saleable products are envisioned. But the new SASOL plants are flexible
enough to make possible wide adjustments in output of tramsportation fuels,
petrochemicals and fuel gas. Possible production slates are shown in Figure
11-4,

Under certain conditions, synthetic fuels from coal are viable and
ilmprovements, 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 o§ SASOL 2 (P au P
Kruger, 1983).

Chemistry of the Fischer—Tropsch Synthesis

The F-T reaction yields a wide spectrum of hydrocarbons and oéygenated
‘ompounds. The major constituents of the hydrocarbons are paraffins and
olefins while primary alcohols are usually the chief oxygenated products.
Straight—chain paraffins along with some 2-methyl-branched paraffins
predominate among the saturated hydrocarbons; the major olefin components are
terminal olefins.
A large numbe; of reactions occur during the F=T reaction; the chief ones

are given below;

Paraffins (20+1)H; + nC0 + CpHyyup + mH0 ¢
Olefins 2tHy + nCO + CHy, + nHy0 (2)
Alcohols 20H, + nC0' + C Hy o10H + (n=1)H,0 (3)
Water—Gas Shift CO + Hy0 » CO5 + Hy - (&)
Boudouard Reaction 2C0 +> C + Co, (5
Coke Deposition Hy +CO0 > C + Hy0 (6)
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For catalysts such as cobalt, which is nét 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
Eqse 1-3 reacts with CO to form Hy, so that the apparent HZ/GO 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-f synthesis to desirable products; gasoline, diesel fuel,
Cyo~Cy olefinms, ethanol, etc. Glycols are mot produced in the F-T reaction.
Aromatic products become significant only at high reaction temperatures.

Thermodynamics of the Fischer=Trospch Reaction

When several reactions imnvolving the same reactants are thermodynamically
possible the yields of various products depend upon thelr relative reaction
rates as well as the rates of the following reactions. At the temperatures
usually employed in the ¥~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
(1956). |

Anderson (1984) and Frohaing et al. (1982) have pointed out that datz on
the heats of reaction are important, since the F-T synthesis is strongly
exothermic. Indeed, removal of the heat of reaction, about 257 of the
calorific value of the syngaé, 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 tewmperature, increasing (becoming less negative) with increasing carbon

number For paraffins and decreasing with increase in the carbon number of the
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olefins formed. Enthalpy changes for reactions ylelding hydrocarbons and €0,

(Egs. 7, 8) exceed those for the corresponding reactions yielding Hy0. The

(n+1)Hy+2nC0 + CnHy 4o + nCO, (7

nHy + 2C0 > C_Hy + nCO, (8)

enthalpy difference, about 9 kcal, is due to the water-gas shift reaction (Eq.
4), which is relativeiy indepen@ent 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 (Waémann et al. 1982),

The F-T reaction is normally carried out at pressures éf from 0.1 to &
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 ziven
temperature increase rapidly with increase in pressure. The pressure aand
temperature limits of the reaction are determined 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 abﬁut parallel but
become more positive with increasing carbor number (Figure II-5)., Below 573K,
AG%/n becomes more negative with inereasing carbon number for olefins. TIa the
F~-T temperature range, AG®°/n values for aromatic and saturated cyclic
hydrocarbons, which are not significant F~T products, are essentially the same
as those for olefins of the same carbon number (Anderson, 1956).

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

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 fhe
catalyst. But certain conclusions derived from thermodynamics help us
understand these syngas reactions:

. methane 1s the preferred product at all F~T conditions,

. the relative stability of various compounds varies with the temperatura
of the F-T synthesis (300-700 K). The order is: paraffins > olefins >
aleohols

+ Although methane is the preferred paraffin, for olefins the fav&red
products are compounds with the highest carbon number. Above about 600K at
0.1 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 enargy change for reactions producilng €0y 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 MPa 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 Hy0 to produce hydrocarbons, is thermodynamically more
favored than the usual F-T synthesis from syngas. This reactioa will be
discussed later.

« The concentrations of n—paraffins and terminal olefins greatly exceed
equilibrium values in the ¥-T synthesis. Subsequent isomerization reactions
are not lmportant.

« The reaction of any amounts of ethylene and of ethanol with syngas is
thermodynamically possible at F-T temperatures. The incorporation of higher
olefins or of higher alcohols is less favored. Thermodynamically, methanol
incorporation is favored over that of ethanol. The term “incorporation"
denotes the building-in of an organic molecule together with CO and Hy in the
¥F-T synthesis. '

. « As with higher hydrocarbons and olefins, the amounts of oxygenated
compounds (alcohols, aldehydes, acids, ketones) are also formed in much ﬁig’ner
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 conditioms.

CH4CH,0H ——= CH4CHO + H, 9
CHaCHO + Hy0 T—— CH4COO0H + Hy (10)
CH5COCH3 + Hy == CH3CHOHCH3 (11)

o Olefin hydrogeunation and alcohol dehydration are thermodynamically
favored under F~T conditions. Olefins 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 €O can form free carbon and CO, (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 amznable to analysis on a group of
reactions of the high degree of complexity of the F~T reaction., This 13 true
despite the fact that powerful new analytical mathods of great accuracy now
permit the use of differential reactors, in which conversion is low enough so
that the composition of the feed gas remains essentially unchanged. And in
Ilntegral 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 equatlon relating the differential rate to

the partial pressures or concentration of reactants and of products.
Unfortunately, the kinetics of the this complex series of reactlons are not
well understood. There are too many catalyst variables affecting the
kinetiecs,  including the method of preparation, cowposition and aging, as well
as operating conditions and the transpoft phenomena involving the catalyst and
the reactants, intermediates and products. Storch et al. (1951), Anderson
(1956), Kuo (1984), and Dry (1981) have summarized kinetie expressions derived
for nickel, cobalt, iron and rutheniunm catalysts,

Vannice (1975) using Al,03 as the support, reported that the activites of
Group VIII metals declined in the order Ru, Fe, Wi, Co, Rh, Pd, Pt and Ir.

With 8102 as the support, the activity declined in the 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, 1981l). Activity increases limearly with
the amount of externmal surface area of the catalysts., It seems likely that
outside film diffusion resistance is the principal factor involved.

The SASOL Plants

. gas are about 590-630%,

The P-T reactions are highly exothermic and it is most important in
maintaining catalyst stability and selectivity to have proper heat removal.
The ARGE reactor in use today im SASOL 1 (Figure II-6) is a vertical tube heat
exchanéer 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). The
capacity of each reactor is 18 million kilograms per year of hydrocarbons and
oxygenated products. Tae catalyst is an alkali promoted iron on a support.

The entrained fluidized bed reactor (Symthol reactor) is the largest F~T
reactor now in commercial use. Many modifications of the original Syathol
reactor ugsed in SASOL 1 were incorporated into SASOL 2 and SASOL 3, which, as
noted earlier, use only Synthol reactors. A schematic diagram of the Synthol
reactor 1s shown in Figure 1II-7.

In the Synthol reactors, feed gas enters at the bottom, meeting the down
flowing hot catalyst from the standpipe which heats gas to its ignition
temperature (Dry, 1982 a2). The turbulent flow of gas and catalyst passes
through heat exchangers to the wide settling hopper above the standpipe; here
catalyst and gas disengage. Hydrocarbon vapors and gas leave the reactor via
cyclones to remove entraived catalyst, 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

'
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Typlcal performance data and products from the SASOL 1 and SASOL 2
reactors are cémpared with the Arge (SASOL 1) reactor in Table II-2, The
SASOL 2 reactor has a capacity about 2.5 times that of SASOL 1. The Synthol
reactor, in comparison with the Arge reactor, produces more light
hydrocarbons, more oxygenated compounds, morz gasoline, much more olefinz and
less paraffins. Other reactor designs are described by Kuo (1984) and by Dry
(1981)., Slurry bed reactors are not as yet commerclal 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 oligomefized to yleld
mostly @iesel fuel (ﬁry, 1983).

The Arge c;talyst uses fine metallilc iron fillings as the raw material} it
is a precipitated catalyst with alkali promoters. It has been estimated
(Poutsma, 1979) that the catalyst composition is Fe:Cu:Ky0:8i0, =
100:5:5:25, Catalyst changes are made after 70~100 days.

The Synthol catalyst is made from mill seale obtained from a nearby
steelworks (Hoogendoorn, 1973)., The ground catalyst with added promoters 1s
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 ahsence of oxyzen.
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Table II~-2

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

SASOL 1 SASOL 2
ARGE SYNTHOL SYNTHOL
Operating Parameters
Temperaiure x 493-523 593 583
Pressure (MPz) 2.5 2,0 2,2
H2:C0 Mole R-atiO 1.8 2.5 2.0
Catalyst: Alkali-promoted Precipitated Fused Fused
Fe ’
Conversion per pass (mole 7%) 70 85 85
Product Distributiom (wt 7)
CH,, 5.0 10.0 11.0
CoHy, 0.2 4.0
-3 7.5
CqHg 2.0 12,0
- 13.0
C,H 3.0 8.0
458 .
— 11,0
05:‘(312 (Gasoline) 22.5 39.0 37.0
Cio~C Heavy 0il 6.0 1.0
19721 vy d
and —> 3.0
022"'030 Wax 17.0 3.0
C3; 18.0 2.0 0.5
Non-Acid Chemicals 3.5 6.0 6.0
Acids 0.5 1.0 NA
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On the Mechanism of the Fischer-Tropsch Svynthesis

The F-T reaction may be defined as the catalytic polymerization and
hydrogenation of CO to give hydrocarbons and oxygenated products with various
chain lengths; H,0 and COy are also formed. There are many reactions that
occur on an F-T catalyst. Those listed in Eq. 1-6 are probably the most
importaﬁt ones but the list of possible Interm=diates, reactlons and products,
varylng 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 reactlion 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 elemantary reaction occurs
exclusive of other possible reactions makes 1f clear that there is presently
no clear mechanistic picture of the F-T gynthasls 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 (Andersom et al. 1954), Since
then many more thousands of publications on the F-T reaction have appearsd and
interest 1is 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 1s much to learnm 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 chemisorption of CO
and Hzrthat 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 mechanism(s)
of the F-T gynthesis will be taken up from the usual point of view = that is,

based on the importance of product distribution in the practical appiication
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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 ptoducts uﬁder.various conditions or
unificatlion 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
machanisms proposed havé been based on inferential deductions or spectral-
identifications of supposedly critical intermediates or reactlon paths,
although a series of multiple paths has also been proposed. Nevertheless,
contradictory or imsufficient data exist for all the mechanisms proposed.

As Rofer-DePoorter (1981) has pointed out, the question in proposing a F~
T mechanistic scheme 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 feaction 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 sysﬁematics have been derived
from F~T studies. For imstance, 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 rgtes

of some reactions may even approach zero relative to other reaction rates.,
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During the F-T synthesis, the nature of the catalyst surface usually changes, .
the concentration of intermedliates may change and the rates may change with
somwe reactions disappearing from the surface. But the disappearance of a
product (zero reaction rate) does not mean that the step has necessarily hesn
removed from the F-T mechanistic pathway.

At a certaln set of reaction conditions, a given reaction path may
approach or reach an gverall effective rate of zero and the experiment 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 effecﬁively zZero. One mst
remember that Fischer’s (Fischer and Tropsch, 1923) first experiments gave
high ylelds of oxygenated products. There is a tendency for investigators, _ .
for the sake of simplicity, to study only mechanisms for the synthesis ofr
hydrocarbons, implying, in a way, that the F-T synthesls of hydrocarbons is
the main reaction while the synthesis of oxygaenated compounds is either a side
reaction or perhaps not even to be classified as an F-T reaction. This has
served to confuse an already complex picture, for, under higher pressures,
almost the entire F-T product can consist of oxygenated compounds. Rather, as
a large number of investigators have done, comparisons of 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 studifes should be acquainted with
certain excellent publications on the subject. *Among these are the works of

Anderson and co~workers (Storch et al. 1951), Anderson (19565 1984), Dry .
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(1981), Pichler (1952), Vannice (1976), Schulz (1982), Pomec (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 COp product pathways. Water is the principal primary product with most
catalysts; the C0y product is formed in a subsequent water—gas shift
reaction. It has also been said that terminal olefins or primary alcchols 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, products may pass
through a minimum and, after a maximum at Cg or Cy4, the carbonm number
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 smounts. 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. Quaternmary carbons are not found in the F-T products,
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The carbon skeletons of the alcohols formed in the F-T reaction ars .
similar to those fdund in hydrocarbons. Yields of alcohols, on a molar basis,
are ﬂighest at C, and decrease monotonically with molecular weight.
Thermodynamlics probably limits the yields of methanol, which are very low.

The literature contains a plethora of product selectivities obtained from
various catalysts (mostly Fe, Co, Ru, and Ni) under a variety of reaction
conditions. At SASOL, copiocus information on a commercial scale has been
generated on product selectivities obtailned with iron catalysts operating
under various reaction conditions. All sorts of reactors, fized, fluidized
bed and slurry reactors have been employed. In addition, a number of
catalysts, promoted, sintered, and fused, with different particle sizes hava
been tested. Synthesls temperatures have varied from about 450 to 700% and
pressures have ranged from atmospheric to 7.5 MPa. Also varied over wide
ranges have been the relative amounts of Hy, €O and CO, in the fresh feed .
gases; the fresh feed to recycle gas ratio has also been varied. SASOL
selectivities to methane have ranged from about f£ive to about 80%; hard wax
from zero to up to 50%Z. A study of all the data obtained at SASOL and other
F-T units showed that there was a definite lnterrslationship among the various
products (Weitkamp and Frye, 1953; Dry, 1981). This is in line with earlier
work that demonstrated that if the selectivity of any one particular carbon
number specles 1s changed, then the selectivities of all the other carbon
number species will also change by a predictable amount. This holds no matter
how the shift is brought about = whether by a change in the catalyst used or
by a change in the F-T process conditions.

Herington (1946), first introduced into F=T studies the probabilities of
chain growth and chain termination, terms common to polymer chemistry. He

considered the paraffins and olefins forred on a cobalt catalyst and .
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postulated that they were formed by stepwise addition of a methylene (—CHy-)
entity to the growing chain on the surface of the catalyst. Anderson and his
co-wérkers (Storch, et al. 1951; Anderson, 19563 Friedel and Anderson, 1950)
analyzed the product distribution of a large number of F-T runs using
different fized bed catalysts. They found that plots of log Wn/n agalnst the
carbon number, n, yielded straight lines over a fairly large range of products
(Wn is the mass fractlon of a particular product)., This showed that the
probability of chain growth, a, was essentially coustant. 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= a(l-a)? o1 (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 im the

logarithmic form:

Wn . (l-a)2
log - = nloga + log s (13)

It is evident that, if this equation for the F~T product distribution holds,
the calculated value of « from the slope (log @) should be comsistent with

that calculated from the intercept, log (1-a)2/a. The probability of chain
growth, «, is the ratio of the chaln propagation rate constant to the chain

propagation plus the termination rate constaats.
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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 gasolins
to diesel o0ll to waxes that will be produced in most F~T reactions. The
highest selectivities attainable by F-T synthesls are, in weight %, methane,
100; ethylene, 30; Cy=C, olefins 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 belng done on circumventing the A-S=-
F "constraints", Usually the efforts have heen unsuccessful but this is not
always true. Madon (1979) has presented evidence that the A-S-F model does
not apply to data for a Ru/A1203 catalyst. It Is true that data plotted in
semi~logarithmic form using this equation tends to mask Iinformation so that
subtle changes 1in growth patterns may not be differentiated easily on such
plots. Madon has suggested that attempts to address the problem of product
selectlvity 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 C4ps and
traditional polymerization processes, with products usually greater than
CipoQ» really are.

Deviations from the A-S5-F relationship would be most likely for products
of low carbon number where the assumption that @ 1s independent of chailn
length would be least likely to hold. The CH; fraction is often reported to
be higher than expected and other low carbon number fractioans are reported to
be lower than expected (Satterfield and Huff, Jr., 1982),

Two=carbon compounds are gostulated to have a greater reactivity due to

chain growth at both ends and CH; can be form2d 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 inrthe catalysts due to oxidation, sintering or pore
plugging.

Lt 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 syathesis products, 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 categories, although
simllar 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 GO can
be adsorbed both dissceiatively 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,
assoclative 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, ete) that
dissociatively 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 (Kellmer aund Bell, 1981; Ratzer et al., 1981;

Biloen and Sachtler, 1982) that metals to the left of the line catalyze the
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. F-T synthesis whereas ﬁhose to the right are methanol synthesis catalysts., In
fact, at still higher tmeperatures, the 1line is shifted further to the right
and at these temperatures CO ig 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
pressureas.

The "Carbide" Mechanism

Fischer and his coworkers (1926, 1932) based in part on what must be
considered brillant intuition, postulated that the.catélyst surface was
carbided by CO and‘that the carbide was then hydrogenated to methylene (-CHZ—)
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, 19563 Browning and Emmett, 1952).. The postulation o;f
CHy 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 last 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 Beli, 1979, Biléen and Sachtler, 1982),

It mist be borne in mind that very higﬁ selectivities to oxygenated
compounds can be obtained with the usual F=T catalysts (Fe, Co, Ru, Ni) by
changing reactiecn conditions; recall again that Fischer and Tropseh (1923)
obtained mostly oxygenates using alkalized Fe and other catalysts. While use
of the standard Co-Th0,-Mg0-Si0, 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 407 (Gall et al. 1952).
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Kagan et al. (1966) obtained a product bolling below 433K that had an alcohol
coantent of 867 using promoted iron catalysts at high pressures. More
recently, Knifton (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 findings, how Elvins and
Nash (1926) were led to postulate that oxygenated specles 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 1%C in the F-T synthesis (1951, 1953).

The Hydroxycarbene Mechanlsm

The Anderson-Emmett hydroxycarbene mechanism may be written:

'H\C/OH
i
Hy +CO + M —y 1 (14)
B o8 H°  om H OH cH o
\C/"'- .- -"\c/ ~H,0 . \C c/ 2H . 3\
T+ ’ 4 7 c (13)
1 " " u
Y M MM g

Propagation is proposed to take place by alternating hydrogenation and

condensation steps.

CH, /oa H\ /OH
NS Hy CHy(CH).  om
c + C T CH,CH, ~ _OH N
i I 2 c >
M M i i(16)

3 M
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Termination to give paraffins, olefins or alecohols occurs as shown:

H RGH,CH,0H
R~CH,~C-OH RCH = CH,
1 RCH, G- (17)
u I
M 21
RCH,CH,

Tn this mechanism, the CO.does not dissociate but is hydrogenated to
hydroxycarbenes 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 substantiagl.
Nevertheless, the suggestions that such oxygenated surface intermediates are
involved in the F~T reaction has mach merit., Kolbel and co~workers (1970),
obtained IR spectra under F-T conditions which indicated the presence of
carbonyl, carbonate and carboxyl species on the catalyst surface. Bilyholder
(1966) has postulated that alkozide (M-OR) structures are active F-T surface
intermediates.

The Carbon Monoxide Insertion Mechanism -

Pichler, as early as 1940, noted that the rate of the F-T réaction
increased with increasing (CO) pressure until conditions were reached under
which metal carbonyls were formed (Pichler, 1952)., Ee postulated that the F-T
reactlon took place at conditions just below those favorable for metal
carbonyl formation. Later, Wender 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 lmsertion of surface CO groups into an alkyl-metal bond to form
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an acyl-metal entity (RCO-M). This could be hydrogenated to primary alechols, .
which could be dehydrated to olefins or hydrogenated to paraffinc,

Pichler and Schulz (1970) and Schulz and El Deen (1977) have proposed a
more complete version of this CO insertion mechanism, based also on reactions

occurring in homogeneous organometallic chemistry (Dry, 1981),

H H 0 H
=z CH
co N M HC 0 2 2
l —_— > | —— (18)
M M M Moo-R,0 M
CH
4
cH H
CH H 3
i 2 nCo :
M M(CO) i, (19)
n C=0
M(CO)__,
(I:HZR
uo—c[: cl) —> RCH,COOH
OH M M
(a)
M
CH,R
(20)
c=0
CH,R
M CHy
CHy — C 0 >RCHyCOCH,
M
M M
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20
A ————> RCH,CH,0H - (21)
RfHZ RCH = CH,
CH | . (22)
B
2H
M RCH, CH,

Here, rather stable surface carbonyl compounds form and a migratory
insertion of alkyl group to adsorbed CO occurs.

Deluzarche et al. k1977) have proposed that CO inserts intoc aa M-0H
surface group to form M-OCOH which then hydrogenates to M-0CH;. Tusertion of
CO into ¥-0CHg yields M&OCOCH3 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
thermodynamic calculations indicate that a small amount of formaldehyde (~

0.3%) is formed in a corresponding homogeneous reaction:
L
M = CO0 «=M-C = 0 (Fahey, 1981; Dombeck, 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 reactioms in this mechanism contribute, sometimeé greatly,
sometimes only in a small way, to the overall F=T mechanism.

The CHy-Stepwise Polymerization Mechanism

As pointed out earlier, there has been a strong resurgence of support for
a somevhat modified versioﬁ of'Fischer's-original 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 petals at normal F-T temperatures is largely dissociative although
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significant amounts of undissociated CO are prasent on the catalyst surface
under F-T conditions (Ekerdt and Bell, 1979; Rabo et al., 1978; Sexton and
Somorjai, 1977; Bell, 1981),

Wentricek et al. (1978), in a seminal paper, showed that hydrogenation of
carbon deposited by the disproportionation of CO readily yilelded methane,
Later studies (Araki and Ponec, 1976) showed that Co4 hydrocarbons could also
be formed.

Bonzel et al., (1980, 1982) examined catalyst surfaces by Auger and x~ray
photoelectron spectroscopy; thesé studies revealed that at least three types
of carbon probably exist on an F~T catalyst surface: a CHx molety, carbidic
carbon and graphitic carbon. Only the graphitic carbon fails to react to aive
methane and higher hydrocarbons at F-T temperatures. Biloen et al. (1979) and
Biloen and Sachtler (1981) obtained further evidence for the role of carbidic

carbon in hydrocarbon chain growth., Ni, Co, and Ru catalysts were precovered
with 13¢ atoms and then exposed to a mixture of 12CO and Hype A good yield of

13CH4 and hydrocachons with a number of 13¢ atoms were obtained in the
product. The times to convert 13¢ atoms and adsorbed 1200 molecules to
methane were essentially the same. Biloen and his co-workers concluded that
CO dissociation is very rapid and that CH, specles are the most reactive €1
species on the catalyst surface. Methane and hydrocarbons are products of the
same building blocks, namely CHx (x = 0-3). S3ince deposited surface carbon
will gradually convert to the less reactive graphitic carbon in an inert
environment (McCarty and Wise, 1979; Wentrecek, et al., 1978; Rabo et al, 1978)
we conclude that chain growth proceeds by polymerization of CHx species. The
miggﬁtory insertion of CHx (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 (CHZNZ) 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 0.1 MPa yielded
mostly ethylene and Np. But the addition of Hy to the CHgN, gave entirely
different products. The amounts and t&pes of compounds obtained very mich
resembled F-T products using Fe, Co, and Ru. Mostly CH; 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,; react as do the
intermediates posiulated in a CHX stepwise polymerization scheme.

In a second paper, Brady and Pettit (1981), conducted experiments with a
cobalt catalyst in which the 13(3’0/ 1ZCH2N2 rati'o was varied; the results were

. consistent with calculated product predictions of the surface carbide
mechanisms. . Deviations were large for the hyéroxycarbene hypothesis and
moderate for the CO insertion mechanism. While it is true that strongly
adsorbed intermsdiates >added to a system may dominate the catalytic route and
glve a distorted idea of the reaction path, the work of Brady and Pettit
furnishes strong support forvthe CH, stepwise polymerization mechanism.

Based on this and on much other evidence we can write the following
mechanism for the F-T synthesis: (Kellner and Bell, 198l; Katzer et al., 1981;

Biloen and Sachtler, 1982).

Q=0

GO + M > Adsorption (23)

. Rl

___.},ﬁ IO] ——-éﬁ + H,0 Dissociation of CO (24)

.MH M M M M
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Synthesis of CHy initiator
or CHx monomer

(23)
Chain growth, initial step, (26)
migratory insertion of :CH
into an R-M bond
Propagation, further :CHy insertion (273
?HZ H ‘
M +Me———3>M+RCH = CH2 Termination: Olefin formation (28)

M +M ——3M+ RCH

3 Termination: Paraffin formation (29)
R O R
I 9 4 =0 Migratory imsertion of CO, acyl formation 30)
M M M M

%xo + H ——> RCHO Q-BE;RCHZOH Termination: aldehyde and

& tEi alcohol formation (31)

As stated earlier, it 1s difficult to prove or disprove any of these F-T

mechanisms. It does seem that any mechanistic scheme that excludes CO

dissociation on the catalysts seems unlikely. But the CH, stepwise or carbide

I1-42



. mechanism does not adequately explain the production of oxygenated products,
among qther facets of the F-T synthesis.

Oxygenated products, particularly alcohols, are postulated to be formed
in a termination step whereby a surface alkyl group supposedly mlgrates to an
undissociated CO molecule on the catalyst surface. The pertinence of the.
carblde mechanism has been questioned by Henrice=-Olive’ 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 1s obviously much 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 cdnsistent for all F-T
catalysts. As the temperature of the synthesis is increased, the CHy
selectivity increases, the amount of olefins inm the product rises and the
selectivities toward oxygenated compounds decreases. The temperatures uséd 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 8i07, Al,03, MgO, ThO,,
Lag03 and Zn0 are called 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), Chemicgl promoters exert their

.influence by mechanisms not yet clearly understdod. They may transfer
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electrons to the catalysts or even block pores. Alkalls and their salts are
the chemical promoters most often used = they are basic salts and catalystk
basicity, especlally for the irom catalysts used at SASOL, is a key
parameter. The effect of these promoters are dependent not only on the typs
and amount of the alkali salt added but also on the interaction of the allali
with the support, with other promoters, and with lmpurities. Potassium oxide,
K70, is the chemical promoter used most often, If the alkali reacts with the
support, the basicity will be decreased and more alkali mist be added. For
instance, supports such as Al503 or TiOy are too acidic to be used as
promoters at SASOL. Alkalis are considered to be electron donors.

The effects of alkall promotion on F-T catalysts such as iron (Dry et al.
1969; 1972), ruthenium (Gonzales and Miura, 1982), and nickel (Campbell and
Goodman, 1982) may be summarized as follows: (a) suppression of hydrogenation .
capability, (b) increase in CO dissoclatinn, (c) increase in formation of long
chain hydrocarbons, and (d) decrease in the coaversion activity of CO,

Gas Composition and Reaction Pressure

The simple ratio PHZ/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 CO0y as well as the total
pressure (Dry, 1981) influence the selectivity for the SASOL Synthol catalysts
which operate at a higher temperature. This Ls an ongolng area of research at
SASOL,

Deactivation of Catalysts

F-T catalysts can lose actlvity for a aumber of reasons: (a) sintering
(loss of active surface area due to growth of crystals), (b) conversion of the
active parts of the catalyst to inert phases (i.e. metal to a metal oxide), .

(c) deposition of carbonaceous substances on the active surface area (carhon

-TI-44



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 dissoclatively adsorbed on F-T metals with the
surface sulfur held mich more stroangly 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 éatalysts that are more sulfur resistant than the

\ .
gsual F-T catalysts have been found. In general, they have low activity and
poor selectivity. An alkalized 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 cozal may not be avallzble,
labor is not as cheap and the oil supply perhaps more assured. In generzl,
SASOL technology is limited to non-caking or poorly caking coal (rezlly only a
limltation of the gasifier used at SASOL). Other‘disadvantages in SASOL
technology are the broad product distribution and the straight-chzin nature of
the products (resultinmg in a low octane number for use as gasoline, but the
cétane number for the diesel fraction is good). The maintenance cost for the
SASOL plant tends to be fairly high and the thermel efficiency (to

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

Iwo excellent reviews summarizing work on the Kolbel~Engelhardt (X-E)
synthesis, which may be considered an offshoot or variant of the F-T
synthesis, have been published by Kolbel and Ralek (1982; 1984), The E-E
synthesis occurs on iron (Rolbel and Engelhardt, 1951;1952) cobalt, (Rolbzl
and Vorwek, 1957), nickel, (Kolbel and Gauba, 1961), and ruthenium (Zolbz=1 and
Bhattacharyya, 1958) catalysts.

The K-E synthesis was originally conceivad as a way of using CO-
containing gas streams which had little or no hydrogen. The synthesis
consists of two well-studied reactions, the F~T synthesis and the water-gas
shift reaction. The products obtained are essentlally 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+1)H2 + nCO-——)Cnﬂzn+2 + nHZO (32)
Water—gas shift (2n+1)H20 + (2n+1)CO-—-—:>(2n+1)H2 + (2n+1)CO2 {33)
K=E reaction (n+1)H20 + (3n+1)CO -——)CnH2n+2 + (2n+l)C02 (34)

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

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

CO + H,0—> o, + H, AH = -9,5 keal/mole (33




. 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 fized bed and slurry reactors; the slurry
bed synthesils was found preferable. In 1953, a slurry phase demornstration
plant bagan operation in Germany and was operated successfully for two years,
producing about 11,5 tons of product per day (Kolbel et al,, 1?56; Kolbel and
Ralek 1980), The availability of cheap oil prevented coastruction of other,
lzrger K-E plants, .

The successful comstruction and operation of the K-E demonstration plant,
using CO and water, however, may have made its greatest contribution to the
enhancement of the recent growing interest 1n slurry phase PF-T reactors.

. Second generation coal gasifiers yield CO-rich syngas (Hy/CO ~ 0.6). The
SASOL reactors deactivate rapidly with syngas with a high CO/H2 ratio due to
carbon deposition. The U.S. Department of Energy and several industrial
companies are supporting research on the use of slurry phase reactorslin the
F-T synthesis and in the methanol synthesis (lee et al., 1983; Sherwin and
Bium, 1978).

Fischer and co-workers were the first to use slurry reactors in the F-T
synthesis (Fischer et al., 1932). In general, this type of reactor uses
finely divided irom catalysts suspended in a2 high-boiling o0il (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 et al. at the
U.S. Bureau of Mines (1951), and Szkail and Kunugi (1974) in Japan have all
carrried out work on slurry phase F-T reactions.

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

high CO/HZ synthesis gas offer advantages for use in the F-T synthesis. These
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include (a) avoidance of a separate water—gas shift reaction, (b) excellent
temperature control of the reactor, (c) high single pass synthesis gas
conversion which mazximizes heat recovery and minimizes utility requirements

and (d) cowmparatively simple reactor design.

II-48



. 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 this synthesis, termed the
Isosynthesis, in which syngas is catalytically comverted to products
cousisting predominantly of branched, mostly saturated hydrocarbons, using
certain difficulty reducible oxides as catalysts. Development of the process
was rapid (Cohn 19563 Pichler and Ziesecke, 1950) but its commercial use was
cut off by the successful 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 isobutyl alechol, produced when alkali is added to a zinc oxide

. methanol synthesis catalyst (Pichler and Ziesecke, 1950). The branched
alcohols thus produced, largely iscbutyl alecohol, cam be dehydrated to
isobutylene which can then be comverted 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 isoparaffins rather than normal paréffins, the catalysts are
difficulty reducible oxides such as thorium oxide (ThOz) rather than reduced
transition metals. Isosynthesils 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 Na,C05 and thea pretreated by
sintering 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 monoxide and hydrogen are conzsumzd in 1.200/1H2 ratio in a
single pass. The thorlum oxide catalyst is not affected by sulfur compounds
but the synthesis should be carried out in vessels (chrome alloy ste=l or
copper=-lined reactors) which exclude F-T catalysts (U.S. Bureau of Minzs Bull,
483). In addition to ThO05, ZrO0) and to a lesser extent, Cely are active
Isosynthesis catalysts at 723K and 150 atn (15 MPa).

The type of products formed over Th0y in the Isosynthesis do not follow
the A-S-F equation. At temperatures below 673K, especlally below 648X,
alcohols are the main products; above 773K, low molecular welght hydrocarbons
predominate. At 723K, 257 of iso-C4 compounids, chiefly isobutane, are formed,
together with about 167 of methane and 46% of liquid products containing
mostly branched aliphatics plus some aromatics and naphthenes. Optimum
pressures for the production of liquid hydrocarbons in the Isosynthesis are
between 30 and 60°MPa. At the higher pressures, methane and dimethyl ethar
predéminate.

The activity of ThOz is greatly increased by the addition of Al904; best
results were obtained when 207 Al,03 was added to the ThO, catalyst. The
addition of 3% of X,C03 (based on Aly04) gzave a further increase of iso=Cy
compounds. While Aly04 added to ThOp increased the formation of isobatana,
the addition of Zn0 increased the formation of liquid products (Shah and
Perrotta, 1976),

The nature of the products in the Isosynthesis process is determined
chiefly by the type of catalyst and the reaction temperature and pressure, It
is important to note, however, that alecohols are the main products at lower
temperatures and pressures; there is little doubt that alcohols are the
primary products in this synthesis. ThOy is an active catalyst for the

hydrogenation of CO to alcchols; it is also an emcellent dehydration
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. catalyst. Al;05 addition to thoria may aid in the dehydration of the

alcohols.

Details of the mechanism of the Isosynthesis have not been worked out.
Anderson and co—workers postulate that formaldehyde is fhe initial product;
this is reduced to methanol (Storch et al. 1951). Successive additions of CO
to methanol give the‘higher alcohols. Dimethyl 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 irn 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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