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INTRODUCTION
The Fischer-Tropsch Synthesis may be viewed as a simple polymerization reaction, the
monomer being CO or a C, species derived fromit. Schulz (1,2) derived an equation for the distribution
of molecular weights of polymers obtained by afree radical polymerization process, that is, through a
one-by-one addition of monomer to a growing chain. The Schulz distribution function is applicable

generaly if thereisaconstant probability of chain growth, «, and « < 1; the latter requirement applies
when some reaction limits the chain growth. The probability for chain growth, «, is defined as:

o= ry/(r, + Zr) [1]

wherer, isthe rate of chain propagation and r, is the rate of chain transfer or chain termination. The
probability of the chain growth step to take place P times without termination is

Lo o= o [2]

The number of molecules per degree of polymerization P, n,, is proportional to the probability of
their formation

n, = const of [3]

The mass fraction m, is proportiona to n, as well as the molecular weight of the components of
the fraction (M, = M,,P, where M,, is the molecular weight of the monomer)

m_ = APo (4]

p

where A contains the constant M,,. The mass fraction is defined so that



Sm = 1 [5]

The mass fraction is considered to be a continuous function so that

f:mde = 4 f:PocPdP =1 (6]
and
A = l/f:PocPdP [7]

Solving theintegral (e < 1, «” = 0) and combining equations [4] and [7] |eads to
m, = (In*0)Pe’ (8]
Rearranging gives the more familiar form
log(mp/P) = log(in%a) + (log o)P [9]

Thus, aplot of log (m,/P) versus P should result in astraight line.

Flory published a number of theoretical distribution functions for this and other types of
macromolecular formation (e.g., reference 3). Thus, polymer scientists usually designate distributions
as represented by [9] as conforming to a Schul z-Flory distribution.

Similar equations were derived, apparently independently, by catalysis scientists (4-6).
Anderson continued his efforts to develop chain growth mechanisms and to account for the products
formed by chain branching (7). Many catalysis scientists therefore recognize Anderson's contributions
to the Fischer-Tropsch Synthesis by designating equation [9], and plots based upon it, as an Anderson-
Schulz-Flory (ASF) equation or plot, and we shall follow this practice.

Possible Deviations from ASF

There are three possibilities for ASF distributions. In thefirst case, al of the products follow an
ASF distribution. In the second case, the products follow an ASF distribution up to some carbon
number and then a dramatic negative deviation occurs (a deviation where the experimental valueis
much lower than predicted for an ASF distribution). In the third instance, the products follow an ASF
distribution up to some carbon number and then there is a gradual positive deviation of the products to
eventually follow a second ASF distribution. In the third case, the second alpha value must be higher
than the first alphavalue. The latter two cases will be discussed below since the first instance is the one
that is expected.

Another possibility isthat an excess of low carbon number products, based on ASF, are formed;
claims of thistype are not as common. The maximum C,-C, products, based on ASF, is57%. German
patents (8) reported up to 89% C,-C, products, including a much lower concentration of methane than
predicted by ASF. However, the C,-C, products conformed to an ASF distribution (9). Other reports
from BASF did not show this unusual behavior. Unusual distributions reported from the Exxon labs
were also considered in the report by the Catalytica Associates authors. Madon et al. (10-12) reported
product distributions (excluding light products) that showed a sharp, narrow peak with one or more
shoulders. Modeling by Catalytica Associates,Inc. of heavy product holdup in the reactor and traps




produced a similar distribution (13), with the implication that experimental artifacts produced the
unusual results.
Chain Limiting (Cut Off)

Chain limiting, as used in the literature, may be divided into two broad categories. In many
instances, the definition has not been given and considerable misunderstanding has resulted from the use
of chain limiting.

Low Alpha Distribution

In the first category, the products are low molecular weight but follow a normal ASF
distribution, or may have adlight positive deviation. Thisdistribution isrequired for operation in afluid
bed reactor. If liquid products are formed in the fluid bed reactor, either circulating as used initially at
Sasol or fixed fluid as used in the commercial plant at Brownsville, Texas, catalyst particles will adhere
to each other and eventually become so large that they cannot be fluidized. Thus, some reports have
used chain limiting to mean that liquid products are not formed in amounts to alow aliquid phase to
form. Thisisthetype of operation that is practiced by Sasol for about 90% of their production (first in
fluid bed and now fixed fluid bed reactors) and the one used by Mossgass. However, in general the
products do not deviate significantly from a single ASF distribution. Thus, this case should not be
considered as an abnormal distribution that deviates from the normal ASF polymerization mechanism.
Thisisjust alow apha ASF distribution and should not be considered to be produced by a chain
limiting FTS mechanism.

Bifunctional Catalysis

The combination of FT synthesis with cracking or hydrocracking processes was commonly
practiced in Germany during the 1930-1940 period; however, the two operations were obtained in
separate processes. Obviously, cracking the heavier products to low molecular weight products can
cause deviations from ASF. To our knowledge, the first to attempt to conduct the two processesin a
single reactor were Gulf workersin the 1970s (14). They conducted the synthesis with a mixed bed of
cobalt catalyst and a silicate cracking catalyst; the product distribution deviated from ASF. Mobil Qil
workers conducted extensive studies in which they attempted to effect bifunctional catalysisin one
reactor (15); eventually they settled on separate reactors for the two processes. Separate processes are
also utilized at the commercial plant operated by Shell Middle Distillate Synthesis (16). However, the
deviation from ASF is artificially introduced by cracking of heavier hydrocarbons and is not a deviation
from the FT synthesis.

Negative Deviation from ASF

Until recently, the goal of the FTS synthesis has been to produce gasoline range compounds as
the mgjor product. At the same time, it was desirable to limit the amount of light gases, C, to C,
compounds, since there was not a great demand for these products in most locations. It was therefore
desirable to have the products resemble a bell-shaped type curve that had a maximum at about C,-C,. In
other words, it was desirable to have the ASF distribution show a negative deviation from ASF up to
about C, and to then cut-off abruptly above about C,;. While reports showing negative deviations for
the lower carbon number products are absent, or very limited, many reports of negative deviations of the
higher carbon number products have appeared. The following section considers some of these claims
for negative deviations.

With the increased interest in FT synthesis following the energy crisisin the 1970s, many groups
became activein FT. By then the usage of zeolites, starting with the discovery by Mobil workers of the
improved catalytic cracking selectivity, had increased dramatically. It was predictable that many groups
would use zeolites as supports for the FT synthesis, and this was the case. The use of these supports led
to reports of chain limiting FT synthesis.

A number of "Client Private" reports on arange of topics were offered during the 1970-1980
period by Catalytica Associates, Inc. The circulation of these reports was restricted to multiclients but
some of the copies were later sold at a significantly reduced price without these restrictions. 1n 1980, a
report provided their recent thoughts on Schulz-Flory limitations and violations in CO-H, reactions.
They considered that the broad range of products produced by the FT synthesis presented experimental
problems that can hinder an accurate determination of product distribution. Included amont these
reasons were: (1) condensation of productsin catalyst and/or reactor; (2) condensation in downstream
piping; and (3) errors associated with the use of multiple product collection traps.




Among the firgt, if not the first, to show unusual chain limiting product distribution obtained
using the zeolite support were Vanove, et a. (17) and Nijset al. (18). Ballivet-Tkatchenko, et al. (19)
also reported that FT synthesis could be “tailored” by the use of iron, cobalt and ruthenium carbonyl
complexes deposited on faujasite Y -type zeolites so that only short (C,-C,) chain hydrocarbons were
produced. These latter authors reported that, while it appeared that the small metal particles needed to
be stabalized in the zeolite supercage, it was not clear whether the chain limitation was due to the small
metal particle size or the shape selectivity imposed by the zeolite. Frankel and Gates (20) reported that
catalysts prepared by reduction of Co(l1) ions exchanged into A- and Y -zeolites with cadmium metal
vapor were unique. The A-zeolite catalyst produced propene as the only hydrocarbon product. The'Y -
zeolite based catalyst also showed non-ASF hydrocarbon distributions which were characterized by
almost no C, and C; hydrocarbons and the C,-C, mixture making up about 70% of the hydrocarbon
products.

Jacobs and van Wouwe (21) reviewed work that showed non-A SF distributions up to 1982 and
indicated that the ultimate proof of the validity of the data had to come from the authors of the various
papers. Later work by the Jacobs group (22) presented data for three iron Y -zeolite catalysts. Only one
of these catalysts retained the iron in the interior of the zeolite while the iron in the other two catalysts
was located almost exclusively on the exterior of the zeolite particles. The two catalysts with theiron
on the exterior of the catalyst particles produced products that fit the ASF distribution (Figure 1). With
the catalyst that initially contained the iron in the interior zeolite pores, the product distribution initially
showed a cut-off at about carbon number 8. However, as the time on stream increased the cut-off
occurred at higher carbon numbers, the growth factor steadily increased, and by 120 hours on stream
the product distribution has changed to the normal two-alpha plot (Figure 2). These authors assumed
that the sites responsible for the first growth mechanism («,) is associated with the zeolite supported
Fe,O, phase and those giving the «, growth rate occurs with the extrazeolite large Hagg-type carbide.
The datain Figure 2 are what are anticipated if there is holdup of the heavier products within the zeloite
pores. However, if thisisthe case for the datain Figure 2, the small crystallites in the zeolite must have
alower chain growth probability than the larger crystallites do.

Gates and coworkers published several papers that emphasi zed the characterization of avariety
of metal clusters loaded onto and into zeolite structures; for a number of these catalysts FT synthesis
was used as the reaction to relate to the characterization data (e.g., 23-28). In general, the clusters tested
had alower activity than normal FT catalysts. The reaction was conducted in afixed bed reactor and the
products were conducted from the reactor to the g.c. through a heated (about 149°C) line. Products were
normally reported through five carbon numbers. Several of the clusters produced products that were
reported to be non-ASF; the results in Figures 3 and 4 are representative. When the products are
analyzed through higher carbon numbers (e.g., through carbon number 70) some or al of the lower
carbon number products show dlight deviations from ASF. However, when the analysis is conducted on
products up to carbon number 70, the C,-C, products are a small fraction of the total products and the
deviation, apart from C,, is usualy not emphasized. However, when the product fraction isonly in the
range C,-C, these deviations are magnified to amajor extent. At least some of the non-ASF features of
the data reported by Gates and coworkers are due to the limited range of hydrocarbons that were
analyzed. In support of this view, plots that were considered to show ASF distributions also exhibited
similar deviations but not to the same extent (Figure 5)(28).

Yang et al (29) report that the negative deviation from ASF distribution is caused by the cut-off
effect of small particle size catalyst particles. Wells et a (30) conducted FT synthesis at low pressure
using two Co/MnO catalyst formulations and found that the main products were alkenes, principally
propene, with minimum methane, demonstrating that the catalyst was chain limiting in the FT synthesis
route.

The above is not a comprehensive review of all literature relating to cut-off or chain limiting FT
synthesis but isintended to give aflavor of the character of the claims and the type of results obtained
over the past 25 years. In the author’s view, essentially al of the papers reviewed were based on data
obtained under conditions that were not obtained under steady state conditions; that the analysis was
conducted under conditions that led to a cut-off; and/or the product distribution was obtained over such
asmall carbon number range that it magnified minor deviations from ASF.



Yang et al. (31) reported that previous studies indicated that the length of the growing chain was
limited by the dimension of the metal crystallite (17,32-37) and devel oped a theoretical model based on
this concept. Thus, on metal crystal surfaces the products followed a normal ASF distribution so long as
the crystal face exceeded some minimum size but below that size the chain length decreased very
rapidly beyond some carbon number. They represented the chain propagation on large crystals by the
normal ASF equation:

b, = dya™ [10]

where ¢,, is the mole fraction of product containing n carbons and « is the probability of chain growth.
They then imposed a size distribution function, g(A,)), where A, is an area of agiven size, on the ASF
formula:

(bn = d)lan_lq(An) [ll]

or log(¢,) =10g(¢,) + (n-Dlog(e) +log(a(A,) [12]

The term log(q(A,) modifies the normal ASF distribution so that the predicted ASF plot will
resemble that shown in Figure 6. They utilized data from three references (35-37) to show good
agreement between the experimental results and their theoretical prediction. Representation of this
agreement is shown in Figure 7 using data from reference (36). However, the products from the
synthesis were transmitted to the gas chromatograph through a heat traced line kept at a temperature that
would provide the cut-off shown in Figure 7. The same limitations appear to be able to account for the
cut-off of the product distribution in the other two data sets used by Yang et a. Thus, the agreement of
the data with the theory does not support the theory since the cut-off of productsis due to limitations of
the analytical procedure, and not the synthesis mechanism.

Another feature that was considered to offer the possibility of limiting the extent of chain growth
was a specia confinement due to limited accessibility of the site. Placing a metal particle in the cage of
a zeolite offered one means of limiting the space surrounding the catalytic particle. However, itis
difficult to differentiate the impact of shape selectivity imposed by the zeolite structure independent
from the impact of the crystal size.

In spite of the experimental difficulties that must be overcome to be sure that the chain limitation
is not due to experimental artifacts, reports of negative deviations from ASF still appear, frequently with
poorly described experimental details. Ungar and Baird (38) obtained shape selectivity using cobalt in
NaY zeolite catalysts with a cut-off at C,. In aprivate communication (39), these authors indicate that
the cut-off islikely due to adsorption of the heavier products in the pores of the zeolite; however, it does
not appear that these authors published the data other than what was reproduced in the private
communication. Vanhove et al. (40) reported a chain limiting distribution and indicated that this could
be due to along residence time of the heavier productsin catalyst pores and their hydrocracking to
lighter products because of the long residence time. These authors also indicated that the non-ASF
distributions were only obtained at low loadings of the catalytic component; at higher loadings the
products from the larger catalyst particles produced A SF distributions and these covered up the non-
ASF products. McMahon et al. (41) found atailoff in the ASF plots at the C¢-C, range, indicating a
shape selective effect of the zeolite support. The tailoff was observed at al temperatures used and was
not due to product accumulation in the pores, as indicated by the inability to extract heavier
hydrocarbons from the spent catalyst. The data of these authors were obtained at atmospheric pressure,
and thisis afeature that is common to many of the reports of tailoff. Lee and Ihm (42) found a normal
ASF distribution for zeolite catalysts prepared by ion exchange. decided non-ASF, with a preferencne
for C, and C, hydrocarbons, was obtained for a catalyst prepared using a carbonyl complex
impregnation method. Ozin and coworkers (43-45) found a decided selectivity for butene from CO
hydrogenation using very small iron clusters within the cages of faujasite zeolites; again, the studies
were at one atmosphere operating pressure.

Many of these deviations can be accounted for by aldol type reactions of the aldehydes and/or
ketones that are present for low pressure operations.



Two ASF Distributions

Anderson (46) summarized product distribution results up to about 1954. Included in thisreview
were the results of the Schwarzheide tests using catalysts from Lurgi, Brabag, K.W.1., |.G. Farben, Ruhr
Chemie, and Rheinpreussen as well astests at the larger U.S. pilot plants, and Standard Oil Co. of New
Jersey (Figure 8). These results included operations with iron catalysts both in fixed and fluidized
reactors. Theresultsin Figure 8 clearly indicate that a single « value does not adequately describe the
data. Up to carbon number 9 to 11 the datafit one alpha value for equation [9] very well; however, a
second « value is needed to describe those products higher than carbon number 9to 11. These early
workers did not have the benefit of gas chromatography to analyze the higher molecular weight
products. Thus, while Anderson noted the need for two or more alpha values to describe the products
from FTSusing iron catalysts, it received little attention. Furthermore, FTS products from a cobalt
catalyst were adequately described with a single alphavalue.

Madon and Taylor (47) conducted extensive tests with a precipitated, alkali-promoted iron-
copper catalyst. They reported a product distribution for the condensed products from FTS using a plug
flow reactor that exhibited atwo-alpha plot (Figure 9) but the break occurred at a higher carbon number
than thosein Figure 8. Madon and Taylor (47) noted that Anderson and coworkers (48) had obtained
such aplot but with the break occurring at alower carbon number. Madon and Taylor noted that Hall et
al. (49) had suggested that in addition to stepwise growth with a single carbon intermediate, multiple
build-in of growing chains could occur and that this could affect the growth rate of heavy hydrocarbons.
Madon and Taylor, after considering this explanation, suggested instead that chain growth takes place
on at least two types of sites, each having a dightly different chain growth probability «.

Novak et al. (50) considered the impact of readsorption of «-olefins upon the products from a
continuous stirred tank reactor (CSTR) and a plug flow reactor (PFR). They also considered that o-
olefins could only initiate chain growth, or that they can also isomerize to internal olefins as well as be
hydrogenated. For the CSTR, these authors concluded that, even with such secondary reactions, the
products still exhibit an ASF plot. For the PFR, the products deviate from an ASF plot when «-olefins
can undergo only chain initiation. If, however, asisthe casein amore realistic situation, the «-olefin
also undergoes hydrogenation and isomerization in addition to chain initiation, the distribution rapidly
becomes similar to an ASF distribution. Finally, these authors considered the case where the chain
growth parameter was allowed to vary aong the length of a PFR by forcing the C, surface concentration
to vary and found, in this case also, that the distribution is quite close to a Flory distribution.

Satterfield and Huff (51) initially concluded that the products for a doubly promoted catalyst (C-
73, United Catalysts, Inc.) in aCSTR yielded a precise linear relationship between the log of the mole
fraction of the products and the carbon number as predicted by an ASF distribution provided all
products, including oxygenate species, were included. The linear relationship held over four orders of
magnitude of the moles of products and for carbon numbers from 1 to about 20 over a wide range of gas
compositions. The chain growth probability factor, «, increased dlightly from 0.67 at 269°C to 0.71 at
234°C.

Huff and Satterfield (52), after re-examination of their previous data and a consideration of new
experimental data on three different iron catalysts, reported that in some cases, the ASF distribution plot
can only be well represented by two straight lines with a marked break occurring at about C,,.

However, when the products are considered on the basis of compound classes, the situation shown in
Figure 8 isan oversimplification. Asshown in Figure 10, Huff and Satterfield found that only the
paraffins deviate from the ASF plot; oxygenates and alkenes appear to follow a single ASF plot with « ~
0.55.

Egiebor et a. (53) also reported that the break in the ASF plot was due to the alkanes. These
authors showed that «-olefins and cis- and trans-p-olefins all show straight line plots with different
slopes. They concluded that all these compounds are primary products. The fact that only paraffins
show abreak in the ASF slope proves that paraffins are not secondary products derived from «-olefins.
These authors advanced the view that growth of linear chains proceed at the same rate («) for al species
and that it is the termination event which is species specific. The break in the paraffin ASF plot is
therefore caused by a sharp change in the rate of termination at about C,;. Since a number of
investigators have found that the carbon number where the break occurs is about the same and since the



break is observed with a variety of catalysts, they state that it may be that the phenomenon is governed
by the nature of the C,; molecule as well as the catalyst.

Gaube and coworkers (54,55) also observed atwo « plot. For aniron catalyst the C; - C,,
products exhibit alinear ASF plot that only required asingle o value (Figure 11). However, when the
catalyst contained alkali (added as K,CO,), the ASF plot needed two « values to adequately describe the
data. However, others have found the need for two alpha values for catalysts that do not contain
potassium or other alkali metals (e.g., 56-59).

Donnelly et a. (60) extended the chain growth theory to include two growth probabilities; thus,
rather than equation [4] one should write

m, = APof + BPo’ [13]

The contribution of each growing chain will be equal at the break point. They offer thisas an
improved equation for analyzing FTS product distributions, and show that this equation adequately
described their data.

Dictor and Bell (56) found atwo-alpha plot for both reduced and unreduced iron oxide catalysts.
Furthermore, these authors found that the ASF plot for n-aldehydes yielded a two-alpha plot just as was
the case for the hydrocarbon products. Furthermore, the break for the aldehydes was at the same carbon
number as the hydrocarbons, provided the aldehyde ASF plot was based upon n-1 rather than n, as was
used for the hydrocarbons (Figure 12). This was taken to support the view that aldehydes are formed by
CO insertion into a growing surface alkyl group and subsequent reductive elimination of the acyl group
(61,62); hydrocarbons on the other hand are believed to be formed in a termination step that occurs by
elimination of a hydrogen from an alkyl group. Since the break occurs at n for hydrocarbonsand n + 1
for the aldehydes, it appears that the oxygenate and hydrocarbon products are derived from a common
surface species.

Donnelly and Satterfield (58) utilized a Ruhrchemie catalystsin a CSTR and found that both the
n-alkanes and 1-alkenesfit atwo-apha ASF plot (Figure 12) whereas earlier work from that |aboratory
(52) showed that only n-alkanes deviated from ASF. In contrast to Dictor and Bell (56), Donnelly and
Satterfield (58) found that oxygenates followed a single alpha plot even though they now find, in
contrast to earlier results, that both n-alkanes and 1-alkenes deviate from ASF. These data serve to
illustrate the difficulty in deciding the one or two-al pha plot question.

Stenger (63) showed that the two site ASF equation used by Huff and Satterfield was equivalent
to one based on a distributed-site model in its ability to fit the molecular weight product distribution
from an iron catalyst promoted with potassium. In the promoted catalyst, a distribution of sites
proportional to the concentration of potassium relativeto iron is utilized. In his model, Stenger assumed
anormal distribution of K on the surface and postulated an exponential dependence of aphaon the
random distribution variable, X, that is proportional to the potassium distribution.

Inoui et a. (64) introduced a single criterion to differentiate between the two-site model (58) and
adistributed site model (63). However, for typical values of «; and «, for iron catalysts (~ 0.6 and 0.8,
respectively) the fit to the ASF plot should make it difficult to distinguish the two models, even using
the approach suggested by Inoui et al (64).

Kikuchi and Itoh (65) utilized an iron catalyst based upon ultrafine particles loaded with 1% K
and found a break in the ASF plot at C,,. The datafit the model based upon two kinds of sites, A and B,
with A exhibiting the lower and B exhibiting the higher growth probability. The fit of the experimental
data and the calculated curve was satisfactory (Figure 13).

Iglesiaet al. (66) reported that olefins readsorb and initiate surface chains that are
indistinguishable from those formed directly from CO/H,. Diffusion enhanced olefin readsorption leads
to an increase in chain growth probability, «, and in paraffin content with increasing pore and bed
residencetime. Deviations from conventional (ASF) polymerization kinetics were quantitatively
described by transport effects on the residence time of intermediate olefins within the liquid-filled
catalyst pores without requiring the presence of several types of chain growth sites. The results reported
for this study were obtained with a Ru catalyst, and not an iron catalyst.



Not all of the earlier studies require two or more o values to describe the distribution of products
from FTSwith iron catalysts. Three examples of thiswill be noted. Zwart and Vink (67) report that the
product from zeolite supported iron catalysts derived from iron carbonyl complexes produced a product
distribution in the C, ,, range which obeyed ASF statisticsin all cases. Eilerset a. (68) report that in a
few hundred independent FTS experiments with various catalyst formulations under different operating
conditions it was confirmed that the carbon number distribution were in close agreement with the ASF
kinetics (Figure 14). However, neither of the two data sets for the iron catalysts cover the total range of
carbon numbers where the break in the ASF plot is observed. Cannella (69) reported alinear ASF plot
that only required one alphavalue to fit the C,, products for an unsupported iron catalyst but that a two-
alpha plot was required for the K-promoted catalyst. Linear ASF plots were always obtained for the C,*
products produced over each of the supported iron catalysts.

Tau et al. (70) found that a doubly promoted C-73 catalyst incorporated *“C labeled 1-pentanol,
added to the CO/H, feed, into higher carbon number products. They found that product accumulation in
the CSTR was not adequate to explain the deviation from a constant **C activity/mole with increasing
carbon number for higher carbon number alkane products.

14C labeled ethanol served only as achain initiator; this is demonstrated by the constant **C
activity/mole for the C, through C, products (Figure 15). The constant activity of C; and C, that is equal
to ethanol indicates that only one C, species derived from ethanol was incorporated into these products.
These results are in agreement with the earlier data obtained by Emmett and coworkers (49, 71-75).

However, the datain Figure 16 clearly indicate that the C,, - C,, paraffins exhibit a different **C
activity pattern with increasing carbon number than those in the C, - C, range. The higher carbon
number products are diluted by the products accumulated in the reactor prior to the addition of **C
labeled 1-pentanol. Analysis of the wax withdrawn from the reactor prior to the addition of the **C
tracer provided data to calculate the impact of these productsin diluting the **C content of higher carbon
number products. Dilution did provide a minor contribution to the negative slope of the ASF plot in
Figure 16; however, the points corrected for accumulation (4) provided only a modest correction
toward that exhibited by the lower carbon number products where **C/mole was constant with
increasing carbon number (Figure 15). Hence, the effect of accumulation alone cannot account for the
experimental data.

Another explanation for the deviation from the ASF plot is that hydrogenolysis of higher carbon
number compounds produce more lower carbon number hydrocarbon products than can be accounted
for by ASF. Using the same C-73 catalyst, Huang et a. (76) used octacosane, labeled at the carbon-14
position of the chain, to show that a detectable amount of hydrogenolysis did not occur even after one
week of operation at the same conditions as was used by Tau et al. (70). Thus, hydrogenolysisis
eliminated as an explanation for the two-alpha ASF plot for a promoted iron catalyst.

Tau et a. (70) concluded that the two alphavaluesin Figure 16 correspond to different product
groupings. For the smaller alpha (about 0.62) the typical Fischer-Tropsch products are formed (alkanes,
alkenes, oxygenates, etc.). However, for the larger alpha (about 0.82) the only significant product
obtained correspondsto alkanes. The datain Figure 17, after first correcting for accumulation and then
for the two different product groups, show a constant **C/mole, causing the conclusion based upon the
higher carbon alkane products to be consistent with the one based on the lower alkane products.

In conclusion, it is evident that many groups using avariety of iron catalysts have found that two
or more alphavalues are needed if ASF kinetics are to account for the FTS products. The summary of
the two-alpha values (77) for eight studies emphasize this conclusion. It ispossible for deficienciesin
the analytical determinations or loss of certain carbon number ranges during sampling or testing could
cause the break in the ASF plot. However, thisis not possible for the *C studies since the conclusion is
based upon the **C/mole rather than the total number of moles. Recent data using **C-ethanol (78) and
analysis of awider carbon number range than in reference 32 provide additional suPport for the results
reported by Tau et al. Furthermore, similar results are obtained for the addition of **C labeled C,, C,, C;,
C, and C,, alcoholsand C,, C; and C,, alkenes (79,80). With emphasis on the *C tracer studies, we
conclude that it islikely that at least two chains are growing independently, and that these independent
chains lead to different groups of products. These in turn require at least two-aphavalues for the ASF
to adequately describe the FTS data.



Supercritical Conditions

Several groups have reported results which indicate that operation in supercritical pressure
conditions provides a means to significantly deviate from ASF product distributions(81-89). Much of
the early work has been reviewed by Baiker (90). In summary, the use of supercritical conditionsis
viewed to limit secondary reactions, such as hydrogenation of the alkenes that are produced as primary
products, but to enhance the secondary reactions of chain initiation by alkenes. Thus, when an alkene,
e.g., 1-dodecene, is added together with the syngas feed, the added alkene initiates chains that produce
additional high molecular weight products with the enhancement of the two-al pha distribution described
above.

We have recently conducted supercritical FT synthesis using pentane plus hexane mixutres so
that the density in the reactor could be varied from near gas-like to near liquid-like (91). Modeling of
the supercritical fluid mixture indicated that an important increase in density occurs above athreshold of
approximately 4 MPafor the reaction temperature of 220°C studied. While transport parameters of the
fluid are largely retained, the observed improvement in wax solubility was noteable.

A cobalt catalyst (25%Coly-Al,O;) was used in afixed bed reactor under a pressure/density
tuned supercritical fluid mixture of n-pentane/n-hexane. By using inert gas as a balancing gas to
maintain a constant pressure, the density of the supercritical fluid could be tuned near the supercritical
point while maintaining constant space velocity within the reactor. The benefits of the mixture allowed
for optimization of transport and solubility properties at an optimum reaction temperature for Fischer
Tropsch synthesis with a cobalt catalyst. Indeed, above 4 MPa, increases in wax yields from sampling
and carefully controlled gas measurements using an internal standard demonstrated an important
increase in conversion due to greater accessibility to active sites after extraction of heavy wax from the
catalyst. Additional benefitsincluded decreased methane and carbon dioxide selectivities. Decreased
paraffin/(olefin + paraffin) selectivities with increasing carbon number were also observed, in line with
extraction of the hydrocarbon from the pore. Faster diffusion rates of wax products resulted in lower
residence times in the catalyst pores, and therefore, decreased probability for readsorption and reaction
to the hydrogenated product. Even so, there was not an observable increase in the alpha value for higher
carbon number products over that obtained with just the inert gas.

The reason for the contradiction of the benefits of supercritical operations and deviations from
ASF are not apparent. However, it is noted that those studies that reported non-A SF distributions were
short-term experiments so that steady-state operations may not have been obtained.

The use of periodic pulsing of hydrogen and other gases to maximize C,,-C,, yield has been
utilized (92). It wasfound that H, pulsing increased CO conversion significantly but only temporarily,
with the activity gradually decreasing to the original value. Increasing the H, pulse frequency aso
increased both the CH, and C,;-C,, products. An optimal H,-pulse frequency was required to maximize
theyield of diesel-range FT products without substantially increasing the CH, yield. The potential of
this type of operation to deviate from ASF distribution remains to be defined.

Summary

Both negative and positive deviations from the ASF distribution have been observed
experimantally. To date, the author considers that the negative deviations have been obtained under
conditions where experimental artifacts cannot be ruled out as causing the experimental observations.
Whileit is more difficult to account for all of the reported positive deviations by experimental artifacts,
it is considered to be likely that many of the observations are due to experimental conditions that do not
account accurately for the impact of accumulation of heavier products in the reactor.
Note

This manuscript should be considered to be awork in progress. Prior to the AIChE meeting an
updated version of the manuscript will be available at http://www.crtc.caer.uky.edu.
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Figurel.  SF plot of the FT product distribution at steady-state obtained at 555 K for (a) Na-Y/FeO,-
RED and (b) Na-Y/Fe(O) after atime-on-streamof 60 and 54 h, respectively (from ref. 22).
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Figure2.  SF plot of the FT product distributions produced by iron Y zeolite catalyst with iron
initially in the zeolite pores after (@) 0.5 h, (b) 15 h, and (c) 120 h time-on-stream (from ref.
22).
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Figure3.  Hydrocarbon product distributionsin CO hydrogenation catalyzed by zeolite-supported
iridium carbonyl clusters: (A) 1 day on-stream and (B) 8 days on-stream (from ref. 27).
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Figure6.  FT product distribution predicted by formula (3) for small crystallite metal catalysts (from
ref. 31).
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Figure7.  FT product distribution on 3% Fe/C (from ref. 31).
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Figure 10. Flory distribution of MnO/Fe catalyst; 283°C, 1.24 MPa, (H,/CO),, = 1.19 (reproduced
from ref. 52).
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Figure 12. (left) Component Schulz-Flory diagram for overhead products. Ruhrchemie Catalyst
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Figure 13. Flory plot of hydrocarbon products over potassium-promoted Fe UFP (ultrafine particle)
catalyst. Reaction conditions: temperature, 220°C; pressure, 30 atm; H,/CO, 1 mol/mol;
W/F, 300 g-cat.min/CO-mol. Potassium addition: 1 wt.% of catalyst. Solid line

represents the simulated distribution based on two-site ASF equation (reproduced from
ref. 65).
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Figure 15. Relative **C/mole in gaseous products from the synthesis (7 atm, H,/CO = 1.2, 262°C)
with 3-volume % (based on alcohol and CO) [**C-1]-ethanol was added during a 24 hour
period (redrawn from ref. 70).
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Figure 16. Composite figure showing relative radioactivity for the lower carbon number compounds
(1); the measured values for the higher carbon number compounds (4), and the values
for the higher carbon number compounds (#) after correcting for reactor accumul ation
effects (redrawn from 70).
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