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4. GENERAL DISCUSSION

One of the keys to understanding the Fischer-Tropsch synthesis
is to comprehend the growth process by which hydrocarbon chains are formad
on the catalyst surface. Controversy still exists as to whether giowth
takes place by surface condansation of an emolic intermediatel (43)

H OH
N7

(]

[1]

¥

or polymerization of a methylene intermediate (82)

(2]

which may be formed via an oxygenated precursor (83, B4). A third alternative,
first suggested by Zein El Deen (85) and modified by Henrici-Olive and Olivé
(49), consists of the insertioz of adsorbed CO between a H—+ bond ho give

an aldehydic surface complex

[31

W—)

which, after hydrogen addition and elimination of oxygen as water, is
converted to a surface methyl intermedizte. Chain growth is then
accompiished by alternate insertians of an adsorbed CO molecule into the
C—x bond, hydrogen additiom, and elimination of water.

1. catalytic site
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Initial radioactive tracer studies by Kummer et al. (86, 87) using
cl4-tagged alcohols with synthesis gas on iron catalysts indicated that
primary alcohols adsorbed on the catalyst to give oxygenated surface
intermediates such as [1] which initiated the growth of hydrocarbon chains.
Subsequent tracer studies showed a much smaller participation of labeled
alcohols on Co (88, 89) than on Fe catalysts. Furthermore, labeled ethylene
was shown to take part in the synthesis to 5 greater extent than ethanol on
Co (89, 90), though the reverse was true for iron (91). Kokes et al. (88)
concluded that c¢xyzenated species such as [1] were probably active inter-
mediates on Fe catalysts but not en Co catalysts, thus casting doubt on the
general applicability of the condensation scheme (43) as the growth mechanism
for the FT synthesis,

Another interesting series of experiments using keteme [CHp=(=0],
labeled with Cl4 in the methylene or carbonyl group were performed on an
iron catalyst by Blyholder and Emmett (92, 93). The results showed that
the k:tene probably disscclated om the surface with the adsorbed CH; groups
initiating chain growth. In conzrast, Kolbel and co-workers (94~97)
synthesized and characterized the suriace complex BCOH and showed that
other oxygen-~containing surface species wers probably also present during
syanthesis oz iron. Using clé-1abeled ethylene and iron carbildes, Kryukov
et al. (98) established that chains could grow both by condensation of
oxygen—contalning surface intermediates and by polymerization af surface
compounds containing or notr coataining oxygen. The authers postulated
HCOH to be the primary surface intermediate and ztated that the importance
of the coexisting mechanisms depended on the reistive rates of condensation
and hydrogenation of the primary HCOH complex to form CH3COH or CHp; surface
specles. They further postulated that polymerization and condensation
mechanisms not only coexisted but probably also interacted with each other.
The guthors also showed that the growth process took place not only by addition
of individual Cj groups to the growing chain but alsc tc some extent by the
addition of larger (C;+) aggregates. Finally, the recent tracer work of Schulz
et al. (51) on Co and Fe catalysts indicated that olefims could be incorporated
in growing hydwocarbon chains and could alsc indtiate or iterminate the chain
growth process. Moreover, they substantiated the arguments of Rryukov et al.
(98) that structural units with more then ome C atom could alsc take part in
chain growth.

It is felt, from the above information, that no onme particular
intermediate or growth process can explain the FT synthesis on all catalysts.
Nor is it pecessary to assume that hydrocarbon production and the formation
of oxygenated compounds take place via the same mechanism. In zll cases,

Hy and CO probably interact to give some type of an oxygenated surface
intermedjate. Such an intermediate may itself be directly involved in the
chain growth process, or it may be a precurscr for the formation of adsorbed
methylene radicals which participate via the polymerization or €O insertion
mechanisms. Figure 4.1 summarizes the plausible pathways of the synthesis
reaction and indicates where the results of past tracer studies would best
fit. The figure also incorporates the hypothesis (98) that different growth
mechaniams, while coexisting, may interact with each other. It may be

argued that all schemes are generally probable, but with a particular catalyst

-
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and/or process condition one of the schemes may be predominant. This may
account for different FT product selectives on different catalysrs a2ud at
different process conditions, and this also enables us to rationalize the
tracer and other results discussed previously.

Our results, presented in Section 3, showed that the distribution
of condensed products often varied with the type of catalyst used. Fer
example, under certain comditiors bi-modal distributions were obtalmed on
the Co-based catalyst, skewed distributions on the Fe-Cu catalyst, but on
Ru the distributions were ncither bi~wmodal nor skewed. Such observations
tend to substantiate the hypothesis that different growth schemes take place
on different catalyst surfaces.

Though there is controversy regarding the actual mechanisms, it is
generally agreed that growth takes place predominantly by a stepwise addition
of units containing one carbon atom. This type of synthesis process is thus
analogous to heterogeneously catalyzed polymerizztion or oligomerization
reactions. Various computational amalyses have been done in the past (40,
49, 99, 100) to fit the FT product distribution data in a polymerization-type
of scheme. It has been shown that the data usually fit the schemes up to a
carbon number of aboutr 13 (49, 59). As the products become heavier, smaller
amounts leave the reactor in the gas phase, and thus their residence time is
increased. Such heavy products are most likely to be luvolved in secondary
reactions. And these reactions may alter the product distribution that would
have beern obtained via the primary polymerization-type of growth process alome.
Olefins perhaps play the most significant role in secondary reactions, and a
discussion regarding this has already been given in Section 3.1.3. The bi-modal
distributions observed by us on the Co-based catalyst camnot be explained by
a polymerization-type of scheme alone. but such observations are feasible if
the primary scheme 1s influenced by secondary reactions. Furthermore, these
Teactions may be more prevalent on some catalysts thar on others. The
occurrence of secondary reactions, therefore, complicates the problem of
understanding which growth mechanism (Figure 4.1) 1s most probable for a
particular catalyst.

So far we have discussed some plausible intermediates and growth
schemes for FT products and alluded to the importance of secondary reactioms
which may influence product distribution. But a key question arises as to
vhy growth, by whatever mechanism, takes place on some catalysts and not on
others. An answer to this may be found by understanding the role of
promoters, so many of which seem to be useful in FT catalysis (2). Though
little 1s kmown as yet regarding the role of promoters, Dry et al. (25, 101)
first suggested a possible function of alkali promoters. Their hypothesis,
also discussed elsewhere (6) 1s based on the fact that alkali can donate
electrons to a metal, and that this enhances €O adsorption, strengthens
the C—% bond, ana weakens the C<—0 bond which is hence more susceptible for
reaction with hydrogen. The net result is an increase in the formation of
heavy products. Sulfur compounds, om the other hand, on being adsorbed have
been shown (102) to decrease the electron density of metals. Using the same
hypothesis as that summarized above for alkali promoters, the presence of
sulfur should decrease formation of heavy products. But the opposite effect
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has been observed by us on Co and Ru (Sections 3.1.3 and 3.6.3) and by
several other workers (see Ref. 6). Thcrefore in such cases the effect
of sulfur compounds is not related to their propensity for electron
extraction. .

If the catalytic surface consists of different sites so that the
more active ones produce lighter products, them § could preferentially
adsorb on these more active sites, reducing the total conversion and shifting
the overall selectivity to heavier products. Such an effect was observed
for Ru (Section 3.6.3 and Ref. 80). However in the case of Co, it has been
reported (38) that there is nc large drop im activity, but that there 1s a sig-
nificant improvement in selectivity to heavy hydrocarbons. Moreover, though we
did not observe gross shifts in selectivity after adding § to our Co catalyst,
we obtained definite variations of the distribution of heavy products and of
gasecus olefin/paraffin ratios on using the catalysts with and without suifur.
Finally on our precipitated Fe-based catalyst we obtained no alteration in
activity or selectivity due to the addition of sulfur; the only effect noted
was that sulfided Fe consistently produced higrer ethylene/ethane ratios.
The results on precipitated Fe and Co catalysts cbtained by us and by
others (38, 60-62, 103) do not seem to .it the "site-blocking" argument
given above and which seems to apply to Ru.

Another tentative explanation of the sulfur effect may be associated
with the hypothesis that more than one growth scheme (Figure 4.1) may be
involved on the catalyst surface, with one particular scheme being more
dominant than another. The addition of sulfur may alter this balance of
mechanistic ipvolvement and thus affect product selectivity. Furthermore,
the addition of sulfur may also alter the amount cf secondary reactions
taking place at a certain condition on a catalyst and thus again lead to
changes in selectivircy.

On our Co-based and Fe-based catalysts the longitudinal -ulfur
gradients were very large, with most of the sulfur covering about 20X of the
catalvst bed near the reactor entrance (Sections 3.1.1 and 3.2.1). Yet
sulfur effects, as stated above, were cbserved. These observations indicate
that the FT reactions taking part in one section of a fixed bed reactor may
be deperdent on reactiops that have takern place in sections before it, and
the extent of this depundence may be a strong function of catalyst type and
process conditions. This would further .omplicate the elucidation of reactiom
mechanisms and the piediction of catalytic behavior concerning product
selectivity.

Qur éiscussion thus far has been involved with hydrecarbon chzin
growth and sulfur effects on traditiomal FT catalysts which are most probably
active in the metallic state or possibly, in the case of Fe-based materials,
as carbides. However, we have established that non-metallic catalysts and
in particular oxidic and/or sulfidic fcrms of hydrotreating catalysts, such
as Co-Mo/Al,03, are active for CO hydrogenation, not only for producing CH,
and light hydrocarbomns but in several instances for producing heavy condensed
products. If metallic sites are not present, questions arise as to where
chemisoption occurs, what type of surface intermediate{s) is formed, and how
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the reaction and chain growth take place. We proposed (Section 3.3.3)

the hydrocarben chain growing mechanism to be analgous to the Cessee-Arlman
model (73) for polymerization on TiCly where growth takes place with continuous
interaction of the growing polymer chain and the adsorbed monomer on adjacent
sites. One of these sitzs on TiCl3 was initially a surface anionic vacancy and
the other was one in which C1~ was exchanged ~ith a polymerization co-catalyst.
In our case, we propose that two or more adjacent surface anlonic vacancles are
essentlal for catalytic action. First, cher'sorption occurs at these vacancies.
An getive intermediate which can initiate ciain growth is then formed. And
finally, growth takes place probably via CO insertion and via a "€1lip-flop™
mechanism akin ro the Cossee-Arlman model. The extent of growth, however, may
be dependent on the enviromment of the sites where.the chain growtih is taking
place. And hence different catalyst pretreatments and/or addition of promoters
could cause the selectivity to vary dramatically. In summary, the catalytic
activity is related to the number of surface anion vacancies, whereas the
selectivity depends on the enviromment of these vacancies. An important
observation was made regarding t:he effect of alkali. Tue presence of alkali
tends to decrease methane formation and increase the production of higher
molecular weight hydrocarbons; the addition of sulfur to alkal *zed catalysts
further enhatcces the formation of heavy products. It is therefore reasonable
to agsume that the growth mechanism is closely associated with the influence

of the alkali-sulfur interactien.

-
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5. RECOMMENDATIONS

Our work indicated that there were significant interactions of
process conditions with different sulfided and unsulfided catalysts.
Therefore for such a complex reaction as the FT synthesls, catalyst
evaluation at & single set of experimental parameters would be inconclusive.
Moreover, the FT reaction should be carried out under experimental conditions
that allow the required product selectivity pattern to develop fully. If,
as In our case, liquid products are required the reactor would have to be
operated in the integral mode. As such operation often magnifies problems
assoclated with transport phenomena, care should be taken to minimize the
effects of such physical events on the complex FT kinetic studies.

Due to such problems, if Integral operation is indeed necessary
it seems fair to surmize that instead of using tubular plug-flow reactors
it may be expedient to use laboratory recycle (or stirred) reactors in which
though the conversion per pass s differential the overall conversion is
integral, and thus integral data may be obtained with minimal influence of
heat and mass transfer. A wide variety of such reactors, all of which are
basically similar, are ncw available anéd have been discussed in a comprehensive
review by Doraiswamy and Tajbl (104). But though fundamentally similar, these
reacrors due to their various different configurations may differ from each
other with respect to gas flow patterns and residence time distributions.
This 1s a crucial point for the FT synthesis where producr selectivity is
strongly dependent ou the residence time distribution of the reacting
components. Hence a reactor system with rapid recycling would probably
give a selectivity pattern quite different than that from a one-pass plug-
flow reactor. Anc, if the flow patterns and residence time distributions
vary in the several differen: stirred rea:ztors, then the product selectivity
may be differeat in each reactor. It is aliso possible that as the recycle
{or stirring) rate is changed in a reactor, the residence time distributions
would be altered, and the selectivity would hence vary ever in the same
reactor System. Besides such complications, recycling of FT products, such
as olefins, which, as discussed previously, participate in the reactiom,
would further complicate the study of FT catalyst activity and selectivity.
Turthermore, Wei (105) has shown that for a complex system of first-order
reactions all reactions are slowed down in a stirred or recycle reactor in
comparison with those in a plug-flow reactor; more importantly, the faster
reactions are slowed down much more than the slower ones. Such facts should

" be carefully heeded when contemplating a certain reactor system for studying

the FT synthesis. It is true that certain required selectivities may be best
obtained under certain stirred reactor conditions. But care must be taken to
note the influence of the reactor system op such experimental results. Ideally,
the study of the intrinsic performance of a catalyst for the FT synthesis should
not be masked either by transport phenomena or by the effects of various
residence time distributions and flow patterns inherent in the different types
of recyclie or stirred reactors.
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Further kinetic studies with non-traditional, non-metallic catalysts
should be carried out. Such studies could form the basis for developing sulfur
resistant FT or methanatior catalysts. :

Besides conducting necessary kinetic studies, more fundamental
information should be obtained regarding catalyst-sulfur interactions in order
to understand why favorable chenges in selectivities may result from the
addition of catalyst poisons to FT catalysts. Besides helping to improve
catalytic selectivities, such information could alsc be useful for developiug
sulfur resistant catalysts and for learning how to reactivate sulfur polsoned
catalysts. The active materiai, support, promoters, and sulfur ave all
important components ot & FT catalyst. And therefore besides specularing
on mechanisms via which synergistic interactions with these components may
ocerr, we fee. that it is essential to study the catalyst topography before
and after exposure to veasctants in order to ascertain the location and -
oxidation state of each component. Recently, physical tools such as Auger
electron spectroscopy (106), x-ray photoelectrom spectroscopy (64, 75).
electron probe microanalysis (207, 108}, and electron paramagnetic resonance
spectroscopy (109) havz been used to study multicomponent commercial catalysts.
Such investigations could enhance our understandin: of the interactions between
catalyst components, and could also possibly help in explaining the kinetic
Tesults that are obtained with such catalysts. The concept that a parasitic
agent can favor symbiosis in the presence of a particular catalyst componeat
is certainly worth pursuing.
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APPENDIX B

MEASUREMENT OF GAS FLOW INTOC TUE REACTORS

Figure Al shows a portion of the test unit which is used to set
and check that the flow rates of react=2nts going into the reactors are as
identical as possible. The procedure outiined below has been necessitated
by the unreliability of the small rotameters,K ry-ry. P, Pp-Pg are back-
pressure regulators; the settings of Fg-Pg are identical. The coutrol
valves are designated as Vg,,, on—off valves by either Agup, Bgyps ©T Cgups
reactors by Rxgyps, and Mg,p are points where the gas flows can be measured
either by z wet-test meter or a soap-bubble meter.

® A calibrated amount of gas enters the manifold, all valves except Vg
and Bg are kept shut. The total fl.w of pas is measured at Mg, say
X cc/min.

The total gas flow is divided by 7 to obtain the flow required to go
through each reactor. Valves Cj and A, are opened, Bj is kept closed.
Valves Vj and Vg are adjusted till the flow through V) measured at M
is equal to X/7 cc/win. The pressure reading on gauge G is nmotcd.
Valve Vg has been installed so that the pressure drop across it can
approximate the pressure drop across a reactor. (It must be nated
that valves V] to Vy have the lowest Cy values hence the largest
pressure drop across them.}

® Valves C) and Aj are shut and C, and Ay opened. Valve V; is adjusted
without touching Vg or Vg until the pressure gauge reading is identical
to that obtained before and the flow through V) measured at My is X/7
cc/min.

® Al]l seven valves, V]-V; are thus adjusted so that the flcw through each
is X/7 cc/min.

@ After the above adjustments valve Bg is closed, valves C1-C7 and B)-By
are opened and the gas flows through the reactors. Outlet gas flows,
after reaction, are measured at points M;-Yy.

® During or after a run, the flow into any reactor is checked by shutting
ofi the B valwve, opening the A valve and measuiing the flow at Mp.

® This technique assures the flows through the reactor to be close,
usually the difference is less than 10%. If tue flows are different,
the values are known, and hence can be used in the calculations. This
degree of confidence was not available when the rotameters were used.
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APPENDIX C

SAMPLE CALCULATION FOR THE REPRODUCIEILITY OF RESULTS

The reproducibility of results was discussed in Sectiocn 2.4, and
the average range (R) for the normalized difference between replicate
measurements and standard deviations of the measured (or calculated) values
(c') were given_in Tabie 2.2. The following example will demonstrate the
calculation of R and o' for one sert of rTesults.

Table AL

Sample Calculation of R and o'

Run 5 -- precipitated Fe catalyst
COz—free contraction, 7%

Normalized
Experiment Reactors Ranye %
. 5 7
5-1 76.56 75.72 1.1t
5-2 72.57 71.81 1.0
5-3 84.35 82.90 1.7
5-4 73.21 73.65 0.6
5=5 72.%90 72.74 0.2
5-6 60.02 58.86 1.9
5-7 47.76 46.53 2.6
5-8 64.34 65.60 1.6
5-9 68.82 68.86 c.1
5~10 69.13 66.82 3.3
5-11 70.97 68.55 S R
5-12 48.58 47 .81 1.6
19.1
= 19.1
R = 13 1.597%
c' = 1,59 = 1.4%
1.128

The standard deviation ¢' {s obtained by dividing R by a factor
which is dependent on the number of chservations in a subgroup. In our
case the number of observations in a subgroup was 2, and the factor is
1.128 (Grant, E. L., "Statistical Quality Control," McGraw-Hill, N.Y.,
1552).

76.56 - 75.72

76,56 x 100 = 1.12

hyormalized Range Z =




