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The synthesis of hydrocarbons from H2 and CO was studied on a
silica-supported Fe catalyst. The synthesis was carried out at 1.54 atm
and 200 to 255°C in a differential reactor. Conversion of CO never
exceeded 2%. The working catalyst was achieved by transforming Fe203
into a mixture of Fe304, bulk carbides, and firon under synthesis
conditions. Synthesis product distributions and the rate of methane
formation are reported. Trends in CO2 formation and the presence of
cyclic hydrocarbons, saturated and unsaturated, suggest the presence of
some Fe304 at the catalyst surface. Cyclohexene addition to the feed
generated low concentrations of alkyl-substituted cyclohexene and
cyclohexanes consistent with reported scavenging studies over Ru.
Pyridine addition to the feed generated alkyl-substitutec pyridines.

Additional experiments confirmed that scavenged products were not formed

vi



from the jnteractions between the scavenger and synthesis products on

support. The results confirm that the scavengers react with species

involved in chain propagation.

Pyridine was used to scavenge C1 - [23 alkyl species from the
catalyst surface. The a-alkylpyridine distributions were dependent upon
syntheéis variables and demonstrated a dependence which was proportional
to the dependence of (21--!33 Fischer-Tropsch products. These results
confirmed that alkyl species are the immediate precursors to synthesis
products. Two most probable Fischer-Tropsch mechanisms were used to
describe the catalytic behavior and scavenged product distributions. The
alkyl fragment dependences were predicted using Langmuir-Hinshelwood
expressions for these two mechanisms and were compared against the
measured scavenged dependence. Lack of information concerning CO
adsorption characteristics at synthesis conditions preventad

discrimination between the possible mechanisms.
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I.INTRODUCTION AND LITERATURE REVIEW

A.GENERAL

Coal has been considered a competive carbrn source for fuel and
chemical feedstocks. Research in the general area covers the spectrum
from coal gasification to direct liquefaction. Studies of selective
hydrogenaticn of carbcn monoxide, known as Fischer-Tropsch (FT)
synthesis, have been directed toward the production of chemical
feedstocks and motor fuels. Many research groups have attempted to
understand the effects of catalyst composition and synthesis conditions
on product distribution and selectivity as well as to establish the

reaction mechanisms.

Research in the area of synthesis gas conversion began in the
1920's in Germany. The extensive work of Fischer and Tropsch led to the
development of the Fischer-Tropsch synthesis process as it is commonly
referred to today. The majority of this effort was directed toward iron

and cobalt. The early dinvestigations have been discussed in several

reviews (1-3).

Research continues at the present time. With the advent of the
modern surface physics techniques, studies of the surface structure of

the catalyst and of the adsorbed species on the catalyst have helped to



2

understand the catalytic chemistry of FT synthesis. Recent studies
emphasizing the mechanism have been reviewed by Vanrice (4), Ponec (5),

Biloen and Sachtler (6), Bell (7), and Rofer-DePoorter (8).

In general, FT synthesis produces predominately Tinear alkanes
and alkenes. The activity, selectivity and mechanism of the synthesis
change with the synthesis conditions, temperature and reactant partial
pressure, and catalyst composition. These differences are caused by the
different chemisorption behavior of CO and H2 on the various catalysts.
For example, strong adsorption of H2 on Ni leads to Ni as the catalyst
for methanation, while weak adsorption of H2 on Ru leads to Ru as the
catalyst for high molecular weight hydrocarbons. Studies of CO
chemisorption on group VIII, IB, VIB, and VIIB metals have found that
dissociative CO chemisorption plays an important role in FT synthesis
(9,10). It is well established that the tendency for CO dissociation
increases from right to left across a row and bottom to top along a
column in the Periodic Table. Variables that increase the metal-CO
bonding will increase the tendency of CO dissociation. Therefore the
high selectivity tc alcohols over Pd, Pt, and Ir (11) is interpretated as

due to their low tendency for CO dissociation.

B.FISCHER-TROPSCH SYNTHESIS OVER IRON-BASED CATALYSTS

Iron has long been recognized as an important catalyst for FT



synthesis. It was used for the Schwarzheide test 40 years ago (2) and is
still the only commercial catalyst for FT synthesis by SASOL in South
Africa. The major_products from the SASOL plant are gasoline, diesel,
waxes and hi§h1y olefinic lighter hydrocarbons. Recent research with
iron catalysts has concentrated on the carburization of iron (12-19),
promotor effects (20-25), chemisorptive characteristics (20-33) and
kinetic behavior (26-34). A detailed discussion of these investigations

will be given below.

1.INTERACTION BETWEEN CO/Hz AND THE CATALYST

Surfaée physics analytic techniques have been applied to study
the structure and chemistry of the adsorbed reactant gases on iron
surfaces (9,10,20-23,35-39), as well as the surface and bulk state of
iron during the FT synthesis (25-33). Studies of the chemisorpticn of Hz
on iron surfaces (22,23,36,37,39) have shown that H2 is dissociatively
adsorbed and that the strength of the adsorption is much weaker than that
of CO chemisorption. This leads to the displacement of the hydrogen from
the surface by CO (39). Carbon monoxide was found adsorbed molecularly at
27°C and slowly dissociates with increasing temperature, whereas only

dissociative adsorption was observed at 112°C (22,35).

Investigations using ultraviolet photoemission spectroscopy
(UPS) and infrared spectroscopy (IR) techniques have indicated that CO

is adsorbed perpendicularly to the transition metals, in a carbonyl-like
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mode with the donaticn of CO 5o e]ecﬁrons to the metal and the
backbonding of the metal d electrons to the CO 2n orbital (9,40,41). The
increase éf the energy difference between the ln and 4o orbitals in the
molecularly adsorbed CO on iron obsérved by UPS (20) and the decreased
vibrational frequency of C-0 bond as observed by IR (40,41) relative to
gas phase CO demonstrate that metal-CO bonding leadsvto weakening of C-0

bonding and increases the tendency of CO to dissociate.

Investigations of CO chemisorption on potassium promoted iron
catalysts have shown that potassium enchances the bonding energy of
molecularly adsorbed CO and increases the amount of CO dissociation
(20,22,23). Similar result have been obtained on a potassium promoted
FeD surface (32). Dry et al. (23) suggested that the enchancement of
metal-CO bonding by potassium was due to the donation of K(4s) electrons
to the metal. Benziger and Madix (22) found that this enchancement on
Fe(100) by potassium wcs due to the interaction between the K(4s) orbital
and C0(2w) orbital. They also found that the reduction of metal-CO
bonding by sulfur, oxygen and carbcn adlayers was due to the adspeices'
bonding with Fe(3d) orbitals. The Fe(3d) orbitals are involved in

backbonding of CO bond which is thought to enchance CO dissociation.

Recent experimental efforts of combining a catalytic reactor
with a surface spectroscopy facility (XPS, UPS, AES) on foils and singie
crystals (26-31) and Mdssbauer spectroscopy on dispersed iron catalysts

{12-19) have shown that the chemical composition of the iron phase



generally changes during the FT synthesis. Iron was seen to form a
mixture of bulk carbides and an inactive carbon overlayer depending on
the temperature, HZ/CO ratio, the extent of CO conversion and the
duration of the reaction. Characterization of bulk carbides by
Méssbauer and XRD have shown that many carbide phases result and the
stability of various phases depend on the catalyst particle size, the
type of the support, the presence of promotors and the reaction
temperature (12,18,19). Inactive carbon overlayer is believed to cause
the deactivation of the catalyst (26-31). This inactive overlayer can
only be completely removed at temperatures in excess of 420°C (26,31).
The various forms of the iron state are the result of the complex
oxidation-reduction reactions among iron oxide, iron and iron carbides,
Consequently different catalytic behavior was observed on reduced and
unreduced iron oxide (30,31). It has also been suggested that the surface
compasition changes with synthesis conditions (18,31,46) and that the

surface and bulk may exist as different iron phases.

2.RATE STUDIES

Rate measurements of FT synthesis activity have been performed
over commercial singlely or multiply promoted catalysts (34,42-46),
experimentally prepared supported or  unsupported catalysts
(14,17,25,30-33,47) and well defined pure iron surfaces (27,28). These

catalysts dincluded single crystal, polycrystalline, reduced or



unreduced iron oxides supported on silica or alumina, and fused iron

containing Cu, KZO’ K203, A1203 and Ca0 as promotors.

Dry (43) assuming a near saturation of CO adsorption and a rate
determining step of hydrogenation of adsorbed CO on iron, developed a
kinetic model for the rate of FT synthesis. At high CO conversion the

kinetic expression for the CO conversion is

r =-k exp(-E/RT) (1)

Peo * aPHZO A

where a =kH 0/kco In a differential reactor (34) where the production of
2 ) :

HZO can be neglected the rate equation simplifies to

r=KP (2)

Hy
Vannice (47) observed that the initial rate of methane formation was
linearly propoftiona] to the PH2 but was weakly inhibited by PC0 and
PHZO' The activation energy for methane formation was determined to
range from 20 to 23 Kcal/mole in good agreement with other investigations
(43,44,45,47). The apparent activation energy for high molecular weight
hydrocarbon formatiocn was found to be smaller than that of methane,

therefore selectivity for high melecular weight hydrocarbon decreases

with increasing temperature (45).



Product distributioy has been found to be independent of CO
ccnversioﬁ and HZ/CO ratio for a Cu and K promoted commercial catalyst in
an 'in.tegra'l reactor (42,44-46). However on i polycrystaliine iron
surface, the product distribution shifted toward higher molecular weight
hydrocarbon as the HZ/CO ratio decreased (28). Satterfield and Huff (42)
suggested that the product distribution is a function of dron
composition. Conversion dependence and selectivity the water-gas
shift (WGS) reaction over several silica-supported iron bimetallic and
potassium-promoted <iron catalysts was studied by Amelse et al. (17).
They found that, depending on the catalyst composition, the methanation

activity and WGS rate change with CO conversion and influence each other.

Carbon dioxide formation has been observed to increase with
decreasing space velocity, and increasing reactor length (45). These
cbservations support the proposal that CO2 is a secondary product formed
via the WGS reaction. Madon and Taylor (46) proposed that the WGS
reaction occurs on the active Fé304 surface and plays an important role
in affecting the catalyst state at high CO conversion. The high
production rate of HZD and C02 at high conversion is expected to affect

the complex oxidation-reduction reactions that iron undergoes.

The effects of potassium promotion on the kimetic behavior of
iron catalysts have been studied (20,25). The results showed that

potassium caused a decrease in methanation activity, an increase in the



average molecular weight and olefin to paraffin ratio of the products,

and an increase in the WGS activity.

The studies of methanation on iron foils (27,28) have shown that
the activity rises rapidly to a maximum, then declines at a smaller
steady rate due to the formation of inactive carbon. The comparison of
this phenomena between reduced and unreduced iron oxide catalysts have
been investigated by Krebs et al. (30) on Fe304 and by Reymond et al.
(31) on Fe203. In both cases the unreduced oxide catalysts showed a much
slower initial rate increase and a much ionger and higher steady state
activity after a maximum in methanaticn. Krebs et al. (30) suggested that
"the competive effects of the hydrogen reduction at 497°¢C (increasing
specific surface area) and the sintering of the catalyst cause the
different behavicr. Reymond et al. (31) maintaiuned that the faster
formation of -iron carbide on a reduced catalyst and the complex
reduction-oxidation reaction on unreduced 1iron oxide cause the

difference.

3.FISCHER-TROPSCH REACTION MECHANISMS

Early studies of FT synthesis over iron catalysts (2) have shown
that the synthesis products satisfy the distribution commonly referred
to as a Schulz-Flory distribution. Recent rate studies by Krebs et al.
(28), Madon and Taylor (46), and Satterfield and Huff (42) contain

similar plots. Satterfield and Huff (42) obtained a line: relation



between the log of the mole fraction of the product C‘,l and the carbon
number, n, extending between 1 and 20 by including oxygenated products.
Schulz~Flory plots are an indication that the synthesis proceeds by a
stepwise polymerization. Madon and Taylor (46) and Anderson (2) observed
a bend in the distribution plots at carbon numbers of 22 and 9-12,
respectively. Madon and Taylor proposed that the bend is due to chain
growth taking place on different types of sites, each with different
chain growth probability. In a receni study, Novak et al. (48) reported
that with the readscrption of olefin the overall product distribution is

still quite close to a Schulz=Flory distribution.

As the mechanism Tor FT synthesis was investigated intensively,
the discussions have concentrated on two questions, whether CO '
dissociates before hydrogenation and whether methylene or CO is involved
in the chain growth. The earliest mechanism, the so-called “carbide"
mechanism was proposed by Fischer and Tropsch and expanded by Craxford
and Rideal (1). This mechanism involves the hydrogenation of bulk or
surface carbides to form methylene and subsequent polymerization of
methylene to form the synthesis product. The 1aC(J tracer experiments of
Emmett (49-51) discredited the "carbide" mechanism. Synthesis reaction
on the 14(‘.0 precarbided catalyst showed only a minor fraction of the
synthesis product could be accounted for by bulk or surface carbides.
However, because of the difficulty in precisely determining the carbide
phase at that time, investigators still consider that chemisorbed carbon

is @ possible intermediate.
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Enol (RHCOH) and acyl (RHCD) have also been proposed as the
reaction intermediate. Storch et al. (1) postulated that condensation of
two enol intermediates, which are formed by the direct hydrogenation of
the molecularly adsorbed CO, and the subsequent hydrogenation to form
higher molecular weight enol intermediates are propagation steps.
Pichler (52) proposed yet another mechanism for propagation. It invoives
CO insertion into the metal-alkyl bond to form acyl intermediates which

are hydrogenated to form the new alkyl intermediates.

As previously discussed, CO dissociates readily when adsorbed on
group VYIII metals at FT synthesis temperature. Two main mechanisms,
presented in Figure 1, have been proposed to account for this f{nding.
Biloen et al. (6,54,55) and Bell and coworkers (7,56-60) proposed that
methylene intermediates from hydrogenation of the dissociated CO insert
into the metal-alkyl species to produce synthesis products. Ponec (53)
and Henrigi—01ive and Dlive (61,62) suggested that CO insert into the
metal-alkyl species to form acyl intermediates. The acyl intermediates
are hydrogenated by hydrogen to form higher molecular weight alkyl
intermediates. Both mechnisms involve the same initiation step to form
methyl groups and methane as well as the same termination éteps to form
higher synthesis products. Recent studies centered on these two

mechnisms over iron catalyst are presented below.

Experimental evidence to support the postulate that the

hydrogenation of surface carbon produces methane and Cz+ hydrocarbons
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{s found from studies over Ni, Co and Ru (53,54).. For iron catalysts,
Bennett and co-workers (63,64) have found that surface carbon can serve
both as a precursor to the formation of FeZC as well as methane. Studies
over an Fe(110) surface during the synthesis reaction by AES and XPS (29)
have identified a CHx phase which was interpretated as the intermadiates
from the hydrogenation of surface carbidic carbon. Further evidence
supporting the methylene insertion mechanism came from the recent work
of Brady and Pettit (65,66). They found that ethylene is the only product
from the diazomethane reaction over supported Ni, Fe, Co and Ru
catalysts. When hydrogen and diazomethane were passed through these
catalysts a spectrum of hydrocarbons, similar to the FT synthesis
products, were produced. They suggested that diazomethane is decomposed
to methylene groups and these methylene groups dimerize to form ethylene
in the absence of hydrogen. In the presence of hydrogen, methylene groups
are hydrogenated to form methyl groups and methane as well as insert into

the metal-alkyl species to produce FT synthesis products.

Support for COC insertion derives €rom the IR experiments (67)
that OH bands have been cbserved over an Fe/SiD2 catalyst. The finding
of the OH band was postulated as the evidence of the M=C(OH)R
intermediates. King (68) questibned this postulate and suggeste}d that

the OH band was the result of the accumulation of HZO on the silica

support.




13

4.DETECTION OF THE REACTION INTERMEDIATES

Chemical scavenging has been considered as an experimental
technique to detect the reaction intermediates, because kinetic and
surface spactroscopy techniques do not give conclusive evidence for the
presence or type reactive intermediates. Essentially, one titrates the
reaction fintermediates from the surface with a probe (scavenger)
molecule. An early example of this was reported by Eidus et al. (5§9).
Benzene was injected into the synthesis gas and produced toluene over
Co-Ni and Fe-Cu catalysts. Toluene was not detected in the synthesis
products without the injection of benzene, therefore it was postulated
as the product from the interaction between the benzene and surface

methylene or.methyl intermediates.

The interaction between the hydrocarbon fragments and the
olefins as’ the scavengers are supported by the recent advances in
organometalliic chemistry. A number of reactions between the alkylidene
or alkyi ligands on the metal complex and various olefins have been
reported (70-73). Ekerdt and Bell (57) used this technique to remove
hydrocarbon fragments of varing length from a Ru surface. Compared to the
scavenger concentration used by Eidus (10-50%), Ekerdt and Bell used a
much smaller concentration (<2%) in order to minimize the possibility of
the perturbétion of the kinetics and the mechanism of the synthesis
reaction. In addition to the detection of alkyl fragments, the injection

of the cyclohexene was found to suppress the extent of the hydrocarbon
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chain length. The authors suggested that the decreasing chain length was
due to the removal of methylene intermediates, which are involved in the
chain growth step, by cyclohexene. Baker and Bell (60) continued this
technique and included cyclohexene, benzene, cyclopentene, as the
sacvengers. Selected results of thése experiments to detect the reactiﬁn
intermedijates during ?T synthesis are shown in Table 1. These results
provide very strong evidence for the presence of methylene and methyl
fragments on the catalyst surfaces. The concentratior of the scavenged
products was reported to depend on the synthesis conditions. Therefore,
the scavenged products were interpretated as the products. from the

interaction between the intermediates and the scavengers.

Pyridine can be selected as a candidate scavenger because it
contains a hetercatom, nitrogen, and Tow concentrations should be easy
to discriminate from the multitude of synthesis products. The pyridine
‘ring is difficult to hydrocrack between 200 and 250 °c (74), which will
eliminate scavenger decomposition to alkyl fragments. Furthermore,
pyridine has been proposed to bond to nickel through the unpaired
electrons of the nitrogen and subsequently react with methyl groups to
form 2-methylpyridine (75,76). These methyl groups were formed by

interaction of HZ/CO or alcohols on the nickel surface.

Studies of the adsorbed states of pyridine on {iron fiims have
demostrated that pyridine bonds to a preoxided iron surface through the

nitrogen lone pair electrons and to a clean iron surface through =



Table 1 Selected Results for Detecting Reaction Intermediates

15

Catalyst Scavenger Scaveged product Postulated Reference
intermediates
Co-Ni Benzene toluene methyl, methylene (69)
Fe-Cu
Co-ThOZ- Benzene cycloheptatriene methylene (69)
Kieselgnhr
Ru/SiO2 Cyclohexene norcarane methylene (60)
Ru/SiO2 cis~-2-Butene 1,2-dimethyl methylene (60)
cyclopropane
Ru/SiD2 1-butene ethylcyclopropane methylene (60)
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electrons (77). With the strong adsorption it may be expected that
pyridine will be a more effective scavenger than cyclohexene because a
higher surface concentration of pyridine may be realized. However,
pyridine on the iron surface is expected to affect the adsorption of

hydrogen and possibly change the catalytic behavior.

The experimental effort of this work consists of two stages. The
first stage develops an understanding of the catalytic behavior of FT
synthesis and develops the technique of reactive scavenging over the
iron catalyst. This is discussed in Chapter III. The second stage used
the scavenging technique to gain the better understanding of the
elementary processes involved in the FT synthesis over the same

catalyst. This will be discussed in Chapter IV.




H.EXPERIMENTAL METHODS

A_.EXPERIMENTAL APPARATUS

The apparatus, shown schematically in Figure 2, consisted of
three sections: a gas handling section, a reactor, and a product

coliection and analysis section. Detailed descriptions for each section

are presented below.

1.GAS HANDLING SECTI!ION

The reactant gases were metered and blended to the desired
‘composition using manual metering valves. The flow rates were determined
with Hastings mass flowmeters. Figure 2 depicts an earlier version of the
apparatus in which flow rates were determined by monitoring the pressure
drop through capillary tubing. Metering valves M5 and M6 were used to
regulate the reactor pressure. Aside from the copper tubing and brass
fitiings used to connect and regulate carbon monoxide, all tubing,
fittings and valves were stainless steel., The tubing, valves and

fittings between the reactor, the trap and the gas chromatograph (GC)

were maintained at 90°C to 100°C.

17
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A stream of helium was bubbled through the scavenging reagent in
a flask sparger, fitted with a frit. For pulse injection, a glass sparger
and a six-port sample injection valve fitted with an 80 u2 loop were used
] to inject 5 umo1e§ of gas. For continuous injection, an auxilary feed
1ine was used to combine the heljum stream to the feed gases. The sparger
was fabricated from copper because saturation was conducted at 1.68 atm.
The concentration of the scavenger in the stream was controlled by the
sparger témperature and helium flow :ate. The helium flow and sparger

temperature were maintained at 2 scem and 0°C, respectively, for all

experiments.

2.REACTOR

The reactor, illustrated in Figure 3, was a two-inch section of
0.25 inch OD stainless steel tubing with 0.25 to D.125 inch Swagelock
uniens on both ends. Catalyst was contained in the reactor tube by
positioning quartz cloth in the union shoulders. The reactor and an 18
inch section of inlet 1ine were immersed in a heated fluidized sand bath.
The inlet line served as the reactant gas preheat zone. The catalyst

temperature was measured by attaching a thermocouple probe to the

exterior of the reactor.

The fluidized sand bath was heated in two ways. Fluidizing air
was preheated; the temperature was set 50°C below the desired reactor

temperature. Two fiexible heating tapes were wrapped around the outside
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of the bath and were used to supply differen. amounts of heat to the bath
depending on the location relative to the bottom of the bath.
Temparatures were controlled with Omega model 49 controllers. The sand

bath temperature at the reactor position was maintained within 21.0°C of

the desired teniperature.

3.PRODUCT COLLECTION AND ANALYSIS

Most of the analysis was conducted using a Varian 3760 GC fitted

with two packed c_b'lumns and one capillary column. The flow diagram for
the operation of the Varian GC is illustrated in Figure 4. The Chromosorb

| 106 column, when connected to the thermal conductivity detector (TCD),
was used to separate reactants, H2 and CO, from 1ight products, CDZ, CH4,
CZH4, CoHe s C3H6’ and C;H,. When connected to the flame ionization
detector (FID), this column was used to separate 1ight products when the
FT synthesis activity was low. The packed DV-101 column was used to

separate C4 to CG hydr_'ocarbons. The OV-101 capillary columr was used to

analyze C7 and above hydrocarbons.

A Hewlett Packard 5880A GC equipped with a nitrogen-phosphg:rus
de;t.ector (NPD) was used to detect nitrogen containing products. An amine
deactivated fused silica glass capillary column loaded with Carbowax
(CAM) was used to separate pyridine and alkylpyridines. The operation

conditions used in the Hewlett Packard and Varian GC's are given in Tabie
2
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column

carrier gas
flow rate

|
|detector

temperature
srogram

Chromosorb 106

60/80 mesh
1/8 in x 12 Tt

He: 22 cc/min

reference column
Chromosorb 106

TCD

40°C for 5 min

Chromosorb 106

60/80‘mesh
1/8 in x 12 ft

He:22 cc/min

FID

|
|
|
|
|
7°C/min to 200°C|
{
|
I

110°C for 6 min |
5°C/min to 215°C|

Chromosorb P-AW
60/80 mesh
1/8 in x 20 ft

He:30 cc/min

FID

36°C for 8 min
3°C/min to 130°C

Fused silica glass

coated with QV-101
0.235 mm 0D x 50 m

He:0.5 ce/min

FID

36°C for 14 min |

2°C/min to 1720°C|
|

Amine deactivated
fused silica glass

I
|
|
|
I
|
|
I
!
|
|
|
I
|
20% 0V-101 on {
|
|
|
|
|
|
]
]
|
|
|
[
Tnaded with Carbowax]
0.25mm ID x 3¢ m |

!

Hz: 1.1 cc/min

|
!
I
i
!
|
I
|
!
l
l
I
l
|
I
|
|
I
!
I
|
|
!
i
I

NPD

I
|
40°C for 1 min |
30°C/min to 90°C)

2°C/min to 114°C}
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One cubic centimeter of gas sample was injected into the packed
columns through the heated (80-100°C) six-port sampl= valve. The packed
columns_ were calibrated each day using two certified standard gas
mixtures containing CO, COZ' CH4, C.2 to C5 n~alkanes and primary
n-olefins, and hexane at different concentrations. Product gas
concenirations were determined by comparing the product's peak height to

the peak heights for the standards.

A 50 m1 pear shaped boiling flask was used to collect products
which were trapped at 1iquid nitrogen temperature. The collected samples
were stored in the flask at -10°C for analysis at a later time. Samples
were never stored more than 48 hours. These trapped products were
analyzed us%ng the capillary columns in the two GC's or in a Finnegan
4023 GC-MS. The products were washed from the sides of the flask and
extracted from any water with 0.05 ml of diethylether. A splitless
' Grob-type injector was used on all instruments and 1.0 to 4.0 uf was
injected. Three samples were injected for each experiment when using the
NFD. The results reported were average values. Amounts of a given
nitrogen containing compound were related directly to the NPD signal

area.

Elution charateristics for the «capillary columns were
established using the GC-MS. Component assignment was performed by a
computer 1libray search of the five major fracturing peaks remaining

after standard enhacement. The computer is forced to make an assignment
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and provides three quantities which represent the confidence of the
assignment, fit, refit, and purity. Fit values greater than 800, boiling
points expected for the unknown component's retention time, examination
of the mass fracturing pattern, and when possible injection of pure

components were used to assign the identity to an eluted component.

The capillary columns were operated under identical temperature
cycles on the GC's to maintain the same component elution order. Standard
mixtures were injected to fix the position of known compounds on a
chromatogram. Identification of peaks eluting from the GC were made by
comparing the chromatograms for the two dinstruments. The elution
charateristics for the OV-101 capillary column with the GC-MS were well
establised. However, the elution characteristics of the CAM column could
not be well estalished using the GC-MS. Helium had to be used as the
carrier gas on the GC-MS. Carrier flow rate and column temperature could
not be optimized to produce the same peak resolution realized with
hydrogen as carrier gas on the Varian GC. The GC-MS analysis established
that alkylpyridines were eluting and the‘relative elution order of the

alkylpyridines and hydrocarbons.

The‘ N#D only detects nitrogen containing compounds from the
trapped products. This greatly simpiified component identification and
overcame the difficulties encountered using a FID which also detected FT
synthesis prodacts. The elution characteristics for pyridine and

alkylpyridines vwere established using pure components.
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B.EXPERIMENTAL PROCEDURES

The catalyst powder was pressed into wafers approximately 0.003
inches thick and crumbled before placing in the reactor. Less than 0.5
grams of catalyst were charged to the reactor. Carbon monoxide

coanversion never exceeded 2% at this catalyst Toading.

Iron oxide on silica, Fe203/5i02, was conditioned for six days
by passing a 4/1 HZ/CO mixture over the catalyst at 230°C. This was
found sufficient to convert the Fe203 into a mixture of Fe304, carbides
and possibly, «-Fe which displayed a stable steady state activity. A
conditioned catalyst was always exposed to hydrogen and carbon monoxide
between 200 and 250° C to maintain the active form. The catalyst was
allowed to adjust to new synthesis conditions for at least 6 hours before

data were collected.

Two separate scavenging protoco?s‘were employed, pulse and
continuous injection. Pulse injection was used mostly in the early
experiments which attempted to detect the scavenged products. For these
experiments, the HZ/CO ratio was varied between 1 and 9 and total
volumetric flow rate varied between 100-200 sccm in order to fipd an
optimal condition to scavenge detectable levels of products. Eighty
pulses were added at 30 second intervals into the reactant feed gas. The
reactor effluent was trapped at liquid nitrogen temperature for 20

seconds following each injection. The continuous injection was used to
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study the effects of the synthesis conditions on the alkylpyridine
distributions. The total volumetric flow rate was requlated at 100 sccm
and the HZ/CO ratio was varied between 0.2 and 5.0. The reactor effluent
was trapped continuously for 25 min. For both scavenging protocols, the
helium flow rate through the sparger was 2 sccm and an ice bath was used

to keep the sparger temperature at 0°c.

C.CATALYST PREPARATION AND CHARACTERIZATION

The supported dron catalyst was prepared by the incipient
wettness technique using 2.0 m1 of the iron salt solution, per gram of
silica, Cab=0-S5i1 HS-5 (surface area: 325 m%/gm). The impregnated
support was frozen by pouring liquid nitrogen on it. The frozen mixture
was vacuum dried in a rotary evaporator at 60°C for 42 hours and calcined
with zero air (79% N2 and 21% 02) at 300°C for one hour, followed by 20
hours at 400°C. The catalyst was cooled in the zero air and sieved to

sub-325 mesh, then stored in a dessicator,

The iron salt solution was made from 30 ml of distilled water and
27.13 gram of Fe(N03)3-9320. Metal content was determined by Inductively
Coupled Atomic Emission Spectroscopy (analyzed by Mineral Studies
Laboratory, Balcones Research Center, University of Texas at Austin).

Table 3 presents the results. The catalyst contained 20.44 wt% Fe203.



Tabie 3. Metal Composition of the Catalyst and 3ilica

Silica HS=5 Fe Oxided

on Silica

(wt %)
Al,0, 0.02 0.02
Ca0 0.005 0.006
Na,0 0.11 0.05
K,0 0.04 0.02
MnO 0.001 0.c01
Mg0 0.01 0.01
F9203 0.01 20.44
510, 99.9 76.5
(ug/9)
Fe 87 143000
Mn 5 7.6
Ti 25 21
Cu 10 31
Cr 29 29
Ni 25 67

Zn 10 45
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Iron, iron oxides and iron carbides were determined using a
General Electric model XRD-6 X-ray diffractometer. CuKa radiation
diffracting from a graphite monochrometer was used. Particle size of the

fresh Fe203 catalyst, estimated by the line broading technique, wasg
about 240 A.

D.MATER!ALS

Hydrogen (UHP, 99.999%) was passed through a Matheson deoxo
cylinder to remove any oxygen. Carbon monoxide (Matheson UHP, 99.8%) was
heated to 95°C over molecular sieves to decompose metal carbonyls.
Cyclchexene (Aldrich 99%) was purified by distillation over sodium.

Pyridine (MCB spectral grade) was used without further purification.



IHL.CATALYST CHARACTERIZATION AND DEVELOPMENT OF THE
SCAVENGING TECHNIQUE

Investigation of the catalytic behavior of iron and the phase
transformations of FeZD3/Si02 under synthesis conditions are reported
and discussed in this chapter. Iron activity and selectivity toward low
weight and high weight Fisher-Tropsch (FT) products are presented.
Selectivity and phase transformation are used to postulate the surface

composition cf the working catalyst.

The scavenging technique 4is also developed in this chapter.
Cyclohexene and pyridine are used as scavengers. Scavenging results are
combined with appropriaté blank tests to demonstrate that FT reaction
intermediates are being chemical1y remoyed from the surface of the metal

phase.

A.RESULTS

1.CATALYST INDUCTION

It is well established that Fe or Fe304 will convert into one or
more carbide phase under synthesis conditions (2,12~19,25,26,30,31). The

rates at which the carbide phéses cenvert and the changes in synthesis

30




activity and synthesis selectivity are alsc reported. Uncertainty in
iror phase composition can complicate analysis of data. In an attempt to
minimize the uncertainty, the catalyst used in this study, 20.44 wt¥
Fe,0,/ Si0, was conditioned under 4/1 H,/CO (Pog=0.22 atm) at 230 °c for
six days prior to use for reactive scavenging exseriments and was rarely

exposed to temperatures in excess of 250°C.

Time dependent methanation activity and low weight product
se1ectivit§ are presented in Figures 5 to 7. These figures display FT
synthesis data over a 40 day period at a common temperature of 230°C and
a weight hour space velocity ( WHSV, cm3/hr-g-cat.) of 15,840. The HZ/CO
ratio and partial presure of CO varied between 3.8 to 4.3 and 0.20 to
0.23 atmospheres, respectively. Some of the scatter of the data may be
due to the slight random variation in reactant pariia] pressures. After

the sixth day this catatyst was also exposed to oiher pressures and

temperatures.

Figure 5 demonstrates the effect the induction period had on
methanation activity. After approximately 150 hours the activity
reached a ‘steady value. Activity decreased slightly after 400 to 500
hours.

Figure 6 shows that the distribution to total C2 to C5
hydrocarbons (branched and normal alkanes and olefins) did not change
appreciably during the d{nduction period. Only the Cz's increased

relative to methane during the Tirst 150 hours. These results indicate
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that the selectivity to 1low weight hydrocarbons was relatively
independent of total activity. The Cl to C5 hydrocarbons increased in
activity at appro_ximate]y the same rate. Carbon dioxide selectivity
increased over the first 150 hours and was essentially constant for the
remaining 850 hours. The time dependent distribution of C6+
hydrocarbons was not monitored. High weight products were synthesized
during the early stages of induction. A liquid sample collected four
hours after exposing Fe203 to H2 and CO was found to contain

hydrocarbons up to C12’ the upper limit investigated.

Figure 7 presents the a-olefin to n-alkane ratio for small
hydrocarbons. The ratios pass through a minimum, returning to their
initial value after approximately 120 to 140 hours on stream, and

continue to increase over the course of the time period studied.

Recent studies on silica supported Fe203 catalysts (78) have
shown that after 20 hours of reaction unreduced catalyst converts to
Fe30‘.f and hydrogen reduced catalyst converts to iron carbides. The
conversion of unsupported Fezo3 (31) into Fe304 and x-carbide was
reported at 250°C. Amelse et al. (12) converted 30% reduced Fe203 into
carbides. Unmuth et al. (79) reported that u-Fe203/5102 reduced to
Fe304 prior to reducing to Fe under H2 at 425°C. In a separate study,
Unmuth et al. (15) demonstrated that Fe/S‘.O2 was converted tc a mixture
of carbides at 3/1 H,/CO and 250°C.
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X-ray diffraction (XRD) was used to characterize the state of -
the catalyst used in this study. The results are presented in Figure E.
Compusition assignments are based -upon published diffraction patterns

(80). Table 4 lists the location of the primary peak for the various

phases reported by other researchers.

Polyethylene was used to cover the fresh catalyst and the
catalyst which had been exposed to hydrogen and carbon monozide between
200 and 255°C for 56 days. The catalyst was transferred to a glass slide
and covered with the 25.4 micron thick polyethylene film in an inert
environment to minimize oxidation. Amelse et al. (12) have shown that
air oxidation was not rapid, there.fore., all other XRD patterns were

recorded in the absence of polyethylene.

The fresh .cata'lyst diffraction pattern, pattern a, was
identified as u-Fe203 with an average particle size of 240 i The single
phase patterns for Fe304. pattern ¢, and a~Fe, pattern d, were determined
using two separate weight loadings. The Fe304 pattern was observed after
reducing 10 wt% Fe,0./5i0, at 400°C for six hours under H,. Comtinued
reduction of the Fe304 to e-Fe was realized by heating under H‘2 for an
additional 14 hours at 406°C and one hour at 430°C. The u-Fe pattern

presented in Figure B was obtained with 20.44 wt% Fe203/Si02 which was

subjected to H2 at 460°C for 24 hours to ensure complete reduction.



Figure 8.
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X-ray diffraction patterns: (a) 20 wik
Fe2 3/Si02(covered with polyethylene film), (b)

25.4-uym-thick polyethylene film, (c) partial‘ly reduced
10 wtd Fe203/5102, (d) fully reduced 20 wt% Fe203/5102,

(e) catalyst after 162 hr of reaction at 4/1 HZ/CO and

230°C, and (f) catalyst after 56 days of use (covered
with polyethylene film).



Table 4. X-ray Diffraction Data for CuKa

Phase 28° ch
(°K)
u-Fe203 . 33.1 i -
Fe304 35.4 -
u-Fe 44.5 -
la .
E Fez_zc 43.4 720
s-FeZC 42.39 650
x-FeSC2 43.9 525
e-Fe3C 41.98 480

Diffraction angle for the primary peak {80)

b Curie temperature

38
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Catalyst was analyzed after exposing 20.44 wt% Fe203/ SiO2 for
160 hours to 4/1 H,/CO, 0.22 atmospheres of CO at 230°C. The peak
centered at 28 equal to 35.4° on pattern e indicates the presence of

Fe304. A weak signal is also seen at 26 equal to 43.4° suggesting the

presence of the £'-carbide phase, Fe2 2C.

Pattern T was recorded for a sample which had been exposed to
hydrogen and carbon monoxide for 56 days. Catalyst temperaiure was
generally held between 200 and 240°C. The catalyst was exposed to 255°C
for approximately 50 hours out of a total of 1340 hours of use. The
broad peak centered at 20 equal to 43.5° suggests the presence of several
carbide phases. The peak is poory resolved and particlie size can not be
determined. Niemantsverdriet et ai. (18) discussed the ;arbide phases
generated under synthesis conditions. These can included £'-, £~, x~ and
8-carbide. The broad shape displayed by the used catalyst on Figure 8
brackets the primary peaks for the first three. The used catalyst

pattern has a shoulder at the lncation for oc~-Fe suggesting that a=Fe may

also be present.

2.RATE MEASUREMENT AND PRCQDUCT DISTRIBUTIONS

The surface area of the working catalyst was not determined in



40

this study. Methanation rates are reported per gram of catalyst charged
to the reactor. The rate was seen to increase with an increase in

temperature and in the HZ/CO ratio.

Changes 1in the C2 to C6 product distribution as a function of
synthesis variables are presenetd in Figure 9 at a commen WHSV of 22,274.
Only normal alkanes and primary n-olefi4s are represented because they
constituted the major species detected. Branched alkanes and internal
olefins were detacted at Tlower cancentrations than the normal and

primary compounds for C4 and above.

The selectivity to higher hydrocarbons was seen to decrease -
with increasing temperature. An increase in the HZ/CO ratio at a constant
temperature led to a slight decrease in the selectivity to higher
molecular weights. Both obseryations are consistent with the work of

Madon and Taylor (46) at ten atmospheres.

The rate of CO2 formation increased withincreasing temperature
and increasing HZ/CO ratio. A similar effect was seen for the rate of
methare formation. However, the concentration of CO2 decreased with.
increasing temperature and HZICO ratio. At all conditions investigated,
the amount of CO2 was less than the amount of CO converted into C1 to C6

normal products.
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Product distribution of the 1ow weight synthesis products
only n-alkanes and primary n-olefins
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A GBC-MS chromatogram for the C6 to °11 synthesis products is
presented in Figure 10. Straight chain a-oleifns are the primary
products. The branched alkanes elute first, followed by the a-olefin,

normal alkane and a mixture of branched internal olefins.

The chromatogram shows a large peak centered at scan 2420 which
was identified as toluene. The toluene was not an impurity introduced
during sample collection, handling or injection. The concentration of
toluene relative to 1-héptene was observed to vary with synthesis

conditions.

Other cyclic and aromatic pro&ucts were observed. These include:
cyclohexene, methylcyclohexene, benzere, styrene, xylenes,
methylethylbenzenes, and diethylbenzenes. Additional cyclic products may
have formed but were not observed in the region of C7’through CIO' Cyclic
C5 and C6 alkanes and olefins as well as branched alkanes, olefins and
aromatics have been reported over unsupported iron based catalysts (2).
The effect of WHSV and synthesis conditions upon the distribution of
cyclic hydrocarbons was not studied. Their presence was noted at
different conditions; however, their concentration was not accurately

determined.

3.SCAVENGING EXPERIMENTS

The present studies have shown that the synthesis productsover
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iron are a complex mixture containing cyclohexene and methylcyclohexene.
The feasibility of scavenging vas tested by introducing a greater amount
of cyclohexene into the reactant feed gas than was observed in the
synthesis product stream. Cyclohexene was used because it has been

proven to be an effective scavenger over Ru (57).

Figure 11 shows a region of the GC chromatogram for the synthesis
product and the cyclohexene scavenged product at 9.7 HZ/CO and 220°C. The
€0 conversion was approximately 0.8% at these conditions and a WHSV of
14,5390. The location of methylcyclohexene is indicated on the Figure.
The assignment was made by comparison with GC-MS chrematograms,
injection of pure compounds and experience with the column elution
characteristics. A slight increase in the methylicyclohexene signal was
seen upon injecting cyclohexene 120 times. Methylcyclohexene/n-heptane

was 0.012 and 0.083 for synthesis and scavenging, respectively.

| Small amounts of methylcyclohexene, methylcyclohexane,
ethylcyclohexene and ethylcyclohexane wera formed upon addition of
cyclohexene at HZ/CO ratios between 1.9 and &.1 and temperatures between
220 and 255°C. The number of pulses and synthesis conditions were varied
in an attempt to generate higher concentrations of alkyl-substituted
cyclic compounds. In all cases the methyl-substituted compounds were
present at a higher concentration than the ethyl-substituted compounds.

These attempts were largely unsuccessful.
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Pyridine was selected as a candidate scavenger because it
contains a heteroatom, nitrogen, and low concentrations would be easy to
discriminate from the multitude of synthesis preducts. Figure 12
presents a GC-MS chromatogram of the trapped products collected during
thz injection of 60 pulses of pyridine. The synthesis conditions were
1.65 HZ/CO at 250°C. The CO conversion was approximately 0.1% at these
conditions and a WHSV of 22,275. Peaks for 2Z-methylpyridine and
2-ethylpyridine are indicated on the Figure. Appropriate blank
experiments were performed which established that the alkylpyridines

were not impurities.

Additiona] experiments were performed at different synthesis
conditions to confirm the generation of methyl- and ethylpyridines.
Injections were reduced from 60 to between 3 and 10 in an aitempt to
minimize overloading the column with highly polar compounds. Tailing of

‘pyridines was not eliminated, however, these studies indicated that 3
injections ware sufficient to produce methyl- and ethylipyridine. The net

effect of fewer injections was to increase the hydrocarbon signals on the

chromatogram.

Only qualitative observations concerning the relative amount of
C1 and CZ pyridines and changes in composition with synthesis conditions
can be made using the OV-101 capillary column. Elution charateristics of
polar compounds from a column designed for nonpolar compounds are such

that peak areas could not be accurately assigned to the pyridines. The
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results showed that the methylpyridine concentration was greater than
the ethylpyridine concentration. One expects a higher concentration of

methyl fragments on the surface during FT synthesis.

A series of experiments were performed to establish whether the
scavengers were reacting with hydrocarbon fragments on the metal phase
or with reaction products which may have adsorbed or the silica support.
A gas mixture consisting of 7.2% CO, 4944 ppm CH4 and 500 ppm (nominal)
each of COZ’ CZH4, CZHG’ C3H6, C3H8, C4H8, CSHIO’CSHIZ’ and CGH14 was
directed through the reactor. The reactor contained $10, at 230°C and was
operated at a WHSV of 16,000. Pulses of cyclohexene or pyridine were
injected into the gas mixture and the effluent was tested for
alkyl-substituted scavengers. 2-Methylpyridine was observed at a ratio
of 8.9x10"% 2-methylpyridine/pyridine when pyridine was injected into

the gas mixture. No alky1cycloheiene or alkylcyclchexane were detected.

Additional experiments were performed to determine 1if the
scavengers were decomposing over the iron catalyst and if so whether the
decomposition products were alkylating the scavengers. At 230°C and
16,000 WHSV of hydrogen pulses of pyridine were not found to decompose
into c1 to Cg hydrocarbons. A trace amount of 2-méthy1pyrid1ne was
observed when pulses of pyridine were injected into hydrogen. No other

compounds, aside from pyridine, were detected.
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Pulses of cyclohexene were also injected into 16,000 WHSY of
hydrogen. The catalyst was maintained at 230°C under hydrogen for 24
hours prior to performong these experiments. Hydrogen alone led to
methane. The methane signal increased by about 2 ppm and trace amounts,
less than 1 ppm, of ethane and p}opane were observed when pulses of
cyclohexene were added to the hydrogen. A very week signal was observed
fow mathylcyclohexene. Methylcyclohexene and C1 to Cs hydrocarbons were

not observed when cyclohexene was added continuously to helium at a WHSV

of 44 at 230°C.

Cyclohexene did interact over the catalyst. In the presence of
helium or hydrogen, pulses of cyclohexene converted into a mixture of
cyclohexene,‘cyc1ohexane and benzene at 230°C. Since the Cl to C5 acyclic
products were 1insignificant they can be eliminated as possible
additional products. This assumption enables conversion of cyclohexene
to be estimated. In the presence of helium, 0.22% of the cyclohexene
reacted to cyclohexane, 0.48% reacted to benzene and the balance
remained unreacted. Hydrogen had a different effect. Twenty-nine percent
of the cyc1ohgxene reacted to cyclohexane and 15% reacted to benzene. The
difference batween hydrogen and helium was not studied. Both cyclohexene
hydrogenation to cyclohexane and dehydrogenation to benzene are

thermodynamically favored at 230°C, Keq=48,000 and 300, respectively.

Pyridine and cyclohexene had different effects upon the C2 to CS

olefin to alkane ratio. Figure 13 presents the e-olefin to n-alkane ratio
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during FT synthesis and in the presence of a scavenger. The conversion
of CO to C1 to C5 hydrocarbon are not reported because of the difficulty
in actuating the GC's sample valve as the peak concentration of scavenged
product passed through t_he sample Tloop. For this reason the ratios
presented in Figure 13' during scavenging should b2 taken as
representative of the low weight products during scavenging and not

taken as absolute. In general, the toté] conversion of CO was less in the

presence of the sacvenger.

The effect of pyridine and cyclohexene on the high weight
products is shown in Figures 14 and 15. Plots of Cn/C7 versus (n-7) are
presented for the FT products in the presence and absence of the
scavenger. The concentrations were determined using the four major
components for a given carbon number, the normal alkane, the a-olefin and
two internal olefins. A basis of C7 was chosen because this was the first

carbon yroup which was well resolved on the OV-101 capillary column.

Straight lines are not ohserved for any condition reported in
Figures 14 and 15, and the FT lines are not identical for Figures 14 and
15. The difference between FT curves and the uonlinear nature of the
plots may be due to incomplete collection of the products in the liquid
nitrogen trap and to the fact that only four compounds for any given
carbon number were used to determine the concentration, Cn. No attempt
was made to interpret this nonlinear performance because of the

urcertainty in the magnitude of Cn.
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Figure 15 shows the average molecular weight of C7 to c16
hydrocarbon fraction decreased in the presence of cyclohexene. Figure 16
shows that the average molecular weights of these hydrzcarbons increased

in the presence of pyridine.

B.DICUSSION

1.CATALYTIC BEHAVIOR

The catalytic behavior of FT synthasis over Fe203/51'02 presented
here can be interpretated in terms of the mechanistic pathways shown in
Fiqure 16. Detailed discussions on the reduction of Fe203/S1'02 in H2
flow (82), carburization of Fe/SiO2 in CO or HZ/CO (12-19) ‘and
hydrocarbon formation from HZ/CO over Fe/SiO2 (14,17,18,25,78) have been
given in the literature. It is proposed that active carbon formed from CO
dissociation diffuses into bulk iron to form iron carbides and reacts
with adsorbed hydrogen to produce hydrocarbons. Mossbauer spectroscopy
studies showed that Fe203 was reduced to «-Fe by H2 via the Fe304 phase
(18,31,78,82,83). Figure 16 represents a complex mechanism for
reduction-oxidation reactions between the iron phases, CO dissociation,
carburization and hydrocarbon synthesis. The actual composition of the
iron phase 1s dependent o the temperature, CO conversion and duration of

the reaction.
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The activity and product distribution trends shown in Figures 5
to 7 suggest that Fe203/Si02 underwent a rapid tranformation into a
different active phase durirg the induction period. Pattern e in Figure 8
obtainéd from the induced catalyst shows that Fe203 has reduced to Fe304
and ‘iron carbides. Furthermore evidence from increasing C02 formation
during tﬁe induction period (see Figure 7 ) suggests the reduction of
Fe203 to Fe304. Carbon dioxide is proposed to form in a secondary process
via the water-gas shift reaction. Shift reactivity has been reasoned to

indicate the presence of the Fe304 (46).

The s1ightly decreasing activity and increasing olefinic nature
after the maximal activity in Fiéures 5 to 7 suggest & slow
transformation of the iron.phase over the pseudo-steady state period.
This slow process involves the transformation of Fe304 to iron carbides
and possibly some a-Fe as well as, as suggested by surface spectroscopic
studias (27-31), the transformation of active carbidic carbon to

inactive graphitic carbon.

The relative reduction rates between different iron phases shown
in Figure 16 can explain why Fe304 and 1iron carbide are two major
components observed by XRD during the synthesis reaction. Madon and
Taylor (46) have suggested that the active surface may be different.than
the bulk phase. This is suppo ted by the observati?n of Niemansverdriet
et al. (18) who reported detection of oxiaes at the surface of an iron

carbide. The technigues employed in this study indicated a mixture of
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bulk phases wére present, the surface composition was undetermined as
was the particie size of the working catalyst. However, it is believed

that the surface carbon wiil be a major component after induction period
(33).

Dissociation of CD can Akcurr not only on an a-Fe surface but
also on iron oxide (32). At the earlier stage of the synthesis reaction,
where synthesis activity was low, most of the reactants, CO and Hz are
thought to be consumed in the reduction of Fezo3 and carburization of Fe.
As the bulk of catalyst became more and more carbided the catalyst
activity increased until reaching the maximum where the jnactive carbon

began to deactivate the catalyst.

Reymond et al. (31) reported a time dependent increase followed
by a decrease in methanation activity for unsupported Fe203. Their study
at 250°C and 9/1 HZ/CO showed a maximum at 55 hours and no leveling off
of the activity over a 20 hours period. The extended activity cbserved in
this study can be explained by the following two explanations. First,
the catalyst used in Figures 5 to 7 never exceeded 250°C and that most
experiments were performed at temperatures iess than 240°C. Low
temperature prevents the catalyst from sintering. Secondly, the effect
of the silica support slows down the transformations of the iron phase
changes and the formation of inactive carbon. This is supported by the

work of Blanchard et al. (78) who observed an extended pseudo-steady

state activity on silica supported Fe203.
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Increasing formation of Cz's during the induction pericd may
imply that the probability of ethylene incorporation decreased with the
increasing availability of the surface carbon for hydrocarbon
production. Ott et al. (26) reported a similar trend for C2=/C2 and
C3=/C3 ratios (s2e Figure 6) over unsupported fully reduced iron at 300°C
but within a period of 400 to 500 minutes. The change was related to the

carburization of the iron and CO conversion.

The trend in rate and concentration for CO2 are consistent with

the -postulate that COZ is a secondary product (45,46) formed via the

water-gas shift reaction
Hy0 + €O == CO, + H, (3)

As the total synthesis rate increases the rate for water, the primary
product, increases. If the water-gas shift reaction is at equilibrium
(Keq= 130 at 500°K), then an increase in water will lead to an increase
in COZ‘ An increase in temperature for the exothermic reaction shifts the
equilibrium to the left. Increasing the HZ/CO ratio _decreases the
equilibrium contentration of COZ‘ Shift activity has been reasoned to

indicate the presence of the Fe304 (46).

The presénce of cyclic and aromatic compounds demonstrated that
complex reactions are occurring during the hydrogenation of CO over

Fe-based systems. Dwyer and Sémorjai (81) reported that olefins, the
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primary products, can readsorb and undergo incorporation into the
regular F7 products, acyclic hydrocarbons. They referred to this as
secondary reaction. The means by which cyclic hydrocarbons and aromatics
were formed were not revealed by this study. It seems reasonable to
speculate that the primary and secondary products may readserb and

undergo surface rearrangements without incorporating into the growing

chains.

2.SCAVENGING TECHNIQUE

The mechanism by which pyr1d1ne is alkytated over the
iron/silica catalyst is not known but can possibly be inferred from
studies over nickel. Formation of 2-methylpyridine from HZICO (75) or
alcohols (76) over nickel was postulated to proceed via methyl addition
to the a-carbon of pyridine, with pyridine bonded to the nickel surface
through the nitrogen. Methyl groups were argued to form by interaction of
H2 and CO on the nickel surface. The source of CO was either direct
addition with the reactant gas or indirect formation via alcohol
decarbonylation. Methyl and higher alkyl fragments, which are expected
over iron during FT synthesis, may interact with pyridine in a similar

fashion to produce «-alkylpyridines.

In the experiments to investigate the possibility of interaction
between the scavenger and the adsorbed hydrocarbon fragments on the

siiica support, concentrations of Cl to C5 compounds in the feed gas
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mixture were a factor of five to fifty times greater than the FT products
at 230°C. The ratio of methylpyridine/pyridine was a factor of 500 less
than the ratic observed during scavenging studies under FT éynthesis
conditions. These observations suggest that the scavenger was removing
hydrocarbon fragments from the metal phase, not products from the

support phase, during scavenging under FT conditions.

Hydrogen was found to react with carbon present in or on the
iron phase after the cessation of FT synthesis in a manner similar to
that reported by Reymond et al. (31). Methane was observed as much as 24
. hours after stopping the flow of CO. This observation can explain the
formation of 2-methylpyridine and methylcyclohexene during the injection
of each scavenger into the H2 stream. They were probably formed via the

reaction between the scavenger and hydrogenated carbon residues.

Kellner and Bell (58) observed linear plots of Cn/C1 versus
(n-1) for FT synthesis over ruthenium. They incorpofated this into a
machanistic and kinetic description of the synthesis reaction. The
linear plot supported the methylere insertion mechanism in which alkyl
fragments propagate to the next higher alkyl fragment by inserting CH2 or
terminate by hydrogenation to the alkane or by hydride elimination to the

olefin. The slope of the line equals the log of the chain growth
probability, a.
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A plot of log Cn/C7 versus (n-7) has the same interpretation as
log C“/C:l versus (n-1) as long as the propagstion and termination rate

are independent of carbon number. The steeper the curve the lower the

chain growth‘probabi1ity and the Tower the average molecular weight of

the product.

Three explanations can be given for the decrease of the chain
length shown in Figure 14. Cyclohexene dehydrogenation to benzene is
suggested by Figure 13. This will act to increase the surface
concentration of hydrogen and subsequently the rate of alkyl termination
to alkanes. Cyclohexene may react with alkyl fragments to produce the
alkylcyclohexenes observed upon injection cyclohexene into the reaction
mixture. This introduces a third alkyl fragment termination process.
Both of these possibilities will act to increase the net rate of alkyl
termination relative to propagation and thereby decrease the magnitude
of o and the average molecular wefght. The third possible explanation is
removal of Cl-l2 groups in a manner similar to that reported over Ru (57).
This will reduce the concentration of CHZ groups on the surface and
simultaneously reduce the rate of propagation. A decrease in the rate of

propagation will lead to a Tower average molecular weight.

The results shown in Figure 13 suggest that pyridine displaced
hydrogen from the surface. This may act to decrease the rate of
termination of fragments to alkanes. Additional studies, which will be

discussed in the Chapter IV, have shown that the distribution of
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alkylpyridines correlate with the FT product distribution, suggesting
that pyridine was removing alkyl fragments from the catalyst surfacé.
This may not be enough to compensate for the lower rate of termination by
hydrogenation. The net effect of pyridine may be to reduce the total rate

of alkyl termination and thereby increase the average molecular weight.



IV.PROPAGATION OF FISCHER-TROPSCH SYNTHESIS

The effect of the synthesis conditions on the distributions of
FT products and alkyl fragments using pyridine as the scavenger is
presented‘ in this chapter. Two Langmuir-Rinselwood expressions for the
two most 1likely mechanisms for FT propagation are also developed to
describe these two sets of distributions. The feasibility of using the

measured effects to discriminate between two mechanisms s discussed.

A.RESULTS

A1l of the product analysis involving the pyridine and
a'!!:y'lpyrid'ines in this chépter were conducted using the Hewlett Packard
GC Titted with an NPD and a CAM capillary column. The major components
detected in the scavenged samples were pyridine, 2-methylpyridine
{2-picoline), 2,.6-dimethylpyridine, 2-ethylpyridine, and
2-propylpyridine. The 2,6-dimethylpyridine signal was less than 2.5% of
the 2-methylpyridine sigaal. 2-Butylpyridine was detected occasionally,
however, the signal to noise ratio for this peak was insufficient for
quantitative purposes. In aéditicn, a trace amount of 4-ethylpyridine
and what is thought to be a methylethylpyridine were observed. The last

two component signals were too weak to gquantify.

63
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As discussed previously, conditioned catalysts were analyzed by
- XRD and found to consist of bulk iron carbides and possibly Fe304. The
surface was not analyzed; the presence t)\"Fe304 at the surface was
postulated on the basis of water-gas shift (WGS) activity. The mears by
which pyridine adsorbed on the surface may be inferred from the fact that

almost all products were substituted at the 2 position. This suggests

that pyridine adsorbed through nitrogen on the iron oxide surface.

The details and efficiency of the reaction between adsorbed
pyridine and alkyl are unknown. The reaction ta 2-Cn-pyridine is thought
to occur between an n-alkyl fragment containing n carbon atoms and
.pyridine. The scavenged distributions Cn-pyrid'ine/Cn+1-pyridine
decreased rapidly with increasing n and butylpyridine was difficult to
detect. This decrease may be caused by the actual distribution of a"lky'l
fragments and/or by steric limitations between a larger alkyl fragment
and pyridine. Steric limitations are suspected; however, because known
alkyl distributions could not be generated the steric effects could not
be quantified. Scadvenging experiments were performed at one temperature

to avoid assigning alkyl distribution changes with temperature to

possible changes in the relative rates of the scavenging reactijons.

The absolute amount of pyridine injected was held constant. The
amount collected and ultimately injected into the capillary column
varied because these operations required several manual manipuiations. A

suitable dinternal standard could not be identified, therefore, for
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consistency all alkylpyridine signals were normalized with the signal of
pyridine. These normalized signals were used tc examine the effects of
the synthesis variables on the alkyl fragments. The trends reflected
changes in surface alkyl concentrations; ihe absolute magnitude of a
scavenged distribution at one set of conditions did not reflect the

absolute maénitude of the surface alkyl distribution.

The effects of reactant partial pressure on the sum of
2-picoline and two times 2,6-dimethylpyridine +to pyridine
(C]-pyridine/pyridine) and methanation activity for continuous and pulse
injection are shown 1in Figures 17-20. The partial pressures were
selected to produce H?_/CO ratios of roughly 5/1 to‘lll for Pco equal to
D.257 atm or sz equal to 0.77 atm and roughly 1/1 to 0.2/1 for Pm equal
to 1.027 atm or PH2 equal to £.308 atm. The methanation rate was slightly
suppressed in the presence of pvridine; the partial pressure dependences
appeared the same in the presence or absence of pyridire. The rate
suppression was expected since pyridine was titrating methyl fragments
from the surface. The similar partial pressure dependencies demostrates
that FT synthesis continued in the presence of pyridine and suggests that

the surface concentration of pyridine was not too large. FT activity was

always recovered in the absence of pyridine.

Figure 17 and 18 demonstrate that the rate of methane formation
had a greater H2 partial dependence than did Cl-pyridine. Differences

between the slopes of the Cl-pyridine lines on Figure 17 and 18 were
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probably caused by the different injection techniques. Pulse injection
reflects the removal of methyl fragments under nonconstant gas and
surface pyridine surface concentration. Both techniques are presented
here to demonstrate that the scavenged distributions are affected by the
manner in which the scavenger is added to the feed. Continuous injection
is prefered because the surface scavenger concentration is constant and
scavenged distributions are expected to be better characterized with
this technique. The continuous injection technique is used throughout

the remainder of this chapter.

Figures 19 and 20 demonstrate a negative CO partial pressure
dependence on both the methanation rate and on the Cl-pyridine/pyridine
ratio. The dependence was nearly the same at a constant partial pressure
of HZ' Causes for the different methanation dependence at the two HZ‘
partial pressures could be caused by slight changes in the iron surface

composition. These differences were not investigated.

The effect of continuous pyridine injection on the hydrocarbon
chain length and the olefin/alkane selectivity are presented in Figures
21-23. There was no noticeable change for low weight products whereas
there tended to be more propagation of alkyl fragments for the high
weight products during scavenging. These trends were observed earlier
where the change at high weights was assigned to suppressed alkyl
terminatjon to alkanes. The suppressed termination was caused by the

postulated displacement of hydrogen from the surface by pyridine.
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Figure 23. Olefin to alkane dependence on the'f’;o_in the absence of

pyridine and during continucus pyridine injection.
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The olefin/alkane ratio fincreased with increasing partial
pressure of CO and decreasing partial pressure of HZ‘ In all cases the
low weight FT products were more olefinic during continuous pyridine
egposure. The partial pressure dependences were nearly the same in the
presence and absence of pyridine. The changes with CO and pyridine may
both be due to a displacement of surface hydrogen by either species.
Wedler et al. (38) found that CO displaced preadsorbed H2 from
polycrystalline iron films. Such a displacement would increase the

olefin to alkane ratio.

The effects of reactant partial pressure on Cz'and C3 FT préducts
and 2-ethylpyridine (C2~pyridine) and 2-propylpyridine (C3-pyridine) are
presented in Figures 24-27. The FT rates were less and the partial
pressure dgpendences appeared unchanged in the presence of pyridine.
The partial pressure dependence on H2 was less for the Cn-pyridine than
for the corresponding rate of total Cn production. The Cn-pyridine and Cn
hydrocarbons displayed a negative dependence on the partial pressure of

CO; the Cn-pyridine dependence was more negative.

Figures 28-31 present the distribution dependences of +the
alkylpyridines anavthe FT products on reactant partial pressure. Except
for the data collected at Pco of 0.257 atm and H2/CO ranging from 1.5 to
5 on Figure 29 the distributior of scavenged products and the ratios of
the hydrocarbon rates displayed nearly the same pressure rependences.

The similarity suggested that the pyridine reacted with a éroduct
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precursor. Previous work in Chapter III established that pyridine was

not reacting with FT products rather reaction intermediates.

B.DISCUSSION

The mechanisms outlined in Figure 1 contain alkyl intermediates;

therefore, the fact that alkyl fragments were scavenged dees not

disprove either mechanism. The rémova] of alkyl fr#gments ana the
similar pressure dependences for alkylpyridines and FT products
establish that alkyl species are the immediate precursors to products.
The central question is whether the partial pressure dependences of the
alkylpyridines enable one to establish the mechanism. This requires that
Langmuir-Hinshelwood type rate expressions be constructed for both
mechanisms. These expressions are used to determine the concentration

of alkyl fragments which will be compared against the experimental

alkylpyridine distributions.

Hydrogenation of the dissociated surface carbon is expected to
form methane and Cz+ hydrocarbons. The discussion in Chapter III
suggeted that the coverage of surface carbon was very large and
essentially constant. This is supported by the observation of the large
carbon reservoir over iron (33). The methyl and methane forming steps
according to this mechanism can be expressed as:

(1) CD(g

(2) C0O+ § = C+0

) +S = (0
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(3) Hygy +25 = 2u
(8) C+H == CH+S
(5) CH+H == CH,+S
(6) CH, + H == Hy + 5
(7N CHy + H = EH4(9) + 25

where S denotes a vacant surface site, (g) denotes a gas phase species

and all other species are adsorbed.

Assuming constant carbon coverage, ec, eliminates the need to
perform an oxygen balance. The site balance is acsumed to be

approximately by the following equation

1= 8+ 8y +6p 8y ©
where Bv répresents the fraction of vacant sites. Only reactants, carbon
and vacant sites are considered for simplicity and because intermediates
have no} been detected by spectroscopic means. Carbon monoxide is
considered because negative CO partial pressure dependences were found
for FT synthesis rates. Uncertainty concerning hydrogen coverage
suggests it be considerad. If" the coverage of hydrogen and CO are

represented by Langmuir isotkerms
= 0.5, .
By = (K3PH2) By (5)

%0 = K1Peolys &
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I-BC

- , 7
By ; (7)
1+ (K3PH2)0'5+K1PCO

where K is an equilibrium constant.

The methylene insertion mechanism is based on one developed by

Kellner and Bell (59) and is written as

(8) (.‘H3 + CH2 — CZH +5

5
kpn

(9) € +CH, ——Copq*S
k(\

(10) (:n + S — anan(g) +H+S

(1) € +H = CHy o(g) + 25

where Cn refers to an alkyl species containing n carbon atoms and kp s
n

ko , and kA refer to propagation, olefin termination and alkane
n n

termination, respectively. The above reactions are considered to be

irreversible under FT conditions.
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Several assumptions are required to solve for Bc . Reactions 4
and 6 are assumed to be in equilibrium. Letting reaction g‘in addition to
4 and 6, or only reaction 4 be at equilibrium produces a methanation
hydrogen dependence of 2.0. The experimental value was 1.4. The
steady-state approximation dis applied to CHZ and CZ and higher alkyl
species. Finally, the propagation and termination rate constants are
independent of chain length, a common assumption for FT synthesis. The

resulting expressions for methylene insertion are

- 0.5,
By = Kaec(K3PHZ) : (8)
kg BeyBy
BCHZ = : H (9)
k_c8,+k K.(8,/6,)6 Ia"
5°V Tp 6 H Y CH, n=p
0.5
B0y = 8, = K (KPy ) 20y 3
CHy ~ "1~ "6'"3'H, CH, . \ (10)
By = " las (21)
Bn+1
- a ;

8, , (12)
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k 6
|::£:H2

N (13)
kP°CH2 * kgBy * k8

where g is the chain growth parameter.

The CO insertion mechanism is based on a mechanism developed by
Olive and Olive (61,62). Reactions 1 to 7 are used as are 10 and 11. The
details of the propagation reaction are unknown. The steps shown below

assume that o jnsertion s slow and all subsequent
hydrogenation/dehydration steps are rapid. There is no precedence for

this other than acyl fragments have never been detected during FT
synthesis.

H
(12) CI-I3 + (0~ CDCHB - CZHS + H,0

H
(13) T + €0 = €OC, = €, q *+ K0

The rate at which C2H5 forms by reaction 12 is given by
dez

= 2%, %0 (14)
dt

The same assumptions are made for the CO irsertion mechanism:

reactions 4 and 6 are at equilibrium, a steady -state approximatien holds
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for Cz and higher alkyl fragments, and rate constants are independent of

chain Tength. The resulting expressions for CO insertion are

o -,0.5_ .
By = K4ac(K3PH2) H (8)
8., = K,K.8 KP, ;3 (15)
cH, = Ka¥sckafy 3
8., = K.K.K,B8.(KoPy )15 (16)
e, = KeKsKa8c(KsPy ;

3 2

k18¢o

o = (17)

kiBog * koBy * kply
Equations 11 and 12 also result.

.The ratios of an+1/en are given by a. The ratios
Cz-pyridine/cl-pyridine and C3-pyridine/C2-pyridine are expected to be
proportional to the concentrations of 8 to 83. Therefore, the ratio of.
alkylpyridine signals should have the same dependence on the synthesis
variables as does o. The results of Figures 27-30 are summarized in

Table 5, where a negative hydrogen and positive carbon monoxide

dependence are observed.

The predicted partial pressure dependences for the o's derived

for methylene and CO insertion, equation 13 and 17, respectively, are



Table 5. Partial Pressure Dependences for

Alkylpyridine Ratios.

Ratio Peo P Nominal
2
(atm) (atm) HZ/CO x(a) y(a)
Cn+1-pyr range
Cn-pyr
2/1 1.027 .0.2-0.5 ~-0.19
2/1 0.257 0.7-5 -0.20
2/1 0.770 1-5 0.17
2/1 0.308 0.2-1 0.22
3/2 1.027 0.2-0.5 -0.03
3/2 0.257 0.7-0.5 ~0.27
3/2 0.770 1-5 0.07
3/2 0.308 0.2-1 0.17

1] - - - x y
(a) x and y are defined as Cn+1 pyr/cn pyr cho PHZ
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Table 6. Partial Pressure Dependence for the

Chain Growth Parameter

Methylene Insertion:

0.4
P -
Hy
kp .
P 0.5-8 (a)
co
a e
0.4 0.5
P p, O
H, 1 H,
kp * kg ok
8 P~nB
0.5-8 p co
Peg co
CO Insertion:
k1 Peo
a =
0.5
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given in Table 6. These were arrived at by considering the individual

dependences for BH' BCO' Bv and BCHZ' A brief discussion of this follows.

" The partizl pressure aependence for 84, 8y, and 8y depend upon
the significance of the terms in .the denominator of equation 7. Arakawa
and Bell (25) were unable to detect adsorbed CO over iron with infrared
spectroscopy. They offered two interpretations: 1) molecular £0 adsorbed
parallel to the surface in a manner which would not produce an infrared
absorption band, and 2) molecular CO coverage was very 10}1. The
inhibitory effect of increasing CO pressure on FT activity and
o1efin/a1kéne selectivity suggests that CO does adsorb on the surface.
The 'Iimi-t of CO saturation invoked over Ru (56) can not be justified;
there%ore, the magnitude of KIPCO is assumed to be of order unity or
less. At b°C adsorbed hydrogen is displaced from polycrystalline iron

film by gas phase CO (39). This observation suggests that K1PCU is
greater than (K3PH )0.5.
‘ 2

The vacant site term, ev, is assumed to have a negative PCo
dependence, denoted as B in Table 6, and a weaker negative dependence on
PHZ. which is neglected. The dependence for OH and BCO are found by
combining those indicated in equations 5 and 6, respectively, with the
assumed dependences for ev. A positive 0.5 PHz dependence and negative
Pco dependence, B, are assumed for QH' A negiigible PHa dependence for
Beo ts assumed and the Pco dependence is given by 1-B.

The pressure dependence for eCH can in principle be determined
2

using equation 9. This equation includes a which has a partial pressure
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dependence. Alternztely, the dependence for aCH can be estimated from
2

the predicted value for eq, equation 10, and experimental methane data

presented in Figures 18 and 20. The rate of methane formation can be

represented by the foliowing expression

1.0
0., P
r « B 8, «P 0.5 8., 6 _
CH, CH3"H Hy CH,"H {18)
B
Peo
The experimental data predict
1.4
P
Hy
P Y -« ; (19)
Cn4 ’
0.5
Pro
Equations 18 and 19 are combined to give
0.4
p
1 HZ
] - (20)
CHZ
0.5-8
Peo

The results of Table 6 can be used to estimate the partial
pr=ssure dependence in the 1imits that « is approximately zero and unity.
When o equals unity propagation is much faster than termination such that

only the first term need be considered in the denominator. When o equals
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zero, the termination rates exceed the propagatioen rate. Tiiis is
anticipated at high HZ/CD ratios where alkane formation dominates.
Therefore, at « equal zero only the last term in each denominator was

considered. Table 7 1ists the anticipated dependences.

Satterfield and Huff (42) reported values for o over an iron
catalyst. ‘The values were obtained from Schulz-Flory plots of
experimental data. They observed that « was constant with CO conversion
and HZ/CO ratio and appeared to be & function of iron composition. The
latter observation is supported by Krebs et al. (30). The growth
parameter, «, was not measured over the catalyst used in these studies;

however, it is reasonable to assume that it had a value between 0.4 and

0.7. This implies that the actual partial pressure dependence will be

intermediate between the values shown in Table 7.

The results in Table 5 demonstrate that the hydrogen dependence
was negative and of order 0.2. Both mechanisms predict a negative PH2
dependence reasonably close to this value. The experimental partial
pressure ratio for FCO was of positive order 0.2. Both mechanisms predict
a value which is positive. The unknown Pco dependence of BV’ B, is

bounded by one and zero. For values of B greater than 0.25 the methylene

insertion mechanism predicts smaller values for the Pco dependence than

does the CO insertion mechanism.



Table 7.

Predicted Partial Pressure Dependences

for-a at the Extremes.

Mechanism P P

ca H2
1ima + 1 Methylene Insertion 0 0
1im e« + 1 CO Insertion 0 0
Tim o + 0 Methylene Insertion 28-0.5 -0.1
lim a + 0 CO Insertion | 1 ~0.5

94
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More information is required about CO adsorption and coverage at
reaction conditions over iron catalysts beiore a value of B can be
determined. Without this value it is not possible to discriminate
between the mechanisms by measuring the partial pressure dependence of
the reaction intermediates. This probably results from the fact that

both mechanisms share common intermediates and common termination steps.

The details of the mechanisms and the assumptions used to derive
ei expressions seem reasonable. Not all possible combinations of
equilibrium and steady-state assumptions for various reactions or
intermediate species were tried. Other combinations of elementary
reaction eqguilibria and reversible versus irreversible reaction
mechanisms were investigated. The combination presented above produced
the experimentally determined negative PHZ and positive Pco dependence
o= o, whereas others did not. While this does not substantiate the

proposed mechanisms the hydrogen partial pressure correspondence adds

credence to the mechanisms.



V.CONCLUSION

The studies over 20 wt% Fe203/S'iO2 have shown that the iron phase
converts into the samé type of iron phases seen by other groups starting
with Fe, Fe 0, and Fe 0,. Activation of the supported Fe,0; in HZ/CO at
temperatures less than 250°C resulted in a catalyst which displayed
steady éctivity'for at least 700 hours. The bulk phase was identified as
a mixture of Fe304, carbides and possibly some «~Fe. The surface
composition was not measured using surface sensitive spectroscopies.
However, the conversion characteristics of CO2 and the presence of

aromatics suggest that some Fe304 was present at the surface of the

carbides.

Synthesis products were analyzed through 016' The primary
products were the straight chain «-~olefins. As the carbon number
increased the complexity of the acyclic products increased to the level
that branched alkanes constituted a larger fraction of synthesis
products. Cyclohexene, methylcyclohexene, benzene, - and
alkyl-substituted benzenes were also observed as FT synthesis products.
This suggests that even at low CO conversion in a differential reactor a

complex set of reactions is present over iron.

96
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Cyclohexene and pyridine wers added to the reactant feed gas to
scavenge alkyl fragments from the surface. Both scavengers were
alkyiated, methyl substitution was greater than ethyl substitution.
Pridine was much more efficiently alkylated, 3 injections producing a
measurable signal versus the 120 injections of cyclohexene required to
see a minor dncrease 1in methylcyclohexene. Control experiments
established that the alkyl-substituted scavengers result from the

interaction of the scavenger with alkyl fragments on the iron phase.

Pyridine was used to study the effects of the synthesis
conditions on the distributions of the alkyl fragments adsorbed on the
catalyst surface. Pyridine did not significantly affect FT activity
therefore the scavenged alkyl species were representative of the species
present during synthesis in the absence of pyridine. The scavenged
product distributions were thus used to determine the dependence of the
reactant partial pressure on the alkyl species. This research has
demonstrated that the postulated alkyl species are indeed reaction

intermediates for the FT synthesis reaction and are the immediate

precursors to alkanes and olefins.

Reaction mechanisms were postulated to develop
Langmuir-Hinshelwood  kinetic  expressions for alkyl fragment
concentrations. The experimental and predicted distributions were used
to examine postulated mechanisms. Both mechanisms displayed the same

qualitative dependences on the reactant partial pressures. Quantitative
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dependences could not be used to discriminate between the two mechanisms
because the Pco dependence was unknown and could not be measured
independently. The research does support a mechanism in which alkyl

fragments are involved in the propagation step.
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