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The synthesis of hydrocarbons from Hz 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 is achieved by transforming FezOr into a mixture of 
Fe,04, bulk carbides, and iron under synthesis conditions. Synthesis product distributions and the 
rate of methane formation are reported. Trends in COz formation and the presence of cyclic 
hydrocarbons, saturated and unsaturated, suggest the presence of some Fer04 at the catalyst 
surface. Cyclohexene addition to the feed generates low concentrations of alkyl-substituted cyclo- 
hexenes and cyclohexanes consistent with reported scavenging studies over Ru. Pyridine addition 
to the feed generates alkvl-substituted pyridines. The results suggest that the scavengers react with _ . 
species involved in chain propagation. 

INTRODUCTION 

Fischer-Tropsch synthesis of hydrocar- 
bons over a wide range of molecular 
weights and varying composition is possi- 
ble over iron-based catalysts, making them 
attractive commercial catalysts. An under- 
standing of the reaction pathways to the 
various products and the catalytic forces 
which control these reactions is needed to 
improve and control selectivity. Numerous 
experimental techniques have been applied 
in recent investigations of the catalytic phe- 
nomena including: XPS (1, 2, 24), Auger 
(2, 3), Mossbauer (4-IO), XRD (4, 7, 8, 
IO, Z4), ir (II), and rate measurements (I- 
6, 8-10, 12-14). 

Investigations of Fe-based catalysts have 
shown that the chemical composition of the 
iron phase generally changes during the 
Fischer-Tropsch reaction (I-IO, 24, 25). 
These investigations include foil, single 
crystal, and dispersed iron systems. Iron is 
seen to form a mixture of bulk carbides and 
an inactive carbon overlayer depending 
upon the temperature, HZ/CO ratio, extent 
of CO conversion, and the duration of the 

r To whom all correspondence should be addressed. 

reaction. The various forms are the result 
of the complex oxidation-reduction reac- 
tions among Fe304, Fe, and the carbides. It 
has also been suggested that the surface 
composition changes with synthesis condi- 
tions (20, 12, 14) and that the surface and 
bulk may exist as different iron phases. 

Madon and Taylor (12) and Satterfield 
and Huff (13) in recent rate studies have 
shown that iron-based synthesis products 
satisfy the distribution commonly referred 
to as a Schultz-Flory distribution. Ander- 
son’s review of the Schwartzheide tests 
contains similar plots (16). Satterfield and 
Huff (13) obtained a linear relation between 
the log of the mole fraction of product C, 
and the carbon number, II, extending be- 
tween 1 and 20 by including oxygenated 
products. Schultz-Flory plots are an indi- 
cation that the synthesis proceeds by a 
stepwise process. Madon and Taylor (22) 
and Anderson (26) observe a bend in the 
distribution plots at carbon numbers of 22 
and 9-12, respectively. Madon and Taylor 
propose that the bend is due to chain 
growth taking place on different types of 
sites, each with different chain growth 
probabilities. 

The chain propagation step occurring 
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during Fischer-Tropsch synthesis has been 
discussed in recent reviews (27, 28). While 
it remains to be proven conclusively, a 
scheme involving methylene insertion into 
a growing alkyl chain appears most likely in 
light of the recent work of Brady and Pettit 
(29, 20). This mechanism is proposed to de- 
scribe chain growth over a variety of 
metals, including iron and ruthenium. 

The purpose of this paper is to report the 
application of reactive scavengers over iron 
as a means to study the propagation reac- 
tion. The technique has been shown to re- 
move hydrocarbon fragments of varying 
length from a ruthenium surface (18, 21, 
22). The technique involves injecting a 
probe molecule into the reacting mixture 
and alkylating it with hydrocarbon frag- 
ments present on the catalyst surface. Frag- 
ments of varying carbon number alkylate 
the probe to give a distribution of substi- 
tuted-probe molecules. The alkylated- 
probe distribution is dependent upon the 
synthesis conditions. Results over ruthe- 
nium are interpreted to support the pres- 
ence of methylene (18) and alkyl fragments 
on the surface (18, 21). Scavenging pro- 

vides an indirect means to measure the ef- 
fect of the synthesis conditions on the sur- 
face species participating in the prop- 
agation reaction. 

The successful application of pyridine 
and the complications inherent with cyclo- 
hexene as scavengers will be discussed in 
this paper. The influence of the synthesis 
variables upon scavenged product distribu- 
tions and the implications concerning the 
reaction mechanism will be discussed in a 
future paper. 

EXPERIMENTAL 

Apparatus 

The apparatus, shown schematically in 
Fig. 1, consists of three sections: a gas han- 
dling section, a reactor, and a product col- 
lection and analysis section. The reactant 
gases are metered and blended to the de- 
sired composition and flow rate by monitor- 
ing the pressure drop through capillary tub- 
ing. Multiport ball valves are used to select 
the path the gas will take before venting 
through a gas chromatograph sample valve. 
Aside from the copper tubing and brass fit- 
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FIG. 1. System schematic. 



174 WANG AND EKERDT 

tings used to connect and regulate carbon 
monoxide all tubing, fittings and valves are 
stainless steel. Reactor effluent gases are 
reduced to atmospheric pressure at valve 
M6. The tubing, valves, and fittings be- 
tween the reactor, the trap, and the gas 
chromatograph are maintained at 80 to 
100°C. 

The reactor is a 2-in. section of 0.25in.- 
o.d. stainless-steel tubing with 0.25 to 
0.125in. Swagelok unions on both ends. 
Catalyst is contained in the reactor tube by 
positioning quartz cloth in the union shoul- 
ders. The reactor and inlet gas lines are im- 
mersed in a constant temperature sand bath 
regulated to a precision of ? 1°C. 

Reaction and Scavenging Techniques 

All work reported in this paper was car- 
ried out at 1.54 atm of total pressure (1 atm 
equals 101.3 kPa) and temperatures ranging 
from 220 to 255°C. The HZ/CO ratio ranged 
between 1 and 9. The total volumetric flow 
rate was varied between loo-240 SCCM. 

The catalyst powder was pressed into 
wafers approximately 0.003 in. thick and 
crumbled before placing in the reactor. 
Less than 0.5 g of catalyst was charged to 
the reactor. The WHSV (volumetric gas 
flow rate at inlet conditions in cm3/hr/g of 
catalyst) ranged between 15,840 and 
46,780. The actual value is indicated, where 
appropriate, within the text. Carbon mon- 
oxide conversion never exceeded 2% at the 
feed rate and catalyst loading employed. 

Iron oxide on silica, Fe203/Si02, was 
conditioned for 6 days by passing a 4 HJCO 
mixture over the catalyst at 230°C. This 
was found sufficient to convert the Fez03 
into a mixture of FejOb, carbides, and pos- 
sibly Q-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 main- 
tain the active form. The catalyst was al- 
lowed to adjust to new synthesis conditions 
for at least 12 hr before data were collected. 

A stream of helium was sparged through 
the scavenger, cyclohexene, or pyridine, at 

room temperature and vented through an 
80-~1 loop on a six-port sample valve. A 
pulse of the scavenger was added into the 
reactor feed gas by actuating the valve. The 
injection and collection protocol changed 
over the course of the work. Sixty to one- 
hundred twenty pulses of cyclohexene at 
60-s intervals were injected and the reactor 
effluent was diverted to the liquid nitrogen 
trap for 25 s after each injection. Increasing 
the number of pulses increases the total 
amount of scavenged product collected. 
The number was varied in an attempt to 
generate detectable quantities of scavenged 
products. The reactor effluent was not 
trapped continuously to minimize dilution 
of the scavenged products with Fischer- 
Tropsch synthesis products. Pyridine was 
found to be much more efficient at scaveng- 
ing fragments and three to ten injections 
over a 15-min interval were used. During 
the 15-minute interval all the reactor efflu- 
ent was directed through the trap. 

The trap is a 50-ml pear-shaped boiling 
flask. The collected samples were stored in 
the flask at -10°C for analysis at a later 
time. Samples were never stored for more 
than 48 hr. 

Product Analysis 

Most of the analysis was conducted using 
a Varian 3760 gas chromatograph fitted 
with two packed columns and one capil- 
lary column. Eighth-inch-outside diameter 
stainless-steel columns of Chromosorb 106 
(12-ft length) and 20% OV-101 on Chromo- 
sorb P-AW (20-ft length) were used to ana- 
lyze hydrocarbons below C,. The capillary 
column, used for C, and above hydrocar- 
bons, was a Quadrex fused silica column 50 
x 0.235-mm i.d., coated with OV-101. 

Chromosorb 106 was used to separate 
reactants, H2 and CO, from light products, 
COZ, CK, C&L, C2H6, C3H6, and C3Hs. 

This column was connected to a thermal 
conductivity detector. The OV-101 packed 
column was used to separate C4 through Cg 
hydrocarbons and was connected to a flame 
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ionization detector. The capillary column 
was connected to a similar detector. Each 
column required a different temperature 
schedule for maximum component resolu- 
tion, therefore, only one column was oper- 
ated at a time. 

One cubic centimeter of gas was injected 
into the packed columns using a heated 
(80-100°C) six-port sample valve. The 
packed columns were calibrated each day 
using two Matheson Certified Standard gas 
mixtures containing CO, C02, CH4, C2 to 
CS n-alkanes and primary n-olefins, and 
hexane at different concentrations. Product 
gas concentrations were determined by 
comparing the product’s peak height to the 
peak heights for the standards. 

The trapped products were analyzed us- 
ing the capillary column in the Varian GC 
or in a Finnegan 4023 GC-MS. The prod- 
ucts were washed from the sides of the flask 
and extracted from any water with 0.05 ml 
of diethyl ether. A splitless Grob-type in- 
jector was used on both instruments and 1 .O 
to 2.0 ~1 was injected. 

Elution characteristics for the column 
were established using the GC-MS. Com- 
ponent assignment was performed by a 
computer library search of the five major 
fracturing peaks remaining after standard 
enhancement. The computer is forced to 
make an assignment and provides three 
quantities which represent the confidence 
of the assignment, fit, refit, and purity. Fit 
values greater than 900, boiling points ex- 
pected for the unknown component’s reten- 
tion times, examination of the mass fractur- 
ing pattern, and when possible injection of 
pure components were used to assign the 
identity to an eluted component. The capil- 
lary column was operated under identical 
temperature cycles on the Varian GC to 
maintain the same component elution or- 
der. Standard mixtures were injected to fix 
the position of known compounds on a 
chromatogram. Identification of peaks elut- 
ing from the GC were made by comparing 
the chromatograms for the two instru- 
ments. 

Catalyst Preparation and 
Characterization 

The supported iron catalyst was prepared 
by the incipient wettness technique using 
2.0 ml of solution, Fe(NO& * 9H20 in dis- 
tilled water, per gram of silica, Cab-0-Sil 
HS-5. The impregnated support was vac- 
uum-dried in a rotary evaporator at 60°C for 
42 hr and calcined with zero air (21% 02, 
79% N2) at 300°C for 1 hr, followed by 20 hr 
at 400°C. The catalyst was cooled in the 
zero air and stored in a dessicator. 

Metal content was determined by induc- 
tively coupled atomic emission spectros- 
copy. The catalyst was determined to be 
20.44 wt% Fe203. Iron, iron oxides, and 
iron carbides were determined using a Gen- 
eral Electric Model XJF-7 X-ray diffrac- 
tometer. CuKar radiation diffracting from a 
graphite monochrometer was used. Particle 
size was estimated using the line broaden- 
ing technique. 

Materials 

Hydrogen (Matheson UHP, 99.999%) 
was passed through a Matheson deoxo cyl- 
inder to remove any oxygen. Carbon mon- 
oxide (Matheson UHP, 99.8%) was heated 
to 95°C over molecular sieves to decom- 
pose metal carbonyls. 

Cyclohexene (Aldrich 99%) was purified 
by distillation over sodium. Pyridine (MCB 
spectral grade) was used without further 
purification. 

RESULTS AND DISCUSSION 

Catalyst Induction 

It is well established that Fe or Fe304 will 
convert into one or more carbide phase un- 
der synthesis conditions (I, 2, 4-10, Z4- 
26, 23). The rates at which the carbide 
phases convert and the changes in synthe- 
sis activity and synthesis selectivity are 
also reported. Uncertainty in iron phase 
composition can complicate analysis of 
data. In an attempt to minimize the uncer- 
tainty, the catalyst used in this study, 20.44 
wt% Fez03/SiOz, was conditioned under 4 
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Hz/CO (PC0 = 0.22 atm) at 230°C for 6 days 
prior to use and was rarely exposed to tem- 
peratures in excess of 250°C. 

Time-dependent methanation activity 
and low weight product selectivity are pre- 
sented in Figs. 2 to 4. These figures display 
Fischer-Tropsch data over a 40-day period 
at a common temperature of 230°C and a 
WHSV of 15,840. The Hz/CO ratio and par- 
tial pressure of CO vary between 3.8 to 4.3 
and 0.20 to 0.23 atm, respectively. Some of 
the scatter of the data may be due to the 
slight random variation in reactant partial 
pressures. After the sixth day this catalyst 
was also exposed to other pressures and 
temperatures. 

Figure 2 demonstrates the effect the in- 
duction period has on methanation activity. 
After approximately 150 hr the activity 
reaches a steady value. Activity decreases 
slightly after 400 to 500 hr. Reymond et al. 
(14) report a time-dependent increase fol- 
lowed by a decrease in methanation activity 
for unsupported a-Fe203. Their study at 
250°C and P Hz/CO showed a maximum at 
5.5 hr and no leveling off of the activity 
over a 20-hr period. The extended activity 
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FIG. 2. Rate of methane formation as a function of 
time on stream (23O”C, nominally + Hz/CO, nominally 
0.22 atm CO, 15,840 WHSV). 

observed in this study may be due to the 
fact that the catalyst used in Figs. 2 to 4 
never exceeded 250°C and that most experi- 
ments were performed at temperatures less 
than 240°C. 

Figure 3 shows that the distribution to 
total CZ to CS hydrocarbons (branched and 
normal alkanes and olefins) does not 
change appreciably during the induction pe- 
riod. Only the C2s increase relative to meth- 
ane during the first 150 hr. These results 
indicate that the selectivity to low weight 
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FIG. 3. Fischer-Tropsch synthesis selectivity to low weight hydrocarbons as a function of time on 
stream (23O”C, nominally t HJCO, nominally 0.22 atm CO, 15,840 WHSV). 
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FIG. 4. Primary olefin to normal alkane selectivity as a function of time on stream (23O”C, nominally 
) H/CO, nominally 0.22 atm CO, 15,840 WHSV). 

hydrocarbons is relatively independent of 
total activity. The Ci to Cs hydrocarbons 
increase in activity at approximately the 
same rate. The time-dependent distribution 
of CS+ hydrocarbons was not monitored. 
High weight products are synthesized dur- 
ing the early stages of induction. A liquid 
sample collected 4 hr after exposing Fez03 
to HZ and CO was found to contain hydro- 
carbons up to C i2, the upper limit investi- 
gated. 

Carbon dioxide selectivity increases over 
the first 150 hr and is essentially constant 
for the remaining 850 hr. Carbon dioxide is 
probably formed in a secondary process via 
the water-gas shift reaction (22). Increas- 
ing shift activity suggests that the FezOs is 
converting into Fe304 during the induction 
period. 

Figure 4 presents the cY-olefin to n-alkane 
ratio for small hydrocarbons. The ratios 
pass through a minimum, returning to their 
initial value after approximately 120 to 140 
hr on stream, and continue to increase over 
the course of the time period studied. Ott et 
al. (I) report a similar trend for C2 and C3 
over unsupported fully reduced iron at 

3OO”C, but within a period of 400 to 500 
min. The change was related to carburiza- 
tion of the iron. 

The activity and product distribution 
trends shown in Figs. 2 to 4 suggest that the 
Fe203/Si02 is undergoing a rapid transfor- 
mation into a different active phase during 
the first 150 hr. This is followed by a slow 
transformation over the remaining 700 hr. 
This slow change giving rise to the increas- 
ing olefinic nature of the product. 

The conversion of unsupported Fez03 
(14) into Fe304 and x-carbide is reported at 
250°C. Amelse et al. (6) convert 90% re- 
duced FezOs into carbides. Unmuth et al. 
(24) report that a-FezOJSiOz reduces to 
Fe304 prior to reducing to Fe under HZ at 
425°C. In a separate study, Unmuth et al. 
(8) demonstrate that Fe/SiOz is converted 
to a mixture of carbides at 9 Hz/CO and 
256°C. 

X-ray diffraction (XRD) was used to 
characterize the state of the catalyst. The 
results are presented in Fig. 5. Composition 
assignments are based upon published dif- 
fraction patterns (25). Table 1 lists the loca- 
tion of the primary peak for the various 
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FIG. 5. X-Ray diffraction patterns. (a) 20 wt% 
Fe203/Si02 (covered with polyethylene film), (b) 25.4- 
pm-thick polyethylene film, (c) partially reduced 10 
wt% FerOJSiOr , (d) fully reduced 20 wt% FerOJSiOr , 
(e) catalyst after 162 hr of reaction at $ Hz/CO and 
23o”C, and (f) catalyst after 56 days of use (covered 
with polyethylene film). 

phases reported by other researchers. TABLE 1 
Polyethylene was used to cover the fresh 

catalyst and the catalyst which had been 
exposed to hydrogen and carbon monoxide 
between 200 and 255°C for 56 days. The 
catalyst was transferred to a glass slide and 
covered with the 25.4-pm-thick polyethyl- 
ene film in an invert environment to mini- 
mize oxidation. Amelse et al. (6) have 
shown that air oxidation is not rapid, there- 
fore, all other XRD patterns were recorded 
in the absence of polyethylene. 

X-Ray Diffraction Data for CuKa 

Phase 28” T,b 
(“K) 

The fresh catalyst diffraction pattern, 
pattern a, is identified as a-Fez03 with an 
average particle size of 240 A. The single- 

a-FezOz 33.1 - 

Fe@4 35.4 - 

a-Fe 44.5 - 
&‘-Fe& 43.4 720 
E-Fe2C 42.39 6.50 
x-Fe& 43.9 525 
e-Fe,C 41.98 480 

a Diffraction angle for the primary 
peak (25). 

b Curie temperature. 

phase patterns for Fe304, pattern c, and (Y- 
Fe, pattern d, were determined using two 
separate weight loadings. The Fe304 pat- 
tern was observed after reducing 10 wt% 
FeZ03/SiOz at 400°C for 6 hr under HZ. Con- 
tinued reduction of the Fe304 to cr-Fe was 
realized by heating under H2 for an addi- 
tional 14 hr at 400°C and 1 hr at 430°C. The 
a-Fe pattern presented in Fig. 5 was ob- 
tained with 20.4 wt% Fe203/Si02 which was 
subjected to H2 at 460°C for 24 hr to ensure 
complete reduction. 

Catalyst was analyzed after exposing 
20.44 wt% FetOJSiOz for 162 hr to 4 HZ/ 
CO, 0.22 atm 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 20 equal to 43.4 sug- 
gesting the presence of the &‘-carbide 
phase, Fe2.2C. 

Pattern f was recorded for a sample 
which had been exposed to hydrogen and 
carbon monoxide for 56 days. Catalyst tem- 
perature was generally held between 200 
and 240°C. The catalyst was exposed to 
255°C for approximately 50 hr out of a total 
of 1340 hr of use. The broad peak centered 
at 20 equal to 43.5” suggests the presence of 
several carbide phases. The peak is poorly 
resolved and particle size cannot be deter- 
mined. Niemantsverdriet et al. (ZO) discuss 
the carbide phases generated under synthe- 
sis conditions. These can include E’-, E-, x-, 
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and &carbide. The broad shape displayed 
by the used catalyst on Fig. 5 brackets the 
primary peaks for the first three. The used 
catalyst pattern has a shoulder at the loca- 
tion for a-u-Fe suggesting that a-Fe may also 
be present. 

Induction is seen to convert a-FezOJ 
SiOZ into a mixture of Fe304 and &‘-carbide. 
Exposure of the catalyst for a total of 56 
days to reaction conditions converts the 
Fe304 and &‘-carbide into a mixture of car- 
bides and possibly a-Fe. The bulk composi- 
tion was not characterized following 1000 
hr of exposure. Madon and Taylor (12) 
have suggested that the active surface may 
be different than the bulk phase. This is 
supported by the observations of Niemans- 
verdriet et al. (20) who report detection of 
oxides at the surface of an iron carbide. The 
techniques employed in this study indicate 
a mixture of bulk phases are present, the 
surface composition is undetermined as is 
the particle size of the working catalyst. 

Rate Measurement and Product 
Distributions 

The surface area of the working catalyst 
was not determined in this study. Methana- 
tion 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 HJCO ratio. 

Changes in the C2 to C6 product distribu- 
tion as a function of synthesis variables are 
presented in Fig. 6 at a common WHSV of 
22,274. Only normal alkanes and primary n- 
olefins are represented because they consti- 
tute the major species detected. Branched 
alkanes and internal olefins were detected 
at lower concentrations than the normal 
and primary compounds for Cq and above. 

The selectivity to higher hydrocarbons is 
seen to decrease with increasing tempera- 
ture. An increase in the HZ/CO ratio at a 
constant temperature leads to a slight de- 
crease in the selectivity to higher molecular 
weights. Both observations are consistent 
with the work of Madon and Taylor (22) at 
10 atm. 

The rate of CO* formation increases with 
increasing temperature and increasing HZ/ 
CO ratio. A similar effect is seen for the 
rate of methane formation. However, the 
concentration of COt decreases with in- 
creasing temperature and Hz/CO ratio. At 
all conditions investigated, the amount of 
COZ is less than the amount of CO con- 
verted into C1 to Cg normal products. 

The trends in rate and concentration for 
COZ are consistent with the postulate that 
COz is a secondary product (22) formed via 
the water-gas shift reaction 

H,O+CO@COz+HZ. 

As the total synthesis rate increases the 
rate for water, the primary product, in- 
creases. If the water-gas shift reaction is at 
equilibrium ( Keq = 130 at 5OO”K), then an 
increase in water will lead to an increase in 
C02. An increase in temperature for the 
exothermic reaction shifts the equilibrium 
to the left. Increasing the Hz/CO ratio de- 
creases the equilibrium concentration of 
COZ . Shift activity has been reasoned to in- 
dicate the presence of magnetite, Fe30., 
tm 

A GC-MS chromatogram for the Cg to 
Cir synthesis products is presented in Fig. 
7. Straight chain a-olefins are the primary 
products. This was also true at the low 
weights, CZ to Cs. A repeating pattern is 
seen for each carbon number. The 
branched alkanes elute first, followed by 
the cu-olefin, normal alkane, and a mixture 
of branched and internal olefins. 

The chromatogram shows a large peak 
centered at scan 2420 which is identified as 
toluene. The toluene is not an impurity in- 
troduced during sample collection, han- 
dling, or injection. The concentration of tol- 
uene relative to 1-heptene was observed to 
vary with synthesis conditions. 

Other cyclic and aromatic products were 
observed. These include: cyclohexene, 
methylcyclohexene, benzene, styrene, xy- 
lenes , methylethylbenzenes , and diethyl- 
benzenes. Additional cyclic products may 
have formed but were not observed in the 
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FIG. 6. Product distribution of the low weight synthesis products at WHSV of 22,274. Only n- 
alkanes and primary n-olefins are represented. 

region of C7 through CrO. Cyclic CS and Cg 
alkanes and olefins as well as branched al- 

synthesis conditions upon the distribution 
of cyclic hydrocarbons was not studied. 

kanes, olefins, and aromatics have been re- Their presence was noted at different con- 
ported over unsupported iron-based cata- ditions; however, their concentration was 
lysts (16). The effect of WHSV and not accurately determined. 
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FIG. 7. Typical chromatogram of C6 to Cl1 synthesis products at 25O”C, 5.511 HJCO, 0.24 atm Pco, 
15,600 WHSV. 

The presence of cyclic and aromatic 
compounds demonstrates that complex re- 
actions are occurring during the hydrogena- 
tion of CO over Fe-based systems. Dwyer 
and Somotjai (26) report that olefins, the 
primary products, can readsorb and un- 
dergo incorporation into the regular Fi- 
scher-Tropsch products, acyclic hydrocar- 
bons. They referred to this as secondary 
reaction. The means by which cyclic hydro- 
carbons and aromatics are formed are not 
revealed by this study. It seems reasonable 
to speculate that the primary and secondary 
products may readsorb and undergo sur- 
face rearrangements without incorporating 
into the growing chains. 

Scavenging Experiments 

The use of scavengers to chemically re- 
move surface intermediates during Fi- 
scher-Tropsch synthesis is based upon the 
organometallic literature. Alkyl(27) and al- 
kylidene ligands (28-30) of metal com- 
plexes are reported to undergo elimination 
reactions with olefins. The propagation re- 
action over Ru-based and Fe-based cata- 

lysts has been proposed (18-20) to involve 
methylene insertion into alkyl fragments. 
Chemical scavengers have been used over 
Ru-based catalysts (22, 22) and the results 
have been interpreted to support a methyl- 
ene insertion process. This study was un- 
dertaken to determine if scavenging would 
work over Fe-based catalysts. 

The ideal scavenger should react with 
surface hydrocarbon fragments and gener- 
ate a product which is easy to detect and is 
not formed as a synthesis product. Cyclo- 
hexene was used over Ru (21) because Ru 
is known to synthesize acyclic products. 
Cyclohexene was alkylated by the elimina- 
tion of alkyl or alkylidene ligands. 

The present studies have shown that the 
synthesis product over iron is a complex 
mixture containing cyclohexene and 
methylcyclohexene. The feasibility of scav- 
enging was tested by introducing a greater 
amount of cyclohexene into the reactant 
feed gas than was observed in the synthesis 
product stream. 

Figure 8 shows a region of the GC chro- 
matogram for the synthesis product and the 
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FIG. 8. Chromatogram in the presence of added cy- 
clohexene (curve A) and under synthesis conditions 
(curve B) at 219”C, 9.70 Hz/CO, 0.14 atm CO, 14,590 
WHSV. 

cyclohexene scavenged product at 9.7 HZ/ 
CO and 220°C. The CO conversion was ap- 
proximately 0.8% at these conditions and a 
WHSV of 14,590. The location of methyl- 
cyclohexene is indicated on the figure. The 
assignment is made by comparison with 
GC-MS chromatograms, injection of pure 
compounds, and experience with the 
column elution characteristics. A slight in- 
crease in the methylcyclohexene signal is 
seen upon injecting cyclohexene 120 times. 
Methylcyclohexeneln-heptane is 0.012 and 
0.083 for synthesis and scavenging, respec- 
tively . 

Small amounts of methylcyclohexene, 

methycyclohexane, ethylcyclohexene, and 
ethylcyclohexane were formed upon addi- 
tion of cyclohexene at Hz/CO ratios be- 
tween 1.9 and 2.1 and temperatures be- 
tween 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 
are present at a higher concentration than 
the ethyl-substituted compounds. These at- 
tempts were largely unsuccessful. 

Pyridine was selected as a candidate 
scavenger because it contains a hetero- 
atom, nitrogen, and low concentrations 
would be easy to discriminate from the mul- 
titude of synthesis products. The pyridine 
ring is difficult to hydrocrack between 200 
and 250°C (31). Pyridine undergoes nucleo- 
philic alkylation when treated with alkyl- 
lithium compounds (32). Finally, pyridine 
has been alkylated to 2-methylpyridine with 
+ HZ/CO over a Harshaw nickel catalyst, 
Ni-0104T, at 270°C (33). 

Figure 9 presents a GC-MS chromato- 
gram of the trapped products collected dur- 
ing the injection of 60 pulses of pyridine. 
The synthesis conditions were 1.65 HZ/CO 
at 250°C. The CO conversion was approxi- 
mately 0.1% at these conditions and a 
WHSV of 22,275. Peaks for 2-methylpyri- 
dine and 2-ethylpyridine are indicated on 
the figure. Appropriate blank experiments 
were performed which established that the 
alkylpyridines are not impurities. 

Additional experiments were performed 
at different synthesis conditions to confirm 
the generation of methyl- and ethylpyri- 
dines. Injections were reduced from 60 to 
between 3 and 10 in an attempt to minimize 
overloading the column with highly polar 
compounds. Tailing of pyridines was not 
eliminated, however, these studies indi- 
cated that three injections are sufficient to 
produce methyl- and ethylpyridine. The net 
effect of fewer injections is to increase the 
hydrocarbon signals on the chromatogram. 

Only qualitative observations concerning 
the relative amount of C1 and C2 pyridines 
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FIG. 9. Chromatogram in the presence of added pyridine at 255°C 1.6511 H&O, 0.58 atm CO, 
22,274 WHSV. 

and changes in composition with synthesis 
conditions can be made using the OV-101 
capillary column. Elution characteristics of 
polar compounds from a column designed 
for nonpolar compounds are such that peak 
areas can not be accurately assigned to the 
pyridines. The results show that the methyl- 
pyridine concentration is greater than the 
ethylpyridine concentration. One expects a 
higher concentration of methyl fragments 
on the surface during Fischer-Tropsch syn- 
thesis. 

Additional studies (34) have been per- 
formed using a different capillary column, 
Carbowax on amine-deactivated fused sil- 
ica. Propylpyridine is observed with this 
column. Relationships between the distri- 
bution of alkylpyridines and the synthesis 
conditions were found. These results and 
their implications with regard to the synthe- 
sis mechanism will be discussed in a future 
paper. 

The mechanism by which pyridine is al- 
kylated over the iron/silica catalyst is not 
known but can possibly be inferred from 
studies over nickel. Formation of 2-methyl- 

pyridine from Hz/CO (33) or alcohols (33, 
35) over nickel was postulated to proceed 
via methyl addition to the a-carbon of pyri- 
dine, with pyridine bonded to the nickel 
surface through the nitrogen (35). Methyl 
groups were argued to form by interaction 
of Hz and CO on the nickel surface. The 
source of CO being either direct addition 
with the reactant gas or indirect formation 
via alcohol decarbonylation. Methyl and 
higher alkyl fragments, which are expected 
over iron during Fischer-Tropsch synthe- 
sis, may interact with pyridine in a similar 
fashion to produce a-alkylpyridines. 

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 on the silica sup- 
port. A gas mixture consisting of 7.2% CO, 
4944 ppm CH4, and 500 ppm (nominal) each 
of COZY C2H4, C2H6, C3H6, C3Hs, C4H8, 

C4Hr0, CSH~,,, C5Hr2, and C6H14 was di- 
rected through the reactor. The reactor 
contained SO2 at 230°C and was operated 
at a WHSV of 16,000. Pulses of cyclohex- 
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ene or pyridine were injected into the gas 
mixture and the effluent was tested for al- 
kyl-substituted scavengers. 2-Methylpyri- 
dine was observed at a ratio of 8.9 x 10e4 2- 
methylpyridinelpyridine when pyridine was 
injected into the gas mixture. No alkylcy- 
clohexenes or alkylcyclohexanes were de- 
tected. 

The concentrations of Ci to C5 com- 
pounds in the gas mixture were a factor of 5 
to 50 times greater than the Fischer- 
Tropsch products at 230°C. The ratio of 
methylpyridine/pyridine was a factor of 500 
less than the ratio observed during scaveng- 
ing studies under Fischer-Tropsch synthe- 
sis conditions. These observations suggest 
that the scavenger is removing hydrocar- 
bon fragments from the metal phase, not 
products from the support phase, during 
scavenging under Fischer-Tropsch condi- 
tions. 

Additional experiments were performed 
to determine if the scavengers were decom- 
posing 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 pyri- 
dine were not found to decompose into C, 
to Cs hydrocarbons. A trace amount of 2- 
methylpyridine was observed when pulses 
of pyridine were injected into hydrogen. 
The 2-methylpyridine was probably formed 
between pyridine and hydrogenated carbon 
residue. No other compounds, aside from 
pyridine, were detected. 

Hydrogen was found to react with carbon 
present in or on the iron phase after the 
cessation of Fischer-Tropsch synthesis in a 
manner similar to that reported by Rey- 
mond et al. (14). Methane was observed as 
much as 24 hr after stopping the flow of CO. 
Methane was observed prior to injecting 
pyridine into the hydrogen stream. 

Pulses of cylcohexene were also injected 
into 16,000 WHSV of hydrogen. The cata- 
lyst was maintained at 230°C under hydro- 
gen for 24 hr prior to performing these ex- 
periments. Hydrogen alone led to methane. 
The methane signal increased by about 2 

ppm and trace amounts, less than 1 ppm, of 
ethane and propane were observed when 
pulses of cyclohexene were added to the 
hydrogen. The slight increase in Cl-C3 hy- 
drocarbons suggests that the cyclohexene 
ring remains intact. A very weak signal was 
observed for methylcyclohexene when cy- 
clohexene was injected into hydrogen. This 
is probably the result of cyclohexene inter- 
acting with hydrogenated carbon residue. 
Methylcyclohexene and CL to C5 hydrocar- 
bons were not observed when cyclohexene 
was added continuously to helium at a 
WHSV of 44 at 230°C. 

Cyclohexene does interact over the cata- 
lyst. In the presence of helium or hydrogen, 
pulses of cyclohexene convert into a mix- 
ture of cyclohexene, cyclohexane, and ben- 
zene at 230°C. Since the C, to Cs acyclic 
products are insignificant they can be elimi- 
nated as possible additional products. This 
assumption enables conversion of cyclo- 
hexene 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. Hy- 
drogen had a different effect. Twenty-nine 
percent of the cyclohexene reacted to cy- 
clohexane and 15% reacted to benzene. 
The difference between hydrogen and he- 
lium was not studied. Both cyclohexene hy- 
drogenation to cyclohexane and dehydro- 
genation to benzene are thermodynamically 
favored at 230°C K,, = 4.8 x lo4 and 300, 
respectively. 

Pyridine and cyclohexene have different 
effects upon the C2 to Cs olefin to alkane 
ratio. Figure 10 presents the cY-olefin to IZ- 
alkane ratio during Fischer-Tropsch syn- 
thesis and in the presence of a scavenger. 
The conversion of CO to C1 to Cs hydrocar- 
bons are not reported because of the diffi- 
culty in actuating the GC’s sample valve as 
the peak concentration of scavenged prod- 
uct passes through the sample loop. For 
this reason the ratios presented in Fig. 10 
during scavenging should be taken as repre- 
sentative of the low weight products during 
scavenging and not taken as absolute. In 
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Figs. 11 and 12. Plots of log C,,/C, versus (n 
- 7) are presented for the Fischer-Tropsch 
products in the presence and absence of 
scavenger. The concentrations were deter- 
mined using the four major components for 
a given carbon number, the normal alkane, 
the a-olefin, and two internal olefins. A ba- 
sis of C7 is chosen because this is the first 
carbon group which is well resolved on the 
capillary column. 
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FIG. 11. Log(iVc,/Nc,) versus (n - 7) in the presence 
and absence of cyclohexene scavenger at 23O”C, 4 Hz/ 
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rate)/(propagation plus termination rates). CO, 0.22 atm CO. 16.250 WHSV. 
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FIG. 12. Log(NcJNc,) versus n - 7 in the presence 
and absence of pyridine scavenger at 23o”C, p Hz/CO, 
0.22 atm CO, 16,250 WHSV. 

crease in the chain length. Cyclohexene de- 
hydrogenation to benzene is suggested by 
Fig. 10. This will act to increase the surface 
concentration of hydrogen and subse- 
quently the rate of alkyl termination to al- 
kanes. Cyclohexene may react with alkyl 
fragments to produce the alkylcyclohex- 
enes observed upon injecting cyclohexene 
into the reaction mixture. This introduces a 
third alkyl fragment termination process. 
Both of these possibilities will act to in- 
crease the net rate of alkyl termination rela- 
tive to propagation and thereby decrease 
the magnitude of (Y and the average molecu- 
lar weight. The third possible explanation is 
removal of CH2 groups in a manner similar 
to that reported over ruthenium (21, 22). 
This will reduce the concentration of CH2 
groups on the surface and simultaneously 
reduce the rate of propagation (36). A de- 
crease in the rate of propagation will lead to 
a lower average molecular weight. 

Figure 12 shows that the average molecu- 
lar weight of the C7 to Cl6 hydrocarbons 

increases in the presence of pyridine. The 
results shown in Fig. 10 suggest that pyri- 
dine displaces hydrogen from the surface. 
This may act to decrease the rate of termi- 
nation of alkyl fragments to alkanes. Addi- 
tional studies have shown that the distribu- 
tion of alkylpyridines correlates with the 
Fischer-Tropsch product distribution, sug- 
gesting that pyridine is removing alkyl frag- 
ments from the catalyst surface (34). This 
removal may not be enough to compensate 
for the lower rate of termination by hydro- 
genation. The net effect of pyridine may be 
to reduce the total rate of alkyl termination 
and thereby increase the average molecular 
weight. 

SUMMARY 

The studies over 20 wt% Fe203/Si02 have 
shown that the iron phase converts into the 
same type of iron phases seen by other 
groups starting with Fe304 and Fe. The bulk 
phase is identified as a mixture of Fe304, 
carbides and possibly some a-Fe. The sur- 
face composition was not measured using 
surface sensitive spectroscopies. However, 
the conversion characteristics of CO2 and 
the presence of aromatics suggest that 
some Fe304 is present at the surface of the 
carbides. 

Synthesis products are analyzed through 
C16. The primary products are the straight 
chain a-olefins. As the carbon number in- 
creases the complexity of the acyclic prod- 
ucts increases to the level that branched 
alkanes constitute a larger fraction of 
synthesis products. Cyclohexene, methyl- 
cyclohexene, benzene, and alkyl-substi- 
tuted benzenes were also observed as Fi- 
scher-Tropsch synthesis products. This 
suggests that even at low CO conversion in 
a differential reactor a complex set of reac- 
tions is present over iron. 

Cyclohexene and pyridine were added to 
the reactant feed gas to scavenge hydrocar- 
bon fragments from the surface. Both scav- 
engers were alkylated, methyl sbustitution 
was greater than ethyl substitution. Pyri- 
dine was much more efficiently alkylated, 3 
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injections producing a measurable signal 
versus the 120 injections of cyclohexene re- 
quired to see a minor increase in methylcy- 
clohexene. Control experiments establish 
that the alkyl-substituted scavengers result 
from the interaction of the scavenger with 
hydrocarbon fragments formed with HZ and 
CO on the iron phase. The fragments lead- 
ing to a-alkylpyridines are probably alkyl 
fragments. 
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