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The synthesis of hydrocarbons from H Z and CO was studied on a 

silica-supported Fe catalyst. The synthesis was carried out at 1.54 arm 

and 200 to 255°C in a differential reactor. Conversion of CO never 

exceeded 2%. The working catalyst was achieved by transforming FezD 3 

into a mixture of Fe304, bulk carbides, and iron under synthesis 

conditions. Synthesis product distributions and the rate of methane 

formation are reported. Trends in CO 2 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 

cyc]ohexanes consistent with reported scavenging studies over Ru. 

Pyridine addition to the feed generated alkyl-substituted wridlnes. 

Additional experiments confirmed that scavenged products were not formed 
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from the interactions between the scavenger and synthesis products on 

support. The results confirm that the scavengers react with species 

involved in chain propagation. 

Pyridi:le was used to scavenge C 1 - C 3 alkyl species from the 

catalyst surface. The ~-alkylpyridine distributions were dependent upon 

synthesis variables anddemonstrated a dependence which was proportional 

to the dependence of CI-C 3 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 prevented 

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

A.GENERAL 

Coal has been considered a competive carbon source for fuel and 

chemical feedstocks. Research in the general area covers the spectrum 

from coal gasi f icat ion to d i rect  l iquefact ion.  Studies of selective 

hydrogenation of carbon 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 d is t r ibu t ion  and se lec t i v i t y  as well as to establish the 

reaction mechanisms. 

Research in the area of synthesis gas conversion began in the 

~gZO's in Germany. The extensive work of Fischsr and T~opsch led to the 

development of the Fischer-Tropsch synthesis process as i t  is commonly 

referred, to today. The majori ty of th is  e f f o r t  was directed toward iron 

and cobalt. The early investigations have been discussed in several 

reviews ( ] - 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 



understand the catalytic chemistry of FT synthesis. Recent studies 

emphasizing the mechanism have been reviewed by Vannice (4), Ponec (5), 

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

In general, FT synthesis produces predominately linear aIkanes 

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 H 2 on the various catalysts. 

For example, strong adsorption of H 2 on Ni leads to Ni as the catalyst 

for methanation, while weak adsorption of H 2 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 

(9,1D). I t  is well established that the tendency for CO dissociation 

increases from right to lef t  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 to alcohols over Pd, Pt, and I r  (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 cata lys t  for  FT 
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synthesis. I t  was used for the Schwarzheide test 40 years ago (2) and is 

s t i l l  the only commercial catalyst for FT synthesis by $ASOL In South 

Africa. The major products from the SASOL plant are gasoline, diesel, 

waxes and highly olefinic lighter hydrocarbons. Recent research with 

iron catalysts has concentrated on the carburization of iron (12-19), 

promotor effects (20-25), chemisorptive characteristics (2D-33) and 

kinetic behavior (26-34). A detailed discussion of these investigations 

wil l be given below. 

1.INTERACTION BETWEEN CO/H 2 AND THE CATALYST 

Surface 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 chemisorption of H Z 

on iron surfaces (22,23,36,37,39) have shown that H 2 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 byCO (39). Carbon monoxide was found adsorbed molecularly at 

27aC and slowly dissociates with increasing temperature, whereas only 

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

Investigations using ul traviolet photoemission spectroscopy 

(UPS) and infrared spectroscopy (IR) techniques have indicated that CO 

is adsorbed perpendicularly to the transition metals, in a carbonyl-like 



mode with the donation of CO 5a electrons to the metal and the 

backbonding of the metal d electrons to the CO 2~ orbital (9,40,41). The 

increase of the energy difference between Lhe I~ and 4a orbitals in the 

molecularly adsorbed CO on iron observed by UPS (20) and the decreased 

vibrational frequency of C-O bond as observed by IR (40,41) relative to 

gas phase CO demonstrate that metal-CO bonding leads to weakening of C-O 

bonding and increase~ the tendency of CO to dissociate.  

Investigations 

catalysts have shown 

molecularly adsorbed 

of CO chemisorption on potasslu,, promoted iron 

that potassium enchances the bonding energy of 

CO and increases the amount of CO dissociation 

(Z0,22,23). Similar result have been obtained on a potassium promoted 

FeO 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(10O) by potassium w~s due to the interaction between the K(4s) orbital 

and CD(Z~) orbital. They also found that the reduction of metal-CO 

bonding by sulfur, oxygen and carbon adla3,ers 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 CD dissociation. 

Recent experimental efforts of combining a catalytic reactor 

with a surface spectroscopy fac i l i ty  (XPS, UPS, AES) on foils and single 

crystals(Z6-31) and MOssbauer 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, H2/CO ratio, the extent of CO conversion and the 

duration of the reaction. Characterization of bulk carbides by 

MSssbauer and XRD have shown that many carbide phases result and the 

stabi l i ty 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). I t  has also been suggested that the surface 

composition 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 included single crystal, polycrystalline, reduced or 



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

containing Cu, K20, K203, Al203 and CaO 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 CD conversion the 

kinetic expression for the CO conversion is 

PCO PH 2 

=.k exp(-E/RT) ( I )  

PCO + aPH20 

where s =kH20/kco" In a differential reactor (34) where the production of 

H20 can be neglected the rate equation simplifies to 

r = K PH2 (2) 

Vannice (47) observed that the in i t ia l  rate of methane formation was 

linearly proportional to the PH2 but was weakly inhibited by PCO and 

PH20. 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 formation was found to be smaller than that of methane, 

therefore selectivity for high molecular weight hydrocarbon decreases 

with increasing temperature (45). 
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Product distribution ha~ been found to be independent of CO 

conversion and H2/CD ratio for a Cu and K promoted commercial catalyst in 

an integral reactor (42,44-46). However on a polyc~stal]ine iron 

surface, the product distribution shifted toward higher molecular weight 

hydrocarbon as the H2/CO ratio decreased (28). Satterfield and Huff (42) 

suggested that the product distribution is a function of iron 

composition. Conversion dependence and selectivity the water-gas 

shift (WG$) 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 WG$ 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 

observations support the proposal that CO 2 is B secondary product formed 

via the WGS reaction. Madon and Taylor (46) proposed that the WGS 

reaction occurs on the active Fe304 surface and plays an important role 

in affecting the catalyst state at high CO conversion. The high 

production rate of H20 and CO 2 at high conversion is expected to affect 

the complex oxidation-reduction reactions that iron undergoes. 

The effects of potassium promotion on the kinetic behavior of 

iron catalysts have been studied (20,25) The results showed that 

potassium caused a decrease in methanation activity, an increase in the 
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average molecular weight and olefin to paraffin ratio of the products, 

and an increase in the WGS activity. 

The studies of methanation on iron foi ls (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 Fe2D 3. In both cases the u{ireduced oxide catalysts showed a much 

slower in i t ia l  rate increase and a much longer and h~gher steady state 

activity after a maximum in methanatiea. 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 behavior. Reymond et al. (31) maintairled that the faster 

formation of i ron carbide on a reduced catalyst and the complex 

reduction-oxidation reaction on unreduced iron oxide cause the 

difference. 

J 

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>v, relation 



between the log of the mole fraction of the product C n and the ¢~rbon 

number, n, extending between I 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 (Z) 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 recent study, Novak eta] .  (48) reported 

that with the readsorption of olefin the overall product distribution is 

s t i l l  quite close to a $chulz-Florydistribution. 

As the mechanism for FT synthesis was investigated inteslsively, 

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 ( I ) .  This mechanism involves the hydrogenation of bulk or 

surface carbides to form methylene and subsequent polymerization of 

methylene to form the synthesis product. The 14C0 tracer experiments of 

Emmett (49-51) discredited the t'carbide" mechanism. Synthesis reaction 

on the 14C0 precarbided catalyst showed only a minor fraction of the 

synthesis product could be accounted for by bulk or surface carbides. 

However, because of the di f f icul ty in precisely determining the carbide 

phase at that time, investigators s t i l l  consider that chemlsorbed carbon 

is a possible intermediate. 



10 

Enol (RHCOH) and acyl (RHCO) have also been proposed as the 

reaction intermediate. Storch e ta l .  (I) 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 eno] intermediates are propagation steps. 

Pichler (52) proposed yet another mechanism for propagation. I t  involves 

CD insertion into the metal-alkyl bond to form acyl intermediates which 

are hydrogenated to form the new alkyl intermediates. 

As previously disc,seed, CO dissociates readily when adsorbed on 

group VIII metals at FT synthesis temperature. Two main mechanisms, 

presented in Figure ], have been proposed to account for this finding. 

Biloen e t a l .  (6,54,55) and Bell and coworkers (7,56-6D) proposed that 

methylene intermediates from hydrogenation of the dissociated CO insert 

into the metal-al~l species to produce synthesis products. Ponec (53) 

and Henrici-Olive 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 in i t iat ion step to form 

methyl groups and methane as well as the same termination steps 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 C2+ hydrocarbons 
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is 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(11D) surface during the synthesis reaction byAES and XPS (29) 

have identified a CH X phase which was interpretated as the interm2diates 

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 CO insertion derives from the IR experiments (67) 

that DH bands have been observed over an Fe/SiO z catalyst. The finding 

of the OH band was postulated as the evidence of the M=C(DH)R 

intermediates. King (68) questioned this postulate and suggested that 

the DH band was the result of the accumulation of HZD on the sil ica 

support. 



4.DETECTION OF THE REACTION INTERMEDIATES 
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Chemical scavenging has been considered as an experimental 

technique to detect the reaction intermediates, because kinetic and 

surface spectroscopy techniques do not give conclusive evidence for the 

presence or type reactive intermediates. Essentially, one t i t rates the 

reaction intermediates from the surface with a p~obe (scavenger) 

molecule. An early example of this was reported by Eidus et al. (69). 

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 i t  was postulated 

as the product from the interaction between the benzene and surface 

methylene ormethyl intermediates. 

The interact ion between the hydrocarbon fragments and the 

o le f ins as the scavengers are supported by the recent advances in 

organometall ic chemistry. A number of reactions between the alk3/lidene 

or alky~ ligands on the metal complex and various o lef ins have been 

reported (70-73). Ekerdt and Bell (57) used th is  technique to remove 

hydrocarbon fragments of varing length from a Ru surface. Compared to the 

scavenger concentration used by Eidus (I0-50~), Ekerdt and Bell used a 

much smaller concentration (22%) in order to minimize the possibility of 

the perturbation 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 these experiments to detect the reaction 

intermediates during FT 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 concentration 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 i t  

contains a heteroatom, nitrogen, and low concentrations should be easy 

to discriminate from the multitude of synthesis products. The pyridine 

ring is d i f f i cu l t  to hydrocrack between 200 and 250 °C (74), which wil l  

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 Z-methylpyridine (75,76). These methyl groups were formed by 

interaction of H2/CO or alcohols on the nickel surface. 

Studies of the adsorbed states of pyridine on Iron films have 

demostrated that pyridine bonds ~o a preoxided iron surface through the 

nitrogen lone pair electrons and to a clean iron surface through 
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Tabl.e 1 Selected Results for Detecting Reaction Intermediates 

Catalyst Scavenger Scaveged product Postulated Reference 
intermediates 

Co-Hi 
Fe-Cu 

Benzene toluene methyl, methylene (69) 

Co-ThO 2- 
Kieselgnhr 

Benzene cycloheptatriene methylene (69) 

Ru/SiO 2 

Ru/SiO Z 

Cyclohexene 

cts-2-Butene 

norcarane methylene (60) 

1,2-dimethyl methylene 
cyclopropane 

(6o) 

Ru/SiO 2 1-butene ethylcyclopropane methylene (60) 
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electrons (77). With the strong adsorption i t  may be expected that 

Dyridine wil l  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 

f i r s t  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 I l l .  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 wi l l  be discussed in Chapter IV. 



II.EXPERIMENTAL METHODS 

A.EXPER IMENTAL APPARATUS 

The apparatus, shown schematically in Figure 2, consisted of 

three sections: a gas handling section, a reactor, and a product 

col3ection and analysis section. Detailed descriptions for each section 

are presented below. 

1.GAS HANDLING SECTION 

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 bymonitoring the pressure 

drop through capillary tubing. Metering valves M 5 and M 6 were used to 

regulate the reactor pressure. Aside from the copper tubing and brass 

f i t t ings used to connect and regulate carbon monoxide, all tubing, 

f i t t ings and valves were stainless steel. The tubing, valves and 

f i t t ings between the reactor, the trap and the gas chromatograph (GC) 

were maintained at gD°C to IOD°C. 

17 
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A stream of helium was bubbled through the scavenging reagent in 

a flask sparger, f i t ted with a f r i t .  For pulse injection, a glass sparger 

and a six-port sample injection valve f i t ted with an 80~¢ loopwere used 

to inject 5 ~moles of gas. For continuous injection, an auxilary feed 

line was used to combine the helium stream to the feed gases. The sparger 

was fabricated from copper because saturation was conducted at 1.68 arm. 

The concentration of the scavenger in the stream was controlled by the 

sparger temperature and helium flow rate. The helium flow and sparger 

temperature were maintained at 2 sccm and OOC, respectively, for all 

experiments. 

2. REACTOR 

The reactor, i l lustrated in Figure 3, was a two-inch section of 

0.25 inch OD stainless steel tubing with 0.25 to D.125 inch $wagelock 

unions 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 in let  line 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. F1uidizing air 

was preheated; the temperature was set 50°C below the desired reactor 

temperature. Two flexible heating tapes were wrapped around the outside 



J =  

t :  

, J  

Q 

I [  

~)uartz Cloth / 

Ferrule 

Figure 3. Hicroreacto~ 

Tubiq~g 

Reducing Union 

Quartz Cloth 

*~4" 0 D z'0_210 t, 9. 

$04  ~S. Tubing 

D i 

Reducing Union 

m 

O.D. 3 0 4  S.S. 

Tubing 

2O 



21 

of the bath and were used to supply differenL amounts of heat to the bath 

depending on the location relat ive to the bottom of the bath. 

Temperatures were controlled with Omega model 49 controllers. ThE sand 

bath temperaturu at the reactor position was maintained within ±].D°C of 

the desired ten;perature. 

3. PRODUCT COLLECTION AND ANALYSIS 

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

with two packed columns and one capillary column. The flow diagram for 

the operation of the Varian GC is illustrated in Figure 4. The Chromosorb 

ID6 column, when connected to the thermal conductivity detector (TCD), 

was used to separate reactants, H 2 and CO, from l i gh t  products, CO2, CH4, 

CZH4, C2H6, C3H6, and C3H 8. When connected to the flame ionization 

detector (FID), this column was used to separate l ight products when the 

FT synthesis activity was low. The packed DV-IDI column was used to 

separate C 4 to C 6 hydrocarbons. The'OV-1Ol capi l lary colump was used to 

analyze C 7 and above hydrocarbons. 

A Hewlett Packard 5880A GC equipped with a nitrogen-phosphorus 
. 

detector (NPD) was used to detect nitrogen containing products. An amine 

deactivated fused s i l i ca  glass capi l lary column loaded with Carbowax 

(CAM) was used to separate pyridine and alkylpyrtdines. The operation 

conditions used in the Hewlett Packard and Varian GCIs are given in Table 

Z 
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Table 2. GC Operation Conditions 

column 

Chromosorb 106 

60/80 mesh 
1/8 in x 12 f t  

Chromosorb 106 

60/80 mesh 
1/8 in x 12 f t  

20% OV-lO1 on 
Chromosorb P-AW 
60/gO mesh 
I/8 in x 20 f t  

l carrier gas I I 
• I f~ow rate ldetectorl 

I I I 
I I I 
I He: 22 c c / m i n  I I 
I reference column I TCD I 
I Chromosorb 106 ! I 
I I I 

Fusedsilica glass 

coated wi th OV-1D] 
0.235 mm OD x 50 m 

Amine deactivated 

fused silica glass 

! I 
I He:22 cc/min I 

I I 
I I 
I I 
I i 

I He:30 cc/min I 
I I 
I I 
I I 
! I 
I I 
I He:O.5 cc/min I 
i I 
I I 
I 
i 
[ H2 :1 .1  cc/min 

] ]oaded with Carbowax] 
[ 0.25 mm ID x 30 ~ I 
i I 

temperature I 
program I 

I 
I 

40°C for 5 min ] 

7°C/min to 20D°CI 
I 

,I 

FID 

FID 

FID 

NPD 

I I 
] 110°C fo r  6 min I 

I 5°C/mln to Z15°CI 
I I 
I ! 
I I 
I 36 °C fo r  8 min I 

I 3°C/min to 130°CI 
I I 
I ! 
,! I 
I I 
I 36°C fo r  14 min I 

] 2°C/min to 170°CI 
I I 
I i 
I I 
I 40°C for  1 min ! 

I 30°C/min to  90°CI 

I 2°C/min to  114°C! 
I I 
I l 
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One cubic centimeter of gas sample was injected into the packed 

columns through the heated (80-I00°C) six-port sample valve. The packed 

columns were calibrated each day using two certif ied standard gas 

mixtures containlng CO, CO 2, CH 4, C 2 to C 5 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. 

A 50 ml pear shaped boiling flask was used to collect products 

which were trapped at liquid 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 using the capillary columns in the two GCZs 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 

Gro~-type injector was used on all instruments and 1.0 to 4.D ~ was 

injected. Three samples were injected for each experiment when using the 

NPD. 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 libray 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, f i t ,  re f i t ,  and purity. Fit values greater than 900, 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 f ix the position of known compounds on a 

chromatogram. Identification of peaks eluting from the GC were made by 

comparing the chromatograms for the two instruments. Tho elution 

charateristics for the OV-IDI capillary column with the GC-MS were well 

establised. However, the elution characteristics of the CAM column could 

not be wall 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 alk~lpyridines were eluting and the'relative elution order of the 

alkylpyridines and hydrocarbons. 

The NPD only detects nitrogen containing compounds from the 

trapped product~. This greatly simplified component identi f icat ion and 

overcame the di f f icul t ies encountered using a FID which also detected FT 

synthesis prodJcts. The elution characteristics for pyridine and 

alkylpyridines were establ'ished 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 

conversion never exceeded 2~ at this catalyst loading. 

Iron oxide on sil ica, Fe203/SiO2, was conditioned for six days 

by passing a 4/I H2/CD mixture over the catalyst at 23D°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 protocols were employed, pulse and 

continuous inject ion. Pulse injection was used mostly in the early 

experiments which attempted to detect the scavenged products. For these 

experiments, the H2/CO rat io was varied between 1 and 9 and total  

volumetric flow rate varied between 100-200 sccm in order to f ind an 

optimal condition to scavenge detectable levels of products. Eighty 

pulses were added at 30 second Intervals into the reactant feed gas. The 

reactor eff luent was trapped at l iquid nitrogen temperature for 20 

seconds following each inject ion. 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 regu]ated at IOD sccm 

and the H2/CD ratio was varied between D.2 and 5.D. 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 O°C. 

C.CATALYST PREPARATION AND CHARACTERIZATION 

The supported iron catalyst was prepared by the incipient 

wettness technique using 2.0 ml of the iron salt solution, per gram of 

si l ica, Cab-D-Sil HS-S (surface area: 325 m=/gm). The impregnated 

support was frozen by pouring liquid nitrogen on i t .  The frozen mixture 

was vacuum dried in a rotary evaporator at 6D°C for 42 hours and ca]cined 

with zero air (79% N 2 and 2!% 02 ) at 300aC for one hour, followed by20 

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 sB1t solution was made from 30 ml of dist i l led water and 

27.13 gram of Fe(NO3)3-gH20. 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% Fe2D 3. 
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Table 3. Metal Composition of the Catalyst and S~lica 

(wt ~) 

Silica HS-5 Fe Oxided 

on Silica 

Al203 0.02 0.02 

CaO 0.005 0.006 

Na20 0.II  0.05 

K20 0.04 0.02 

MnO 0.001 D.001 

HgO 0.01 0.01 

FezO 3 0.01 20.44 

SiO 2 99.9 76.5 

(~glg) 

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 mode] XRD-6 X-ray diffractometer. CuKa radiation 

diffracting from a graphite monochrometer was used. Particle size of the 

fresh Fe2D 3 catalyst, estimated by the line b~oading technique, was 
@ 

about 240 A .  

D.MATER!ALS 

Hydrogen (UHP, 99.99~) was passed through a Matheson deoxo 

cylinder to remove af,y oxygen. Carbon monoxide (Hatheson UHP, 99.8~) was 

heated to 95°C over molecular sieves to decompose metal carbonyls. 

Cyclohexene (Aldrich 99%) was purified by d is t i l la t ion over sodium. 

Pyridine (MCBspectral grade) was used without further purification. 



I l l .CATALYST C.HARACTERIZATION AND DEVELOPMENT DF THE 
SCAVENGING TECHNIQUE 

Investigation of the cata ly t ic  behavior of iron and the phase 

transformations of Fez03/5i02 under synthesis conditions are reported 

and discussed in th is  chapter. Iron ac t iv i ty  and se lec t iv i ty  toward low 

weight and high weight Ftsher-Tropsch (FT) products are presented. 

Selectivity and phase transformation are used to postulate tlle surface 

composition of the working catalyst .  

The scavenging technique is also developed in thts chapter. 

Cyclohexene and pyridine are used as scavengers. Scavenging resul ts are 

combined with appropriate blank tests to demonstrate that FT reaction 

intermediates are being chemically removed from the surface of the metal 

phase. 

A.RESULTS 

1.CATALYST INDUCTION 

I t  Is well established that Fe or Fe304 wt l l  convert into one or 

more carbide phase under synthesis conditions (2,]2-19,25,26,30,31). The 

rates at which the carbide phases convert and the changes tn synthesis 

30 
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activity and synthesis selectivity are also reported. Uncertainty in 

iron phase composition can complicate analysis of data. In an attempt 2o 

minimize the uncertainty, the catalyst used in this study, 20.44 wt~ 

Fe2D3/ SiO Z was conditioned under 4/1H2/CO (PCO=D.22 atm) at 23D °C for 

six days prior to use for reactive scavenging experiments and was rarely 

exposed to temperatures in excess of 250°C. 

Time dependent methanation activity and low weight product 

selectivity 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 15,84D. The H2/CO 

ratio and partial presure of CD varied between 3.8 to 4.3 and O.ZO to 

D.23 atmospheres, 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 5 demonstrates the effect the induction period had on 

methanatfon act iv i ty .  After approximately 150 hours the act iv i ty  

reached a steady value. Activity decreased slightly after 400 to 500 

hours. 

Figure 6 shows that the distr ibut ion to total C 2 to C 5 

hydrocarbons (branched and normal alkanes and olef ins) did not change 

appreciably during the induction period. Only the C2's increased 

relattve to methane during the f i r s t  150 hours. These results indicate 
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that the selectivity to low weight hydrocarbons was relatlvely 

independent of total activity. The C I to C 5 hydrocarbons increased in 

activi ty at approximately the same rate. Carbon dioxide selectivity 

increased over the f i rs t  15D hours and was essentially constant for the 

remaining 85D hours. The t ime 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 H 2 and CO was found to contain 

hydrocarbons up to C]2, the upper l imit investigated. 

Figure 7 presents the a-olefin to n-alkane ratio for small 

hydrocarbons. The ratios pass through a minimum, returning to their 

in i t ia l  value after approximately 12D to 140 hours on stream, and 

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

Recent studies on sil ica supported Fe2O 3 catalysts (7B) have 

shown that after 20 hours of reaction unreduced catalyst converts to 

Fe3O 4 and hydrogen reduced catalyst converts to iron carbides. The 

conversion of unsupported Fe203 (31) into Fe30 ¢ and x-carbide was 

reported at 25D°C. Amelse et al. (12) converted 90~ reduced Fez03 into 

carbides. Unmuth et el. (79) reported that =-Fe203/SiO 2 reduced to 

Fe304 prior to reducing to Fe under H 2 at 425°C. In a separate study, 

Un~uth et al. (15) demonstrated that Fe/SiO 2 was converted tca  mixture 

of carbides at 3/I H2/CO and 250°C. 
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X-ray diffraction (XRD) was used to charactPr~ze the state of" 

the catalyst used in this study. The results are presented in Figure ~. 

Composition assignments are based upon published diffraction patterns 

(BD). Table 4 l i s ts  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 monoxide between 

200 and 255°C for 56 days. The catalyst was transferred to a glass slide 

and covered wlth the 25.4 micron thick polyet~'lene f~Im in an inert 

environment to minimize oxidation. Amelse et al. (12) have shown that 

air oxida¢ion was not rapid, therefore', al l  other XRD patterns were 

recorded in the absence of polyethylene. 

The fresh catalyst diffraction pattern, pattern a, was 

identified as =-Fe203wlthan average particle size of 24DA. The single 

phase patterns for Fe304, pattern c, and a-Fe, pattern d, were determined 

using two separate weight Ioadings. The Fe304 pattern was observed after 

reducing ID wt% Fe2D3/~iO2 at 4DD°C for six hours under H 2. Continued 

reduction of the Fe304 to a-Fe was realized by heating under H 2 for an 

additional 14 hours at 4DG°C and one hour at 43D°C. The =-Fe pattern 

presented in Figure B was obtained with 20.44 wt~ Fe203/SiO Z which was 

subjected to H 2 at ~60°C for 24 hours tO ensure complete reduction. 
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Table 4. X-ray Diffraction Data for CuK= 

Phase 2B a Tcb 

(OK) 

=-Fez03 33.]  - -  

Fe304 35.4 - -  

=-Fe ¢4.5 - -  

z'-Fe2.2C 43.4 "7gO 

E-Fe2C 42.39 650 

x FesC 2 43'9 525 

B-Fe3C 41.98 480 

a Diffraction angle for the primary peak (80) 

b Curie temperature 
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Catalyst was analyzed after exposing Z0.44 wt~ FezO3/SiO Z for 

160 hours to 4/I H2/CO, 0.22 atmospheres of CO at 23D°C. The peak 

centered at 2B equal to 35.4 ° on pattern e indicates the presence of 

Fe304. A weak signal ts also seen at 2B equal to 43.4 ° suggesting the 

presence of the E'-carblde phase, Fe2.2C. 

Pattern f was recorded for  a sample which had been exposed to 

hydrogen and carbon monoxide for  56 days. Catalyst temperature was 

generally held between ZOO and 24D°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 2B equal to 43,5 ° suggests the presence of several 

carbide phases. The peak is poory resolved and particle size can not be 

determined. Niemantsverdriet et hi. (18) discussed the carbide phases 

generated under synthesis conditions. These can included E'-, E-, x- and 

B-carbide. The broad shape displayed by the used catalyst on Figure B 

brackets thl, ~rimary peaks for the f i r s t  three. The used catalyst 

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

also be present. 

2.RATE MEASUREMENT AND PRODUCT DISTRIBUTIONS 

The surface area of the working catalyst  was not determined in 
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this study. Methanatlon 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 H2/CO ratio. 

Changes in the C 2 to C 6 product distribution as a function of 

synthesis variables are presenetd in Figure 9 at a common WHSV of 22,274. 

Only normal alkanes and primary n-olef~s are represented because they 

constituted the major species detected. Branched alkanes and internal 

olefins were detected at lower concentrations than the normal and 

primary compounds for C 4 and above. 

The selectivity to higher hydrocarbons was seen to decrease 

with increasing temperature. An increase in the H2/CO ratio at a constant 

temperature led to a slight decrease in the selectivity to higher 

molecular weights. Both observations are consistent with the work of 

Madon and Taylor (46) at ten atmospheres. 

The rate of CO 2 formation increased withlncreasing temperature 

and increasing H2/CO ratio. A similar effect was seen for the rate of 

methane formation. However, the concentration of CO 2 decreased with 

increasing temperature and HZ/'~O ratio. At all conditions investigated, 

the amount of CO 2 was less than the ~mount of CO converted into C I to C 6 

normal products, 
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A GC-MS chromatogram for the C 6 to C11 synthesis products is 

presented in Figure 10. Straight chain m-oleifns are the primary 

products. The branched alkanes elute f i rs t ,  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-heptene was observed to vary with synthesis 

conditions. 

Other cyclic and aromatic products were observed. These include: 

cyclohexene, methylcyclohexene, benzene,  styrene, xylenes, 

methylethylbenzenes, and diethylbenzenes. Additional cyclic products may 

have formed but were not observed in the region of C 7 through C10. Cyclic 

C 5 and C 6 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 feasibi l i ty of scavenging was 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 i t  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 H2/CO and 220°C. The 

CO conversion was approximately 0.8% at these conditions and a WHSV of 

14,590. The location of methylcyclohexene is indicated on the Figure. 

The assignment was made by comparison with GC-M$ chrcmatograms, 

injection of pure compounds and experience with the column elution 

characteristics. A slight increase in the methylcyclohexene signal was 

seen upon injecting cyclohexene 120 times. Methylcyclohexene/n-heptane 

was 0.012 and D.083 for synthesis and scavenging, respectively. 

Small amounts of methylcyclohexene, methylcyclohexane, 

ethylcyclohexene and ethylcyclohexane were formed upon addition of 

cyclohexene at H2/CD ratios between 1.9 and 2.1 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 etkyl-substituted compounds. 

These attempts were largely unsuccessful. 
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46 

Pyridine was selected as a candidate scavenger because i t  

contains a heteroatom, nitrogen, and low concentrations would be easy to 

discrimi'nate from the multitude of synthesis products. Figure 12 

presents a GC-MS chromatogram of the trapped products collected during 

the injection of 60 pulses of pyridine. The synthesis conditions were 

1.65 H2/CO at 250°C. The CO conversion was approximately 0.1~ at these 

condit ions and a WHSV of 22,275. Peaks for 2-methylpyridine and 

2-ethy lpyr id ine are indicated on the Figure. Appropriate blank 

experiments were performed which established that the alkyIwridines 

were not impurities. 

Additional 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 attempt to 

minimize overloading the column with highly polar compounds. Tailing of 

pyridines was not eliminated, however, these studies indicated that 3 

injections were sufficient to produce methyl- and ethylpyridine. The net 

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

chromatogram. 

Only qualitative observations concerning the relative amount of 

C I and C 2 pyrldines and changes in composition with synthesis conditions 

can be made using the OV-lOl caplllary column. EIution charaterlstlcs of 

polar compounds from a column designed for nonpolar compounds are such 

that peak areas could not be accurately assigned to the pyridlnes. The 



~;7 

I00.0 

RIC 

pyridine 
P -- 1.54 otto 
T "- 255°C 
Hz/CO = 1.65 

ne/Z- methylpyridine 

, . .~_J_g~ ~L~ ~JJ~.~J~.~.Jo~L_ 
s ~ o '  . . . . . . . . . . . .  ' . . . .  ' . . . . . . . .  ' , o o o  ,500 2000 ~5oo ~c;o~ is'o~ 4000 s : A ,  
8,20 1fi:40 25:00 35:20 41=40 50;00 58:20 66'40 TIME 

Figure 12. Chromatogram in the presence of added w r i d i n e :  255°C, 
1.65/1H2/CO, 0.58 arm CO, 22,274 WHSV 



48 

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 on the sil ica support. 

A gas mixture consisting of 7.2% CO, 4944 ppm CH 4 and 50D ppm (nominal) 

each of CO 2, C2H 4, CzH 6, C3H 6, C3H 8, C4H 8, CsHID,C5H12, and C6H14 was 

directed through the reactor. The reactor contained SiO 2 at 230°C and was 

operated at a WHSV of ]6,ODD. 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 -4 2-methylpyridine/pyridine when pyridine was injected into 

the gas mixture. No alkylcyclohexene or alkylcyclohexane were detected. 

Additional experiments were performed to determine if 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 C 1 to C 5 hydrocarbons. A trace amount of 2-methylpyridine was 

observed when pulses of wr id ine  were injected into hydrogen. No other 

compounds, aside f r omwr id i ne ,  were detected. 



49 

Pulses of cyclohexene were also injected into 16,000 WHSV of 

hydrogen. The catalyst was maintained at 230°C under hydrogen for 24 

hours prlor to performong these experiments. Hydrogen alone led to 

methane. The methane signal Increased by about 2 ppm and trace amounts, 

less than I ppm, of ethane and propane were observed when pulses of 

cycloheRene were added to the hydrogen. A very week signal was observed 

for m~thylcyclohexene. Methylcyclohexene and C I to C 5 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, cyclohexane and benzene at 230°C. Since the C I to C 5 acyclic 

products were insignificant they can be eliminated as possible 

additional products. This assumption enables conversion of cyclohexene 

to be estimated. In the presence of helium, D.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 cyclohexene reacted to cyclohexane and 15%reacted to benzene. The 

difference between hydrogen and helium was not studied. Both cyclohexene 

hydrogenation to cyclohexane and dehydrogenation to benzene are 

thermodynamically favored at 23D°C, Keq=4B,O00 and 300, respectively. 

Pyridine and cyclohexene had dif ferent ef fec ts  upon the C Z to C 5 

olef tn to alkane ratio. Figure 13 presents the a-olef in to n-alkane ratio 
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during FT synthesis ~nd in the presence of a scavenger. The conversion 

of CO to C 1 to C 5 hydrocarbon are not reported because of the d i f f i c u l t y  

In actuating the GC's sample valve as the peak concentration of scavenged 

product passed through the sample loop. For th is  reason the rat ios 

presented in Figure 13 during scavenging should ba taken as 

representative of the low weight products during scavenging and not 

taken as absolute. In general, the total 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/C 7 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 ¢-olef in and 

two internal olef ins. Abasis of C 7was chosen because this was the f i r s t  

carbon group which was well resolved on the 0V-101 capi l lary colm:n. 

Straight lines are not observed for any condition reported in 

Figures 14 and 15, and the FT lines are not ident ical  for Figure~ 14 and 

IS. The difference between FT curves and the ilonlinear nature of the 

plots may be due to incomplete collection of the products in the l iqu id 

nitrogen trap and to the fact that only four compounds for any given 

carbon number were used to determine the concentration, C n. No attempt 

was made to interpret th is  nonlinear performance because of the 

uncertainty in the magnitude of C n, 
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Figure 15 shows the average molecular weight of C 7 to C16 

hydrocarbon fraction decreased in the presence of cyc]ohexene. Figure 16 

show~ that the average molecular weights of these hydrocarbons increased 

in the presence of pyridine. 

B. DICU$SION 

1.CATALYTIC BEHAVIOR 

The catalytic behavior of FT synthesis over Fe203/SiD 2 presented 

here can be interpretated in terms of the mechanistic pathways shown in 

Figure 16. Detailed discussions on the reduction of Fe203/SiO 2 in H 2 

flow (82), carburization of Fe/$iO 2 in CO or Hz/CO (12-Ig) and 

hydrocarbon formation from H2/CD over Fe/SiO 2 (14,17,18,25,78) have been 

given in the literature. I t  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. MSssbauer spectroscopy 

studies showed that Fe203 was reduced to a-Fe by H 2 via the Fe3D 4 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 is dependent on 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 t~at Fe203/SiO 2 underwent a rapid tranfor~ation into a 

different active phase during the induction period. Pattern e in Figure 8 

obtained from the induced catalyst shows that Fe2D 3 has reduced to Fe304 

and iron carbides. Furthermore evidence from increasing CO 2 formation 

during the induction period (see Figure 7 ) suggests the reduction of 

Fez03 to Fe3D 4. 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 slightly decreasing activity and increasing olefinic nature 

after the maximal activity in Figures 5 to 7 suggest ~. slow 

transformation of the iron phase over the pseudo-steady state period. 

This slow process involves the transformation of Fe3D 4 to iron carbides 

and possibly some =-Fe as well as, as suggested by surface spectroscopic 

studios (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 iron 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 observation of Niemansverdriet 

et el. (18) who reported detection of oxides at the surface of an iron 

carbide. The techniques employed in this study indicated a mixture of 
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bulk phases were present, the surface composition was undetermined as 

was the particle size of the working catalyst. However, i t  is believed 

that the surface carbon wi i l  be a major component after induction period 

(33). 

Dissociation of CO can occurr not only on an B-Fe surface but 

also on iron oxide (32).  At the ea r l i e r  stage of the synthesis reaction, 

where synthesis activity was low, most of the reactants, CO and H 2 are 

thought to be consumed in the reduction of Fe203 and carburization of Fe. 

As the bulk of catalyst became more and more carbided the catalyst 

activity increased until reaching the maximum where the inactive carbon 

began to deactivate the catalyst. 

Reymond et a l .  (31) reported a time dependent increase followed 

by a decrease in methanation a c t i v i t y  fo r  unsupported Fe203. Their study 

at 250% and 9/1 H2/CO showed a maximum at 55 hours and no level ing o f f  

of the a c t i v i t y  over a 20 hours period. The extended ac t i v i t y  observed in 

this study can be explained by the fol lowing two explanations. F i rs t ,  

the cata lyst  used in Figures 5 to 7 never exceeded ZS0°C and that most 

experiments were performed at temperatures |ess than 240°C. Low 

temperature prevents the catalyst from sintering. Secondly, the effect 

~f the sil ica support slows down the transformations of the iron phase 

changes and the formation of inactive carbon. This is supported by the 

work of B1anchard et a1. (78) who observed an extended pseudo-steady 

state activity on sil ica supported Fe203. 
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)ncreaslng formation of C2's during the induction period may 

imply that the probability of ethylene incorporatiorl decreased with the 

increasing availabil ity of the surface carbon for hydrocarbon 

O t t e t  al. (26) reported a similar trend ~for C2=/C2 and production. 

C3=/C3 ratios (see Figure 6) over unsupported fu l ly  reduced iron at 3OD°C 

but within a period of 400 to 5DO minutes. The change was related to the 

carburization of the iron and CO conversion. 

The trend in rate and concentration for CO 2 are consistent with 

the postulate that CO 2 is a secondary product (45,46) formed via the 

water-gas shift reaction 

H20 + CO,CO 2 + H 2 (3) 

As the total synthesis rate increases the rate for water, the primary 

product, increases. I f  the water-gas shift reaction is at equilibrium 

(Keq= 130 at 5DO°K), then an increase in water wll l  lead to an increase 

in CO 2. An increase in temperature for the exothermic reaction shifts the 

equilibrium to the left .  Increasing the H2/CO ratio decreases the 

equilibrium concentration of CO 2. Shift activity has been reasoned to 

indicate the presence of the Fe3O 4 (46). 

The presence of cycl ic  and aromatic compounds demonstrated that 

complex reactions are occurring during the hydrogenation of CO over 

Fe-based systems. Owyer and Somorjai (8])  reported that olef ins, the 
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primary products, can readsorb and undergo incorporation into the 

regular FT 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. I t  seems reasonable to 

speculate that the primary and secondary products may readsorb and 

undergo surface rearrangements without incorporating Into the growing 

chains. 

2.SCAVENGING TECHNIQUE 

The mechanism by which pyrldine is alkylated over the 

Iron/sil ica catalyst is not known but can possibly be inferred from 

studies over nickel. Formation of 2-methylpyridine from H2/CO (75) or 

alcohols (76) over nickel was postulated to proceed via methyl addition 

to the =-carbon of pyridine, with pyridlne bonded to the nickel surface 

through the nitrogen. Methyl groups were argued to form by interaction of 

H 2 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 poss ib i l i t y  of interaction 

between the scavenger and the adsorbed hydrocarbon fragments on the 

s i i i ca  support, concentrations of C 1 to C 5 compounds in the feed gas 
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mixture were a factor of five to f i f t y  times greater than'the FTproducts 

at 230°C. The ratio of methylpyridine/pyridine was a factor of 500 less 

than the ratio observed during scavenging studies under FT synthesis 

conditions. These observations suggest that the scavenger was removing 

hydrocarbon fragments from the me~a] phase, not products from the 

support phase, during scavenging under FTconditions. 

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 el. (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 methy]cyclohexene during the injection 

of each scavenger into the H 2 stream. They were probably formed via the 

reaction between the scavenger and hydrogenated carbon residues. 

Kellner and Bell (58) observed l inear plots of Cn/C 1 versus 

(n-l) for FT synthesis over ruthenium. They incorporated this into a 

machanistic and kinetic description of the synthesis reaction. The 

l inear plot supported the methylene insertion mechanism in which alkyl 

fragments propagate to the next higher alkyl fragment by inserting CH 2 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 

probabi I ~ ty, ~. 
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A plot of log Cn/C 7 versus (n-7) has the same interpretation as 

log Cn/C I versus (n-l) as long as the propagation and termination rate 

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

chain growth probability and the lower 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 = and the average molecular weight. The third possible explanation is 

removal of CH 2 groups in a manner similar to that reported over Ru (57). 

This will reduce the concentration of CH 2 groups on the surface and 

simultaneously reduce the rate of propagation. A decrease in the rate of 

propagation wil l  lead to a lower average molecular weight. 

The results shown in Figure 13 suggest that wr id ine 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 alk¥1 fragments from the catalyst surface. 

This may not be enough to compensate for '~he 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 d i s t r i bu t i ons  of 

FT products and a lky l  fragments using pyridine as the scavenger is 

presented in th is  chapter. Two Langmutr-Hinselwood expressions for the 

two most l i k e l y  mechanisms for  FT propagation are also developed to 

describe these two sets of  d i s t r i bu t ions .  The f e a s i b i l i t y  of using the 

measured effects to discriminate between two mechanisms is discussed. 

A.RESULTS 

A l l  of the product analysis involving the pyr!dine and 

al!~Ipyridlnes in this chapter were conducted using the Hewlett Packard 

GC f i t ted with an NPD and a CAM capillary column. The major components 

detected i n  the scavenged samples were pyr id ine,  2-methylpyridine 

(Z-picoline), 2,6-dimethylpyridine, 2-ethylpyridine, and 

2-propylpyridine. The 2,6-dimethylpyrldine signal was less than 2.5%of 

the 2-methylpyridfne slE~al. 2-Butylpyridine was detected occasionally, 

however, the signal to noise ratio for this peak was insufficient for 

quantitative purposes. In additlon, a trace amount of 4-ethylpyridine 

and what Is thought to be a methylethylpyrldlne were observed. The last 

two component signals were too weak to quantify. 
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As discussed prev;ously, conditioned catalysts were analyzed by 

XRD and found to consist of bulk iron carbides and possibly Fe304. The 

surface was not analyzed; the presence of Fe304 at the surface was 

postulated on the basis of water-gas shift (WGS) activity. The mears by 

which pyridlne 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 to 2-Cn-pyridine is thought 

to occur between an n-alkyl fragment containing n carbon atoms and 

pyridine. The scavenged distributions Cn-pyridine/Cn+1-pyridine 
decreased rapidly with increasing n and butylpyridine was d i f f i cu l t  to 

detect. This decrease may be caused by the actual distribution of alkyl 

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. Scavenging experiments were performed at one temperature 

to avoid assigning alkyl distribution changes with temperature to 

possible changes in the relative rates of the scavenging reactions. 

The absolute amount of w r i d i n e  injected was held constant. The 

amount col lected and ul t imately injected into the cap i l l a ry  column 

varied because these operations required several manual manipulations. A 

suitable internal  standard could not be ident i f ied,  therefore, for 
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consistency a11 alkylwridine signals were normalized with the signal of 

pyrldine. These normalized signals were used ¢o examine the effects of 

the synthesis variables on the alkyl fragments. The trends reflected 

changes in surface alkyl concentrations; the absolute magnitude of a 

scavenged distr ibutio, at one set of conditions did not reflect the 

absolute magnitude of the surface alkyl distribution. 

The effects of reactant partial pressure on the sum of 

2-picoline and two t imes 2,6-dimethylpyridine to pyridine 

(C1-pyridine/pyridine) and methana~ion act iv i ty for continuous and pulse 

injection are ~hown in Figures 17-2D. The partial pressures were 

selected to produce Hz/CO ratios of roughly 5/1 to I / I  for Pco equal to 

0.257 arm or PH2 equal to 0.77 arm and roughly 1/I to 0.2/1 fo~ Pco equal 

to 1.027 arm or PH2 equal to 0~308 atm. The methanation rate was sl ightly 

suppressed in the presence of pyridine; the partial pressure dependences 

appeared the same In the presence or absence of pyridine. The rate 

suppression was expected since pyridine was t i trat ing methyl fragments 

from the surface. The similar partial pressure dependencies demostrates 

that FT synthesis continued in the presence of pyridine and suggests that 

the surfaceconcentratlon of pyridine was not too large. FT activity was 

always recovered in the absence of pyridine. 

Figure 17 and 18 demonstrato that  the rate of methane formation 

had a greater H 2 par t ia l  dependence than did Cl-pyr id ine.  Differences 

between the slopes of the Cl-Pyridine l ines on Figure 17 and !8 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 demon=trate that the scavenged distributions are affected bythe 

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 H 2. Causes for the different methanation dependence at the two H 2 

partial pressures could be caused by slight changes in the iron surface 

composition. These differences were not investigated. 

The effect  of continuous pyridine in ject ion on the hydrocarbon 

chain length and the olef in/alkane se lec t iv i ty  are presented in Figures 

21-23. There was no noticeable change for low weight products whereas 

there tended to be more propagation of a lky l  fragments for the high 

weight products during scavenging. These trends were observed ear l ie r  

where the change at high weights was assigned to suppressed alkyl 

termination to alkanes. The suppressed termination was caused by the 

postulated displacement of hydrogen from the surface bypyridine. 
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The olefiqlalkane ratio increased with increasing part ial 

pressure of CO and decreasing partial pressure of H 2. In all cases the 

low weight FT products were more olefinic during continuous pyridine 

exposure. The partial pressure dependences were nearly the same in the 

presence and absence of pyridine. The changes with CD and pyridine may 

both be due to a displacement of surface hydrogen by either species. 

Wedler et el. (39)  found that CO displaced preadsorbed H 2 from 

polycrystalline iron films. Such a displacement would increase the 

olefin to alkane ratio. 

The effects of reactant partial pressure on Cy'and C 3 FT products 

and 2-ethylpyridine (C2-pyridine) and 2-propylpyridine (C3-Pyridine) a r e  

presented in Figures 24-27~. The FT rates were less and the partial 

pressure dependences appeared unchanged in the presence of pyridine. 

The partial pressure dependence on H 2 was less for the Cn-pyridine than 

for the corresponding rate of total C n production, The Cn-Pyridine and C n 

hydrocarbons displayed a negative dependence on the partial pressure of 

CO; the Cn-pyridine dependence was more negative. 

Figures 28-31 present the distr ibution dependences of the 

alkylpyridines ano the FT products on reactant partial pressure. Except 

for the data collected at Pco of 0.257 arm and HE/CO ranging from 1.5 to 

5 on Figure 29 the distribution of scavenged products and the ratios of 

the hydrocarbon rates displayed .early the same pressure dependences. 

The similarity suggested that the pyridlne reacted with a product 
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Figure 24. C2-pyridine/wrtdine and the t o t a l  rate  of C 2 hydrocarbon 
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precursor. Previous work in Chapter I l l  established ~hat pyridlne was 

not reacting with FT products rather reaction intermediates. 

B . D I S C U S S I O N  

The mechanisms outlined in Figure ] contain alkyl intermediates; 

therefore, the fact that alkyl fragments were scavenged does not 

disprove either mechanism. The removal of al~yl fragments and 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 wil l  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 I I I  

suggeted that the coverage of surface carbon was very large and 

essent ia l ly  constant. This is supported by the observation of the large 

carbon reservoir over iron (33). The meti~yl and methane forming steps 

according to this mechanism can be expressed as: 

(1) co(g),  s co 

(Z) CO÷ S -~-¢- C + 0 



(3) HZ(g ) +2S ~'~ 2H 

(4 )  C + H ~ CH+ S 

(5) CH + H ~ -  CH 2 ÷ $ 

(6) CH 2 + H ~ H 3 + $ 

(7) CH 3 ~ H ~ CH4(g ) ÷ Z$ 
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where S denotes a vacant surface site, (g) denotes a gas phase species 

and all other species are adsorbed. 

Assuming constant carbon coverage, Bc, eliminates the need to 

perform an oxygen balance. The site balance is assumed to be 

approximately by the following equation 

I = B C + e H + BCO + B V (4) 

where B V represents the fraction of vacant sites. Only reactants, carbon 

and vacant sites are considered for simplicityand because intermediates 

have not 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 i t  be considered. If" the coverage of hydrogen and CO are 

represented byLangmuir isotherms 

B H = (K3PH2)O'SBV; (s) 

BCO = KIPcoSv; (6) 
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e V = 

1-B C 

1 + (K3PH2)O'5+K1Pco 

(7) 

where K ~s an equilibrium constant. 

The methylene insertion mechanism is based on one developed by 

Kellner and Bell (59) and is written as 

(B) CH 3 + CH 2 --~ C2H 5 + S 

kp n 

+ CH 2 + S (9) C n "--" On+ I 

( I0) C n + S 

ko n 

--~ CnH2n(g) + H + S 

(11) C n * H 

kA n 

CnH2n÷2(g) + 2S 

where C n refers to an alkyl species containing n carbon atoms and kPn, 

and refer to propagation, olefin termination and alkane 
kD n ' kA 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  BCn. Reactions 4 

znd 6 are assumed to be in equil ibrium. Letting reaction 5 in addition to 

4 and 6, or only reaction 4 be at equil ibrium produces a methanation 

hydrogen dependence of 2,0. The experimental value was 1.4. The 

steady-state approximation is applied to CH 2 and C 2 and higher alkyl 

species. Final ly,  the propagation and termination rate constants are 

independent of chain length, a common assumption for FT synthesis. The 

resulting expressions for methylene insert ion are 

BCH = K4ec(K3PH2)O'S; (B) 

k$eCHB H 

eCH z = , .  ; ( 9 )  

k-5Bv+kpKG(BH/Bv)BcH2 n=D£ an 

= = K6(K3PH2) O" ; eCH3 el 5e 
CH2 (JO) 

e n = =n ' lB] ;  ( l~)  

Bn+ 1 
~ " a ;  

e n ( ; z )  



kpeCH2 

Q , ( ] 3 )  

kpecx 2 ÷ kOe V * kAe H 

where a is the chain growth parameter. 
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The CO ~nsertion mechanism i s  based on a mechanism developed by 

Olive and Olive (61,62).  Reactions ) to 7 are used as are 10 and 11. The 

de ta i l s  of the propagation react ion are unknown. The steps shown below 

assume that CO insertion is slow and all subsequent 

hydrogenation/dehydration steps are rapid. There is no precedence ~or 

t h i s  other than acy] fragments have never been detected during Fl" 

synthesis. 

H 

(12i  CH 3 ÷ CO ~ COCH 3 ~ C2H 5 + H20 

H 

(1).3) C n ",. CO " CDC n " Cn+ 1 + 1-12.0 

The rate at which C2H 5 forms byreactlon IZ is Biven by 

de 2 

- - =  k)ZBCH3BCO 

dt 

(z4) 

The same assumptions are made fo r  the CO inser t ion  mechanism: 

reactions 4 and 6 are at equlllbrlum, a steady -state approximation holds 
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for C 2 and higher alkyl fragments, and rate constants are independent of 

chain length. The resulting expressions for CD insertion arc 

BCH = K4Bc(K3PH2)0"5; 

BCH 2 = K4KsBcK3PH2; 

BCH 3 = K6K5K4Bc(K3PH2)I"5; 

(8) 

(as) 

(16) 

kIBcO 

a = ( 1 7 )  

klBcO + koB V ~ kAB H 

Equations 11 and 12 also result. 

Xhe ratios of 8n+i/B n a~e given by =. The ratios 

C2-pyridine/C1-pyridine and C3-P~ridine/Cz-pyridine are expected to be 

proportional to the concentrations of B 1 to B 3 . Therefore, the ratio of  

alkylpyrtdine signals should have the same dependence on the synthesis 

variables as does =. The results of Figures 27-30 are summarized in 

Table 5, where a negative hydrogen and posit ive carbon monoxide 

dependence are observed. 

The predicted par t ia l  pressure dependences for the ets derived 

for methylene and CO insert ion, equation 13 and 17, respectively, are 
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Table 5l Partial Pressure Dependences for 

Alkylpyridine Ratios. 

Ratio 

Cn+I-pyr 

Cn-pyr 

Pco pH 2 Nominal 

(atm) (atm) H2/CO x (a) 
range 

y(a) 

2/1 1.027 0.2-0.5 

211 O. 257 0.7-5 

2/1 0.770 1-5 O. 17 

2/1 0.308 0.2-1 0.22 

3/2 1.027 0.2-0.5 

3/2 0.257 0.7-0.5 

3/2 0.770 1-5 0.07 

3/2 0.308 0.2-1 0.17 

-0.19 

-0.20 

-0.03 

-0.27 

(a) x and y are defined as Cn+l-pyr/Cn-pyr-gPco PH 
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Table 6. Partial Pressure Dependence for the 

Chain Growth Parameter 

Methy]ene Insertion: 

C¢ ,K 

PH20"4 
kp 

Pc00.5-~ (a) 

CO Insertion: 

(= == 

(a) 0<_ B<_ I 

kp 

p D.4 0.5 
H 2 1 PH 2 

+ k 0 ~ + k A 

PcoO-5-B PCO B PCO B 

kl PCO 

kIPco + k 0 • kAPH2 D'B 
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given in Table 6. These were arrived at by.considering the individual 

dependences for e H, 6C0, B V and BCH 2. A br ief  discussion of this follows. 

The part ial  pressure dependence for BCO, BH, and B V depend upon 

the significance of the terms in the denominator of equation 7. Arakawa 

and Bell (25) were unab]e to detect adsorbed CO over iron with infrared 

spectroscopy. They offered two interpretations: 1) molecular CO adsorbed 

paral lel to thP surface in a manner which would not produce an infrared 

absorption band, and 2) molecular CO coverage was very low. The 

fnhibt tow effect of increasing CO pressure on FT ac t iv i ty  and 

olefin/alkane se lec t iv i ty  suggests that CO does adsorb on the surface. 

The l im i t  of CO saturation invoked over Ru (56) can not be jus t i f i ed ;  

therefore, the magnitude of K1Pco is assumed to be of order unity or 

less. At 0°C adsorbed hydrogen is displaced from polycrystall~ne iron 

f i lm by gas phase CO (39). This observation suggests that K1Pco is 

greater than (K3PH2) D'5- 

The vacant s i te term, BV, is assumed to have a negative PCO 

dependence, denoted as ~ in Tab]e 6, and a weaker negative dependence on 

PH2, which ts neglected. The dependence for B H and BCO are found by 

combining those indicated in equations 5 and 6, respectively, wtth the 

assumed dependences for  B V. A positive 0.5 PHz dependence amid negatfve 

PCO dependence, ~, are assumed for e H. A negl igible PH2 dependence fGr 

BCO is assumed and the PCO dependence is given by 1-~. 

The pressure dependence for eCH Z can tn pr inciple be determ|ned 

using equation g. This equation includes = which has a part ial pressure 
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dependence. Alternately, the dependence for BCH 2 can be estimated from 

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

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

represented by the following expression 

BCHzPH2 I"0 

0.5 
rCH 4 = BCH38H " PH 2 8CHzBH = {18) 

PCO B 

The experimental data predict 

p 1.4 
H 2 

rCH 4 = 

pi;o 0 . S 

: (19) 

Equations 18 and 19 are combined to give 

PH2 °'4 
! 

eCH 2 . (20) 

pco 0"5-~ 

The results of Table 6 can be used to estimate the part ial 

pT:ssure dependence in the l im i ts  that = is approximately zero and unity. 

When = equals unity propagatton is  much faster than termination such that 

only the f i r s t  term need be considered in the denominator. When ¢ equals 
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zero, the termination rates exceed the propagation rate. This is 

anticipated at high H2/CD ratios where alkane formation dominates. 

Therefore, at a equal zero only the last term in each denominator was 

considered. Table 7 l ists the anticipated dependences. 

Satterfield and Huff (42) reported values for = over an iron 

catalyst. The values were obtained from Schulz-Flory plots of 

experimental data. They observed that a was constant with CO conversion 

and H2/CO ratio and appeared to be a function of iron composition. The 

latter observation is supported by Krqbs et al. (30). The growth 

parameter, a, was not measured over the catalyst used in these studies; 

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

0.7. This implies that the actual partial pressure dependence wi l l  be 

intermediate between the values shown in Table 7. 

The results in Table 5 demonstrate that t he  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 PCO was of positive order O.Z. Both mechanisms predict 

a value which is positive. The unknown PCO dependence of B V, 8, 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 CD insertion mechanism. 
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Table 7. Predicted Partial Pressure Dependences 

for a at the Extremes. 

Mechanism Pco PH 2 

lira = ~ I Methylene Insertion 0 0 

l im a ~ I CO Insertion 0 0 

lim = ~ 0 Methylene Insertion 28-0.5 - 0 . i  

lira = 4 0 CO Insertion I -0.5 
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More information is required about CO adsorption and coverage at 

reaction conditions over iron catalysts before a value of B can be 

determined. Without this value i t  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 

B i expressions seem reasonable. Not all possible combinations of 

equilibrium and steady-state assumptions for various reactions or 

intermediate species were tried. Dther combinations of elementary 

reaction equilibria and reversible versus irreversible reaction 

mechanisms were investigated. The combination presented above produced 

the experimentally determined negative PH2 and positive PCO dependence 

oN ¢, whereas others did not. While this does not substantiate the 

proposed mechanisms the hydrogen partial pressure correspondence adds 

credence to the mechanisms. 



V.CONCLUSlON 

The studies over 20 wt% Fe203/SiO 2 have shown that the iron phase 

converts into the same type of iron phases seen by other groups starting 

with Fe, Fe203, and Fe304. Activation of the supported Fe2D 3 in Hz/CO at 

temperatures less than 25D°C resulted in a catalyst which displayed 

steady act iv i ty ' 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 CO 2 and the presence of 

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

carbides. 

Synthesis products were analyzed through C16. 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 ispresent over iron. 

96 
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Cyclohexene and pyridine were added to the reactant feed gas to 

scavenge alkyl fragments from the surface. Both scavengers were 

alkylated, methyl substitution was great=r than ethyl substitution. 

Prldlne was much more eff iciently alkylated, 3 injections producing a 

measurable signal versus the 120 injections of cyclohexene required to 
l 

see a minor increase in 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 activi ty 

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 tile 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 alk¥1 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 PGO dependence was unknown and could not be measured 

independently. The research does support a mechanism in which alkyl 

fragments are ~nvolved in the propagation step. 
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