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ABSTRACT 

A DATA BASE FOR FUSED IRON CATALYST IN THE FISCHER-TROPSCH REACTION 

R. F. Batchelder, H. W. Pennline, and R. R. • Scheh•l 

U. S. Department of EnergY" ' .  

• , Pittsburgh Energy Technology Center • -! 
P, O. Box 10940 - 

Pittsburgh, PA 15236 • 

Various tests were Conducted with a promoted, fused-iron c#talyst. •Hydrogen.and 

carbon monoxide mixtures of d i f ferent  rat ios  with or Without :light o l e f in  

additives were reacted in a gradientless, mixed reactor. ,Process and catalyst 

parameters invest igated were temperature (250°-325°C),-pressure"(iO0-600 ps ig ) ,  

H2:CO synthesis  gas rat io  (1/1 - 4 /1 ) ,  and cata lys t  par t i c l e  s ize;  Results from 
, .  ' . : . ,  : 

these experiments have been presented graphically, and .obsgrva}ions hive been 

discussed : • 

INTRODUCTION • •  

• . !  , 

In"L~he past,  various invest igators  who have tr ied to model Fischer-Tropsch 

reactor systems have suffered due t o t h e  inconsistent  kinet ic  data avai lable  in 

the l~ tera ture .  The Pittsburgh Energy Technology Center(PETC) of the U. S. 

Department of:Energy in a cooperative e f f o r t  with universal Oil Products, Inc. 

(UOP) proceeded to develop an experimental data base With a fused-iro•n catalyst 

for Fischer-Tropsch synthesis. 

Universal Oil Products, under contract to DOE, performed preliminary evaluation 

o f  four"reactor  systems for use in indirect  l iquefact ion via Fischer-Tropsch 

technology.  1 The four reactor systems are as fo l lows:  (!) •SASOL Synthol 
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reactor, (2) Tube-Wall Reactor (TWR), (3) Slurry (Kolbel) reactor, and (4) oil 

circulation reactor. As one approach to this evaluation, Universal Oil Products 

developed a computer model to predict performance of these four reactor systems. 

Universal Oil Products developed a simple kinetic model based on available 

literature with the help of several consultants; Universal Oil Products used 

fused-iron kinetic data reported in the literature to f i t  the parameters of 

their kinetic model. However, in spite of the vast amount of literature 

relating to F-T synthesis, there were insufficient self-consistent kinetic data 

~vailable to enable Universal Oil Products to incorporate a kinetic model that 

is capable of predicting carbon number distributions, olefin-paraffin ratios, 

etc. A PETC-Universal Oil Products cooperative effort was undertaken, with PETC 

developing the experimental data base for carbided fused-iron catalyst in a 

mixed reactor and Universal O~l Products incorporating these kinetic data into 

2 
their mathematical model. 

This report summarizes the results of the experimental program. The 

experimental results are tabulated in Appendix A. Some general observations are 

made about the dependent variables -- the (H 2 + CO) conversion, the degree of 

polymerization, and olefin/paraffin ratio -- in terms of the independent 

variables -- the reaction temperature, the pressure, the reactor H2/CO ratio, 

and the catalyst particle size. The reader is referred to Universal Oil 

Products's final report, 2 where a kinetic model is refined to optimize the 

degree of f i t  to this experimental data base. 



EXPERIMENTAL 

DeScription of the Equipment 

The studies were conducted in a mixed reactor. The reactor is shown in Figure 1 

and described by Berty. 3 In this type of reactor, bulk heat:and mass transfer 

effects are minimized ~ or eliminated by the •high internal recycling of product 

gas. A schematic of the reactor flow system is represented in Figure 2. 

Typically, the various blends of synthesis gas were ordered from a gas-blending 
• 

f i rm .  The gas was used d i rec t ly  from the aluminum cylinders. Aluminum, rather 

than carbon s t e e l ,  cylinders were used to prevent iron carbonyl formation. A 

boost compressor on the feed line was used to maximize cylinder gas Usage. The 

feed flow was metered .• and controlled by a mass flowmeter whose principle of 

operation is based on gas thermal capacities. 

( c) Products exit the reactor via a downward sloping, heated line 200 o and enter 

a •hot trap (200°C) where heavy hydrocarbons, i f  formed, are condensed. Lighter 

products are condensed in an air-cooled trap and a water-cooled trap; After the 

system pressure is reduced, the product gas is metered by a wet testmeter.  

Periodically, product gas can be directed to an on-line gas chromatograph that 

can analyze for unreacted feed and hydrocarbons up to a carbon numberof eight. 

Catalyst Preparation . . . .  

The catalyst was an ammonia syn.thesis catalyst {ype C73-i-01 by Unit e~ Catalyst, 

Inc., with the following chemical analysis: 

. .  

• • - i" 
: : : . .  



Weight Percent 

FeO 30-37 
Fe203 65-58 
Free Fe 0.5 
Total Fe 67-69 
A1203 2.0-3.0 
K20 0.5-0.8 
CaO 0.7-1.2 
Si02 0.4 
P 0.015 
S 0.001 
C1 0.002 
Fe++/Fe +++ 0.45-0.65 

After crushing and sieving to 6 to 8 mesh, the catalyst  was blown with a i r  to 

remove any f ine dust par t ic les .  A 2-kg quant i ty of cata lyst  was r i f f l e d  to 

insure homogeneity. For each test ,  50 g of cata lyst  was then loaded into a one- 

inch-diameter basket and supported by a stainless steel screen. During 

operation, impeller speed was 1240 rpm. An outer furnace heated the reactor 

while excellent bed temperature control was obtained by a modif icat ion that 

involved the ins ta l l a t i on  of a cooling coi l  in the reactor head. 

Experimental Procedure 

I n i t i a l  experimentation with fused-iron determined that ( I )  tests were 

reproducible between Berry uni ts,  (2) a shutdown immediately followed by purging 

with helium did not af fect  the cata lyst  a c t i v i t y  when the test  was restarted, 

and (3) a long hydrogen reduction is required for  data reproduc ib i l i t y .  With 

th is  knowledge, the cata lyst  for  each test  was brought to synthesis conditions 

in an ident ical  manner. I n i t i a l l y ,  the reactor system was pressurized to 300 

psig with hydrogen. Reduction began by f lowing hydrogen at 2500 vo l /vo l -hr  



space velocity at 450°C and 300 psig ~for 72 :hours. 'At the end of this period, 

traps were •drained to collect the water formed in the reduction.-.- At-this time, 

the temperature was decreased to 250aC. The induction was ini~i~ted by 

switching the feed gas from hydrogen to 2:1 H2/CO synthesis gas and incrementing 

the flow rate over. a one-hour period to achieve a 1600 vol/vol-hr spacevelocity 

at 300 psig... Induction then. continued for 23 hours, and a 2:1 .H2/CO synthesis 

gas was always used. The purpose of the induction period is  to. allow .a 
4 '  

carbonacebus layer to slowly form on the iron surface at amild temperature. At.. 

the end of the inductiQ~, period, the feed gas was swithhed to the blehded gas 

that was to be used in the particular test. •Synthesis was conducted at 1600 

voi/vol'hr space velocity with blended gases at the desiredpressure and with 

temperatures'of 2•75 °, 3000, ..: and 325°C. "The catalYst 'remained a t  each 

temperature for 48 hours (a 12-hour stabilization period and two successive 18- 

hour .material. balance .periods). A temperature, sequence for a standard run 

consisted o~two Periods at each of the following temperatures: 2T5QC, 300°C, 

275°C, 325°C, and 275°C. Trap drainings, metered flows, and gas •analyses were 
. 

obtained for each 18-hour period, and• these were used for material balance 

determinations. It should be noted that after the 300°C and 3•25°C•it~mperature 

excursions, the catalyst was returned to 275°C in order to characterize any 

deactivation. Table i is a list of. the various tests that were conducted. 

• . . , _ .  
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TABLE I. List of Experiments 

Feed H2/CO Pressure Added Feed 
Run Ratio psig Components 

2-18 2 300 
3-19 2 300 
2-25 1 300 

3-21 4 300 

3-22 2 400 
3-24 2 400 
3-28 I 100 
2-19 2 300 
2-21 2 300 
3-25 2 300 

3-26 2 400 

3-20 2 400 
2-22 2 300 
2-23 2 300 
2-24 2 300 
2-26 2 300/400 
3-27 1 300 

3-29 1 300 

5% C2 = 
5% C3= 
1.3% C4= + 
0.3% C5 = 
5% C2 

1% C2H 4 
5% C02 
5% CH 4 

Objectives 

Base Cond~tiohs 
Base Conditions 
Determine effects of H2/CO 

ratio 
Determine effects of H2/CO 

ratio 
Determine pressure effects 
Determine pressure effects 
Determine pressureeffects 
Determine olefin equilibrium 
,Determine olefin equilibrium 
Determine olefin equilibrium 

Determine effect of pressure 
on olefin equilibrium 

Determine olefin equilibrium 
Determine effect of C02 
Determine effect of CH4 
Operation at 250°C 
Operation at 250°C 
14-18 mesh catalyst, effect 

of particle size 
Aging study at 300°C 

Analysi s of Products 

The gas, l iquid, and wax products were characterized by various techniques. 

Product gas and unreacted feed gas exiting the system were analyzed for 

hydrocarbons up to C 8 by gas chromatography. However, isomer and olef in- 

paraffin differentiation could only be made for C1-C4 hydrocarbons. The l iquid 

trap drainings were f i r s t  physically separated into oi l  and aqueous phases. The 



oil phase was analyzed by simulated distillation (ASTM D-2887), fluorescent 

indicator adsorption (FIA) (ASTM D-1319), and bromine number (ASTM D-1159). The 

GC output from the simulated distillation of the oil phase was further analyzed 

to yield a weight percent by carbon number distribution for :a rahge of carbon 

numbers (5 to 24). This was done by observing the repeating pattern of GC peaks 

and establishing retention time windows to coincide with each carbon number. 

The aqueous fraction was analyzed by mass spectroscopy to' determine mole 

fractions of H20 , methanol, ethanol, n-propanol, iso-propano!, butanol acetone, 

and acetic acid. The water fraction was verified by the Karl Fischer reagent 

technique. Waxes were analy~ed by simulated ~ist i • ] lat ion,  and bromine numbers 

were determined, 

DATA REDUCTION , . . "  • 

Appendix A l ists the material balance results for each test period, .Most of the 

entries .are self-explanatory.. The molar flow .rates of inlet and .outlet reactor 

streams are l isted .in units of millimoles/hr. In this .~rogram, .hydrocarbons 

beyond carbon ~number 26 were not considered, With the range ~f degree of 

polymerization that we observed, the effect of neglecting products beyond carbon 

number 24 is negligible. The molar flow •rates for ..the inle£ stream: were 

determined by combining the inlet  gas composition andin le t  gas flow rate. The 

outlet stream composition wasdetermined by combining.the exit gas: ~nalys'is, the 

oiI fraction analysils, and the aqueous fraction analysis with the .y ie lds  of.the 

gas, o i l ,  and aqueous fract.ions. The yields of the oi l ,  -aqueous,. and wax 

~ractions are listed in unit.s of g/hr. The result.s of • the FIA and bromine 

number analysis of the. oil fraction ,are l isted i f  avai lable .  i!he derivation for 

degree of polymerization from Schulz#Flory kinetics is as follows "'4. 
.7 



InXn = n Inp + In l-p 
P 

where Xn = mole fraction of carbon number n species (including alcohols, 

paraffins, and olefins) 

p = probability of chain growth 

A plot of InX n versus carbon number should yield a straight line with slope Inp 

and intercept In ~ .  The degree of polymerization is defined as DP = l~p . .  

The carbon number range used for this determination was typical ly 2 to 18 unless 

olefins were added to the feed gas, in which case the next higher carbon number 

was used as a lower l imit .  

RESULTS AND DISCUSSION 

The experimental program covered a wide range of three independent variables: 

reactor temperature, reactor H2/CO ratio, and catalyst age. Reactor temperature 

ranged from 250°C to 325°C. The H2/CO ratio was varied by using feed gases with 

H2/CO ratios of 1, 2, and 4. Catalysts were operated for as long as 14 days 

under synthesis gas flow' 



Rate of (H 2 + CO) Consumption 

The (H 2 + CO) consumption can be used as a measure o f  the r a t e  !of CO 

incorporation into hydrocarbons. Figure 3 is a 3-dimensional plot of (H2 + CO) 

consumption vs. the two independent var iables :  reactor temperature and reactor 

H2/CO rat io .  The data are taken from the resu l t s  of run numbers 2 - 2 5 ,  2- i8 ,  and 

3'21, where the in le t  H2/CO feed rat ios  were 1/1,  2/1,  and 4/1,  respect ive ly .  

All subsequent 3-dimensional plots  are obtained by using the data fr.om these 

-tests .  The reactor temperature ranges from 250°C to 325°C, and •the reactor 

H2/co rat io  ranges from 1 to 100. The (H2 + CO) consumption increases rapidly 

with temperature (see Figure 3) and also increases with H2/CO ratio..  Assuming a 

rate expressi.on for rate of propagation or rate of chain growth of'the form •rp = 

kp (CO) x (H2) y, where kp..is the rate constant,  then y must be greater than x. 

This conclusion is confirmed by Universal Oil Products's model f i t t i n g  of the 

experimental data. 2 

selectivity 

. ", ' , "  

Figure 4 is ,a Schulz-Flory plot (lnX n vs, n) for period 3-19A. The C2-C4 

alcohols  are included in this  d is tr ibut ion.  As is  typical  fog an iron ca ta lys t ,  
T, 

the product se lect iv i ty  can be represented well by the Schulz-~ lorydist r ibut ion 

evident by the l inear re lat ionship .  The degree of  polymerization is  a measure 

of se lect iv i ty ,  i . e . ,  DP = i yields 100% methane, DP = 4 .y~elds.maximum 

.gasol ine ,  DP = 6 y ie lds  largely  wax. Figure 5 is  a 3-dimensional plot  Of DP vs. 

the .independent variables of reactor temperature.and reactor H2/CO rat io .  The 

degree of  polymerization decreases strongly as t emperature increases .  Since 
, , . ,  : . .  
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DP= 
rate of polymerization 
rate of polymerization + rate of chain termination, 

the chain termination reactions have a higher activation energy than the chain 

propagation reaction and thus begin to dominate at higher temperatures, leading 

to a lower degree of polymerization. The H2/CO rat io appears to have an effect 

on the degree of polymerization at the lower temperatures where increasing H2/CO 

rat io decreases degree of polymerization. I t  might be concluded that higher H 2 

concentrations have a stronger effect on chain termination ( i .e . ,  hydrogenation) 

than on chain propagation. 

Olefin/Paraff in Ratio 

Figure 6 i l lust rates the effect of H2/CO rat io and reactor temperature on the 

propylene/propane rat io.  The propylene/propane ratio increases as the reactor 

temperature increases. The propylene/propane decreases as the H2/CO rat io 

increases. The explanation for H2/CO ratio effect is straightforward; at high 

H2/CO rat ios, hydrogenation to paraffins is promoted, resulting in lower 

o lef in/paraf f in  rat ios. The propylene/propane ratio increases with increasing 

reactor temperature. 

Aging Effects 

As described below, during each run the temperature is cycled through the 

following temperatures; 275°C, 300°C, 275°C, 325°C, and 275°C, where two mass 

balance periodsare completed at each temperature. I f  the reactor temperature 

10 



is returned to the base temperature 275°C after each .temperature ..excurs.ion, the 

rate of deact ivat ion can be monitored. • - 

The deactivation behavior is highly dependent on the H2/CO ratio of: , the.feed 

gas. Figure 7 is a p.lot of H2/CO conversion vs. days on stream for runs with 
i 

H2/CO feed gas ratios of 1, 2, and 4 .  The (H2 + CO) convers ion i s  used to 

measure activity because it  represents the rate at which carbon i s•converted, to 

hydrocarbons. With a H2/CO feed gas ratio of 4, the catalyst  ;actually exhibits 

a"large increase in act iv i ty  over the lO-day cycle (see Figure .7), An 

explanation could be that the carbide equilibrium on the ,cata iyst  ~S.. approached 

more Slowly •under conditions of low carbon monoxide partial pressures. The 

runs with H2/CO ratios of I and 2 exhibit no s ignif icant  deactivation until the 
. , '  . • 

9th and lOth~day af ter  operation at 325°C. The run with l i l  H2/CO shows a 

greater deactivation than the run with 2:1H2/CO. 

Run 3-29 •was conducted to observe aging effects at a constant temperature of 

300°C, with a 1:1 feed gas. Figure 8 shows the trends for (H2 + CO) ~onversion, 

DP, C3H6/C3H8, and bromine number as a function of days on stream. The (H2 .+ 

CO) conversion decreases steadily as cata lyst ,  age increases, indicating the 

general deactivation of the catalyst. The plot of degree of polymerization does 

not reveal any. trend. The .propylene/propane ratio r ises  to a-plateau after 

several, days. • After an init ial  r•ise, the bromine number undergoes, a. steady 

decrease. In• general, i t  appears that the olef in/paraff in ratio of ..tile. l ighter 

,hydrocarbons~ remains constant •, while that for the heavier fractions .decreases 

With catalyst, age. 
" j  

1 1  "" 

, . . .  



Effect of Catalyst Particle Size 

Run 3-27 was a standard run with 1:1 H2/CO feed gas except the catalyst particle 

size was reduced to 14 to 18 mesh in contrast to a particle size of 6 to 8 mesh 

that was used in the other runs. Fif ty grams of fresh catalyst was charged in 

all cases. The effect of particle size is illustrated in Table 2, which 

compares the (H 2 + CO) conversion of run 3-27 with that of run 2-25 (1:1 H2/CO 

feed gas). 

TABLE 2. Effect of Particle Size on (H 2 + CO) Conversion 

Run 2-25 (6 to 8 mesh) 

"Run 3-27 (14 to 18 mesh) 

(H2 + CO) Conversion 

275°C 300°C 275°C 325°C 275°C 250°C 

36 56 36 61 15 8 

55 71 55 79 40 18 

The rate of reaction Is considerably higher with the smaller catalyst size, 

indicating the presence of considerable internal particle diffusion. A range 

of catalyst particle sizes would have to be investigated in order to reveal the 

magnitude of the internal diffusion. The conclusion is that considerable 

internal diffusion exists in the 6 to 8 mesh catalyst. For the limiting case of 

an in f in i te  internal diffusion resistance, the reaction would take place only on 

the outer surface of the particle, and the rate would be proportional to the 

external surface area of the catalyst. 

12 



SUMMARY 
] Z 

In conclusion, an experimental data base for the promoted fused-iron Fischer- 

Trospch system has been presented. The experimental program successfully 

covered a wide range of the independent variables: reactor temperature, reactor 

pressure, H2/CO ratio,  and catalyst particle size. The important • responses that 

were measured include (H2 + CO) consumption, (H2 + CO) conversion, degree of 

polymerization, and propylene/propane ratio. These responses •have been 

graphically presented and the observations have been stated. 

S 
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