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Gasoline production in synthesis gas conversion can be increased to over 60% of total 
hydrocarbon and essentially 100% of the liquid product by combining a Fischer-Tropsch 
catalyst with an excess volume of a ZSM-5 class seolite. 

Chang, Lang, and Silvcstri (1) have 
reported in a parallel paper their discovery 
of a new class of synthesis gas conversion 
catalysts, comprising a carbon monoxide 
reduction function combined with a eeolite 
of the ZSMd class (2) that gives high 
yields of aromatics. These zeolitcs arc 
members of the group of Mobil shape- 
selective zeolitcs that are characterized by 
pore openings intermediate between small 
pore zeolites, such as zcolite A and erionite, 
and large pore zeolites, such as the fau- 
jasities (2). The ZSM5 class of zeolites 
is active for the conversion of methanol 
and other oxygenates to hydrocarbons (3’). 

Dry (4) has shown that in both theory 
and practice the selectivity for gasoline 
production peaks at 40% with conven- 
tional Fischer-Tropsch iron catalysts. This 
paper will demonstrate that the selcc- 
tivity for gasoline production can be in- 
creased to over 60% of the total hydro- 
carbon product and essentially 100% of 
the liquid product by mixing the iron 
Fischer-Tropsch catalyst with an excess 
volume of zcolite. In addition to improved 
selectivity for gasoline production, the 

iron/ZSM-.5 class composite catalyst im- 
proves the octane quality of that gasoline 
and enhances the activity of t’he iron 
under fixed-bed conditions. Experimental 
evidence will be offered to explain the 
synergistic function of the zeolite. 

METHODS 

Materials. The zeolite component of the 
composite catalyst used in this study was 
previously characterized (2). The Fischer- 
Tropsch component was a commercial, 
potassium promoted, ammonia synthesis 
catalyst obtained from Girdler under the 
code name G-S2. Unless otherwise stated 
the composite catalyst was comprised of 
an intimate mixture of I2 to 25 mesh 
(700 to 1.500 pm) particles of iron and of 
zcolite in a volume ratio of t. The pre- 
mixed synthesis gas components were ob- 
tained from Mathcson. 

Apparatus and procedure. Fixed-bed con- 
tinuous flow micro-reactors containing up 
to 10 ml of catalyst were used in this 
study. The preheater and reaction zones 
were made of 12.2-mm-i.d. stainless-steel 
enclosed in a three-zone electrical resist- 
ance, block heater. A representative tem- 
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peraturct profile of the rclaction zone 
measured from an axially cclntc>rcld thcr- 
mocouplc ~~11, was : brd inlet,, 320°C; 
immediate cxothcrm, 335°C maximum; bed 
outlet, 120°C. Gas flow rates w(‘rc rclgu- 
lated by a Nupro mcttcxring valvcl, prcssurc 
by an Annin prc’ssurc rctl(tasc valve. 

Liquid product was collcctcld directly in 
in prc,ssurc>d .Jcrguson sight glass. Th(t gas 
collrction train includrd two dry ice 
acctt,ono traps and a welt tcstmc>tc>r. Hy- 
drocarbon liquids from the wcaathcrcd 
Jcrguson and traps wcrc combined, 
weighed, and analyzed by gas chroma- 
tography. Il;cat,h(Lrcld and dry gasc’s wcr(’ 
analyzcld by mass spectroscopy. The aque- 
ous layclr was mclasurc>d sc>parutjc>ly and on 
occasion analyzc~d for soluble oxygcn-con- 
taining compounds. 

I<I:,SUI,TS ANl) l>ISCUSSION 

Arrhcnius plots of spacc-timc yicxlds 
from th(l potassium-promotcld fused iron/ 
zeolit’r: composite> cat’alyst arc’ comparcld in 
Fig. 1 with the fixed-b(ld porformancc of 
typical fusc,d and prccipit’atcd iron Fi- 
scher-Tropsch catalysts (5, 6). Yields are 
calculated in terms of ml Hz + CO con- 
vc:rtcd/hr/ml catalyst (5) and ml HsO 

+ CO2 producc~d,Ihr,/ml cat,alyst (B), with 
tho fused iron and zclolitc both included 
as catalyst volume. The act)ivation energy 
of t’ho reaction over the composite catalyst, 
is about 5 kcal:‘mol(*, which is remarkably 
close t,o the G kcal/molc rcportcld by Dry 
(4) for fluid bod oporation within tho 
same t,cmpc>rat’urc range. Valucls of 15 to 
21 kcal,‘mol(> havct bcc>n rc>portcd for iron 
Fischer-Tropsch catalyst und(lr fixcbd bed 
conditions (:j, 6). 

In Table> 1 typical liquid hydrocarbon 
products from the iron,/zcbolito fixed-b(ld 
procc’ss arc: comparcld with t,hat of an 
iron-catalyzc>d fluid bed run (7). Both 
products wcr(l obtainchd at about th(> same 
reaction tcmpcratjurcb. A furthcar comparison 
is mndc in Table 2 bc$wcacJn compositions 
of th(t C:,-fract,ion from th(> iron-catalyzed 
IIydrocol (8) process and from the iron/ 
zc>olittr compo&c catalyst. The low oc-olcfin 
and high mc+hylbutcmcx contc>nts obtained 
wit,h th(l compositcl catalyst1 pclrsist, at 
higher carbon numb(>rs and account for 
the high oct,ancl quality of t,h(l C5 to 200°C 
fraction. The &fin contc>nt of the C, to 
200°C fraction has b(lon found to vary 
inversely with aromatics content, and 
ranges from 0 to S.5 wty$,. 

10, ’ / 1 -10 
350 325 300 275 250 225 200 
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FIc4. 1. Arlheni~e plots of space-time yklds vs xkprcml of :hsolute tcmpcrsturr in Y:: A, fuwd 
iwn/zeolite; 0, fused iron (5) ; 0, precipitated iron (6) ; 0, fused iron (6). 
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TABLE 1 

Carbon Number Distribution in Weight Percent 
of Liquid Product 

C-Number Fluid-bed Fixed-bed fused 
fused iron iron/zeolite 

catalyst (6) composite catalyst 
(320°C) (330°C) 

Experi- Experi- 
ment A ment B 

4 5.3 15 14 
5 12.7 14 14 
6 16.6 17 18 
7 16.0 15 11 
8 14.1 14 16 
9 10.9 20 15 

10 6.9 4 9 
11 4.3 1 3 
12 3.3 -1 -2 
13 2.4 - - 

14 1.9 - - 

15 1.5 - - 

16 1.1 - - 

17 0.9 - - 

>17 2.1 - - 

Table 3 shows the effect of geometric 
arrangement of the two components of the 
iron/zeolite composite catalyst on activity, 
selectivity, and rate of deactivation of the 
Fischer-Tropsch component. A typical 
formulation of composite catalyst used in 
most of this study is represented by Ex- 

TABLE 2 

Composition of Cs Fraction from Potassium- 
Promoted Fused Iron Catalyst Systems at 325°C 
and 12 Bars 

Component Hydrocol Fe/Zeolite 

(6) 

Isopentane 
n-Pentane 
1-Pentene 
2-Pentene 
2-Methyl-1-butene 
3-Methyl-l-butene 
2-Methyl-Zbutene 
Unsaturates (wt% total) 
Research octane number 

(cs-2oo”c) 

3.5 32 
7.9 11 

67.2 3 
5.8 18 
3.5 19 

11.1 2 
0.7 58 

88.5 57 

68.5 92 

I I I I 
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periment 1. On a statistical basis each 
iron particle is surrounded by one or more 
zeolite particles. Experiment 2 prescrvcs 
that configuration but provides a highly 
diluted bed with a long mean path be- 
tween catalyst part,iclcs. This demonstrat)es 
that the observed chemistry cannot result 
from some hypothetical iron-zeolite sur- 
face interaction but must involve stable 
intermediate molecules. There was no 
evidence of wax in the unit after thcsc 
two runs. Experiment 3 is a replica of 
Experiment 1 with particles of quartz 
substituted for the zeolite. The unit 
plugged with wax after 2 days. In Rx- 
pcriment 4 the volumes of iron and zeolite 
components are equivalent. Thus, thcrc 
arc statistically too few zeolitc particles 
to separate the bulk of the iron particles. 
Wax formation terminated the run in 
4 days. Experiment 5 illustrates the cffccts 
of two separate beds; iron catalyst diluted 
with quartz above and zcclite below a 
separate layer of quartz. In addition to 
low conversion of synthesis gas, wax 
formed rapidly and plugged the reactor 
in 3 days.’ 

IZeaction Mechanism 

The similarity in activation cncrgics of 
the potassium-promoted fused-iron cata- 
lyst in conventional fluid-bed and iron/ 
zeolitc composite fixed-bed operations sug- 
gests that there is a similarity in the 
synthesis gas conversion mechanism in- 
volved in these two systems. The liquid 
products, however, differ vastly. In fact, 
those from the composite catalyst arc 
reminiscent of the reaction products of 
alcohols (3) and olefins (9) over t,hesc 

7 -H,O 

same shape-selective zeolitcs. Moreover, 
carbon number distribution in weight 
percent of liquid product is essentially 
constant for the iron/zeolite reaction over 
the C? to C9 range and abruptly termi- 
nates around (311 (Table 1). As a con- 
sequence of this selectivity the Cj to 
200°C fract’ion comprises 55 to 6;5y0 of 
the overall hydrocarbon product (Table 3). 
These results differ from conventional 
Fischer-Tropsch technology in t’wo rc- 
spects. Henrici-Oliv6 and Olive (10) have 
shown that Fischer-Tropsch liquid prod- 
ucts peak in molecular weight distribution, 
then decline over a broad carbon number 
range. They liken this phenomenon to t’he 
Schulz/Flory distribution of molecular 
weights frequently found in oligomerization 
and polymerization processes. And, Dry (4) 
has dcmonst’ratcd that the theoretical 
yield of Cs to 200°C material reaches a 
maximum at about 405!& 

The observations above could be ex- 
plained by the obvious two-step reaction 
were it not for the evidence of Experi- 
ments 1 and 2, Table 3, in which waxy 
products are climinat)cd by surrounding 
each iron particle with zeclite particles. 
This phenomenon suggests a “non-trivial 
polystep” reaction, the principles of which 
have been elucidated by Weisz (11). For 
example, it appears that the zeolite func- 
tion is to intercept molecular intermediates 
in t’he chain propagation sequence and 
convert them to forms that are inert to 
further chain growth. The requisite mo- 
lecular intermediates can bc realized with 
one modification of the following chain 
propagation mechanism of Hcnrici-Olive? 
and Olive (10). 

+co 
A-CH2-CH2-F,e A R-CH2-CH2-Fe - Propagation 

R-CH =CH2 + H-Fe’ 

R-CH2-CH2-OH + H-Fe 

(A) 

(8) 

(C) 

+co 
R-CH=C+ + H-Fe’ - R-CH2-CH2-Fe’ - P~OPag+io” (Dl 

1 It was subsequently found that the cycle life of the iron is affected by the solid diluent. Alumina 
is superior to quartz by a factor of ten in prolonging cycle life. 
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We propose that chain propagation by 
coordination of cY-olcfins (reaction D) be- 
comes the major rout’e in iron Fischer- 
Tropsch chemistry as the reaction tem- 
perature is raised from 250 to 350°C. 
If zeolite sites are then placed between 
Fischer-Tropsch sites, H-Fe and H-FC, 
the cu-olefins are converted to aromatics, 
branched and internal olefins, etc. 

R-CHZ-CH=CH2 + zeolite --+ 

R-CH=CH-CHs, etc. (E) 

These molecules complex slowly or not at 
all with fresh iron sites and propagation 
is terminated. 
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