R RS AE R
DE89003247 ?CO/ 6 - ['L

Information Is our business.

FISCHER-TROPSCH SLURRY PHASE PROCESS
VARIATIONS TO UNDERSTAND WAX FORMATION:
QUARTERLY REPORT FOR PERIOD JULY 1, 1988
TO SEPTEMBER 30, 1988

MASSACHUSETTS INST. OF TECH., CAMBRIDGE

1988

U.S. DEPARTMENT OF COMMERCE
National Technical Information Service




s 4

DOE/PC/80015--12
Fischer-Tropsch Slu ase

DES89 003247

Process Variations to Understand

Wax _Formation

Quarterly Report for Period

Julv 1, 1988 +to September 30, 1988~
Report No.: DOE/PCB00O15-12

Contract No.: DE-AC22-85PC80015

by
Timothy Donnelly and

Charles N. Satterfield

for
U.S. Department of Energy
Pittsburgh Energy Technology Center
P.0. Box 10940-MS 802-L

Pittsburgh, PA 135236

Attention: William E. McKinstry, Project Manager

DISCLAIMER

This Teport was prepared a5 an acoount of work spocsorcd by an agency of the United States
Government, Neither the United States Government nor any agency thereol. nor any of ther
cmployees, makes xny warmasty, eXprets of implicd, of assarocs asy logal liabiliry oc responsi-
biity for tbe accuracy. completeness, or usefulness of any information, appanatus, product, or

process. disclosed, or reprosents that s use would oot infringe privately owned rights. Refer- q EE‘L
ence barrin 10 avy specific commercial product, process, of servior by trade oame, trademark, -; - -
manufacturer, or otherwise docs not pecesarily coastitate or knply its codorsement. recom- "

mecodation, or favoriog by the United States Government or any agency thereol. The views

and opimioas of authors oxprestad borcin 4o pot soormarily state or reflect thase of the
United Statcs Goverament or any agency thercof.

k1
¥
I3

o

MSTAIBLTIGN GF TS DICUMENT IS URLIMITED




NOTICE

This report was prepared as an account of work sponsored by
an agency of the United States Government. Neither the United
States mnor any agency thereof, nor any of their employees, makes
any warranty, expressed or implied or assumes any legal liability
or responsibility for any third party's use or the results of
such use of any information, apparatus, product or process
disclosed in this report, or represemts that its use by such

third party would not infringe privately owned rights.



Summary

A precipitated iron catalyst without any alkali promoters
was studied for 2000 hours on stream in a slurry reactor.
Reaction conditions were 230 to 260°C (mostly 260°C), 0.77 to
1.92 MPa, Hz2/C0 feed ratios of 0.5 to 2.0 and CO + H2 conversions
of 10% to 65%. A Schulz-Flofy carbon number distribution with
two chain growth ©probabilities was required to describe the
products. Effects of operating variables on l-butene/n-butane
ratic, methane and oxygenate selectivities, and a1 and o2 are
reported. Rinetic models for secondary reactions of 1l-alkepes
were developed. Addition of potassium t-butoxide to the reactor

substantially shifted both distribufions to heavier products.
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INTRODUCTION

All iron Fischer-Tropsch catalysts that have been used
industrially cootaip potassium, in part because potassium helps
to stabilize the c¢atalyst ageinst aging. Little information has

been published about the performance characteristics of iren

catalysts without alkali under representative industrial
conditions. However this is needed to help clarify the role of
potassium.

Alkalized iron catalysts require two chain-growth parameters
in a Schulz-Flory distributiom to describe the product
(1,2,3,4;5}. This is sometimes termed a "double-a" distribution,
and suggests that two Kkinds of =mechanisms are involved. Schliebs
and Gaube ({2) have hypothesized that one type of catalyst site
contains potassiuz and the second is without potassium, and they
bave presented some experimental data in support of this
position. Particularly they report that an unalkalized catalyst
requires only a single chain growth probability, a. To the
contrary, we find clear evidence that a double—a distribution
occurs even in the absence of potassium, as will be shown.

‘Infornation is also presented on the effects of operating
parameters on the selectivity of this catalyst to 1- and 2~
alkenes, methane, and oxygenates.

EXPERIMENTAL
Composition

The precipitated iron catalyst was prepared by the

Pittsburgh FEnergy Technology Center (PETC), under the supérvision

of M.F. Zarochak. Catalyst precursor batches were prepared in a
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continuous stirred precipitation reactor. Iron and copper were.
co-precipitated from a nitrate solution with ammonium hydroxide.
The filter cake, about 100 grams, was washed with B liters of hot
deionized water, then dried under flowing nitrogen for 24 hours
at 110°C and wunder vacuum for 24 hours at 110°C. A summary of
the procedure is given by Zarcchak, et al. (6}.

The catalyst was analyzed by Galbraith Laboratories for
iron, copper, silica, potassium, and sodium. Table 1 gives the
composition' as determined by atomic sbsorption spectroscopy. Ko
potassium or sodium was detected at the pinimum measurable limits
of 8 ppm and 12 ppm, respectively. The chxalyst does not contain
silica.

Pretreatment

The catalyst was ground and sieved to 50 to S0 mm (170 to
270 ASTM mesh) and calcined in sir at 130°C for 24 hours prior to
pretrestment. This reduced the catalyst weight by 10.1 wtX.
26.8 grams of calcined catalyst were <charged to the 1 liter
slurry reactor and the reactor system was then sealed and leak-
tested with helium to 2.13 MPa.

The catalyst was pretreated according to a procedure
described by  Zarochak, et al. The reactor temperature was
brought to 280 °C while the catalyst and slurry 1liquid were held
under helinm at 1.48 MPa. Then CO was introduced at 0.02
Nl/min/gcat for 24  bours. Tﬁis procedure reportedly gives
improved selectivity to bheavy products and more stable activity

than pretreatment under 1:1 B2/CO at the same flow rate.




Reactor Conditions

The slurry reactor and methods of operation are described
elsewhere (7,8). The reactor was Tfirst charged with 400 grams of
n-octacosane (Humphrey). The octacosene had been recrystallized
in tetrahydrofuran (THF) to remove & bromine impurity that is
introduced during the syntbesis by coupling of bromotetradecane.

The reactor was fed from a dual manifeld system with Brooks
5850 mass flew meters and =a Brooks 5878 controller maintaining H2
and CO flow. whenever the reactor was taken off-stream for more
than 30 minutes, the reactor =and traps were vented, then flushed
and repressurized with helium.

Material balances were carried out for 6 te 24 bours, with
at least 10 hours allowed between material balances to ensure
steady state operation. When the reactor temperature or pressure
was +varied, at least 30 hours were allowed between material
balances. Products were collected in two traps, one kept at 80°C
and the other =at 3°C. Non-condensable gases continued past =2
sagpling valve to an on-line gas chromatograph, then were ~ented
after passing through =cap bubble meters.

Material |balances based on overhead products cleogsed to
within + 5X on oxygen. Some carbon and hydrogen remain as waxy
products in the reactor, so closures for those elements are
generally lower than for oxfgen (9). Good product distributions
are often obtained, even when carbon and hydrogen closure is
poor. This is becanse most of the gas fed to the reactor also
leaves the reactor as non—condensable gas (ie. CO, Hz, CO2}.
Only the hydrocarbon and oxygenated organic products of the

synthesis are generally of interest. The hydrocarbon products
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consist primarily of np-alkanes and 1- and 2-alkenes. Spaller
quantites of other hydrocarbons, mostly methvl-branched alkanes
are also formed. In presenting carbon-number distributions, all
components are lumped together at each carbon number. In

discussing l-olefin/paraffin ratios only the norpal specles are
included.

Reactor temperature was varied between 230 and 260°C, with
most experiments at 260°C. Pressures were varied from 0.77 to
1.92 MPa and Hz2/CO feed ratios from 0.5 to 2.0. Conversions were
varied from 10 to 65% by changing space velocity between 0.010
and 0.040 Nl/min/gcat. These conditions allow for comparison
with experiments reported by PETC on & potassium-promoted batch
of this catalyst and with our studies on a precipitated iron
catalyst containing potassium discussed elsewhere (10}.

Products were ansalyzed by use of three gas chromatographs,
as described by Huff, et al. (11). A Hewlett-Packard 5B80 with a
dipethyl silicone capillary «colump and a flame  ionization
detector (FID) was used for hydrocarbon analyses, and for organic
liquid samples from the hot and cold traps. Water and oxygenated
bydrocarbons and aqueous liguid samples from the hot and cold
traps were analyzed with a Hewlett—Packard 5710 using a Tenax
packed column and 2 thermal conductivity detector (TCD). A
Carle Refinery Gas Analyzer (RGA)} was used exclusively for the
analysis of non-condensable gases, particularly CO, Hz, and COz.
Non-condensable gases were alse determined with the other two
systeas. Tie cosponents, CDz, CHs, and C2 and Ca compounds, were

used to match the analyses from the three GC’s and provide a



complete product distribntion.

The RGA uses a series of packed columns aﬁd a switching
valve to separate CHe, C2 and C3 compounds, CO, and CO2. H2
separation is accomplished by a hydrogenr transfer system {HTS},
which is a hydrogen-permesble palladium thimble. This system
uses N2 8s a carrier, while .all other separations in all three
GCs use helium. The HTS avoids the problems associated with the
similar responses of He and K2 in a TCD.

Catalyst activity declined significantly during the 2000
hours i; was on stream; however, selectivity did not seem to
change with time. Wax samples were drawn from the reactor
pericedically to determine the carbon ﬁunber distribution of non-
volatile products. After 1400 hours potassium t-butoxide was
added to the reactor and a limited amount of data was obtained on
its effect.

BESULTS AND DISCUSSION

Carbon Number Distribution

Twenty~eight usable material balances were obtained oz the
unalkalized catalyst, followed by five obtained after the
addition of potassium t-butoxide. For all mpaterial balances, the
total hydrocarbon products at each carbon number follow a Schulz-
Flory distribution with two chain growth parameters, a1 and a2.
These were calcnlated wuwsing the non-linear least squares
regression, described by Donnelly, et al. (12).

Figure 1 shows carbon npumber distributions for four
experiments, all at 260°C, 1.48 MPa, and 0.02 Kl/min/gcat of 1:1

Hz/CO0 flow, taken at different times-on-atrean.
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¥hile data =at low carbon numbers are very consistent, mole
fractions at high carbor numbers on ar absolute basis are less so
because of experimental problems. Small increases and decreases
from run to run typically occﬁr near about Cs because of slight
errors in the weights of 1liquid products collected in the traps.
1f 2 small amount of liquid is lost by T“splatter”™, then the mole
fractions of bheavy produc;s appear artificially low. Similarly,
the hot organic phase solidifies quickly at room temperzture, and
small amounts of the aqueous phase are sometimes entrapped in the
waX, This can cause & slight increase in the apparent mole
fractions of bheavy products. This ‘problen is intensified in
the present studies by the low activity of this particular
catalyst and the low catalyst loading, which result in low yields
of liguid products. However the slopes on the Schnlz-Flory plot
2 few carbon numbers higher than Cs are repeatable. The values
of a2 calculated from the non-linear least sguares regression
were determined by excluding any individual points which fell too
far froe the curve.

Figure 2 is a Schulz-Flory diagram of 2 wax ssmple taken
after the first 170 bours—on-stream, kept constant at 260°C and
0.037 N1/(min){gcat) of 1:1 Hz2/C0 flow. Figere 3 is a Schulz-
Flory diagram of volatile hydrocarbon and oxygenated hydrocarbon
products from & material balance under the same conditions at a
time~on-stream of 665 bhours. The eurve is fitted by mon-linear
regression. The value of &z calculated by the non-linear
regression of the volatile sample agrees with that calculated by

linear regression of the wax sample, and is equal to 0.88.



Schliebs and Gaube (2) and Konig and Gaube (3) have reported
that, in the ahsence of alkali promoters, the Sydroca.rbon
products of the Fischer~Tropsch synthesis on precipitated iron
catalysts can be described by =2 single-o. We do neot find this to
be the case. Atomic absorption spectroscopy by Galbraith
Laboratories om two samples of this catalyst detected no
potassiuw or sodium at tbe measurable limits of 9 and 12 ppm.
Dictor and Bell (5} and 1Itoh, et al. {13) have al=oc reported that
products from unalkalized Fe203 powders could not be described
well by a single-a. Re-analysis of data from Schliebs’s thesis
{14) by Donnelly, et al. (12) shows that the data reported by
Schliebs ard Gaube (2) are not Trepresentative of typical
experiments. In fact, all of the data collected by Schliehs or
potassium-promoted and potassium-free precipitated iron require
two values of a to be fit properly, as discussed (12).

The effects of operating ~variables on a1, calculated by
linear regression of C3 to C7 data and oz, calculated by the non-
linear regression are suamarized below. The previously reported
stndy that most closely resembles ours, both with respect to
carbon-pumber distribmtion and specifie products, is that by
Dictor and Bell (5}. However they do ﬁot explicitly discuss
effects of cperating variables on az. The catalysts discussed in
this and a previous report were precipitated iron catalysts
prepared by PETC and Ruhrchemie. This latter contains potassium
and silica and is representative of low temperature iron
catalysts used at SASOL. Dictor and Bell used low ' surface area

Fez0s powders (Alfa Produncts). For several of their experiments,
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they added about 0.8 wtX potassium to the irom oxide by immersing
the Fe203 powder in a K200z solution. In general their
catalysts, with and without potassium, behaved similarly to our
analogous catalysts, as will be shown.

The two laboratories use similar slurry reactors and
trapping systems. The carrier used in our experiments was
recrystallized n-octacosane, which is easily identified on gas
chromatograms. Dictor and Bell used Amoco Parowax, which is a
mixture of C20 to Css paraffins with traces of Cis to Cis
paraffins. Their useful data, therefore, were limited to fairly
volatile preducts; there may have been some carryover of the
lighter fraction of the slurry into their volatile fraction. For
their unalkalized Fez03 povwders, they used relatively low
tepperatures of reactioﬁ, 188 to 241°C, possibly to minimize
volatilization from the original pot liguid. Our studies were
primarily at 260°C, which affords comparison with other datas in
the literature. C0 conversion for their experiments was kept
below 5%, while our experiments here were carried out between 10
and 65X conversion.

Teaperature: Only five experiments were <carried out at
tepperatures other than 260°C, s0 our conclusions regarding
tenperature deperdence are limited. Figure 4 shows that over the
range 232 to 260°C, a1 is =abont 0.65 and az about 0.30. in
experiments with considerably wmore data at different temperatures
the potassium-promoted Ruhrchemie catalyst showed a  decrease of
ai with increased temperature, with a2 remaining constant at

about 0.90 (10). Dictor and Bell reported a decrease in a3 from
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0.68 to 0.39 on potassium-free Fez03 powders as temperature was
increased from 188 to 241°C.

Conversion: Both a1 andé a2 were relatively insensitive to
conversion over the range of 8 _fo 61%. We likewise saw no eifect
of conversion with the Ruhrchemie catalyst and Dictor and Bell
report comparable results.

Hz2/CO Ratio: Figure 5 shows littl~ effect of H2/CO ratic in the
reactor on the values of a1 and a2z over the Hz2/CO range studied
from 0.3 to 3. This agrees with results given by Dictor and
Beil, wusing potassium-promoted and potassium-free Fe2Q3 powders,
and by Schliebs and Gaube (2}, using precipitated iroﬁ catalyvsts.
Matsumoto (7) has reported a decrease in o1 at very high Hz /CO
ratios on a fused megnetite catalysi, but these ratios were not
studied here.

Component Schulz-Flory Diagram

Figure 6 is a Schulz-Flory diagram showing the distribution
of several product classes for & material balance at 260°C, 1.38
MBa, and 0.02 N1/(min)(gcat) of 1:1 H2/CO flow.

A double-a is shown for n-alksnes and l-alkenes, although
that for l-alkenes becomes more obvious on addition of potassium,
as shown on TFigure 7, discussed below. 2~alkenes are fit
reasonsbly well by a single-a; however, only €4 through Ciz 2-
alkenes can be resolved by our gas chromatographic technigues.
With increasing carbon number,l concentrations drop steadily and
the G.C. peaks for the 1- and 2-alkepes and the n-alkane become
squeezed together. 1t is possible some of the 2-alkenes present

at high carbon numbers are included in the n-alkane peak, so it



nay be that a double=-a is reguired to describe Z-zlkene
cdistributions. Similarly, the analysis for l1-alkenes may give
artificially low concentrations at high carbon numbers. This
means that values reported for a2 for l-alkenes wmay also be too
low. The only oxygenate detected was methanol, in contrast to
the behavicr of catalysts containing potassium.

Secondary reactions, such as l-alkene isomerization and
hydrogenation (see below) also occur, So the Jl-alkene/n—alkane
ratios in Figure 6 are determined by the particular operating
conditions studied. Egiebor, et al. (4) and Wojciechowski (13)
have interpreted component Schulz-Flory diagrams such as this by
erronecusly ascribing all products to a primary set of reactions.
Reaction networks developed on this assumption can be misleading.
Addition of Potassium

After 1400 hours-on~stream, 0.7 g. of potassium t-butoxide
was added to the reactor under helium. If this all adsorbed onto
the catalyst, it would be eguivalent to 1.0 wtX K on an unreduced
catalyst basis. The reactor was then operated with s 1:1 Hz/CO
flow at 0.02 N1/{(min){gcat) at 260°C and 1;48 MPa for 72 hours
before additional material bhalances were pade, By 1400 hours on
stresm the catalyst activity thad decreased substantially and
concentrations of some minor products could not be determined
reliably.

Figure 8 3is = Schulz-Flory diagram comparing experiments at
identical progcess conditions, before and after the addition of
the potassium. at increagsed from (.64 to 0.68 and a2 increased

from 0.88 to 0.94. The increase in oz is particularly important
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in increasing selectivity to heavy products. Table 2 shows the
weight percent of products in several important carbon number
ranges before and after potassium addition. . The diesel fuel and
wax fractions increase markedly.

Figure 7 is a Schulz-Flory diagram of component classes
after potassium additien. Virtuelly no olefin isomerization
OCCUrs. Oxygenates from Ci fo Cs are formed in slightly greater
guantity than on the unslkalized catalyst and they are described
well by a single-a. In contrast on the unalkalized catalyst oaly
methanol was detected.

Comparison With Other Catalvsts

Prior to potassium addition, products collected over the
unalkalized catalyst folloved a distribution similar to those
using the United Catalysts C-73 fused ironm catalyst. After
potassium addition, +the products from this catalyst followed a
similar distribution to products from the alkalized PETC catalyst
used by Zarochak, et al. {(6), the Mobil low-wax catalyst reported
on by FKuo (16), and the REuhrchemie catalyst studied in this
laboratory. ’These comparisens sare discussed in more detail
elsewhere (10).

TS -0 N ENATION

The principal type of hydrocarbon formed by the primary
synthesis is the l-alkene. Thie +hen may be hydrogenated to a n-
alkane or isomerized to the 2-alkene. The effects of
temperature, conversion and H2/CO ratic on these two secondary
reactions were studied by focussing on C4 products. These exist

only in the wvapor phase at room temperature, thus eliminating
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possible problems with splitting of products between vapor and
liquid phases in traps. The ratio of l-butene/n-butane varied
over the range ;.D to 6.0, dependent predominantly on the
preassure of hydrogen in the reactor.
Temperature: With constant Hz2/CO ratio in the feed, the
l-alkene/n—alkane ratio was relatively independent of
temperature, based on limited data. After potassium addition,
the catalyst showed ar inerease in this ratio from about 2.5 to
3.7 as temperature was increased from 232 to 280°C.

On potassium-free Fe203 powders, Dictor and Bell report a
decrease in alkene/alkane ratio with increased temperature. When
potassium was present, they observed an incresse, as we did here
and with the Ruhrchemie catalyst. Schulz, Rosch, and Gokcebay
(17) report the opposite; that =alkalized iron catalysts showed an

increased selectivity to alkanes =as temperatnre was increased

from 220 to 280°C. The reasons for this difference are not
clear.
Conversion: The ratio of 1l-butene to n-butane was independent

of space velocity and similar behavior was observed using the
Rubrchemie catalyst. After potasgium addition, a slight increase
in selectivity to 1-butene with increasing space velocity was
observed. Dictor and Bell have reported a slight increase in
olefin content with increased space velocity on potassiue—free
Fe203 powders at high H2/C0 ratios. Arakawa and Bell (18) have
also reported an increase in l-alkene/n-alkane ratio with
increased space velocity on alumina supported potassium-promoted

and potassium—-free iron catalysts. However, they saw this effect




-14-

only at space velocities nearly ten times as great as those used
in the current experiments and corresponding €O conversions of
about 5%. For their experiments at space velocities and
conversions comparable to ours, they show no effect of space
velocity on l-alkene/n-alkane ratio.

Effect of H2/C0 _in Reactor: Figure 9 shows that the ratioc of

l-butene to n-butane sharply decreased from near 6 to about 1 as
Hz/CO was incressed from 0.3 to 3. Dictor and Bell, using a
differential reactor, have reported that ‘alkene/alkaue ratio
decreases with increasing H:z pressure, but is relatively
insensitive to CO. pressure. In contrast, Sudheimer and Gaube
(18) have reported that the l1-zlkene content increases with
increasing €O pressure, but is relatively insensitive to Hz
pressure.

Our data indicate that olefin selectivity increases with
both increased €O pressure and decreased Hz pressure, varied
independently. Each of these pressures was varied over the range
0.3 to 1.1 MPa.

Effect of Potassium: Figure 10 shows the dependence of 1-
alkene/n-alkane on carbon nuxber for experiments before and after
the addition of potassium t~butoxide. Potassium promotion
increased l-alkene/n—alkane yatios strongly, particularly =t high
carbon numbers. ir both the presence and absence of potassiua,
the ratio decresses with increased carbon number, as has been
shown in various other studies. Dictor and Bell likewise
reported that selectivity to l-alkenes was considerably greater

in the presence of potassium.
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Kinetic Modelling of 1-Butene Hyvdrogenation

A large npumber of experimental studies mnow show that on iron
catalysts at elevated pressures the principal hydrocarbon formed
by the primary synthesis is =2 l-alkene. Paraffins may also be
formed by the primary synthesis, but to a much Jlesser extent.
Hydrogenation of alkenes to alk;nes is a sigmificant reaction the
extent of which +varies wiih catalyst composition, especially
potassium content, and reaction conditions. l-alkenes are
readily  hydrogenated, but  2-alkenes, which are formed by
secondary isomerization, are much less readily hydrogenated, as
shown by Sudheimer and Ganbe (19). Hydrogenation rates increase
with decreased CO concentratioﬁ, as usually oeccurs at high
conversion.

Sudbeimer and Gaube report a study at 0.5 to 1.7 MPa and
220°C of Fischer-Tropsch synthesis on a precipitated irem
catalyst containing potassium, bdut without siliea. Their study
focused on the fate of the urcbranched 1l-alkenes formed.
Hydrogenation of a particular ji-slkene was inhibited by CO, but
2lso by adsorption of other l-alkenes, as they showed by adding
l-decene to the system.

A simple expression for the rate of hydrogenation of an
adsorbed olefin, say 1-butene, can be written by assuming the
rate to be proportional to hydrogen pressure and te the fraction
of the surface sites covered with adsorbed l-butene:

Rbutane = k Prz Bi-butene (1)

Assuring complete coverage of all sites and competitive

adsorption with CO and other l-alkenes taken ;s a group, (C2 to
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Cio), O1-butene can be written:

Ki-putene Pl-butene
B1-butene = (2)

Eco Pco + Ki-alkenes Pl-alkenes

where Ks are temperature dependent adsorption coefficients.
Substituting equation (2) into equation (1) and rearranging:
Puz Pl-butene Reo . Pco Ki-alkenes

= x + (3)
Pi-alkenes Rbutane k Ki-butene Pl-alkenes k

Sudheimer and Gaube (18) have developed a similar model, but with
gdjustable orders of reaction. Equation (3) implies a linear
relation;hip for data obtained at a single temperature, with the
intercept depending only on the relstive wvalues of an adsorption
constant and a rate coefficient. |

Figure 11 is a plot at 280°C of the left-hand side of Eq. 3

versus Pco/Pi-alkenes. For conversions below 40%, this
hydrogenation model =sppears to fit the data well. At higher
cooversions some other unknown factor is involved. Simpler

models excluding either CO or olefin inhibition do mnot fit the
data well.

Figere 12 is a plot of butane formation rate divided by
hydrogen pressure versus l-butene pressure for several space
velocities, The zero intercept suggests that for this set of
circumstances essentially all n-butane was formed by secondary
hydrogenation.

Isomerization

The isomerization activity of this catalyst is significantly

greater than that of ecatalysts containing potassium. This is

shown, for example, by comparison with the studies in our
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accompanying  paper {10). This effect was also reported by
Sudheimer and Gaube and Dictor and Bell. The ratio of 2-butene
to 1l1-butene varied from =zero to one, dependent both on gas
composition and temperature. The addition of potassium t-
butoxide to the reactor suppressed almost all isomerization.
Temperature: Figure 13 shows that the ratio of 2-butene to 1-
butene, at a fixed H2/C0 ratio, increases somewhat as temperature
is increased. Matsumoto {7) has reported a similar trend on the
C-73 fused iron catalyst over the range 232 to 310°C. Dictor and
Bell have reported that the ratio of 2-alkene to 1-alkene
produced on potassivm-free Fez03 powders. increases slightly as
temperature increases. Schulz, Rosch, and Gokcebay (16) have
reported the same effect for promoted iron catalysts.
Effect of *~ Hz/CO: The isomerization of l-butemne to 2-butene
incresses with the Hz2/C0 ratio in situ, =2s shown in Figure 14.
Dictor and Bell report similar results. The opposite effect was
reported by Matsumoto (7), for a fused mnagnetite catalyst
containing potassium. In his work, as the Hz/CQ ratio at the
jnlet was increased from 0.7 to 3.8, the ratic of 2-alkene/l-
alkene decreased from 0.13 to 0.06 at 310°C.
Kinetijc Modelling of 1-Butene Isomerjzation

For a simple model, we postulate that 2-alkenes are produced
by a simple first-order irreversible reaction. The rate can then
be expressed asa:

R2-butene = k 8i-nutens {4)

Here, k is a temperature-dependent rate constent. If we allow

for iphibition by 1l-alkenes and carbon monoxide, 91-butene Can be
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expressed by Eq. 2 as before. Substituting and rearranging:

Pi-nutene Keo Pco Fl-alkenes
= xX + {5)
Pir-alkenes H2-butene k Ki-butene Pi-alkxenes k Ki-pbutene

The model can be tested by plotting the left-hand side of Eg. 5
versus Pco/Pl-alkenes.

Figure 15 shows that data from experiments at 260°C are well
fitted by this model. This suggests that, at high conversions,
competitive adserption by 1-alkenes  makes their inhibiting
effects more important relative to CO.

Other Products

The methanation selectivity of this catalyst is high,

presumably because of the lack of potassius. The percent of
total products as methane varied from about 16 to 44 wtX%, and
showed scme dependence on gas composition, but wvery little
dependence on  temperature, space velocity, or Hz pressure.
Figure 16 shows that the mole fraction of products as wmethane
decreased approximately linearly with increasing CO pressure.
Kinetic wodelling of methane formation rate was inconclusive.
Dictor and Bell bhave shown a first-order dependence of methane
production rate on hydrogen pressure at fixed CO pressure for 2
potassium-free Fe20s3 powder.

Oxygenates generally constituted 4 to 12 witX of the
products, but no significant varistion of temperature, space
velecity, H2/CO ratio, eor time—on-streas was found.

Effect of Time-on—Stresm
This catalyst deactivated rapidly for the first. 100 hours-

" op—-stream, then continued to deactivate at a slower rate
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throughouf thé }un, as shown in Figure 'i;:‘ This ‘reinforces
comments in the eariier literature to the effect that one of the
reasons for adding potessium to an iron catalyst is to help
stabilize it ageinst aging. Ocecasional runs at low reactor
Hz /CO, about 0.3, appeared to reversibly re-activate the
catalyst. This effect was discovered late in the run and no

furtber study of this effect was made.
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Table 1

Composition of P=ecipitated iron Catalyst

re 60.46 wts
Cu 0.58
5102 < 0.002

® < 9 ppm
Na < 12 ppm
o 38.96

All cobmpositions determined by duplicate =analysis using atomic
absorption spectroscopy by Galbraith Leboratories, except oXxygen

by difference. Oxygen is assumed to be bound as metallic oxides.



Table 2
Effact of Potessium ob Product Cuts

No Potassium 1 wr¥ Potassium
131 10.2 wtx 5.3 wtX
C2-Ca 32.% 23.1
Cs-C1z 3e.8 3i.1
Cia-Cais 11.7 20.6

Czo+ 5.9 16.9
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; Table 3

Sumrzary of Szlectivibty Information

‘Legend
‘MB Material balance number
T Temperature, °C
Qo Inlet flow rate, Ni/min
Clos. ¥t., % closure on oxvgen
H2 /CO Beactor Hz/CO ratiw
CHi mol X% Mole % of methane in hvdrocarber and eoxygenated preoducts
Oxv. wt % weight % of oavgenstes [alcéehvrdes + ketones + alcohols)
in procducts
alp 1 lin a1 caleulated by linear regression ol C3 to
reg C7 Lvdrocarbon plus oxygenafed rroducts
Non-linear ar and az calculated by non-lirear least squares

regr. alp 1 resression of hvdrocarbon plus oxvgenated products

and alp.2

Note: Complete information is not available fbr all material
balances. Material balances 37 =0 40 were performed after catalyst
activity had become very low, so very littls liquid product was
collected, making complete material balances difficult. Material
balances 30 throush 33 were affected by flow and trapping problenms.
Complete material balances for material balances 25 and 28 will be

available after further chromatographic analyses.
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