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ABSTRACT

This report describes results of a study aimed at developing and evaluating improved
catalysts for a slurry Fischer-Tropsch (FT) process for converting synthesis gas to high quality
transportation fuels (gasoline and distillate). The improvements in catalyst performance were
sought by studying effects of pretreatment conditions, promoters and binders/supports. A total
of 20 different, iron based, catalysts were evaluated in 58 fixed bed reactor tests and 10 slurry
reactor tests. The major accomplishments and conclusions are summarized below.

The pretreatment conditions (temperature, duration and the nature of reducing gas) have
significant effect on catalyst performance (activity, selectivity and stability) during Fischer-
Tropsch synthesis. One of precipitated unsupported catalysts had hydrocarbon selectivity
similar to Mobil's I-B catalyst in high wax mode operation, and had not experienced any
loss in activity during 460 hours of testing under variable process conditions in a slurry reactor.

The effect of promoters (copper and potassium) on catalyst performance during FT
synthesis has been studied in a systematic way. It was found that potassium promotion
increases activities of the FT and water-gas-shift (WGS) reactions, the average molecular
weight of hydrocarbon products, and suppresses the olefin hydrogenation and isomerization
reactions. |

The addition of binders/supports (silica or alumina) to precipitated Fe/Cu/K catalysts,
decreased their activity but improved their stability and hydrocarbon selectivity. The perfor-
mance of catalysts of this type was very promising and additional studies are recommended to
evaluate their potential for use in commercial slurry reactors.

Kinetic parameters for the FT and WGS reactions were determined from slurry reactor
tests with four catalysts in which the catalyst activity was fairly stable with time on stream.

The catalytic studies were complemented with characterization studies which provided
valuable information on the effects of copper and potassium promoters, and of silica and
alumina supports on reduction behaviors (temperature programmed and isothermal reduction)

and surface properties (X-ray photoelectron spectroscopy).




I. OBJECTIVE AND SCOPE OF WORK

The objective of this contract is to develop a consistent technical data base on the use
of iron—based catalysts in Fischer-Tropsch (FT) synthesis reactions. This data base will be
developed to allow the unambiguous comparison of the performance of these catalysts with
each other and with state—of-the—art iron ca{a!yst compositions. Particular attention will be
devoted to generating reproducible kinetic and selectivity data and to developing reproducible
improved catalyst compositions. To accomplish these objectives, the following specific tasks
will be undertaken.

TASK 1 - Project Work Plan

The objective of this task is to establish a detailed project work plan covering the entire

period of performance of the contract. This includes estimated costs and manhours expended
by month for each task.
TASK 2 — Slurry Catalyst Improvement

The primary purpose of this task is to develop improved iron—based catalysts, both precip-
itated and supported, that show enhanced activity and selectivity in slurry phase testing. This
will be accomplished by gaining systematic understanding of the role of promoters, binders,
supports and activation procedures in determining the activity and selectivity of iron-based
catalysts. The catalyst development ‘program will incorporate extensive physical and chemi-
cal characterization of these materials with the objective to establish correlations between the
physical/chemical properties of these catalysts and the corresponding catalytic behavior for
synthesis gas conversion.

TASK 3 — Process Evaluation Research

The purpose of this task is to subject the most improved catalysts (based on activity
and selectivity) to a thorough process evaluation. This involves long term stability studies,
investigation of a wide range of process variables, and determination of kinetic parameters.

TASK 4 — Economic Evaluation

The aim of this task is to develop the relative economic impact for each improved catalyst
composition and compare these economics with the economics of using the base case catalyst.
Data obtained from Tasks 2 and 3 will be used to generate 2 product yield structure , FT
reactor residence time, and key process flow rates. These economic studies will include relative
capital costs, operating costs, and required revenues for each catalyst, as well as a sensitivity

study of the assigned relative values of the principal products (i.e., diesel and gasoline).
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il. EXECUTIVE SUMMARY

Slurry phase Fischer-Tropsch processing is considered a potentially economic method to
convert coal-derived synthesis gas into liquid fuels. Largely due to its relatively simple reactor
design, improved thermal efficiency, and ability to process CO-rich synthesis gas, the slurry

process has several potential advantages over conventional vapor phase processes.

While advances have been made in slurry phase Fischer-Tropsch technology, further work
is required to more thoroughly evaluate its potential as a viable technology. Therefore, Air
Products proposed a program to develop a consistent process/economic data base for a variety
of iron-based catalysts. This data base allows unambiguous comparison of the performance
of the new catalysts tested, both with each other and with the state-of-the-art catalyst com-
positions. Particular attention was paid to extracting kinetic and selectivity data, developing
improved compositions/process parameters, and to performing process economic comparisons.
The effects of activation/reduction procedures, promoters and binders/supports on catalyst
activity, selectivity and stability were investigated in a systematic way.

I1.1. Summary of Accomplishments

Key accomplishments in individual areas of research are summarized below.

Activation / Reduction Procedure Research

The catalytic behavior of a precipitated promoted iron catalyst (100Fe/3Cu/0.2K) dur-
ing the Fischer-Tropsch synthesis was studied in a fixed bed reactor following different pre-
treatments in either CO, H,, or syngas with H,/CO=0.63. The results show that activation
parameters (temperature, pressure, duration and/or the nature of reducing gas) have signifi-
cant effects on catalyst activity, stability, and selectivity during the synthesis. Activations with
CO or syngas minimize production of gaseous hydrocarbons and produce more liquid products
and more wax. However, these treatments usually yield catalysts that deactivate fairly rapidly
during the synthesis. Good stability can be achieved with the right combination of activation
parameters (temperature and duration). Reductions with H, resulted in constant or gradually
increasing activity over a 120 h period of synthesis. The selectivity of H, reduced catalysts s
less desirable than that of CO reduced catalysts, as more gaseous and less high molecular weight
hydrocarbons are produced. Similar trends were observed in tests with another precipitated

iron catalyst (100Fe/3Cu/0.5K).

" However, hydrocarbon selectivities in a stirred tank slurry bed reactor test of the 100

Fe/0.3 Cu/0.5 K catalyst were not influenced by the reductant type (H, vs CO). Hydrogen
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activated catalyst displayed no loss in activity during 460 hours of testing under different process
conditions. Its hydrocarbon selectivity was very similar to that of the Mobil's I-B catalyst in a
high wax mode of operation (low methane and C,-C, gaseous hydrocarbons). Additional slurry

reactor tests with this and other precipitated catalysts are needed to confirm these findings.

Promoter Effect Research

The effect of potassium and copper promotion on activity and selectivity of precipitated
iron catalysts for the Fischer-Tropsch synthesis were studied in a fixed bed reactor at 200 psig,

235°C to 265°C using synthesis gas with an H,:CO molar feed ratio of 1:1.

It was found that promotion of iron with potassium in the range 0.2 - 1 wt%, (100Fe/ xK,
x=0.2, 0.5 and 1.0) increases activity of the Fischer-Tropsch(FT) and Water-Gas-Shift (WGS)
reactions, and the average molecular weight of hydrocarbon and other organic (primarily alco-
hols) products. It also suppresses olefin hydrogenation and isomerization reactions. Potassium
promotion inhibits iron reduction, and as a result, the potassium promoted catalysts require

longer times to achieve the steady state activity.

Promotion of iron with copper (100 Fe/3 Cu) also increases the rates of the FT and WGS
reactions. Copper is a more effective promoter than potassium in increasing the rate of FT
reaction, whereas the opposite applies to WGS activity. Also, promotion with copper facilitates
reduction of iron and thus decreases the time required to achieve the steady state activity. In
the presence of copper, the hydrocarbon product distribution shifts toward higher molecular
weight products, but the magnitude of changes is significantly smaller than that observed

with potassium promotion. Copper promotion slightly enhances the secondary reactions (olefin

hydrogenation and isomerization).

The FT activity of the two doubly promoted catalysts (100 Fe/3 Cu/0.2 K and 100 Fe/3
Cu/0.5 K) was independent of their potassium content and higher than that of any of the
singly promoted catalysts. In tests over a long period of time (up to 460 hours on stream) the
catalyst with higher potassium content lost about 9% of its maximum activity, whereas the
100 Fe/3 Cu/0.2 K catalyst lost only 2%. The WGS activity of the doubly promoted catalysts
was similar to that of the Fe /K catalysts. Selectivity behavior of the doubly promoted catalysts
was strongly influenced by their potassium content. The catalyst containing 0.2 wt% K had
selectivities (hydrocarbon product distribution, olefin content) similar to that obtained with the
100 Fe/3 Cu catalyst, whereas the 100 Fe/3 Cu/0.5 K catalyst had selectivities similar to that
obtained with the 100 Fe/0.5 K catalyst. This shows that, in the presence of copper, higher
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potassium loadings are needed to achieve promotional effects on product selectivity.

The optimal promoter levels have not been determined. Obviously higher potassium load-
ings are needed if the objective is to minimize light gas production, however, the rate of catalyst
deactivation increases with potassium addition and it is necessary to achieve a balance between
these two conflicting trends. The role of copper is still not completely understood and more

detailed studies are required to elucidate its role in Fischer-Tropsch synthesis.

Binder / Support Effect Research

The effect of addition of silica and alumina as binders (promoters) on catalytic behavior of
precipitated iron catalyst with composition 100Fe/5Cu/4.2K was studied in a fixed bed reactor.
It was found that catalyst activity decreases with addition of either silica or alumina, but its
stability increases. Catalysts containing 25 g, or more, of SiO, per 100g of Fe had very good
stability, whereas the catalysts with smaller amounts of binder (8 parts of SiO,, or Al,0,,
per 100 parts of Fe) deactivated during synthesis. The unsupported catalyst (i.e., the catalyst
without any binder) had a similar deactivation rate as the two catalysts with small amounts of
binder. The water-gas-shift activity decreases with the addition of silica, due to its interaction

with potassium, rendering the latter less effective in promoting the WGS reaction.

Hydrocarbon selectivity of all these catalysts was good (low C;-Cy fraction) due to their
high potassium content. The addition of binder slightly improved the hydrocarbon selectivity
of the unsupported catalyst.

Slurry Reactor Kinetic Studies

Kinetic parameters for the Fischer-Tropsch and water-gas-shift reactions were determined
from slurry reactor tests with four catalysts (100 Fe/0.3 Cu/0.2 K, 100 Fe/0.3 Cu/0.5 K, 100
Fe/5 Cu/4.2 K/24 SiO, and Ruhrchemie LP 33/81). The latter catalyst has a composition
similar to the silica containing catalyst synthesized in our laboratory. Only selected mass
balances, those made during portions of tests where catalyst activity was fairly stable, were

used in the analysis.

Several rate expressions, which included H,0 and/jor CO, inhibition, were used for each
catalyst to model the FT and WGS reaction rates. In all cases, the FT rates were approximately
first order with respect to H,, but better fits were obtained using rate expressions which contain
water and/or CO, inhibition. The results showed that water inhibits the FT reaction more

strongly than does CO,, and for all catalysts the following rate expression provided a good fit
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of the data

rco+H, = koPcoPh, / (Pco +2Ph,0)

Other models provided a better fit of the data for some of the catalysts (100 Fe/5 Cu/4.2
K/24 SiO, and 100 Fe/0.3 Cu/0.5 K), however, even in these cases the above model was quite
adequate. The existing data base is insufficient to statistically discriminate among the rival
models. Additional experiments would be required to perform such an analysis, however this
is difficult to accomplish with catalysts that deactivate fairly rapidly. The underlying causes of
the deactivation are not well understood.

The kinetics of the WGS reaction were also studied. A simple first order in CO rate
expression provided the best fit to the data obtained with three ( 100 Fe/0.3 Cu/0.5 K, 100
Fe/5 Cu/4.2 K/24 SiO, and Ruhrchemie catalyst), of the four catalyst tested, whereas for the
100 Fe/0.3 Cu/0.2 K catalyst the following rate expression provided the best fit

rwas = kw,0(PcoPh,0 — Pco,PH, / Kp) / (PcoPh, = bPh,0)
The first order in CO kinetics provided a good fit of the data with this catalyst as well.

Process Evaluation Studies

Several unsupported (Fe/Cu/K) and silica containing catalysts (Fe/Cu/K/SiO,) were
tested in fixed bed and slurry bed reactors to determine their activity, selectivity and sta-
bility with time on stream, and as a function of process conditions. Major highlights from
these studies are

« Catalysts containing about 24 parts of SiO, per 100 parts of Fe had exhibited very good
stability, over 400-500 hours on stream, in both fixed bed and slurry reactor tests, but
they were less active than unsupported catalysts. Also, their selectivity toward liquid
hydrocarbon products (Cg—) was not as high as that achieved in Mobil's bubble column
slurry reactor in high wax mode of .operation (70-75% vs. 86%) and methane yields were
higher ( 5-6% vs. 2.7%).

o The 100 Fe/5 Cu/4.2 K/24 SiO, catalyst, synthesized at Texas A&M University, had
higher activity (~20%) than commercial Ruhrchemie LP 33/81 catalyst (the state-of-the-
art catalyst). This catalyst was used initially at SASOL in fixed bed (ARGE) reactors.
Both catalysts had similar hydrocarbon selectivities during tests in fixed bed and slurry bed

reactors, but the catalyst activity was higher in a fixed bed reactor .

11-4



o Catalysts with low silica content (100 Fe/5 Cu/4.2 K/8 SiO,) or without any silica (100
Fe/3 Cu/0.2 K or 0.5 K, and 100 Fe/1 Cu/0.2 K) had high initial activity, but lacked good
stability. Catalyst deactivation was fairly rapid in both fixed bed and slurry bed reactor
tests. Hydrocarbon selectivities in some of the tests were better (less CH; and gaseous
hydrocarbons) than those obtained in tests with the catalysts having about 25 parts of
SiO, per 100 parts of Fe. However, stability of these catalysts needs to be improved by
using different activation procedures and/or by modifications in their composition.

Catalyst Characterization

One of the tasks of this project was to characterize the precipitated iron catalysts prepared,
in order to determine the effects of copper and potassium promoters and of SiO, and Al,04
supports on reduction behaviors and surface properties. A variety of physical and chemical
techniques was used to provide a complete characterization of each catalyst prepared. The
elemental composition of each synthesized catalyst was determined by atomic absorption spec-
troscopy; total surface areas and pore size /volume distributions were obtained from physical
adsorption and mercury porosimetry measurements, respectively. Reducibilities of bulk iron
and copper were studied by temperature-programmed and isothermal reduction methods, us-
ing both H, and CO reductants. X-ray photoelectron spectroscopy was used to examine surface
oxidation states of catalyst components and the influence of promoters, supports, and reduction
conditions on surface iron behaviors. Major conclusions from these studies are

« Temperature-programmed and isothermal reduction measurements showed that the pro-
motional effect of copper on the reduction of iron increased with increasing copper content
up to 3 wt% Cu.

o The time required for completion of iron reduction at 300°C in either H, or CO decreased
with increasing copper content.

o The presence of potassium adversely influenced the reducibility in H, of the precipitated
iron catalysts, both with and without copper, possibly due to blockage of nucleation sites
by surface potassium. By contrast, the time required for completion of iron reduction by
CO decreased in the presence of potassium.

o Si0, and Al, O3 supports exerted an inhibiting effect on the reduction of iron that increased
with increasing support content. The inhibition effect was less pronounced for the alumina

support than for the silica support.
« X-ray photoelectron spectroscopic results showed that treatments of the precipitated iron
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catalysts at 300°C in H, resulted in marked differences in surface composition than those
resulting from treatment in CO. The surfaces of H,-reduced samples were largely covered by
a layer of unreduced iron oxide; however, the surfaces of the CO-reduced samples possessed
substantial amounts of zero-valent iron.

Water, generated by reduction of Fe/Cu precipitates in H,, caused extensive migration and

surface spreading of potassium promoter, an effect not observed when reduction occurred

in CO.

11.2. Recommendations for Future Work

Some promising results in the area of improved catalyst performance were achieved during

the course of work on this contract which warrant additional studies.

(1)

(2)

(3)

Our comprehensive studies of the effect of pretreatment conditions (nature of reductant,
temperature and duration) on subsequent catalyst performance have shown that pretreat-
ment conditions can be used to alter hydrocarbon selectivity and/or to provide better
stability. With CO and/or syngas pretreatment it is difficult to achieve catalyst stability
over a long period of time. The optimal activation parameters seem to be dependent
upon both catalyst composition and reaction conditions and need to be determined by a
trial-and-error procedure. In contrast, catalysts activated with hydrogen have high activity
and long term stability. More work should be done in slurry reactors using H, activations -
with both unsupported and silica containing catalysts.

Activation studies in fixed bed and slurry bed reactors should be accompanied by compre-
hensive catalyst characterization studies in order to gain understanding of the underlying
reasons for differences in catalytic behavior following different pretreatments.

Addition of silica to potassium promoted precipitated iron catalysts improves catalyst sta-
bility without any adverse effect on product selectivity. Further improvements in cata-
lyst performance (enhanced activity and/or selectivity toward transportation fuels) can be
achieved by a judicious choice of silica content and promoter levels. Additional studies are
needed to assess the potential for use of these catalysts in slurry reactors.

It is recommended that future studies focus more on thorough evaluation of a few selected
catalysts (unsupported and silica containing), rather than on a cursory examination of a
large number of catalysts. Also, detailed catalyst characterization studies after the catalyst

pretreatment and during the synthesis should play an important role in future studies.




ill. INTRODUCTION

Several technologies are currently available or are under development for conversion of coal-
derived synthesis gas to liquid transportation fuels or fuel precursors. Technologies that have
been commercially proven or that are close to commercialization include fixed and fluidized
bed Fischer-Tropsch (FT) synthesis, methanol synthesis (fixed bed and slurry phase), and
Mobil's methanol to gasoline (MTG) process. Of these technologies, FT hydrocarbon synthesis
produces the widest slate of products and has been in operation for the ongest period. F-T
hydrocarbon synthesis was first developed and practiced in Germany during the 1930s and
1940s using cobalt catalysts. Subsequently, the process was commercialized on a large scale
by SASOL in South Africa. The SASOL process includes both tubular fixed bed (ARGE) and
circulating fluidized bed (Synthol) operation and uses promoted iron catalysts (Dry, 1981).

Of the various indirect liquefaction technologies, Fischer-Tropsch synthesis offers many
advantages. While hydrocarbon production is generally nonselective and is governed by the
so-called Schulz-Flory distribution, the Fischer-Tropsch process has the ability to produce a
range of gaseous and liquid hydrocarbon products easily upgraded via conventional refining
operations. The fluidized bed reactors at SASOL, for example, maximize gasoline yields while

the fixed bed process produces predominantly diesel fuel and hydrocarbon waxes.

In the late 1940s, slurry phase Fischer-Tropsch technology was developed in Germany
(Kolbel and Ralek, 1980). Slurry processing provides the ability to more readily remove the
heat of reaction, minimizing the temperature rise across the reactor and eliminating localized
hot spots. As a result of the improved temperature control, yield losses to methane are reduced
and catalyst deactivation due to coking is significantly decreased. This, in turn, allows much
higher conversions per pass, minimizing synthesis gas recycle, and offers the potential to operate
with CO-rich synthesis gas feeds without the need for prior water-gas shift. Due to the simpler
reactor design, capital investment in a slurry phase Fischer-Tropsch reactor is expected to be
substantially smaller than in conventional fixed- or fiuidized-bed systems. (Gray et al. 1980;
Thompson et al., 1981). The slurry process has the ability to produce a variable product
slate via changes in catalyst and/or process conditions. One can either maximize the gasoline
production or the production of diesel fuels and waxes. This flexibility in the product slate is

unique to the slurry phase process.

Economic evaluations of the slurry phase Fischer-Tropsch process have been limited to

studies incorporating Kolbel's published data from the Rheinpreussen slurry demonstration
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plant (Gray, et al., 1980; Thompson et al., 1981) and a techno-economic assessment of Mobil's
two-stage slurry Fischer-Tropsch/ZSM-5 process (El Sawy et al., 1984). Sufficient data from
processes demonstrated on a large scale are not available to allow an adequate correlation
of economic parameters with catalyst activities and selectivities. Furthermore, the relative
economic merits of various Fischer-Tropsch product slates have not been adequately quantified.
Also, it should be kept in mind that all subsequent attempts to reproduce Kolbel's results
(activities and selectivities) were unsuccessful (e.g., Mitra and Roy, 1963; Farley and Ray,
1964: Kuo, 1983, 1985; Zarochak and McDonald, 1987). In all these studies one or more of
the following had occurred: (1) catalyst deactivation; (2) catalyst activity was lower than in
Kélbel's study; and (3) selectivity was inferior to that reported by Kolbel et al. (1955). The
most successful study in a bubble column slurry reactor, other than Kolbel's original work, was
made by Mobil (Kuo, 1983, 1985). Even this work was hampered by a variety of operational
problems and only a few runs lasted sufficiently long to obtain reliable information on the

product distribution and catalyst activity.

11l.1. Summary of Previous Work with Iron Catalysts

This summary will focus on results illustrating the current industrial practice (SASOL),
the most successful slurry bubble column operation (Rheinpreussen demonstration plant unit)
and representative examples of other studies conducted in slurry bed reactors (bubble columns
or stirred tank). Process conditions, hydrocarbon product distribution, product yields and

information related to catalyst activity, for selected studies, are summarized in Table -1.

The fixed bed (Arge) reactor at SASOL is used to maximize production of diesel fuel (Cqo-
C,g) and heavy hydrocarbon waxes. This gives low yield of methane (2%) and other light
hydrocarbons (C,-C4 = 11.5%), and high yield of C;,+ products (68%). The useful lifetime
of the catalyst is reported to be between 9 and 12 months. The entrained bed operation in the
Synthol reactor is aimed at maximizing gasoline (Cg-Cyy hydrocarbons) production, and as a
consequence of the high operating temperature the yield of methane is high (10.6 %) and the
yield of C;5+ products is low (11.7%). The useful lifetime of the catalyst is about 6 weeks.

The Rheinpreussen demonstration plant performance is regarded as the most successful
slurry reactor operation to date (Kolbel et al., 1955). A high single pass conversion was
achieved and the catalyst activity was high (STY=0.106 mol/g-cat.h). Results shown in Table
li1-1 are for the gasoline mode of production, and as can be seen the yield of (Cg-Cy1) hydrocar-

bons obtained in the Rheinpreussen demonstration plant is the highest of all. This was also
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accompanied by low yield of methane + ethane (3.2% only). This product distribution is very
unusual and could not be reproduced in any other subsequent studies. In all other studies
(regardiess of the reactor type) such low methane yields were accompanied by high yields of
Cyo+ products. It should be noted that the reported total yield was only 181 g/Nm3, which
indicates some problems with the product collection and/or analysis. |f one assumes that the
hydrocarbon yield is 200 g/Nm?3, and that all missing hydrocarbons are C19+, this gives 21. 5%
yield of C;,+ hydrocarbons. However, even the latter value is still much lower than expected
based on low yield of CHy+CyHs. Kalbel and co-workers have not provided any information
on the catalyst aging and deactivation. Based on sketchy information given in the literature,

Poutsma (1980) estimated that the catalyst lifetime was about 38 days.

Kunugi, who spent several years working with Kolbel, initiated research on FT synthesis in
Japan in the early 60’s. Sakai and Kunugi (1974) claimed that they were able to verify Kolbel's
results related to the yield of hydrocarbons and product selectivities. However, their results
shown in Table I1l-1, do not reflect this claim. Their product distribution is in agreement with

the other studies, i.e., low methane yield gives rise to high yield of C;,—+ products.

Selectivities reported by Mobil workers (Kuo, 1983; 1985) for two modes of operation, low-
and high-wax mode, follow the usual trends. In the low-wax mode of operation, which was
aimed at maximizing the gasoline fraction, methane selectivity was relatively high (7.9%) and
selectivity of C;o+ was relatively low (26.1%). On the other hand, in the high-wax mode, the
selectivity of methane was low (2.7%) and the yield of C,,-+ products was high (68.1%). These
trends are qualitatively similar to those obtained in the commercial operation at SASOL. It is
interesting to note that the catalyst composition was the same in both modes of operation, and
yet significantly different selectivities were obtained. The only major difference between the
two catalysts was in the total surface area. The operating conditions and activation procedures
were similar in both cases. Some differences in performance were observed in other runs
when a new batch of catalyst was used. This shows that subtle differences in preparation
and/or activation may have a significant effect on catalyst activity and stability. Although
Mobil's study is regarded as the most successful slurry phase operation after the Rheinpreussen
demonstration plant, it was hampered by a variety of operational problems and only 2 out of
13 runs had relatively long periods of steady-state operation. In the run designated CT 256-3
(low-wax mode of operation) the process conditions were fairly constant from 8 to 46 days on

stream: P=1.48 MPa, H,/CO = 0.67 - 0.70, T=259-261°C, and the (H,+CO) conversion was
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maintained at about 87% by gradually decreasing the gas space velocity from 2.6 to 2.2 Ni/g-
Fe/h. After 46 days the loss in activity was compensated by raising the operating temperature
(261-266°C) and by decreasing the gas flow rate. Mobil (Kuo, 1983, p. 211) estimates a
catalyst life of 60-70 days. The longest period of operation in the high wax mode was 35 days.
At 1.48-1.65 MPa, 257°C, H,/CO=0.7 and 2.4 Ni/g-Fe/h the (H,+CO) conversion was 83%
(1.48 MPa) at 9 DOS (days on stream) and it decreased to 79.0% at 28 DOS (P=1.65 MPa),
indicating some catalyst deactivation. After that, conversion started to decrease more rapidly

reaching 67.9% at 34 DOS, which was followed by catalyst settling and termination of the run.

Results from the most successful run at the US DOE Pittsburgh Energy Technology Center
(PETC) are shown in Table l1l-1. This run is characterized by a relatively low catalyst deactiva-
tion rate. However, the hydrocarbon product distribution changed dramatically during the run,
and more higher molecular weight hydrocarbons were produced as the catalyst aged. Product
distributions at 95 and 359 h on stream exhibit the usual trend, i.e., low methane yield co-
incides with high yield of heavy hydrocarbons. Different activation (pretreatment) procedures

with this and similar catalysts resulted in much higher deactivation rates.

Finally, results obtained by Satterfield and co-workers at MIT with commercial catalysts:
C-73 (fused iron catalyst for ammonia synthesis) and the Ruhrchemie catalyst (precipitated
iron catalyst that was used initially in the Arge reactors at SASOL), are also included for
comparison. Selectivity of the Ruhrchemie catalyst is similar to that of the Mobil catalyst i-B
in a low wax mode, whereas selectivity of the C-73 catalyst is similar to that obtained from the
Synthol reactor at SASOL. Activities of these two catalysts are significantly lower than those
of the other catalysts listed in Table IlI-1.

I11.2. Overview

Results obtained by Kolbel and co-workers on the catalyst productivity and selectivity, have
not been achieved in any of the subsequent studies. The catalyst employed in Rheinpreussen
demonstration plant produced simultaneously low yields of methane - ethane and Ciz— prod-
ucts, and high yield of gasoline (C5-Cy1). In all other studies, a low yield of methane was
accompanied by a high yield of C;5+ products (mostly wax). The useful lifetime of catalysts
with CO rich syngas in slurry bed reactors appears to be 30-60 days. However, there are no
data on actual aging rates. In relatively long runs, loss in activity was compensated for by
increasing reaction temperature and/or by decreasing gas space velocity. The maximum yield

of transportation fuels, Cz-C,4 hydrocarbons, based on classical Anderson-Schulz-Flory (ASF)
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distribution, is about 66%, corresponding to a=0.816 (chain growth probability factor). This
yield was nearly achieved in Rheinpreussen demonstration plant, and was slightly exceeded in
Mobil's low wax operation mode. An alternative way to increase total transportation fuel yield
is through maximization of the reactor-wax yield, while simultaneously minimizing the light
gas yield. The reactor-wax can be easily upgraded via conventional processes into high quality
diese! fuel. The overall goal of our study was to develop improved catalysts which would show
enhanced activity and/or better selectivity (low methane and high wax yield) in comparison to

the known catalysts for Fischer-Tropsch synthesis.
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IV. EXPERIMENTAL
IV.1. Fixed Bed and Slurry Reactor Systems

Fixed Bed Reactor

Two gas phase reactors were used for catalyst testing. A simplified flow diagram of one of

these reactors is shown in Figure IV-1.

A section of the system, inciuding the preheater, reactor, exit line, system pressure reg-
ulator, and product traps, is assembled in a vertical configuration with flow in a downward
direction. Inert (N, or He) and process (Hy, CO or premixed synthesis gas) gases are delivered
to the reactor through a thermal mass flow controller equipped with a digital meter readout.
Flow ranges are 0-500 SCCM. Two purification traps are located upstream of the flow con-
troller. One is filled with copper alumina catalyst and the other is filled with alumina beads,
for removing traces of oxygen and for decomposing carbonyls present in the feed gas mixture,
respectively.

The reactors are made of 0.500 in OD by 0.049 in wall 316 SS seamless tubing with flange
connections welded at either end with an effective bed volume of 30 cc. Two aluminum heating
blocks, 2.5 in OD by 0.5 in ID are bolted to the reactor tube and wrapped with a heating tape.
A thermocouple is located inside each heating block midway along its length and midway
across its radius. This thermocouple serves as the sensor for a temperature programmer, which
is capable of multiramp operation at effective heating rates from 0 to about 30°C/min. Actual
bed temperatures are monitored by thermocouples installed radially in the reactor tube. The
five thermocouples are spaced at 2.5 in intervals to span the entire bed length. A reactor bypass
is valved into the system and is used for calibration of feed gas flow and composition. The exit
line, including the body of the system back pressure regulator (BPR), is wrapped with heating
tape from the reactor to the product trap. A temperature controller is used to maintain the

temperature at about 110°C.

Two product collection traps are located downstream of the reactor (high pressure traps)
and two low pressure traps are located downstream of the BPR. Product flow may be directed
to either trap by turning two 3-way ball vaives. in this manner, one trap can serve for product
collection during material balance periods (SS trap) while the second trap can serve as a waste
trap (USS trap) for collecting products during times when material balances are not necessary
(e.g., during changes in reactor conditions). High pressure traps are maintained at 140-210°C

to remove high molecular weight products which are solids at room temperature. The low
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pressure traps are immersed in an ice water bath so as to condense out organics. While the
low pressure steady state trap is made of glass, the other traps are constructed of 304 stainless
steel. Each trap has a volume of approximately 75 ml. Following the ice traps, noncondensed
gas is directed to either a wet test meter or a soap bubble meter. A septum tee is located
just before the wet test meter so that gas samples may be taken. Additional components are

included in the system for reasons of safety, process control and convenience.

Pressure relief vaives and gauges are located on both high and low pressure sides of the
system. The pressure switch located on the high pressure side shuts off power and gas flow
to the system in the event either a high or low setpoint is exceeded. A low setpoint bypass
permits operation at ambient pressures. Each heated zone is protected by a temperature alarm
in addition to a controller. Separate thermocouples are used for the alarms, which shut off
the system if a high setpoint is exceeded. Solenoid shutoff valves are located on all gas lines
supplying the reactor. A multipoint recorder provides a permanent record of system pressure

and temperatures during a run.

Slurry Reactor Apparatus

Two slurry reactors were employed for long term catalyst testing and kinetic studies. A
schematic representation of one of these 1-liter Autoclave reactors is shown in Figure IV-2.
Feed CO and H, are supplied to the syster.n after passing through a series of oxygen removal,
drying, and carbonyl removal traps. The gas flow rate and H, to CO feed ratio are controlled
using a mass flow controller for each feed gas. The reactor is fully baffied, and the gas inlet

point is directly beneath the flat bladed impeller to maximize gas shear.

Products, together with unreacted synthesis gas, are taken overhead through a heated par-
tial reflux condenser, maintained at a temperature of about 200°C in order to return vaporized
slurry oil to the reactor and minimize the carry over of high boiling products. As gases rise in
the condenser they become enriched in low boiling point species, while the high boiling species
condense. When enough liquid has condensed, the pressure head developed in the condenser
allows for a continuous return of liquid to the reactor. An internal thermocouple is situated
along the condenser height to monitor temperature changes. This allows for close temperature
control to prevent liquid accumulation due to too low a temperature, and oil carry over and

cracking due to too high a temperature.

The slurry level in the reactor is controlled by withdrawing accumulated reactor wax at

the end of each mass balance period. The reactor wax is removed either through a 5 um,
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0.5" OD metal filter located internal to the reactor, or through a dip tube into an external
settling tank, which is located vertically at the top of the reactor. The rise in slurry level is due
to the accumulation of high molecular weight products in the reaction during synthesis. By
determining the amount of reactor wax withdrawn to maintain a constant level at a particular
set of process conditions, the higher molecular weight hydrocarbons that do not distill with the
gas phase product can be quantitatively included in the material balance. This procedure is

essential for obtaining an accurate overall product distribution.

The product stream from the partial reflux condenser flows via heated lines to either a S5
or an USS high pressure trap, back pressure regulator, and then to either a SS or an USS low
pressure trap. The high pressure traps are maintained at a temperature of about 90°C with
heating tapes, while the low pressure traps are placed in an ice bath. During a mass balance
period, flow is diverted to the SS traps, and during USS and change over periods the product
gases flow through the USS traps. The uncondensable gas is directed to either a wet test meter

or a soap bubble meter.

Both of the 1-liter reactor systems are designed to run continuously and automatically, with
a minimum of required operator attendance. The reactor head and reactor furnace temperature
are controlled from separate, independent controllers; other heaters for the preheater, reflux
condenser, high pressure traps and outlet lines are controlled by separate variacs. All system
temperatures are monitored by type J or type E thermocouples. System pressure is monitored
with a pressure transducer on the reactor inlet line, and the feed flowrate is obtained as a 0-5

V signal from the mass flow controller.

The slurry reactor A utilizes a muitipoint recorder for recording the system temperatures and
pressures during a run. The slurry reactor B utilizes an IBM-PC based data acquisition/control
system to monitor process variables, implement alarms, and provide simple temperature control.
All computer interface hardware was purchased from Interactive Microware, Inc. (State College,
PA). An ADALAB-PC board provides for the interface between the computer and reactor
system. Additional 16—channel and 32—channel muitiplexer boards provide up to 48 channels
of analog input, 8 bits of digital input, and 8 bits of digital output. An additional 8 bits of
digital output are available directly from the ADALAB-PC board. A 16-channel relay board,
using the 16 bits of digital output, is used to drive relays for alarms and temperature control. In
the event of an excessively high reactor temperature, or abnormally high or low system pressure,

the computer initiates a controlled shutdown by cutting all power to heaters and turns off the
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reactor stirrer.

IV.2. Experimental Procedure and Product Collection

IV.2.1. Fixed Bed Operating Procedure

Prior to loading, the catalyst is crushed and sieved to 30/60 mesh. A 3 to 5 cc sample of

catalyst and 24 cc of glass beads of the same mesh size range are mixed and loaded into the

reactor using glass wool plugs to fix and contain the catalyst bed. In order to minimize axial
temperature gradient, catalyst loading is varied along the length of the reactor, with dilute
catalyst concentrations at the inlet region of the bed. The system is then pres_»surized to 600
psig and leak tested. Following depressurization, the reactor is heated to 150°C and purged with
helium for 2 hours. Depending upon the activation procedure being used, the appropriate gas is
introduced and the temperature raised to the desired value. Following activation (reduction),
the flow is switched to helium and the bed is cooled down to 190°C. The system is then
pressurized to a desired operating pressure, the helium flow is cut off, and synthesis gas is
introduced at a desired gas space velocity. The bed temperature is gradually increased to the
desired value and then the reactor is allowed to run uninterrupted for at least 40 h before

making the first mass balance.

To begin the material balance, the gas flow is diverted to tared sample (SS) traps. Material
balance periods are typically 6-8 hours in length. During this time, two exit gas samples are
analyzed by GC. The product flow rate is periodically measured and recorded. At the completion
of the balance, product flow is diverted to the waste traps. The low pressure steady state
product trap is removed from the system and is allowed to equilibrate to room temperature.
The external surface of the trap is wiped clean and the weight of the trap is recorded. The
contents of the trap are then drained and separated into an aqueous and organic layer. The
trap is then washed with hot toluene and purged with N,, and is then tared and replaced
into the system. The contents of the high pressure SS trap are drained and weighed. These
products are generally solid at ambient temperature. The liquid and solid products collected

are analyzed by gas chromatography.

IV.2.2. Slurry Reactor Operating Procedure

The catalyst is generally ground to less than 325 mesh, and is loaded into the reactor with
an excess of n-octacosane (or FT-300 paraffin wax). n-octacosane is purified with tetrahydro-
furan and air dried prior to use. The system is then pressurized to 600 psig and leak tested.

Following depressurization, the reactor is heated to 150°C and purged with helium for 2 hours.
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Depending on the activation procedure being used, appropriate gas is introduced and the reac-
tor temperature raised to the desired value. Following activation, excess wax is withdrawn from
the reactor. The flow is switched to helium and the bed is cooled down to less than 220°C.
The system is then pressurized to the desired operating pressure, the helium flow is cut off,
and the synthesis gas feed is introduced at desired flow rate. Then, the reactor temperature is
increased to the desired value.

The reactor is allowed to run uninterrupted for at least 40 h before initiating the first mass
balance. The tasks related to products collection are similar to those described for fixed bed
reactor. At the end of mass balance period, the excess wax is withdrawn from the reactor to
estimate the wax production.

IV.3. Product Analysis System

A versatile analytical and computerized data handling system has been developed for this
program. The system consists of four separate gas chromatographs linked to a data acquisition
system (Figure 1V-3).

(a) Product Gas

“Unreacted H,, CO and product CO, and C4-Cg hydrocarbons are analyzed on the Carle
AGC-400 chromatograph. Small amounts of Cg and higher hydrocarbons, and light oxygenates
which are not condensed in the cold trap, are analyzed by a Sigma 1B chromatograph equipped
with a Porapak Q column. Analyses from the Carle and Sigma 1B are combined using suitable
tie components.
(b) Aqueous Phase

The liquid product is separated into two parts, an aqueous and organic layer. Each of these
layers is analyzed independently. The aqueous layer is analyzed on a 0.2% Carbowax 1500 on
Carbopack C (6’ x 2 mm glass column) using an FID. This column is housed in the Sigma
1B chromatograph. The aqueous layer is analyzed for C; to Cg alcohols, C; to Cyg aldehydes,
C3-Cg ketones and carboxylic acids. The water content of the sample is determined using a
Karl-Fischer titrator.

(c) Organic Phase

The organic sample dissolved in C5; is separated on a .20 mm x 30 m fused silica column
coated with 0.1 um DB-5 (J&W Scientific) and analyzed on an FID. located within the Sigma
1 chromatograph. The organic sample is analyzed for Cs to Csq hydrocarbons, C4 to Cyy
alcohols, C5 to Cg ketones and Cp-Cg aldehydes.
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(d) Wax Fraction
The wax fraction, dissolved in CS, or other organic solvent is analyzed on the Varian 3400
chromatograph. Here, a 10 m x 0.53 mm fused silica column coated with 0.25 pm RSL-150
(Alltech) and an FiD are empl:;yéd. The wax fraction is analyzed for hydrocarbons up to Cgq.
For all samples, components were initially identified by mass spectrometry, peak spiking,
and/or retention time comparisons to known standards.

IV.3.1. Response Factors and Retention Times

Response factors and retention times were determined for a large number of gas and aque-
ous phase components. Analyzed gas mixtures were used as standards for gas phase calibration
while aqueous phase calibration standards were prepared from mixtures of pure components.
Gas phase calibration involved injection of the analyzed gas mixture into the chromatograph
using a gas tight syringe. Responée factors for these components were determined from the

following equations:

RF: = AREAl /(MO‘C%)INI (IV - 1)

RF; = RF{ / RF/ - . (V-2)

ref

where: RF'; is the response factor relative to the sample; AREA is the peak area of integration;
(Mole %}); is the concentration of component i in the standard; N; is the number of carbon
atoms in component i (N=1 for Hy); RF' 4 is the response factor of a reference component
and RF; is the calculated, normalized response factor of species i.

For gas phase analyses, the standards provided a range of concentrations which allowed for
check of linearity in the detector signal. It was determined that all responses were linear over
the ranges of interest (0.1 to 10 mole percent for hydrocarbons, 1 to 50 percent for CO, H,).

Response factors and retention times for aqueous phase components expected in Fischer-
Tropsch product were obtained using a Sigma 1B chromatograph equipped with an FID. Stan-
dards were prepared by combining known quantities of pure components. Response factors
were calculated using equations V-1 and IV-2. 1-hexanol was used as the reference compo-
nent, due to its relatively low volatility. Mixtures of selected components were diluted in excess
of a factor of 50 with respect to n-hexanol so as to check for response linearity. The detector

response was determined to be linear over the range of interest. Response factors and retention
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times for organic phase components of interest expected in Fischer-Tropsch product were ob-
tained using a Sigma 1 chromatograph equipped with an FID. These components include Cg-
Csq n-paraffins, Cg-Cog a-olefins, C4-Cqg n-alcohols and Cg-Cg aromatics. Response factors
for these components were determined from equations VI-1 and VI-2. Typically all n-paraffins
and 1-olefins present in the calibration sample whose RF’y value was 10% of the average were

used in calculation of RF’ .

Response factors for hydrocarbons from C; up to Cy were found to be approximately
equal to 1.0. Response factors for Cg to Cg aromatics were determined relative to n-paraffins.
Response factors for these components were found to be 1.0. Response factors for C4 to Cyp

n-alcohols were determined relative to n-paraffins.

Response factors and retention times for the wax phase components of interest expected in
a Fischer-Tropsch product were obtained using a Varian 3400 GC equipped with an FID. The
wax standard used contained selected Cy6-Cqq n-paraffins and 1-eicosene (Cyp) in approximately
equal weight fractions dissolved in CS, to about 6 mg/ml. An internal standard (n-hexadecane)
was used to calculate absolute weight fractions of wax samples. The wax, with approximately

10 wt% n-hexadecane, was dissolved in CS,. The presence of the internal standard permits

absolute weight fractions to be calculated directly from the peak areas and response factors of

a given sample.

IV.4. Data Reduction System

Perkin Eimer Sigma 1B, Sigma 15 and Hewlett-Packard 3390 integrators are used to collect
and integrate the data obtained from the gas chromatographs. The results are then transferred
to a Hewlett-Packard (HP) 9000 series mini computer for further analysis and reduction. The
overall flow of data and results is shown in Figure 1V-4. The data reduction system consists of
peak identification routines and mass balance programs.

Peak identification programs identify gas and liquid phase Fischer-Tropsch product com-
position on the basis of the retention times of the components. By using the software, the
product analysis is done automatically. After data processing, the output is checked for possible

errors in identification.

The mass balance program uses templates to prompt the operator to enter the needed in-
formation: run designations, catalyst, reactor unit, temperatures, pressure, flow rates, sample
time, weight of samples collected, and the locations of peak analysis files from the chro-

matographs. Compound names, formulas, molecular weights, and calibration data for each

IV-10




MASS
BALANCE
PROGRAM

Operator input

¢ Run conditions

e Flowrates
o Sample weights
o Peak file names

Y

Total flowrate
Ca]cqlations

Peak Analvsis Calculations

o Phase compositions

¢ Combination analysis
¢ Averaging analysis

o Species flowrates

GC Integrators

Y

Modem

Peak Analysis Data

o Feed gas
o Product samples
o Reactor wax

Higher Level Calculations

e Mass, atomic closures

s Conversions, usage

» Reaction rates

e Yields, product distributions

Y

> Fixed disk

storage

Micro diskette archive
Printer

Other programs
Other computers

Figure IV-4. Flow diagram of the mass balance computer program

Iv-11




chromatograph are stored in data base files. The operator supplied data and peak analysis
data along with calculated results are stored on fixed disk. For safe keeping, these files are also
stored on removable microdiskettes.

The program is designed to handle up to 50 classes of products, with up to 100 members
in each class. At the present time, the program considers paraffins, olefins, alcohols, and their
major isomers, certain aromatics, organic acids, aldehydes, ketones, and esters, as well as H,,
H,0, CO, CO,, and N,.

Five types of streams: feed gas, aqueous liquid product, organic liquid product, reactor
tail gas, and reactor wax are considered by the program. The program uses peak area files
transferred from the chromatograph integrators and data base GC calibration files to determine
the composition of each stream. Using measured sample weights, the program can calculate
individual species flow rates and arrive at total inlet and outlet mass and mole flows of all
identified compounds. Combination of two different analyses of the same phase, which occurs
for the gas product stream, and averaging of multiple analyses, is done automatically. The
material balance program calculates mass and atomic balance closures, yields and selectivities
of products, and lumps products according to carbon numbers. These data are useful for
comparison of results obtained under different process conditions and are presented in the
form of tables. The program also calculates the Anderson-Schulz-Flory (ASF) chain growth
parameter and produce ASF plots from which deviations from the ASF distribution can be
observed.

IV.5. Coding System for Runs

All run numbers have the following format:
(Reactor Unit)—(Catalyst)-(Date)(Year)

(Reactor Unit) refers to the reactor system used during the run: FA or FB for fixed bed reactors
A or B, respectively; SA or SB for slurry reactors A or B respectively. (Catalyst) is a two digit
code used to reference each catalyst. This code is suffixed with a '.2" when catalyst from a
second batch is used. The codes for the commercial, promoter effect series and binder/support
precipitated catalysts are given in Table IV.1. (Date) refers to the day of the year corresponding
to the start data of the run. Finally (Year) corresponds to the last digit in the year of the start
date, (e.g., 7 for 1987, 8 for 1988, etc.). For example, a run using United Catalyst C-73 fused
iron in fixed bed reactor A, beginning March 22, 1987 would be designated as: FA-01-0817.
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Table IV-5. Catalyst Codes for Run Designations

Nominal Compositions

Fe Cu K Support Code
United Catalyst C-73 01
100 0.0 0.00 00
100 0.0 0.01 41
100 0.0 0.02 42
100 0.0 0.05 43
105 0.0 0.10 44
100 | 0.0 0.20 45
100 0.0 0.50 46
100 0.0 1.00 47
100 0.0 2.00 48
100 0.3 0.00 32
100 0.3 0.05 03
100 0.3 0.20 05
100 0.3 0.50 07
100 1.0 0.00 33
100 1.0 0.05 13
100 1.0 0.20 15
100 1.0 0.50 17
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Table IV-5. (cont’d) Catalyst Codes for Run Designations

Nominal Compositions

Fe Cu K Support Code
100 3.0 0.00 34
100 3.0 0.05 23
100 3.0 0.20 25
100 3.0 0.50 27
100 10. 0.00 35
100 20. 0.00 36
100 5.0 4.20 31
100 5.0 4.20 8 5i0; 63
100 5.0 4.20 25 Si0, 66
100 5.0 4.20 100 SiO; 69
100 5.0 4.20 8 Al,O3 73
100 5.0 4.20 20 A1, O3 76
Ruhrchemie Catalyst LP 33/81 99
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V. Task 2 SLURRY CATALYST DEVELOPMENT

Activation / Reduction Procedure Research

V.1.1. Literature Review

The most common catalysts for CO hydrogenation (Fischer-Tropsch synthesis) are group
VIII elements: cobalt, nickel, ruthenium and iron. Before synthesis a catalyst precursor is
subjected to a pretreatment, the purpose of which is to bring the catalyst into an active form
for synthesis. Cobalt, nickel and ruthenium are almost always reduced in flowing Hy at 200
- 450°C to the zero-valent metallic state. During the synthesis, under a variety of process
conditions, these catalysts remain in the zero-valent state (Anderson, 1956). However, the
purpose of pretreatment for iron catalysts is not so clear. Reduction in Hy may lead to the
zero- valent state, but during the synthesis the metallic iron is rapidly converted to a carbide
phase or phases (e.g., Amelse et al., 1978; Raupp and Delgass; 1979, Dry, 1981). At high
(H,+CO) conversions, the reaction mixture becomes more oxidizing (relatively high H,O/Hj
and CO,/CO ratios) and magnetite (Fe;04) is also formed (e.g., Anderson, 1956; Dry, 1981;
Satterfield et al., 1986). Other pretreatments have also been employed, such as CO reduction
(activation), synthesis gas treatment (induction), and/or H; reduction followed by CO or vice-
versa. These activations often yield a better catalyst than that obtained by H, reduction, but
the catalyst composition still changes during synthesis. Numerous studies have been published
concerning correlations between phases present in the iron catalyst and its reaction behavior,
as summarized, for example, by Dwyer and Hardenbergh (1984) and Satterfield et al. (1986a).
However, there is no clear consensus as to which of the phases is responsible for catalyst
activity. The two extreme views are that the active phase(s) is (are) either (a) iron carbides
(e.g., Amelse et al., 1978; Raupp and Delgass, 1979; Niemantsverdriet et al., 1980); or (b)
iron oxides (Reymond et al., 1982; Blanchard et al., 1982). Based on the extensive studies
at the U. S. Bureau of Mines and the previous German work, the following iron phases were
found to be catalytically active: metallic o-Fe, various carbides, nitrides and carbonitrides,
and Fe;0,4 (Hofer 1956, p. 434). During synthesis, industrial catalysts consist of mixtures of
carbides and magnetite, and in general there is no clear correlation between the catalyst bulk
composition and its activity and/or selectivity (Dry, 1981, p. 197; Anderson, 1984, p. 56).
Thus, the objectives of the catalyst pretreatment in the case of iron are not clear. The general
goals of a successful pretreatment are to obtain high activity, the desired selectivity, and long

life (high stability). The effective activation procedures for iron catalysts have been developed
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empirically. There have been only a few studies on the effect of activation parameters on

subsequent catalyst activity, selectivity, and stability during the synthesis.

In early work with alkalized precipitated catalysts at Kaiser Wilhelm Institute in Germany,
it was found that reduction with H, at 360°C was not effective, and further studies focused
on activations with carbon monoxide and CO rich synthesis gas, (Anderson, 1956 pp. 176-
180). They investigated the effects of activation temperature (255-450°C) and pressure (0.01
- 1.5 MPa) on catalyst activity and stability. The optimal activation parameters were: CO at
0.01 MPa (subatmospheric pressure) and 325-345°C. These activation conditions gave high
(Hy+CO) conversions and constant catalyst activity for 80-120 days in fixed bed reactor tests.

In studies with a precipitated iron catalyst at the U. S. Bureau of Mines, several activation
procedures were employed with different reducing agents: H,, CO, and H,/CO=1 or 2 (An-
derson, 1956, p. 183-184; Anderson, 1984, pp. 56-58). It was found that catalysts activated
with syngas or CO had higher activity and produced less light hydrocarbons than H, reduced

catalysts.

Recent work at the Pittsburgh Energy Technology Center has focused on the effect of cata-
lyst pretreatment on the catalyst’s synthesis behavior in a stirred tank slurry reactor (Pennline et
al., 1987; Zarochak and McDonald, 1986, 1987). In studies with a precipitated iron-manganese
catalyst, Pennline et al. found that pretreatment with H; or H,/CO=1 syngas at 275°C re-
sulted in completely inactive catalysts during the synthesis. Activations with CO were more
successful, and changes in activation temperature or pressure had some effect on the catalyst
activity and selectivity. Zarochak and Anderson employed activations with syngas (H,/CO=0.7
or 1) and CO in studies with Fe-Cu-K,0 catalyst. Following activation the catalyst deactivated,
sometimes rather rapidly, during the synthesis. The rate of deactivation was affected both by
pretreatment and by reaction conditions during the synthesis. in Mobil's work on development
of the two-stage process for synthesis gas conversion to gasoline, in-situ activations, in a slurry
bubble column reactor, with syngas (H,/CO= 2/3) at 280°C, 1.1-1.5 MPa for 2-10 h, were
found to be effective in producing an active and stable catalyst (Kuo, 1983).

The information on the effect of reduction parameters on catalytic behavior during the
synthesis for H, reductions is rather scarce. Reductions at relatively high temperatures were
not successful as noted earlier. Dry (1981, p. 179) states that low temperatures (180-220°C)
and high linear velocities are needed to achieve high surface areas after the reduction.

In this section we present results of a comprehensive study on the effect of activation pa-
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rameters (temperature, pressure, duration and nature of the reducing gas) on catalyst activity,
selectivity, and stability. Eleven different activation procedures were employed, and the cata-
lyst (100Fe/3Cu/0.2K) was subsequently tested in a fixed bed reactor. Two tests were also
conducted in a stirred tank slurry reactor to determine whether the same trends are observed
in both types of reactors.

V.1.2. Experimental Procedure

Typically, 3.5 g of the catalyst (3 cc) was diluted 1:8 by volume with glass beads of the same
size range (30/60 mesh) and charged into the reactor. All tests were conducted with a catalyst
from a single batch, having a composition of 100Fe/3Cu/0.2K (expressed in parts of metal
by weight) as determined by atomic absorption spectroscopy (Varian Spectra AA 30). Eleven
sets of activation conditions were employed to evaluate the effect of activation parameters (gas
type, temperature, duration and pressure) on subsequent catalyst performance. All activations
were conducted at a gas space velocity of 3 Nl/g-cat.h and atmospheric pressure, except in
test A-3517 where the activation was conducted at 1.48 MPa (200 psig). Test identifications
and activation conditions are shown in Table V.1-1.

Following activation (reduction), the flow was switched to helium and the bed was cooled
down to 190°C. The system was then pressurized to 1.48 MPa, the helium flow was cut off, and
synthesis gas (Ho:CO = 1:1) was introduced at a gas space velocity of 2NI/g-cat.h. The bed
temperature was gradually increased to 250° C following the time temperature schedule listed
in Table V.1-2 (conditioning period). During the conditioning period, the bed temperature was
monitored frequently to prevent development of hot spots, and the volumetric gas contraction
was recorded periodically. After achievement of the final reaction temperature, 250°C, the
tests were conducted over a 120 h period, during which time two mass balances were made at
approximately 40 and 90 h on stream. The tail gas was analyzed frequently throughout the
entire test.

V.1.3. Results

Selected results from catalytic tests are summarized in Table V.1-3 (activations with CO)
and Table V.1-4 (activations with H, and syngas). Activation parameters investigated were:
temperature (250 vs. 280°C for both H, and CO, and 310°C with CO only), duration (8
and 24 h), pressure (0.1 vs. 1.48 MPa, with CO only), and gas composition (CO, H, and
H,/C0=0.68).
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Table V.1-1. Activation conditions and test designations.

Conditions
Test Temperature (°C)  Pressure (M Pa) Reductant Duration (h)
A-2737 250 0.10 CO 8
B-2857 250 0.10 CoO 24
A-3077 280 0.10 (90) 8
A-2967 280 0.10 CO 24
A-2847 310 0.10 CO 8
A-3517 280 148 CO 24
B-3087 250 0.10 H, 8
A-3237 250 0.10 H, 24
B-2957 280 0.10 H, 8
B-3227 280 0.10 H, 24
B-3377 280 0.10 H,/CO = 0.68 24

(2) Space velocity = 3.0 N1/g—cat-h for all tests




Table V.1-2. Start—up time/temperature schedule used during conditioning period following activation
treatment.

Time on stream (h) Temperature (°C)(®)  Duration (k)
0 Reduction-190 1
1 190 1
2 190-200 1
3 200 1
4 200-210 1
7 210 3
8 210-220 1
11 220 3
12 220-230 1
23 230 11
24 230-240 1
28 240 4
30 240-250 2

(a) 1.48 M Pa, 2.0 Nl/g—cat-h, H,/CO = 1.0




01 = 0D/ ‘Y- ved-6/IN 0T “Dd W 8V 1 ‘Do 05T SUOINPUOD $50301d [RUIWION (5)

900 900 90'0 900 080 L20 rAA VI 74l 160 920 S0 60 ofyel auaing-|/audjng-g
89 19 99 09 6S 9G 19 09 29 89 €4 6¥ 15—
9L 82 8L Ll 89 69 12 0L oL 0L ¥9 £9 n-19)
G\c NAwA) Junuos ugojQ
ey 8oy ¢y  ¥'8e I've ¥ gee 1GE ['ce  9'¢¢ 097 T'l¢ 1+
6ve £9¢ 68¢C L0t yoe Lo cee Lo0e 90t Vv8e £0f 86¢ 1n-5n
192 ¥'92 €T 81T 8L 86T 89¢ 0L¢ 160 902 6c¢ 61¢ ¥0-%D
8¢ 9 09 19 A Tl L'9 ¢l ¢'8 Y 801 ¢C11 YHD
suoqeaoipiy jo o NBrop
gyo  LbO Sho PO o 1o g0 oo | Oor0 680 o Yo (0P4~) /004
¢'8¢ 199 8v9 VIL ¢y, 3¢9 19 989 008 699 1'¢L  98L ?&v uoisiaau0d 0D+
989 692 Ll 148 1'¥8 988 980 9°9. 098 9¢9 698 V'I6 (%) wotsiaauod 0D
16 1444 18 44 €6 144 o6 1944 16 14 4 16 944 (y) wreaxys vo auy,
LIGe-Y LVHEG-Y L962-V LG~V L4Re-4d LeLe-v (v)¥l,

‘suoryearide ()0 Juisn s159) isA[eyed jo Arewruwins sNSAY "g-1°A dyqr],

V-6




01 = 0D/ “Y-1e>-6/IN 0°T ‘Dd W 8’1 ‘Do 0GT SUOHIPUOD 859001 [EUIWION (y)

900 2100 £0°0 £0°0 200 €00 L0000  S0'0 60°0 olyel audjng - [ [ousing-g
69 Tl 80 99 V9 €9 9 99 86 -4
9. 9L Gl L L 9] 89 oL g9 *0-2D
(% B ) meju0d UYS|O
g'¢e  90¢ 961 P01 SVl 6¢ g6 99 g9 421
LI 81¢ £ve  9°6¢ 0ee  69¢ L'Ie  Tev V68 1y-$H
02 G0t V8 €68 968 TGP gy 68t 6°6¢ -2
S99 1L L1101 621 OFb1 Lyl ¥el Al 2 HID
mzofcuo%b_ Jjo 9 N3
90  S¥O 19°0 050 ¥S'0  ¥S0 050 050 6V'0 (024—) /%00
P8S  9V9 e 092 ££8  0'8F Z0L 629 ALY (%) uorsiaauod O0D+H
T 09L ee 0°1¢ ¢L9 TI9 198 06 T'I8 (%) wotsiaauod QD
98 OV 16 v 06 S 06 ¥ £ (y) wreanys uo auil],
LLee-d Lzee-4d 1862-4 L8278V L80¢-4 ()L

‘suoreAlde O +%J1 10 ¢ff Suisn §159) Ishfered jo Arewrwng s3MSIY -1°A *lqEL




Activations with CO

Catalyst activity, measured by volumetric gas contraction, as a function of time on stream
during the conditioning period is shown in Figure V.1-1. Volumetric contraction, defined as:
100 x (iniet flow rate-Outlet flow rate)/(Inlet flow rate) varies nearly linearly with respect
to syngas (H,+CO) conversion and is a convenient measure of catalyst activity. At a given
temperature and time on stream, the volumetric gas contraction is essentially independent of
activation procedure employed. Any differences in results may be attributed to non-uniformity
in the bed temperature and/or fluctuations in the tail gas flow rate, since the system was not
at steady state during these measurements. At the end of the conditioning period the catalyst

activity was nearly the same for all six activation procedures employed.

The catalyst activity, measured by (H,+CO) conversion, as a function of time on stream
during the steady state period (250°C, 1.48 MPa, 2NI/g- cat.h and H,/CO=1) is shown in
Figure V.1-2. The initial activity of the catalyst was high and similar for all CO activation
procedures employed. The syngas and CO conversions for different activation procedures at
1-2 h at the process conditions were: 75-84% and 87-97%, respectively. The activations at
250°C for 8 h and 280°C for 24 h (both at atmospheric pressure) resulted in the highest
catalyst activity and stability during the catalytic tests, however the activity declined with time
on stream for all CO activations. The loss in activity expressed as a percentage of the initial
(H,+CO) conversion, over the 120 h test period, ranged from 10% (test A-2967) to 45% (test
B-2857). The activation at 250°C for 24 h resulted in the most rapid catalyst deactivation at
the synthesis conditions, but the underlying reasons for this behavior are not yet understood.
This activation procedure and subsequent catalytic testing were repeated in run B-0098. Similar
results were obtained during this test: the (H,~CO) conversion declined from an initial value
of 75.4% to 51.5% at 120 h on stream, which represents a 32% loss in activity. The latter
value is lower than that obtained in test B-2857, but is still high in comparison to the other

activations with CO at atmospheric pressure.

The ratio of CO, production ('C02 ) to total CO consumption (-rcp) represents a measure
of the water gas shift (WGS) activity and is listed in Table V.1-3. This ratio did not vary much
with time on stream nor with the activation procedure. The catalyst activated at 1.48 MPa
and 280°C for 24 h (A-3517) had the highest WGS activity, whereas the lowest WGS activity
was observed in test B-2857. However, the difference between these two extreme cases was

only 15%.
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Selectivity

The hydrocarbon product distribution, the fraction of olefins in light hydrocarbons, and the
olefin isomerization activity (expressed as 2-butene/. 1-butene ratio) obtained during the two
mass balances for each of the six activation treatments are given in Table V.1-3. Although the
catalyst activity decreased with time on stream, selectivities remained relatively stable between
the two balances performed at approximately 43 and 91 h on stream. Thus, the average values
for the hydrocarbon product distribution and the (14-2)-olefins/n-paraffin ratios (or the olefin
content in a given carbon number range) from balances 1 and 2 can be used for comparison

of different activation procedures (Figure V.1-3).

Hydrocarbon product selectivity improved with the increase in activation temperature at 8
h activation durations. The catalyst activated at higher temperature produced less methane
and C,-C, products. The (1+2)-olefins/n-paraffin ratios (Fig.V.1.3) and the olefin content of
C,-C4 and Cs- Cy; hydrocarbons (Table V.1.3) increased, whereas the 2-butene/1-butene ratio
decreased as the activation temperature increased. Since paraffins and B-olefins are produced
primarily via secondary reactions, this means that activations at higher temperature (280 and
310°C) tend to suppress these secondary reactions. At 24 h reduction durations, comparisons
can be made at 250 and 280° C. With the longer duration, higher activation temperature
favors a more stable catalyst, while the selectivities were similar (Table V.1.3 and Fig.V.1.3).
These trends are not the same as those observed at 8 h durations, indicating that the effects

of activation temperature and duration can not be separated.

The effect of activation duration can be seen at 250 and 280 °C. At 250° C, the 24 h
duration (B-2857) produced the least stable of all the catalysts, however, the selectivity is
better than with the 8 h activation as less methane and C»-C, products are produced. The
stability with a 280°C reduction is superior when a longer duration (24 h) is used (Fig. V.1-1),
whereas the selectivity is not strongly affected by duration (A-3077 vs. A- 2967). On the basis
of the overall catalyst performance (stability and product selectivity) the activation at 280 °C
for 24 h (A-2967) produced the best results of all five activations with CO at atmospheric

pressure.

The effect of pressure during activation was determined at these optimal values of activation
temperature and duration in test A-3517. Higher pressures are needed for in-situ activations in
slurry reactors to reduce losses of liquid medium due to evaporation. The catalyst activated at

ambient pressure was found to be more active and more stable than the catalyst activated at
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high pressure (Fig. V.1-2). The activation pressure did not have a strong effect on hydrocarbon
product selectivity, as shown in Figure V.1-3 and Table V.1-3. The weight percent hydrocar-
bon distribution obtained using different activation pressures was nearly the same for both
procedures, although some shifting between higher molecular weight products (C5-Cy5, C1o+)
is evident. The (1+2)-olefins/n-paraffin ratios and the olefin content in C5-C4 and Cs-Cyg
hydrocarbons were higher for the catalyst activated at higher pressure, however, this may have
been caused in part by the significantly higher conversions obtained with the ambient pressure
reduction. As the (H,+CO) conversion increases, the partial pressure of Hj relative to Cco
also increases (as long as the usage ratio is lower than the feed ratio). Also, higher conversions
lead to longer residence times in the reactor due to gas contraction upon reaction. Both of
these effects (the increase in the H,/CO partial pressure ratio and the longer residence time)
favor hydrogenation of olefinic products at high (H,-+CO) conversion, decreasing the (1+2)-
olefins/n-paraffin ratio. The isomerization activity (2-butene /1-butene) was significantly lower
for the catalyst activated at 1.48 MPa.

The products of the Fischer-Tropsch synthesis foliow the Anderson- Schulz-Flory (ASF)
distribution, which may be characterized either by a single value of the chain growth probability
factor or by two values (Huff and Satterfield, 1984). We found that whenever all products
collected were analyzed, including those in the high pressure trap, at least two chain growth
probabilities are needed to characterize the product distribution. An example of the ASF plot
is shown in Fig. V.1-4, for the data from test A- 3077, balance 2. The two-a model of Huff

and Satterfield was found to accurately represent these data:

xn = B(1-ag)al™t +(1-B)(1- ap)el? (V.1-1)

where xp is the mole fraction of products containing n carbon atoms (hydrocarbon and oxy-
genate), G is the fraction of type | sites on the catalyst and o and a, are the chain growth
probabilities associated with the type | and type il sites, respectively. The negative deviations
from the ASF distribution in the C¢-Cg range are caused by product loss due to evaporation,
while positive deviations at C4g+ are due to errors in the GC peak integration (high base-line
shift).

Activations with Ho

The changes in catalyst activity with time on stream during the unsteady state conditioning

period and the steady state synthesis period are shown in Figures V.1-5 and V.1-6, respectively.
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In contrast to the behavior of CO reduced catalyst, the activities of the Hy reduced catalyst,
measured by volumetric contraction, during the conditioning period were strongly influenced
by activation conditions (temperature and/or duration) and increased in the following order
(280°C, 24 h) < (280°C, 8 h) < (250°C, 24 h) < (250°C, 8 h). This order continued
throughout the steady state period (Fig. V.1-6), but the activity of the catalyst reduced at
250°C for 24 h approached that of the catalyst reduced at 250°C for 8 h. The latter test (B-
3087) was prematurely terminated due to a flow interruption which occurred at approximately
80 h on stream (before the second mass balance was completed). All four reductions with H,
lead to either a constant or a gradually increasing activity during the synthesis. The activities
of the catalyst reduced at 250°C (8 and 24 h durations) were significantly higher than those
resulting from activation at 280°C. Also, the shorter 8 h reduction at 280°C (B-2957) produced

a significantly more active catalyst than the 24 h reduction at the same temperature.

As with the CO activated catalyst, selectivity did not change significantly between the two
mass balances (See Table V.1-4). The effects of reduction temperature and duration on catalyst
selectivity may be studied in Figure V.1-7 (the average values from the two mass balances were
used for this comparison) and in Table V.1-4. The hydrocarbon weight p-ercent distribution
was not strongly affected by the H, reduction procedure followed, regardless of the reduction
conditions. The (142)-olefins/n-paraffin ratios did not change significantly with the duration
of the reduction, however, the ratios decreased as the reduction temperature decreased from
280 to 250°C, at both 8 and 24 h reduction durations. This trend may be caused, in part, by
the significantly higher (H,+CO) conversions obtained with the catalysts reduced at 250°C.

WGS activity was not affected much by differences in reduction parameters, and the ratio
(rco.)/(-rco) only varied between 0.49 and 0.54. The olefin isomerization activity decreased
with-the increase in reduction temperature, but again this could have been caused at least
in part by the decreased a-olefin concentration at lower (H,+CO) conversions (i.e., higher

reduction temperature).

Comparison of Activations with CO, H, and Syngas

The activities of the catalyst activated with CO, H, and syngas (H/C0=0.68) at atmo-
spheric pressure and 280° C for 24 h are compared in Figure V.1-8. The CO activated catalyst
was more active and stable than the catalyst activated with the CO rich syngas, whereas the Hy
reduced catalyst showed high stability but a very low activity, about 30% (H,+CO) conversion

throughout the run. The change in activity with time on stream for the Hy reduced catalyst
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cedures.
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at 250°C for 24 h (A-3237) is also included for comparison. The activity of the catalyst during
the latter test was initially lower than that of the CO activated catalyst, but after about 100 h

at conditions the two activities were nearly the same. By referring to Tables V.1-3 and V.1-4,

it may be seen that activations with Hj give the highest rco, / (rco) ratios (i.e., the highest

WGS activity) followed by Hy/CO=0.68 and CO activations.

A comparison of the effect of reductant (gas) type on catalyst selectivity is given in Figure
V.1-9 for the same four tests shown in Figure V.1-8. The weight percent hydrocarbon distribu-
tion obtained in tests following the CO and syngas activations were similar, with some minor
shifting of products between the C5-Cyy and Cyo+ product ranges. The catalyst reduced with
H, favored the formation of methane and C,-C4 products, with correspondingly lower weight
percents of the higher molecular weight products (Cg+). The (1+2)-olefins/n-paraffin ratios
were higher for the catalyst activated with synthesis gas, compared to the catalyst activated
with either H, or CO, particularly the CO activated catalyst. These ratios are somewhat en-
hanced by the low conversions obtained in tests with the synthesis gas or H, (280°C, 24 h)
activated catalyst, which may be seen by comparing olefin selectivities from tests A-2967 and
A-3237 at approximately equal (Hy+CO) conversions. In this case the olefin selectivity of
the H, activated catalyst is only slightly greater (C5-Cy; fraction only) than that of the CO
activated catalyst. The olefin isomerization activity of the CO activated catalyst is significantly
greater than that of the catalyst activated by either H, or syngas regardless of the conversion
level (see Tables V.1-3 and V.1-4).

On the basis of catalyst activity, stability, and selectivity, CO activation at atmospheric
pressure, and 280°C for 24 h was found to be the most desirable of the eleven activations that

were employed in this study.

Slurry Bed Reactor Tests

in order to determine whether the trends found in fixed bed reactor tests remain the same
during the synthesis in slurry phase, two tests were conducted in a 1 liter stirred tank slurry
reactor (Autoclave Engineers). A precipitated catalyst with composition 100Fe/0.3Cu/0.5K
was employed in both tests. The catalyst was activated in H, for 24 h (test S$B-0458) or
in CO for 16 h (test SA-0468) both at 280°C, 0.79 MPa and 3 Ni/g-cat.h. (see Section
V.2.3) Following activation, the catalyst was tested at 250°C, 1.48 MPa, 2 Ni/g-cat.h and
H,/CO=1.0 (the same process conditions used in the fixed bed reactor tests). The (H,+CO)

conversions at about 40 h on stream were 24.8 and 74.8% for the H, and CO reduced catalysts,
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respectively. These conversions are similar to those obtained in fixed bed tests when similar
activations procedures were employed. After the first mass balance, the process conditions
(temperature, gas flow rate or H,/CO feed ratio) were varied in both tests. The base-line
conditions were repeated later during the test to determine the extent of catalyst deactivation.
The (H,+CO) conversion increased with time on stream from 24.8% at 40 h to 35.5% at 428
h in the test with the H, activated catalyst, whereas the CO activated catalyst deactivated
significantly during the synthesis. In the latter case, the (H,+CO) conversion at 437 h on
stream was only 17.4%. During the first mass balance ( 40 h on stream) the hydrocarbon
distributions were similar: 4.6 (CHg4), 25.0 (C5-Cy4), 22.7 (C5-Cyq;), and 47.7% (Cyo+) for Hj
reduced catalyst compared to 6.9 (CHy), 22.3 (C5-Cy), 20.4 (C5-Cy;), and 50.4% (Cy5+) for
CO reduced catalyst. This trend is different than that observed in fixed bed reactor tests,
where CO activated catalyst produced significantly less methane and C,-C, products than H,

activated catalyst.

The two slurry reactor tests show that activation procedures have the same effect on
catalyst activity and stability as that found in fixed bed reactor tests. However, the trends
in catalyst.selectivity were not the same. The differences in selectivity trends may be caused
by the different catalyst compositions used in the slurry (100Fe/0.3Cu/0.5K) and fixed bed
(100Fe/3Cu/0.2K) tests.

Catalyst Characterization Studies

The catalyst (100Fe/3Cu/0.2K) used for the activation studies in fixed bed reactors was
characterized using temperature-programmed reduction (TPR), isothermal reduction and X-ray
photoelectron spectroscopy (XPS). A brief description of procedures and summary of pertinent

results is given below.

Temperature-programmed and isothermal reduction studies were performed using both 5%
H,/N, and 5% CO/He mixtures as reducing agents at atmospheric pressure. The consumption
of H, or CO was measured by the change in thermal conductivity of the effluent gas stream.
Catalyst sample weights of 10 to 15 mg and reductant flow rates of 12 cc/min were used in all
experiments. A temperature program rate of 20°C/min from room temperature to 800°C was
used in TPR experiments, or to 300°C in isothermal reductions. The latter temperature was

maintained for 12 h or 8 h in reductions with H, and CO, respectively.

TPR reduction studies of calcined samples (in air at 300°C for 16 h) have revealed that

reduction of Fe,O5 occurs in two steps (1) FeoO3 — Fe;0y, and (2) Fe304 — Fe, and that
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both steps of iron reduction occur more rapidly in CO than in Hy. The same behavior and
trends were also observed under isothermal reductions. The times required for completion of
iron reduction to the zero-valent state were found to be: 300 and 60 min, for H, and CO

reductants, respectively.

~ These two techniques, TPR and isothermal reduction, can differentiate the reducibility of
the bulk composition but do not provide information on the surface composition after reduction.
XPS studies complement these reduction studies by providing information about the identity
of the surface iron phases. XPS measurements were performed using a Hewlett-Packard Model
5950 A ESCA spectrometer, which was equipped with an Al Ko X-ray source monochromator
used at a 1250.0 eV accelerator potential setting. Samples were in the form of pressed disks,
and were handled under a dry, O,-free N, atmosphere during spectrometer loading to prevent

surface reoxidation due to atmospheric H,0 and Oj.

XPS studies of the calcined catalyst sample after isothermal reduction with Hy or CO at
300°C for 12 h have revealed the following. The surface of H, reduced catalyst consists of
approximately 45% Fe,, /Fes__ iron, and 55% of zero valent iron, which is in contrast with the
result obtained from the isothermal reduction. This is probably due to reoxidation of surface
iron by water, a byproduct of reduction in Hy. On the other hand, CO treatment leads to
quantitative reduction of iron to the zero valent metallic state. This treatment also results in

deposition of surface carbon.

The activation parameters (temperature, gas flow rate and duration) employed in charac-
terization studies were not the same as those employed in the fixed bed catalytic studies, but
they nevertheless provide useful information on the qualitative differences between H, and CO
reductions.

V.1.4. Discussion

CO Activations

The major findings from our catalytic tests conducted at 250°C, 1.48 MPa, 2 Ni/g-cat.h,
and H,/CO=1, following activations with CO under different conditions, are: (1) The catalyst
displayed high initial activity, which decreased with time on stream; (2) Catalyst stability and
selectivity were affected by differences in the activation parameters (temperature, pressure and
duration). Activation at atmospheric pressure (0.1 MPa) gave a more stable catalyst than that
at 1.48 MPa, whereas the effects of activation temperature and duration on catalyst stability

and selectivity could not be separated.




Pichler, as described by Storch et al. (1951, pp. 290-297) and Anderson (1956, pp.
176-180), used CO and syngas activations in studies with alkalized precipitated iron catalysts
with and without Cu promoter. He studied the effects of activation (induction) pressure and
temperature on catalyst activity and stability. The length of induction was 25 hours with a
gas flow of 0.4 Ni/gFe.h, and subsequent synthesis was conducted with Hy/CO=2/3 gas at
1.52 MPa, 2350C and 0.4 Nl/gFe/h. He found that activation with CO was superior to that
with H,/CO=2/3 syngas, and that the optimum pretreatment conditions were 325°C and
0.01 MPa (absolute). Activation with CO at atmospheric pressure (0.1 MPa) was not greatly
inferior in terms of catalyst activity and stability during the synthesis, whereas activation at
1.5 MPa (synthesis pressure) led to lower activity and rapid deactivation with time on steam.
Characterization studies of activated catalysts, by acid decomposition and thermomagnetic
methods, revealed that lower induction pressures result in higher carbide content (Hagg or x-
carbide) and lower concentrations of free carbon deposited on the catalyst. Activations at
temperatures in the range 255-305°C led to catalyst deactivation, whereas catalyst activated
at 325 and 345°C displayed high stability at gas contractions of 52-55% (high (H,+CO)
conversions) over 120 and 80 days of synthesis, respectively. Characterization studies revealed
that the catalyst activated at high temperatures (325-345°C) was converted aimost completely
to Hagg carbide, whereas activations at lower temperatures resulted in formation of a mixture of
hexagonal carbides, magnetite and free carbon. On the basis of these results, it was speculated
that Hagg carbide is the active phase which resists chemical change during the synthesis.
The loss of activity was believed to be related to progressive conversion of Hagg carbide to

magnetite.

Zarochak and McDonald (1986, 1987) used CO activation at 280°C, 1.48 MPa, 1.3 Ni/g-
cat.h for 24 h in their studies with a precipitated 100Fe/1Cu/0.5K catalyst. As revealed by
Mossbauer spectroscopy, the catalyst was essentially completely reduced/carbided to x-carbide
during 24 h CO activation. Following the in situ activation in a siurry reactor, the catalyst
was tested at a gas space velocity of approximately 2.5 Nl/g-cat.h, 260°C, 1.48 MPa using a
synthesis gas with an H,/CO feed ratio of 1 or 0.7. In the test with 1:1 syngas, CO conversion
decreased slowly from 88.8% at 95 h to 80.4% at 359 h, whereas in the test with H,/C0=0.7
syngas, catalyst deactivation was much higher. The CO conversion was about 80% at 100 h
but only 25% at 260 h on stream. This shows that catalyst stability is not determined solely

by the pretreatment, but also by process conditions (oxidizing/reducing environment) during
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the synthesis.

On the basis of results from the literature and the present study it seems difficult to maintain
a constant catalyst activity over a long period of time. Pichler was able to achieve high stability
over a long period of time with CO pretreatments at 325 and 345°C and subatmospheric
pressure. These conditions (high temperature and low pressure) are not suitable for in-situ
activations in slurry reactors and thus were not employed initially in our study. We have also
used Pichler’s type of activation, pure CO at 0.1 MPa, 335°C, and 3 Ni/g-cat.h, in a study with
another precipitated iron catalyst (100Fe/3Cu/0.5K). Subsequent synthesis was conducted at
1.48 MPa, 260°C, 2 Nl/g-cat.h and H,/C0O=0.64 in a fixed bed reactor, but the catalyst
deactivated rather rapidly. Initial (H,+CO) conversion was 74.2% but decreased to 50% after
70 hours at the process conditions (See Section V1.2.2).

In addition to the observed strong effect on catalyst stability, the activation parameters also
influence the product selectivity. The activation temperature and duration largely determine
the initial state of the catalyst, including bulk phases, surface oxidation states of iron and
promoters, carbon deposited, and crystallite size. Although, the catalyst composition (bulk
and surface) varies during the synthesis, it is clear that its initial state has a marked influence
on the product selectivity. Detailed characterization studies of catalysts after activation and
during the synthesis are necessary to try to explain differences in product selectivities arising
from the use of different activation parameters.

H, Activations

Four different activations with H, as reducing agent were employed in the present study, and
their effect on catalyst activity, stability, and selectivity during the synthesis may be summarized
as follows: (1) Catalyst activity was either constant or gradually increased with time on stream
(up to 120 hours) for all four reductions; (2) Activity was higher when the catalyst was reduced
at lower temperature and/or when a shorter duration was employed. The latter effect was
particularly evident for the two activations conducted at 280°C; (3) The hydrocarbon product
distributions were similar for all four activations, whereas the olefin content was lower and
olefin isomerization was higher for activations conducted at 250°C.

Pichler found that hydrogen reduction at high temperature (about 360°C) is not effective
in producing an active catalyst. Pennline et al. reported that activation with Hj at 275°C and
1.48 MPa yielded an inactive catalyst (precipitated Fe/Mn catalyst). Scheuermann (Anderson,
1956, pp.180-181) found that reduction in H, at lower temperatures (180-220°C) gives better
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activity than does reduction at 300°C. All these results, including the ones obtained in our
study, point to the fact that reductions in H, at lower temperature result in improved activity.
This can be explained by the fact that water vapor generated by reduction of iron in H,
enhances the rate of sintering, and this results in the formation of large crystallites and loss of
active sites for the synthesis reaction. At higher activation temperature, the water is released
more rapidly during the reduction and its partial pressure is higher than that occurring during
the reduction at lower temperatures. Both of these effects, higher temperature and higher
H,0 concentration, would contribute to a larger degree of sintering and thus decrease catalyst
activity. Similarly, longer duration will have a detrimental effect on catalyst activity due to a
loss of active surface sites. Dry (1981, p. 179) states that high linear velocities of hydrogen are
needed to obtain higher surface areas after the reduction, as this will result in rapid removal
of water vapor. it should be noted, however, that after reduction to metallic iron is complete,
continued treatment in H, should not produce additional hydrothermal effects, such as water-
induced sintering, since byproduct water is no longer being generated. This is in contrast to
the case for activation in CO, where deposition of surface carbon or formation of carbides

continues to occur, even after iron reduction is complete.

If the loss of activity is primarily caused by sintering, this can explain the fact that different
reduction procedures did not have a significant effect on hydrocarbon selectivity. In other words,
different pretreatments led to different numbers of active sites, which affects activity, but there
is no change in the nature of the sites and thus no effect on product selectivity. Differences
in olefin selectivity (lower olefin content and higher isomerization activity for activations at
250°C in comparison to those conducted at 280°C) are at least partly caused by differences in

conversions, as explained earlier (higher conversions favor secondary reactions).

In the absence of catalyst characterization following the reduction and after the synthesis,
it is difficult to explain why the catalyst displayed a constant or gradually increasing activity
during 120 hours of synthesis. A possible explanation was given by Dry (1981, p. 181) who
reported that the activity of the partly reduced Fe-Cu-5i0,-K,0 catalyst increases somewhat
during several days of synthesis due to further reduction/carbiding which results in continued

creation of active sites.

Effect of the Reducing Gas

Three different gases were employed for catalyst activation in the present study: CO (6

activations), H, (4 activations) and syngas with H,/CO=0.68 (1 activation). Catalyst activity,
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stability, and selectivity during the synthesis were strongly affected by the nature of the reducing
gas. The major findings from catalytic tests are: (1) Catalyst activated in CO or syngas had
initially higher activity than the catalyst activated in Hy, but the activity of the former decreased
with time on stream, whereas the activity of the latter remained constant or gradually increased
with time on stream; (2) CO and syngas activations favor the production of higher molecular
weight products in comparison to Hj activations; (3) Water-gas-shift activity was higher with

H, activations than with CO activations.

in the early studies at Ruhrchemie (Anderson, 1956 pp.181-182) it was found that the
catalyst pretreatment in syngas (H,/C0=1.3) yields less methane and more high molecu-
lar weight products in comparison to the Hj reduction. The same trend was observed in
studies conducted at the U. S. Bureau of Mines with a precipitated catalyst having a com-
position 100Fe/10Cu/0.5K,CO; (Anderson, 1984 pp.56-58). Activations with either syngas
(H,/CO=2) or pure CO resulted in similar hydrocarbon product distributions and produced less
gaseous hydrocarbons and more higher molecular products than did the H, reduced catalyst.
Thus the trends observed in our study concerning the effect of the reducing gas on catalyst
selectivity and activity are in agreement with results from the literature. The reasons for the
observed differences in selectivity resulting from the use of different reductants are not well
understood. It appears that different activations lead to formation of different active sites

and/or ensembles of sites on the catalyst surface.

in order to explain the observed differences in the catalyst activity for the FT and WGS
reaction, some speculation concerning the nature of bulk phases of the catalyst after activation
and during the synthesis is required. It will be assumed that H, activations lead to formation
of magnetite and metallic iron, whereas CO activations lead to formation of iron carbides and
magnetite. The relative fractions of these phases are a function of activation temperature and
duration. During the synthesis, metallic iron is converted rapidly to iron carbides, which in
turn may be partially oxidized to magnetite (Anderson, 1956; Dry, 1981). The used catalyst

consists of a mixture of iron carbides and magnetite.

Our results show that CO activated catalyst has higher initial activity than H, reduced
catalyst, which may indicate that iron carbides are more active for the synthesis than is mag-
netite and/or a-Fe. This is in agreement with results obtained at the U. S. Bureau of Mines
(Anderson, 1984, p. 47) with a fused iron catalyst, where it was found that the catalysts

converted to Hagg carbide are initially more active than H, reduced (either partially or com-
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pletely) catalysts. A possible explanation for the observed activity trends may be given in terms

of the competition model of Niemantsverdriet and van der Kraan (1981). In this model, the
surface carbon (carbidic or active carbon) obtained by CO dissociation is the intermediate for
FT synthesis. This surface species can participate in three reactions: (1) formation of bulk
carbides; (2) hydrocarbon synthesis (by combining with surface hydrogen atoms); and (3) for-
mation of inactive carbon (deactivation). Thus, during the synthesis with a partially carbided
catalyst (CO activations), more of the surface carbon is available for FT synthesis, whereas
with Hj reduced catalysts some of the surface carbon is consumed to form the bulk carbides.
Therefore, the rate of FT synthesis will be initially lower with H, reduced catalysts. The CO
reduced catalysts lose activity more rapidly from the blocking of active sites by inactive carbon
and possibly also by high molecular weight hydrocarbons (recall that CO activated catalyst
produced much more Cy,+ products than Hy activated catalyst).

The higher WGS activity of Hy activated catalysts, in comparison to carbided catalysts,
was also observed in several previous studies with iron catalysts (Kolbel and Engelhardt, 1949;
Anderson, 1984 (p. 45); Schultz et al., 1955). It was inferred that carbides are less active
for the WGS than are reduced iron or magnetite. However, in a recent study by Satterﬂeld et
al. (1986b), with a fused iron catalyst, the WGS activity could not be correlated with a bulk
concentration of magnetite.

Detailed catalyst characterization studies after activation and during the synthesis are
needed to help explain catalytic results and provide a basis for development of improved cata-
lysts.

V.1.5. Related Studies

In this section we present additional results which illustrate effects of activation parameters
and reactor type on catalyst activity and hydrocarbon selectivities. These results were obtained
from runs which were not specifically designed to study effects of activation parameters in a
systematic way, as it was done in the previous section, but are included here since they extend

the existing data base and provide some general trends.

V.1.6. Additional Tests with the 100Fe / 3Cu / 0.2K Catalyst

The activity and stability of this catalyst as a function of time on stream during runs FB-
0029 and SA-3657 (Promoter Effect Research - Sections V.2.1 and V.2.3, respectively) and
SB-2878 (Process Evaluation Research - Section V1.4.2) is shown in Figure V.1-10. Hydrogen
reduced catalyst had high activity and excellent stability during the fixed bed test, but it
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deactivated rather rapidly in a slurry bed reactor test. The catalyst activated with Cco had
higher initial activity than the H, reduced catalyst, but it also deactivated rapidly (between
50 and 170 hours the catalyst was tested at different process conditions: SV=4 Nl/g-cat.h at
250°C, or SV=2 Ni/g-cat.h at 235°C).

Selected results from these tests and from some of the fixed bed reactor tests of this
catalyst that were described in the previous section, are shown in Table V.1-5. Results show
that catalyst activity decreases as the activation temperature increases, which is related to the
enhanced catalyst sintering in the presence of HyO as discussed in section V.1.4 of this report.
Catalyst reduced with H, at 220°C had the same activity as that obtained when CO activation
at 280°C was employed (the optimal activation procedure for this catalyst). However, the H,
reduced catalyst produced significantly more CH, and light hydrocarbons than the CO activated
catalyst. Hydrocarbon selectivities of H; reduced catalysts show the following trend; The light
gas fraction (C,-C,) increases, whereas Cyo+ fraction decreases as the reduction temperature
increases. Methane yield of the catalyst reduced with H, at 220°C was higher than that
obtained in tests where higher reduction temperatures (250 and 280°C) were employed. It
is interesting to note that catalysts from two different batches were employed in these tests.
Tests FB-0029 and SB-2878 were conducted with catalyst from a new batch, whereas all other

tests were conducted using catalyst from the first batch.

Results from two slurry bed reactor tests with the 100Fe/3Cu/0.2K catalyst are also in-
cluded in Table V.1-5 to illustrate effect of reactor type on activity and hydrocarbon product
selectivity. The slurry bed operation gave better selectivity ( less CHy and C5-C4 hydrocarbons)
in comparison to fixed bed reactor tests, with both H, ( Runs FB-0029 vs SB-2878) and CO
(Runs FA-2967 vs SA-3657) activated catalysts, whereas the catalyst activity and stability were
better in fixed bed reactor tests. During the run SA-3657, initial selectivity at 44h on stream,
was inferior to that obtained in the fixed bed run FA-2967, however it improved with time on
stream (see Table V.2-7, Section V.2.3) even though the catalyst had partially deactivated.
Hydrocarbon distribution at 91h on stream ( SV=4 Ni/g-cat.h) had less methane and C;-C4

hydrocarbons, in comparison to the run FA-2967 in a fixed bed reactor.

V.1.7. Activation Studies with the 100Fe / 3Cu / 0.5K Catalyst

This catalyst was evaluated in several runs : FB-3368 (Promoter Effect Research - Sec-
tion V.2.2), FB-2438, FA-2518 and SB-2168 (Process Evaluation Research - Sections Vi.2.1

and VI1.4.1) using different activation procedures. Figure V.1-11 shows catalyst activity as a
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function of time on stream. The reduction with Hy at 220°C gave high activity and excellent

stability over a long period of time, whereas the CO activated catalyst had high initial activity

but it deactivated with time on stream. The rate of deactivation is a function of activation
temperature and duration. In the slurry bed reactor test (Run $SB-2168) the catalyst was
accidentally exposed to a mixture of CO and helium at 260°C for about 27h following the

CO activation at 280°C for 12h, which might have accelerated its deactivation. The catalyst

activated with CO at 335°C for 24h (optimal Pichler’s activation discussed in Section V.1.4)

also deactivated rather rapidly during synthesis.

Hydrocarbon selectivities obtained during these four tests are shown in Table V.1-6. Similar
trends were observed as in tests with the 100Fe/3Cu/0.2K catalyst, i.e., (1) H, reduced catalyst
favored production of lower molecular weight products (FB-3368 vs. FB-2438) and (2) less
methane and gaseous hydrocarbons were produced in a slurry reactor than in a fixed bed reactor
(SB-2168 vs. FB-2438).

Pichler’s activation procedure (FA-2518) produced more methane than the H, reduced cat-
alyst, but the total fraction of gaseous hydrocarbons (C;-C4) was lower with the CO activated
catalyst.

V.1.8. Summary
On the basis of tests with several precipitated catalysts (100 Fe/3 Cu/0.2 K or 0.5 K and

100 Fe/0.3 Cu/0.5 K) the following observations regarding effects of activation parameters

and/or reactor type (slurry vs. fixed bed reactor) on catalyst activity and selectivity during

Fischer-Tropsch synthesis can be made.

(1) Activation parameters (temperature, duration , pressure and the nature of reducing gas)
have strong influence on catalyst activity, selectivity and stability for the Fischer-Tropsch
synthesis reaction.

(2) Catalysts activated with CO were initially more active than catalysts activated with H,,
however the activity of CO activated catalysts declined with time while the activity of
H, activated catalysts increased or remained constant. The activity of the Hy reduced
catalysts can be improved by using lower reduction temperatures.

(3) The CO activated catalysts produced less methane and other gaseous hydrocarbons than

H, reduced catalysts in fixed bed reactor studies.

(4) Slurry bed operation gives better selectivity (less methane and gaseous hydrocarbons) than

the fixed bed under the same process conditions. Also, the effect of reducing gas (H»
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(5)

(6)

vs. CO) on product selectivity seems to be less pronounced in slurry bed reactors, but
additional tests are needed to confirm these trends. Activity maintenance is more difficult
to achieve in slurry bed reactors due to problems associated with wax removal. Hydrocarbon
selectivities in a stirred tank reactor test with the 100Fe/0.3Cu/0.5K catalyst, were similar
regardless of the reducing gas employed (H, or CO).

The CO and syngas activations produce catalysts with high activity and good selectivity.
However, these catalysts do not have good stability and their performance deteriorates with
time on stream.

Detailed catalyst characterization studies are needed to help explain the observed differences

in results following different activation procedures.




V.2. Promoter Effect Research

V.2.1. Fixed Bed Reactor Tests with Hydrogen Activated Catalysts

V.2.1.1. Literature Review

it is well known that the stronger bases of the Group IA metals, especially potassium, are
essential promoters in iron catalysts for Fischer-Tropsch synthesis. They have a marked effect
on both the activity and selectivity of iron catalysts. Other promoters and/or carriers (CuQ,
Group Il metal oxides, Al,O3 and Si0,) are added mainly to facilitate iron reduction, stabilize
a high metal surface area, improve the mechanical properties, or to modify the selectivity by

a small amount, however their effects are usually small in comparison to that of potassium

(Anderson, 1956; Dry, 1981).

The overall effects of potassium on the behavior of iron catalysts have been extensively
investigated and are well established. Kolbel (1960) reported resuits of chemisorption mea-
surements with CO and H, on reduced precipitated iron catalyst, and of changes in electrical
resistance upon CO and H, chemisorption on evaporated iron films and foils. He found that
potassium promotion increases CO chemisorption and decreases H, chemisorption. This was
explained by the fact that potassium donates electrons to iron facilitating CO chemisorption,
since CO tends to accept electrons from iron. On the other hand, hydrogen at higher surface
coverages donates electrons to iron {electron affinity decreases upon H, chemisorption) and
the presence of electron donating alkali would be expected to weaken the iron-hydrogen bond.
The net result of potassium promotion is a strengthening of the Fe-C bond, and weakening of
the C-O and Fe-H bonds. These findings have been confirmed in several subsequent studies
on different types of iron surfaces (e.g., Dry et. al., 1969; Benziger and Madix, 1980; Arakawa
and Bell, 1983).

The effect of potassium on activity and product selectivity has been studied over a variety
of iron based catalysts (e.g., Anderson et al., 1952; Anderson, 1956; Kolbel and Giehring
1963; Dry and Oosthuizen, 1968; Bonzel and Krebs, 1981; Dry, 1981; Arakawa and Bell, 1983;
Dictor and Bell, 1986; Donnelly and Satterfield, 1989). General observations regarding the
effect of potassium promotion on iron catalysts for the FT synthesis include: (1) increase in
average molecular weight (chain length) of hydrocarbon products (i.e., decrease in production
of methane and light gases); (2) increase in olefin selectivity; (3) increase in activity for the
water-gas-shift (WGS) reaction; (4) increase in carbon deposition and catalyst deactivation

rate; and (5) increase in FT activity at low potassium concentrations, followed by decrease at
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higher levels of promotion.

Copper has been widely used as one of promoters for FT synthesis on iron catalysts, par-
ticularly in bubble column slurry reactors (Kolbel and Ralek, 1980; Deckwer et al., 1982; Kuo,
1985). Its function is to decrease the temperature required for reduction of iron oxides. While
several studies have been made of the individual effect of potassium promotion on unsupported
iron, only a few investigations have been reported for copper promotion of precipitated iron

catalysts that contain no potassium.

Kélbel et al. (1951) observed increase in the overall activity at very low levels (ca. 0.1 wt%)
of copper promotion, with no further effects at higher copper loadings. Wachs et al. (1984)
reported that product distributions do not change appreciably when copper is incorporated into
an iron catalyst for experiments in a differential fixed bed reactor (CO conversion less than
1%).

Although the qualitative effects of potassium promotion on catalyst activity and selectivity
have been clearly established in the above studies, the data illustrating quantitative effects at
conditions of industrial relevance (elevated pressure, CO rich feed gas, high reactant conver-
sions, steady state operation in the absence of significant catalyst deactivation) are still lacking.
The present study was undertaken to provide detailed information on (1) individual effects of
potassium and copper promotion (singly promoted Fe/K and Fe/Cu catalysts), and (2) com-
bined promotional effects of copper and potassium (doubly promoted Fe/Cu/K catalysts) on
activity and product selectivity of precipitated iron catalysts for Fischer-Tropsch synthesis at
process conditions representative of industrial practice. Particular attention was given to the
effects of promoters, reaction temperature and gas space velocity on FT and WGS activity, hy-
drocarbon product distribution, and olefin and oxygenates selectivities as a function of carbon

number.

V.2.1.2. Experimental Procedure

Typically. 3.5 g of the catalyst (3 cc) was diluted 1:8 by volume with glass beads of the
same size range (30/60 mesh) and charged into the reactor. All catalysts were reduced with
hydrogen at 220°C, 500 cc/min and atmospheric pressure for 8 hours.

Seven catalysts were employed in the present study: an unpromoted iron, copper promoted
catalyst (100 Fe/3 Cu, in parts per weight), three potassium promoted catalysts (100 Fe/x K,
where x=0.2, 0.5 and 1.0), and two doubly promoted catalysts (100 Fe/3 Cu/ 0.2 Kor 0.5 K).

Concentrations of promoters in the two doubly promoted catalysts were chosen to be the same
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as those of the singly promoted catalysts, in order to study their combined effect and provide

means of comparison with the singly promoted catalysts.

Following reduction, the flow was switched to helium and the bed was cooled down to
190°C. The system was then pressurized to 1.48 MPa, the helium flow was cut off, and
synthesis gas (H,:CO=1:1) was introduced at a gas space velocity (SV) of 2 Ni/g-cat.h. The
bed temperature was gradually increased to 250°C over a period of 30 h. The first mass
balance was conducted after additional 40 h on stream. Catalytic tests typically lasted about
170 h, during which time five mass balances were made. One of these balances was a repeat
of the base set of conditions: 1.48 MPa, 2 NI/g-cat.h and either 235°C (100 Fe/1 K catalyst)
or 250°C (for the other six catalysts), whereas others were conducted at different process
conditions. The effect of reaction temperature (235, 250 and 265°C) was studied at SV=2
NI/g-cat.h, and the effect of gas flow rate (SV=2 and 4 Ni/g-cat.h; or 1 Ni/g-cat.h for the
unpromoted catalyst) was studied at 250°C. Tests with the two doubly promoted catalysts had
longer duration (about 460 h) and no balances were made at 265°C. Instead, several mass
balances were made with H,/C0=0.67 feed gas at 250°C and 260°C, between about 150 and
400 h on stream. Results at these process conditions have been presented in Sections V.1.6

and V.1.7 of this report.

V.2.1.3. Results and Discussion

Activity and Stability of Catalysts

Effects of reaction temperature and time on stream at 250°C on FT activity, measured
by (H,+CO) conversion, are shown in Figures V.2-1a and V.2-1b, respectively. (H,+CO)
conversion increases with the addition of either copper or potassium, but copper has a more
pronounced effect on catalyst activity than does potassium at all three reaction temperatures.
The activity increases significantly with increasing potassium content up to 0.5 g of K per 100
g of iron, but beyond this promoter concentration the effect is small (0.5 K vs. 1K per 100Fe).
A synergistic effect is observed with doubly promoted catalysts, which have higher activity than
singly promoted catalysts. Also, activities of the two doubly promoted catalysts were similar at
both, 235°C and 250°C, i.e., the activity was independent of potassium content of the catalyst.

(Hy+CO) conversion increases with increasing reaction temperature, as expected.

in severai previous studies with iron catalysts (Anderson et al., 1952; Anderson, 1956;
Kolbel 1960, Kolbel and Giehring, 1963; Dry, 1981), it was reported that the overall catalyst

activity either increases with potassium promotion or it passes through a maximum as a function
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of potassium loading. On the other hand, Pichler (1952) reported that potassium in 0-5 wt%
K,CO3 range, had no effect on activity, whereas Arakawa and Bell (1983) and Dictor and Bell
(1986) found that the activity of Fe/K catalysts was lower than that of the unpromoted catalyst.
Arakawa and Bell employed an alumina supported catalyst containing 20% by weight of iron
and K/Fe atomic ratios of 0.022-0.20. The latter ratios correspond to catalyst compositions of
approximately 1.5-15 g of K per 100 g of Fe, and are significantly higher than those employed
in previous studies including the present one. At the lowest potassium loading (100 Fe/1.5 K)
the activity of the promoted catalyst was similar to that of the unpromoted catalyst. Lower
activities were obtained at high potassium loadings which is consistent with results obtained
in other studies. Dictor and Bell conducted experiments in a stirred tank slurry reactor at
low CO conversions (less than 5%) with unpromoted hematite (Fe,O3) powder, and potassium
promoted Fe503 (100 Fe/0.8 K). In this study, the catalysts were not activated prior to exposure
to the synthesis gas (H,/CO=3) at 250°C and 8 atm, and it is possible that they had not

reached their steady state activity.

The increase in catalyst activity with addition of potassium has been explained in terms
of its structural and/or chemical promotional effects. Kalbel and co-workers (1960, 1963)
made extensive characterization studies of catalysts with and without alkali, and found that
potassium added in small amounts stabilizes surface area of the precipitated iron oxyhydrides
and protects it against recrystalization during calcination. Reduced catalysts had maximum
metal dispersion at potassium loadings of 0.15 and 0.3 wt%. The maxima in catalyst activity
during synthesis were observed at these potassium loadings. Kolbel (1960) postulated that the
reduced catalysts containing potassium had a much higher concentration of active sites than
an unpromoted catalyst. At higher promoter concentrations, the active sites may be covered
by potassium resulting in decline of the catalyst activity. Furthermore, increase in potassium
fosters carbon deposition which blocks the active surface area leading to further deciine in

activity.

An alternative explanation for the promotional effect of alkali on the rate of FT was given
by Dry and co-workers (Dry and Oosthuizen, 1968; Dry et al., 1969), who conducted studies
on alkali promoted magnetite. They found that addition of alkali causes a decrease in surface
area, which lead them to postulate that the promotional effect must be chemical in nature.
As stated earlier, potassium promotion strengthens the metal-carbon bond, and weakens the

carbon-oxygen bond. The latter facilitates removal of oxygen by hydrogen which is an essential
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step in FT. According to Dry et al. (1969) the addition of alkali increases the rate of FT by

increasing the rate of formation of the intermediate hydroxyl surface complexes.

The increase in activity with copper addition that was found in the present study, is in
agreement with results obtained by Kélbel et al. (1951) at 230°C, H,/CO=2 and atmospheric
pressure. Kolbel et al. observed an increase in overall activity at very low promoter levels (ca.
0.1 wt% of Cu), and further increases in the copper level had no additional effect. Deckwer
et al. (1982) reported that 100 Fe/5.3 Cu catalyst had activity comparable to that of alkali
promoted iron catalysts employed in previous studies of FT in slurry reactors, but they did
not report any results for an unpromoted catalyst. The reasons for increased catalyst activity
with the addition of copper are not clearly understood. 1t is known that copper facilitates
reduction of iron, and that the total surface area of the catalyst decreases with the extent of
metal reduction (Dry, 1981). This suggests that the higher activity of Fe/Cu catalysts relative
to unpromoted iron may be attributed to differences in the size and number of a-Fe and/or

iron carbide crystallites during synthesis.

The effect of time on stream on FT activity at 250°C and 2 Ni/g-cat.h is illustrated in
Figure V.2-1b. The activity of all catalysts during the first mass balance at 250°C (72 hours on
stream) was lower than the activity at 142-168 hours when the base conditions were repeated.
The increase in activity was rather small, less than 5%, for the two doubly promoted catalysts,
the unsupported iron catalyst and the 100 Fe/3 Cu catalyst. This means that these catalysts
had achieved their steady state activity after about 40 hours at 250°C. However, catalysts
promoted with potassium alone showed a marked increase in activity over the same period
of time as shown in Figure V.2-1b (100 Fe/0.5 K) and Table V.2-1 (100 Fe/ 0.2 K). Also,
(H,=+CO) conversions, in tests with the 100 Fe/1 K catalyst at 235°C, were 23.5 and 37% at

48 and 168 hours on stream, respectively.

This increase in activity with time on stream is typical for hydrogen activated catalysts
which are not reduced completely to zero valent state (Dry, 1981; Bukur et al. 1989). The
catalyst activity increases during synthesis due to further reduction /carbiding which results in
continued creation of active sites. Temperature programmed and isothermal reduction studies
revealed that potassium inhibits reduction of iron when H, is used as reductant, whereas copper
facilitates the iron reduction even in the presence of potassium (Section V). This explains the
fact that the induction period during FT synthesis is much longer for Fe/K catalysts than with

those containing copper.
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The two doubly promoted catalysts were tested over a longer period of time. These two
catalysts were exposed to the synthesis gas with H,:CO=2:3 molar feed ratio at 250°C and
260°C between about 150 and 400 hours on stream, and then the base conditions (250°C,
H,:CO=1:1) were repeated. Results at the base conditions at 428-456 h on stream are also
shown in Figure V.2-1b and in Table V.2-1. The catalyst with lower potassium content (100
Fe/ 3 Cu/0.2 K) had exhibited remarkable stability and its activity at 430 h on stream was
nearly the same as its maximum activity at about 143 h on stream (76.8 vs. 78.1 % (H,+CO)
conversion). The catalyst with higher potassium content (100 Fe/3 Cu/0.5 K) had lost nearly
9 % in activity between 143 and 457 h on stream. Although this represents a rather small
loss in activity, particularly in view of the fact that the catalyst was exposed to a variety of
process conditions during this period of time, the observed trend is nevertheless consistent with
literature findings concerning the effect of potassium on catalyst stability. As stated earlier the
addition of potassium fosters carbon deposition, and the latter leads to catalyst deactivation
by blocking the active sites on the surface (e.g., Kolbel et al., 1951; Anderson et al., 1952;
Dry, 1981; Bonzel and Krebs, 1981; Arakawa and Bell, 1983).

The FT reaction on iron catalysts is accompanied by a reversible water-gas-shift (WGS)
reaction. One measure of the WGS activity is the CO, selectivity defined as the rate of CO,
production divided by the total rate of CO consumption (or % CO converted to CO,). This
assumes that all of CO, is produced by the WGS reaction. Another measure of the extent of
WGS reaction, expressed as PC02 / (PCOZ + szo), is also shown in Table V.2-1. The WGS
activity of selected catalysts as a function of reaction temperature is shown in Figure V.2-2.
The WGS reaction proceeds nearly to completion (CO, selectivity is approximately 0.5) at all
reaction temperatures (235-265°C) with catalysts which contain potassium as promoter. The
WGS activity of the unpromoted iron catalyst increases markedly with the reaction temperature,
but even at 265°C the CO, selectivity is only 0.41. The WGS activity of the 100 Fe/3 Cu
catalyst is significantly greater than that of the unpromoted iron, and approaches the limiting
value at 265°C. These results show that both copper and potassium promote the WGS activity
of the catalyst, with potassium being the more effective promoter. All catalysts, except the
unpromoted iron catalyst attain their steady state WGS activity after about 40 h at 250°C
(i.e., 72 hours on stream) as can be seen from Table V.2-1 by comparing CO, selectivities at

72 and 142-168 hours on stream.

Our results concerning the promotional effect of potassium on the WGS activity are in
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agreement with previous studies (Anderson et al., 1952; Arakawa and Bell, 1983; Dictor and
Bell, 1986), but the mechanism by which potassium promotes the WGS activity of iron catalysts
is not well understood. We are not aware of any results illustrating the effect of copper on the
WGS activity during Fischer-Tropsch synthesis. However, copper is a well known WGS catalyst

and the observed effect is as expected.

Reproducibility of Results

Before describing results on catalyst selectivity we shall briefly address the important issue of
reproducibility of experimental data. In our study, the reproducibility was checked by performing
at least two mass balances under the same set of process conditions. As described above, the
activity of the catalyst promoted with copper (either singly or doubly) and the unpromoted iron
catalyst did not change significantly with time on stream (72 and 143-168 hours). Table V.2-1
shows that product selectivities (hydrocarbon distribution, olefin and oxygenates selectivities)
were similar during the two mass balances at the base conditions. With the two doubly promoted
catalysts the base conditions were repeated one more time after 430-456 hours on stream, and
activities and selectivities were similar to those obtained in the previous two mass balances.

The activity of the three catalysts promoted with potassium alone increased markedly with
time on stream (Figure V.2-1b and Table V.2-1). This indicates that these catalysts were
undergoing changes in composition with time on stream, leading to increase in the number of
active sites. However, there was no significant effect of time on product selectivities for all
three Fe/K catalysts, which means that the nature of catalyst sites (or ensembles of sites) did

not change significantly with time on stream.

Carbon Number Product Distribution

Total product distributions obtained for the various catalysts could not be described by a
uniform chain growth probability factor-a.. The Anderson-Schulz-Flory plots (mole fraction vs.
carbon number) showed two distinct regions of different slopes, and the data were fitted using

the three parameter model of Huff and Satterfield (1984) (see Section V.1.3).

Recently, Donnelly et al. (1988) proposed an alternative three parameter model, which is
not based on the assumption of existence of the two types of sites. However, the values of o
and o, obtained from this model and from the previous one are identical. The third parameter
in the latter model is the break point between two regions with distinct values of a. This
parameter, designated as £ by Donnelly et al., is related to 5 and if one knows one of them

the other one can be calculated.
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Representative results, for the three catalysts containing copper, are shown in Figure VV.2-3.
As can be seen the experimental data are well represented by the above model. The model
parameters were estimated using a nonlinear regression subroutine NLIN of the SAS software
package. The values of a;, oy and 3 for all catalysts are summarized in Table V.2-2 together
with 95% confidence interval limits for these parameters. In the case of the unpromoted
iron, the amount of higher molecular weight products collected was too small for accurate
determination of model parameters. For products with carbon number greater than 17, the
estimated value of o, (using the asymptotic method) was greater than 1. The latter value is an
indication of problems with product collection and/or analysis. Several authors have reported
two chain growth probabilities (" double-a” phenomenon) for unpromoted iron catalysts (Dictor

and Bell, 1986; Itoh et al., 1988; Malessa and Baerns, 1988; Donnelly and Satterfield, 1989).

As can be seen from Table V.2-2, no discernible trends can be detected in values of model
parameters with the promoter concentrations. In particular, specification of the two chain
growth probability values alone (as has been common in the literature) may lead to erroneous
conclusions about the product distribution. For example, the values of &y and ay for the
100 Fe/3 Cu catalyst are greater than the corresponding values for the 100 Fe/3 Cu/0.2 K
catalyst (Figure V.2-3 and Table V.2-2). From this one may conclude that the former catalyst
produces more higher molecular weight products than the latter (the higher value of o implies
higher probability for the chain growth). However, this conclusion would not be correct as
can be seen from Table V.2-1 and Figure V.2-4 where hydrocarbon product distributions for
these two catalysts are given. These results can be explained by examining values of the third
parameter, 3, for these two catalysts. The fraction of sites of type 1 (i.e., sites where the lower
molecular weight hydrocarbons are produced) is 0.76 for the doubly promoted catalyst, and
0.99 for the 100 Fe/3 Cu catalyst. This means that with the 100 Fe/3 Cu catalyst the majority
of products are produced on the type 1 site, and therefore this catalyst produces more low
molecular weight products than the 100 Fe/3 Cu/0.2 K catalyst, even though both o; and o,
are higher for the former than for the latter. Thus, in order to characterize the carbon number
product distribution of a given catalyst, it is essential to report values of all three parameters
(a1, ay and B). Comparisons of product distributions on different catalysts cannot be made

on the basis of values of o] and a, alone.

Hydrocarbon Product Distribution

Figures V.2-4 and V.2-5 show that the average molecular weight of hydrocarbon products
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Figure V.2-4. Effect of potassium content and gas space velocity on hydrocarbon

selectivity for (a) singly promoted Fe/K catalysts, and (b) doubly
promoted Fe/Cu/K catalysts.
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increases with addition of either copper or potassium to the unpromoted catalyst. Potassiumis a
more effective promoter than copper in reducing methane and gaseous hydrocarbon production,
while shifting selectivity toward higher molecular weight hydrocarbons (in particular the Cyp-+ -
fraction). The effect of potassium on hydrocarbon selectivity observed in the present study
is in agreement with results obtained in several earlier studies with a variety of iron catalysts
(Anderson et al., 1952; Pichler, 1952; Dry, 1981; Arakawa and Bell, 1983; Dictor and Bell,
1986). The increase in average molecular weight of hydrocarbon products is due to increased
CO and lower H, surface coverage in the presence of potassium. Since chain termination
results from the hydrogenation of the iron-carbon bond, the presence of potassium enhances
the probability of continued chain growth, i.e., formation of higher molecular weight products
(Kélbel and Giehring, 1963; Dry et al., 1969). '

The effect of copper on hydrocarbon product distribution during FTS was not studied
extensively. Murata (1942), as reported by Anderson (1956, p. 132), made an early study
of multipromoted iron-based catalysts and found that the yield of Cg+ hydrocarbon products
increased with increasing copper content up to about 10 wt%, above which no further selectivity
changes occurred. Recently Wachs et al. (1984) reported results from experiments in a
fixed bed reactor at 265°C, 7 atm and H,/CO=3 at high space velocities (differential CoO
conversions) with unpromoted Fe and 100 Fe/1.4 Cu catalysts. They found no effect of copper
on the product distribution. Additional studies with Fe/Cu catalysts are required in order to

elucidate the role of copper in Fischer-Tropsch synthesis.

in our study, it was found that both copper and potassium enhance the selectivity of
higher molecular weight products, however the anticipated synergistic effect was not observed
in experiments with the two doubly promoted catalysts. Instead, hydrocarbon selectivity of
these two catalysts was largely determined by their potassium content, as shown in Figures
V.2-4 and V.2-5. Kolbel and Giehring (1963) studied the effect of potassium promotion on
activity and selectivity of a precipitated Fe/Cu catalyst containing approximately 0.2 wt% of
copper (100 Fe/0.2 Cu/(0 - 0.6) K). They observed also an increase in the formation of higher
molecular weight hydrocarbons with increasing potassium content of the catalyst. This general
trend was somewhat altered with time on stream, due to more rapid deactivation of catalysts
with higher alkali content. They reported that catalysts tend to make more CH, and other
gaseous hydrocarbons as their activity decreased. A similar trend with time on stream was

observed in our study with the 100 Fe/3 Cu/0.5 K catalyst {see Table V.2-1).
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The effects of gas space velocity and reaction temperature on hydrocarbon product distri-
bution are illustrated in Figures V.2-4 and V.2-5, respectively. Changes in process conditions
had a rather small effect on hydrocarbon product distribution. With the increase in gas space
velocity a slight shift toward higher molecular weight products was observed with the unpro-
moted iron and the 100 Fe/3 Cu/0.5 K catalysts, whereas the opposite trend was observed
with all other catalysts. The increase in reaction temperature causes the shift toward lower

molecular weight products.

Olefin Content (Hydrogenation Activity)

The effect of promoters on olefin selectivity, expressed as a mass fraction of linear olefins
in total hydrocarbon product of the same carbon number, is shown in Figures V.2-6a and
V.2-6b. All curves are bell shaped, i.e., the olefin content increases from C; to C3/Cy4, reaches
a maximum value, and then decreases with increasing carbon number. This shape results
from secondary hydrogenation of olefins. Ethylene is more reactive than other low molecular
weight olefins, whereas the increase in hydrogenation activity (i.e., lower olefin content) of
higher molecular weight olefins may be attributed to their increased reactivity or to greater

adsorptivity of long chain molecules.

Potassium promotion suppresses secondary hydrogenation of olefins and the olefin content
increases with the potassium loading as shown in Figures V.2-6a and V.2-6b. Thisis particularly
evident for products which are more susceptible to hydrogenation (C, and Cg+). The catalyst
containing about 1 wt% of K has the highest olefin content, and the latter does not vary
markedly with carbon number. With doubly promoted catalysts potassium promotion becomes
effective only at higher loadings. The 100 Fe/3 Cu/0.5 K catalyst has similar olefin content
as the 100 Fe/0.5 K catalyst, while the olefin content obtained with the 100 Fe/ 3 Cu/0.2
K catalyst is nearly the same as that of the unpromoted iron catalyst (Figure V.2-6b). The
addition of copper to the unpromoted iron results in increased hydrogenation activity (Figure
V.2-6b).

Similar results, concerning the promotional effect of potassium on olefin content and/or
its dependence on carbon number, have been reported earlier in the literature (Anderson et
al., 1952; Kolbel and Giehring, 1963, Shuiz et al., 1982; Dictor and Bell, 1986; Donnelly
and Satterfield; 1989). The influence of potassium on secondary hydrogenation of olefins is
consistent with its effect on the strength of H, and CO chemisorption. In the presence of

potassium the CO chemisorption is increased whereas that of H, is weakened. This results in
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lower surface concentration of H, and consequently in lower hydrogenation activity (i.e., higher

olefin content) of potassium promoied catalysts.

Effect of Process Conditions on Olefin Selectivity

The effects of reaction temperature and gas space velocity (gas flow rate) on olefin se-
lectivity of two catalysts (100 Fe/1 K and 100 Fe/3 Cu/0.2 K) are illustrated in Figures
(V.2-72-V.2-7d). The other catalysts followed the same trends observed with either 100 Fe/1
K or 100 Fe/3 Cu/0.2 K but the effects of process conditions were less pronounced. Results
obtained with the 100 Fe/1 K catalyst illustrate the behavior of catalysts having low hydro-

" genation activity (100 Fe/0.5 K, 100 Fe/3 Cu/0.5 K) whereas results from tests with the 100
Fe/3 Cu/0.2 K catalyst illustrate the behavior of catalysts with higher hydrogenation activity
(unpromoted iron and 100 Fe/3 Cu).

The olefin content of the 100 Fe/1 K catalyst increased with temperature, whereas the gas
flow rate did not have marked effect on olefin selectivity. in studies with the 100 Fe/3 Cu/0.2
K catalyst the olefin content decreased slightly with increase in temperature, and increased
(C,, Cq - Cy4) with increase in space velocity.

The trends shown in Figure V.2-7 can be explained by considering possible effects of re-
action temperature and space velocity on primary and secondary reactions. With increasing
temperature rates of both primary and secondary reactions are expected to increase, and as a re-
sult the olefin selectivity may either increase, decrease or remain constant depending on relative
rates of 1-olefin formation (primary reaction) and olefin hydrogenation (secondary reaction).
Therefore, the olefin selectivity will increase with increasing temperature on catalysts with high
potassium content (low hydrogenation activity), whereas it will remain constant or decrease on
catalysts without potassium or those with low potassium content (high hydrogenation activity).

On the other hand, the increase in space velocity will favor primary reactions. Thus, one
may expect either an increase (catalysts with relatively high hydrogenation activity) or no
change (catalysts with low hydrogenation activity) in olefin selectivity with increasing space
velocity.

Results from earlier studies with iron catalysts are generally in agreement with those ob-
tained in the present study and with the preceding discussion. For example, an increase in
olefin selectivity with increasing temperature was reported by Dictor and Bell (1986) and Don-
nelly and Satterfield (1989) on Fe/K catalysts, whereas no effect (Donnelly and Satterfield) or

the opposite trend (Dictor and Bell) was found with unpromoted iron catalysts. Schulz et al.
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(1982) reported decrease in olefin selectivity with increasing temperature on an alkalized iron
catalyst (100 Fe/50 Aerosil /10 Al;03/0.3 K). In the latter case the effectiveness of potassium
promotion was considerably reduced by presence of silica and alumina as structural promoters.

Increase in olefin selectivity with increasing space velocity was reported in studies by
Arakawa and Bell (1983) for both alkali promoted and unpromoted catalysts, and Dictor and
Bell (1986) on an unpromoted catalyst, whereas no effect was observed in the latter study
with the 100 Fe/0.8 K catalyst, and in the study by Donnelly and Satterfield (1989) with the
Ruhrchemie, unpromoted and 100 Fe/1 K catalysts.

Qlefin Isomerization

Figure V.2-8 illustrates the effect of promoters on olefin isomerization as a function of
carbon number. As can be seen, potassium promotion suppresses isomerization of 1-alkenes
and for a given catalyst the fraction of 2-alkenes (i.e., isomerization activity) increases with
carbon number. For catalysts with higher potassium content (ca. 0.5 - 1 wt% of K) the
2-olefins comprise 2 - 5% of total linear olefins, which suggest that some of the 2-olefins are
also formed by primary reactions. The addition of copper enhances the isomerization activity
of the unpromoted catalyst (Figure V.2-8b), and has similar effect at low levels of potassium
promotion (compare results for 100 Fe/0.2 K and 100 Fe/3 Cu/0.2 K catalysts). However, as
the potassium content increases, the effect of copper diminishes, and the fraction of 2-olefins

is nearly identical for the two catalysts containing ca. 0.5 wt% of K.

The observed effects of promoters on the extent of isomerization reaction are consistent
with the results presented above for olefin hydrogenation, indicating that these two secondary
reactions may occur via a common set of intermediates. The latter possibility was suggested
by Dictor and Bell (1986) who also proposed a plausible reaction scheme involving an adsorbed
primary 1-olefin in a vicinity of an adsorbed hydrogen atom. Therefore, the same arguments
that were used above to explain the effects of potassium and carbon number (i.e., molecular
weight of olefin) on olefin selectivity can be used to explain the observed effects on olefin

isomerization selectivity.

The influence of reaction conditions (temperature and space velocity) was also investigated,
and an illustration of the results is presented in Figure V.2-9. Variations in process conditions
had negligible effect on olefin isomerization selectivity of the 100 Fe/1 K catalyst. This catalyst
has relatively high potassium concentration which suppresses secondary reactions and thus

changes in process conditions have very small effect on selectivity. In runs with the 100 Fe’3
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Cu/0.2 K catalyst increase in temperature increased the olefin isomerization, whereas increase
in space velocity resulted in decrease of olefin isomerization. Both of these observations may
be explained in terms of preceding discussion on effects of temperature and space velocity on
secondary reactions. Results with other catalysts foliow trends observed with either 100 Fe/l

K or 100 Fe/3 Cu/0.2 K catalyst, depending on potassium content of the catalyst.

General trends observed in the present study, on the effects of potassium promotion and
reaction conditions on the internal olefin selectivity, are in agreement with those reported in
the earlier studies by Schulz and Gokcebay (1984), Dictor and Bell (1986) and Donnelly and
Satterfield (1989). In the last study the focus was placed on C, olefins only, whereas results
illustrating the selectivity of internal olefins as a function of carbon number were presented in

the first two studies.

Oxygenates Selectivity

The selectivity of oxygenates, expressed as percent of CO converted to oxygenates, is
shown in Figure V.2-10 for several catalysts as a function of reaction temperature. Oxygenates
comprise only a small fraction of products formed and consist primarily of normal alcohols, and
small amounts of aldehydes. No clearly discernible trends are observed in oxygenates selectivity
as a function of promoter concentrations, temperature and space velocity. In general, the
highest oxygenates selectivity was obtained with the unpromoted catalyst and the 100 Fe/3
Cu/0.5 K catalyst. At some process conditions (235 and 250°C) the selectivity of oxygenates

increased with potassium concentration in the 0.2 to 1 wt % range.

An increase in oxygenates with increasing potassium promotion was reported by Anderson et
al. (1952) and Dry (1981). Arakawa and Bell (1983) reported increase in ethanol concentration
but no effect on methanol, whereas Dictor and Bell (1986) found that potassium promotion
suppresses methanol formation and enhances the rate of formation of aldehydes. Both Donnelly
and Satterfield (1989), and Dictor and Bell (1986) reported that methanol is essentially the only
oxygenated product produced over unpromoted iron whereas other oxygenates were produced
on Fe/K catalysts. In contrast to this, in the present s;tudy with unpromoted iron catalyst we
found not only methanol but other oxygenates as well. In agreement with these authors we
found that potassium promotion suppresses formation of methanol and increases selectivity of

higher molecular weight alcohols (Figure V.2-11).

From the above, it appears that there are some conflicting reports regarding the effect

of potassium on oxygenates selectivity which are to some extent caused by inaccuracies in
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analytical techniques and/or by differences in the way the selectivities were reported (relative

quantities vs. concentrations in the product stream).
V.2.1.4. Summary

Promotion of iron with potassium in the range 0.2 - 1 wt%, increases activity of the Fischer-
Tropsch and water-gas-shift reactions, and the average molecular weight of hydrocarbon and
other organic (primarily alcohols) products. It also causes suppression of olefin hydrogenation
and isomerization reactions. Potassium promotion inhibits iron reduction and as a result the
potassium promoted catalysts require longer time to achieve the steady state activity.

Promotion of iron with copper (100 Fe/3 Cu) also increases rates of FT and WGS reac-
tions. Copper is a more effective promoter than potassium in increasing the rate of FT, whereas
the opposite applies to the WGS activity. Also, promotion with copper facilitates reduction of
‘ron and thus decreases time required to achieve the steady state activity. In the presence of
copper, the hydrocarbon product distribution shifts toward higher molecular weight products,
but the magnitude of changes is significantly smaller than that observed with potassium pro-
motion. Copper promotion enhances slightly the secondary reactions (olefin hydrogenation and
isomerization).

The FT activity of the two doubly promoted catalysts (100 Fe/3 Cu/0.2 K and 100 Fe/3
Cu/0.5 K) was independent of their potassium content and higher than that of any of the

singly promoted catalysts. In tests over a long period of time (up to 460 hours on stream) the

catalyst with higher potassium content lost about 9% of its maximum activity, whereas the
100 Fe/3 Cu/0.2 K catalyst lost only 2%. The WGS activity of the doubly promoted catalysts
was similar to that of the Fe/K catalysts. Selectivity behavior of the doubly promoted catalyst
was strongly influenced by their potassium content. The catalyst containing 0.2 wt% K had
selectivities (hydrocarbon product distribution, olefin content) similar to that obtained with the
100 Fe/3 Cu catalyst, whereas the 100 Fe/3 Cu/0.5 K catalyst had selectivities similar to that
obtained with the 100 Fe/0.5 K catalyst. This shows that, in the presence of copper, higher

potassium loadings are needed to achieve promotional effects on product selectivity.

V.2.2. Fixed bed Reactor Tests of Catalysts Activated with Carbon Monoxide

These tests were conducted during the early period of this contract before the two zone
temperature control was employed, and consequently significant axial temperature gradients
were often observed. Also, the catalysts deactivated with time on stream. Only selected results,

obtained in the absence of large temperature gradients and during early periods of tests, will
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be discussed.

Eight precipitated catalysts were tested to study the effect of copper and potassium promo-
tion on catalyst activity and selectivity in fixed bed reactors. The catalysts were calcined before
use, with air at 300°C and ambient pressure for 5 h. They were ground to 30/60 mesh, and
diluted 1:7 with glass beads of the same mesh size range before loading the reactor. Reduction
of the catalysts was performed using pure CO at 4-4.5 Ni/g-Fe.h, 280°C, and ambient pressure
for 8h. The process conditions employed during these tests are listed in Table V.2-3.

The effect of potassium promotion at 235°C, 1.48 MPa (200 psig), 2 Nl/g-cat.h and
H,/CO=1 for catalysts containing either 1 or 3 parts of Cu per 100 parts of Fe are shown
in Table V.2-4 and Figures V.2-12 and V.2-13. As shown in Table V.2-4, FT activity (i.e.
(Hy+CO) conversion) increased initially with potassium addition, and then decreased for the
100Fe/1Cu/xK (x=0,0.2 and 0.8) catalyst, whereas an increase in activity was observed with
the 100Fe/3Cu/xK (x=0.2 or 0.5) catalyst. However these trends might have been affected
by non-uniformities in temperature and/or pressure in these tests. The WGS activity of all

catalysts, measured by extent of the WGS, increased with potassium loading.

The effect of potassium on hydrocarbon and olefin selectivities for the catalysts containing
1 and 3 parts of Cu per 100 parts of Fe is shown in Figures V.2-12 and V.2-13, respectively. The
trends with potassium loading are qualitatively the same irrespective of the copper content of
the catalyst, i.e., the production of methane and gaseous hydrocarbons decreases, whereas the
olefin selectivity increases with addition of potassium. Similar trends were observed at other

process conditions.

in summary, promotional effects of potassium observed with the CO activated catalysts are
similar to those found in tests with the H, reduced catalysts. Catalyst activity and selectivity

displayed no discernible trends with copper promotion.

V.2.3. Promoter Effect / Kinetic Studies in Stirred Tank Slurry Reactors

Four of the most active doubly promoted precipitated Fe/Cu/K catalysts were tested in
stirred tank slurry reactors. These tests had a dual purpose: (1) to determine promoter
effects in slurry phase, and (2) to determine kinetic parameters from tests at different process
conditions. These goals were not completely achieved due to a lack of catalyst stability with
time on stream and problems with quantification of the high molecular weight products (wax)
which accumulate in the reactor. In two of the four tests, catalyst activity increased with time

on stream (Runs SA-05-2957 and SB-07-0458), whereas in the other two, catalysts deactivated
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Figure V-2.12. Effect of potassium content on (a) hydrocarbon distribu-
tion, and (b) olefin selectivity (235°C,1.48 MPa, Hp/CO =1, SV

= 2 Nlig—cat.h; catalyst composition given as parts by weight of
Fe/Cu/K).
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rather rapidly with time on stream (Runs SA-25-3657 and SA-07-0468). Also, during run SA-
05-2057 (100 Fe/ 0.3Cu/0.2K catalyst), the wax was withdrawn only three times during the test
which prevented us from obtaining accurate mass balance closures and hydrocarbon product
selectivities. Results from the latter portions of runs SA-05-2957 and SB-070458 were used
to estimate kinetic parameters of the FT and WGS reactions (see Section V.3 of this report).
In this section, the results from these four slurry reactor tests will be described, followed by a

brief summary of the major findings.

V.2.3.1. Run SA — 05 — 2957 with the 100 Fe /0.3 Cu /0.2 K Catalyst

This run was made as a retest of the unsuccessful run SA-05-2777, using the 100Fe/0.3
Cu/0.2K catalyst. A hard paraffin wax (FT-300, from Dura Commodities, New York) was
used as the slurry liquid, and an excess of wax was loaded with catalyst (< 325 mesh) into
the reactor prior to reduction. The catalyst was reduced in situ using CO at 250°C. Following

reduction, the excess wax was withdrawn from the reactor to a preset static slurry volume of

about 440 cm3. A total of 18 mass balances were made during the run, and the run was

voluntarily terminated after about 550 hours of operation. The results obtained during the run

are summarized in Table V.2-5.

Wax which accumulated in the reactor during the synthesis was withdrawn only three times
during the course of the run, with withdrawals of 163, 395, and 148 g of wax after balances
7, 12, and 18, respectively. Several methods were tested to allocate the wax collected over
multiple periods to individual mass balances. The simplest was to assume that the wax was
accumulated in the reactor at a constant rate between withdrawals, regardless of operating
conditions. Under this assumption, the rate of wax accumulation in the reactor was 0.79 g/h
in balances 1-7, 2.2 g/h in balances 8-12, and 0.55 g/h in balances 13-18. This method of

wax allocation often gave poor mass closures and unrealistic estimates of total product yield.

Two methods of wax allocation based on mass closures were also tried. The first method
assumed that the amount of wax produced at a given set of conditions was proportional to
discrepancy of the total closure obtained during the mass balance period. The amount of wax
needed to obtain 100% closure for all balances was then normalized to agree with the actual
amount of wax withdrawn. The second allocation method distributed the wax in order to
optimize the carbon and hydrogen atomic closures obtained during the mass balance periods.
With the exception of balance 12, this method gave good total mass closures, and in most

cases, reasonable values for the total yield. Balance 12 had inherently poor atomic C-H closures,
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thus the total closure allocation was used to estimate the amount of wax accumulated during

this period. The optimized C-H closure allocation was used for all remaining periods.

The effect of space velocity was studied at 250 °C, 1.48 MPa with nominal (H,/CO) feed
ratios of 1.0 (balances 5, 3 and 16, and 4) and 0.67 (balances 12 and 15, 10, and 11) at 1,
2, and 4 Ni/g-cat.h. The (H,+CO) conversion decreased approximately linearly with space
velocity. The catalyst appeared to become more active with time on stream, as shown by the
(H, + CO) conversions obtained in balances 3 and 16 at 250°C, 1.48 MPa, (H,/CO)=1 with
2 Nl/g-cat.h space velocity. During balance 3 (approximately 106 h on stream) the (H,+CO)
conversion was 55.6%, while during balance 16 (approximately 494 h on stream) the conversion
had increased to 67.1%. At the same process conditions using a 0.67 (H,/CO) feed ratio, the
(H,+CO) conversion was roughly constant at 345 and 445 hours on stream, 80.8 (balance 12)
and 84.7% (balance 15), respectively. The increasing catalyst activity may be due to continuing
catalyst activation during synthesis testing. The in situ catalyst reduction conditions of 250°C
for 8 h may not have completely reduced the catalyst, however, catalyst activation would have

continued at the elevated synthesis temperature with the synthesis feed gas.

At the same process conditions, the (H,/CO)=0.67 feed ratio favored higher conversions
over the (H,/CO)=1 feed ratio. Also, the lower feed ratio accelerated wax production. During
balances 8-12, of 91 h duration, 395 g of wax were produced, whereas during balances 1-7,
of 177 h duration, only 163 g of wax were produced. Balances 8-12 were all made using
the lower (H,/CO) feed ratio, and balances 1-7 were made using an (H,/CO)=1 feed ratio.
Also, balances 1-7 consisted of 5 balances (1-5) at the same temperature, pressure, and space
velocity as balances 8-12, plus two additional balances at other process conditions. Thus wax

production must have been much higher at the lower feed ratio.

A plot of the space time yield versus pressure is given in Figure V.2-14. The space time
yield was found to vary roughly linearly with pressure over the range of pressures studied. The
precipitated catalyst did not deactivate at high pressure in the slurry reactor, as was found in

the fixed bed tests of these catalysts.

Comparison of hydrocarbon selectivities at different process conditions is difficult due to
the approximate nature of wax allocation, which may have had a significant effect on the
results. Methane yield varied from 1.4% (balance 8) to 12.1% (balance 6), whereas the yield
of C,-C, hydrocarbons was between 6.4 and 31.1% (balances 11 and 6, respectively). Inspite

of some uncertainties in hydrocarbon selectivities it is clear that much less CH; and gaseous

V-75




0'1 pue 20°0 = (00/*H) ‘00 058 ‘AS

b v o ri—

-

Admzv sanssaxd

¢
1

pan

*([eutwou)
/d 1uejsuod je arnssald jo uotjounj e se plot& swiy 90edg VIG'A aIndy]

0 1:(00/%n) H

L9*0t(00/°1) @

0

—-110°0
€00

1¢92]

ael

o

[¢]

1)

~G0°0 i

G0 E

o

=]

[=

1]

TL

fo )

-40°0 ]

W]

7]

e o)

Ny

Q

(@]

~

- 60°0 o

0O

m

<

Z
~11'0
£€1°0




hydrocarbons (C,-C4) were produced when the CO rich feed gas was used (H,/C0=0.67).
Reproducibility of results for balances at the same process conditions (250°C, 200 pisg, 2 Nl/g-
cat.h) was not good with H,/CO=1 feed gas (balances 3 and 16), but was quite satisfactory
with H,/CO=0.67 feed ( balances 12 and 15).

V.2.3.2. Run SA - 25 - 3657 with the 100 Fe /3 Cu /0.2 K Catalyst
Run SA—-25-3657 was performed to test the precipitated 100 Fe/3 Cu/0.2K catalyst under

a variety of process conditions. Excess purified n—octacosane (Cpg. Humphry Chemical) was
loaded with catalyst (< 325 mesh) into the reactor prior to reduction, and the catalyst was
reduced in situ with CO at 280°C. Following reduction, the excess wax was withdrawn from the
reactor to the preset static slurry volume of 478 cc. Eight material balances were made during
this run, which was terminated voluntarily after 430 h of operation. The results obtained in

each of the eight balances are summarized in Table V.2-6.

A power loss occurred at about 129 h on stream, causing a flow interruption to the reactor.
The reactor also cooled from 235 to 80°C. Power was restored after 5 h, and the reactor was
brought to its original température over a 4 h period. The catalyst was deactivating prior to
the power failure, and continued to deactivate once the run continued. The deactivation made
it difficult to determine what effect the interruption had on catalyst performance. Table V.2-7
lists the major events occurring during run SA-25-3657.

The initial catalyst activity was very good, with an (H,+CO) conversion during balance 1
(250°C, 1.48 MPa, (H,/C0) =1, 2 NI / g—cat-h) of 83.0 %. No signs of deactivation were
observed before the end of period 1 (50 h on stream), but after the wax withdrawal and an
increase in space velocity to 4 NI / g—cat-h a sharp decline in activity occurred. Over the 46
h period these conditions were maintained, the gas contraction decreased steadily from 48 to
36 %. The process conditions of balance 1 were repeated during balance 4, by which time the
(H,+CO) conversion decreased from 83.0 to 28.5 %.

In all cases, feed gas with (H,/CO) = 0.67 (nominal) gave product distributions with
lower methane yield (3.2-4 %). In addition, the lower feed ratio produced larger amounts of
high molecular weight products (Cyp+). Catalyst deactivation may have skewed the selectivity
trends of the run. For example, the methane and C,—C,4 product fractions decreased as the
catalyst deactivated between balances 1 and 4. The more active catalyst produced 9.31 %

methane and 35.9 % C,—Cy4, as compared to 4.87 % and 21.7 %, respectively, during balance
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Table V.2-7. Major events in run SA-25-3657.

TOS (h) Event

-28 Catalyst pretreatment

0 Initiate run

4 Achieve initial process conditions: T = 250°C,
P = 1.48 MPa, SV = 2.0 Nl/g—cat-h, Feed (H;/CO) = 1.0

51 Change process conditions: T = 250°C, P = 1.48 M Pa
SV = 4.0 Nl/g-cat-h, Feed (H,/CO) = 1.0

94 Change process conditions: T = 235°C, P = 1.48 M Pa
SV = 2.0 Nil/g-cat-h, Feed (H,/CO) = 1.0

129 Loss of reactor power

134 Power to reactor restored

138 Achieve desired process conditions

166 Change process conditions: T = 250°C, P = 1.48 M Pa
SV = 2.0 Ni/g~cat-h, Feed (H,/CO) = 1.0

214 Change process conditions: T = 250°C, P = 1.48 M Pa
SV = 1.0 Nl/g—cat-h, Feed (H,/CO) = 0.67

260 Leak in reactor feed valve discovered and repaired

262 Change process conditions: T = 250°C, P = 1.48 M Pa
SV = 2.0 Ni/g—cat-h, Feed (H,/CO) = 0.68

310 Change process conditions: T = 265°C, P = 1.48 M Pa
SV = 2.0 Nil/g-cat-h, Feed (H,/CO) = 0.68

357 Wax plug in reactor feed line repaired

358 Change process conditions: T = 235°C, P = 148 MPa
SV = 1.0 Ni/g-cat-h, Feed (H,/CO) = 0.67

406 Change process conditions: T = 265°C, P = 2.96 M Pa
SV = 2.0 Nl/g—cat-h, Feed (H,/CO) = 0.67

430 End of Run SA-25-3657
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4 at the same nominal process conditions (250°C, 1.48 MPa, (H,/CO) = 1, 2 NI / g—cat-h)

after catalyst deactivation.

Wax was removed from the reactor at the end of each material balance. The reactor
stirring and feed to the reactor were discontinued after purging the reactor for about 5 min
with helium. The catalyst was allowed to settle for approximately 30 min, after which wax was
withdrawn through a dipleg in the reactor at a preset height. The wax and catalyst withdrawals

made during this run are summarized in Table V.2-8.

V.2.3.3. Run SB — 07 — 0458 with the 100 Fe /0.3 Cu /0.5 K Catalyst

This was the first run made in the new slurry reactor unit B. The precipitated 100 Fe/0.3
Cu/0.5 K catalyst was reduced in situ using H, as the reductant at 280°C. The catalyst (<
325 mesh) was suspended in a FT-300 wax to obtain a 10 weight % catalyst slurry. The slurry
withdrawal dipleg was preset to give a static slurry volume of 375 cc. Ten material balances
were performed during the run, and the run was voluntarily terminated after 458 h on stream.

The resuits obtained during these ten mass balances are summarized in Table V.2-9.

At 4 h on stream, the inlet feed line had to be repaired due to a biock that appeared
following the withdrawal of excess wax from the reactor after catalyst reduction. No other
major operational problems were encountered during the run. The major events of Run SB-
07-0458 are summarized in Table V.2-10.

The initial activity of the catalyst was low, which is consistent with previous observations
made in fixed bed reactors with 100 Fe/3 Cu/0.2 K catalyst reduced using H,. The (H,+CO)
conversion obtained during balance 1 was 24.8 %, which is comparable with the 26.0 % con-
version obtained in the fixed bed test with 100 Fe/3 Cu/0.2 K catalyst reduced under similar
conditions {280°C for 24 h, run FB-25-3227 ,Section V.1.3). The catalyst appeared to have
become more active with time on stream, as is evident from the (H,+CQO) conversions ob-
tained in balances 1 and 9 at 250 °C, 1.48 MPa, (H,/CO)=1 and a nominal space velocity of
2 NI/ g-cat-h. During balance 1 (approximately 45 h on stream) the (H,+CO) conversion was
24.8%, while during balance 9 (approximately 428 h on stream) the conversion had increased
to 35.5 %. Catalyst activity improved following balance 4, during which a 0.67 (Hz/CO) feed
ratio was used, while a 1.0 (H,/CO) feed ratio was used in the previous three balances. During
the period of low catalyst activity (balances 1 through 4), the (H,+CO) conversion increased
from 24.8 % (balance 1) to 30.8 % (balance 3) as temperature increased from 250°C to 265°C,

whereas the increase was from 42.5 % (balance 5) to 70.8 % (balance 7) once the catalyst
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Table V.2-8. Wax and solids inventory for run SA-25-3657.

Event

Slurry loading: 424 g wax, 38.60 g solids

Wax removal following reduction: 120 g wax, 0.24 g solids

Wax removal: 57 ¢ wax, 0.55 ¢ solids
Wax removal: 161 g wax, 0.26 g solids
Wax removal: 90 g wax, 0.29 g solids
Wax removal: 71 g wax, 0.13 g solids
Wax removal: 36 g wax, 0.09 g solids
Wax removal: 43 g wax, 0.07 g solids
Wax removal: 81 g wax, 0.16 ¢ solids
Wax removal: 20 g wax, 0.05 g solids
Wax removal: 60 g wax, 0.11 g solids

End of run: 289 g wax, 33.06 g solids recovered
from reactor. 95 % wax recovery, 96 % solids recovery
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Table V.2-10. Major events in run SB-07-0458.

TOS (k) Event
-28 Catalyst pretreatment
0 Initiate run
4 Wax plug in reactor feed line repaired
5 Achieved initial process conditions: T = 250°C,
P = 1.48 M Pa, SV = 2.2 Nl/g-cat-h, (H;/CO) = 1.05
53 Changed process conditions: T = 250°C,
P = 1.48 MPa, SV = 1.1 Nl/g-cat-h, (H,/CO) = 1.05
100 Changed process conditions: T = 265°C,
P = 148 M Pa, SV = 2.1 Nl/g~cat-h, (H,/CO) = 1.05
148 Changed process conditions: T = 250°C,
P = 1.48 M Pa, SV = 2.1 Nl/g-cat-h, (H;/CO) = 0.71
196 Changed process conditions: T = 250°C,
P = 1.48 M Pa, SV = 1.1 Nl/g—cat-h, (H,/CO) = 0.74
244 Changed process conditions: T = 265°C,
P = 148 MPa, SV = 2.2 Nl/g-cat-h, (Hz/CO) = 0.70
292 Changed process conditions: T = 265°C,
P = 1.48 M Pa, SV = 1.1 Nl/g—cat-h, (H2/CO) = 0.72
340 Changed process conditions: T = 235°C,
P = 1.48 M Pa, SV = 1.1 Nl/g-cat-h, (H,/CO) = 0.71
388 Changed process conditions: T = 250°C,
P = 1.48 M Pe, SV = 2.2 Nl/g-cat-h, (H,/CO) = 1.06
436 Changed process conditions: T = 265°C,
P = 2.96 M Pa, SV = 2.0 Nl/g-cat-h, (H,/CO) = 0.73
458 End of run SB-07-0458
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became active, although the differences in space velocity and (H,/CO) feed ratio may have

influenced the results.

The catalyst selectivity shifted towards lower molecular weight products with an increase
in temperature, once the catalyst became active (i.e., following balance 4). For example, the
distribution at 235°C, 1.48 MPa, 1 Ni / g—cat-h, (H,/CO) = 0.67 (nominal) during balance 8
was 2.1 (CHy), 8.9 (C5-C4), 16.0 (Cs5-Cqq), and 73.0 % (Cyot), as compared to 2.8 (CHy),
11.9 (C,-C4), 20.0 (C5-Cy1), and 65.3 % (Cqpt) at 250 °C (balance 5), and 3.2 (CHg), 11.4
(C5-Cy4), 20.6 (C5-Cy3), and 64.8 % (CqpT) at 265 °C (balance 7). The effect of temperature
on selectivity at other conditions were not consistent with the above example, probably because

of differences in catalyst activity.

During the process variable studies in the test SB-0458, the catalyst was tested under
conditions similar to that employed in Mobil's study in a bubble column slurry reactor (Kueo,
1985). Comparison of catalyst performance between our catalyst and Mobil’s catalyst I-B in
high wax mode of operation is shown in Table V.2-11. Hydrocarbon product selectivities of the
two catalyst are very similar, but the activity of our catalyst was lower. However, the activity
of our catalyst can be significantly improved by using a lower activation temperature and/or

shorter duration (Sections V.1.3 and V.1.6).

V.2.3.4. Run SA — 07 — 0468 with the 100 Fe /0.3 Cu /0.5 K catalyst

Slurry run SA-07-0468 was made with precipitated 100 Fe/0.3 Cu/0.5 K catalyst reduced
in situ using CO as the reductant at 280°C. The catalyst (<325 mesh) was suspended in FT-

300 wax to obtain a 10 weight % catalyst slurry. The slurry withdrawal dipleg was preset to
give a static slurry volume of 385 cc. Eleven material balances were performed during the run,

before being voluntarily terminated after 466 h on stream. The results obtained are summarized
in Table V.2-12.

Beginning at about 20 h on stream, the H, mass flow controller began behaving erratically,
giving lower than expected flowrates. To achieve the desired flowrates and feed ratios, the feed
was switched from pure gas to premixed gas at about 52 h on stream. At about 78 h on
stream, an improperly mixed feed gas cylinder containing approximately 95 % Hj was installed,

exposing the catalyst to nearly pure Hj for about 1 h before the problem was discovered and
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corrected. The exposure to H, did not appear to harm the catalyst, as the catalyst activity
(conversions and contraction) of the catalyst before and after the interruption was comparable.

No other major operational problems were encountered during the run. The major events of
run SA-07-0468 are summarized in Table V.2-13.

The activity of the catalyst during balance 1 was high, (250°C, 1.48 MPa, (H,/C0)=1.0),
and comparable to the fixed bed test of a similar catalyst composition (100 Fe/3 Cu/0.5 K, run
FA-27-2557) at the same nominal conditions. During the test in the fixed bed, the (H,+CO)

conversion was 70.4 %, as compared to the 74.8 % obtained in the slurry test. Catalyst

deactivation occurred when the temperature was increased to 265°C between balances 2 and
3 (at 1.48 MPa, (H,/CO) = 1, 4 NI / g—cat-h). The (H,+CO) conversion dropped from 58.4
% in balance 2 (250°C) to 55.5 % in balance 3 (265°C), in spite of the 15 °C temperature
increase. In later balances using 0.67 (H,/CO) feed gas, the increase in temperature from 250
to 265°C also did not significantly increase conversion. In balances 8 (250°C) and 9 (265°C) the
(H,+CO) conversions increased only slightly from 24.0 to 28.2 %. The catalyst was severely
deactivated by balance 10, which was a repeat of the conditions used during balance 1. The

conversion dropped from 74.8 % to 17.4 % between the two balances.

Increases in temperature shifted catalyst selectivity to lower molecular weight products. For
example, the distribution at 235°C, 1.48 MPa, 1 NI/ g—cat-h, (H,/C0)=0.67 (nominal) during
balance 6 was 2.0 (CH,), 11.0 (C;—Cy4), 12.5 (C5—Cyy), and 74.5 % (C;5+), as compared to
2.5 (CH,), 12.8 (C5-Cy), 19.5 (C5~Cy), and 65.2 % (Cy5+) at 250°C (balance 7). Similar
shifts in the distribution were observed at other conditions, although catalyst deactivation may
have influenced the results. Comparisons of balances 1 and 10 shows the effect deactivation
may have on selectivity at 250°C, where the deactivated catalyst produced fewer molecular
weight products (4.5 % CH, and 17.3 % C,—-C,) than the more active catalyst at the same
nominal process conditions during balance 1 (6.9 % CH,4 and 22.3 % Cy-C4). The shift in
lower molecular weight products changed the percentage of the C5;~C;; fraction, while the

C;o+ products remained constant between the two balances.

Wax withdrawals were made following catalyst reduction, and at the end of each mass
balance period, by removing excess accumulated slurry from the reactor to the external settling
vessel. After separation by settling, the wax and trace quantities of catalyst were quantified,
and are shown in Table V.2-14 for each withdrawal. In all cases, the weight of catalyst removed

with the wax (after settling) was small, less than 2 weight % of the wax.
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Table V.2-13. Major events in run SA-07-0468.

TOS (k) Event
-20 Catalyst pretreatment
0 Initiate run
4 Achieve initial process conditions: T = 250°C,
P = 1.48 M Pa, SV = 2.0 Nl/g-cat-h, Feed (H,/CO) = 1.0
19-39 Problems with hydrogen flow rate
39 Switched from pure gases to premixed gas
47 Replaced hydrogen flow controller; switched to
pure gases
47-52 Problems with hydrogen flow rate
52 Switched from pure gases to premixed gas
68 Changed process conditions: T = 250°C, P = 1.48 M Pa,
SV = 4.0 Nl/g-cat-h, Feed (H,/CO) = 1.0
78 Replaced feed gas cylinder. Gas not properly mixed;
95% hydrogen
79 Replaced problem cylinder, Feed (H;/CO) = 1.0
93 Changed process conditions: T = 265°C, P = 1.48 M Pa,
SV = 4.0 Ni/g—cat-h, Feed (H,/CO) = 1.0
139 15°C rise in temperature of reflux condenser
141 Repeated wax removal twice due to excessive wax production
143 Changed process conditions: T = 235°C, P = 1.48 M Pa,
A SV = 2.0 Nl/g-cat-h, Feed (H,/CO) = 1.0
191 Changed process conditions: T = 235°C, P = 1.48 M Pa,
SV = 4.0 Nl/g-cat-h, Feed (H2/CO) = 1.0
233 Changed process conditions: T = 235°C, P = 1.48 M Pa,
SV = 1.0 Nl/g—cat-h, Feed (H,/CO) = 0.66
261 Changed process conditions: T = 250°C, P = 1.48 M Paq,
SV = 1.0 Nl/g—cat-h, Feed (Hy/CO) = 0.64
311 Changed process conditions: T = 250°C, P = 1.48 M Pa,
SV = 2.0 Nl/g—cat-h, Feed (H,/CO) = 0.69
359 Changed process conditions: T = 265°C, P = 1.48 M Pa,
SV = 2.0 Ni/g-cat-h, Feed (H,/CO) = 0.64
398 Changed process conditions: T = 250°C, P = 1.48 M Pa,
SV = 2.0 Nifg-cat-h, Feed (H,/CO) = 1.0
444 ‘ Changed process conditions: T = 265°C, P = 2.96 M Pa,
SV = 2.0 Nl/g—cat-h, Feed (H,/CO) = 0.64
466 End of Run SA-07-0468
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Table V.2-14. Wax and solids inventory for run SA-07-0468.

TOS (h) ' Event

-48 Slurry loading: 400 g wax, 30.25 g solids

-1 Wax removal following reduction: 156 g wax, 0.80 g solids

64 Wax removal: 241 g wax, 0.86 g solids

92 Wax removal: 162 g wax, 0.55 g solids
Wax removal: 342 g wax, 1.37 g solids
Wax removal: 94 g wax, 1.16 g solids
Wax removal: 38 g wax, 0.40 g solids
Wax removal: 40 g wax, 0.23 ¢ solids
Wax removal: 75 g wax, 0.61 g solids
Wax removal: 54 g wax, 0.39 g solids
Wax removal: 72 g wax, 0.37 g solids
Wax removal: 31 g wax, 0.14 g solids
Wax removal: 38 g wax, 0.11 g solids

End of run: 241 g wax, 21.65 g solids recovered
from reactor. 98 % wax recovery, 94 % solids recovery




V.2.3.5. Summary

No conclusions can be drawn with regard to promoter effects on catalyst activity and/or
selectivity due to changes in activity with time on stream. However, some general observations
concerning hydrocarbon selectivity can be made. Methane and gaseous hydrocarbon (C5-C,)
selectivities were, in general, rather low and the fraction of liquid products (Cg+) was high in all
four tests. Hydrocarbon selectivities were comparable to those reported by workers at SASOL
and MOBIL (Section 1iI). In two tests : CO activated 100Fe/0.3Cu/0.2K catalyst (Run SA-05-
2957), and H, activated 100Fe/0.3Cu/0.5K catalyst (Run SB-07-0458) the activity increased
with time on stream . Both tests were terminated voluntarily after 550 and 460 hours on
stream , respectively. On the other hand, a rather rapid deactivation was observed in tests
using 100Fe/3Cu/0.2K (Run SA-25-3657) and 100Fe/0.3Cu/0.5K (Run SA-07-0468) catalysts,
both of which were activated with CO at 280°C. Initial activity was high in both tests, but
catalysts started to deactivate after the first or second wax withdrawal. It is not clear whether
deactivation was caused or accelerated by the wax withdrawal or by use of improper activation
procedures. Catalyst deactivation was also observed in fixed bed tests when CO activation were
employed (Sections V.1.3, V.1.8). Also, frequent changes in process conditions made during
slurry reactor tests might have contributed to loss in activity. Tests at a fixed set of process
conditions over a long period of time without wax withdrawals are needed to establish causes

of catalyst deactivation in slurry reactors.
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V.3. Slurry Reactor Kinetic Studies

The kinetics of the Fischer-Tropsch (FT) and water—gas shift (WGS) reactions were studied
for four different catalysts in the slurry reactor systems. The goal of these tests was to use
existing rate models from the literature for the FT and WGS reactions, fit them to our data
and obtain parameter estimates, and determine which models best described our experimental
results. The catalysts considered were: 100 Fe/0.3 Cu/0.2 K (Run SA-05-2957), 100 Fe/0.3
Cu/0.5 K (Run SB-07-0458, H, reduced), the commercial Ruhrchemie LP 33/81 catalyst
(Run SA-99-0888), and 100 Fe/5.0 Cu/4.2 K/24 SiO, (Run 5B-66-2468). The results from
the first two runs were given in section V.2.3, whereas results from the last two runs can be
found in section VI.3 of this report.

The data used to estimate the kinetic parameters are summarized in Tables V.3-1 through
V.3-4, respectively, for each of the four runs. Only selected balances were used to estimate
kinetic parameters. During Run SA-05-2957, catalyst activity was increasing during the initial
portion of the run due to incomplete activation, and balances 1-7 were not included in the
data set. Also, balance 12 of this run had poor closures, and was excluded as well. The initial
periods of the other three runs were also excluded as catalyst activity was not stable during
these periods: balances 1-4 of SB-07-0458, balances 1-6 of SA-99-0888, and balances 1-4
of SB-66-2468.

V.3.1. Kinetics Background

Stoichiometry and Reaction Rates

The FT synthesis can be approximated as a pair of simultaneous series—parallel reactions
for the FT reaction and the WGS:

CO+(1+m/2mH, FL 1CoHm+Hy0 FT (V.3-1)

fwGs

CO+H,0 =° CO,+H, WGS  (V.3-2)

where n is the average carbon chain length of the hydrocarbon product and m is the average
number of hydrogen atoms per hydrocarbon molecule. Both n and m vary with the catalyst
and process conditions, and were determined experimentally from the gas and liquid product
analyses for each balance. in these four tests, n varied between 3.45-6.14 for the 100 Fe/0.3
Cu/0.2 K catalyst, 3.68-4.23 for the 100 Fe/5.0 Cu/4.2 K/24 SiO, catalyst, 4.36-6.00 for
the 100 Fe/0.3 Cu/0.5 K catalyst, and 3.18~3.64 for the Ruhrchemie catalyst. The ratio of
m / n was less sensitive, and varied between 2.16-2.42, 2.28-2.36, 2.16-2.22, and 2.27-2.36,

respectively.
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Table V.3-4. Summary of kinetic data for Run SB-66-2468 (100 Fe/5.0 Cu/4.2 K/24 SiO, catalyst).

Balance 5 6 7
TOS (h)
T (°C)
P (MPa)
SV (N{/g—cat-h)
Feed H,/CO
CO Conversion (%)
(H,+CO) Conversion (%)
(H2/CO) Usage
Pco, Py, [ PcoPu,o
Pco (MP&)
Pco2 (MPa)
Py, (MPa)
PH20 (MPa.)
n
min




Water is generally believed to be the primary byproduct of the FT reaction, and CO, is
produced by the WGS (Dry et al, 1972). The small amount of oxygenated products, primarily
alcohols, and the CO, formed by the Boudouard reaction, (2CO — C (s) + CO,), are neglected
in the scheme given by Equations V.3-1 and V.3-2. The WGS is particularly important over
potassium promoted iron catalysts, which can have significant shift activity. In some cases, the
WGS may approach equilibrium during the reaction (Huff and Satterfield, 1984 a, b; Nettelhoff
et al, 1985; Bukur and Brown, 1987).

The uniform temperature, pressure, and concentrations achieved in a slurry stirred tank
reactor simplifies calculation of reaction rates. Assuming that the reactor is at steady state,

the rates of the FT and WGS reactions are given by:

_ P fhuco
rFT_(RTS)S2-+-m/2n (V.3-3)

_, Pg 1+m/2n-U
TwGs = (RTS )5(1 + U)(2 m/ 2n)fH2+CO (V'3— 4)

Note that the rate of syngas consumption (H,+CO) differs from the FT reaction rate only
by stoichiometry, (-ry_.co) =(2+ m/2n)ret, and that the FT and WGS reaction rates are
related by the H,/CO Lsage ratio and stoichiometry.

Reaction rates are functions of temperature and liquid phase concentrations in a slurry
reactor. Assuming that the gas and liquid phase concentrations are in equilibrium, the gas phase
is ideal, and that the gaseous species obey Henry's Law in the liquid phase, partial pressures may
be used in the rate equations in place of liquid concentrations or activities. Henry’s Law behavior
in typical slurry liquids for the principal products and reactants of the FT synthesis (CO, CO,,
H,, H,0) has been reported in the literature ( e.g., Peter and Weinert, 1955; Albal et al, 1984:
Matsumoto and Satterfield, 1985; Huang et al, 1988). Preliminary calculations showed that
the gas phase behaved ideally. We assumed that the average hydrocarbon product (ChHm)
had the physical properties of propylene, and were able to estimate the gas phase fugacity
coefficients in the mixture using the Redlich—-Kwong equation of state. The values estimated
for the fugacity coefficients were better than 1.00 = 0.05 for all species at all conditions
employed in this report. Under these conditions, the partial pressures and liquid concentrations
can be related directly: CI.J = H;P;. The use of liquid concentrations, activities, or partial
pressures may effect the dimensions of some constants in the rate expression. Furthermore,
since Henry's constants are functions of temperature, activation energies may change when

different concentration terms are used. If the Henry's constants are assumed to follow an
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Arrhenius temperature dependence, their activation energies are in the range -10.8 to 4.6
kJ / mol (Nettelhoff et al, 1985). In this report, we base our estimates using partial pressures
in the rate equations. Also, literature values of rate constants were converted to our units
for consistency, however, reported activation energies were not adjusted to account for the
temperature dependence of the Henry’'s Law constants.
Kinetic Models

The first order dependence of the FT reaction rate on H, partial pressure is well known:

e = kIPHz- (V.3-5)

Anderson (1956, pp 283-297) found that the first order rate fit the data well, up to H,+CO
conversions of 60 %. The activation energies from the precipitated catalysts tested by Pichler
(reported by Anderson) were 87 kJ / mol, and for the fused or precipitated catalysts tested at
the U. S. Bureau of Mines, 84 and 87 kJ / mol. Nitrided fused iron catalysts had activation
energies in the range 80-88 kJ / mol. Dry et al (1972) studied a fused, promoted iron catalyst
in a differential fixed bed reactor, and found that the reaction rate was first order in H, partial
pressure. The activation energy was 70 kJ / mol. Under the conditions of their study (i.e., low
conversions) no rate dependence on CO partial pressure was observed.

Rate inhibition by water can occur at higher conversions (> 60 %). Anderson (1956)
proposed a rate equation which included water inhibition, which had the form:

koPcoPu,

Pco— aPHZO
Dry (1976) was able to derive this equation from the enol mechanism (Storch et al, 1951, pp

rFT = (V3—6)

581-593) by assuming that the hydrogenation of chemisorbed CO was the rate determining

step:
K A
A+M = (V.3-7)
M
CcO k, COH
. +Hy = ! 2
M M

where we have used ; to denote a bond of indefinite order.

(V.3-8)

Dry assumed Langmuir adsorption, and considered competitive adsorption of CO, CO,,
H,, and H,0. Assuming that the fraction of sites covered by the active intermediate COH, is

small, then the surface fraction of CO is given by:

- » KCOPCO (V.3 _ g)
1+KcoPco — Keo,Peo, + Ky, Ph, + Kh,oPH,0

8co
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and the rate from Equation V.3-8 is:

koKeoP
reT =kobcoPh, = 1 TKeoPoo & Kco}chJrchzPHz T Kn,oProo (V.3-10)
He further suggested that KcoPco + Ky oPr,o > 1+ Keo,Pco, + Ky, P, to arrive at the
expression given by Equation V.3-6, with a = KH20 / Keo-

Atwood and Bennett (1979) used Equation V.3-6 for data taken over a fused, nitrided
ammonia synthesis catalyst (CCl). Water inhibition was important only at the highest temper-
atures and conversions. They determined the activation energy of kg to be 85 kJ /mol, and for
the adsorption term, a, —9 kJ/mol. (In our work, we assume that all constants appearing in the
rate expressions follow an Arrhenius temperature dependence). Huff and Satterfield (1984a)
found that the adsorption term a decreased linearly with H, partial pressure. A commercial
fused iron ammonia synthesis catalyst was used in their work as well (United Catalysts, Inc.,
C-73). Anderson (1956) also mentioned that the rate constants appearing in Equation V.3-6
showed trends with feed composition. |

To account for this dependence, Huff and Satterfield were able to derive an alternate rate
form, using two different mechanisms: the carbide mechanism, assuming that the hydrogenation
of surface carbon was the rate determining step, and an enol/carbide mechanism, with the
hydrogenation of surface enol as the rate determining step. The carbide mechanism proposes
that CO adsorbs dissociatively to form an active surface carbon species. Methylene groups
formed by the hydrogenation of the surface carbon polymerize to produce hydrocarbons, and

water is produced via the reaction of hydrogen with surface oxygen:

Kd
cosam = §.9 (V.3-11)
M M
0O K
. +H, = H,0+M (V.3-12)
M
CH
Cim, o T2 (V.3-13)
M M

Assuming that the fraction of sites covered by the methylene groups is small, the surface

coverage of active carbon is given by:

K9 K;PcoP
b = Ol O R (V.3-14)

Ke K PeoPy. + (1= o 22 )P
CoM™MITCOTH, ™ ' K1PH2 H,0
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Assuming that 1+ Py o / KyPy, =1, then the rate can be written from Equation V.3-13 as:

koPcoPR,
r =
FT = PcoP, + bPh,0

(V.3 - 15)

where b=1/ K%OKI. The assumption that 1+ Py o [ KiPy, = 1is the same as assuming
the surface fraction of O to be very small.
The combined enol/carbide mechanism proposes that the methylene groups are formed by

eliminating water from the enol in the rate limiting step:

K, COH
O.n, & ) 2 (V.3 - 16)
M M
COH CH
D2 aH, X Y2 LH,0 (V.3-17)
M M

Considering the adsorption of species per Equation V.3-7, the surface concentration of the

enol intermediate is given by:

oo KoKcoPcoPH,
COHz ™ KoKcoPcoPh, + 1+ KeoPeo + Keo,Pco, + Ku,Ph, + Kh,0PH,0

(V.3-18)

If HyO adsorbs strongly compared to the other species, such that K, Ko Pco sz +
KHZOPHzo > 1+ KeoPeo + KCOZPCOZ -+ KH2PH2' then the rate equation has the same
form as Equation V.3-15, where b is now given by KH20 / KoKco. Furthermore, Equations
V.3-6 and V.3-15 have the same form if the constant a (Equation V.3-6) is a function of H,
partial pressure, i.e., a=b/ PHz'

For the data of Huff and Satterfield (1984a), Equation V.3-15 gave a better fit. In order '
to obtain as good a correlation using Equation V.3-6, a constant term had to be included
in the denominator. The activation energy for the FT rate constant, kg, was 83 kJ / mol.
Nettelhoff et al (1985) considered both Equations V.36 and V.3-15 for their data taken
over a precipitated, unpromoted iron catalyst. At 270 °C, both rate forms agreed reasonably
well with their data, although Equation V.3-6 gave a slightly higher statistical correlation (the
R2 correlation coefficient was 0.99 for Equation V.3-6 and 0.95 for Equation V.3-15). At
conversions below 60 %, the rate was first order, with an activation energy of 89 kJ / mol.

inhibition by CO, is generally not as strong as inhibition by water due to the large adsorption
coefficient of water relative to CO and CO,. In slurry reactors, inhibition by water is further

enhanced by its high solubility in typical slurry reactor waxes. However, CO, inhibition may
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become important when a large fraction of the water produced from the FT reaction reacts
with CO to produce CO, via the WGS (Equation V.3-2). This situation may occur when the
catalyst has high WGS activity and/or low H,/CO feed ratios are employed. Ledakowicz et al
(1985) derived a rate expression which incorporated inhibition by CO; from the enol mechanism
(Equations V.3-7-10), but assumed that CO, was the dominant term in the denominator
of Equation V.3-10 (thus KcoPco + Keo,Pco, » 1+ Kh,Ph, + KHzoPH20)~ Their rate

expression was then given by:
koPcoPh,

"= Peo+ Peo,

(V.3-19)

where ¢ = KCO2 / Keo-

For their precipitated catalyst (100 Fe/1.3 K), which showed high WGS activity, most
of the water produced from the FT synthesis subsequently reacted to form CO,. Catalyst
activity, particularly at higher temperatures, did not foliow first order kinetics. The constant c
in Equation V.3-19 was estimated at 0.115, and was relatively insensitive to temperature. The
FT activation energy was 103 kJ / mol. Nettelhoff et al (1985) considered Equation V.3-19
for a commercial fused iron ammonia synthesis catalyst (BASF $6-10). This catalyst also had
high WGS activity, and did not show inhibition by product water.

A summary of the rate forms and parameter estimates for the FT reaction appearing in the
recent literature is given in Table V.3-5. Some conclusions can be drawn from the previous
studies: (1) The activation energy for the FT reaction was about 80-103 kJ / mol, regardiess
of catalyst type, in these recent studies. This is within the range 63-105 kJ / mol of Huff and
Satterfield (1984a) who reviewed a broader range of reaction studies; (2) Water inhibited the
rate more strongly than CO,. CO, inhibition was overshadowed by water inhibition, except
when the WGS reaction consumed most of the water produced by the FT reaction; (3) All of
the proposed FT rate expressions reduced to first order in H, partial pressure at low conversions.
This simple relationship can be used below conversions in the range 40-70 % in a stirred tank
reactor (Huff and Satterfield, 1984b).

To account for inhibition by both water and COz‘, Ledakowicz et al (1985) proposed a
general kinetic model which has the same form as either Equations V.3-6 or V.3-19, and is
obtained directly from Equation V.3-10 assuming that both water and CO, are significant
terms in the denominator. (thus KcgPco + Kcozpcoz + KHzoPH2o >1+ KHszz):

koPcoPH,
o+ aPHzo - cPCO2

rFT = PC (V 3- 20)
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This generalized rate expression may be used for catalysts with low WGS activity, where water
concentrations are high, as well as for catalysts with high shift activity which show inhibition
by CO,.

The WGS is important for slurry processing since it enables CO rich feeds to be utilized
efficiently without the need for an external shift. Both Equations V.3-1 and V.3-2 for the FT
and WGS reactions must be considered to accurately predict both H,+CO conversions and
H,/CO usage ratios, which requires knowledge of WGS kinetics. The shift reaction occurs
readily over potassium promoted iron catalysts, such as those considered here, and may ap-
proach equilibrium in some situations. There have only been a few studies of WGS kinetics in
conjunction with the FT synthesis reported in the literature. Kuo (1983) and Leib and Kuo
(1984) considered mass action kinetics for the WGS, with a denominator shared with their FT

rate expression, which had the form of Equation V.3-6:

kw,0(PcoPH,0 = Pco,Pu, / Kp)
PCO -+ aPH2O

f'weGs = (V.3-21)

Bohlbro (1969, pp 27-34) derived a rate expression for the WGS from the reactions of CO

and H, with oxidized surface sites (Kulkova and Temkin mechanism):

0 k¢
CO+ 7 =L CO+M (V.3-22)
M k_,
k
H20+M;H2+? (V.3-23)
ks M

He assumed that the surface concentration of oxygen was described by a Langmuir isotherm.
The numerator of the rate equation followed mass action kinetics, while the denominator
contained terms for CO, CO,, H,, and H,0:

ki(PcoPu,0-Pco,Pu, / Kp)

ks ke k_
Pco+ —kf_Pcoz + k_przo + _k;LPHz

TWGs = (V.3-24)

This expression has the same form as Equation V.3-21 if it is assumed that PCO*‘%PH o>
{ 2

k - . .

—ﬁPCO9+kk—‘{’PH2, where k,, o = kr and a = ki /k;. The constants appearing in the denominator
of Equation V.3-24 are rate constants, not adsorption coefficients, and the definition of a from
Equation V.3-24 differs from the definition using the FT rate expression, Equation V.3~6.

Also, there are differences in the surface species and sites between a WGS catalyst and an FT
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catalyst, however, it seems reasonable that for the purpose of kinetics, the FT and WGS rate
equations can share the same form of denominator, as was used by Kuo.

Feimer et al (1981) used a first order in CO rate equation for the WGS:
I’WGS = kWPCO (V. 3- 25)

They studied a potassium and copper promoted, precipitated iron catalyst (100 Fe/20 Cu/0.8
K), and determined an apparent activation energy of 124 kJ / mol for the WGS. Equation V.3-
25 can be derived from Equation V.3-21 when the partial pressure of water is large relative to
CO and CO,, or when water is strongly adsorbed and the reverse WGS reaction is negligible.

V.3.2. Results and Discussion

First Order Kinetics

The first order rate constants for the four catalysts were estimated by plotting the FT
reaction rate against the H, partial pressure. These plots are shown in Figure V.3-1 for the
unsupported catalysts (100 Fe/0.3 Cu/0.2 K, 100 Fe/0.3 Cu/0.5 K) and Figure V.3-2 for the
silica—containing catalysts (100 Fe/5.0 Cu/4.2 K/24 SiO,, Ruhrchemie). The rate constant,
ki, on this type of plot was calculated as the slope of the best line through the origin. The
estimated rate constants for the four catalysts are shown on an Arrhenius diagram in Figure
V.3-3, and are compared numerically in Table V.3-6. Catalyst activity was highest for the
100 Fe/0.3 Cu/0.2 K catalyst, followed by the 100 Fe/5.0 Cu/4.2 K/24 SiO, catalyst, the
Ruhrchemie catalyst, and the 100 Fe/0.3 Cu/0.5 K catalyst . The activation energies for
the 100 Fe/0.3 Cu/0.2 K and Ruhrchemie catalysts were both 86 kJ / mol , which
is within the range expected from the literature. The activation energy for the 100 Fe/0.3
Cu/0.5 K catalyst was higher, 102 kJ / mol, which is still within the expected range. The
activation energy for the 100 Fe/5.0 Cu/4.2 K/24 Si0O, catalyst was not calculated since data
were available at only a single temperature (250 °C). This simple rate expression fit the data
fairly accurately for all four catalysts at the conditions employed during our tests.

Inhibition by Water

The effect of water inhibition on the catalysts was evaluated considering Equations V.3-6
and V.3-15. The range of H,O partial pressures measured in Run SA-05-2957 (100 Fe/0.3
Cu/0.2 K) was 0.006-0.117 MPa and in Run SB-07-0458 (100 Fe/0.3 Cu/0.5 K) was 0.011-
0.059 MPa, which at similar process conditions were generally lower than those encountered

during Run SA-99-0888 (Ruhrchemie), 0.055-0.268 MPa and SB-66-2468 (100 Fe/5.0 Cu/4.2
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Figure V.3-1. FT first order plot for the 100 Fe/0.3 Cu/0.2 K (SA-05-2957) and 100
Fe/0.3 Cu/0.5 K (SB-07-0458) catalysts.
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Figure V.3-2. FT first order plot for the Ruhrchemie LP 33/81 (5A-99-0888) and 100
Fe/5.0 Cu/4.2 K /24 SiO; (SB-66-2468) catalysts.
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Figure V.3-3. Arrhenius plot of the FT first order rate constants.
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K/24 SiO,), 0.055-0.101 MPa. Huff and Satterfield (1984a) indicated that inhibition was not
important below water partial pressures of 0.1-0.15 MPa for their fused catalyst.
Equations V.3-6 and V.3-15 can be linearized as:

1, aPuo
PHz / reT = E-%- -k_a——PCO (V3 - 26)
b Puo

Ph, /167 = o+ b PooP (V.3-27)

Plotting the data in this form, Py_/ret versus PHZO/PCC (Equation V.3-26) or P,y o/PcoPh,
(Equation V.3-27), should give a straight line which has an intercept 1/ kg and a slope a / kg
(Equation V.3-26) or b / kg (Equation V.3-27). The constants were caiculated from the least
squares slope and intercept of the linearized equation for all of Equations V.3-6, V.3-15, and
V.3-19. The constants estimated in this manner for all four catalysts are summarized in Table
V.3-7. The linear plot of Equation V.3-6 for the four catalysts is shown in Figure V.3-4.
The Ruhrchemie and 100 Fe/0.3 Cu/0.5 K catalysts show only mild inhibition by water, with
a =0.73 and 0.99, respectively. The weak effect of water on the reaction rate may be due to
the low conversions and/or the low H,O partial pressures obtained under the reaction conditions
employed in this study. The H,+CO conversions varied between 35.9-56.1 % for the points
shown for Ruhrchemie catalyst. The 100 Fe/0.3 Cu/0.2 K catalyst was more active than the
Ruhrchemie catalyst, and the conversions and H,O partial pressures were higher. A stronger
inhibition effect was seen for this catalyst (a = 4.2), as well as for the 100 Fe/5.0 Cu/4.2
K/24 SiO, catalyst (a = 3.9). Catalyst activity followed the same trend seen with the first
order rate constants: 100 Fe/0.3 Cu/0.2 K > 100 Fe/5.0 Cu/4.2 K/24 SiO, > Ruhrchemie
> 100 Fe/0.3 Cu/0.5 K. The results shown for the 100 Fe/0.3 Cu/0.5 K catalyst are at 265
°C, but it has comparable activity to the Ruhrchemie catalyst at 250 °C. For each catalyst, kg
was greater than the first order rate constant k; (0.035, 0.027, 0.020, and 0.026 mol / g—cat-h,
respectively). This was expected since k; is an apparent rate constant, which incorporates
inhibition by water and/or CO, (i.e., the denominators of Equations V.3-6, V.3-15, V.3-19,
or V.3-20).

The linear plot of Equation V.3-15 is shown in Figure V.3-5. Equation V.3-15 gave a
poorer fit to the data for the 100 Fe/0.3 Cu/0.2 K catalyst, and the normalized root mean
square error (RMSE) value was 0.077 using Equation V.3-15 and 0.058 for Equation V.3-6
(Figure V.3~4). We use the RMSE to compare model predictions of reaction rates to the
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experimental values, and have defined RMSE as:

Yo a(epees - vy |

RMSE = Nr;"eas - (V.3-28)
k,avg

The fit for the 100 Fe/5.0 Cu/4.2 K/24 SiO, catalyst was approximately the same, with RMSE
values of 0.030 (Equation V.3-6) and 0.027 (Equation V.3-15), while the 100 Fe/0.3 Cu/0.5 K
catalyst showed a strong improvement, RMSE = 0.020 (Equation V.3-6) and 0.0093 (Equation
V.3-15). The 100 Fe/0.3 Cu/0.2 K catalyst showed the strongest water inhibition effect and
gave b = 5.5 MPa, compared to b = 1.3 MPa for the 100 Fe/5.0 Cu/4.2 K/24 SiO, catalyst
and b =1.6 MPa for the 100 Fe/0.3 Cu/0.5 K catalyst. Water inhibition was virtually non—

existent for the Ruhrchemie catalyst when Equation V.3~15 was used; and the rate constant,

k; = 0.021 mol / g~cat-h, was nearly the same as the apparent first order rate constant, with
a small negative estimate for b, — 0.049.

We can compare our results obtained using Equation V.3-6 to those of Atwood and Bennett
(1979), Leib and Kuo (1984), and Nettelhoff et al (1985), who all used the same form of rate
equation. - The éatalysts we tested were significantly more active than the fused iron catalyst
used by Atwood and Bennett. Their catalyst was also less active than the other catalysts
shown in Table V.3-5, which is seen by comparing ky values. Leib and Kuo (1983) estimated
their rate constants from experiments conducted in a bubble column reactor using an Fe/Cu/K
catalyst (67 weight % Fe). Their activity at higher temperature was similar to our 100 Fe/0.3
Cu/0.2 K catalyst, kg = 0.062 (265 °C) versus 0.057 (250 °C) mol / g~cat-h - MPa, and had
a lower adsorption coefficient. The catalyst tested by Nettelhoff et al (unpromoted Fe) was
also less active than the catalysts tested in our work. At 270 °C, their rate constant ky was
less than the values obtained for our catalyst tests at 250 °C. Our higher activity may be due
to the potassium promotion in the catalysts we tested. Their adsorption coefficient {(a = 4.51)
was similar to that for the 100 Fe/0.3 Cu/0.2 K (a = 4.2) and 100 Fe/5.0 Cu/4.2 K/24 SiO,
catalysts (a = 3.9). The parameters estimated from Equation V.3-15 can be compared to the
results of Huff and Satterfield (1984a). The Ruhrchemie catalyst had comparable activity to
the fused iron catalyst used in their study, with similar first order rate constants, although we
did not find any effect of water using Equation V.3~15. The 100 Fe/0.3 Cu/0.2 K catalyst
was more active, and at 250 °C, its k; was about 2.9 times greater than that for the fused
catalyst, although water inhibited the FT reaction rate more strongly for our catalyst. The 100
Fe/5.0 Cu/4.2 K/24 SiO, catalyst showed somewhat higher activity than the fused iron (about
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1.4 times greater) with approximately the same water inhibition effect. At 265 °C, the 100
Fe/0.3 Cu/0.5 K catalyst was less active than their fused iron, with a similar H,O adsorption
coefficient.
Inhibition by CO,

The rate expression derived by Ledakowicz et al (1985) to account for inhibition by CO,

(Equation V.3-19) was studied in a similar manner. The linear form of Equation V.3-19 is
given by:
1 c Pco2

i

PHZ /I’FT = Eg T E—"‘""PCO (V'3 - 29)

A linear plot of Equation V.3-19 is shown in Figure V.3-6. The CO, partial pressures
during Run SA-99-0888 (Ruhrchemie) were too low, 0.052-0.350 MPa, to be used with this
rate equation, and the estimate for ¢ was nearly zero, ¢ = 0.036. The data for the other three
catalysts show inhibition by CO,, and the constant ¢ in Equation V.3-19 was estimated at
0.21, 0.69, 0.09 for the 100 Fe/0.3 Cu/0.2 K, 100 Fe/5.0 Cu/4.2 K/24 SiO,, and 100 Fe/0.3
Cu/0.5 K catalysts, respectively. inhibition by water was much stronger than for CO,, and
the adsorption coefficient, a, in the analogous Equation V.3-6 was about 20 times greater
than that for CO, with the 100 Fe/0.3 Cu/0.2 K catalyst, about 6 times greater for the 100
Fe/5.0 Cu/4.2 K/24 SiO, catalyst, and about 11 times greater using the 100 Fe/0.3 Cu/0.5
K catalyst.

The 100 Fe/0.3 Cu/0.2 K and 100 Fe/5.0 Cu/4.2 K/24 SiO, catalysts were significantly
more active than the 56-10 fused catalyst studied by Nettelhoff et al (1985). The 100 Fe/0.3
Cu/0.2 K catalyst had comparable activity to the 100 Fe/1.3 K catalyst used by Ledakowicz
et al (1985). Our rate constant ky at 250 °C was approximately the same as for their catalyst,
as was our estimate of the CO, adsorption coefficient, c. Their catalyst was more active than
the 100 Fe/5.0 Cu/4.2 K/24 SiO, catalyst, and showed a weaker CO, inhibition effect. The
S6-10 fused iron was significantly more active than the 100 Fe/0.3 Cu/0.5 K catalyst.

The analysis of our data for the 100 Fe/0.3 Cu/0.2 K catalyst using Equations V.3-6,
V.3-15, and V.3-19 showed that both CO, and water potentially inhibited the reaction rate,
thus we also considered Equation V.3-20, which includes inhibition by both product species.
Equation V.3-20 was linearized, and the constants estimated via multiple linear regression of
the 250 °C data. A parity plot of experimental and expected rates is shown in Figure V.3-7 for
the 100 Fe/0.3 Cu/0.2 K and Ruhrchemie catalysts. The 100 Fe/5.0 Cu/4.2 K/24 SiO, and
100 Fe/0.3 Cu/0.5 K catalysts gave negative adsorption coefficients when fit to this equation,
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thus were not used. The negative rate constants were probably due to the few data points
available for these two catalysts. In both cases, the number of data points was equal to the
number of constants in the model (= 3), which makes the parameter estimates sensitive to
small errors in the data. For the other two catalysts, the model fits our data, although some
scatter in the data is apparent. The trends seen previously with CO, and water inhibition
were also observed for this model. Water was adsorbed much more strongly than CO,, and
the ratio of the adsorption coefficients (a / ¢) was about 35 for the 100 Fe/0.3 Cu/0.2 K
catalyst. However, since this catalyst has good WGS activity, the CO, partial pressures were
high enough to cause rate inhibition. The constant c for the Ruhrchemie catalyst was nearly

zero, contributing little to the denominator of Equation V.3-20.

Water — Gas Shift Kinetics

A comparison of the measured PCOZPHZ /PcoPh,0 ratios from our data to the equilibrium
constant (Newsome, 1980) is shown in Figure V.3~8. The measured Pcoszz/PcoPHzo ratios
generally approach equilibrium at higher temperatures as the WGS reaction rate increases.
The 100 Fe/0.3 Cu/0.2 K catalyst is also seen to have higher WGS activity than either the
Ruhrchemie or 100 Fe/5.0 Cu/4.2 K/24 SiO, catalysts, and its ratios were closer to equilibrium
at all temperatures. Since most of the measured points‘ fall far away from equilibrium, it is

important to consider the kinetics of the WGS.

The first order plots for the WGS reaction are shown for the 100 Fe/0.3 Cu/0.2 K and
100 Fe/0.3 Cu/0.5 K catalysts in Figure V.3-9, and for the Ruhrchemie and 100 Fe/5.0
Cu/4.2 K/24 SiO, catalysts in Figure V.3-10. The slope of the best line through the origin
on these plots is the estimate of the rate constant. The first order in CO rate constants
(Equation V.3-25) from our tests are plotted on an Arrhenius diagram in Figure V.3-11, and
are compared numerically in Table V.3-8. The rate constants from the 100 Fe/0.3 Cu/0.2
K catalyst were higher than those from the other three catalysts by a factor of about 4-5,
regardless of temperature. The activation energies measured for the WGS reaction were 132
kJ / mol for the 100 Fe/0.3 Cu/0.2 K and 100 Fe/0.3 Cu/0.5 K catalysts, and 137 kJ / mol for
the Ruhrchemie catalyst. These values are in good agreement with the 124 kJ / mol reported

by Feimer et al, who also considered first order in CO WGS kinetics.

The mass action kinetic equation (Equation V.3-21) was also used for the WGS. The rate
constant k,, o was estimated in the following manner: using the same value of a (Equation V.3-

6) obtained for the FT kinetics, Equation V.3-21 was mutltiplied through by the denominator of
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the right-hand side. The resulting equation is linear with respect to ky,o. @nd the rate constant
was then calculated as the slope of the best line through the origin. The WGS equilibrium
constant, Kp, is a known function of temperature, Kp = exp(4578 / T - 4.33), and was not
considered to be a variable kinetic parameter. We also considered mass action kinetics with
the denominators of the FT rate expressions given by Equations V.3-15, V.3-19, and V.3-20

as well. The resulting WGS kinetic equations have the form:

kw,0(PcoPt,0 - Pco,Pn, / Kp)

rwes = PcoPh, + bPH,0 (V.3-30)
kw,0(PcoPH,0 - Pco,Ph, / Kp)

rWGS = PCO = CPCO2 (V 3- 31)
ke o(PcoPr.o - Pco.Ph. / K

s = w,0(PcoPH,0 = Pco,Pu, / Kp) V.3-32)

Pco+aPh,0+<Pco,

The rate constants k,, ¢ for these rate forms were estimated in the same manner as described
above. The results for the rate constants k,, o are given in Table V.3-9 for all catalysts. The
fit of first order in CO kinetics was good for all catalysts. Using the 100 Fe/0.3 Cu/0.2 K
catalyst, the lowest RMSE value was obtained using Equation V.3-30. The other models
gave poorer fits. With the other catalysts, the first order in CO kinetics were superior to the
nonlinear kinetics, based on the RMSE values. Leib and Kuo (1984) estimated k,, o at 0.66
mol / g—cat-h- MPa for a = 0.58 for their iron based catalyst (265 °C). Their rate constant
is comparable to our estimate for the 100 Fe/0.3 Cu/0.2 K catalyst, and is higher than the
constants obtained for the Ruhrchemie, 100 Fe/0.3 Cu/0.5 K, or 100 Fe/5.0 Cu/4.2 K/24
SiO, catalysts.
V.3.3. Summary

Several different rate forms were tested for each catalyst to model the FT and WGS
reaction rates. Our results show that water inhibits the FT reaction more strongly than does
CO,, however, in all cases, the FT rates were approximately first order with respect to H,.
Using the 100 Fe/0.3 Cu/0.2 K catalyst (Run SA-05-2957), the best FT rate model contained
terms for both water and CO, inhibition, given by Equation V.3-20. The model originally
proposed by Anderson (1956), Equation V.3-6, was nearly as good, with a slightly higher
RMSE. Equation V.3-6 also gave the best fit for the Ruhrchemie catalyst, although there was
little actual difference between any of the models for this catalyst. The Ruhrchemie catalyst

had low activity during Run SA-99-0888, which leads to low conversions and HyO and CO,
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partial pressures. Under these conditions, inhibition effects are negligible. The FT kinetic
equation which accounted for CO, alone, Equation V.3-19, gave the best fit to the data taken
over the 100 Fe/5.0 Cu/4.2 K/24 SiO, catalyst (Run SB-66-2468). However, since inhibition
by water is much stronger than CO,, the kinetics which include water should be considered.
Both of the water inhibition models (Equations V.3-6 and V.3-15) gave a good fit to the data
for this catalyst as well. The FT kinetic model proposed by Huff and Satterfield (1984a) was
the best for the 100 Fe/0.3 Cu/0.5 K catalyst (Run SB—~07-0458). Activation energies based
on the first order rate constants were estimated to be approximately 86 kJ / mol for the 100
Fe/0.3 Cu/0.2 K and Ruhrchemie catalysts, and 102 kJ / mol for the 100 Fe/0.3 Cu/0.5 K
catalyst. These estimates are in agreement with the range of activation energies reported in
the literature, 80-103 kJ / mol.

The kinetics of the WGS reaction were also studied. Simple first order in CO kinetics
(Equation V.3-25) was tested, and this simple model gave the best fit to the data from the
100 Fe/0.3 Cu/0.5 K, 100 Fe/5.0 Cu/4.2 K/24 SiO, and Ruhrchemie catalysts. For the 100
Fe/0.3 Cu/0.2 K catalyst, the best WGS kinetic model was given by Equation V.3-30, which
contained mass action kinetics in the numerator and-the denominator proposed by Huff and
Satterfield from FT kinetics. The activation energies based on the first order in CO rate
constants for the WGS reaction were 132-136 kJ / mol for the 100 Fe/0.3 Cu/0.2 K, 100
Fe/0.3 Cu/0.5 K and Ruhrchemie catalysts.
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NOMENCLATURE

H,O adsorption coefficient, Equations V.3-6, V.3-20, V.3-21, V.3-32
H,O adsorption coefficient, Equations V.3-15, V.3-30 (MPa)
CO, adsorption coefficient, Equations V.3-19, V.3-20, V.3-32
Liquid phase concentration of species j (mol / £)
Activation energy (kJ / mol)
Fractional Hy+CO conversion
Henry's Law constant for species j (mol / £- MPa)
FT rate constant,Equations V.3-6, V.3-15, V.3-19, V.3-20
{mol / g~cat-h - MPa)
FT first order rate constant, Equation V.3-5 (mol / g—cat-h - MPa)
Rate constant of forward Equation V.3-22 (mol / g—cat-h - MPa)
Rate constant of reverse Equation V.3-22 (mol / g—cat-h - MPa)
Rate constant of forward Equation V.3-23 (mol / g-cat-h - MPa)
Rate constant of reverse Equation V.3-23 (mol / g—cat-h - MPa)
WGS first order rate constant, Equation V.3-25 (mol / g—cat-h - MPa)
WGS rate constant,Equations V.3-21, V.3-30, V.3-31,and V.3-32
(mol / g—cat-h)
Equilibrium constant defined by Equation V.3-12
Equilibrium constant defined by Equation V.3-16 (MPa-1)
Adsorption equilibrium constant, Equation V.3-7 (MPa-1)
WGS equilibrium constant,Equations V.3-21, V.3-24, V.3-30,
V.3-31, and V.3-32
Average number of hydrogen atoms per product molecule, Equation V.3-1
Average carbon chain length of product molecule, Equation V.3-1
Total number of data points
Partial pressure of species j (MPa)
Standard pressure (0.101 MPa)
Gas constant (8.314.10-3/-MPa / mol - K)

R Correlation coefficient

M Rate of reaction k (mol / g—cat-h)

(—rH2+CO) Rate of syngas disappearance (mol / g—cat-h)
RMSE Normalized root mean square error, Equation V.3-28
s Space velocity (N£ / g—cat-h)
Tg Standard temperature (273 K)
U = H,/CO usage ratio
Subscripts
avg =  Average value
FT Fischer—Tropsch
i Data point index

] Species index (j = CnHm, CO, CO,, Hy, or Hy0)

k Reaction index (k = FT or WGS}
Water—gas shift




Superscripts
calc

d

meas

Calculated value
Dissociative adsorption
Measured value
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V.4. Binder / Support Effect Research

Supported catalyst systems with high support-to-metal ratios have not been overly effective
in yielding good Fischer-Tropsch synthesis performance. In the slurry phase process, supported
catalysts reduce the bulk concentration of metal and thus may hinder mass transfer from gas
to liquid as solids loadings are increased to maintain metal concentrations. On the other
hand, supported systems; may actually increase the concentration of active metal sites by
maintaining higher metal dispersions. The nature of the support is also important, since
acidic sites on the support can render basic promoters like potassium ineffective, preventing
interaction between promoter and metal. Previous work at SASOL (Dry, 1981) in fixed bed
reactors, examined the effects of promoters and supports on the performance of Ruhrchemie-
type precipitated Fe catalysts. In one set of experiments, a series of Fe/Cu/K,0 precipitates
was prepared using Cr,05, MgO, Al,O3 or ZnO in place of silica. None of these catalysts was
as active as the standard SiO,- containing material. An unsupported composition was also less
active. Compositions containing both SiO, and a second support material also showed lower
performance. Of all the supports, small amounts of added Al,0; resulted in the lowest wax
selectivity without excessive deactivation. This concept could be used to control selectivity to

some extent.

In our study we have used the Ruhrchemie-type catalyst with the nominal composition
of 100 Fe/5 Cu/4.2 K/24 Si0O, as the base case, and then varied amounts of silica (0, 8
and 100 parts of SiO, per 100 parts of iron) while keeping promoter levels constant. Also,
we synthesized two catalysts containing alumina in place of silica as binder (8 and 20 parts
Al;O3/ 100 parts Fe). The impregnation technique used to prepare the alumina-containing
catalysts was limited to a maximum concentration of about 30 parts Al,05/100 parts Fe, so
a catalyst with high alumina concentration (i.e., 100 parts) was not available for testing. A
sample of commercial Ruhrchemie catalyst, designated LP 33/81, was made available to us
through Dr. Cornelius Frohning of Ruhrchemie . This catalyst was used originally at SASOL's
fixed bed (ARGE) reactors and its average composition (as per Dr. Frohning) is : 100 Fe/4.3
Cu/4.1 K/25 5i0,. Professor Satterfield of M.I.T. has also obtained a sample of Ruhrchemie
catalyst and has reported the following composition, determined by Galbraith Laboratories:
100 Fe/5 Cu/4.1 K/27 SiO, (Satterfield, 1988; Donnelly and Satterfield, 1989). Both of these
compositions are similar to that reported by Dry (1981, p.176) for the Ruhrchemie catalyst.
The actual composition of our baseline catalyst (100 Fe/5.4 Cu/4.6 K/28 SiO,) is similar to
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that of the Ruhrchemie catalyst.

Catalytic tests were conducted in fixed bed reactors, at different process conditions (Table
V.4-1) using synthesis gas with an H»:CO molar ratio of about 1. Approximately 3.5 g of
calcined catalyst was crushed to 30/60 mesh, and mixed with glass beads (1:7 volume ratio,
catalyst:inert particles) of the same mesh size range before loading the reactor. All catalysts
were activated with CO at 280°C and atmospheric pressure for 12 hours. The first mass balance

was conducted after about 40 hours on stream at operating conditions.

V.4.1. Results and Discussion

A summary of the selectivity and activity results is given in Table V.4-2 for the three silica—
containing catalysts (Runs FA-63-0418, FA-66-0548, and FA-69-0668), the two alumina-
containing catalysts (Runs FA-73-0828, and FA-76-0968), the unsupported catalyst using
supported catalyst promoter levels (Run FA-31-1118), and the calcined Ruhrchemie LP 33/81
catalyst (Run FB~99-1348).

Catalyst activity, as measured by (H,-+~CO) conversion, decreases as the binder concentra-
tion increases (Figure V.4-1). The 8 parts SiO; and the unsupported catalysts had the highest
activities, and on a per Fe basis, gave essentially the same (H,+CO) conversions. The 8 parts
Al,O4 catalyst also had high activity. The similarity in conversions for the unsupported and 8
parts supported catalysts show that the high activity is not due to surface area alone. The very
high potassium concentrations are responsible for the increase in catalyst activity over previ-
ous unsupported catalyst tests. While the BET surface areas of the reduced SiO,-containing
catalysts increase from 94, 148, and 250 m2/g at 8, 25, and 100 parts S5i0,/100 parts Fe, the
(H,+CO) conversions decrease at all conditions tested. The unsupported catalyst has a BET
surface area of 38 m2/g. The increased BET surface areas are caused by the addition of high
surface area binder, and do not necessarily reflect a large increase in active metal surface area.
Our measurements by H, temperature programmed desorption showed that the fractional metal
exposures of CO reduced, silica-containing catalysts are the same as for unsupported catalysts
(~2.3%), thus crystallite size is constant. When alumina is added to the catalyst, the exposure
roughly doubles. Egiebor and Cooper (1985) measured the BET surface areas of both fresh
and used silica supported catalysts, with compositions of 100 Fe/4.2 Cu/6.7 K with 21, 50,
and 73 parts Si0,. Prior to use, these catalysts had surface areas of 151, 252, and 275 m?/g,
which agree with our values, but after use the surface areas decreased to 71, 17 and 28 m?/g,

respectively. The authors attributed the decrease in surface areas to carbon deposition on the
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catalyst during synthesis. Wax accumulation in catalyst pores may also contribute to low used
catalyst surface areas. The high surface area catalysts have smaller pore diameters, increasing
intraparticle diffusional limitations. Also, the catalysts with high support concentrations show

stronger resistance to reduction and may not be fully activated.

The increase in silica concentration improves catalyst stability as can be seen from Table
V.4-3. In this table, values of (Hy+CO) conversion obtained at the baseline conditions in the
early part of the test (40-49 h) and near the end of the test (143-169 h on stream) are listed.
Between these two periods of time the process conditions were varied. Catalysts containing
25 and 100 parts of SiO, (per 100 parts of Fe) had a rather small loss in activity, whereas
the catalysts with 8 parts or less of a binder (Si0, or Al,03) had a more significant loss in
activity. Alumina containing catalysts were less stable than the corresponding silica containing

catalysts.

The WGS activity, measured by CO, selectivity (percent of CO converted to CO,), of
different catalysts as a function of reaction temperature is shown in Figure V.4-2. The un-
supported catalyst, the two alumina containing catalysts, and the catalyst containing 8 parts
of SiO, per 100 parts of Fe have high WGS activity even at low reaction temperatures (220
and 235°C), whereas the catalysts with higher silica content (25 or more parts of SiO, per
100 parts of Fe) have low WGS activity which increases with temperature. The lower WGS
activity of the silica containing catalysts may be explained by the fact that silica reacts with
the potassium and thereby reduces its promotional effect, i.e., the catalyst behaves as if it
had a lower potassium loading (see Section V.2.1.3). Apparently, the interactions between the
potassium and alumina were much weaker, and therefore there was no loss in the WGS activity

with increase in the alumina concentration.

The weight % hydrocarbon distributions of the supported catalysts and Ruhrchemie LP
33/81 (run FB-99-1348) are compared in Figs. V.4-3 (235°C, 1.48 MPa, 2 NI/ g—cat-h) and
V.4-4 (250°C, 1.48 MPa, 2 or 4 NI/ g—cat-h). The addition of a small amount of support
(8 parts/100 parts Fe) had a minor effect on conversion, but improved the selectivity by
decreasing methane and C,—C4 formation. The calcined Ruhrchemie catalyst showed good
Cio+ selectivity as well. An increase in the alumina concentration from 8 to 20 parts/100
parts Fe had no significant effect on the hydrocarbon distribution at any of the conditions
tested. The selectivity of the catalyst with 8 parts 5i0,/100 parts Fe was better than (low

methane, high C;,+) or comparable to the selectivities of all the supported catalysts, calcined
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Ruhrchemie LP 33/81, and unsupported catalyst. This catalyst is also one of the most active

of all the catalysts tested in our laboratory.

Our 100 Fe/5.4 Cu/4.6 K/28 SiO, catalyst and the Ruhrchemie LP 33/81 catalyst (100
Fe/5 Cu/4.1 K/27 SiO,) have similar compositions, yet showed some differences in activity
and selectivity at the same operating conditions. Our catalyst was more active than the Ruhr-
chemie catalyst, but produced more gaseous hydrocarbons. At 235°C, 2.0 NI/ g—cat-h, the
(Hy+CO) conversions were 55.0 % for our catalyst and 49.1 % for the Ruhrchemie catalyst,
while the methane was 5.7 and 4.3 % and the C,—C; was 22.7 and 17.6 %, respectively.
Similar differences were present at other conditions, as shown in Table V.4-2. The 24 parts
Si0, catalyst was also somewhat more selective towards lighter products than either of our 8
or 100 parts SiO, catalysts, regardless of differences in catalyst activity. Alumina containing
catalysts had hydrocarbon selectivities similar to that of the silica containing catalysts. In

general, they produced less CH, and C,-C,4 hydrocarbons than the unsupported catalyst.

Dry (1981) discusses the results obtained at SASOL with supported catalysts. It is not
possible to make quantitative comparisons between our work and SASOL, as Dry reports only
relative values for potassium content, activity and hard wax selectivity, but some qualitative
comparisons can be made. Using an Fe/Cu catalyst containing a relative K,O concentration
of 10 with 24 parts SiO,/100 parts Fe (by weight), he reported a relative activity of 45 and
a relative hard wax selectivity (i.e., high molecular weight products) of 34. This was the
most active catalysts of the series reported and had the highest hard wax selectivity. With
an alumina supported catalyst (100 parts Al,03) with a similar potassium loading (12), the
activity decreased to 18 while the hard wax selectivity remained constant. With a second
alumina catalyst, containing 23 parts Al,O3 and a potassium level of 3, activity increased to
35 and hard wax selectivity decreased to 10. Since higher potassium loading should increase
activity at the levels reported, the decrease in activity with 23 and 100 parts Al,05 can be
attributed to the increase in support concentration, which is what we have observed for both
alumina and silica supported catalysts. (Dry shows that high potassium concentrations, above
12, cause decreases in activity for SiO, supported iron). The decrease in hard wax selectivity

is due to the change in potassium loading.

The work of Egiebor and Cooper (1985) with 100 Fe/4.2 Cu/6.7 K and 21, 50, and 73
parts SiO, catalysts can also be compared to our results. They did not report their hydrocarbon

distribution per se, but they noticed that the Cg~C,; fraction remained constant regardless

V-144



of support concentration at a fixed set of conditions (300°C, 0.71 MPa, H,/CO = 1.0, 240
h-1) and was 40-50 weight % of the total condensed products. They found that the reactant
conversions changed only slightly as the support concentration increased, with no significant
difference between the three catalysts, which is not what we have experienced in our studies
of supported catalysts.

V.4.2. Summary
Major findings from binder/ support studies are summarized below.

(1) The FT activity of silica (or alumina) containing catalysts decreased with increasing con-
centration of binder.

(2) The addition of binder improved catalyst stability (lower rate of deactivation).

(3) The WGS activity decreased with the addition of silica due to its interaction with potassium.
As a result the overall "basicity” of the catalyst decreased and the promotional effect of
potassium on the WGS activity was reduced.

(4) Catalyst with composition 100 Fe/5 Cu/4.2 K/8 SiO, displayed high activity and excellent
hydrocarbon selectivity (low CHy and high Cg+ content), but its stability needs to be
improved.

(5) Catalyst with nominal composition 100 Fe/5 Cu/4.2 K/24 SiO, displayed about 25%
higher activity and had better stability than the Ruhrchemie LP 33/81 catalyst, but the
Ruhrchemie catalyst produced less gaseous hydrocarbons.

(6) The yield of methane and gaseous hydrocarbons decreased upon addition of small amounts
of binder (either silica or alumina). Hydrocarbon selectivity did not change markedly upon
further addition of alumina (8 vs. 20 parts of Al;O3). With silica binder the yield of
CH, and C,-Cy increased initially (8 vs. 24 parts of Si0,) but then decreased again upon
further addition of silica (24 vs. 100 parts of SiO,).
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VI. Task 3. PROCESS EVALUATION RESEARCH

The original purpose of this task was to evaluate several of the most improved catalysts
developed during this contract, in slurry bed reactors with following objectives: (1) to determine
catalyst aging and deactivation with time on stream (long term stability tests), and (2) to
perform process variable studies over a wider range of conditions than in Task 2 (Promoter
Effect Research and Kinetic Studies), and to obtain improved kinetic parameters. On the
basis of results obtained from slurry reactor tests in Task 2, which showed significant catalyst
deactivation, it was decided to focus primarily on the first objective and to pursue the second
one whenever feasible (i.e., in the absence of significant deactivation). Also, it was decided to
evaluate catalysts in our fixed bed reactors with objective to obtain information on the intrinsic
loss of catalyst activity, i.e., the loss which is not caused or accelerated by the wax withdrawal.
Our fixed bed reactors operate under nearly isothermal conditions, and it is believed that they

provide a good indication of catalyst stability and selectivity.

Five catalysts were evaluated in fixed bed reactors: three tests were made with silica con-
taining catalysts (Ruhrchemie LP 33/81-the state-of-the-art catalyst and 100 Fe/5 Cu/4.2 K/x
Si0, catalysts, x =8 or 24}, and four tests with unsupported precipitated iron catalysts (100
Fe/1 Cu/0.2 K and 100 Fe/3 Cu/0.5 K). Four tests were conducted in slurry bed reactors
with Ruhrchemie LP 33/81, 100 Fe/5 Cu/4.2 K/ 24 SiO,, 100Fe/3Cu/0.2K and 100 Fe/3
Cu/0.5 K catalysts. As can be seen, several catalysts were tested both in fixed bed and slurry
bed reactors, and this provides additional information on the effect of reactor type on catalyst
activity and product selectivity.

VI.1. Fixed Bed Reactor Tests with Silica containing Catalysts
VI.1.1. Run FA — 63 —1308 with the 100 Fe /5 Cu /4.2 K /8 Si0O, Catalyst

Run FA—63-1308 was made as a long term fixed bed stability test of the catalyst containing
8 parts Si0,/100 parts Fe, which was among the most active of the catalysts tested during
this contract and it also showed desirable selectivity behavior (Section V.4). The catalyst was
reduced in situ at 280°C for 16 h with CO. Stability testing was conducted over 2 552 h period,
at 235°C, 1.48 MPa, 2.0 NI / g—cat-h, using (H,/CO)=1.0 synthesis gas (up to 271 h) and
(H,/C0O)=0.67 synthesis gas (272-552 h). Three mass balances were completed with each
feed ratio tested. A single mass balance was made at 250°C during balance 7, and a repeat of
the original conditions was made in balance 8. The results obtained during these balances are

summarized in Table VI-1.
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A stability plot of the (H,+CO) conversion versus time on stream is given in Fig. Vi-1.
The catalyst deactivated steadily with the (H,/CO)=1.0 synthesis gas, with the (H,+CO)
conversion dropping from an initial value of 77.4 % (24.5 h) to a final value of 55.0 % (264 h).
Deactivation continued after the switch to (H,/C0)=0.67 feed gas, but the rate of deactivation
decreased. Between 294.5 and 552 h, the (H,+CO) conversion dropped from 47.5 to 39.0 %.
The average deactivation rates (average change in conversion/unit time) were 0.094 and 0.033
% /h with (H,/CO) = 1.0 and 0.67, respectively.

The difference in deactivation behavior with feed ratio is difficult to explain as we do not
know with any certainty the cause of deactivation in the fixed bed reactors. Decreasing the
(H,/CO) feed ratio from 1.0 to 0.67 between balances 3 and 4 caused the CO partial pressure
to increase from 0.36 to 0.64 MPa and the H, partial pressure to decrease from 0.63 to 0.49
MPa (exit values). The higher CO partial pressure drives the water—gas shift (WGS) reaction
to the right, thus the CO, and H,O partial pressures changed from 0.34 and 0.09 MPa to
0.27 and 0.05 MPa, respectively. If the primary cause of deactivation is carbon fouling, higher
CO partial pressure should increase the rate of deactivation (Dry, 1981), which is not what is
observed. If the primary cause of deactivation is catalyst reoxidation, the higher CO partial
pressures can explain the decreased deactivation in several ways: (1) as we have found that CO
is a more effective reductant than H, (Section V.1), a lower feed ratio will lend to a stronger
reducing environment in the reactor to offset oxidation, (2) the excess CO consumes oxidizing
H,O via the WGS and decreases the rate of oxidation, or (3) higher CO partial pressures

compete more effectively with water for surface sites on the catalyst, inhibiting oxidation.

The effect of time on stream on the selectivity of the silica—containing catalyst is shown
in Fig. VI-2 for both feed ratios. The lower (H,/CO) feed ratio decreases CH, and Co-C,4
selectivity, increasing the amount of C;5+ products formed. The olefin/paraffin ratios using
(H,/C0)=0.67 synthesis gas are higher than or comparable to those using (H,/C0)=1.0 feed.
Little change is seen in the first three balances with (H,/C0O)=1.0 or the balances using
(H,/CO)=0.67 feed gas. However, after the catalyst was heavily deactivated (balance 8, 662
h), the product distribution shifted towards lighter products (CH4 and C5,—C,) at the expense

of C;5+. There was no definite trend in the olefin/paraffin ratios with catalyst deactivation.

The ASF plots for active catalyst at 235°C, (H,/CO)=1.0 (balance 1), (H,/CO})=0.67
(balance 4), and deactivated catalyst at (H,/CO)=1.0 (balance 8) are shown in Figs. VI-3 to
VI-5. The feed ratio had little effect on a5, which varied between 0.90 and 0.91 for the three
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balances. a; increased from 0.74 to 0.79 and 3 decreased from 0.80 to 0.62 as the feed ratio

decreased from 1.0 to 0.69, which are representative of the higher hydrocarbon selectivity of
the lower feed ratio. Deactivation caused a decrease in «y, from 0.74 to 0.62, with minimal
change in either 8 or a,, thus the gaseous hydrocarbons are the most strongly influenced by
deactivation.

In the first balance of the run before deactivation, the catalyst activity and selectivity
was similar to the previous test of this catalyst (Run FA-63-0418, Section V.4) at the same
conditions (235°C, 1.48 MPa, 2.0 NI/ g—cat-h). The (H,+CO) conversion at these conditions
was 77.9 % as compared to the 76.7 % obtained previously. The weight % hydrocarbon
distribution during run FA-63-0418 was 3.5 (CH,), 16.4 (C,—Cy), 20.1 { C5~-C4;), and 60.0
% (C1o+), compared to 4.3, 17.8, 21.4, and 56.5 % obtained in this run. At 250 °C (balance
7) the catalyst was deactivated and the (H,+CO) conversion was only 46.4 %, while in the
previous run the (H,+CO) conversion at the same temperature and double the space velocity
(4 NI /g—cat-h, balance 3) was 65.1 %. The hydrocarbon selectivity did not change significantly
with deactivation at these conditions.

VL1.2. Run FB - 99 - 1588 with the Ruhrchemie LP 33 /81 Catalyst
Run FB-99-1588 was a long term stability test of the Ruhrchemie LP 33/81 commercial

catalyst, and was intended to complement the slurry run SA-99-0888 (Section VI.3.1). The
initial process conditions for the stability test were 250°C, 1.48 MPa, (H,/C0)=0.67, 2.0
NI / g—cat-h, which are the same as those during the first five balances of slurry run SA-99-
0888. The results of the seven balances of run FB-99-1588 are summarized in Table VI-2.
The calcined Ruhrchemie catalyst (30/60 mesh particles) was reduced in situ at 280°C, using
CO reductant for 12 h. The stability plot of (H,+CO) conversion versus time is shown in Fig.
VI-6. After an initial rapid decline in catalyst activity, the activity was relatively stable, with the
conversion dropping from 58.3 % to 53.6 % between about 100 and 340 h. At 382 h, a power
failure occurred, interrupting the run for approximately 50 min, which caused an immediate
decrease in the (H,+CO) conversion to 50 % after the process conditions were reestablished.
The catalyst was stable, at lower activity, after the interruption. After the fifth mass balance

was completed the feed ratio was changed to 1.0 {(nominal) at the same temperature, pressure,

and space velocity. The (H,+CO) conversion increased to 57.2 % at 49 h and declined slightly
to 55.7 % at 630 h.
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Catalyst selectivity as a function of time on stream is shown in Fig. VI-7 for run FB-99-
1588. The selectivity was not strongly affected by time on stream, and neither the weight %
hydrocarbon distribution nor the olefin/paraffin ratios show any specific trends as the catalyst
aged. At higher feed ratio, more gaseous hydrocarbons were formed, increasing from 6.4 (CH,)
and 25.0 % (C,-C4) in balance 5 (H,/C0O=0.67) to 8.5 and 29.6 %, respectively, in balance
6 (H,/C0=1.0). The olefin/paraffin ratios decreased as well when the concentration of H; in

the feed was increased.

Catalyst activity was higher in a fixed bed reactor than in a slurry reactor, with a conversion
of 53.2 % in the fixed bed (balance 4) before the power failure compared to the 44.4 %
conversion obtained in the slurry reactor (balance 5) at approximately the same time on stream.
With the (H,/C0)=1.0 feed gas, the fixed bed run gave a conversion of 56.0 % in balance
6 (250°C, 1.48 MPa, 2.0 NI / g~cat-h) while during balance 12 of run SA-99-0888 at the
same conditions, the conversion was 45.4 %, although catalyst deactivation occurred before

this measurement was made.

The selectivities obtained in the fixed bed and slurry bed tests are compared in Fig. VI-8.
The hydrocarbon selectivities in two runs with (H,/C0)=0.67 were similar, with the weight
% of hydrocarbons in fixed bed (balance 2) at 5.3 (CH,), 21.1 (C,-C,), 18.8 (C5-C44), and
54.7 % (Cyp+) while in slurry (balance 3) the distribution was 5.1, 20.8, 21.9, and 52.2 %,
respectively. With (H,/CO)=1.0, the slurry reactor produced more CH, and C,-C, products
than fixed bed. This is probably due to catalyst deactivation which recurred in the slurry
reactor prior to tests with (H,/CO)=1.0 feed gas. We observed that the deactivated catalyst
produces more lower molecular weight products than the fresh catalyst. Also, the differences in
the C5—-C;; and C;o+ fractions may be due to differences in the product collection procedures
for the two systems, as the Cg— fractions are not as dissimilar. The olefin/paraffin ratios,
which are also compared in Fig. VI-8, were lower in slurry than in the fixed bed, which may
be due to differences in flow patterns (i.e., plug flow vs. completely backmixed) of the two

reactors.

VI1.1.3. Run FB - 66 — 1948 with the 100 Fe /5.0 Cu /4.2 K /24 SiO, Catalyst

Run FB-66-1948 was made as a long term stability test of the 100 Fe/5.0 Cu/4.2 K/24
SiO, catalyst. The first 5 mass balances (up to 457 h) were made at a fixed set of process
conditions: 250°C, 1.48 MPa, 2.0 NI / g—cat-h, and H,/C0O=0.69, to determine the catalyst

stability. Balance 10 was a repeat of these conditions. The effect of space velocity was studied
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in balances 6 (4.0 NI /g—cat-h) and 7 (1.0 NI/ g—cat-h), and the effect of feed ratio was studied
in balances 8 and 9 (H,/C0=1.03). With an Hy/CO=0.70 feed, temperature was varied in
balances 11 (265°C) and 12 (235°C). The twelve mass balances completed during this run are

summarized in Table VI-3.

The 100 Fe/5.0 Cu/4.2 K/24 SiO, catalyst was very stable, and the stability plot for
the run (up to 457 h) is shown in Fig. VI-9. The (H,+CO) conversion decreased from an
itial value of 68.7 % to 64.3 % after 457 h. In the repeat of conditions (balance 10, 765 h)
the conversion was still high, 57.7 %, although it is clear that varying the process conditions
accelerated the rate of deactivation. The activity was superior to that of the Ruhrchemie LP
33/81 catalyst, whose stability plot for run FB-99-1588 is also shown in Fig. VI-9. The initial
activities of both catalysts were approximately equal, but at about 340 h, the Ruhrchemie
catalyst gave an (H,+CO) conversion of 44.2 % while our 100 Fe/5.0 Cu/4.2 K/24 SiO,
catalyst gave a conversion of 65.5 %. The 24 parts SiO, catalyst was also more stable, but less
active, than the catalyst containing only 8 parts of SiO,. The (H,+CO) conversions at 235°C
(H,/C0O=1.0) obtained with the 8 parts SiO, catalyst, shown in Fig. VI-9, are higher initially
than those obtained with either the 24 parts SiO, catalyst or the Ruhrchemie LP 33/81 at
250°C (H,/C0=0.69). However, the catalyst containing 8 parts SiO, deactivated rapidly, in
spite of being tested at milder conditions (235°C).

The effect of time on stream on catalyst selectivity is shown in Fig. VI-10. There was a very
mild shift towards lighter products as the catalyst aged, a trend which has also been seen with
other catalysts. Between 71 (balance 1) and 477 h (balance 5), methane increased from 5.8 to
6.5 % while the C;,—+ products decreased from 50.9 to 41.0 %. There was no effect of time on
the olefin/paraffin ratios measured during the stability portion of the run. In balances 6-9, 11
and 12, the conditions were varied to study catalyst activity and selectivity at different sets of
process conditions. The (H,+-CO) conversions and weight percent hydrocarbon distribution at
the different process conditions used in these balances are shown in Fig. VI-11. In this figure,
the average results from balances 1-5 (250°C, 2.0 NI / g-cat-h, Hy/C0=0.69) and balances
8 and 9 (250°C, 2.0 NI/ g—cat-h, H,/CO=1.0) are shown. The hydrocarbon distribution is
shown as a series of bars and the (H,+CO) conversion is shown as symbols connected by a line.
Conversion increases with temperature, which is expected, and the hydrocarbon distribution
shifts towards lower molecular weight products. The selectivity trend is weak between 235°C

(balance 12) and 250°C (balances 1-5), however the first five balances do not reflect the effect
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Figure VI-10. Effect of timne on stream on catalyst selectivity for run FB-66-1948 (100 ¥e/5.0
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of deactivation on selectivity. Deactivation causes more methane to be formed. For example,
in balances 12, 10, and 11 at 235, 250, and 265°C, respectively, CH, increases from 6.1 to 6.5
and 8.6 % while C,+ decreases from 48.5 to 45.2 and 37.3 %. The space velocity was varied
at 250°C in balances 7, 1-5, and 6 at 1.0, 2.0, and 4.0 NI/ g—cat-h. Conversion decreased with
higher space velocity, and there was no clear effect on the hydrocarbon distribution. The CH,
and C,~C, fractions remained fairly constant, while shifting occurred between the Cg-C;; and
Cyp+ products. The conversion using a higher H,/CO feed ratio was lower than the initial
conversion, decreasing from an average 66 % (balances 1-5, H,/C0=0.69) to 60.6 % (balances
8-9, H,/CO=1.0), but this may be due to catalyst deactivation. The (H,-+CO) conversion
obtained in balance 10 at the same conditions with H,/C0O=0.70 was only 57.7 %. Less Cio+
products and more gaseous hydrocarbons were provduced using the H,/CO=1 feed ratio than
in any of the balances (1-5, 10) using the lower feed ratio, which we have also observed in

tests with other catalysts.

The selectivities obtained during the stability test of the 24 parts 5i0, catalyst are compared
to those obtained in the stability tests of 8 parts SiO, catalyst and Ruhrchemie LP 33/81
catalyst (runs FA-63-1308 and FB-99-1588) in Fig.VI-12. Lower silica concentration improves
production of C;o+ products and decreases the fractions of CH, and C5—-C,. Similar results
were obtained during the initial tests of these catalysts. The 8 parts SiO, catalyst also had
higher initial activity, but it deactivated more rapidly than the catalyst with 24 parts SiO,. The
selectivities of the 24 parts SiO, catalyst and the Ruhrchemie catalyst “are very similar, while

our catalyst is more stable.

VI.2. Fixed Bed Reactor Tests with Unsupported Precipitated iron Catalysts

VI.2.1. Runs FA—15_1698 / FA — 15 — 1768 with the 100 Fe /1 Cu /0.2 K Catalyst

Runs FA-15-1698 and FA-15-1768 were made to evaluate the performance of a precipitated
catalyst (100 Fe/1 Cu/0.2 K) over the long period of time in a fixed bed reactor. For both
runs, 30/60 mesh catalysts were employed and the catalyst was reduced with CO at 280°C for
16 h. Following the activation treatment, the catalyst was tested at a fixed set of operating
conditions (235°C, 1.48 MPa, 2.0 Ni / g-cat-h, H,/C0O=0.71). Rapid deactivation occurred
during both tests. Only a single mass balance was completed in run FA-15-1698 before it was
terminated due to the deactivation. During the retest, run FA-15-1768, 6 mass balances were
completed. The first two mass balances (up to 175 h) were made at the conditions above, and

balances 3 and 4 (up to 367 h) were made using H,/C0O=1.03 feed gas. During balances 5
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and 6 (up to 511 h), the temperature was increased to 250°C and a H,/C0O=0.71 feed gas was
used. The results for both runs FA-15-1698 and FA-15-1768 are summarized in Table Vi-4.

With the exception of run FA-15-2097 (Section V.2.2), the 100 Fe/1.0 Cu/0.2 K catalyst
deactivated quickly during catalyst testing. In the last two tests, the initial activity of the
catalyst was high, but decreased with time. The stability plot for the two runs is shown in Fig.
VI-13. In run FA-15-1768, the (H,+CO) conversion dropped from 59.1 % at 25.5 h to 31.2 %
at 175 h. Switching to an H,/CO=1.03 synthesis gas increased conversion slightly to 33.7 %
at 191 h, but the catalyst continued to deactivate. At these same nominal conditions (235°C,
1.48 MPa, 2.0 NI / g—cat-h, H,/CO=1.0) during the successful run FA-15-2097, the H,/CO
conversion was 72.9 %. The increase in temperature to 250°C at about 392 h increased the

conversion to only 34.5 %.

Product selectivities obtained from these two tests (FA-15-1698,/FA-15-1768) of the 100
Fe/1.0 Cu/0.2 K catalyst are shown in Fig. VI-14 (235°C, H,/C0=0.71). The hydrocarbon
selectivity during the first test was more towards lower molecular weight hydrocarbons than
that obtained during the retest, and the C;5+ weight percent decreased from 63 % to 49 %
(balance 1) between the two runs. A comparison of the selectivity for run FA-15-1768 and
the two previous tests (FA-15-2097, Technical Progress Report for 1 July-30 September 1987;
FA-15-0278, Technical Progress Report for 1 January-31 March 1988) is shown in Fig. VI-15
(235°C, H,/CO=1.0, nominal). The test results from FA-15-1768 show higher selectivity to
high molecular weight products with a substantially greater C,,~+ fraction of hydrocarbons.
The olefin/paraffin ratios are also higher than in previous tests, although this may be due to
the deactivation of the catalyst. The (H,+CO) conversions for the four balances shown in Fig.
VI-15 were 29.8 (balance 3) and 26.5 % (balance 4) in run FA-15-1768, 72.9 % in run FA-15-
2097, and 44.7 % in run FA-15-0278, and the differences in conversion may have affected the
olefin/paraffin ratios. There was no significant effect of time on stream on the weight percent

hydrocarbon distribution during Run FA-15-1768 at any of the 3 sets of conditions used.

V1.2.2. Runs FB - 27 — 2438 / FA — 27 — 2518 with the 100 Fe /3.0 Cu /0.5 K Catalyst

Runs FB-27-2438 and FA-27-2518 were made as long term stability tests of the 100 Fe/3.0
Cu/0.5 K catalyst. This catalyst was tested previously during the Promoter Effect Research
portion of this investigation in runs FA-27-2557 and FB-27-3368 (Technical Progress Reports
for 1 July-30 September 1988 and 1 October - December 31, 1988, respectively. Also, see

Sections V.2.1.3 and V.2.3). The two most recent runs differed in the procedure used to acti-
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vate the catalyst. In both runs, the reductant used was CO at ambient pressure, and the
catalyst was ground to 30/60 mesh and diluted with glass beads before loading the reactor.
In run FB-27-2438, the catalyst was reduced at 280°C for 12 h. After the 12 h pretreatment,
the reactor was cooled to 260°C in helium (4.0 NI / g-cat-h), and the reactor pressure was
increased to 1.48 MPa. Synthesis gas (H,/C0=0.69) was then introduced while continuing to
feed He, and the syngas flow rate was gradually increased from 0.5 to 2.0 NI/ g—cat-h over a 4
h period. After the full syngas flow was established, the He flow was phased out over a 2.5 h
period. A hot spot (280°C) developed about 15 cm below the top of the bed after the He flow
was discontinued, and He was reintroduced at 0.7 NI / g—cat-h to cool the reactor. After 17
h at these conditions, the He was again discontinued and the stability run was begun (260°C,
1.48 MPa, H,/C0=0.69, 2.0 NI / g-cat-h). In run FA-27-2518, the catalyst was reduced at
335°C for 24 h, which is similar to the optimum procedure studied by Pichler (Anderson, 1956,
pp 176-180). This procedure was reported to give high activity and stability over a long period

of time.

Three mass balances were performed during run FB-27-2438 and the results are summa-
rized in Table VI-5. The results for the two mass balances performed during run FA-27-2518
are summarized in Table VI-6. All balances were performed at 260°C, 1.48 MPa, 2.0 Ni / g~
cat-h, using an H,/C0=0.67 (nominal) feed gas. The stability plot for both runs is shown in
Fig. VI-16. The catalyst activated at 335°C for 24 h (FA-27-2518) deactivated rapidly, with
the (H,+CO) conversion dropping from an initial 74.2 % to 47.2 % at 143 h at conditions.
The conversion for catalyst activated at 280°C for 12 h (FB~27-2438) initially increased to a
maximum 88.2 % at 7.5 h at conditions, then began deactivating. The deactivation was less
severe than during run FA-27-2518 and the conversion was still 72 % at 143 h. After 265 h,
the (H,+CO) conversion dropped to 66.7 %.

The hydrocarbon selectivity and olefin/paraffin ratios as a function of time are compared in
Fig. VI-17 for both runs. During run FB-27-2438, the weight pércent hydrocarbon distribution
shifted towards lower molecular weight products as the catalyst deactivated with time. The
shift to lighter products was not significant during run FA-27-2518, although the catalyst
was already deactivated during both balances (the average conversions were 57.5 and 47.3 %,
respectively, during the two balances). No strong trend in the olefin/paraffin ratios occurred
for either catalyst test. While it is difficult to distinguish between the effects of deactivation

and reduction procedure in these two runs, it appears that the higher reduction temperature
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Table VI-5. Summary of results for fixed bed run FB-27-2438. Catalyst reduced using CO at 280 °C
for 12 h, 3.0 Nl/g~cat-h.

Catalyst: 3.80 g%, 100 Fe/3.0 Cu/0.5 K Diluent: 38.1 g, Glass beads
Catalyst volume: 3.40 cc Diluent Volume: 25.0 cc
Period 1 2 3
Date 09/02/88 09/06/88 09/10/88
Time on Stream (h) 72.0 167.0 264.0
Balance Duration (h) 6.8 7.0 6.8
Average Temperature (°C) 260. 260. 260.
Maximum A Temperature (°C)? 3.00 2.00 2.00
Pressure (M Pa) 1.48 1.48 1.48
H,/CO Feed Ratio .704 704 704
Space Velocity (NI/g—cat-h)° 2.01 2.01 2.01
Space Velocity (N1/g-Fe-h) 2.95 2.95 2.95
GHSV (h~1) 268. 268. 268.
CO Conversion (%) 83.3 76.5 72.3
H,+CO Conversion (%) 78.4 72.1 67.8
H2/CO Usage 604 .606 .598
STY (mols Hy+CO/g—cat-h)* 070 .065 .061
Pco. - Pa,/Pco - Pa.o 15.2 12.8 17.5
Weight % of Outlet
H, 1.36 1.63 1.84
H,O 1.97 1.81 1.23
CO 15.7 222 26.2
CO: 60.8 55.6 53.7
Hydrocarbons 14.4 15.0 14.4
Oxygenates 408 .302 236
Wax? 5.37 3.47 241
Yield (g/Nm?® Ha + CO Converted)
CH, 12.6 144 154
Co—C4 Hydrocarbons 49.8 53.7 55.3
Cs—C;1 Hydrocarbons 63.4 742 74.3
Ci2+ Hydrocarbons 70.2 56.8 47.7
Wax? 53.3 374 27.7
Oxygenates 4.05 3.25 2.71
Total 200. 202. 195.
142 Olefins/n—Paraffin Ratio
Cq 1.25 974 1.00
Cs 8.31 7.04 7.28
Cs - 7.27 6.01 6.11
Cs 4.58 3.18 3.09
Cio 3.74 2.40 2.25
¢ Based on unreduced catalyst ® Maximum axial temperature difference
¢ Based on catalyst volume ¢ Unanalyzed products collected from hot trap
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Table VI-5 {cont’d). Summary of results for fixed bed run FB-27-2438. Catalyst reduced using CO at 280 °C
for 12 A, 3.0 Ni/g—cat-h.

Period 1§ 2 | 3
Weight % of Hydrocarbons

CH4 6.41 7.25 7.99
Ethane 3.34 3.83 4.08
Ethylene 3.90 3.48 3.79
Propane 1.10 1.35 1.38
Propylene 8.74 9.04 9.56
n—Butane 951 1.25 1.32
14-2 Butenes 6.68 7.23 7.77
C4 Isomers .708 .780 .826
n—Pentane 1.55 1.90 2.04
142 Pentenes 5.82 6.22 6.74
Cs Isomers .440 610 .680
n—Hexane 622 018 .807
142 Hexenes 341 4.03 3.48
Ces Isomers 726 .814 .693
n-Heptane 591 1.000 .864
142 Heptenes 2.96 3.50 3.06
C- Isomers .842 1.17 .629
n—Qctane 644 997 1.15
142 Octenes 2.90 3.12 3.50
Cs Isomers .785 .696 .706
n—Nonane 659 1.03 1.30
142 Nonenes 2.66 2.75 3.35
Cs Isomers 706 .587 679
n—Decane 639 1.05 1.30
142 Decenes 2.35 2.47 2.87
Cyo Isomers .795 643 .701
n-Undecane .608 1.04 1.20
142 Undecenes 1.97 2.09 2.22
Ci; Isomers .668 .620 .589
Co-C4 25.4 27.0 28.7
Cs=C1a 32.3 37.3 38.6
Cio+ 35.8 28.5 24.8
Wax? 27.2 18.8 144

¢ Unanalyzed wax collected from hot trap
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Table VI-6. Summary of results for fixed bed run FA-27-2518. Catalyst reduced using CO at 335 °C
for 24 h. 3.0 Nl/g-cat-h.

Catalyst: 3.45 g%, 100 Fe/3.0 Cu/0.5 K Diluent: 37.2 g, Glass beads
Catalyst volume: 2.50 cc Diluent Volume: 24.5 cc
Period 1 2
Date 09/10/88 09/14/88
Time on Stream (h) 77.0 166.0
Balance Duration (h) 6.5 6.8
Average Temperature (°C) 260. 260.
Maximum A Temperature (°C)° 1.80 1.70
Pressure (M Pa) 1.48 1.48
H,/CO Feed Ratio 639 .639
Space Velocity (N1/g—cat-h)® 2.00 2.00
Space Velocity (N1/g-Fe-h) 2.95 2.95
GHSV (h~1) 256. 256.
CO Conversion (%) 57.6 46.5
H,+CO Conversion (%) 57.5 7.3
H,/CO Usage 637 .667
STY (mols Ha+CO/g~cat-h)° 051 .042
Peo, - Pu,/Pco - Pa,o 5.76 3.53
Weight % of Outlet
H, 1.87 2.26
H.0O 1.92 2.31
CO 40.5 51.0
CO, 421 32.3
Hydrocarbons 10.1 8.91
Oxygenates 274 .265
Wax? 3.25 2.95
Yield (¢9/Nm® Hy + CO Converted)
CH, 18.2 18.7
C2—-C4 Hydrocarbons 48.7 53.9
C5—-C;; Hydrocarbons 51.4 58.4
Ci12+ Bydrocarbons 66.3 70.0
. Wax4 45.0 50.0
Oxygenates 3.79 4.48
Total 188. 205.
142 Olefins/n—Paraffin Ratio
C, 1.27 1.40
Cs 7.84 8.11
Ca 7.08 7.41
Cs 4.67 5.51
Cio 4.13 4.59
¢ Based on unreduced catalyst ® Maximum axial temperature difference
¢ Based on reactor volume 4 Unanalyzed products collected from hot trap
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Table VI-6 (cont’d). Summary of results for fixed bed run FA-27-2518. Catalyst reduced using CO at 335 °C
for 24 h. 3.0 Nl/g—cat-h.

Period EE
Weight % of Hydrocarbons

- CH4 9.86 9.29
Ethane 3.901 3.98
Ethylene 4.63 5.20
Propane 1.13 1.10
Propylene 8.47 8.51
n-Butane .959 900
142 Butenes 6.55 6.43
C4 Isomers 722 707
n-Pentane 1.46 141
142 Pentenes 5.93 7.00
Cs Isomers .459 .807
n—Hexane .586 475
142 Hexenes 3.57 3.53
Cs Isomers .660 .805
n-Heptane A79 434
142 Heptenes 2.66 2.53
C7 Isomers .489 514
n—Octane 482 402
1+2 Octenes 2.21 2.18
Cg Isomers 511 497
n—-Nonane .469 405
142 Nonenes 197 1.95
Co Isomers .387 .349
n—Decane 476 448
142 Decenes 1.94 2.02
Cio Isomers .502 .530
n-Undecane 451 439
142 Undecenes 1.73 1.84
Cy1 Isomers 425 491
Co—Cy 26.4 26.8
Cs—Cu1 278 29.1
Cia+ 35.9 34.8
Wax? 24.4 24.9

4 Unanalyzed products collected from hot trap
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(335°C, FA-27-2518) causes the catalyst to produce more lower molecular weight products. For
example, the lowest methane percentage, 9.3 % (FA-27-2518, balance 2, 166 h), for the high
temperature reduction was greater than the highest methane percentage, 8.0 % (FB-27-2438,

balance 3, 240 h), for the lower reduction temperature.
V1.3. Stirred Tank Slurry Reactor Test with Silica containing Catalysts
VI.3.1. Run SA — 99 — 0888 with the Ruhrchemie LP 33 /81 Catalyst

Run SA-09-0888 was a long term test of the commercial, state-of-the—art, Ruhrchemie
LP 33/81 catalyst. The calcined catalyst was reduced in situ with CO at 280°C. 34.6 g of
the catalyst was charged to the reactor, and purified n—octacosane was used as the initial
slurry liquid. The run was divided into two portions: during the first part of the run (up to
343 h on stream), catalyst stability was evaluated at 2 fixed set of conditions: 250°C, 1.48
MPa, (H,/C0)=0.67, 2.0 NI / g—cat-h; during the last part of the run, process conditions were
varied to evaluate their effect on catalyst activity and selectivity: 235-265°C, 1.48-2.96 MPa,
(H,/CO) = 0.67-1.0, 1.0-4.0 NI /g—cat-h. The major events occurring during run SA-99-0888
are summarized in Table VI-7 . Five mass balances were performed during the stability portion
of the run and 8 mass balances were performed during the process variable studies. The resul‘ts

obtained during these balances are summarized in Table VI-8.

A stability plot, (H,+CO) conversion versus time on stream, is shown in Fig. VI-18 for
the first part of the run. The catalyst was very stable, and no significant deactivation occurred
during 343 h on stream. At 46 h, the (H,+CO) conversion was 46.0 %, and at 338 h, the
conversion was 44.2 %. The conversions obtained during the stability test varied between 42.6
and 46.4 %. Wax was withdrawn after the catalyst activation and at the end of balances 2,
3, 4, and 5 using the external settling tank system. The selectivity of the catalyst changed
with time on stream, with more gaseous products formed as the catalyst aged. The effect
of time on catalyst selectivity is shown in Fig. VIi-19. During balance 1 (49 h) the weight
% hydrocarbon distribution was 4.3 CHy, 17.8 C,-C4, 22.1 Cs—Cy;, and 55.8 % Cip+ while
during balance 5 (336 h ) the distribution was 4.6 CHy, 21.3 C,—Cy4, 29.5 C5-Cyy, and 44.6
% Cqp+. The olefin/paraffin ratios decreased with time, for example, the C, ratio decreased
from 1.8 in balance 1 to 1.5 in balance 5. A repeat of the baseline conditions was made in
balance 11 (619 h), after 5 balances at different process conditions. The (H,+CO) conversion
dropped to 35.9 % in balance 11, showing that the process variable studies had accelerated

deactivation of the catalyst. The trends in selectivity seen in balances 1-5 were also evident
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Table VI-7. Major events occurring in run SA-99-0888.

TOS (h) Event

- 17 Catalyst pretreatment:
CO, 280 °C, 0.79 M Pa, 16 h.

0 Initiated synthesis gas.

4.0 Achieved desired operating conditions:
250 °C, 1.48 M Pa, (H,/CO) = 0.67, 2.0 Nl/g—cat-h

49.0 Conditions stable, (H;+CO) conversion = 45.9 %.
94.5 Conditions stable, (H;+CO) conversion = 46.1 %.
166.5 Conditions stable, (H;+CO) conversion = 43.1 %.
264.0 Conditions stable, (H;+CO) conversion = 43.8 %.
336.0 Conditions stable, (H;+CO) conversion = 44.4 %.

343.0 Changed process conditions:
250 °C, 1.48 M Pa, (H;/CO) = 0.67, 4.0 Nl/g—cat-h

391.0 Changed process conditions:
250 °C, 1.48 M Pa, (H,/CO) = 0.65, 1.0 Nl/g~cat-h

439.0 Changed process conditions:
235 °C, 1.48 M Pa, (H,/CO) = 0.65, 2.0 Nl/g~cat-h

488.0 Changed process conditions:
235 °C, 1.48 M Pa, (H,/CO) = 0.67, 1.0 Ni/g—cat-h

531.0 Changed process conditions:
265 °C, 1.48 M Pa, (H;/CO) = 0.67, 2.0 Nl/g-cat-h

584.0 Changed process conditions:
250 °C, 1.48 M Pa, (H,/CO) = 0.67,2.0 Nl /g—cat-h

619.0 Replication of initial process conditions:
(H,+CO) conversion = 36.0 %.

627.0 Changed process conditions:
250 °C, 1.48 M Pa, (H,;/CO) = 1.0, 2.0 Nl/g-cat-h

699.0 Changed process conditions:
250 °C, 2.96 M Pa, (H,/CO) = 1.0, 4.0 Nl/g-cat-h

721.5 Voluntary termination of run SA-99-0888.
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Figure VI-19. Effect of time on stream on Ruhrchemie LP 33/81 selectivity for run SA-99-0888: 250
°C. 1.48 M Pa, 2 Nl/g—cat-h, (H,/CO) = 0.67.
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during balance 11. The weight % of methane increased to 7.0 % and C;,+ decreased to 31.5

%. The weak trend in decreasing olefin/paraffin ratios continued as well.

During the process variable studies, the effect of temperature was studied at 2.0 NI /g—cat-h
in balances 8 (235°C), 5 (250°C), and 10 (265°C), and at 1.0 NI/gcat-h in balances 9 (235°C)
and 7 (250°C), with all balances at 1.48 MPa and (H,/C0O)=0.67. A comparison of catalyst
selectivity at these conditions appears in Fig. VI-20. Conversion increases as expected with
temperature: 23.0 (235°C), 44.4 (250 °C), and 56.9 % (265°C) at 2.0 NI / g—cat-h, and 35.8
(235°C) and 56.1 % (250°C) at 1.0 NI/ g—cat-h. Temperature had little effect on the weight
% hydrocarbon distribution between 235 and 265°C (2 NI / g—cat-h) and 235 and 250°C (1.0
NI / g—cat-h). Olefin/paraffin ratios decreased with increase in temperature, indicating that

hydrogenation activity increases with temperature.

The feed gas space velocity was varied at 235°C in balances 9 (1.0 NI /g—~cat-h) and 8 (2.0
NI / g—cat-h), and at 250°C in balances 7 (1.0 NI/ g—cat-h}, 5 (2.0 NI / g—cat-h) and 6 (4.0
NI/ g~cat-h). Space velocity has a minimal effect on the weight % hydrocarbon distribution, as
shown in Fig. VI-21. Olefin/paraffin ratios increased with space velocity at both temperatures.
A higher (H,/CO) feed ratio, 1.0 (balance 12) increased the (H,+CO) conversion from 35.9
% (H,/C0O=0.67, balance 11) to 45.4 %. The (H,/C0O)=1.0 feed also increased the amount
of methane formed from 7.0 to 9.4 % and decreased the percentage of C;,-+ products, as
shown in Fig. VI-22. An increase in pressure to 2.96 MPa in balance 13 showed a decrease in
(H,+CO) conversion to 39.8 % which indicates that some catalyst deactivation occurred at
the higher pressure. The higher pressure suppressed the formation of gaseous hydrocarbons,

and the selectivities at the two pressures are also compared in Fig. VI-22.

VL3.2. Run SB— 66— 2468 with the 100 Fe /5.0 Cu /4.2 K /24 Si0, Catalyst

Run SB-66-2468 was made as a long term stability test of the 100 Fe/5.0 Cu/4.2 K/24
SiO, catalyst. Results from this run will also be used to compare the catalyst performance
in slurry and fixed bed reactor tests (Run FB-66-1948, Section VI.1.3). The catalyst was
reduced in situ using CO as the reductant at 280°C. The reactor was charged with 35.1 g
catalyst (270-325 mesh) and 282 g of purified n-octacosane. The first five mass balances
(up to 460 h on stream) were made at 250°C, 1.48 MPa, 2.0 Ni / g—cat-h, H,/CO=0.67 to
determine catalyst stability. These conditions were repeated following balance 7. The effect of
space velocity was studied in balances 6 (4.0 NI/ g~cat-h) and 7 (1.0 NI/ g-cat-h). The run

was voluntarily terminated after 582 hours on stream. The major events occurring during the
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run are summarized in Table VI-9. The results obtained from the seven mass balances made

during the run are summarized in Table VI-10.

Following reduction the reactor was cooled to 230°C with flowing helium and the excess
wax was withdrawn through a cylindrical filter element (1.0-cm OD by 3.8-cm long). The
withdrawal of 65 g of wax took only 5 minutes and the clarity of the wax confirmed successful
operation of the filter. After increasing the pressure to 1.48 MPa, syngas with H, /CO=0.67 was
introduced at a gas space velocity of 2 NI / g—cat-h and the reactor temperature was gradually
raised to 250°C. These conditions were maintained for 19 days (455 hours). Over this period
of time, five mass balances and twelve wax withdrawals (through the internal filter) were made.
The durations for the wax withdrawals ranged between 5 and 40 minutes, depending on the
quantity of wax withdrawn. It was possible to withdraw as much as 150 g of wax in 30-40

minutes without the need to backflush the fiiter.

The activity plot for this catalyst (gas contraction versus time on stream) is shown in
Figs. VI-23 (0-240 h TOS) and Vi-24 (241-460 h TOS). Also shown on these plots are the
instances when wax was withdrawn from or added to the reactor together with the respective
amounts. Catalyst activity initially increased and the contraction reached 40.4% at 33 hours
on stream at which point in time 142 g of wax was withdrawn from the reactor through the
internal filter. Immediately following the wax withdrawal, contraction dropped sharply from
40.4 to 14.7% (corresponding to a drop in (Hy+CO) conversion from 56.6 to 17.9%). There
appeared to be no catalyst present in the wax withdrawn from the reactor, therefore the sudden
loss in activity was probably due to the removal of a large portion of the catalyst from the
synthesis zone. Accumulation of the catalyst in the vicinity of the filter element was suspected
and corrective measures were taken. During the withdrawal of the wax through the filter, the
catalyst must have been left on the reactor wall (as the slurry level dropped gradually) and
some of it must have collected in the narrow space between the filter element and the reactor
wall. Backflushing of the filter with a small quantity of hexane (20 cc) did not improve the
contraction significantly (contraction increased from 14.7% to 21.3%). We then added 98 g
of wax back to the reactor through the external settling tank. The activity was restored to
pre-withdrawal level within 18 hours following the addition of the wax (contraction reached
40.5%). Apparently the addition of wax increased the slurry volume and the agitation was
sufficient to flush the accumulated catalyst back into the slurry. Following the first mass

balance (TOS = 76 h), wax was again withdrawn from the reactor, however, the withdrawal
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Table VI-9. Major Events occuring in run SB-66-2468,

TOS (k) Event

-14 Catalyst Pretreatment: CO at 280°C

-2 Cooled to 260°C and pressurized to 1.48 M Pa using He
0 Run initiated
5 Achieved desired operating conditions:

260°C, 1.48 M Pa, H,/CO = 0.69, 2 Nl/g—cat-h

33 Sharp drop in catalyst activity following wax withdrawal
61 Activity recovered following addition of wax to reactor
69 Conditions stable, Hy+CO conversion = 56.1%
165 Conditions stable, Hy+CO conversion = 51.9%
171 Sharp drop in catalyst activity following wax withdrawal
201 Activity recovered following addition of wax to reactor
261 Conditions stable, H,+CO conversion = 53.2%
269 Sharp drop in catalyst activity following wax withdrawal
271 Activity recovered following addition of wax to reactor
357 Conditions stable, Hy+CO conversion = 49.3%
364 Small drop in catalyst activity following wax withdrawal
384 Activity recovered following addition of wax to reactor
453 Conditions stable, Ho+CO conversion = 44.3%
460 Changed operating conditions:

260°C, 1.48 M Pa, H2/CO = 0.69,4 Nl/g-cat-h
509 Changed operating conditions:

260°C, 1.48 M Pa, H,/CO = 0.69, 1 Nl/g—cat-h
555 Small drop in catalyst activity following wax withdrawal
557 Activity recovered following addition of wax to reactor
558 Changed operating conditions:

260°C, 1.48 M Pa, H,/CO = 0.69, 2 Nl/g—cat-h
582 Voluntary termination of run SB-66-2468
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