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In our last quarterly, we reported on the continuous deactivation
of commercially available copper-based water—gas shift catalysts in our
slurry reactor systen. A detailed literature review and our recent
experience both show that activation procedures are critical. Improper
reduction procedures and/or incorrect catalyst preparation can explain
much of the deactivation observed by us and other researchers working
on the problem of finding a water-gas shift catalyst active in a
Fischer-Tropsch slurry reactor systenm.

This report details experiments performed on three different

copper-based catalysts: Cu/Crzoa, Cu/MnO/Crzoa, and Cu/ZnO/Alzo of

3
these three catalysts, the Cu/ZnO/A1203 exhibits the greatest stability
when slurried in octacosane in our reactor system. Tests lasting more
than 1000 hours-on-stream indicate that the activity of this catalyst
is not detrimentally affected by high pressure, high nz/co ratio, or
the presence of alkenes. All of these are necessary stability
characteristics for the water-gas shift catalyst, if it is to be used
in combination with a cobalt Fischer-Tropsch catalyst.

A review of documented reduction procedures for cobalt-based
Fischer-Tropsch catalysts is presented. A reduction procedure is
chosen that will allow use of existing equipment, avoiding the need for
costly and time-consuming modifications. Once reduced, the cobalt
catalyst will be added to the already-activated water-gas shift
catalyst and the behavior of the combined catalyst system will be

studied.



1. Introduction and Background:

According to patents from Shell a mechanical mixture of a cobalt
catalyst and a copper-based water-gas shift catalyst has been used in a
fixed-bed reactor to carry out the Fischer-Tropsch synthesis. However,
in other fixed-bed studies performed by Union Carbide (February, 1984;
May, 1984 and September, 1984) and Tominaga et al. (1987), water-gas
shift catalysts have been observed to deactivate rapidly when combined
with a cobalt Fischer~Tropsch catalyst in a fixed-bed. In our slurry
reactor, we also encountered substantial deactivation with an early
Cu/ZnO/A1203 catalyst combined with a cobalt catalyst (Yates and
Satterfield, June, 1988).

In an effort to understand the underlying causes of this
deactivaﬁion, we have performed a number of runs in which a water-gas
shift catalyst was the only catalyst present in the slurry reactor. To
avoid problems of catalyst instability due to incorrect preparation, we
limited these studies to commercially manufactured copperjbased
catalysts. Great care was taken to remove any potential poisons from
our system. Thus, we were able to perform a series of experiments in
which we gained insight into the intrinsic behavior of the copper-based
catalysts in a slurry reactor systenm.

Low-temperature, copper-based shift catalysts are typically
operated in fixed-bed units (Allen, 1974). As a result, little
information is available on the operation of these catalysts in any
other type of reactor. Therefore, a challenge for us was to adapt

established fixed-bed operating procedures, particularly the reduction



procedure, to a slurry reactor system. The first part of this report
details our results and conclusions regarding the potential use of
these copper-based shift catalysts in a slurry Fischer-Tropsch system.
The second part of the report is a literature review of reduction

procedures for cobalt-based Fischer-Tropsch catalysts.

2. Cu/Crzo3 (Harshaw Cu 1803-P) Run 4:

The fourth run set of experiaents with this catalyst was used to
examine the effect of oxidizing gases on the Cu/Cr203 catalyst (Harshaw
catalyst Cu 1803-P). We felt that, if the Cu* state was in fact the
active phase of copper for water-gas shift, the presence of large
amounts of CO2 might stabilize this active species. The potential
effects of oxidizing gases on the activity and stability of copper-
based catalysts were discussed in detail in our previous report (Yates
and Satterfield, June, 1988).

Oxidizing gases did not appear to stabilize the catalyst. The
catalyst continued to deactivate at a rate comparable to that observed
in reducing gases. In one sense, this is encouraging because it
indicates that the activity of the water-gas shift catalysts in this
type of slurry system is not sensitive to the oxidizing or reducing
nature of the gases in the reactor, within reasonable limits. This
comparable rate of deactivation is additional evidence that the cause
of deactivation is likely to be improper reduction, sintering or

poisoning.




2.1 Experimental and Results:

The preparation and reductior of this catalyst and important
details of the reactor system are reported elsewhere (Huff and
Satterfield, 1982; Huff, Satterfield, and Wolf, 1983; Yates and
Satterfield, June, 1988). After the 180 hours on-stream in Run 3
(Yates and Satterfield, June, 1988), the activity of the Cu/Cr203
catalyst had declined to the point where only 70 percent conversion was
being observed. At this time, the inlet flow was changed from 60.6
molX CO, 20.6 molX H

and 19.2 mol% H,O at 0.033 Nl/min/gcat to 30.1

2’ 2

mol¥% CO, 52.0 mol¥% COz, and 17.9 molX H,O at 0.033 Nl/min/gcat; this

2
was defined to be the beginning of Cu 1803-P Run 4. The temperature
and pressure were held constant as before at 220°C and 0.79 MPa.

In all of these experiments, the Hz used was prepurified grade
(MedTech Gases, Inc.), the CO was CP grade (Matheson, Inc.), and the

002 was Coleman Grade (MedTech Gases, Inc.). The details of the H,0

2
purification and feed system have already been reported (Yates and
Satterfield, June, 1988).

The catalyst activity was monitored by conversion of Hz, CO, and
COZ' In this and all other sections, the conversion of a given
reactant, -Xr, i.e. CO or HZO’ is defined by the following equation:

)] (1)
in,i
Similarly for the products, Hz and COZ’ the conversion, Xp, is defined

=X, = 100 [1-(n - uin’i)/(u

out,i eq.react.,i -

as:

xp = 100 [(pout,i - pin,i)/(ueq.react.,i- pin,i)] (2)

where in both equations (1) and (2) for component 1i:

n . = measured flow rate at outlet. [N1l/min] (3)
out,1



By measured flow rate at inlet. [Nl/min] (4)
?

outlet flow rate at equilibrium. [N1/min] (5)

ueq.react.,i

Ranging from 0 at no activity to 100 at equilibrium conversion, these
definitions of conversion provide a convenient benchmark for comparison
of runs with different feed composition and/or flow rate. Materisgl
balances were required to close to within 3 percent on carbon and thus
in all data reported:

97 < 100 [n ] ¢ 103 (6)

out,00*¥out, c0, 1/ [pin,CO+pin,Coz
Carbon was chosen because, unlike hydrogen or oxygen, it was not
condensed out in the form of water in the reactor trapping system.
Table 1 lists the outlet flow rates and concentrations of CO, Hy»
and CO2 and the calculated conversions of the water-gas shift reaction.
HZO was condensed in the trapping system and, because the system was
deactivating with time-on-stream, no steady-state data on the
concentrations of Hzo were obtainable. Figure 1 shows the conversions
during the 214 hours following the switch in feed composition to the
more oxidizing mixture. A steady deactivation of the catalyst,
apparently linear with time-on-stream, 1is observed. The rate of
deactivation of the catalyst is comparable to the rate of deactivation
in the more reducing gas conditions of Cu 1803-P Runs 1 and 3 (Yates
and Satterfield, June, 1988). This indicates that the catalyst is not
stabilized by oxidizing conditions and that sintering and/or poisoning

appears to cause the deactivation.

3. Cu/MnO/CrZO3 (Harshaw 1920-P) Run 1:

According to Harshaw, the Cu/MnO/Cr203 catalyst possesses greater



temperature stability than the Cu/Crzo3 (Harshaw 1803-P) catalyst which
was tested previously (Runs 1-4). This enhanced stability is probably
due to the MnO, which is stable at the conditions under which we would
be operating. The catalyst was tested for more than 300 hours. Despite
its alleged stability, the Cu/MnO/Cr203 catalyst deactivated at

approximately the same rate as the previously tested Cu/Crzo3 catalyst.

3.1 Experimental and Results:
The nominal composition of the catalyst is 46 wt¥% CuO, 46 wtX
Cr,0,, and 4 wtZ MnO. The catalyst has a bulk density of 37 1b/ft3 and
a surface area.of 56 m2/g. Supplied as a powder, the catalyst was
gsieved to 50 to 90 pum (170 to 270 ASTM Mesh) to remove any fines
(particles smaller than 50 um) that could potentially be carried
overhead and subsequently plug the frit of the reactor. 25 grams of
the sieved catalyst were loaded to the reactor, which had been
previously charged with 400 grams of octacosane (Humphrey Chemical,
Inc.). The octacosane had been recrystallized twice in HPLC grade THF
(Mallinkrodt, Inc.) to ensure the removal of any potential poisons such
as sulfur- or halogen-containing compounds. The catalyst was then
reduced in the reactor. Table 2 details the reduction procedure.
Following completion of the reduction, flow of 43.5 molX CO, 21.7
and 36.3 molX H

mol% H 0 at 0.019 Nl/min/gcat was begun. The

2’ 2

temperature and pressure were held constant at 200°C and 0.79 MPa.
These are the identical feed composition, flow rate and pressure that

were used to examine the behavior of the Cu/CrZO catalyst in Runs 1

3

and 3. To reduce the potential for sintering, the temperature was kept



20°C lower in this run than in those runs. Had the catalyst shown
encouraging activity at this lower temperature, we planned to increase
the temperature.

Table 3 lists the outlet flow rates and concentrations of CO, Hz,

and CO, and the calculated conversions of the water-gas shift reaction.

2
The catalyst activity was monitored by conversion of Hz, CO, and COz.

Hzo was condensed in the trapping system and, because the system was
transient, no data on the concentrations of HZO are presented. Figure
2 shows the deactivation of the catalyst over the over 300 hours that
it was on-stream. Although the activity appears to level out somewhat
after about 220 hours-on-stream, with conversion near 30 percent, the
activity is lower than would be desirable for a water-gas shift

catalyst that could be used in conjunction with an industrial Fischer-

Tropsch catalyst.

4 Cu/ZnO/A1203 (Ratalco 52-2):
4.1 Run 1:

A Cu/ZnO/Alzo3 catalyst supplied by Katalco was run. The catalyst
was reduced at a maximum temperature of 200°C, which is lower than that
of previous runs with this type of catalyst. Although the catalyst did
not exhibit very high initial activity, it was stable over the 150
hours of operation. This encouraging stability prompted another run
with a modified reduction procedure. The second run is described below

(section 4.2).



4.1.1 Experimental and Results (Run 1):

This catalyst, Katalco 52-2, has a nominal composition of
approximately 33 wtX CuO, 33 wtX Zn0O, and 33 wt% A1203. The literature
provided by Katalco on the properties of the catalyst and on the
reduction procedures for the catalyst have been attached, with the
permission of Katalco, as Appendices 1 and 2.

Supplied as a 1/8 inch extrudate, the catalyst was first ground to
50 to 90 um (17C to 270 ASTM Mesh). This is as small a particle size
as can be run without significant entrainment of the catalyst. 25
grams of the catalyst were then loaded to the reactor, which had been
previously charged with 400 grams of octacosane (Humphrey Chemical,
Inc.). The octacosasve had been recrystallized twice in HPLC grade THF
(Mallinkrodt, Inc.) {0 ensure the removal of any potential poisons.

The catalyst was then reduced in the reactor according to the
guidelines of the manufacturer (see Appendix 2). Table 2 lists the
reduction procedure. It should be remembered, however, that the
manufacturer’s recommendations are for a fixed-bed reactor and this
reduction was carried out in a slurry reactor. As a result of the
different reactor residence time distributions, it would be expected
that changes in feed composition and flow rate should have different
effects on the composition of the gases in each different reactor type.
Great care was taken to avoid sintering by ensuring that temperature
and hydrogen concentrations in the reactor were carefully controlled
during the reduction.

Following reduction, gas with a composition of 43 mol¥% CO, 21.4

mol% Hz, and 32.6 mol% HZO was fed at a rate of 0.021 Nl/gcat/min. The



temperature and pressure were held constant at 200°C and 0.79 MPa.
The catalyst activity was menitored by conversion of Hz, CO, and
COZ‘ Table 4 lists the outlet flow rates and concentrations of CO, Hz,

and CO, and the calculated conversions of the water-gas shift reaction.

2
Figure 3 shows these conversions for the 152 hours following reduction.
Although the conversions are not at equilibrium which is close to 100

percent conversion, they do appear to remain reasonably constant after

the initial start-up period.

4.2 Run 2:

The stability exhibited by the Katalco 52-2 catalyst in Run 1 was
encouraging enough to warrant further experimentation. The reactor
feed section was modified to allow for a controlled flow of helium to
be passed over the catalyst during the beginning of reduction. Use of
a flowing inert during the beginning of the reduction follows the

recommendations of Katalco.

4.2.1 Experimental:

The catalyst was ground and loaded to the reactor with octacosane
as above (section 4.1,1). The reduction procedure is detailed in
Table 5. Comparison of Table 2 and Table 5 shows that the reduction
procedure was modified in two important ways: first, by flowing helium
during the beginning period of reduction and, second, by reducing the
length of time that the catalyst was exposed to the final, most severe
reduction conditions.

Following the reduction the catalyst was brought on~stream with a



flow of 43 mol% CO, 21.4 mol¥% Hz, and 35.6 mol% HZO at 0.019
Nl/min/gcat. Temperature and pressure were held constant at 200°C and
0.79 MPa. These settings are defined as "base case" conditions and are
those used to monitor the long-term activity of the catalyst. The rate
at which water is fed is approximately three to five times that which
-would be typically synthesized in our reactor with a cobalt Fischer-
Tropsch catalyst. To give an accurate measure of catalyst activity at
these conditions, no process changes were made during the first 300
hours-on-stream.

After 300 hours-on-stream, procr:us changes in either the pressure,
temperature or feed composition were muaie. Following a process change
conversions were monitored for between 48 and 100 hours. The reactor
was then returned to "base case" conditions which would in turn be
monitored for between 48 and 100 hours. Thus, we were able to monitor
both the effect of the process change on activity (via conversions
during the process change) and stability (via conversions after the
return to the "base case" following the process change). Table 6 shows
the process changes and times at which they were made. The details of

the catalyst activity and stability are presented below.

4.2.2 Activity and Stability

Table 7 lists the outlet flow rate, composition, and calculated
conversions of Hz, CO, and CO2 for the "base case" conditionms.
Extended periods of time-on-stream where no data appear in this table
indicate that a different set of process conditions was being studied.

The data from these different process conditions are omitted



intentionally and will be presented in subsequent sections.

Figure 4 presents these "base case" data graphically. It can be
seen that the catalyst deactivater slowly for the over 1000 hours
which it was on-stream. After an initial period of levelling-off,
conversions were almost constant at around 70 percent, although a small
fall-off to around 60 percent is seen over the 1000 hours. Some scatter
in the data is observed. The scatter in the data is explained by

experimental error.

4.2.3 Effect of Pressure

Because total pressure does not affect the equilibrium of the
water-gas shift reaction (Moe, 1962), increasing pressure is expected
to change conversion only by changing the concentrations of the
componerits in the reactor.

After 303 hours-on-stream, the pressure was increased froa 0.79
MPa to 1.48 MPa (100 to 200 psig). Temperature, space velocity, and
feed composition were held constant. The reactor was held at this
higher pressure for 55 hours until 358 hours-on-stream. At this time,
the reactor was returned to the "base case" conditions and held there
for 67 hours.

Table 8 shows the conversions and time-on-stream for the first 425
hours-on-streanm which‘ includes this pressure change and the subsequent
return to the "base case" conditions. Figure 5 shows these data for
the time period before, during, and after the pressure change.
Comparing the data before and during the increase in pressure, it can

be seen that the pressure change did not affect the rate of water-gas

10



shift markedly. Further, it can be seen that the catalyst activity
remains at its previous level following the pressure increase. This
indicates that the increase in pressure did not have a measurable

effect on the long-term stability of the catalyst.

4.2.4 Effect of Inlet H2/CO Ratio

The ratio of HZ/CO in the inlet gas is an important parameter to
consider when evaluating the stability of a water-gas shift catalyst
for the Fischer-Tropsch synthesis. The HZ/CO ratio which had been
chosen for the "base case" provided an in situ Hz/CO ratic of
approximately 2 which is close to the usage ratio reported for cobalt
catalysts (Storch, et al., 1951). The water-gas shift catalyst had
shown stability at this reactor HZ/CO ratio which makes the catalyst a
viable candidate for operation in combined catalysf systen.

To examine the kinetics and selectivity, it is expected that the
ratio will be varied in order to determine the independent effects of
both hydrogen and carbon monoxide. Thus, it is necessary to establish
the stability of the water-gas shift catalyst at a variety of
conditions. To elucidate the effect of Hz/CO, two different feed
ratios were studied: 0.7 and 1.0. These produced in situ HZ/CO ratios
near 2.5 and 3 respectively. Higher Hz/CO ratios were examined because
it was felt that higher hydrogen partial pressures would increase the
likelihood of sintering. Higher CO partial pressures are not reported
to have deleterious effects on the water-gas shift catalysts (Moe,
1962; Newsome, 1980).

Table 9 shows the outlet and conversion data for 425 to 925 hours-

11



on-strean. The data between 637 and 693 hours-on-stream have been
omitted intentionally as these were the data collected at 220°C (see
section 4.2.5 for discussion of these data). Figure 6 shows the time-
on-stream dependence of overall conversion during this period. The
component conversions which are usually plotted are not displayed in
order to make the plot less complicated. It can be seen that the
overall conversion drops somewhat with increased inlet (and reactor)
Hz/CO; at both the increased H2/CO ratios conversions fell about 3 to 5
percent. This drop in reaction rate is consistent with a simple
equilibrium-limited expression presented by Moe (1962) which pas the

form:

Bygs = K [ Pcopnzo - PH2PC02/ L (7)

because increasing the hydrogen partial pressure in the reactor

decreases the "driving force” for reaction.

4.2.5 Effect of Temperature
Copper melts at 1356 K. Bulk mobility becomes significant at the
Tanmann temperature, approximately 0.5 Tm P ; surface mobility at the

HUttig temperature, approximately 0.3 Tm.p.' Thus, temperature may be
the single most important cause of sintering for copper-based shift
catalysts. As a result, the catalyst manufacturer, Katalco, recommends
that the catalyst not be used at temperatures above 250°C.

For most of the run, the reactor was operated at 200°C, which is
the lowest temperature at which Cu/ZnO/Alzo3 catalysts are reported to

have appreciable activity (Newsome, 1980). Figure 4, which presents

the "base case" data, indicates that at 200°C the catalyst converted

12



approximately 70% of the HZO and CO fed. With the equilibrium constant
Kp equal to 228 at 200°C (Newsome, 1980), equilibrium conversion at
this temperature should be essentially 100. Thus, it appears that
conversion is reactiorn limited rather than equilibrium limited. Unless
the catalyst deactivated at the higher temperature, increasing reactor
temperature would therefore be expected to increase the conversion.

After 637 hours-on-stream, the reactor temperature was increased
from 200 to 220°C at 693 hours-on-stream the temperature was dropped
back to 200°C. Table 10 shows the outlet flow rate, concentrations and
calculated conversions between 500 and 770 hours-on-stream. Figure 7
presents these conversion data graphically.

Figure 8 shows an Arrhenius plot for the rate of water-gas shift
reaction (i.e. the log of the rate is plotted versus reciprocal
absolute temperature). It can be seen that the rate of reaction did
not increase drastically with increasing temperature. The apparent
activation energy for the reaction is around 15 kJ/mol (3.6 kcal/mol).
It should be observed, however, that increasing the temperature
increased the reactor HZ/CO ratio from 2 to around 2.5. It was seen in
section 4.2.4 that this increase would be expected to decrease the
conversion as it decreases the "driving force" for reaction (see
equation 7).

A low activation energy of this magnitude is known be indicative
of mass transfer limitations (Satterfield, 1970). In order to examine
the potential for intra-particle mass transfer limitations, the Thiele
modulus and effectiveness factor were estimated. Appendix 3 outlines

these calculations. At 200°C with the particle sized used, the

13



effectiveness factor is estimated to be around 0.7, confirming that
some mass transfer limitations may exist. It is certainly encouraging
that the catalyst is active enough to convert 70 percent of the feed,
even when some mass transfer limitations may exist. As the
calculations indicate, use of a smaller size fraction (270 to 325 ASTM
Mesh) could alleviate some of these mass transfer problems. This will

be done in future runs with this catalyst.

4.2.6 Effect of 1-Butene:

In discussing the potential causes of the deactivation of water-
gas shift catalysts in combination with cobalt-based Fischer-Tropsch
catalysts Union Carbide (February, 1984; May, 1984 and September, 1984)
spéculated that alkenes may adsorb on the surface of shift catalysts,
inhibiting its reactivity. Since it is well known that alkenes adsorb
strongly on reduced metal surfaces (Satterfield, 1980), it is
reasonable to postulate that alkenes could inhibit the rate of water-
gas shift reaction. The two effects that we wanted to examine were:
the inhibition of the rate of water-gas shift reaction by alkenes and
the reactions, if any. the added alkene underwent.

To examine the effects of alkenes, l-butene was added to the feed
at 924 hours-on-stream. The l-butene was in an analyzed nmixture of 2
mol%¥ 1-butene in 98 mol¥ prepurified hydrogen supplied by Matheson
Gases, Inc.. 1-Butene was chosen because it is representative of
alkenes of the Fischer-Tropsch synthesis and, from an experimental
point-of-view, it is easy to add because it is a gas a room

temperature. Ethene was not used because it is reportedly more

14



reactive than is typical of l-alkenes.

Table 11 shows the outlet compositions, flows and calculated
conversions of Hz, C0, and CO2 for the peried before and during the 1-
butene addition. The data after the l-butene addition are currently
being collected. Figure 9 presents these data and shows that
conversion remains essentially unchanged by the addition of the 1-
butene to the feed. The lack of observed inhibition may have resulted
from the fact that the alkenes are at too low a concentration to have
an effect, although a slight inhibition may be observed by detailed
_examination of the data of Table 11 which indicate that the CO2
conversion falls somewhat upon the addition of the l;butene to the
feed. It should be noted'that some hydrogen, a product of the shift
reaction, is being consumed in the hydrogenation of 1-butene which may
changing the relative rates of reaction of the components in the shift
reaction. The definitive test of the existence of alkene inhibition
will be the combination of the water-gas shift catalyst with the cobalt
catalyst, but it appears that the effect of alkenes on the water-gas
shift activity is small.

Although in this low concentration the 1-butene may not inhibit
the water-gas shift reaction, it did undergo reaction. As indicated by
Figure 10a, the l1-alkene was hydrogenated to butane and isomerized to
both cis~-2-butene and trans-2-butene. Figure 10b is presented to
verify the validity of the identification of the gas chromatographic
peaks. Typically, over 95 percent of the 1-butene was reacted.

Essentially all of this consumed 1-butene reacted to form C4
hydrocarbons and no significant amount was cracked to smaller

15



hydrocarbons.

Figure 11 shows the .time-on—strean dependence of the selectivity
of the added l-butene. No changes in selectivity of the catalyst are
seen for the 50 hours that 1-butene was present in the feed. As can be
seen, the primary product is butane which is approximately 55 percent
of the total C4 compounds. It is postulated that the hydrogenation
occurs on the reduced copper, a known hydrogenation catalyst (p.20,
Satterfield, 1980,). As can also be seen, cis-2-butene and trans-2-
butene are synthesized in almost equilibrivm ratios. This alkene
isomerization presumably takes place on the acidic Si-Al sites almost
certainly present in the Alzo3 support.

The results presented here on the behavior of the Katalco 52-2
Cu/ZnO/AlZO3 water-gas shift catalyst in the presence of alkenes and
alkanes are preliminary. Certainly, to characterize fully the reaction
pathways of 1-alkenes in this system would require further

experimentation.
5. Conclusions about water-gas shift catalysts:

1. Oxidizing conditions do not appear to stabilize the Cu/Cr203
catalyst and they do not appear to significantly change the

activity of copper-based catalysts in our reactor system.

2. The Katalco 52-2 Cu/ZnO/A1203 catalyat shows reasonably
stable activity for water-gas shift in our octacosane slurry

reactor systenm.

16



The stability of the catalyst is not noticeably changed by
pressure or the presence of l1-alkenes. Increasing HZ/CO ratio
appears to decrease the conversion of the water-gas shift
reaction. Increasing temperature at a fixed feed rate and
composition increases the rate of reaction, but the system

appears to be somewhat mass-tfansfer limited.

1-Butene, when added to the system, is almost completely
reacted. The primary product is butane and the 2-butenes are

produced in close to equilibrium amounts.

Smaller particles (270 to 325 ASTM Mesh) of the Katalco 52-2
should be used to minimize intra-particle mass transfer
limitations. This will be done in future work with the

catalyst.

From experience with the 1000 hours-on-stream with the
Katalco 52-2 catalyst, it is worth noting that at least 24
hours should be allowed between set pecint changes for the

outlet compositions to be at steady-state.

6. Reduction of Cobalt-Based Fischer-Tropsch Catalyst.

In order to develop a reduction procedure that will provide

repeatable

performed.

activity and selectivity for the cobalt catalyst that we

have, a review of the available literature on cobalt catalysts has been

This includes reduction procedures used in large plants as

17



well as in research facilities.

6.1 Literature Review of Reduction Procedures:

Table 12 summarizes the reduction procedures that are in the
literature. Particular attention is given to the composition of the
reducing gas and to the temperature profile used during reduction.
Generally, the catalysts are reduced in hydrogen and temperature is
increased from ambient to between 350°C and 400°C over 4 to 6 h. The
catalyst is then held at this maximum temperature for between 2 and 16
b.

The most useful information on the effects of various different
reduction procedures is provided in literature published in the 1950s.
Cobalt-based catalysts were developed and used in Germany from 1936 to
1945 (Anderson, 1984). Therefore, a good deal of the literature which
describes the reduction of cobalt Fischer-Tropsch catalysts comes froam
data collected in Germany by Ruhrchemie. These data are summarized and
analyzed by Storch, et al. (1951) and Storch, et al. (1959). As can be
seen from Table 12, most of the recent procedures for the reduction of
cobalt catalysts are similar to those outlined by Storch and co-
workers. Deviations from the "standard" reduction procedures are
generally not explained. As a result, very little can be gained from
examining recent work.

On the basis of their own work at the Bureau of Mines and review
of work done in Germany, Storch, et al. (1951, 1959) make four
important conclusions about the reduction of Co/ThOz/kieselguhr and

Co/ThOz/MgO/kieselguhr catalysts.
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1. Sintering must be avoided during reduction. Hence, reduction
should be performed in a short bed, with a high space velocity of
hydrogen, at the lowest temperature possible, and in the shortest
time possible.

2. The most active catalysts were obtained by ending the reduction
before all the cobalt was reduced to metal. The most active
catalysts had between 55 and 70 percent of available Co reduced.
It was speculated that wunreduced Co0 prevented sintering of the
catalyst.

3. When cobalt-based catalysts were reduced and then subsequently
carbided with carbon monoxide, the activity of the catalyst wus
markedly less. A completely carbided sample, presumed to have 100
percent of the cobalt as Cozc, was shown to be inactive for the
Fischer-Tropsch synthesis.

4, It was found that when Mg0 was present the catalyst was harder
to reduce, and thus a maximum reduction temperature of 400°C is
recommended for Co/ThOz/MgO/kieselguhr as compared to 360°C for

Co/ThOz/kieselguhr.

6.2 Recommended Preparation and Reduction Procedure:

1. The catalyst is ground to the desired particle size (50 to 90 um)
and calcined overnight at 100°C in a vacuum oven to remove any water
from the catalyst sample. This is particularly important as the

unreduced catalyst is reported to have a high moisture content.

2. The catalyst is reduced in 3000 V/V/h pre-purified hydrogen at
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atmospheric pressure. For the purpose of the space velocity

calculations, a catalyst density of 0.65 g/cmd will be used.

3. On the basis of the above literature, the following temperature
profile is recommended:
A. 100°C for 3 to 1 hour.
B. 200°C for % to 1 hour.
C. 300°C for 4 to 1 hour.
D. Heating in 10°C increments from 300°C to 365°C. The
temperature should be allowed to level off at each increment for
at least { hour.

E. Holding at 365°C for 16 hours.

7. Conclusions about Reduction of Co-Based Fischer-Tropsch Catalysts:
Because of the temperatures used during the reduction, it is best
to reduce the catalyst in the external reduction unit that has been
used to reduce the C-73 fused magnetite catalyst. Reducing the
catalyst in the external reduction tube will allow us to monitor the
weight of oxygen removed during reduction. Because of the high
temperature of the final stage of reduction, it is undesirable to
perform the reduction in the slurry reactor. At a temperature of
365°C, a significant amount of octacosane (N.B.P. 432°C) would
inevitably be carried over into down-stream sections of the systenm.
The required reduction conditions are achievable in our external
reduction unit without any costly or time-consuming modifications to

our current equipment.
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8. Future Work.

We now have what we consider to be a viable catalyst for the
water-gas shift reaction. It remains, therefore, to add a cobalt
Fischer-Tropsch catalyst to the system which already contains the shift
catalyst. This will verify the stability of the dual catalyst system.
Having reduced the cobalt catalyst as described above, the two
catalysts will be combined. The effects of a number of operating
parameters will then be examined.

The information that these experiments may provide is expected to
be limited, primarily because the run will probably be short. The
length of this run may be short for at least two reasons. First, we
know very little about the behavior of the cobalt catalyst on its own.
We cannot, therefore, expect these series of experiments to provide us
with a complete characterization of the combined catalyst system, as we
will not necessarily know what kinds of experiments to run. Second,
from a more practical standpoint, the reactor has been on-stream for
over 1000 hours without shutdown for cleaning or maintenance. To
ensur that we are collecting reliable data, cleaning and/or repair may
be advisable soon after the addition of the cobalt catalyst to the
reactor.

Following the brief combined catalyst run, we plan to examine the
kinetics and selectivity of the cobalt Fischer-Tropsch catalyst.
Particular attention will be given to understand ways to maximize the
selectivity to specified hydrocarbon product cuts, such as gasoline or

diesel fuel. Although the development of a complete understanding of

21




the behavior of cobalt-based Fischer-Tropsch catalysts in a slurry
reactor will take a good deal of time, preliminary results are expected

by the next quarterly.
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Table 1

Outlet Compositions and Flows for Cu 1803-P Run 4

CL 1303P - RUN ¢

OXIDIZING CONDITIONS

DATE

JUN
JUN
JEN
JUN
JUN
JUN
JUN
JUN
JUN
JrL

21
21
21
21
21
23
23
23
29
01

TIME
08:30
10:30
12:30
17:30
19:00
05:00
10:00
18:00
11:00
11:30

Tos

2.0
4.

(=]

25.5
47.5
22.0
30.0
167.0
214.0

PEED = 0.281 L/MIN CO, 0.486 L/MIN CO2, 0.167 L/MIN H20

FLOW
0.824%
0.819
0.823
0.821
0.326
0.816
0.522
0.322
0.753
0.767

<H2
6.730
6.772
6.735
6.597
6.544
5.976
6.317
6.233
5.431
4.890

=ca
23.784
24.101
24.036
23.955
21.224
25.204
24,982
25.124
27.199
28.502

3C02
69.399
69.019
89.137
69.322
69.172
88.748
68.617
65.450
67.287
66.745

xu2
33.254
33.211
33.191
32.432
32.365
29.199
31.093
30.580
25.463
21.541

=XC0
50.90%
50.06S
49.511
50.497

48.449°

45.109
45.299%
44,599
40.739
37.359

xco2
51.405
47.464
49.699
49.791
31,124
34.999
16,726
45.904
24,463
15.529



Table 2

Reduction Procedure for Cu 1920-P Run 1 and Katalco 52-2 Run 1

D -

oo -

109 psig.
Impeller = 800 RPM.

100 2 of octacosane.

-
25

TOS
(h)
.00
.30
.09

N

.30
.0C

0=
-

.39
7o
.30
.00
.30
.00
.0C
29.60

SIS VLU WD~ s 000

Notes:
1 1000 ppm K2 in N2 bhoth prepurified supplied by Specialty Gas Producss Inc.

-
-

4

(eC)/(°F:

0/

7

IES)
o> W
N TN N

120/ 2

120/ -

-\

129/
120/

3%/
130/
163/
180/
2C0/

20C/

[<2 1K+ o2 BV B I ()

273
302
c29
356
392
392

CcH1l

(SLPM/2a)

OO DHDOOOo

.1/4.78
.3/6.40
.6/3.79
.6/8.79
.6/8.79
.6/8.79
.6/8.79
.6/8.79
0.€/8.79

[oNeNoleNoNeNoNo)

CH24 COMMEXNTS

(SLPM/%)

Tr
Tz
Tr
Tr
Tr
H2

OO OO0 OO0V OCOOOO

Under He.
Vent He &
Vent He &
Vent He &
Vent He &
Vent He &
0.1%Hz2/%2
0.1%H2/Nz
C.1%Hz2/N2

-> 135
-> 130
-> 163
-> 180
-» 200

flow -» 0.02 l/min

Leak test:20C psig.
reload to 100 psig.
relcad tc 100 psigz.
relocad to 100 psig.
reload <o 100 psig.
reload to 120 psig.
flow => 0.1 1l/min,

flow -> 0.3 1l/min.

flow -» 0.8 1l/amin.

/ 273.

/ 302.

/ 329.

/ 336.

/ 392.

N.02/01.0 Brinz onstrean.

Prepurified H2 supplied by Med Tech Gases Inc.

of Katalc» 32-2 (nominal composition 33%Cud/33%Zn0/

3%

Al203)

(91.0 %

Tr -
Tr =
Tr -»
Tr -»

CHZ).

178.
192.
208.
226,
248.



Table 3

Outlet Compositions, Flows and Conversions for Cu 1920-P Run 1

TOS (H) Q (SLPM)

3.3500
5.000
7.000
52.500
54.000
56.000
73.000
75.000
77.500
97.500
103.000
117.500
120.000
122.500
124.500
126.250
142.000
143.500
145.000
167.500
169.000
173.500
190.000
195.500
197.000
215.000
217.500
265.500
286.000

0.418
0.416
0.418
0.418
0.424
0.413
0.397
0.395
0.406
0.407
0.405
0.398
0.406
0.403
0.400
0.398
0.401
0.400
0.403
0.403
0.395
0.388
0.390
0.401
0.399
0.386
0.388
0.389
0.389

%H2
46.122
46.243
46.458
44.638
44.540
44.043
42.675
43.407
43.636
42.351
42.544
41.815
42.575
42.741
42.1753
42.860
41.344
42.333
42.595
42.197
42.171
42.240
41.016
41.60T
41.805
40.314
41.023
39.480
39.201

%C0
33.676
33.661
33.759
37.794
37.961
38.324
39.801
39.394
39.337
40.802
40.800
41.967
41.276
41.571
41.424
41.322
42.992
42.149
41.992
42.638
42.812
43.042
44.065
43.845
43.727
45.481
44.731
46.386
46.496

2C02
20.136
20.043
19.720

17.505

17.444
17.565
17.457
17.130
16.962
16.784
16,597
16.1359
16.083
15.634
15.761
15.766
15.587
15.440
15.425
15.107
14,933
14.663
14.836
14.492
14.386
14,157
14.194
14.060
14.242

X H2
51.970
51.719
52.811
48.256
49.611
45.448
37.976
39.196
42.612
39.742
39.703
36.182
40.033
39.668
38.929
38.672
35.802
37.923
39.316
38.356
36.273
34.665
32.313
36.434
36.408
29.708
31.838
28.489
27.839

-X CO
57.625
58.066
57.418
47.318
45.536
47.139
47.299

' 48.1739

46.283
42.477
42.970
41.899
41.569
41.598
42.697
43.436
38.684
40.960
40.382
39.023
40.654
41.914
39.010
36.636

37.443

36.792
37.990
33.867
33.611

X Co2
50.400
49.927
49.359
43.813
44.289
43.439
41.500
40.517
41.237
40.905
40.250
38.511
39.100
37.728
37.751
37.574
37.427
36.982
37.223
36.436
35.368
34.072
34.694
34.798
34.371
32.722
32.978
32.751
33.174



Table 4

Outlet Compositions, Flows and Conversions for Katalco 52-2 Run 1

KATALCO 352-2 FEED = 0.110437 L/MIN H2 0.236626 L/MIN CO 0.167 L/MIN H20
RUNL
DATE TIME TOS PLOW ™2 %Co - %C02 X2 -XCo Xco2
JUL 11 0%:30 2.3 0.430 10.330 31.530 28.140 37.714 60.507 72.456
JCL 14 10:00 4.0 0.435 $3.376 30.580 25.844 47.376 62.038 67.313
JUL 14 12:00 6.0 0.441 47,029 28.597 24.283 58.060 68.176 64.151
JUL 14 14:00 8.0 0.444. 47.416 28.362 24.132 59.934 66.257 64.1359
vy 14 16:00 10.0 0.449 47.8134 29,286 23.812 60.992 66.499 63.309
JUL 14 17:30 11.5 0.446 48.268 27.919 23.733 62.777 67,120 63.396
JUL L3 09:00 22.0 0.333  47.527 25.263 24.159 59.945 66.713 64.0S86
JUL 15 02:30 23.5 0.447 48.094 27.975  23.3855 62.601 66.813 63.351
JUL 15 12:45 26.8 0.447 47.%00 28.129 23.953 61.914 66.401 64.127
JUL 15 14:30 28.5 0.449 $7.956 28.331 23.448 62.518 65.1354 62.902
JUL 15 17:090 1.0 0.446 47.965 25.300 23.823 61.976 65.113 63.083
'L 16 11:30 49.5 0.442 47.445 25.601  23.3954 59.452 63.993 63.215
JLL 18 09:00 95.0 0.429 45.292 33.299 21.342 50.219 §6.152  54.825
JUL 18 11:00 97.0 0.436 46.937 31.645 21.313 56.543 55.075 S53.644

JUL 18 15:00 101.0 0.437 46.243 33.133 20.529  $4.877 54.991 53.720
JuL 18 16:30 103.3 0.435 45.903 33.835 20.137 $4.262 32.951 52.946
JuL 19 08:00 118.0 0.431 44.785 34.808 20.339 49.453 51.859  32.491
JUL 19 10:00 120.0 . 0.427 46.149 32.624 21.124 51.368 59.276 54.012
JUL 20 OPFSTREAM UNDER HELIUM POR 21.3 HOUES. .

JUL 21 07:30 144.0 0.435 45.520 32,823 21.557 52.441 56.152 56,132
JUL 21 09:30 145.5 0.423 46.722 31.479 21.707 52.214 61.958  54.952
JUL 21 11:90 147.0 0.422 46.549 31.385 21.677 52.255 62.354  54.777
JeL 21 lo:u0 152.0 0.404 47.302 31.240 21.366 48.201 66.119 51.688



Table §

Reduction Procedure for Ratalco 52-2 Run 2

Pr = 100 psig.

Impeller = 800 RPM.

400 g of octacosane.

25 g of Katalco 52-2 (nominal composition 33%Cu0/33%Zn0/33%Al203)

TOS T CH1! CH2? COMMENTS

(h) (°C)/(°F) (SLPM/mA)  (SLPM/%)

0.00 70 / 158 0 0 Helium flow = 0.4 SLPM

16.00 78 / 172 0 0 Helium flow = 0.4 SLPM Tr => 226.
17.50 108/ 226 0 0 Helium flow = 0.4 SLPM Tr -> 248.
18.00 120/ 248 0 0 Helium flow -> Off; 0.1%Hz2/Nz -> 0.1 1l/min.
18.50 120/ 248 0.1/4.83 0 0.1%Hz/Nz flow => 0.2 1l/min.

19.00 120/ 248 0.2/5.64 0 0.1%Hz/N2 flow =-> 0.4 1l/min.

19.50 120/ 248 0.4/7.29 0 Tr -> 135 / 275.

20.00 134/ 274 0.4/7.29 0 Tr =-> 150 / 302.

20.50 153/ 308 0.4/7.29 0 Tr -> 165 / 329.

21.00 168/ 334 0.4/7.29 0 T: -> 180 / 356.

21.50 180/ 356 0.4/7.29 0 Ts => 200 / 392.
22.50 200/ 392 0.4/7.29 0 0.1%Hz /N2 =>0.3 1/min; 3%Hz2/N2 =-> 0.1 1l/min.
23.00 200/ 392 0.3/6.46 0.10/05.0 O0.1%Hz2/N2 =->0.2 l/min; 3%H2/N2 -> 0.2 1l/min.
23.50 200/ 392 0.2/5.64 0.20/10.0 0.1ZH2/N2 ->0.1 l/min; 3%H2/N2 => 0.3 l/min.
24.00 200/ 392 O

.1/4.83 0.30/15.0 0.1%H2/Nz ->0ff; 3%XHz/Nz2 -> 0.4 1l/min.
0

25.00 200/ 392 0.40/20.0 Bring onstreanm.

Notes:
1 1000 ppm Hz in N2 both prepurified supplied by Specialty Gas Products, Inc.
2 3.0 mol% prepurified H2 in prepurified N2 supplied by Matheson Gases, Inc.

SLPM is standard liters per minute.



Table 6

Process Changes and Times-on-stream for Katalco 52-2 Run 2 (see note below)

TOS (h) Process Change
0.0 Bring on-stream with "base case" conditions

303.0 Pressure raised to 1.48 MPa

358.0 Return to "base case" conditions

425.0 H2/CO raised to 1.0. Synthesis gas space velocity held constant
473.0 Return to "base case" conditions

637.0 Temperature raised to 220 C

6393.0 Return to "base case” conditions

783.5 H2/CO raised to 0.7. Synthesis gas space velocity held constant
830.0 Return to "base case" conditions

924.5 Added 2 mol% 1-Butene to hydrogen feed.
1030.0 Return to "base case" conditions

Note: "Base case" conditions: T=200 C; P=0.79 MPa; Inlet Flow= 43 mol% CO,
21.4 mol% H2, 35.6 mol% H20 at 0.013 Nl/min/gcat, Impeller speed= 800 RPM.



Table 7

Qutlet Composistions, Flows and Calculated Conversions for Katalco 52-2 Run?2

TOS (h)

0.000

18.750
22.000
45.000
92.500
112.500
121.000
136.500
140.000
184.500
192.000
207.500
256.500
260.000
280.500
287.000
303.000
303.000
358.000
361.000
404.000
423.500
425.000
425.000
473.000
493.500
499.667
548.000
612.500
615.000
637.000
637.000
693.000
757.500
762.000
764.500
780.500
782.000
783.500
830.000
853.000
854.500
883.500
924.000

924.500 FLOW CHANGE TO: 0.2 L/MIN CO; 0.1 L/MIN 2% 1-BUTENE IN 98%

"base case'" conditions (see text for details)

Q (SLPM)
.468
.467
.469
.469
.466
.461
.454
<452
. 456
.456
.453
.436
457
461
.462
.463

[eNeNoNoNoNeNoNo o oo oo oo o)

50.
50.
49.
49.
48.
50.
48.
48.
47.
47.
46.
46.

47
47

47.
46.

XH2
909
674
474
730
109
045
470
903
583
636
713
169
. 393
.486
802
723

21I
22.

22l
23.

24.

22.
23.
23.

23.

24.
25.
25.
24.
24.
23.
25.

P REACTOR TO 200 PSIG
P REACTOR BACK TO 100 PSIG

0.457
0.465
0.461
0.4359

0.456
0.450
0.452
0.455
0.451
.455

o

0.453
0.450
0.453
0.456
0.455

0.458
0.452
0.456
0.453

49
49
51
51

49.
49.
49.
47.
48.
47.
T REACTOR TO 220 C

T REACTOR BACK TO 200 C

47
48
48
48
47

46
46
48
48

.230
.949
.020
.134

315
947
857
484
514
738

. 289
.285
.038
.042
. 782

CHANGE TO: CO ~ 0
CHANGE BACK TO: 0.

.509
.702
.091
.508

23.
22.
23.

%CO % C02
713 27.312
453  26.808
421  28.029
481  26.723
615 27.203
083 27.819
786 27.666
676 27.335
996  28.332
204  28.096
537 27.671
295  28.146
684 27.815
547  27.884
561  28.559
050 28.151
834 26.864
660 27.310
224 25.691
959  25.829

22.

25.
24.
24.
27.
26.
27.

217.
27.
27.
28.
28.

30.
30.
29.
28.

X H2
79.793
78.831
76.068
76.787
71.370
75.274
68.894
69.486
67.058
67.198
63.838
64.011
66.818
68.210
69.368
66.663

71.845
76.205
77.965
77.668

CHANGE TO:" 0.15 L/MIN CO; ~ 0.15 L/MIN
CHANGE BACK TO: 0.

2 L/MIN CO; 0.1 L/MIN

206 25.404 71.782
323 25.660° 71.713
738 25.331 72.068
286 25.141 66.498
586 24.816  68.143
376 24.886 67.191
495 24.130 65.401
449 24.178 67.235
740 24.141 67.432
138 23.745 68.306
361 23.799 67.310

.176 L/MIN; H2 © 0.124

2 L/MIN CO; 0.1 L/MIN

217  23.165
097 23.108
110 22,716
771 22.639

64.677
63.529
68.440
68.707

-X CO
76.876
74.937
74.758
71.781
69.038
76.765
73.061
73.643
72.203
71.633
68.454
68.656
70.176
69.963
72.544
68.275

72.502
74.629
73.615
74,622

X €02
76.539
74,966
78.716
75.048
75.908
76.794
75.212
73.983
77.362
76.717
753.060
76.854
76.116
76.973
79.008
78.047

73.514
76.043
70.919
70.991

H2; 70.167 L/MIN H20
HZ; 0.167 L/MIN H20

68.899  69.367
72.184  69.144
70.769  68.561
63.382 68.498
65.926 67.018
63.138 67.803
63.142  65.454
63.760 65.150
62.478  65.484
60.893  64.837
60.454  64.842

L/MIN; H20 ™ 0.167 L/MIN
H2; 0.167 L/MIN H20

54.854
56.264
58.239
59.681

63.530
62.544
62.027
61.410
H2; 0.167 L/MIN H20



Table 8

Outlet Conversions for Ratalco 52-2 Run 2:
Effect of pressure: 0 to 425 hours-on-stream.

TOS(H)
0.000
18.7530
22.000
45.000
92.500
112.500
121.000
136.500
140.000
184.500
192.000
207.500
256.500
260.000
280.3500
287.000
303.000
303.000
309.500
311.000
326.300
330.500
334.000
350.000
351.500
356.500
358.000
358.000
361.000
404.000
423.500
425,000

P = 100 PSIG.

X H2 -X co
79.793 76.876
78.831 74.937
76.068 74.758
76.787 T1.781
71.370 69.038
75.274 76.763
66.894 73.061
69.486 73.643
67.058 72.203
67.198 71.635
63.838 68.454
64.011 68.636
66.818 70.176
68.210 69.963
69.368  72.544
66.663 68.273
71.845 72.502
76.205 74.629
77.965 73.615
77.668  74.622

X C02
76.539
74.966
78.716
75.048
75.908
76.794
75.212
73.985
77.362
76.717
75.060
76.854
76.116
76.973
79.008
78.047

73.514
76.043
70.919
70.991

P = 200 PSIG.

X H2

69.217
72.275
66.149
66.259
71.502
74.432
76.017
73.195
75.014

-X CO

73.018
74.162
73.104
71.011
72.426
76.200
79.520
73.425
73.937

X Co2

80.265
78.952
81.635
81.739
T7.966
79.376
79.913
75.510
75.932



Table 9

Outlet Conversions for Katalco 52-2 Run 2:

Effect of HZ/CO inlet ratio: 425 to 924 hours-on-stream.

T0S (h) H2/CO in Q (SLPM)

358.000
361.000
404.000
423.500
425.000
425.000
4238.500
446.500
448.500
452.500
471.000
473.000
473.000
493.500
499.667
548.000
612.500
6§15.000
637.000
637.000
693.000
757.500

762.000

764.500
780.500
782.000
783.500
786.500
790.500
804.000
808.500
$29.500
$30.000
853.000
854.500
883.500
924.000

0.5
9.5
0.5
0.5

e e e e P

0.5
0.3
0.5
0.5
0.5
0.5

0.5
0.5
o‘s

m2 %0 % Cco2 XH2Z -XCO X COZ X FLOW
P REACTOR BACK TO 100 PSIG
0.457 49.230 23.834 26.864 71.8¢5 72.502 73.51¢  0.701
0.465 49.949 22.860 27.310 76.205 74.629 76.043  0.749
0.461 $1.020 23.224 25.891 . 77.965 73.615 70.919  0.725
0.459 S51.134 22.959 25.829 77.668 74.622 70.991  0.713
PLOW CHMANGE T0:" 0.15 L/MIN CO; - 0.15 L/MIN B2; ~0.167 L/MIN H20
0.452 61.487 16.016 22.429 67.618 60.343 60.706  0.877
0.459 60.763 18.297 22.862 68.219 59.399 62.836  0.713
0.452 60.517 16.596 22.307 64.992 59.273 61.729  0.871
0.449 60.844 16.247 23.029 64.2¢6 60.510 61.916  0.653
0.450 60.247 16.411 23.246 63.540 59.970 62.639  0.659
0.450 60.163 17.022  22.73 63.313 58.32¢ 61.249  0.659
PLOW CHANGE BACK TO: 0.2 L/MIN. CO; 0.1 L/MIN H2; 0.167 L/MIN H20
0.456 49.315 25.206 25.404 71.782 68.399 69.367  0.695
0.450 49.947 24.323 25.660 71.713 72.184 69.144  0.659
0.452 49.857 24.738 25.331 72.068 70.769 68.561  0.§71
0.455 47.484 27.286 25.141 66.498 63.382 68.495  0.689
0.451 48.514 26.586 24.816 68.143 65.926 67.018  0.665
0.455 47.738 27.376 24.886 67.191 63.138 67.803  0.689
T REACTOR 7O 220 C
T REACTOR BACK TO 200 C
0.453  47.289 27.495 24.130 65.401 63.142 65.454  0.677
0.450 48.285 27.449 24.178 67.235 63.760 65.150  0.659
0.453 48,033 27.740 24.141 67.432 62.478 65.484¢  0.677
0.456 48.042 28.138 23.745 68.306 60.8393 64.337  0.695
0.455 47.782 28.361 23.799 67.310 60.454 64.842  0.689
PLOW CHANGE T0: CO ~ 0.176 L/MIN; H2 = 0.124 L/MIN; H20 = 0.167 L/MIN
0.447 53.531 23.963 22.439 65.439 59.312 60.061  0.641
0.449 53.866 23.320 22.743 68.981 61.253 61.147  0.653
0.447 52.865 24.044 23.088 63.857 59.595 61.798  0.641
0.448 53.086 24.248 22.589 64.566 58.904 60.59%  0.647
0.449 53.147 24.072 22.707 65.048 59.232 81.051  0.653
PLOW CHANGE BACK TO: 0.2 L/MIN CO; 0.1 L/MIN H2; 0.167 L/MIN H20
0.458 46.509 30.217 23.165 64.8677 S54.854 63.530  0.707
0.452 48.702 30.097 23.108 63.529 56.264 62.544  0.871
0.456 48.091 29.110 22.716 68.440 58.239 62.027  0.895
0.455 48.500 28.371 22.639 66.272 59.336 61.681  0.689



OQutlet Conversions for Katalco 52-2 Run 2:

Table 10

Effect of Temperature: 499 to 703 hours-on-stream.

TOS(H)
493.500
499.667
548.000
612.500
615.000
637.000
637.000
640.000
§61.000
685.000
685.000
688.000
631.300
693.000
737.300
762.000
764.500
780.300
782.000

T=200C
X H2
71.782
71.713
72.068
66.498
68.143
67.191

T REACTOR TO 220 C

‘=X CO
68.899
72.184
70.769
63.382
65.926
63.138

X co2
69.367
69.144
68.561
68.498
67.018
67.803

T REACTOR BACK TO 200 C

63.401
67.233
67.432
68.306
67.310

63.142
63.760
62.478
60.893
60.4354

65.454
65.130
65.484
64.837
64.842

T=220C
X H2

80.023
80.139
81.311
81.696
81.911
81.852

-X CO

77.071
76.031
78.421
79.203
77.803
78.337

X Co2

78.505
77.736
78.293
79.330
77.747
TT.792



Table 11

Outlet Compositions, Flows and Calculated Conversions:
The Effect of 1-Butene Addition: 800 to 1000 hours on-stream.

TOS (h) Q (SLPM) %H2 %CO % C02 X H2 -X CO X co2

830.000 FLOW CHANGE BACK TO: 0.2 L/MIN CO; 0.1 L/MIN H2; 0.167 L/MIN H2
853.000 0.458 46.509 30.217 23.165 64.677  54.854 63.530
854.500 0.452 46.702 30.097 23.108 63.529 56.264 62.544
883.500 0.456 48.091 29.110 22.716 68.440 58.239  62.027
924.000 0.453 48.508 28.771 22.639 68.707 59.681 61.410
924.500 FLOW CHANGE TO: 0.2 L/MIN CO; 0.1 L/MIN 2% 1-BUTENE IN 98% H2;

925.500 0.433 49.323 28.031 22.569 64.982 65.062 58.504
930.500 0.434 49.689 27.140 23.106 66.258 67.193 60.048
948.000 0.435 49.395 28.156 22.379 65.789  64.384 58.293
949.500 0.436 49.092 28.407 22.437 65.294 63.560 58.578
951.000 0.436 48.782 28.890 22.277 64.485 62.299 58.160
954.000 0.435 47.844 29.744 22.355 61.749 60.248 58.230
958.5C0 0.435 47.970 29.426 22.532 62.078 61.076 58.691
973.000 0.134 47.622 30.253 22.070 60.886 59.103 57.356
974.500 0.434 47.642 29.810 22.461 60.938 60.254 58.372
983.000 0.435 47.926 29.232 22.769 61.963 61.581 59.308
996.000 0.435 47.293  29.526 22.421 60.314 60.816 58.402
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Appendix 1

Product Information: Katalco 32-2 Low Temperature Shift Catalyst



A strong, active low temperature shift catalyst —

® High thermal stability
® Good poison resistance
® Fast reducing

USE
Low temperature CO conversion by the reaction:

CO+ H,0 = CO, + H

KATALCO 52-2 requires initial reduction of the copper
oxide to copper. after which it normally operates in the
temperature range of 380 — 482°F. The normal
operating pressure range is up to 50 atmospheres.
Normal wet gas space velocities are in the range of
2000 - 5000 volumes of gas at STP per hour per
volume of catalyst. Your Katalco Sales and Service
Representative will provide detailed recommendations
on request.

POISON RESISTANCE PROVIDES
LONGER LIFE

Sulfur and chlorine are the two most lethal poisons of
low temperature shift catalysts. For maximum LTS
catalyst life, meticulous attention should be paid to
steam purity and feedstock contamination. KATALCO
52-2 has a high surface area of free zinc oxide
available for sulfur pickup.

Free ZnO
Surface area,
Catalyst % ZnO mi/g
52-2 35 ¢ 36
X 45..) 29
Y 32.3 15

Grab samples from the top of a 1000-tpd Kellogg
ammonia plant (Figure 1) at 2 years gave the following

DEBCRIPTlON ana|yses:
KATALCO 52-2 is a strong, poison-resistant low - ” Seraie 2
temperature shift catalyst. It exhibits a slower Contaminant Sample amp'e
rate of die-off than KATALCO 52-1, while main- Sulfur 0.45% 0.85%
taining high activity. Chiorine 0.21% 0.36%

Product Bulleun KAT-52-2

KATALCO 52-2 is manufactured as a 5.4 x 3.6
mm pellet with the following typical compos-

These results show axcellent retention of both sulfur
and chlorine at the top of the bed to allow good

ition: performance under adverse conditions.
Cul......... 30 - 35% weight loss free
Zn0......... 29 -~ 36% weight loss free
AlgO3. . e ittt Balance
Bulk Density. ........... 62 =5 Ib/cu ft
Vertical Crush Strength.. ... 195 £ 25 Ib (Continuad on Reverse Side)

KATALCO CORPORATION
2901 BUTTERMELD ROAC 0 OAK BROOK. ILLINOIS 60321

‘?' B are % s o kg of Katsico Corporpion O Printed in US.A. 981



.ONG LIFE AND LOW PRESSURE
IRCP

y using KATALCO 52-2 low temperature shift catalyst,

plant can achieve a long low temperature shift life
sithout the pressure drop penaity associated with
maller pellets. Prassure drop can be costly; your
‘atalco Sales and Service Reprasentative can help
ou determine your potential co=t savings.

AST REDUCTION TIME
SRODUCES MOREH, OR NH, AND
NASTES LESS GAS

CATALCO 52-2 is reduced at temperatures between
100 and 480°F using 2% hydrogen for most of the
-eduction (6-14% at the end). This allows a fast
-sduction with minimal plant downtime and carrier
Jas wastage.

aag| DaysonlLine - 833
iniet S:G - 0.68
Exit CO - Q.15
430
by
]
2
2 420
o
=%
5
-
410
400 1 1 1 1 A1 L L 1

o 2 4 & 8 10 12 14 16 18
Depth from Loaded Level, ft

FIGURE 1 — KATALCO 52-2 in a 1000-tpd Kellogg
ammonia clant

TWO PLANT RECORDS

A mixed charge of KATALCO 52-2 and KATALCO 52-
1M produced a record low CO slip of 0.1 7% (equilibrium
at an inlet 5:G of 0.585) after 760 days of service at
120% rate in one 600-tpd ammonia plant. KATALCO
52-2 had a record 28-month run in a problem LTS
vessel, which previously had never exceedsd a 14-
month acceptable life.

SHIPRPING

KATALCO 52-2 is shipped in steel drums (7.5 cu ft per
drum). A substantial inventory is maintained at our
Chicago warehouse.

FOR FURTHER INFORMATION

If you would like to know more about KATALCO 52-2,
contact your local Katalco Sales and Service Rep-
resentative, or phone 312-887-1120.

440
Days on Line - 680
Iniet S:G - 0.52
430 CO Out - 0.19

420

Temperature, °F

410

400 y . :
0 4 8 12 16

Depth of Bed, ft
FIGURE 2 — KATALCO 52-2 in a 1000-tpd ammonia plant



Appendix 2

Recommended Reduction Procedure for Katalco 52-2
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Process Catalysts

KATALCO 52 SERIES
REDUCTION PRQOCEDURE

Katales 52 Series as supplied contains copper oxide, it is
activated for the Low temperature shift duty Dy Teducing the

copper oxide component to metallic copper with hydrogen.
reaction is highly exothermic.
. activity, good performancs and long life,

The
In order to achieve maximum
it is essential that the

resduction is conducted under correctly controlled conditions.
Great care must be taken toc avoid thermal damage during this
eritical operation.

RECOMMENDED PROCEDURE .

l.

Purge the converter free af oxygen with an inert gas. If

natural gas is to be useu as the carrier gas, then normal
safety procedures for gas’air systems should be followed.

Check all associated pipework is free of water, then
establish a flow of carrier gas (nitrogen or natural gas)
at a space velocity of 150-8G0 hrs=+ The reguction is
more quickly completed at higher space velaocities.

On most plants the reduction may be carried out at any
convenient pressure. To ensure adequate flow
distribution, it is recommended that the pressudre be such
tnat the superficial linear velocity is at least 0.2
ft/sec. '

Heat the catalyst at a rate of not greater than
1509F/hour. During the heat up, while the Ded
temperatures are below 2500F, the hydrogen injection
valve should be checked and calculated over the range
0.5 - 2% hvdrogen inlet the conveIter. This should be
done as swiftly as possible and the valve isolated
between injections.

When at least one-third of the bea is at 330-3500F
establish a hydrogen flow, aiming for not greacer than 1%
Ho at this stage. When gas analysis confirms the
nydrogen concentration and the exaotherm is stable, the

_hycrogen cancent>ation may be raised to approximately 2%

in stages. THIS MUST BE DONE WITH CAUTION ANT ONLY IF
THE CATALYST TEMPERATURES ARE AT A SAFE LEVE. AND THE
ENTIRE SYSTEM IS STABLE.

With Katalco 52 Series the maximum bed temperature during
reduction shoula be limited to 470Q0F.In any situation,

if a bed temperature reacnes 4809F tnen the inlet
nydrogen should be reduced to less than 1%.



*
.

6.

- e TR AU TR L SR A ] L -, o omeam - .
by LD e AT TN AR AR SRR ITR SN
. AL » T uad : -

3

Process Catalyats

When an elevated hydrogen concentration consistent with
a safe temperature is established, the reduction should
be allowed to continue until the exit gas analysis
indicates a rising hydrogen concentration. When the
inlet and exit hydrogen concentrations differ by less
than 0.5%, the inlet hydrogen should be raised above 5%
in stages. The bed temperatures should be datched
closely after each hydrogen adjustment.

The entire bed should be raisea to 400-4200F.
The reduction can be considered complete when the
entire bed is at 4009F or greater and the+inlet and

exit hydrogen concentrations differ by no more than
0.2%. :

The catalyst car now be put into service.

PQINTS TO NOTE

A) EQUIPMENT/UTILITIES

I

11)

- 1I1)

Iv)

Carrier Gas

Desulfurizea natural gas and nitrogen are

accentable. JIdeally the carzier gas is hydrogen and
oxygen free. In the event of contamination, levels
should be
Hydrogen not greater than 0.35%
Oxygen not greater than 0.1%

(Note 0.1% oxygen consumes 0.2% hydrogen and produced
an. exotherm of 309F in nitrogen).

Hydrogen Squrce

The hydrogen should be free of sulfur and
chlorides. Carbon monoxide in the hydrogen is
accentable but the adgaitional associated temperature
rise must be alloweg for.

Temperature Contrcl
for inlet gas

minimum,
the Bbec.

There mus: be an acezuate mechanism
tempezature contsol and as an adsolute
the-moc3unles at the inlet ang exit oOF

Sample Points

Gas sample points must be available inlet and exit
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Procese Catalysts

e V) Pressure Control

. mei The system must have an adegquate mechanism for
Tk . pressure control. Wild pressure fluctuations might
R e aTr otherwise result in unacceptable surges of hydrogen
SRNF I flow to the catalyst.
PR VI) Cocling/Condensing/Catchpot

el Recirculating systems must have a mechanism for
ST controlled removal of the water of reduction.
SR .
=TSm0 B) CONTINGENCIES .
S ::-‘".:';{-:'-:..l » .
S 1) wWith natural gas as the carrier in the event of an
SR evcessivelv high ta2mpesature (zbove 5509°),
;5;;5&;4. agditional hydrogen can be produced by the thermal
¢nyeﬁm?7 cracking of the gas. Should, for whatever reason, an
f?ffﬁgfﬁ excessive temperature rise occur, the natural gas must
e be isolated and the contents of the reactor purged and
R I cooled with nitrogen.
oz, ozt 11) - In the event of a temperature runaway, the vessel
LA L pressure should be reduced to minimize any chance of
s vessel damage.

-.‘.\..:':'LP.’.’-T:.- .

e I11) Again, in the event of thermal runaway, if.posssible

the heat should be ventsd by reverse flow to avoid
damage to hitherto unaffected catalyst.




APPENDIX 3
Calculation of Effectiveness Factor for Katalco 52-2

Page numbers given in parentheses are for

Satterfield, C.N., Mass Transfer in Heterogeneous Catalysis, Robert E.
Krieger Publishing Company, Malabar, Florida, 1970.

from which the outline of the analysis in taken.

Without definitive knowledge of the kinetics, the following 0 analysis
is used, as recommended.

R ~1 dn 1 1
o = | _
s | (p.142) (1)
L
Deff Vc dt Cs
where: R = radius of catalyst particle (if spherical) [cm]
+
Deff = effective diffusivity [cmz/s]
=1 dn = obgerved rate of reaction [mol/s-cmaof cat‘..]'r

V_ dt unit volume of catalyst
C = concentration [mol/cm3]+
+ denotes that this refers to the "key" species.

This leaves us to chose the key species for the forward water-gas shift
reaction and then to estimate all the parameters in equation (1):

Co + HZO {==> H2

Therfore, the choice is between CO and HZO' In the current systen,

+ CO2 (2)

gCO ) g”z

Co H2
therefore, we would expect ¢ to be similar were it calculated on
either basis. However we ®ill choose H,O because C_ should be lower
because its Henry’s law constant for octacGsane would Be lower.

and

Calculation of R:
R = D/2 where D is the diameter determined from the size fraction
which lies between 50 and 90 pm (170 to 270 ASTM Mesh).

R =70 x 10—5 =3.5x10°° ¢

l\’



Estimation of Deff:

D = 10-5 cmz/s for dilute liquids diffusing through liquids.

eff

Calculation of Vc:

V. = 25 geat/[(701b/ft3)(ft3/28,316cm?)(1000g/2.21b)]
= 22.25 cn
Calculation of - dn ¢
dt
-dn = (0.167 Nl/min H,0 in)(0.7 conversion)
dt  (22.4 Nl/mol)(68 s/min)
.5 mol/s
= 8.33 x 10

Estimation of Cs:

C
s

H.P where: H is the Henry’s law constant

H = 40 mol/nMPa for H, and CO in Cyq
(Matsumoto and Satterfield, 1985)

Assume it’'s about the same for HZO'

(40 mol/m MPa)(1 m°/1,000,000 cn’)(0.1 MPa)
6

3 x 10° mol/cm3

Plug into equation (1)

Rz -1 dn 1 1
o = [
s | (p.142)
L
D¢+ v dt C,
x 1.513

Assume isothermal catalyst pellet (B=0). Then, from Figure 3.6 (p.
145), the effectiveness factor is in around 0.7 to 0.8.

Note: for 270 to 325 ASIM Mesh the avgrage particle radius would
decrease from 3.5 x 10 cm to 2.3 x 10 © cm which would lower the &
to 0.65 and raise the effectiveness factor to around 0.9 to 0.95.
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