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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 system. 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 system.

This report details experiments performed on three different

copper-based catalysts: Cu/Cr203, Cu/MnO/Cr203, and Cu/ZnO/AI203. Of

these three catalysts, the Cu/ZnO/AI203 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 H2/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.
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I. 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

deactivation, we have performed a number of runs in which a water-gas

shift catalyst was the only catalyst present in the slurrTreactor. To

avoid problems of catalyst instability due to incorrect preparation, we

limited these studies to commercially manufactured copper-based

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 system.

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
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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/Cr203 (Harshaw Cu 1803-P) Run 4:

The fourth run set of experiments 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 Eases. 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, 198Z; 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

moI% CO, 20.6 moI% HZ, and 19.2 mol% H20 at 0.033 Nl/min/Ecat to 30.1

mol% CO, 52.0 mol% CO2, and 17.9 mol% HzO at 0.033 Nl/min/gcat; this

was defined to be the beEinning 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 Erade

(MedTech Gases, Inc.), the CO was CP Erade (Matheson, Inc.), and the

COZ was Coleman Grade (MedTech Gases, Inc.). The details of the H20

purification and feed system have already been reported (Yates and

_atterfield, June, 1988).

The catalyst activity was monitored by conversion of HZ, CO, and

CO2. In this and all other sections, the conversion of a Riven

reactant, -Xr, i.e. CO or H20, is defined by the following equation:

-Xr = I00 [l-(gout,i - _inti)/(_eq.react.,i _ _in,i)] (I)

Similarly for the products, HZ and CO2, the conversion, Xp, is defined

as:

Xp : 100 [(_out,i - _in,i)/(_eq.react.,i- _in,i)] (2)

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

= measured flow rate at outlet. [Nl/min] (3)
_out,i

3
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= measured flow rate at inlet. [Nl/min] (4)
Pin,i

= outlet flow rate at equilibrium• [Nl/min] (5)
Beq. react.,i

Ranging from 0 at no activity to I00 at equilibrium conversion, these

definitions of conversion provide a convenient benchmark for comparison

of runs with different feed composition and/or flow rate. Material

balances were required to close to within 3 percent on carbon and thus

in all data reported:

97 < I00 [Pout,CO+Pout,CO2]/[Pin,CO+Pin,CO2] <'103 (6)
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, H2,

and CO2 and the calculated conversions of the water-gas shift reaction.

H20 was condensed in the trapping system and, because the system was

deactivating with time-on-stream, no steady-state data on the

concentrations of H20 were obtainable. Figure 1 shows the conversions

during the 214 hours followingthe switch in feed composition to the

more oxidizing mixture. A steady deactivation of the catalyst,

apparently linear with time-on-stream, is 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/Cr203 (Harshaw 1920-P) Run 1:

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

4
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temperature stability than the Cu/Cr203 (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/Cr203 catalyst.

3.1 Experimental and Results:

The nominal composition of the catalyst is 46 wt% CuO, 46 wt%

Cr203, and 4 wt% MnO. The catalyst has a bulk density of 37"Ib/fts and

a surface area of 56 m2/g. Supplied as a powder, the catalyst was

sieved to 50 to 90 pm (170 to 270 ASTM Mesh) to remove any fines

(particles smaller than 50 pm) 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 ensur_ 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 mol% CO, 21.7

mol% H2, and 36.3 mol% H20 at 0.019 N1/min/gcat was begun. The

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/Cr203 catalyst in Runs 1

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 S lists the outlet flow rates and concentrations of CO, H2,

and CO 2 and the calculated conversions of the water-gas shift reaction.

The catalyst activity was monitored by conversion of H2, CO, and CO 2.

H20 was condensed in the trapping system and, because the system was

transient, no data on the concentrations of H20 are presented. Figure

2 shows the deactivation of the catalyst over the over 300 hours that

lt was on-strea_. Although the activity appears to level out somewhat

after about 220 hours-on-strea_, 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/Al203 (Katalco 52-2):

4.1 Run I:

A Cu/ZnO/Al203 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).
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4.1.1 Experimental and Results (Run I):

This catalyst, Katalco 52-2, has a nominal composition of

approximately 33 wt_ CuO, 33 wt_ ZnO, and 33 wt_ AI203. 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 lm (170 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 Erams of octacosane (Humphrey Chemical,

Inc.). The octaco_ue had been recrystallized twice in HPLC grade THF

(Mallinkrodt, Inc.) _i_)ensure the removal of any potential poisons.

The catalyst was then reduced in the reactor accordin E 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 Eases 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

molZ H2, and 32.6 mol_ H20 was fed at a r_te of 0.021Nl/gcat/min. The

7



temperature and pressure were held constant at 200oC and 0.79 MPa.

The catalyst activity was monitored by conversion of H2, CO, and

COg. Table 4 lists the outlet flow rates and concentrations of CO, H2,

and CO2 and the calculated conversions of the water-gas shift reaction.

Figure 3 shows these conversions for the 152 hours following reduction.

Although the conversions are not at equilibrium which is close to I00

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

8



flow of 43 mol% CO, 21.4 mol_ H2, and 35.6 mol% H20 at 0.019

N1/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, process changes in either the pressure,

temperature or feed composition were _=_ie. Followlng a process change

conversions were monitored for between 48 and 100 hours. The reactor

was then returned to "bas_ case" conditions which would in turn be

monitored for between 48 and I00 hours. Thus, we were able to monitor

both the effect of the _rocess 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 H2, CO, and CO 2 for the "base case" conditions.

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

9



intentionally and will be presented in subsequent sections.

Figure 4 presents these "base case" data graphically. It can be

seen that the catalyst deactivate slowly for the over 1000 hours

which it was on-streal. 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 hour_. 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

components in the reactor.

After 303 hours-on-streaa, the pressure was increased from 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 conversion_ and time-on-stream for the first 425

hours-on=streu which includes this pressure change and the subsequent

return to the "base case" conditions. Figure 5 shows these data. for

the time period before, durlng, 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, lt 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 H2/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 H2/CO ratio which had been

chosen for the "base case" provided an in situ H2/CO ratio _:_

approximately 2 which is close to the usage ratio reported for cobalt

catalysts (Storch, et al., 1951). The water-gas shift catalyst had

_hown stability at this reactor H2/CO ratio which makes the catalyst a

viable candidate for operation in combined catalyst system.

To exmaine the kinetics and selectivity, it is expected that the

ratio will he 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 H2/CO, two different feed

ratios were studied: 0.7 and 1.0. These produced in situ _2/CO ratios

near 2.5 and 3 respectively. Higher H2/CO ratios were exaained 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=stream. The data between 637 and 693 hours-on-stream have been

omitted intentionally as these were the data collected at 220oc (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)

H2/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 has the

form:

I_G S = k [ PCOPH20 - PH2Pco2/Kp ] (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

Tammann temperature, approximately 0.5 T ; surface mobility at the
m.p.

HOttig temperature, approximately 0.3 T . Thus, temperature may bem.p.

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 250oC.

For most of the run, the reactor was operated at 200°C, which is

the lowest temperature at which Cu/ZnO/A1203 catalysts are reported to

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

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

12



approximately 70% of the H20 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 reactio, 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 220oC at 693 hours-on-stream the temperature was dropped

back to 200oC. Table 10 shows the outlet flow rate, concentrations and

calculated conversions between 500 and 770 hours-on-stre_. 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/nol (3.6 kcal/mol).

It should be observed, however, that increasing the temperature

increased the reactor H2/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 200oC with the particle sized used, the

13
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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)

speculated that alkenes aay 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 an_:_the added alkene underwent.

To examine the effects of alkenes, l-butene was added to the feed

at 924 hours-on-stres_o The 1-butene was in an analyzed mixture of 2

molZ l-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 sore

14
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reactive than is typical of 1-alkenes.

Table 11 shows the outlet compositions, flows and calculated

conversions of H2, CO, and CO2 for the period before and during the 1-

butene addition. The data after the 1-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, althouEh 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 1-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 coJbination of the water-Eas shift catalyst with the cobalt

catalyst, but lt 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 lOa, the 1-alkene was hydrogenated to butane and isolerized to

both cis-2-butene and trans-2-butene. Figure lOb 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-stream dependence of the selectivity

of the added 1-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-Z-butene and trans-2-

butene are synthesized in almost equilibrium ratios. This alkene

isomerization presumably takes place on the acidic Si-Al sites almost

certainly present in the AI203 support.

The results presented here on the behavior of the Katalco 52-2

Cu/ZnO/AI203 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:

I. Oxidizing conditions do hOe 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/Al203 catalyst shows reasonably

stable activity for water-gas shift in our octacosane slurry

reactor system.

16



3. The stability of the catalyst is not noticeably changed by

pressure or the presence of 1-alkenes. Increasing H2/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-transfer limited.

4. l-Butene, when added to the system, is almost completely

reacted. The primary product is butane and the Z-butenes are

produced in close to equilibrium amounts.

5. 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.

6. From experience with the I000 hours-on-stream with the

Katalco 52-2 catalyst, lt is worth noting that at least 24

hours should be allowed between set point 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 activity and selectivity for the cobalt catalyst that we

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

performed. 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 350oc and 400oC over 4 to 6 h. The

catalyst is then held at this maximuA temperature for between 2 and 16

h.

The most useful information on the effects of various different

reduction procedures is provided in literature published in tke 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 from

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/ThO2/kieselguhr and

Co/ThO2/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 wa_ reduced to metal. The most active

catalysts had between 55 sad 70 percent of available Co reduced,

It was speculated that unreduced CoO prevented sintering of the

catalyst.

3. When cobalt-based catalysts were reduced and then subsequently

carbided with carbon monoxide, the activity of the catalyst was

markedly less. A completely carbided sample, presumed to have 100

percent of the cobalt as Co2C , was shown to be inactive for the

Fischer-Tropsch synthesis.

4. It was found that when MgO was present the catalyst was harder

to reduce, and thus a maximum reduction temperature of 400oC is

recommended for Co/ThO2/MgO/kieselguhr as compared to 360oC for

Co/ThO2/kieselguhr.

6.2 Recommended Preparation and Reduction Procedure:

1. The catalyst is ground to the desired particle size (50 to 90 pm)

and calcined overnight at 100oC 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/ca3 will be used.

3. On the basis of the above literature, the following temperature

profile is recommended:

A. 100oC for ½ to 1 hour.

B. 200oC for ½ to I hour.

C. 300°C for ½ to 1 hour.

D. Heating in IOoC increments from 300°C to 365°C. The

temperature should be allowed to level off at each increment for

at least ¼ 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 _,sto 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°Cf would

inevitably be carried over into down-stream sections of the system.

The required reduction conditions are achievable in our external

reduction unit without any costly or time-consuming modifications to

our current equipment.

2O



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 ii 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

ensu_,_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
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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

CU 1503P - ab_ 4

OXIDIZING CONDITIONS FEED z 0.2S1 L/NIN CO, 0.486 L/MIN CO2, 0.167 L/MIN H20

DATE TI_E TOS FLOW _,H2 =CO _,C02 XH2 -XCO XCO2

J_ 21 05:30 0 0.$24 6.740 23.754 69.399 33.254 50.905 31.405

JUN 21 10:30 2.0 0.$19 6.772 24.101 69.019 33.211 50.065 47.464

JI:N 21 12:30 4.0 0.823 6.735 24.036 69.137 33.191 49.511 49.699

:_ 21 17:30 9.0 0.S21 6.597 23.955 69.322 32.432 50.497 49.791

JUN 21 19:00 25.5 0.$26 6.544 24.224 69.172 32.365 48.449" J1.I_4

J_N 23 08:00 47.5 0.$16 5.976 25.204 68.745 29.199 45.109 44.999

JCN 23 10:00 22.0 0.522 6.317 24.952 66.617 31.093 45.295 _6.7_6

• 3L'N 23 lS:O0 30.0 0.$22 6.233 25.124 6b.450 30.550 44.599 45.904

JUN 29 11:00 167.0 0.7_3 5.431 27.199 67.257 25.463 40.739 24.463

3UL Ol 11:30 214.0 0.767 4.690 25.502 66.745 21.541 37.359 15.529



Table 2

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

PL" = IG0 psi_.

Impeller = 800 RPM.

400 _ of octacosane.

25 _ of Eatalco 52-2 (nominal composition 33%CuO/33%ZnO/S3%A120_)

TOS T C!ii_ CH2; CO._tMENTS

(h) (°C)/(°F" (SLPM/mA) (SiPM/%)

0.00 T0 / !`5_ 0 0 Under He. Leak test'200 psl_. Tr - 178.

0.50 78 / ITZ 0 0 Vent He a reload to I00 pslg. Tr -> 192.

0.75 89 / 19'! 0 0 Vent He & reload tc i00 pstr. Tr -> 208.

-._0G {-8 / 208 0 0 Vent He & reload to I00 psl_. Tr -; 996.._
1 ": i08," "_'E,._ 0 0 Vent He & reload -.o I00 _=,_ Tr -" ,_48

m I

1.50 12C/ .-78 0 0 Vent He & reload to i90 pstr.
2.00 i."_0/248 0 ,9 0.1%Hz /.'[zflow -> 0.I i/rain.

_,"._": ._I_0,'248 0.:/4.78 0 0.1%Hz/Nz flow -> 0.3 i/rain.

2._0 120/ 248 0.3/S.40 0 O.I%Hz/Nz flow-> 0.6 i/min.

3. "0 1291 =-,I.8 0.6/'-3.79 0 Tr -> 13,5 / 275.
4.30 13_/ 275 0.6/8.79 0 Tr -> 150 / 302.

5.00 150/ 302 0.6/8.79 " 0 Tr -> 165 / 329.

5.30 163/ ""'_ •,,_.., 0 6/8.79 0 Tr -> 180 / 356.
6.00 I80/ 356 0.6/8•T9 0 Tr -:' 200 / 392.
T 00 ','C0/3Q_ 0 6/8 79 0 H_. flow -" 0 02 _,/min t01 0 % CN2)

2:J.O0 .oOC', 39'_," 0._/8.79 0.07101.0 Brin_ onstream.

Notes"

t I000 ppm Hz in Nz both pr_purified supplied by 5pecialt}" Gas Produc:s Inc.

2 Pre_urified H2 supplied by' Med Tech Gases Inc.



Table 3

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

TOS (H) Q (SLI_4) XH2 XCO XCO2 X H2 -X CO X CO2
3.500 0.418 46.122 33.676 20.136 51.970 57.625 50.400
5.000 0.416 46.243 33.661 20.043 51.719 58.066 49.927
7.000 0.418 46.458 33.759 19.720 52.811 57.418 49.359

52.500 0.418 44.638 37.794 17.505 48.256 47.318 43.815
54.000 0.424 44.540 37.961 17.444 49.611 45.536 44.289
56.000 0.413 44.043 38.324 17.565 45.448 47.139 43.439
73.000 0.397 42.675 39.801 17.457 37,976 47.299 41.500
75.000 0.395 43.407 39.394 17.130 39.196 48.?39 40.517
77.500 0.406 43.636 39.337 16.962 42.612 46.283 41.237
97.500 0.407 42.351 40.802 16.784 39.742 42.477 40.905

103.000 0.405 42.544 40.800 16_597 39.703 42.970 40.250
117.500 0.398 41.815 41.967 16.159 36.182 41.899 38.511
120.000 0.406 42.575 41.276 16.083 40.033 41.569 39.100
122.500 0.403 42.741 41.571 15.634 39.668 41.598 37.728
124.500 0.400 42.753 41.424 15.761 38.929 42.697 37.751
126.250 0.398 42.860 41.322 15.766 38.672 43.436 37.574
142.000 0.401 41.344 42.992 15.587 35.802 38.684 37.427
143.500 0.400 42.333 42.149 15.440 37.923 40.960 36.982
145.000 0.403 42.595 41.992 15.425 39.316 40.582 37.223
167.500 0.403 42.197 42.638 15.107 38.356 39.023 36.456
169.000 0.395 42.171 42.812 14.953 36.273 40.654 35.368
173.500 0.388 42.240 43.042 14.665 34.665 41.914 34.072
190.000 0.390 41.016 44.065 14.856 32.313 39.010 34.694
195.500 0.4_1 41.607 43.845 14.492 36.434 36.636 34.798
197.000 0.399 41.805 43.727 14.386 36.408 '37.443 34.371
215.000 0.386 40.314 45.481 14.157 29.708 36.792 32.722
217.500 0.388 41.023 44.731 14.194 31.838 37.990 32.978
265.500 0.389 39.480 46.386 14.060 28.489 33.867 32.751
286.000 0.389 39.201 46.496 14.242 27.839 33.611 33.174
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Table 4

Outlet Compositions, Flows and Conversions for KaCalco 52-2 Run I

L_TALCO 5Z-Z FEED z 0.110437 L/NI_ H2 0.236626 L/MIN CO 0.167 L/MIN HZO

ZUN1

DATE TIME TOS FLOW _Jl2 _,,CO "T,C02 XH2 -_CO XC02

_UL 14 0_:30 2.5 0.430 40.330 31.530 28.140 37.714 60.307 72.456

3UL 14 10:00 4.0 0.435 43.376 30.580 25.844 _7.376 62.038 67.315

JUL 14 12:00 6.0 0.441 47.029 28.$97 24.293 55.060 66.176 64.151

JUL 14 14:00 _.0 0.444 47.416 28.362 24.132 59.934 66.257 64.159

:VL 14 16:00 10.0 0.444 47.814 2fl.256 23.512 60.992 66.499 63.309

J_L 14 17:30 11.5 0.446 45.268 27.919 23.735 62.77T 67.1_0 63.396

J_L I_ 0b:0_ 22.0 0._43 47.$27 25.263 24.159 59.945 66.715 64.056

J_L 15 09:30 23.5 0.447 48.094 27.975 23.355 62.601 66,$13 63.$51

3_L 1_ 1_:45 26.S 0.447 47._00 25.129 23.955 61.514 66.401 64.127

JUL 15 14:30 25.5 0.445 47.956 25.531 23.448 62.518 63.154 62.902

JUL 1S 17:_0 31.0 0.446 47.969 25.300 23.623 61.976 65.113 63.053

_UL 16 L1:30 49.$ 0.442 47.445 2$.601 23.554 59.452 65.993 63.Z15

JUL 15 09:00 95.0 0.429 45.292 33.299 21.342 50.219 56.1_2 54.525

JVL IS 11:00 97.0 0.436 46.957 31.645 21.313 56.$43 55.075 55.644

3UL 1S 15:00 101.0 0.437 46.243 33._33 20.529 54.577 54.991 53.720

JUL 15 16:30 103.5 0.435 45.903 33.$35 20.157 54.262 5_.951 52.946

_UL 19 08:00 115.0 0.431 44.785 34.505 20.339 49.453 51.$59 52.491

_UL 19 10:00 120.0 : 0.427 46.149 32.624 21.124 51.$69 5_.276 5_.012

JUL 20 OFFSTRE_ UNDER _ELIL_ tOR 21.5 HOUES.

JUL 21 OV:_O 144.0 0.435 45.520 32.525 21.557 52.441 56.152 56.152

JVL 21 09:30 149.5 0.423 46.722 31.479 21.707 52.214 61.95S 54.9_2

JUL 2_ !1:00 147.0 0.422 46.$49 31.355 21.677 52.255 62.354 54.777

JUL 21 lo:U0 152.0 0.404 47.302 31.240 21.366 46._01 66.115 51.658



Table 5

Reduction Procedure for Katalco 52-2 Run 2

Pr = 100 psig.
Impeller = 800 RPM.
400 g of octacosane.
25 g of Katalco 52-2 (nominal composition 33_CuO/33_ZnO/33_A1203)

TOS T CH11 CH2z COMMENTS
(h) (.C)/(OF) (SLPM/LA.) (SLPM/%)
0.00 70 / 158 0 0 Helium flow = 0.4 SLPN

16.00 78 / 172 0 0 Heliun flow = 0.4 SLI_ Tr -> 226.
17.50 108/ 226 0 0 Heliua flow = 0.4 SLPM Tr -> 248.
18.00 120/ 248 0 0 Helium flow-> Off; 0.1%Hz/Nz -> 0.1 i/min.
18.50 120/ 248 0.1/4.83 0 0.l_z/Nz flow -> 0.2 I/rain.
19.00 120/ 248 0.2/5.64 0 0.1XHz/Nz flow-> 0.4 i/nin.
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 Tr -> 180 / 356.
21.50 180/ 356 0.4/7.29 0 Tr -> 200 / 392.
22.50 200/ 392 0.4/7.29 0 0.1_&H2/Nz->0.3 i/rain;3_Hz/Nz ->'0.I i/rain.
23.00 200/ 392 0.3/6.46 0.I0/05.0 0.1_h/Nz ->0.2 i/nin; 3_h/Nz -> 0.2 I/min.
23.50 200/ 392 0.2/5.64 0.20/10.0 0.1%Hz/N2 ->0.I I/rain;3_z/Nz -> 0.3 1/uin.
24.00 200/ 392 0.I/4.83 0.30/15.0 0.1%Hz/Hz ->Off; 37.Hz/Nz-> 0.4 l/rain.
25.00 200/ 392 0 0.40/20.0 Brine onstream.

Notes:
I I000 ppm Hz in Nz both prepurified supplied by Specialty Gas Products, Inc.

z 3.0 mol_ prepurified H2 in prepurified N2 supplied by Matheson Gases, Inc.

SLPM is standard liters per ninute.



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 HZ/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
693.0 Return to "base case" conditions

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

924.5 Added 2 mol% l-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% HZ, 35.6 mol% HZO at 0.019 Nl/min/gcat, Impeller speed= 800 RPM.



Table 7

Outlet Composistions, Flows and Calculated Conversions for Katalco 52-2 Run2
"base case" conditions (see text for details)

TOS (h) Q (SLPM) %H2 %CO % CO2 X H2 -X CO X CO2
0.000 ............................
18.750 0.468 50.909 21.713 27.312 79.793 76.876 76.539
22.000 0.467 50.674 22.453 26.808 78.831 74.937 74.966
45.000 0.469 49.474 22.421 28.029 76.068 74.758 78.716
92.500 0.469 49.730 23.481 26.723 76.787 71.781 75.048
112.500 0.466 48.109 24.615 27.203 71.370 69.038 75.908
121.000 0.461 50.045 22.083 27.819 75.274 76.765 76.794
136.500 0.454 48.470 23.786 27.666 68.894 73.061 75.212
140.000 0.452 48.903 23.676 27.335 69.486 73.643 73.985
184.500 0.456 47.585 23.996 28.332 67.058 72.203 77.362
192.000 0.456 47.636 24.204 28.096 67.198 71.635 76.717
207.500 0.453 46.713 25.537 27.671 63.838 68.454 75.060
256.500 0.456 46.469 25.295 28.146 64.011 68.656 76.854
260.000 0.457 47.393 24.684 27.815 66.818 70.176 76.116
280.500 0.461 47.486 24.547 27.884 68.210 69.963 76.973
287.000 0.462 47.802 23.561 28.559 69.368 72.544 79.008
303.000 0.463 46.723 25.050 28.151 66.663 68.275 78.047
303.000 P REACTOR TO 200 PSIG
358.000 P REACTOR BACK TO I00 PSIG
361.000 0.457 49.230 23.834 26.864 71.845 72.502 73.514
404.000 0.465 49.949 22.660 27.310 76.205 74.629 76.043
423.500 0.461 51.020 23.224 25.691 77.965 73.615 70.919
425.000 0.459 51.134 22.959 25.829 77.668 74.622 70.991
425.000 FLOW CHANGE TO:" 0.15 L/MIN CO; " 0.15 L/MIN H2; 40.167 L/MIN H20
473.000 FLOW CHANGE BACK TO: 0.2 L/MIN CO; 0.1 L/MIN H2; 0.167 L/HIN H20
493.500 0.456 49.315 25.206 25.404 71.782 68.899 69.367
499.667 0.450 49.947 24.323 25.660 71.713 72.184 69.144
548.000 0.452 49.857 24.738 25.331 72.068 70.769 68.561
612.500 0.455 47.484 27.286 25.141 66.498 63.382 68.498
615.000 0.451 48.514 26.586 24.816 68.143 65.926 67.018
637.000 0.455 47.738 27.376 24.886 67.191 63.138 67.803
637.000 T REACTOR TO 220 C
693.000 T REACTOR BACK TO 200 C
757.500 0.453 47.289 27.495 24.130 65.401 63.142 65.454
762.000 0.450 48.285 27.449 24.178 67.235 63.760 65.150
764.500 0.453 48.038 27.740 24.141 67.432 62.478 65.484
780.500 0.456 48.042 28.138 23.745 68.306 60.893 64.837
782.000 0.455 47.782 28.361 23.799 67.310 60.454 64.842
783.500 FLOW CHANGE TO: CO " 0.176 L/MIN; H2 ~ 0.124 L/MIN; H20 ~ 0.167 L/MIN
830.000 FLOW CHANGE BACK TO: 0.2 L/MIN CO; 0.I L/MIN H2; 0.167 L/MIN H20
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.I L/MIN 2_ I-BUTENE IN 98% H2; 0.167 L/MIN H20



Table 8

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

P = I00 PSIG. P = 200 PSIG.
TOS(H} X H2 -X CO X CO2 X H2 -X CO X CO2

0.000 79.793 76.876 76.539
18.750 78.831 74.937 74.966
22.000 76.068 74.758 78.716
45.000 76.787 71.781 75.048
92.500 71.370 69.038 75.908
112.500 75.274 76.765 76.794
121.000 66.894 73.061 75.212
136.500 69.486 73.643 73.985
140.000 67.058 72.203 77.362
184.500 67.198 71.635 76.717
192.000 63.838 68.454 75.060
207.500 64.011 68.656 76.854
256.500 66.818 70.176 76.1_6
260.000 68.210 69.963 76.973
280.500 69.368 72.544 79.008
287.000 66.663 68.275 78.047
303.0O0
303.000 69,217 73.018 80,265
309.500 72.275 74.162 78.952
311.000 66.149 73.104 81.635
326.500 66.259 71.011 81._:_-
330.500 71.502 72.426 77._66
334.000 74.432 76.200 79.376
350.000 76.017 79.520 79.913
351.500 73.195 73.425 75.510

• 356.500 75.014 73.937 75.932
358.000
358.000 71.845 72.502 73.514
361.000 76.205 74.629 76.043
404.000 77.965 73.615 70.919
423.500 77.668 74.622 70.991
425.000



t

Table 9

Outlet Conversions tor K_talco 52-2 Bun 2:
Effect of H2/CO inlet ratio: 425 t;o 924 bouts-on-sCrew.

TOS (h) HZ/CO Ln Q (SL.°H) _12 ZCO S CO2 Z H2 -X CO X C02 Z FLOW
358,000 P IL_C'TOI BACK TO 100 PSIG

361.000 0.S 0.457 49.230 23.834 26.864 71.845 ?2.502 73.514 0.701

404.000 0.5 0.485 49.949 22.860 27.310 78.205 14.825 76.043 0.749

423.500 0.5 0.461 51.020 23.224 25.501 . 77.965 73.615 70.919 0.725

425.000 0.5 0.459 51.134 22.959 25.829 77.668 74.622 70.991 0.713

425.000 fLOW CHANGE ?0:" 0.I5 L/HX_ CO; " 0.15 L/HZN B2; "0.167 L/MIN 620

425.500 1 0,452 81.487 18.026 22.429 67.818 80.843 60.706 0.877

446.500 1 0.459 60.788 18.297 22.862 88.21_ 59.399 62.836 0.713

448.500 1 0.452 60.517 16.596 22.907 64.992 59.273 61.729 0.671

452.500 1 0.449 60.644 16.247 23.029 64.246 60.510 61.916 0.653

471.000 1 0.450 60.247 16.411 23.246 63.540 59.970 62.639 0.659

473.000 1 0.450 60.163 17,022 22.73 63.313 58.324 61.249 0.659

473.000 rLOV ClLtNGZ lla.CX TO: 0,2 LI_IN. CO; 0,1 LIHZN U2; 0.167 LIMZ_ n20

493.500 0.5 0,456 49.315 25,206 25,404 71,782 68.399 69.367 0,695

499.66T 0.5 0.450 49.947 24.323 25.660 71.713 72.184 69.144 0.659

546.000 0.5 0.452 49.857 24.738 25.331 72.066 70.769 68.561 0.671

612.500 0.5 0.455 47.484 27.286 25.141 66.498 63.382 68.498 0.689

615.000 0.5 0,451 48.514 26.586 24,516 68.143 65.926 67.018 0.665

637.000 0.5 0.455 47.T38 27.376 24.884 67.191 63.138 67.803 0.689

637.000 T ILILICTOI TO 220 C

693.000 T ILILkCTOR Zt&CE TO 200 C

757,500 0,5 0.453 47.289 27,495 24,130 65,401 63.142 65,454 0,677

762.000 0.5 0.450 48.285 27.449 24.178 67.235 83.760 65.150 0.659

784,500 0,5 0.453 48,038 27,740 24,141 67,432 62,478 65,484 0,677

750.500 0.5 0.456 48.042 28.135 23.745 68.306 60.893 64.537 0.695

782.000 0.5 0.455 47.752 28.361 23.799 67.310 60.454 64.842 0.689

783.500 FLOW CHA,HG_ TO: CO " 0.176 L/HZN; H2 " 0.124 L/HXN; B20 " 0.167 LIHZN

706.500 0.7 0.447 53.531 23.963 22.439 65.439 59.312 60.061 0.641

790.500 0.7 0.449 53.866 23.320 22.743 66o981 61.253 61.147 0.653

804.000 0.7 0.447 52.865 24.044 23.086 63.657 59.595 61.798 0.641

808.500 0.? 0.448 53.086 24.248 22.589 64.568 58.904 60.595 0.647

$29.500 0.7 0.449 53.147 24.072 22.707 65.048 59.232 61.051 0.653

930.000 FLOV CHANGE SACK TO: 0.2 LIH_N CO; 0.1 L/_ZN H27 0.167 L/MIN 1420

853.000 0,5 0.458 48.509 30,217 23,185 64,877 54.854 83.530 0,707

854.500 0.5 0.452 48.702 30.097 23.108 63.529 $6.264 62.544 0.871

$83.500 0,5 0,456 48.091 29.110 22.716 68.440 58,239 62.027 0,695

924.000 0.5 0,455 48.500 28.7,.71 22.639 66.272 59.336 61.681 0.689



Table 10

Outlet Conversions for K&talco 52-2 gun 2:
Effect of Temperature: 499 to 703 hours-on-stream.

T = 200 C T = 220 C
TOS(H) X H2 "-X CO X CO2 X H2 -X CO X CO2

493°500 71.782 68.899 69.367
499.667 71.713 72.184 69.144
548.000 72.068 70.769 68.561
612.500 66.498 63.382 68.498
615,000 68,143 65.926 67,018
637.000 67.191 63.138 67.803
637.000 T REACTORTO 220 C
640.000 80.023 77.071 78.505
661.000 80.139 76,031 77,736
665.000 81.311 78.421 78.293
685.000 81.696 79.205 79.350
688.000 81.911 77.803 77.747
691.500 81.852 78.337 77.792
693.000 T REACTORBACK TO 200 C
757.500 65.401 63.142 65.454
762.000 67.235 63.760 65.150
764.500 67.432 62.478 65.484
780.500 68.306 60.893 64,837
782.000 67.310 60.454 64.842



Table 11

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

TOS (h) Q (SLPM) %H2 %CO % CO2 X H2 -X CO X CO2

830.000 FLOWCHANGEBACK TO: 0.2 L/MIN CO; 0.1 L/HIN 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 FLOWCHANGETO: 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 0.434 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



TABLE 12

REDUC:IO_OF COEA_T-BAZEDFISCHER-TROPSCHCATALYST_

CATALY_, GAS _=ACEVELOC'TV P T. HISTORT REFERENCE
(v/_:n} (psigl (°C)

CC.ThC2/McC _5 _.: IOOCC N_t _ h at 4r:ooC Storcn,etal.,1951.
kieselguhr N. ' Given

(useo_y Ruhrcneriein;1anti

Cc/T_G,/MgG, N. Nc _n.._ ,': ,"_........tQ4:t,'_ S::rcn._, ai , Ig)!.

kleselg_r h. _v.. 2 h at 4I)_C

Co/lhOn/ H. Z),:tc ZC.CC ,': . n at 2_1c" St:'cn.et ai..Ic)i.
kzesel)_n: " : , _t 26C'_C

" n at 3C,_:_

2 h at 32":_

5 n at hC,C:

Co.'_n6_C _ 2)C :: 2C:.: r, " _ h at 25C_: Src'cb,' al ;:::
kiese!L'" 2 h at 2:1_C

2 " at S_C'°C

h at 400oC

C_/Cu..Li.D..H. Nc"_i._r.., .n ."_..at 2=0c'. la_g.et ai.._"='-.
+ : _ 4 ' at _IrJ_C

Co/_l.O_ H, %.1 ii 16 n at 4,)C;: Dentano .in,i:=+.• .

C:/M/ki_sT

. 4..,,; C I h _t v,OoC Na,amu-_._talC_/Fe H """ .. . .

I_,._l_ CL _r, _eL+ut 1= " .:', 250_C

Co/Ru/ThO. _kH./M. Mot I " at ICC_': @eutne_,etal..
AI.O. _ _. "i.._:,1, Given Z h at 200c. ICl=.

X J . ltb at )6_:5

2%6ir.,N. 16 r at 200°C

Co/AI,O. H2 Notgiven ,_ L: n at aC.C:_ Re_i an_

C::AI._._. r 2 i000 _4C 4 n _" 4C_:Z';'" Lu. _9_1.

Co/SiD H Mct;iv_" " _:n at _:::" Zna_ !:_2 2 ..... ' "'

CO M: Mot gi',:" 0 lt h 3t 40Cc" ,an_. I=_:.
Co/_ "
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Figure I. Time-on-stres_ Dependence of Conversion of H2, CO,
and CO 2 tor Cu 1803-P Run 4.
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Figure 3. Time-on-streu Dependence of Conversion o£ H2, CO,
and CO2 for Kacalco52-2 Run I.
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Figure 5. The Pressure Dependence of Conversion of H_, CO, and CO
for Katalco 52-2 Run 2. Tesperature=200oC, Inlet Fl_w=43 mol% CO_

21.4 mol% H2, 35.6 mol% H20 at 0.019 Nl/min/gcat.
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Figure 6. The Dependence of Conversion2.Tempera_ure=200°C,°fH_, CO, _nd CO_p_0.79oninletMp_,
H_/CO ratio for Katalco 52-2 Run
IBlet Flow = 0.019 Nl/min/(cat.
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Figure 7. Temperature Dependence of Conversion of H2, CO, and COy
for Katalco 52-2 Run 2. P=0.79 MPa, Inlet Flow=4S tool% CO, 21._

tool% H2, 35.6 mo1_ H20 at 0.019 Nl/ain/gcat.
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Figure 9. The effect of 1-butene on the conversions of the water-
gas shift reaction for Katalco 52-2 Run 2. T=200oc, P=0.79 MPa,
Inlet Flow = 42 moI_ CO, 20.4 mol_ H2, 35.6 mol_ H20, and 2 mol_
l-butene at 0.019 Nl/min/gcat.
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Appendix 1

Product Information: Katalco 52-2 Low Temperature Shift Catalyst
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A strong, active low temperature shift catalyst --

• High thermal stabifiW
• Good poison £esistance z

. .oco, 52-2

USE POIliON RESlB'I'ANCE PROVIDEli

Low temperature CO conversion by the reaction: LONGER LIFE

CO + HtO == CO= + H2 Sulfur and chlorine are the two most lethal poisons of
low temperature shift catalysts. For maximum LTS

KATALCO 52-2 requires initial reduction of the copper catalyst life, meticulous attention should be paid to
oxide to copper afterwhich it normally operates in the steam purity and feedstock contamination. KATALCO
temperature range of 380 - 482°F. The normal 52-2 has a high surface area of free zinc oxide
operating pressurerange is up to 50 atmospheres, availablefor sulfurpickup.
Normal wet gas space velocities are in the range of
2000 - 5000 volumes of gas at STP per hour per Free ZnO
volume of catalyst. Your Kataico Sales and Service Surface area.
Representative will provide detailed recommendations Catalyst % ZnO m2/g
on request. 52-2 33 ,_ 36

X 45.3 29
Y 32.3 15H

Grab samples from the top of a l O00-tpd Kellogg
ammonia plant (Figure 1) at 2 years gave the following

DEBCRIPTION analyses:

KATALC0 52-2 is a strong, poison-resistant low Contaminant Sample 1 Sample 2
temperature shift catalyst, lt exhibits a slower
rate of die-off than KATALCO 52-1 while main- Sulfur 0.45% 0.85%' Chlorine 0.21% 0.36%
raining high activity.

KATALCO 52-2 is manufactured as a 5.4 x 3.6 These results show excellent retention of both sulfur
mm pellet with the following typical compos- and chlorine at the top of the bed to allow good
ition: performance under adverse conditions.

CuO ......... 30 - 35% weight loss free
ZnO ......... 29 - 36% weight loss free

AI203 ........................ Balance
Bulk Density ............ 62 :!: 5 Ib/cu ft
Vertical Crush Strength ..... 195 :!: 25 Ib (Continued on Reverse Side)

KA-rALCO CORPORATION
;_90"1 8U'f'TERWlEI,.D RC)AO O OAK BI=IC)C)K. ILI..INC)IS eo521

i r_ _'1' .I...... 'rk=lliof KlUlt¢O C_lmrltlOn 0 P_intld in U.S.A. 9411 II
ii iii i i I I ] I 1I

_p



.ONG LIFE AND LOW PRESSURE TWO PE.ANT RECOROS
:IROI:= A mixed charge of KATALC0 52-2 and KATALC0 52-

y using KATALCO 52-2 low temperature shift catalyst. 1M produced a record low CO slip of0.1 7%(equilibrium
plant can achieve a long low temperature shift life at an inlet S:G of 0.585) after 760 days of service at

lithout the pressure drop penalty associated with 120% rate in one 600-tpd ammonia plant. KATALC0
mailer pellets. Pressure drop can be costly;, your 52-2 had a record 28-month run in a problem LTS
_atalco Sales and Service Representative can help vessel, which previously had never exceeded a 14-
ou determine your potential ¢_t savings, month acceptable life.

:AeT REDUCTION TIME IIHIPPlNG
=ROOUCE8 MORE H2 OR NH3 AND KATALC0 52-2 is shipped in Steel drums (7.5 cu ft per
NASTE8 LEIi8 (3AB drum). A substantial inventory is maintained at our

<J_TALC0 52-2 is reduced at temperatures between Chicago warehouse.
and 480°F using 2% hydrogen for most of the

.eduction (6-14% at the end). This allows a fast FOR FURTHER INFORMATION

-eduction with minimal plant downtime and carrier If you would like to know more about KATALC0 52-2,
;]as wastage, contact your local Katalco Sales and Service Rep-

resentative, or phone 312-887-11 20.
ii

440 _--
440 - Dayson Line - 833 /_-

Inlet S:G - 0.68

Exit CO - 0.15 Days on Line - 680
Inlet S:G - 0.52

430 - 430 - - •

.=- =.

-= 2
420- _ 420

E E

4_0 - 4"10
--

I I I I I I I t
400 0 2 4 6 6 10 12 14 16 18 400 I I I

Depth from Loaded Level, ft 0 4 8 12 16

FIGURE 1 -- KATALCO 52-2 in a lO00.rl_d Kellogg Depth of Bed, ft
ammonia/;/snr FIGURE 2 --- KATALCO52-2 in a lO00-rpd ammonia plant



Appendix 2

Recommended Reduction Procedure for Katalco 52-2
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. K_ KATALCO 52 SER_ES

P_oc,,, C6taLy,t_ REDUCTI.ON PF,OCEDURE

.• .

Katalc_ 52 Series as suDplie_ contains col=l=er oxi¢le, it is
"- .:, actlvate_ for the Low temperature shift _uty _y ceaucin{l t_e

" " cooper oxi_e component to metallic cooper with hydrogen,,, The

,__.__ reaction is highly exothermic. Zn order to achieve maximum
._. activity, good Derformanc_ and long life, it is essential that the

reduction is conaucteO under co==ectly controlled conditions.
" "- Great ca=e must be taken to avoi_ the:nal damage au:ing =his

critical operation.
•- . • '"

- RECOMMENDEDPROCEDURE..

'" "° " °. T_
;.'.:,_-: :.. ....

1. Purge the converter free of oxygen with an ine1"t gas. Zr +
• _-. o. ". ,.," lD_..:-:-... natural gas is to De used as the carrier gas, _:hen normal
_::'""":" safety procedures for gas'_ir systems should be followed.
.._ • . •. ,°

--_-:_'_;.'- 2. Check all associated Di_ewo:k is free o? ware:, then
&.._,m .. .

:.._:-_..._ estaDlisn a flow of carrie: gas (nitrogen or natural gas)
..--,:+..,-.•. at a space velocity of 150-800 hre -_. The reduction is

mo:e quickly complete_ at higne: s_ace velocities.
.• lm..... ,

_. On most Dlants the :eduction may _e ca:rieO out at any
-. _-- convenient i=ressure. To ensure adequate flow

-.- dist:ibution, it is recommended t_at the Dressier° _e soc,9
that the superficial linear velocity is at least 0.2

• .,.,_..." _ .... •

. o" ."i" " ; "' " ""' "

:-,....-..:.... _. Heat the catalyst at a :ate of not greater than.°

__._.._ 150OF/hour. During t_e heat up, while the _e_
---_-'•_-" .....' temoeratures are _e!ow 250°F, the _ydrogen injection

valve should _e checke_ and calculated ove_ the range
0.5 - 2_ h,/drogen inlet the converter. This should De.. :-:,,. ,.':..;-.,

..._'---'.•• _one as swiftly as possiOle and the valve isolated
Oetween injections.

"_i " .U :.•

'='""""'"" "' 5. W_en at least one-tnir_ of the bed is at _O-_50°F
• . ".. 4m 9mestaOlisn a hydrogen flow, aiming for not grea_e, than I_

" : H2 at this stage. When gas analysis confirms the
• . .. ny0rogen concent:ation and the exotne:m is staOle, the •
" " .hyO:ogen concent:at!on may Be =aisea to approximately 2_

in stages. THIS MUST BE 0ONE WITH CAUTION ANC_ONLY IF
'" " . THE CATALYST TEMPERATURES ARE AT A SAFE LEVE_, AND THE

_-;-_;_'-_._ E_4T!RE SYSTEM ES STABLE.
"._.'-_..•.. :l_,,_
:''t,_ m-_..-._ ,m'_;

" with Katalco 52 Series the maximum _e_ tempe:Brute _u:ing
. : reduction should _e limite_ to _?O°m.!n any situation,

. .- ,.:-- i? a becl temperature reaches _80°F then the inlet
' hydrogen snou!a Oe reOuce_ to less than l_.

e

°

o
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k¢2 ' .
.o

_I'0¢418 C4tsLV roll

• 6. When an elevatea r_yclrogen ¢oncen1:_ation consistent w£th
a sa?e temperature is esta=Z:l._hecI, the recluct.i.on shouZ_l
be al_.oweO to continue unt.i.Z tna exit gas anaZys.l.s

.= .... .. ln(_icates a :ising hytlrogen concentrat£on. When the
" £n_et an_ exit hydrogen concentrations _iffer by less

the inlet shoul_ be raised above 5_than 0.SZ, hydrogen
= .-'." in stages. The be_ temperatures shouZ_ be _atche_

closely atte: each n y=rogen aOJustment,,":,..:,..-..'.._.,|
.o

, "°.p ...,.

":-: "7. The entire be_ snoul_ be ra_seO to AOO-A20°F.

.. 8. The :e_uc=ion can be ¢onstOere_ com_ete when the

" " " exit hydrogen concentrations title: by no mote than
-'--_:/_: - O. 2%.

_" " "h'" °_"_'_= "°
"c._-..,",,r...." .,.

9. The cae.aly-=t cap now be _u*. int_ se:vice.
- " ,,=. o.

. . .

• . ,

:.,'.,,,_:- _< ,:.
POINTS TO NOTE.

,'C.: " _" A) EQUZPMENT/UT_'.LIT_}',ES
"

--.,-..o _. o ,. •

.-..:.:_,_...,'..:- Z) Cat: ie: Gas,_ .,, ... . ..

:_:.:-.:_;-.i!'.: Oesulfu:ize_ natu:aZ gas an_ nit:ogen aze_._._-. :.'. acceptable, laeal!y the ca:tie: gas is hydrogen ana

_T:!_:I=.",?.- _ oxygen f:ee. Zn the event of contamination, levelsshoulci be

_-_.--.-_-__. Hyclzogen not g:eate: than 0 5_
Oxygen not g:eate: than O,l_

. .: ='._ .'I:,,_-:.:_:;i
_p w""%.; - D
,'.." _ ,-_ K_..

(Note 0.1% Oxygen consumes 0.2_ hy_zogen an_ _:o_uce_
• _-.:': an. exothe:m of _OOF in nit:ogen),

-_.:.i_F ..-.
• .

•.-- - 1l) Hya:ogen Sou:ce

_ . .. The hy_:ogen shoulO be ?:ee of sulfu: anO
- chlo:iOes. Ca:Oon monoxiOe in the hy_:ogen is

acce_taOle Out the aOoitiona! assoc!ate_l tem_ezatu:e
- " :ise mus= be allo_e _- ?o:.

=_-._F_.._-. ZZZ ) Tem_e:atu:e Cont:ol

The:e rous: be en aOe:ua:e mechanism lo: inlet gas
teml=e:atu:e cont:o_, anci as an aosolute m£n£mum..

.' tne:mocou_les at the inter ano exzc of tne Beo.

ZV) Sample Points

Gas samole points must be availal=le inlet an¢lexit
• • t

e
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PT'ocesm ff_,tal¥_lta

V) P:essu:e Cont:ol
• .l" • " ;;, " " •

. "_'"_. .. .

The system must nave an aclecluate mechanism 1'0:
•. : oressure control• Wil_ _:essure fluctuations might

- ..." " ;.

., ...._ otne:*ise result in unacce_al:le surges of hydrogen
_:.,_:..,._ flo* to the catalyst.
,' ,, _ % .., %" . g

=_.,,... Vl) Coo linglConaensing/Cat cn_at
• ,A : • . .';" • •

" Recircul ating systems must nave a mechanism for
"',.:'*J" ...... controllea removal of the water of reduction

- ....,_,,j....: - . •

,,'*." _:b" "'_"*::" "".. , ., -

:'"-":":" "."'_ B ) CONTINGENCIES

:'_-'--:'._ 1) With natural gas as the carrier in the event of an
excessivelv n_gn _.._moe:ature (z_ove 550 oe_o • |

. _.'...'.... •. -- .•- - - a_itional nyOrogen can _e =roauceO Dy the thermal,_.--_..,._."¢--.;--. _.- c:ac_ing of the gas. Shoula, lo: whateve= :eason, an
• . x._ssive temperature rise occur, the natural gas must

"_:"'"_ _e isolateO ana the contents of the reactor gurge_ an_

..._.....:=..; . II) In the event of a temoe:ature runaway, tna vessel
:;:...... _ressuze snoulo _e reauceo to minimize any chance of

e

._..,:..j,....: vessel aamage.

Iii) Again, in the event of thermal runaway, if.Dosssi_le
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APPENDIX 3

Calculation of Effectiveness Factor for Katalco 52-2

Page numbers given in parentheses are for

Satterfield, C.N., Mass Transfer in HeteroKeneous 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 @ analysis
is used, as recommended, s

R2 -I dn l 1

@s = [ I (p.142) (!)
D L V dt C
efr c s

where: R = radius of catalyst particle (if spherical) [cm]

Deff = effective diffusivity [cm2/s]_

-I dR = observed rate of reaction [mol/s.cm3of cat.]T±
V dt unit volume of catalyst
C

C = concentration [mol/cm3]T-
S

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 (I):

CO + H20 <==> H2 + CO2 (2)

Therfore, the choice is between CO and H20. In the current system,

_CO > _H^O and

CO < uH_O
therefore, we would expect _ to be similar were it calculated on
either basis. However we _ilI choose H^O because C should be lower
because its Henry's law constant for octacosane would _e lower.

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)•

= 70 x 10-4 cm = 3 5 x 10-3• cm

2



• t

Estimation of Deff:

10 -5 cm2/s for dilute liquids diffusing through liquids.
Veff

Calculation of V :
C

V = 25 gcat/[(701b/ft3)(ft3/28,316cm3)(lOOOg/2.21b)]
C

3
= 22.25 cm

Calculation of - d_an:
dt

- dn = (0.167 N1/min HgO in)(0.7 conversion)
d-_ (22.4 Nl/mol)(6_ s/min)

-5 molls
= 8.33 x 10

Estimation of C :s

C = H.P where: H is the Henry's law constant
S

H = 40 mol/m3Hpa for H9 and CO in C28
(Matsumoto and Satterf_eld, 1985)

Assume it's about the same for H20.

= (40 mol/m3Hpa)(l m3/l,000,000 cs3)(0 .I MPa)

= 3 x 10-6 moI/cm 3

Plug into equation (I)

R2 -I dn I 1= Y
Ss [ (p.142)

L V dt C
Deff c s

1. 513

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

Note: for 270 to 325 AS]H Hesh the average particle radius would
decrease from 3.5 x 10 cm to 2.3 x 10- cm which would lower the @s
to 0.65 and raise the effectiveness factor to around 0.9 to 0.95.
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