CATALYST LIFE TESTS

Questions arising from the results of the preliminary screening studies directed efforts
towards investigation of catalyst carburization, potassium impregnation, and regener-
ative procedures, in order to determine what effects these parameters have on catalyst
stability and selectivity. The two bench-scale units that were used in the preliminary
tests were reconstructed and two additional units were constructed. These new units
were equipped with modern and more reliable instrumentation that provided excellent
temperature control and monitoring, pressure requlation, and flow control. The flow

diagram of the units is similar to that shown in Figure 1.

The catalyst used in this series of tests was aﬂflame-spra/yed, beneficiated taconite iron
ore (FepO3 + Fe30y) obtained from U.S. Steel Corporation. The operation and
description of the units are the same as those described in the previous section. The

results of several experiments will be analyzed individually.
The tests were performed according to the following experimental procedure:

A. Catalyst Preparation:
An oxygen-hydrogen flame-spraying technique is used to apply the tacaonite
powder to a 6-inch section along the outside surface of a 3/4-inch, schedule

80, carbon steel pipe.
B. Addition of Promoters:

To impregnate the catalyst with potassium, the flame-sprayed pipe was

soaked in a 6% K9 CO3 aqueous solution for 10 minutes.
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Reduction:
Prior to F-T synthesis, the taconite catalyst was reduced in Hy at 4000C, an

exposure velocity of 7-14 J (J is defined as the exposure velocity for gas
feed expressed as scfh of gas/square foot of geometric catalyst surface),
and 50 psig to remove the oxygen from the iron oxide material. Reduction
was continued (usually for 100 hours) until the theoretical amount of H20

was collected.

Induction:
Induction or precarbiding of the reduced sample was conducted by passing
2Hp + 1CO over the catalyst at 24 J for 72 hours at a pressure less than 100

psig and temperatures of 2400 or 3100C.

Cafalyst Testing:

One of the objectives of this series of experiments was to determine product
distribution as a function of reaction temperature, pressure, and flow rate.
Therefore, the normal testing procedure was to introduce synthesis gas
(2H2 + 1CO) at 300 psig and at the induction temperature for Period A. A
period is defined as the length of time (hours) that the reactor is held at
constant operating conditions. For successive periods, temperature was
usually increased while pressure was maintained at 300 psig, then reactor
pressure was raised to either 650 or 1000 psig. Temperature may also be
varied at the higher pressures. Before a run was terminated, the pressure
was reduced to 300 psig, and the data were recorded at a temperature used
for an earlier period. From the drop in CO conversion between two periods

at similar operating conditions, the degree or extent of catalyst deacti-
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vation could be determined. For periods operated at similar conditions, CO

conversion is defined as follows:

CO conversion=1 - A
B
where A = scfh of CO in the product gas at t;
B = scfhof CO in the feed gas at t;
t;j = time at endof a particular period

The above definition does not take into account catalyst weight or
surface area and can only be used as a convenient measure of catalyst

activity for a particular run.
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FT-STW-1-2

Experiment FT-STW-1-2 was operated successfully for 2233 hours. Operations were
conducted at 300, 650, and 1000 psig, a flow rate of 24 J of 2Hy + 1CO gas, and
temperatures of 3250C and 3400C. Twenty-nine grams of catalyst were flame-sprayed
onto the tube surface. Catalyst characteristics, application technique, and activation
procedure were previously described. The catalyst was carburized at 3100C, and no
promotor was used. After 1851 hours, the catalyst was regenerated. Regeneration
involved performing first a reduction in H2 at ﬁOOﬁc and then a precarbiding step using
2H2 + 1CO gas at 310°C. This particular regeneration required 142 hours, 71 hours for
réduction and 71 hours for induction. Upon start-up, the catalyst performed satisfac-
torily for the two succeeding weeks. Carbon monoxide conversions were greater than
90% while operating at 300 psig and a temperature of 3250C. At this point,v it was
necessary to defer the experiment for 48 days. The catalyst was stored under hydrogen.
The high activity demonstrated after the regeneration was noﬁ reached after start-up
following the storage period. The experiment was then terminated without attempts at
further regenerations. Visual inspection of the taconite revealed the catalyst to’ be

completely covered by carbon. Tables 3 and 4 summarize the results of FT-STW-1-2.

Experiment FT-STW-1-2 resulted in carbon monoxide conversions in excess of 90
percent. The hydrocarbon product distribution was dominated by the lighter hydro-
carbons, C] to C3 composing 77.0% to 88.9% of the total. Oil production was maximum
at operations of 650 psig, with 1.4 grams of oil produced per hour. The maximum
amount recovered at 300 psig or 1000 psig was 0.51 grams per hour. The above values
do not consider periods after the regeneration. Immediately following the regeneration,

and while operating at 300 psig and 3250C, the oil production was 1.01 grams per hour.

18
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The oil product for the entire experiment was highly saturated. Regeneration of the
taconite catalyst was successfully demonstrated. A level of activity was reached after

the regeneration comparable to that obtained early in the test.
FT-STW-2-2

Experiment FT-STW-2-2 operated successfully for over 6000 hours. Forty-three grams
of taconite were flame-sprayed to a thickness of 27 mils and impregnated with a 6%
solution of patassium carbonate. The catalyst was carburized at 2400C. Application
technique, promotion, and activation procedures were described previously. Operations
were conducted at 300, 650, and 1000 psig and at temperatures of ~ 3250C and ~ 3400C.
The flow rate remained constant at an expasure velocity of 24 J. Table 5 summarizes

'product yields and selectivities from typical experimental periods.

The effect that potassium had on CO conversion is illustrated in Figure 4. The small
amount of promotor (approximately 0.4 wt%) increased CO conversion at 325_°C by
approximately 23%. The effect of pressure on conversion was insignificant. Potassium
also shifts the hydrocarbon product selectivity toward higher molecular ‘weight
compounds. In two other bench scale tests, approximately three times the amount of

oil (Table 6) was obtained from the promoted sample.

The effects of temperature and pressure on the product distributions are shown in
Tables 7 and 8. An increase in temperature and pressure did not affect the total
product yields. Selectivity changes that did occur were in the hydrocarbon fraction.
High temperature and low pressure favored the selectivity to C1+C2, while the largest

gasoline yields were obtained at either low temperatures or at high pressure operation.
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The oxygenates, mainly C; to C4 alcohals, are included in the gasoline fraction
(Table 8). At 3400C and 650 psig, the alcohols represented 4% of the hydrocarbon

product or 14% of the gasoline fraction. Selectivity to oxygenates increased as

pressure was increased.

Data from period A of run FT-STW-2-2 are compared to available SASOL data in
Table 9. The selectivity to gasoline from PETC's bench-scale reactor is similar to
gasoline yields from SASOL's commercial ARGE unit (15). PETC's high yield to Cy+C»p
would decrease if synthesis were conducted at SASOL's conditions (i.e., 2400C).
SASOL's high selectivity to the heavier hydrocarbons (diesel and fuel o0il) can be
attributed to the high contents of potassium promotor in the catalyst and to the

relatively low operating temperatures.

One of the criteria for a flame-sprayed catalyst to be commercially acceptable is that
it must have a useful life of 6 to 12 months or be regenerable. During experiment
FT-STW-2-2, two regenerations were carried out within a period of B.5 months. After
4292 hours (6 manths) of operation, the flame-sprayed catalyst used in this test was
subjected to its first regeneration treatment -- 100 hours reduction in H2 at 4009C and
atmospheric pressure plus 71 hours induction at 2400C and ai:mospheric pressure.
Following the regeneration, CO conversion at 325°C and 650 psig remained above the
90% level for 2 months. The corresponding oil yield was steédy at 2 grams/hour. Over
the next 3 weeks of operation, CO conversion dropped to 75% and the oil production to
1.3 grams/hour. A second regeneration restored catalyst activity for only 2 weeks,
after which a rapid decline in CO conversion and oil yield was observed. Data collected
before and after the two regeneration treatments are illustrated in Figure 5. Since a

satisfactory CO conversion and oil yield were not maintained following the second
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Run

K+ (wt %)
Temperature {OC)
Pressure (psig)
Time (hours)

CO Conv. (%)

g Oil/m?3 Feed

Table 6. Effect of Potaséium on Oil Production

FT-STW-1-1

27

0
325
300
571

80

3.59

FT-STW-1-3
0.38
325
300
- 569
84

9.45



Table 7. Effect of Temperature and Pressure on

Total Product Distribution...(FT-STW-2-2)

Period B | K D F
Temperature (0C) 325 325 325 340 340
Pressure (psig) 300 650 1000 300 650

CO Conv. (%) 88 90 92 93 94

Total Product (wt %)

Hydrocarbons 30 33 34 31 33
H20 19 17 17 16 20
CO2p 51 50 49 53 47
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Table 8. Effect of Temperature and Pressure on

Hydrocarbon Product Distribution... (FT-STW-2-2)

Period B D F H

Time (hours) _ 357 693 1197 1365
Temperature (0C) 325 340 340 340
Pressure (psig) 300 300 650 650
CO Conv. (%) 88 93 94 93

Hydrocarbons (wt %)

C1+0C2 62 74 60 60
Cs : ' 7 7 9 9
Gasoline 28 18 28 29
Diesel 2 1 2 2
Fuel Oil 1 0.3 1 0.4
Wax 0.1 0.2 g.1 0.1
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Table 9. Comparison of Arge Sasol Data with TWR Results

This Study SASOL(15)
R;eactor TWR Fixed Bed
Temperature (°C) - 3250 ' 230-2500
Pressure (psig) 300 | 368
Catalyst Fe + K¥ Fe + K + Cu**
CO Conv. (%) 68 70
Product Distribution (wt %)
C1+C» 58 12
Cs 7 3
Gasoline 28 | 23
Diesel 3 | 19
Fuel Oil 0.2 A 22
Wax -- 17
Oxygenates | , 4 4

*0.30 wt % of K

*%3 8wt % of K + 3.8 wt % of Cu
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regeneration, it appears that only one regeneration can be made before the catalyst has
to be replaced. Based on one regeneration, catalyst life in the bench-scale tube wall

reactor is approximately 6000 hours or 8.3 monthes.
FT-STwW-1-3

Experiment FT-STW-1-3 lasted 1,939 hours. The catalyst far this experiment was a
taconite ore flame-sprayed onto a 3/4-inch sched;dle 80 carbon steel pipe. The
thickness of the t;atalyst coating was 0.025 inch, and its weight was 33.4 grams. The
catalyst was immersed in a 6% K2CO3 solution for 10 minutes, air-dried, and placed in
the reactor. Reduction was conducted using Hp at 3969C for 114 hours. Precarbiding
(induction) immediately followed. The catalyst was exposed to syn gas (2Hz + 1CO) at a
flow rate of 20 J, a pressure of 80 psig, and a temperature of 310°C rather than the
2400C induction of FT-STW-2-2. The induction period lasted 71 hours. Table 10

summarizes the parameters used in the experiment, product results, and FIA analysis,

Some observations from this test include the 'following: The production of gaseous
hydrocarbons (g/m3 of Hp + CO converted) was greatest at a temperature of 3400C,
Oil production was the largest at 300 psiq, 327°C, and a flow rate of 20 J. At a flow of
24 J, maximum production was reached at §50 psig and 3180C. The maximum quantity
of oxygenated hydrocarbons generated occurred at 650 psig and 3180C. Also at this
period, a significant drop in the amount of CO2 produced was noted. Furthermore, at
these conditions, the greatest amount of hydrocarbons per cubic meter of synthesis gas
feed were produced. The hydrocarbons produced were dominated by the light fraction

Ci - C3, composing 64-81% of the total product.
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The FIA analysis of Table 10 shows that operations at 300 psig produce an oil that is

more olefinic than oil produced at higher pressure. As the experiment progressed, the

composition of the oil became mostly saturates.

Reviewing Table 10, CO conversions are greater than 90% at the following
conditions: 300 psig and 3400C, 650 psig and 3250C or 3400C, and 1,000 psig and
3400C. Very poor activity, CO conversion of 65.7% (Period G), occurred when the
temperature was dropped below 3150C. The CO éonversion level dropped to 85% when
the pressure was reduced to 300 psig (Period L) after 1,771 hours. Oil production
reported as grams recovered per hour maximized at 650 psig and 318°C (Period E).
Aqueous phase products were the largest at 1,000 psig and 340°C. Generally, as the
experiment progressed, oﬂ production decreased and the fraction of gaseous hydrocar-
bons increased. The amount of CO7 produced remained nearly constant throughout the

experiment.

The taconite catalyst impregnated with potassium and induced at 3100C exhibited high
activity; however, the product distribution was not satisfact’ory with respect to liquid
fuels production. Minimal oil production and large gaseous hydrocarbon yields were
recovered. The maximum oil production was obtained at 300 psig, 3250C, and a flow of
20 J, while the maximum hydrocarbon yield per cubic meter of entering gas was
attained at 650 psig, 320°C, and a flow 24 J. This catalyst, activated as described,

would be more suitable in the production of light hydrocarbons.
As a result of these tests, the conclusions can be summarized as follows:

1. Addition of K* as a promotor increased CO conversion and oil selectivity.

2. The following process conditions affected the hydrocarbon selectivity:
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