IV-1 Baseline Catalyst Testing

In order to evaluate advances achieved in catalyst synthesis, two baseline
catalysts (Ruhrchemie and United Catalysts, Inc.) were tested in stirred tank reactors. In
all tests a catalyst was crushed and sieved to either 270/325 mesh (44-53 pm in
diameter) or less than 270 mesh size, prior to loading to a reactor. A pre-purified normal
octacosane was used as the liquid (slurry) medium in tests of the Ruhrchemie catalyst,
whereas Ethyiflo 164 oil was used in tests of UC| catalysts. Two tests were conducted,
during this contract, with the Ruhrchemie catalyst. In the test designated SB-0440, the
catalyst was reduced with hydrogen externally, in a fixed bed reactor unit, and then
transferred into the reactor in an inert gas atmosphere. A hot spot was detected during
reduction with hydrogen in the fixed bed reactor (270°C instead of 220°C}, which was
quickly quenched by helium flow. During the test we have encountered several
problems with product collection and handling, resulting in inaccurate mass and atomic
balance closures. This test lasted 550 h, and the catalyst activity was stable throughout
the test, however, product selectivities are not considered to be sufficiently accurate
(Quarterly Technical Progress Report, January 1 - March 31, 1991). Results from this
test will not be discussed here. In the second test, Run SB-1370, the catalyst was
reduced in-situ with hydrogen. Results from this test, as well as from the test SA-0888
(CO pretreated catalyst) have been described and discussed in section {li-4 of this
report. The latter test (SA-0888) was completed during the course of our work on the
previous DOE contract, and the complete results from this test were reported elsewhere
(Bukur et al., 1989b; 1990c). Selected results from this test are also presented in this

report for the sake of completeness.

IV-1.1 Testing of UCI Catalysts
Three tests were conducted with catalysts synthesized at United Catalysts, Inc.

(UC!). These catalysts were potential candidates for use in a slurry bubble column
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reactyr Fische_r-Tropsch demonstration run at LaPorte, Texas in August 1992. Their
compositions and BET surface areas and pore volumes , as supplied by manufacturer,
are listed in Table IV-1.1. There are significant differences in promaoter concentrations
and physical properties among different catalysts.

In all three tests the catalysts were pretreated using a procedure similar to those
used in slurry bubble column reactor tests at Mobil (Kuo, 1983; 1985). Briefly, after
loading of a catalyst and the initial slurry medium, the reactor was sealed and
pressunized to 153 psig with nitrogen, and stiring was initiated at 1100 rpm. Then the
slurry temperature was raised linearly to 280°C in 3 hours under nitrogen flow. When
280°C was reached, the nitrogen flow was replaced with synthesis gas (Hz/CO molar
ratio of about 0.67) at a flow rate of 2 Nlg-Fe/h for 12 hours. Results from individual
tests are described first, followed by comparison of performance of UCI catalysts, as

well as between UCI catalysts and the Ruhrchemie catalyst.

1IV-1.1.1 Run SA-3391 with UCI L-3950 Catalyst

After the pretreatment, the catalyst was initially tested at 265°C {actual
temperature 270°C, see below), 290 psiq (2.07 MPa), 3 Ni/g-Fe/h and Hx/CO = 0.7.
Changes in syngas conversion and metha..e selectivity with time-on-stream are shown
in Figure IV-1.1. (H2+CO) conversion increased gradually from 76% at 3 h to 80% at 24
h, and then remained stable during the next 80 h of testing. During the same time period
methane selectivity increased markedly from 4% to 7%. At about 103 h, gas flow rate
was decreased to give the gas space velocity af 2.4 Ni/g-Fe/h in order to test the
catalyst under the same process conditions as those employed at Universal Qil
Products Inc. (UOP). Consequently (H2+CO) conversion increased to 82-83% and
remained stable during the next 60 h of testing. Since our values of syngas conversion
(83%) and methane selectivity (~8%) were significantly higher than those obtained at

UOF (70 and 4%, respectively) we suspected that there may be a problem with our
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Figure IV-1.1  (H2+CO) conversion {(a) and methane selectivity (b) as a function of

time on stream for Run SA-3391.
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instruments and/or apparatus. The (Hp+CQ) conversion decreased t¢ 79%, and
methane selectivity to 4.5%, when the temperature of the reactor head was lowered
from 265 to 245°C at 170 h on stream. After this run, a blank test was performed which
showed significant FT activity. After the blank test the reactor shaft was disassembled
and residual catalyst was found in the space between the stirrer shaft and its housing.
This residual catalyst was responsible for higher than expected syngas conversion and
methane selectivity in Run SA-3391. By lowering the reactor head temperature, the
reaction in the stirrer shaft housing was quenched.

At about 170 h on stream, a malfunctioning of the temperature readout device
was detected, and at 196 h the reactor temperature was brought to its desired value of
265°C, and at 212 h the (Hp+CQ) conversion and methane selectivity decreased to 75%
and 4%, respectively. During the remaining 100 h of testing, the conversion decreased
slowly with time, reaching 71.5% at 310 h, whereas methane selectivity remained stable
at about 4%. The latter values of syngas conversion and methane selectivity, are similar
to those obiained at UOP.

Water-gas-shift activity was high and fairly stable throughout the test. The usage
ratio varied between 0.56 and 0.61.

The information on hydrocarbon distribution obtained during six mass balances
can be found in Table 1V-1.2. The average hydrocarbon product distribution from the
last two mass balances made at 265°C, 290 psig, 2.4 Nl/g-Fe/h, Ho/CO = 0.67-0.70
was: CHy = 4.4; (C2 - Cu) = 16.5; (Cs-C11) = 23.6 and C12, = 55.5 wi%. Olefin content
increasad, whereas 2-olefin content decreased slightly with time (Table V-1 .2).

A typical carbon number product distribution, for products colliected at 297 h on
stream, is shown in Figure IV-1.2. The data are well represented by a three parameter
model of Hult and Satterfield (1984). Numerical values of parameters are shown in
Figure IV-1.2. Results of analysis of the reactor wax withdrawn from the reactor at 297 h

are shown in Figure 1V-1.3 in the form of ASF plot. Products with carbon number greater
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than Cz¢ can be fitted wel! with a straight line, giving the chain growth parameter of
0.93. This value is very close to the one obtained from the three parameter model (as =

0.94).

IV-1.1.2 Run SA-1532 with UCI 1207-175A Catalyst

After the pretreatment, the catalyst was tested at 265°C, 290 psig (2.07 MPa),
2.4 NV/g-Fe/h and Hp/CO = 0.7. Changes in syngas conversion and methane selectivity
with time-on-stream are shown in Figure IV-1.4. The catalyst activity was not stable, and
it decreased continuously with time. The maximum syngas conversion was 49%, at
about 40 h, and then it decreased gradually to 32% at the end of the test. WGS activity
of the catalyst was high throughout the test, and the usage ratio varied between 0.57
and 0.65.

Methane (Figure 1V-1.4) and hydrocarbon selectivities (Table 1V-1.3) were fairly
stabie during 300 h of testing. For example, methane selectivity increased slightly from
2.2 wt% at 45 h, to 2.4% at 260 h, (C2-C4) varied between 9.9 and 11.5%, (Cs-C11)
decreased slightly from 18% to 15%, while C12+ increased from 69% to 72%. Olefin
selectivity (total olefin content, and 2-olefin content) did not vary with time (Table IV-
1.3).

A typical ASF plot for products collected at 164 h on stream is shown in Figure
IV-1.5. The experimental data were fitted well with a three parameter mode!, except for
methane. Its concentration is significantly lower than expected from the ASF distribution.
Estimated values of parameters are also shown in Figure IV-1.5.

During testing of the same catalyst at the UOP the following results were
obtained: (H2 + CO) conversion decreased from 70 to 45% during 280 h of testing, the
usage ratio varied between 0.57 and 0.60, and methane selectivity was about 2.8 mol%.

Except for higher syngas conversion, but nevertheless declining with time on stream as
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Table IV-1.3  Summary of Slurry Reactor Test Results for Run SA-1532.

Period 1 2 3 4 5
Time on Stream (k) 45.0 117.0 164.0 212.0 260.0
Balance Duration (k) 17.0 16.2 16.0 16.0 15.0
Average Temperature (°C) 263, 265. 265. 265, 265.
Pressure (M Pa) 2.10 2.10 2.10 2.10 210
H32/CO Feed Ratio 733 709 709 715 715
Space Velocity (Ni/g-cat-h)® 1.42 1.43 143 1.47 1.47
Space Velocity (Ni/g~Fe-h) 2.34 2.35 233 2.42 242
GHSV (R}t 98.4 94.8 94.8 914 914
CO Conversion (%) 52.1 46.7 43.3 40.1 37.8
H+CO Conversion (%) 48.6 42.9 40.0 38.5 36.3
H./CO Usage 616 569 578 644 .649
STY (mols Ho+CO/g-cat-h)® 031 2027 026 025 024
Pco, - Puy/Peo - Puyo 13.8 10.7 10.7 9.94 8.97
Weight % of Outlet
H, 282 3.05 314 3.13 321
H-O .966 1.07 .978 .891 837
Co 45.6 509 539 57.C 59.1
COa2 379 334 315 28.4 27.2
Hydrocarbons 5.09 4.21 4.05 3.81 3.28
Oxygenates 344 379 .385 .381 .43
Wax© 7.36 7.00 6.01 6.45 5.95
Yield (g/Nm” Hi + CO Converted)
CH, 4.17 4.33 4.43 477 4.68
C2—C,4 Hydrocarbons 21.3 21.1 223 202 20.5
C¢~Cy1 Hydrocarbons 352 323 32.6 31.1 28.7
Ci2+ Hydrocarbous 133. 142, 134. 148. 141.
Wax® 115. 125. 115. 128. 126.
Oxygenates 5.37 6.77 741 7.59 7.25
Total 199. 207. 201. 212, 202.
142 Olefins/n~Paraffin Ratio
C- 510 5.30 6.11 6.42 6.15
Ca 5.83 5.10 5.92 7.80 5.30
Ca 4.03 3.93 4.00 4.10 4.16
Cs 2.92 2.82 3.30 3.41 312
Cig 3.04 3.07 3.12 3.32 3.4

¢ Based on unreduced catalyst

* Based on static slurry volume

¢ Unanalyzed wax withdrawn from reactlor
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Table IV-1.3 (cont'd) Summary of Slurry Reactor Test Results for Run SA-1532.

Period 1 | 2 | 3 [ 4 T b5
Weight % of Hydrocarbons

CH4 2.15 2.17 2.29 2.33 2.40
Ethane 570 531 968 477 512
Ethylene 271 2.62 3.24 2.86 2.94
Propane 637 688 .633 421 6a4
Propylene 3.54 3.35 3.58 3.14 3.31
n-Butane 651 .631 660 956 .70
142 Butenes 2.53 2.39 255 2.26 2.29
C4 Isomers 322 .309 o7 248 261
n—Pentane 537 409 415 235 .338
142 Pentenes 2.36 2.21 2.36 1.99 2.08
Cs Isomers 154 148 .163 154 | .159
n—-Hexane 579 .356 604 504 491
142 Hexenes 187 1.71 1.89 1.66 1.63
Cs Isomers .885 694 757 601 583
n-Heptane 543 .488 499 437 416
142 Heptenes 1.64 143 1.51 1.37 1.32
C; Isomers 731 .516 -555 572 482
n-Octane 585 476 419 377 411
1+2 QOctenes 1.59 1.32 1.36 1.26 1.26
C; Isomers .535 .380 497 442 322
n—Nogane 517 415 435 .388 448
1+2 Nonenes 1.47 1.34 1.38 1.31 131
Cs Isomers 119 .185 L1595 1635 135
n—Decane 453 429 441 382 .364
1+2 Decenes 1.36 1.30 1.36 1.25 1.13
Cio Isomers 240 260 .246 .240 242
n-Undecane 407 373 yrg 346 292
142 Undecenes 1.26 1.22 1.25 1.21 .984
Cqy Isomers 333 { .281 313 | 327 | 321
Ca~Cy 11.0 10.5 11.5 9.89 105
Cs—-Ch1 18.2 16.1 16.9 15.2 14.7
Crz2+ 68.7 71.2 69.3 72.6 723
Wax* 59.1 62.4 59.8 62.9 64.5

¢ Unanalyzed wax withdrawn from reactor

IV-16



(4 ¥91=80L) 2€51-V'S UNY 10} UopNqUISIP 19nPOId J6qWNU UOGIED  *G'|-A| INBI

Jaqunu uoqgien

8§ 8P oy A% 44 91 B 0
LR AL AL AL LA L DL L L LA L L L UL LA A BB A AL L
- r VG.1-0/2) 10N ‘sheie) -
|- -]
- - E
m r,. m
- 12'0= ¢ :
: ‘0 = %0 :
- 260 = :
i 99'0 = ho y
! ]
- ceSl-vS N
m_.___,__.__.,._ __.______.__._LI___.__I.___....__r_......_u

1

uol10BL 3|0

V-17



in the test at TAMU, tne agreement between results obtained at tests conducted at

TAMU and UQP is quite satisfactory.

IV-1.1.3 Run SA-2502 with UCi L-3905 (Batch 3) Catalyst

After the pretreatment, hie catalyst was initially tested at 265°C, 230 psig (2.07
MPa), 2.4 NI/g-Fe/h and H2/CO = 0.7. Changes in syngas conversion and methane
selectivity with time-on-stream are shown in Figure 1V-1.6. Both the syngas conversion
and methane seleciivity increased with time during the first 140 h of testing. The (Hz +
CO) conversion increased from 51% to 65%, whereas methane selectivity increased
from 3.5% to 4.5 mol%. At 140 h the reactor head temperature was lowered from 265°C
to 235°C, in order to suppress FTS activity in the stirrer shaft housing above the reactor
head. After this, the syngas conversion remained fairly stable 65-66%, but the methane
selectivity decreased back to 3.5% and remained stable during the next 140 h of testing.
At about 280 h on stream, the reaction pressure was lowered to 200 psig (1.48 MPa)
while the remaining process conditions were kept constant. After an initial decrease the
syngas conversion stabilized at 54%, and the methane selectivity increased to 3.9%. At
355 h the reaction pressure and the gas space velocity were increased simultaneously
to 400 psig (2.86 MPa) and 4.6 Nl/g-Fe/h, respectively. This corresponds to the same
contact (gas residence} time as that during testing at 200 psig and 2.4 NVg-Fe/h.
Following the change in process conditions there was an initial decrease in conversion
to 47.5%, followed by gradual increase to 55% (360-400 h). This resulted in nearly
doubling of the reactor STY from 0.031 mol (H2 + CO)/g-cat/h at 334 h to 0.061 mo!l (Hz
+ CO)/g-cat/h at 384 h (Table IV-1.4). Methane selectivity decreased to 2.9% during
testing at 400 psig. At 401 h on stream the baseline conditions {265°C, 290 psig , 2.4
NVg-Fe/h, Hpo/CO = 0.7) were re-established and testing continued for another 40 h. The
syngas conversion varied from 70 to 72% during this period, which is about 8% higher

than during testing between 140 and 240 h on stream. Thus, the catalyst activity
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increased slightly with time, and there was no deactivation after the testing at 400 psig.
WGS activity increased with time as evidenced by decrease in the usage ratio from 0.69
at 29 h to 0.62 at 431 h on stream. Methane selectivity was about 3.5%, which is the
same as that between 140 and 240 h on stream. Selected results from seven mass
balances are summarized in Table IV-1.4. Hydrocarbon product distribution at the
baseline conditions was stable after the reactor head temperature was decreased to
235°C (Mass balances 3,4 and 7). Clefin selectivity (total olefin content, and 2-oiefin
content) did not vary with time, during testing at the baseline conditions. The olefin
content was slightly higher, whereas 2-olefin content was slightly lower at 400 psig
relative to 200 psig (Table IV-1.4).

A typical ASF plot for products collected at 168 h on stream is shown in Figure
IV-1.7. The experimental data were fitted well with a three parameter model. Estimated
values of parameters are also shown in Figure IV-1.7.

This catalyst was also tested in a STSR at UOP Laboratories in Des Plaines,
llinois. During the first 120 h of testing at the baseline conditions the syngas conversion
was very erratic and varied between 5C and 70%, whereas methane selectivity was
about 3.5 mol%. These values are in good agreement with our results, confirming good

reproducibility of data between these two Laboratories.

IV-1.2 Comparison of Baseline Catalysts

UCI catalysts were tested at a common set of process conditions (baseline
conditions} which facilitates comparison of their activities and selectivities. Here, we are
excluding results which were affected either by side reactions in the stirrer shaft housing
(Runs SA-3391 and SA-2052) or by higher reaction temperature due to malfunctioning
of the temperature readout (Run SA-3331, the first 200 h on stream).

Variation of syngas conversion with time for all three tests with UCI catalysts is

shown in Figure IV-1.8a. During the first 300 h of testing the (Hz + CO) conversion was
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the highest in test SA-3391, whereas the lowest Syngas conversion was obtained in test
SA-1532. Activities of these three catalysts are compared in Figure IV-1.9, in terms of
values of apparent first order reaction rate constant evaluated at 260°C. The latter value
was calculated from data at different temperatures by using the activation energy of 90
kJ/mol, which is a typical value for iron FT catalysts (Zimmerman and Bukur, 1990).
These results show that the catalyst in Run SA-3391 was the most active, whereas the
catalyst in Run SA-1532 was the least active. Also, both catalysts deactivated with time,
whereas in Run SA-2052 the catalyst activity increased slightly with time. These data
indicate that activity increases with the increasing silica and potassium contents of the
catalyst (see Table 1V-1.1). The most active catalyst {Run SA-3391) had the highest
total surtace area, but the activity in the other two tests does not correlate with the total
surface area of the catalyst (Table 1V-1.1 ). The apparent rate constants from two tests
of the Ruhrchemie catalyst (Runs SA-0888 and S$B-1370) are also shown in Figure (V-
1.9 for comparison. Activity of the Ruhrchemie catalyst is markedly higher than that of
the UCI catalysts, regardless of the pretreatment procedure employed (CO activation in
test SA-0888, and Ha reduction in SB-1370).

Values of the (H2/CO) usage ratio and partial pressure quotient, Kp, provide
information on re'ative rates of water-gas-shift reaction (lower usage ratios or higher
values of Ky correspond to higher WGS activity). Catalyst used in Run SA-3391 had the
highest WGS activity (UR = 0.56 - 0.62, Kp = 14 - 22), whereas the catalyst used in Run
SA-2052 had the lowest WGS activity (UR = 0.61 - 0.70, Kp = 3.6 - 9). The WGS activity
of the Ruhrchemie catalyst during testing at 1.48 MPa, 265°C, 3.8 Ni/g-Fe/h, H2/CO =
0.67 was similar to that of the UCI catalysts (UR = 0.66, Kp=4.4-11)

Variations of methane and hydrocarbon selectivities with time, for all three UCI
catalysts, are shown in Figures IV-1.8b and IV-1.10, respectively. Catalyst with low silica
and potassium contents, used in Run SA-1532, had the lowest methane and gaseous

hydrocarbons selectivities. It favored the praduction of high molecular weight
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hydrocarbons (> 69 wi% of C12, hydrocarbons), and its selectivity was fairly stable with
time on stream. The other two catalysts, used in Runs SA-3391 and SA-2052, had
similar selectivities. Methane selectivity was about 3.8 - 4 mol% (4.1 - 4.4 wt%), and
C12+ selectivity varied between 52 and 56 wt%. The Ruhrchemie catalyst was tested
under a different set of baseline process conditions (1.48 MPa, 250°C, 3.8 Nl/g-Fe/h,
H2/CO = 0.67) than the UCI catalysts. Average values of hydrocarbon selectivities
obtained during the initial 360 h of testing at the baseline conditions are shown in Table
IV-1.5. As can be seen the hydrocarbon selectivities in two tests of the Ruhrchemie
catalyst were similar to those obtained in Runs SA-3391 and SA-2052. Results from
testing of the Ruhrchemie caialyst at 265°C are also shown in this Table. In both tests
there was a significant shift toward lower malecular weight hydrocarbons. Methane
selectivity increased to : 6.0 wt% (SB-1370) and 7.0 wt% (SA-0888), whereas C12.
selectivity decreased to: 42.9 wt% (SB-1370) and 23.0 wi% (SA-0888). This shift toward
low molecular weight products is not entirely due to higher reaction temperature, but
also due to aging of the catalyst (See Section lil-4 of this report) since data at 265°C
were obtained at 570 - 590 h on stream.

Olefin hydrogenation activities of the UCI catalysts are compared in Figure iV-
1.11. Olefin selectivities of the two catalysts used in Runs SA-3391 and SA-2052 were
nearly the same, and followed the usual trend of deélining selectivity with carbon
number and relatively low ethylene selectivity (60 wt%). Low silica catalyst, used in Run
SA-1532, had very high ethylene selectivity (85%) and higher olefin content in high
molecular weight hydrocarbons (Cq1. products) than the other two catalysts. Low
hydrogenation activity of this catalyst is consistent with its low methane selectivity.

Comparison of olefin isomerization activity of the three catalysts at 164 - 187 hon
stream is made in Figure IV-1.12. The 2-olefin selectivity of ali three catalysts was rather
low. Catalysts used in Runs SA-3391 and SA-2052 had similar 2-olefin selectivities, and

the olefin isomerization activity increased with carbon number (Cg, products). The low
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silica catalyst (SA-1532) had the lowest 2-olefin content , and the 2-ciefin seiectivity of
C1o0+ olefins was fairlv constant (~10%).

Olefin selectivities (total olefin conteni and 2-ciefin content) of the Ruhrchemie
catalyst during the first 150 h on stream were sirnilar to those of the UCI catalysts used
in Runs SA-3391 and SA-2052 (see Figures 11-4.13 anc 14, and Figures 1V-1,11 and
12).

IV-1.3 Summary

Four catalysts prepared by twc caialyst manufacturers (UCI and Ruhrchemie)
were tested in stirred tank slurry reactors to determine their performance during Fischer-
Tropsch synthesis. Precipitated iron was used as the active metal in all catalysts, and
CuO, K20 and SiOz were used as promoters. The amounts of promoters (in parts per
weight per 100 paits of iron) in these four catalysts were as follows: Si0z = 4.1-25; K =
1.1-8.7 and Cu = 1.4 - 7.5. Total BET surface area varied between 136 and 290 m2/g,
and increased with the amount of siiica, with the exception of two UCi catalysts having
4.1 and 9.2 g of SiOz per 100 g of Fe (see Table IV-1.1).

The Ruhrchemie and two of the UCI's catalysts (SA-3351 and SA-2052) had low
deactivation rates, whereas the UC! catalyst with low silica content {SA-1532)
deactivated more rapidly. The intrinsic activity of the low silica catalyst, maasured by
apparent first order reaction rate constant, was the lowest, whereas the Ruhrchemie
catalyst had the highest activity {or: per gram of iron basis). Activity of the Ruhrchemie
catalyst was higher after CG pretreaiment, than after hydrogen reduction. The intrinsic
activity of catalysts correlates with total surface area, except for the UCH catalysts with
-4.1 and 9.2 varts of SiOs.

The low silica catalyst favored production of high molecular weight products.
Methane selectivity in Run SA-1532 was only 2.2 - 2.4 wit%, and that of gaseous (Co -

Ca) hydrocarbons 10 - 11 %. This catalyst also had low olefin hydrogenation and olefin
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isomnerization activity. However, it was the least active and stable catalyst among tine
four catalysts tested. The Ruhrchemie and the oiher two UCI catalysts had similar
hydrocarbon and oiefin selectivities. Methane selectivity in tests with these three

catalysts varied between 4.1 and 4.7 wi%, during the first 360 h of testing.
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