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The work during this reporting period involved Task 4.1. The objective of this task is to determine
the synergy between cobalt and a second bimerallic component. No activity was previously reported
for a bimetallic cobalt catalyst prepared on a sulfur-containing support (No. 7). Recent work focused
on the preparation of a bimetallic cobalt catalyst on a support that is sulfur free. Catalyst 585R2723
was the first attempt 10 make a2 catalyst with this new support (No. 8) and bimetallic component 1
using reverse micelle technique. Intermediate-size (103 nm and 15to0 30 nm) bimetallic crystallites
were observed by scanning transmission electron microscopy (STEM) examination of this catalyst,
which was then evaluaied under different conditions in Runs 59 10 61 to identify a suitable set of

conditions for screening catalysts.

As a result of the work in Runs 59 1o 61, selection was made for amount of diluent, catalyst

testing temperature (210°C), pressure (21 atm), and space velocity (22 and 4.2 NL/hr/gCo).

' Five other catalysts were later prep_ared and tested under the conditions identified above.
Catalyst 585R2748, which is 2 remake of catalyst $85R2723 and, according 10 STEM, 15
indistinguishable from catalyst 585R2723 was tested in Run 62. Catalyst 585R2797 had the same
{ormulation as catalysts 585R2723 and 585R2748 but was activated at a lower temperature.
Accarding to STEM, the crystallites in this new catalyst were still bimetallic in nature, as in the two
earlier preparations. but the crystallites were smaller: mostly 2 to 4 nm. Catalyst S85R2797 was
tested in Run 66. In addition to cobalt and bimetallic component 1, catalyst S85R2757 contained
promoters 2 and 3. A STEM analysis indicated that the crystallites are no more than 10 nm. The
crystallites were mostly cobalt and had no obvious incorporation of the bimetallic component and

the promoters. Catalyst S85R2757 was tested in Run 63. Catalyst 585R2774 was a cobalt catalyst
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containing the same bimetallic tomponent 1 but a new support (No. 9). The promoters were left
out of the formulation. This catalvst had crystallites of 3 to 6 nm according to STEM examination.
Analysis also showed that the second bimetallic component was segregated from the cobalt and
dispersed on the support. Catalyst 585R2774 was tested in Run 64. The fourth new cobalt catalyst,
catalyst 585R2796, had the same bimetalljc component 1 used in earlier preparations and used a
new support (No. 10). The STEM analysis indicated thar the crystallites are mostly 2 t6 4 rn in size

and apparently bimetallic. Caralyst S85R2796 was tested in Run 67.

Finally, cobalt catalys: TC 211, prepared during work done under an earlier Unjon Carbide
~ contract with the DOE, was evaluated. After the merger of Union Carbide’s Molecular Sjeve
Division with UOP, all inzellectual property developed under the earlier Union Carbide contract
was transferred to the joint venture. The catalyst TC 211 had promoters X9 and X11 in the
formulation. A STEM analysis showed that the catalyst TC 211 consists of thin (5 to 10 nm)
crvstallites. Cobalr crystallites contained the X11 promoter but no: the X9 promoter, which is mostly

dispersed on the support. The catalyst TC 211 was tested in Run 65,

Experimental

The fixed-bed pilot piant (700A) was previously described in the technical Progress report covering
the period of 3/16/88 o 6/16/88 for Contract DE-AC22-87PC79812. Nine runs, 59 to 67, were
conducted. Table 1 summarizes the following information for each run: catalyst identifications,
nature of diluents, catalyst and diluent weights, and diluent mesh size ranges. The reduced catalysts
were loaded into the reactor under nitrogen atmosphere at room temperature. Following catalyst
loading. the reactor was purged with nitrogen before the introduction of hydrogen. The catalysts

were reduced again under hydrogen flow for 2 hours and cooled 10 reaction temperature. For each



Tun, the temperature al which hvdrogen was introduced and the maximum temperature at which
the catalyst was recuced again are also summarized in Table 1. When reaction temperature was
reached, the flow of gas was stopped and nitrogen gas was introduced to pressurize the reactor 10
reaction pressure. Once reaction pressure was reached, the flow of nitrogen was stopped, and
synthesis gas was introduced. Table 1 also summarizes the following information: the catalyst inlet
temperatures (2 inches before the catalyst bed). catalyst maximum temperature, inlet and outlet

pressures, feed compositions, feed rates, and space velocities at different hours on-stream.

The syrthesis gas contained about 6% argon. which was used as 2n internal standard for
determining conversions and light hydrocarbon selectivities. The expressions used for calculating
conversions and selectivities were previously described in the technical progress report covering the

period of 9 /16/88 10 12/16/88 for Contract DE-ACZZ-S'TPC’IQSIZ.

Resulis angd Discussion

The objective of Runs 59 to 61 was 10 evaluate the same catalyst under different 1esting conditions

and to identify 2 suitable set of conditions for screening catalysts.
Run 59
A large exotherm (60°C above 250°C inlet temperature) was observed in Run 59 with catalyst

§35R2723. At 310°C. 2 maximum CO + H; conversion of 71% was obtained with 72% selectivity

to methane. The catalyst rapidly deactivated at this high temperature.



Run 60

To reduce the large exotherm, the weight ratio of diluent 1o catalyst was increased from 3:1 10 10:1
in Run 60. The initial exotherm decreased from 60°C to 17°C (at 246°C injet temperature). During
the first 4 hours of the run, the space velocity was lowered from 29 NL/hr/gCo (normal Liters per
hour per gram cobalt) 10 15 NL/hr/gCo, and the inlet temperature was lowered from 246°C 10
225°C. Under these new conditjons, the catalyst maximum temperature was within 2°C of the inlet
lemperature. The pressure was initially 35 atm. Later in the run, the effects of lower pressures (21,
15, and 25 atm) were evaluated Also, a1 21 atm, performances at 225 °C and 240°C were compared.
The CO + H. conversions and methane selectivities obtained under various conditions are

summarized in Table 2.

Table 2
Activity and Selectivity of Catalyst 585R2723 in Run 60

Space Velociry, CO + H. Methane
NL/kr/gCo Conversion, % Selectivity, %

16 225 35 15 16 38
27 225 21 15 13 16
37 228 15 15 10 ?
60 240 21 15 28 30

i 75 225 21 15 14 18
— —— e —— |

Cobalt cartalysts are expected to exhibit higher methane selectivities (compared to an iron-based
Fischer-Tropsch catalyst) at lower conversions. Lower methane selectivity was obtained at lower
conversion when the pressure was reduced from 35 1o 21 atm. The selectivity could not bé measured

at 15 atm because of gas chromatography (GC) problems; however, lowering the pressure certainly
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had an adverse effect on the conversion Jevel. Conversion increased, as expected, with temperature.
but the methane selectivity also increased. At the end of Run 6C, the 225°C and 21 atm conditions
were restored and only minor deviations Were observed from the data obtained early in the run.
This information SUggests that the performance variations with time should not influence the

observations that were made.

Run 61

Catalyst 585R2723 was also evaluated at 210°C, 2] atm, and a space velocity of 26 NL/hr/gCo. in
this run, o-alumind diluent was used instead of y-alumina 10 achieve higher weight of diluent per
unit of reactor volume (ratio of x-alumina 10 catalyst weight is 29). The catalyst maximum
temperature Was within 2°C from the catalyst inlet temperature. In this run, a CO + H: conversion
of 85 was obtained, and selectivity to methane was 10%. Comparison of data from Run 61 with
data from Runs 59 and 60 suggests that methane selectivity is reduced by lowering the temperature

from 225°C 1o 210¢C.

As a result of the work done in Runs 59 1o 61, 210°C and 21 atm were identified as operaung
conditions that Jead to relatively low methane selectivity, and these operaung conditions were used
in subsequent catalyst screeming work. Also, a-alumina was identified as a suitable diluent medium.
Starting with Run 65. 13 g of catalyst and 155 g of diluent were used for each test (the ratio of
diluent 1o catalyst weight is 12). With these amounts of catalyst and dijuent, the catalyst maximum

temperatures Were within 2°C from the catalyst inlet temperature.
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The objective of Runs 62

to €4, 66 and 67 was to screen a variety of different catalyst formulations

and 1o identify a catalyst for further development work.

Run 62 and 66

Caralyst 585R2748 (cobalt 2nd bimetallic component 1 on support No. 8) had 1 t0 3 nm and 15 1o
30 nm bimetallic crystallites. The rescits of the test in Run 62 are summarized in Table 3. The
initial CO + H. conversion was 165 at 210°C, 21 atm, and 4.6 NL/hr/gCo. The selectivity 10
methane, under these conditions, was 15%. The conversion increased to 31% 2t 232°C. Under these
conditions, the methane selectivity was 20%. These results indjcate undesirably high methane
selectivity with this tvpe of catalyst. The molar rate of propylene to propane was 0.9 at 210°C and

as expected increased to 1.5 a1 232°C.

Tabie 3
Comparison of Activity and Selectivity observed in Run 62 and 65

Space Veloxity, CO + H, Methane | Propylene:
Run No. | T. °C| P, atm NL/hr/gCo Conversion, % Selectivity, % Propane
62 210 21 4.6 0.9
232 21 4.6 31 20 15
66 210 21 48 9 16
230 21 4.8 20 17
= —r—

Catalvst 585R2797 had the same formulation as eatalyst S85R2748 but was reduced with

hydrogen gas at a lower temperature. The bunetallic crystallites were smaller in size: 2 10 4 nm. This
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catalyst was less active relative to catalyst $85R2748 (Run 66 in Table 3). However, despite the
Jower conversion level, the catalyst with the Jow reduction temperature showed comparable or

possibly lower methane formation. This result suggests an improvement in selectivity.

~ Run 63

With the additional promoters 2 and 3, catalyst S85R2757 (cobalr, bimetallic component 1, promoter
2, and promoter 3 on support No. 8) had crystallites no larger than 10 nm. This catalyst showed CO
+ H. conversion of 16% and a methane selectivity of 12% at 210°C, 21 atm, and 4.3 NL/hr/gCo
(Run 63 in Table 4). Under these conditions, the ratio of propylene to propane was 1.9. The
conversion decreased, and the methane selectivity increased when the pressure was lowered from
51 atm to 15 atm. Also, the ratio of propylene to propan¢ increased as expected at the lower
pressure. The conversion did not recover when the pressure was set back to 21 atm. This result
suggests a permanent deactivation caused by the decrease in the pressure. However, the methane

selectivity decreased when the pressure was increased back to 21 aum.

Table 4
Activity and Selectivity of Catalyst §85R2757 in Run 63

Hirs. Space Velocity Cco + H; Methane | Propylene:
On-Stream | T, °C Conversion, % | Selectivity, % Propane

15 210 21 43 16 12 19

24 210 15 43 12 20 23
41 210 21 43 - 10 13

85 230 21 43 20 15 3.2
4—%”




At 230°C and 20% CO + H. conversion, the methane selectivity was 15% and the ratio of
propylene to propane was 3.2 (Table 4). A Comparison of the results in Run 63 at 210°C and
230°C with the results obtained in Runs 62 and 66 (Table 3) indicate that promoters 2 and 3 may
have slightly improved selectivity by lowering methane formation. Also, the propylene to propane
molar ratio increased by the addition of promoters. However, these results need to be verified by

another set of catalysts with and without promoters 2 and 3.

Run 64

Catalyst 585R2774 (Cobalt and bimetallic component 1 on support No. 9) had 3 to 6 nm cobalt
crystallites. This catalyst was tested in Run 64 and did not show any observable activity. Therefore,

support No. 9 appeared to be unsuitable for impregnation of cobalt.

Run 67

Catalyst S85R2796 (Cobalt and bimetallic componen! 1 on support No. 10) had 2 to 4 nm bimezallic
crystallites with bimetallic component 1 : CO ratio of 0.07 and was tested in Run 67. During the
first 30 hours, this catalyst was tested at 210°C, 21 atm, and 4.4 NL/hr/gCo. A high initial CO +
H: conversion of 945 was obtained. The catalyst rapidly lost activity, to 20% conversion, by the end
of 30 hours (Figure 1). Initially, the methane selectivity was low: about 5% (Figure 2). As the
conversion decreased to 209, the methane selectivity rapidly increased to about 25%. Ethane
selectivity was much lower than methane selectivity, as is typical with cobalt catalysts. However, the
ethane selectivity followed the same behavior as the methane selectivity during the first 30 hours

(Figure 3).



After 30 hours, the temperature was increased from 210°C to 230°C. Following the tempera-
ture increase, the CO + H: conversion increased to about 58% (Figure 1). This conversion is
substantially higher than the conversions obtained with cobalt catalysts prepared on supports No. 8
and No. 9. Therefore, support No. 10 appears to be a promising support for achieving high cobalt
activity. An interesting aspect of this catalyst was that the conversion seemed to be guite stable at

230°C foliowing the rapid deactivation at 210°C.

Future work will address this issue by determining whether this apparent stability improvement
is a time-on-stream effect or is caused by the higher temperature operation. At 58% conversion, the
methar . selectivity was about 18% (Figure 2). At the same conversion level and with the same
catalvst at 210°C, the methane selectivity was about 11%. Ethane selectivity followed 2 behavior

similar to methane selectivity berween hours 30 1o 60 (Figure 3).

After 60 hours, the space velocity was decreased t0 2.1 N1/nr/gCo. The CO + H, conversion
increased to about 86% and then gradually decreased to about 67% conversion at 150 hours
on-stream. A comparison of performances at 30 to 60 hours and beyond 60 hours suggests that high

conversion enhances deactivation of the cobalt catalyst (Figure 1).

The methane selectivity <howed about 2% increase during the deactivation period berween 60
and 150 hours (Figure 2). A slight increase in ethane selectivity was also observed during this period
(Figure 3). These results are consistent with the expected behavior of cobalt catalysts, which show

increasing light-ends formation with decreasing conversion level.

Catalyst 585R2774 made only a small amount of CO, (less than 5% CO, selectivity based on

the total amount of CO converted). This result is consistent with the expected behavior of cobalt
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catalysts, which do not typically catalyze the subsequent water-gas shift reaction during Fischer-
Tropsch synthesis. The H;:CO usage ratio was surprisingly less than 2 during the first 25 hours,
although no significant amount of water-gas shift actvity occurred (Figure 4). Berween 25 and 30
hours, the usage ratio increased to 3. This increase is expected based on the high selectivity to
methane observed during this period. Later in the run, the usage ratio was about 2. This ratio is the
expected result for a Fischer-Tropsch catalyst, which does not make an excessive amount of

methane and is not active in the water-gas shift reaction.

The selectivities to C,-C, paraffins and olefins and to alcohols and aldehydes in Run 67 are

summarized in Figures 5 and 6.

Evaluation of TC 211 Catalvst for Reference Performance

The objective of this evaluation was 10 obtain baseline data on 2 reference catalyst for comparison
with cobalt-based catalysts developed under the current program. Catalyst TC 211 was one of the
best catalysts developed during work performed under Union Carbide’s contract

DE-AC22-84PC70028.' A sample of this catalyst was available to UOP and 50, was selected as the

reference cobalt caralyst.

Run 65

The results of the test in the Berty reactor in Run 12570-03, obtained under contract DE-AC22-
84PC70028, are summarized in Table 5. The methane selectivity was 35 10 4% a1 45 to 46%

CO + H, conversion, 239°C, 21 atm, and H,:CO feed ratio of 1:1, and 4.6 NL/hr/gCo.
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In this work, the same catalyst was evaluated in the fixed-bed reactor instead of the Berty
reactor; also, a Hy:CO feed ratio of 2 was used instead of 1. The implication of the higher ratio feed
gas in this work is that it allows high conversion to be achieved; however, the methane selectivity
becomes higher. During the Grst 65 hours, 210°C, 21 atm, and 4.5 NL /hr/gCo were selected for
operating conditions in Run 65. The CO + H, conversion reached about 70% and then decreased
to about 405 (Figure 7). Under these conditions, the methane selectivity was 7.7% (Figure 8). This
methane selectivity is higher than that reported in the Union Carbide contract, this is explained by
the lower H,:CO feed gas ratio used in that work. Under similar operating conditions, bimetallic

cobalt catalyst 585R2796 prepared on support No. 1 showed 10 to 11% methane selectivity.

Between 65 and 350 hours on-stream, the space velocity was varied. The relation between
space velocity and CO + H. conversion with TC 211 catalyst at 210°C, 21 atm, and F.:CO feed
ratio of 2 is shown in Figure 9. The methane selectivities obtained at difierent conversion levels is
shown in Figure 10. As expected, the methane selectivity increases when the conversion Jevel

decreases, particularly below 40%.

After 350 hours on-stream, the original 4.5 NL/hr/gCo space velocity was restored and was
held until 638 hours on-stream. The CO + H. conversion Jecreased from 40% to about 18%. This
decrease indicates that deactivation has occurred during the test periods at various space velocities

(Figure 11).

After 638 hours, the temperature was increased from 210°C to 230°C. The CO + H;conver-
sion increased to 93%, then decreased to 86% by 684 hours. During this period, the methane
selectivity was 8.5%, which is about 2% higher than the methane selectivity obtained at the same

conversion level at 210°C (Figures 10 and 12). At 684 hours, the temperature was increased to
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250°C. The CO + H, conversion increased to about 96%, and the methane selectivity increased to
28%. These results show that beyond 230°C, methane selectivity increases rapidly with temperature.
At 710 hours, the space velocity was increased from 4.5 to 6.3 NL/hr/gCo. At this higher space
velocity, the CO + H; conversion decreased to 87% and the methane selectivity increased to 33%.
Finally, at 720 hours, the space velocity was increased to 12 NL/hr/gCo. This increase brought the

conversion down tc 72% and postbly caused some further increase in methane selectivity.

The usage ratio and the selectivities to CO,, ethane, C,-C, paraffins and olefins, and C-C,

alcohols and aldehydes are summarized in Figures 13-16.

Summary and Implica“igns for Future Work

An experimental cobalt catalyst 585R2723 was tested three times in the fixed-bed reactor. The
objective of the tests was to identify suitable testing conditions for screening catalyst, The e-alumina
was determined to be a sujtable diluent medium for controlling the catalyst bed temperature close
to the inlet temperature. With 13 g of caralyst and 155 g of diluent, the catalyst maximum
temlperature were within 2°C from the inlet temperatures. As a result of this work, 210°C and 21
atm were shown 1o result in Jow methane selectivity and were used as initial conditions in the
catalyst screening test. Ethane, which along with methane is undesirable, is typically produced with
low selectivity and follows the same trend as methane. Other work reported here indicated that
methane selectivity increases with increasing temperature but is not excessively high at 230°C.
Conseguently, the catalyst screening test should include an evaluation of the catalyst performance
at 230°C. During Run 67, the increase in temperature from 210°C to 230°C was initiated at 30

hours on-stream. In this new catalyst screening test, the space velocity is decreased at 60 hours on-
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stream to evaluate the performance at high conversion. This test method is going 1o be used in the

future for screening catalysts.

All experimental cobalt catalysts tested here include bimetallic component 1. Three different
supports (Nos. 8 to 10} were evaluated for impregnating cobalt. The highest activity and lowest
methane selectivity were obtained with support No. 10. A cobalt catalyst with two additional
promoters (Nos. 2 and 3) was prepared on support No. 8. These promoters lower the selectivity of
methane. The beneficial effect of these promoters will be verified in the future by preparing

promoted cobalt catalysts on the most promising support No. 10.

Cobalt catalyst TC 211 was one of the best catalysts developed during work done under Union
Carbide’s contract DE-AC22-84PC70028. Catalyst TC 211 contains the proprietary X9 and X11
promoters on a proprietary support. According to STEM examination, the crystallites are 5 to
10 nm and thin. The X11 promoter was incorporated in the support, but the X9 promoter was
dispersed on the support. After the merger of the Molecular Sieve Division of Union Carbide with
UOP, ail intellectual property for contract DE-AC22-84PC70028 was transferred 10 the new UOP.
Cat-alysr TC 211 was tested in this program 10 establish reference performance at 210°C, 230°C,

and 250°C in the fixed-bed reactor.

The most promising cobalt catalyst (585R2796) prepared so far in this program contains
bimetallic component 1 on support No. 10. According to STEM examination, this catalyst has 2 to
4 nm bimetallic crystallites. Catalyst SR5R2796 showed high conversion and low meihane selectivity
at 210°C, 21 atm, 4.4 NL/hr/gCo and a 2:1 H3:CO feed ratio. The catalyst appears unstable at
210°C and shows a substantial stability improvement following an increase in temperature to 230°C.

With decrease in space velocity to 2.1 NL/hr/gCo, a CO + H, conversion of about 86% was

14



obtained with about 15% selectivity to methane. At 230°C, 21 atm, 4.5 NL /hr/gCo, and 2:1 H,:.CO
feed ratio, the TC 211 catalyst showed 87% CO + H. conversion and 8.5% methane selectivity.

These results indicate that TC 211 catalyst is more active and shows lower methane selectivity.

The current catalyst development program is using reverse micelle impregnation as x tool for
preparing cobalt catalysts. This procedure allows good control of crystallite size and crystallite
cornposition for cobalt catalysts.? Crystallite size and crystallite composition, i.e., the concentrations
of promoters, are the two key catalytic properties that influence catalytic performance. Future work
will aim at developing superior cobalt catalysts by optimization of these two properties. Knowledge
gained during the development of TC 211 catalyst will also be applied to the development work to

be conducted in this work.

1. Improved Catalysts for Liquid Hydrocarbon Fuels from Syngas, Final Report Contract DE-
AC22-84PC70028, Union Carbide Corporation, Tarrytown Technical Center, Tarrytown, NY.
2. H. Abrevaya and W. M. Targos, The Development of a Selective Cobalt Catalyst, Contract

DE-AC22-89PC89869, Indirect Liquefaction Contractors’ Review Meeting, Sept. 1991,

15



e e——— = ———— e
2 T T T I O O w
90| & 691 oz 109 | cie |coo | v | 1t o1z | vsst | vsov [fOfv-e c9 | vas | tzezusss | ooL | 19
¥B-9L | 4 ') 4 4 \ 1Y/ g | e | s
9L49 dl g ||
2'82) W | ot
__ VS w || ¢ ¢
e o | st J
(ALY 1T |14
__ siv | Sl L ¢ | sc | st | swe
X/ *wNN
vl | & 1 oz | o9 | ere | LT | SE | 5t »w& svz | ov |oor-oelfOfive| 05§ | 051 v | ves | coszusss fvooL| 09 §
Se-it I\ 1 \ [} [ A |ovo LrE | 95T | 082
(A% 14 Lt s¢ | S€T | 02 ;
(A 76-4€ | S€ | wT | me J
) oet | vz
61 Ly toic |tosz
Y43 o
| n €1 { L9 | 1) iz 'R | 088 £7L7USBS | VOOL| 65
r —— O rLI
IH utw /235 wie | wie Y% 12, 'ul ysop | niEN Yo 3 (3|00 % saquiny | ueld | uny
/IN| kY o | ‘ul | EW ‘L xep | 'L mory
__ poad amssarg | aampesadwn ] wanpg wawieasl il sdeie)
——— —— - —— J“““E

UOjjEULIOJU] uny

1 348l



—\‘S.NH of 8 * W ’ * | * =
el | 8 | i | _ HERRE [
€0 81 W 0 69 | 60c | 229 ]| 61 01z | 091 !ogor |‘Ove 8 9L'F | vLLzUSSS |vooL| v
<y b t =
L2 1z __
_R-E Sl __
— BI-0{ €% 89 8l 09 | oge | 019 | 12 01z | 091 {os-0p |‘Oflv-m] 058 LE €1 | #'L | LSLTHSES | vooL
oy $ ¢ h Uz
oo | 9y 89 61 oz | szt | osor [*Of Ve £l BRLTUSHS
SIH unm /235 Do 104 {3 | ysow | oameny | 0, Bm | 0D %| saquny
M/IN| ey U _ ‘L Yep (4 mo
— paay 24055344 anjeadwa, Juanjig) juawiear] 'H shjereny
——~ — — HEFH' ~— e

UOjIRMEIOJU] UnY
(panupum) § ajqe,

17



sIm| 1z | = b 0FZ =T 1 1 -

ooc | p ﬂ _ 0ft

00 | vv 58 74 oz | ss1 | ogow |‘Ofve| 056 ¢ OF €1 | ws |osLzusss|vooL) L9
-L1 f ¢ } rA Y4

Lo | 8 18 {4 o1z | sst | osoy |[fO'tv-2 61 | out |ieczusss|vooL| 99
ovi-ozL| U [A33 $

wLoiL] €9 ul

01Lv89 » w 052

woseo| | \ 06T

__ﬁ._zﬁ sy | a \

’Wm._ﬁ Sl 6t

BLz-s91| 0% £5

co1-§11| €2 W

SH-061 I Loy

os9 | 8 622

90

uiw /38
2jey

wje
mo | i

e

amjeN

3w |00 %

1quIny

24ns5214

aunjesadwy

wania

ouneal] '

——

uojjeuLIJU] unYy
(panupuvd) | d4e]

run.\_n_ssu




TABLE 5

RESULT OF SYNGAS OPERATION

RUN NO. 12370-03
SATALYST CO/X9/X11-TC13) S0 CC 413 C AFTIR USZ:60.2 G (-10.9 &)

g s == .co OF 50:50 @ 400 GO/ GR 00 GRSV { CATS12324-27 )
RUN & SANTLI NO. 12870-03-02 3$70-03-00 $70-03~04 370-03-0% $T70-03-08
ereEEean SERILEEE SIS TR S

FITD EL2:CO:AR 5,80 0 30:50: O $0.30, 0 30:30: 0 50:30: ©
RS ON STREAM 31.50 45.3%0 49.3%0 93.50 110.5%
PRESSURL.PSIGC 3I00.00 300.00 298.60 NG00 293.00
. C 23%.00 239.0Q 339.00 239.00 23%.00
T CC/MIN 400.00 400 .00 400 .00 400.00 400.00
OURS IEDING 17.00 34.00 24.00 24.00 24.00
IFTLNT GAS LIT 180.685 306.93 304.43 310.00 324.74
SR AQUIOUS LATIR 44 .58 48.61 43.29 48.09 48.12
oM QIL &.08 35.04 39.09 37.68 42.58
MATERIAL BALANCE

GM ATON CARBON X 48.8 .20 94 .44 94.61 100.47

GN ATOX EYDROCIN X 73.30 9.82 92.36 91.49 $7.71

SR ATON OXYGIN X $7.28 2.5 91.52 922.04 $5.24
RATIC CRX/(H20+CO1)} 0.3754 1.5417 1.1129 1.0878 1.2010
PATIO X IN CEX 2.2701 2.1959 2.1888 2.1921 2.1831
USAST I2/C0 PRODT 3.25%7 1.8844 1.8497 1.8808 1.0082

D E2/C0 IR DITLNT 1.1248 0.9747 0.9767 0.9471 0.9725
1ZSIDUAL I2/C0 RATIO 0.3491 0.5612 0.3407 0.5%79 0.5733
RATIO CO2/(M20-552) C.C483 0.0644 v.0559% 0.0563 0.0310
K SEIFT IN OOTLNT o.0289 0.038? 0.0332 0.033) 0.0308
SPLICITIC ACTIVI®Y SA 1.7 J.0447 3.1783 3.053 3.1750
CRNVERS ION

OxX &0 2 20.7¢ 3l.712 32.27 3.1 32.41
ON K2 X 59.9% 40.49 31.22 6C.18 8C.15
aN Co-K2 X 41.5) 44.02 44.3) 45%.30 46.09
PROT SEEESTIVITY WY X
B4 2.48 4.00 1.54 3.72 3.28
=2 'S 1.09 0.80 C.6% 0.2 C.H
Qns 1.63 .77 .79 c.86 .79
CIBs> 3.30 1.7 -1.79 1.98 1.8
CAELO 2.09 0.39 0.% 0.%7 o.n8
CAESs 4.67 3.34 2.9 2.4% 2.9
cSE2 - 2.33 1.13 1.38 1.2 1.1
CSH10= 3.29 1.5 1.70 .18 1.42
C4Eil4 3.0 1.82 1.8 1.8 1.74
CSE12e & CYCLD'S 2.14 1.31 1.24 1.43 1.23
C7+ IN GAS 8.39 3.1 3.9% 4.17 3.7%
Lig xX's 38.80 80.11 7%.92 20. 82 80.95
TUIAL 100.00 100.00 100.00 100.00 100.00
SUS-CROTPING
Cl =4 21.27 10.40 10.18 10.78 9.7¢
CS =420 7 35.80 21.7%
420-700 ¢ 34.20 32.37

700-R0 IFI 8.84 35.49

19



TABLE 5 (CONTINUED)

cle-TND PT 18.73 85.680 89.62 89.22 90.24
130/ NCRRAL OLE RATIO
ct

6.1322 0.0000 Q.0Q0Q . 000 0.0000
cs 0.0443 Q.0843 0.025% .9CQo 0.0347
3 0.3478 ©.3428 ©.1%C0 L1822 9.2074

ces 0.0534 Q.0443 0.0204 .Q28% 0.915%
PARALT TH/OLEFIN RATIO .

[ 0.4766 0.4112 C.4178
ce 0.4314 Q.3478 0.3474

0.8%3) 0.7311 0.8384

. 4201 0.41%7
.3822 0.33%17
.4538 5.77170

e0a DOOO

cs
scAULZ-TLIRY DISTRAIN
ALIEA (DX (SLOPL)Y) Q.8429 0.9084
BAZIO s44/(1-A)""3 J.4388 4.7684

ALZEA TRM E=RAATION 0.8393 0.84C1
ALPEA (IXPTL/CIR}) 1.0041 1.0812

wzcHs M CERRZLATION 13.01m2 12.8051

w4 {ECPTL/CORR) 0.4512 c.3124

t:g EC CSLIECTION
PHYS. AFPIARANCT OIL WAX OIL WAX OIL WAX OIL WAX QIL WAX
SENSITY
N. RITRACTIVE INDIX

STMULS'D DISTILATM

10 W X @DEG T 343.00 381.00
1s 380.00 423.00
50 515.00 ¢84.00
o 899.00 945.0C
%0 783.00 1034.00
RANCE ( 18-84 X) 310.00 $23.00
wr Y@ 4207 17.00 15.30
wr L #0010 88.30 3.7



TABLE 5 (CONTINUED)

RESULT OF SYNGAS OPERATION

RN NO. 12570-03
CATALYST CO/X9/X11-TC123 80 CC 41.3 © AITIX USE:40.2 G (~18.% C)

o E2:C0 OF $0:30 @ 00 CT/01 OR 300 GEIV ( CAT®IZSI4-27 )
RUN & SAMPLT NO. 1257003407 570-03-08 $70-03-09 370-03-10 576-C3-131
L L ] e L - ]

ITD K2:C0:A% $0:50: 0 50:501 O $0:30: O 50:80: © $0:50: 0
ERS ON S*REANM 168.50  190.30  214.50 238.30  267.%0
PRESSURL, S IC 300.00  297.00 299.00 300.00 30408
DR, ¢ 238.00  260.00  259.00  25¢.00 259.00
I c=/MIN 400.00  400.00  4D0.00  400.00  400.00
BCTRS TFELDING 48.00 28.00 2¢.00 24.00 24.00
IYTLNT CAS LITER $28.56  266.85  292.93  265.10  235.99
GM AQUECUS LAYER $3.91 $1.70 54.72 3395 34.87
ox o1, 71.19 40.34 40.23 3s.88 38.44
MATERIAL BALANCE

GM ATOM CARBON X 94.37 95.17 $3.%3 92.54 .59

SN ATOM EYDROCIN §  91.9%0 80.14 92.09 92.53 94.36

SR ATOM COXYCEN % 92.09 1.8 91.20 91.37 96.73
MIID X/ (K20+C02) 1.0902 0.7859  1.0731  1.0397  1.0614
RATIO X IN CEX 2.1861  2.3788  2.2343  3.257¢  3.259%
USACT X2,/TC PRODT 1.8854  1.77S4  1.6970  1.7437  31.7209

D X2/S0 RN IITINT 0.9734 0.941¢ C.98044 0.9987 0.954]
RESIDUAL H2/00 RATIO 0O.37a% 0.4727 C.4704 0.4877 0.4700
RADID OD2/(E20+802) 0.0472 €.1802 0.1443 0.1314 0.13s9

K SZIFT IN IXTLNT 0.02358 0.103% 0. 0804 ©.0738 0.0747
SPICITIC ACTIVIZY SA 2.9684 1.4817 1.851¢ 1.7288 31.7044
CONVIRS ION
GN O X 30.44 35.94 41.64 40.49 in.m2
ON I X 58.9% 67.82 71.78 71.03 .37
ON CO~K2 % +4.30 31.40 34.% 53.83 54.00
PROT SLIEITIVITY.NT X
=1 3.51 10.59 .77 6.08 T.02
2 BEC's 0.%7 3.13 1.38 1.42 1.49
QEs 0.%0 2.32 1.58 .37 1.682
=) (T 2.0 3.1 . 2.1 2.21 2.29
CARDC 1.82 i.43 1.5 1.58% 1.5
CAHS= 2.7 4.02 3.38 3.33 3.50
CSEL2 i.28 3.18% 2.02 2.0 2.04
CSEi0e : 3.37 2.2¢ 1.38 1.33 2.2?
ceMl 4 2.17 5.27 3.1% 3.27 3.55
CSHlle § CYTIO'S 1.34 3.08 1.%0 2.00 2.20
Cle I QAS 4.30 4.56 5.20 3.5 5.55
g m's 76.74 52.90 a9.27 84.42 446.90
TOTAL 100.00 100.00 100.00 100.00 ids.c0
13 -CRO0T N0
Cl =G4 10.80 26.88 16.84 156.98 17.49
CS 4207 2¢.25% 4.08 331.5%
420-700 1 26.24 38.88 29.37
700-00 PT 38.60 32.18 21.20
21



TABLE 5 (CONTINUED)

cs--p0 FT 49.30 75.14 83.18 3.0 e2.51
130/ NORMAL WOLE RATIO

ca 0.0000 0.0198 0.01%2 0.0158 0.0C00

c3 ©.0000 0.0471 0. 0464 0.04488 0.0000

= 0.2973 0.37C8 0.3237 0.2901 0.2338

C4gm 0.0280 6.071% 0.0504 9.0499 c.0483
PARATT IN/CLITIN RATIO

=1 0.433% 0.7%%0 0.6910 0.8798 0.8726

c4 " 0.33469 0.3841 0.4542 0. 4460 0.4348

3 Q.3704 1.352¢ 1.2441 1.2920 0.8749
sCEULZ-TLCRY DISTRATN

ALPEA (ICP{SLOPE)) 0.08940 0.8430 0.2604
AATIO CHA/(l-A)*"2 3.1202 $.8.37 3.9312
ALPHA FRAM SORRILATION 0.83%0 ©.8471 0.8470
ALPEA (DXQPTL/CTRR) 1.0633 1.0209 1.0156
WwycH4 TRM CORMLLATICN 12.9241 15.1863 15.0740
wycHs (EXFIL/CIRR) 9.2714 0.697% 0.449%90C

LIg HC COLIXCTICN
PEYS . APPLARANCE OIL MAX OIL WAX CIL WAX OIL WAX OIL WAX
DENSITY
N. RLIRASTIVE INOIX
52 T'D DITTILAIN
Ww2xelic?y 281.00 333.00 308.00

8 421.00 373.00 J48.00
S0 703.00 573.4¢ 568.0Q
o) 16015.00 882.00 852.00
%0 1093.00 970.Q0 940.0C
RANCT (16=-84 X) $94.00 50%.00 504.00
T X § 4207 9.5 26.00 27.00
wIyLevor 49.70 64.350 $9.49



TABLE 5 (CONT, INUED)
RESULT oF SYNGAS OPERATION

2TN NO. 12570-03
CATALYST CO/XY/X11-TC123 80 o 41.2 0 Armm CEE:60.3 C (-18.9 &)

| 4 = -.) L:0 or 30,30 9 ¢00 e Ok 300 GESV ¢ CATS12324-27 )
20N & SAMDLE NO. 13570-03~-12 $70-03-13 $70-03-1¢ $70.03-13 570-03-1¢
R h

TIXID X2:C0:AR 50%50: 0 %50.30: O 30:30: 0 80.40: 0o 80:40;: o
EXS ON STREAM 287 %0 310,30 334.5%0 358.3%0 3a3.30
PRESSTRY . PS 1 298.00 298.00 299.50 500.00 500.00
me. ¢ 259.00 259.00 239.00 259.0¢ 280.00
D oT/MIN 400,00 400,00 400.00 400,00 400.00
BOURS FEIDING 25.00 47.08 24.00 23.00 25.00
LITLNT GAS LITER 278.7% 535.%4 271.90 143.83 155.70
CM AQUTOUS LAY LT 1 111.28 54.72 &7.98 83.9y
o o1y 42.%9 78.40 as.ae 50.23 57.13
MATIRIAL RALANCY

M ATOM CaRBAN ¥ .70 7.54 - 75.84 100,18 22.87

X ATOR EYDROCIN % 23.48 .97 92.87 90.94 20.48

SN ATON QXYTIN XY 2.9 .89 93.32 2.9 20.48
RATIO CEX/(M20+C02) 1.086% 1.0888 1.1137 1.23¢9 1.039e
RATIO X IN omx 3.2493 2.247% 2.2%43% 2.3688 2.3184
USAST I2/T0 RO 1.788 1.747 1.72a9 1.4292 1.%7829

ITDD K2/TO FaN LITLNT C.9788 0.9434 0.955% 1.3822 <. 4046
RISIDUAL EZ/C0 RATIO 0.4572 0.4487 0.4458 C.7420 Q.731e
RATIO CO2/(H20e002) 0.1214 0.1170 9.1211 0.187% 0.1259

K SHIYT IN PYTLNT C.0832 . o0.psw 0.0814 0.1713 0.10%54
STICIFIC ACTIVITY S 1.8%47 1.%080 1.9100 1.423% 1.3428
CONVERS 10N
-1 4 40.52 37.78 3.1 69.90 49.71
ON X2 X 72.17 72.14 7l.91 4).80 807
ON Co-E2 x 54.18 $5.88 35.47 77.80 78.72
MOT SZXTTIVITY, WD 4
(=1 é.40 .41 6.7 1l.89 9.5
R = 1.29 1.33 1.3¢0 i.m1 1.6
Qs l.42 1.50 1.5) 2.74 2.18
QRea 1.1 2.26 2.27 1.22 1.15
CaE20 1.% 1.54 1.56 2.38 1.86
CARM .28 .46 3.4 2.41 2.14
CSHL2 2.09 Z.14 2.11 2.9%4 2.31
o= 1.84 2.42 2.33 0.84 .78
=) #13 .28 3.58 J.43 3.9 3.29
CS= & CTYIG'S 2.1¢ 2.22 2.04 1.2% 1.1s
C?= 1In 5.2 3.61 5.3y 4.34 4.07
Lo m's 89.25 87.54 a7.87 43.9, 49.97
TOTAL i00.00 100.00 100.00 100.00 100.80
UB-CRoUYING
€l -C4 15.19 15.49 is.8) 22.%2 18.43
G5 -g20 ) Jo.a3 32.2¢
420-700 . 22.43 28.41
700-D0 rT 24.22 20.92



cs--DO T
!SO/‘!ﬂM WoLD RATIO
c4
<3
cé

cém
!AIAITINIOLITIN BATIO

€3

(=

c3
SCEULZ-ILGlI DISTRECN
LI:?(SLQ?I))
RATIO Cl‘/(l-h)"z

ALFEA TRM CORALZATICN
ALTEA (t!?f&/ccll)

wxcns TR CORRELATION
wxcRe (SXPTL/COMA)
13q Ec COLLICTION
FEYS. APPTARANCK
oDNSITY
N, RETRACIIVE NOLX
sIwULY'D DISTILAIN
jowrgeoc?
1t
80
[ )
L .-}

FANGE (16-84 %)

wrx @407
w900t

TABLE 5 (CONTINUED)

83.81 83.51 83.17
0.0168 0.0140 6.0151
0.0404 0.0454 0.0asé
0.2936 0.3681 0.3744
0.0482 0.0470 C.0483
o.6437 0.4344 0.8432
0.4ld?7 0.4293 0.4411
1.2204 0.84820 0.878C

oIl WAX GIL WAR 01% WAL
24

T7.48

0.0262
g.0ebé
0.2972
0.C848

2.1473
0.9478
3.3076

3.0478
6.8032

0.82354
1.0514

21.7723
0.5480

OIL WAK

303.00
$9¢.00
91%.00

100‘.00
§73.00

27.00
$2.10

e1.57

0.0234
0.0617
0.3108
0.0765

1.7838
q.8397
2.0613

o.8861
s ._2997

G.826
1.048

21.7923
U.4380

OlL WAX

3g1.00
344.C0
544.00
274.00
978.00

130.00

29.50
70.10




TABLE 5 (CONT INUED)
RESULT OF SYNGAS OPERATION

RUN NO. 12570-M
CATALYS? CO/X9/X11-7C123 80 CE 41.3 C AFTIR USZ:60.2 C (+18.% C)
[ 9= K:S0 aF 30:50 @ 400 C=/N O 390 GV { CAI®123524-27 )

RUN & SAMRDLE NO. 12370~03-17 $70+03-18 370-03-19 370-03-20
L By - e I )
D R:Co:Ax $0:140: O #0:40: O 80:40: 0 #0:40: 0
IS ON STRELAM 407.5%0 429.00 434.00 478.50
PRESSURY.PSIC $00.00 $00.00 300.00 500.00
. C 260.00 2860.00 260.00 2869.00
I SS/NIN 400 .00 400 .00 400.00 400._00
HCURS FELOING 44.00 21.%0 26.00 42.30
LITILNT GAS LITER 151.%0 1)9.50 172.20 151.90
M AQUECUS LAYTR 81.48 70.%7 87.81 74.78
M oIL 54.58 54.47 57.44 51.06
MATERIAL BALANCE
G ATOM CARBON X 92.82 25.49 $2.23 94.38
M ATOM XYDROGEN -4 91.42 .19 90.68 92.36
M ATON QXYTIN X 9°0. 9 99.14 90.86 21.80
MII0 CEX/(E20+C02) - 1.0328 1.17%8 - 1.02e4 1.0473
RMZIO X IN OXx 2.3200 2.2928 2.3128 2.3088
USACE K2/C0 PRODT 1.7970 1.7449 1.841) 1.855%%

YOID E2/C0 FRM DFYINT 1.4774 i.4343 1.4736 1.4880
ALSIDOAL H2,T0 RATIO O.7444 C.73e4 0.7306 0.7292
RAZIO CD1/({M20+£02) 0.1240 0.107% 0.0%8 0.0928

K SEIFT IN ITTLN: 0.1054 0.0888 c.o7a) 0.074)
SPECIFIC ACTIVITY SA  1.3289 1.3074 1.1817 1.139
CONVIRS ION '
N C0 % 49.63 69.24 65.71 §5.38
ON K2 X 84.70 4.2 83.00 2.9
ON -2 X .82 .78.10 v6.01 75.88
PAOT SELETTIVITY.WI X
=~ 1] 10.12 8.47 .44 $.20
c2 EC's 1.n 1.48 1.56 1.80
SR 2.3 1.89 2.08 2.0}
S Béa 1.17 1.98 1.28 1.28
cams 1.9 1.43 1.82 1.77
C433» 2.20 2.00 2.1¢ 2.2%
CSEl2 2.30 2.08 2.24 .18 -
CSH1Om 0.7% 1.28 1.38 1.86
CSHl4 3.1 2.85 2.9% 2.56
CAsLl= & CTCZO'S 1.10 1.09 1.18% 1.10
C7= 1IN GAS 3.7 3.61 3.52 3.94
Lig m's .44 71.87 70.39 70.48
TOTAL 100.00 100.00 1090.00 itc.00
3UB-CASTP ING
Cl -Ca ir.48 17.47 18.33 1s.09
C3 «420 ¥ 29.49 29.41
420-700 T 27.23 24.78
700-DO rT 35.80 23.712



TABLE 5 (CONTINUED)

cse-DD I2 80.5¢ 02.93 81.67 81.91
SO /MCYMAL NOLE BATIO

r80 o.0281  0.0248  0.03%7 0.0243

cs O-%e2s  g.cece  0.0568 O 0%89

cs o 2387  0.22%¢ 0.23M 0.080

cam 0.0787 0.0748 o.0208 9.0750
SARAFT IN/CLETIN RAZIO

c3 1.8763 c.%c70 1.5299 1.5348%
ce 0. 8507 0.795%% 0.8137 o.7811

cs 2.%832 1.5452 1.5788 1.379¢
sCEULZ-FLCRY DISTRELN

ALPEA (EXF(SLOPE)) 0.87%7 0.8772
ATIO a4/ {i-A)"*3 5.4788 4.100a
ALPEA TN CSARITATION 0.82%8 c.8261
ALPEA (EXPTL/CSRR) 1.0804 1.0818
wycH4 TRM CORRILATICN 21.8482 21.7368
wycHe {DPTL/CSRR) 0.3878 0.4233

rens. CLILAIANCE  CIL WAX OIL WAX  OIL WAX OIL WAX
N, RETRASTIVE INDEX
siMuTe'D DISTILAIN

10 WS L ODECT 304.00 304.00
pY 148.00 349.00
50 $92.00 $45.00
" 917.00 904 .00
20c 1016.00 997.00
BANGE (16-84 X) 349.0C $50.00
wr g @40?r 26.00 23.50
wcx@e70rN 44.00 ¢3.50



FIGURE 1: BIMETALLIC Co CATALYST 585R2796
PLT 700A RUN 67 H,:CO (MOLAR) = 2.0

FEED, NLH/gCo i 439 —— < . _oqp-
TARGET TEMP, C = 20— - — = e — . 930 _ h,,
PRESSURE. Am T Y ¥ S N
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__PRESSURE. Mtm < 21—

FIGURE 2: BIMETALLIC Co CATALYST 585R2796
PLT 700A RUN 67 H,:CO (MOLAR = 2.0)

FEED, NL/H/gCo __439——>< 2.2 —
TARGET TOMP, C te—-210—><—" 230 —
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FIGURE 3: BIMETALLIC Co CATALYST 585R2796
PLT 700A RUN 67 H,:CO (MOLAR = 2.0)

FEED, NL/H/gCo o S — 7 S 212
TARGET TEMP, C - 210 —>c 230
PRESSURE, Atm 21 ~>-f
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FIGURE 4: BIMETALLIC Co CATALYST 585R2796
PLT 700A RUN 67 H,:CO (MOLAR = 2.0)

FEED, NL/H/GCo ’.s_-———-——4.39__—-——->-<-— —2.12 >
TARGET TEMP, € f&—-210—>< 230 — —%
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FIGURE 5: BIMETALLIC Co CATALYST 585R2796
PLT 700A RUN 67 H,:CO (MOLAR = 2.0)

FEEDL.NLHACo e 4 5q o 212 — s
TARGET TEMP, € 'l _ 210 —oe— -—— 230 >
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FIGURE 6: BIMETALLIC Co CATALYST 585R2796
PLT 700A RUN 67 H,:CO (MOLAR = 2.0)

FEED, NL/H/gCo e —a39 D 212 ‘;
JARGET TEMP, C t&—-210—>< 230 —
PRESSURE, Atm € 21— —3
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FIGURE 7: REFERENCE CATALYST TC 211
PLT 700A RUN 65 H,:CO (FEED = 2.0)

FEED, NL/H/gCo fe— 4.5 — |85 i5] 93 < 2.0 — s |5
TARGET TEMP, C 210
PRESSURE, Atm = 21
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FIGURE 8: BIMETALLIC Co CATALYST TC 211
PLT 700A RUN 65 H;:CO (FEED = 2.0)

£z
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Figure 9: RELATION BETWEEN CO+H2
CONVERSION AND SPACE VELOCITY
WITH REFERENCE Co CATALYST TC 211
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Figure 10: METHANE SELECTIVITY
AT DIFFERENT CONVERSIONS
WITH REFERENCE Co CATALYST TC 211
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FIGURE 11: REFERENCE Co CATALYST TC 211
PLT 700A RUN 65 H,:CO (FEED) = 2.0
&3

FEED, NL/H/gCo 4§ [1123) 20 | 48 e — Xy —>4 12,
TARGETTEMP, C -~ — & (. . —> 230 250 |
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FIGURE 13: REFERENCE Co CATALYST TC 211
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FEED, NL/H/gCo

FIGURE 14: REFERENCE Co CATALYST TC 211
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FIGURE 15: REFERENCE
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FIGURE 16: REFERENCE Co CATALYST TC 211
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