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INTRODUCTION

The objective of this three year contract (September 27, 1989 — September 26, 1992) is to
develop catalysts with enhanced slurry phase activity and higher selectivity to fuel range products,
through a better understanding and systematic studies of the effects of pretreatment procedures and
promoters/binders (silica) on catalyst performance. Synthesized catalysts will be tested in
automated fixed bed (screening tests, 5-7 days) and stirred tank slurry reactors (up to 30 days on
stream). The most promising compositions will be characterized by physical, chemical and
instrumental techniques with the objective to establish correlation between the physical/chemical
properties of the catalyst and the corresponding catalytic behaviors for the Fischer-Tropsch
synthesis. The two main research tasks for this contract are Pretreatment Effect Research and
Development of Improved Iron/Silica Catalysts. A detailed description of progress in each of these

areas is given below.

PRETREATMENT EFFECT RESEARCH

Prior studies in our laboratory (Bukur et al., 1987, 1988, 1989a) with a precipitated iron
catalyst have shown that pretreatment conditions (nature of reductant, activation temperature,
duration and pressure) have signiﬁcant effect on catalyst activity, stability and selectivity during
Fischer-Tropsch synthesis (FT'S). The objectives of the present study are to develop a better
understanding of the role of pretreatment conditions on the catalyst performance, and establish
optimal pretreatment conditions for two types of iron based catalysts (unsupported and silica
supported). We plan to investigate 2-3 catalysts, and use (4-6) combinations of pretreatment
conditions for each of the catalysts (see Table 1). Results from studies with the state-of-the-art
Ruhrchemie catalyst (100 Fe/5 Cu/4.2 K/25 §8i0,, in parts per weight) were reported at the last
years' Review Meeting (Bukur et al. 1990d). During the past year we have completed three fixed
bed tests, and one slurry reactor test with an unsupported iron catalyst with nominal composition

100Fe/0.3Cu/0.8K. The pretreatment conditions employed are listed in Table 2.
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. After the premreatment, the catalyst was tested in a {ixad bed reactor at 200 psig (148 MPa),
250°C, 2N }fg-cav/h) with the syngas with H,:CO molar ratio of 2:3. Test duration was between
130 and 200 b. Derailed description of cur experimcntal AppaTaus, product apalysis system and
operating proceduorces can be found elsewhere (Bukur et al,, 198%a; 1990 &, b, ¢ Zimmerman and
Bukarr, 1590).

The effect of pretreatment conditions on the catalyst activity and stability is shown in Figure
1 (Fixed bed reactor tests). (Hy + CO) conversion in all four t2sts was berween 30 and 90%. The
conversion increased slightly with time on siream in sest FB-3480 (H, reduction at 250°C for 2h),
whereas it decreased slightly in test FA-2T80 (H, reduction at 22(°C for 1h) and more rapidly in
the test FB-0021 where CO activation was employed. These trends are in qualitative agreement
with our results obtained in tests with unsupported 100 Fe/3 Cu.2 K catalyst and the Ruhrchemie
catalyst (Bular et al., 1988; 1989, 1990d). H, reducton at 2320°C for 1 h resolted in low
(H,+C0) canversion, probably due to incomplete reduction of iron, whereas the (H,+CO)
conversion was moch higher following reduction at 250°C for 2 h. These results suggest that
catalyst activity increases with degrec of iron reduction. Catalyst characterization studies, which
are in progress, will provide addiconal infarmation leading to better understanding of prereatment
effects on the catalyst activity and stabality.

1'he effect of pretrearment conditions on the water-gas-shift (WGS) activity, measured by
H,fCO usage ratio, is shown in Figure 2. The WGS activity appears to be a function of (H,+CO)
conversion, i.e. the usupe rafo decreases with increase in cunvtrsiqn.

The cffect of prerreament conditions on hydrocarbon product distribution is illustrated in
Table 3. The catalyst activated with CO tad the lowest methane and the highest C,," selectivity,
whereas H, reduction at 250°C resulted in the highest methane and the lowest C,,* selectivity.
Methane and C, - €, selectivites oblained using H, reduction at 220%C, were closer 1o values
obtained using OO activation thas to those obiained in the test where H, reduction at 230°C was

employed.
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This catalyst was tested also in a stirred ank slurry reacior {STSR) after reduction with H,
at 250°C for 2 b, The cawalyst was stable during 250 h of testing at 260°C, 200 psig, 1.2 Nifg-cavh
and H;/CO = 0.67 as shown in Fig. 3. Hydrocarbon product dismibution shifted gradually
towards lower molecular weight products with time on stream. Selectivities of methane and
gaseous hydrocarbons {C; - C,) varied between 5.5 — 6.8 and 19 — 24%, respectively. The
average value of hydrocarbon product distribution is shuwn in Table 3 for comparison with results
obtained in fixcd bed reactor {FBR) test FB-3480. Selectivites of methane and gAseous
hydracarbons were markedly lower in the STSR than in the FER, cven though the reaction
wmperature was 10%C higher in the STSR.

Future activities in this arez will include the following:

1. Contnue preceatment effect studies with the 100FeAL3C0ALRK catalyst in Mixed bed and
slurry reactors.

2. Initinte pretrcatment effect studies with a silica containing precipitated mon catalyst
(100Fe/xCufyK/2510,).

3. Characterize catalysts after different premreatment procedures and afier FTS by BET

{surface area and pore size distribution), XRD, TEM and Mossbauer spectroscony.

IRODN/SILICA CATALYSTS

The performance of silica containing iron Fischer-Trapsch catalysts of composition 100
I'ef3 Cufd.2 Kfx 510, (x=0, 8, 24, and 100) was evaluated in our laboratory (Bukur et al., 1989b:
1990b). T was found that these catalysts are suitable for production of ransporiation fuels, by
mininizing methane and gaseous hydrocarbon selectivites. The objective of the current contract is
1 delermine optimal concentrations of promoters (Cu(l, K, and binders (SiC.,) needed to
achieve the specificd catalyst performance {Figure 4),

Since March 1, 1990 we have performed seven screening tests in fixed bed reactors, and

six tests in stired wnk slurry reactors. Results from two of the slurty reactor tests were presented
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at the previows DOE Conmacte's Review Meetng (Bubur er al., 1990d) whereas results from the
remuiring four I'ESL‘.? are discussed in this paper.

Varistions in (H,+CO) conversion with tiene on stream (TOS) for differcnt catalvsts 12sted
are shown in Figure 5. Process conditions in all tests were: 2060°C, 200 psig, H /OO0 = 0.60 ~
0.70, whereas pas space velocity varied berecen 2.2 and 3.2 N#g-Fe/h {sec Fig. 5 for dewsils). In
twi of the tests (eatndyss A and B) process conditions were varied during the test, however resulis
from these periods ame not shown in Fig. 5. [0 three of the four wests the gas space velocity was
nearly constant, whereas in the lest of catalyst O the gas spacs velocity was decreased twice 1o
ahtain higher conversion. Catalyst [D had the highest deacdvarion rate (~2.3% pt;r davy], whereas
deactivation rates in tests of otker calalysts varicd berween 1.1 and 1.7% per dav (Taklc 4},
Catalyst deactvation rate was estimated using the foilowing expression

DR =1 —k(/k(e)] = 1004 {1
where; DR — deactivation rate in (ffday); kit and k{t,) ~ reaction rate constants at time tand 1,
respectively; t — durntion of test in days; 1, — time at wiich the firt mass balunce wis conducted
(usually, after abour 40 h on sirearn). Reaction rare constants were calenlated from experimenial
data by assuening that the reaclion rale bas a first-order dependence on hydrogen pressure,

The above procedure provides » conservative estimate, singe the deactivaton rate 15 based
on the initdal catalyst activity. In some cases the cualyst activity goes through a maximum
{inducton pericd) before it starts decreasing or [eveling off. Test of catalyst B represents an
exarrmple 6f the latter type of behaviar a3 shown in Figure 5. bnitially the (H,+C0) conversion was
bepween B1 and 82%, and then began o decrease gradually, dropping to 76% at 150 b on soream.
Between 160 and 240 h the calalyst was wested ai 203°C {results are rot shown in Fig, 5) and it
continued to deacdvate. Upon returning o the baseline conditons {2607Ch the activity became
stable a3 evidenord by nearly constant values of (H,+CO) conversion (66 — 65% ) betwecn 240 and

320 b an stream, Cetalvst deactvadion rate during this tirne period (240 — 530 h) was virually nil;




whereas the average deactivation rate for the entire test (0 — 530 h), calculated from Eq. (1), was
1.2% per day (Table 5).

Activities of all four catalysts were somewhat lower than the specified target values shown
in Fig. 4. For example, the (H,+CO) conversion values were between 52 and 88% and catalyst
productivities varied between 1.5 and 2.5 Nm3 (H,+CO) converted/h-kg-Fe, whereas the
corresponding target values are 88% and 2.6, respectively. The WGS activity of all four catalysts
was high and (H,/CO) usage ratios (0.54 — 0.62) in all tests were lower than the corresponding
feed ratios (Table 4).

Selectivities of methane and (C,+C,) hydrocarbons obtained in tests with these four FTS
catalysts are shown in Figure 6. In tests with catalysts A, C, and D selectivities of methane and
(C,+C,) hydrocarbons increased gradually with TOS, whereas in the test with catalyst B these two
selectivities passed through a maximum. The highest methane and (C,+C,) selectivities were
obtained with catalyst D, which also had the highest deactivation rate. In tests with catalysts A, B,
and C methane and (C,+C,) selectivities were low. (C,+C,) selectivities of catalysts A and B
were within the specified target (less than 7%) throughout the entire test. The performance of
catalyst C was within the target during the first 420 h of testing, and slightly above the target
during the last 100 h on stream. Selectivities of other hydrocarbons (lumped into groups by
carbon numbers) are given in Table 4. For each catalyst a range of values obtained is shown in
this table.

Also, results from Mobil's run CT-256-13 with a precipitated iron catalyst (100Fe/xCu/yK)
in a bubble column slurry reactor (BCSR) are listed in Table 4 for comparison with our data. This
particular run has been used as a benchmark for comparison of catalysts designed to minimize
methane selectivity while producing large quantities of wax (wax mode of production). Data
shown in Table 4 are from mass balance 18 at 23.8 days on stream (Kuo, 1985). Process
conditions employed in Mobil's study and the present one are very similar. It can be seen that

performance (activity and selectivity) of our catalysts A, B and C, is similar to that of Mobil's
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catplyst. However, catalysts synthesized g1 TAML are more active than the Mohil's cainlyst, since
our data are ob:nined in the STSR seactor, which approaches perfectly mixed reactor behavior,
whercas Mobil's dana are froun the BUSR (which approaches plug flow reacior behavior),

In symimaty, two of iron FT'S catalysts synthexized in our laboratory (catalysts B and ©)
heve mer specified performance targers for hydrocarbon selectivity and catalvst stability, whereas
cutalysl's A performance was within the selectivity target but iis deactivation rate was higher than
1% per day. WNone of the catalysts tested have met the activity tarpels (ie. ¥E8% syrgas
conversion, and productivity greater than 2.6 Nm*fkg-Fefh). It should be noted thal performance
eriteria in Figure 4 pre based on data obtzined in bubble column shery reactars (plug flow type of
reacter). It is considerably move difficul 1 achicve these 1argets (particularfy the actvily target) in
& stirted wank slurry reactor {perfecty mixed fiow type of teacter),

Famire aetivities related o this tsk will include the foilowing:

I Testine of new catalysts 1o fixed bed and sUmed kank slurmy reacrars,
2. Charactenization of selectad catalysis after pretrearment, during and aller FTS reaction by

XRD, TEM and MUssbauer spectroscopy.
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Table 1. Catalyst Pretreatment Research Plan

(a) Catalysts (2-3):

{1) 100 Fefx Cu/y K/z 810, iron/silica catalyst
(2) 100 Fe/0.3 Cu/0.5-10K unsupported catalyst
(3) Ruhrchemie catalyst commercial state-nf-the-art catalyst

(b)  Activation parameters (4-6 per catalyst)
- Reductant type (H,, CO, syngas)
. Activation temperature (220-310°C})
- Duration {1-24 h}

. Flow rate
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Table 2. Pretreatment Conditions and Test Designations

TEST (ID) TEMP. (°C) REDUCTION DURATION PRESSURE

(h) (MPa)
FB-0021 280 COo 8 0.1
FB-2800 220 H, 1 0.1
FB-3480 250 H, 2 0.1
SA-0791 250 H, 2 0.8

FB = Fixed Bed Reactor Tests
SA = Slurry Reactor Tests

CATALYST: 100Fe/0.3Cu/0.8K
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Figure 4. TARGET PERFORMANCE

ACTIVITY
(H,+CO) conversion, % > 88
Nm3(H_+CO) reacted/(kg-Fe-h) > 26

HYDROCARBON SELECTIVITY

(C,+C,), wt% <7.0

DEACTIVATION RATE: < 1% per day during 30 days of
continuous testing

PROCESS CONDITIONS

(H,/CO) feed ratio = 0.6-1.0 Pressure (bar) = 1-20

Temperature (°C) = 230-300 Space velocity = 2-4
(Nm3/kg-Fe-h)
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