IV-2 Testing of lron/Silica Catalysts Synthesized at TAMU

Eight catalysts containing potassium and copper as promoters and silicon oxide
as a binder were evaluated in a stirred tank slurry reactor (STSR). In all tests a
calcined catalyst was crushed and sieved to either 270/325 mesh size (44 - 53 pm) or
less than 270 mesh size, prior to loading to a reactor. A pre-purified normal
octacosane was used as the liquid {slurry) medium (about 400 cm3 of static volume) in
all tests. The initial amount of catalyst used in different tests was between 7 and 31 g,
resulting in siurry concentrations cf 2.5 to 11 wit% (typically, 3-5.5%). Test designations
and physico-chemical properties of catalysts are summarized in Tabie IV-2.1.

In general, the elemental chemical composition of all catalysts, determined by
atomic avsorption, is in good agreement with the intended (nominal) catalyst
composition. The potassium content of catalysts used in runs S8-0261, $8-0921, SB-
1421 and SB-2141 was higher than the nominal one. The agreement between results
of analysis performed at TAMU, and other laboratories (UOP, PETC and Sandia
National Laboratory) is satisfactory. Our analysis tends to overestimate the potassium
content of a catalyst.

The surface areas of all calcined catalysts were about the same (220 - 260
m2/g), regardless of their silica contents. Also, the pore volumes of seven of the eight
catalysts were between 0.6 and 0.7 cm®/g. The catalyst with nominal composition 100
Fe/ 5 Cu/ 4.2 K/ 8 Si0z {Run SB-1910) had markedly lower pore volume (0.38 cm3)
than the other catalysts. One of the two catalysts with the same nominal composition,
l.e. 100 Fe/ 5 Cu/ 4.2 K/ 16 Si0Op, was prepared in 1988 (Run SB-2270), and the other
one in 1990 (Run SB-2832) by different researchers. Similarity in chemical
composition and physical properties of these two catalysts is indicative of good

reproducibility of the catalyst preparation procedure.
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On the basis of results obiained in the two most successful studies of FT
synthesis in bubble column slurry reactors (Kolbal and Ralek, 1980; Kuo, 1985), the
PETC had established guidelines for desired activity, selectivity and stability of the iron
Ft catalysts. These guidelines (target performance) were given in the DOE's Request
for Proposal (No. DE-PR22-90PC90021) entitled "Technclogy Development for Iron
Fischer-Tropsch Catalysts”, and are reproduced in Table |V-2.2.

Results from individual tests (grouped according to ibair silicon oxide content)
are described first followed by summary of resulis, including comparisons of the

catalysts performance with the target performance and with other iron FT catalysts.

IV-2.1  Run SA-1371 with 100 Fe/S Cu/3 K/8 SiO2 Catalyst

The catalyst was tested at 260°C, 1.48 MPa (200 psig), 1.7 NV/g-cat/h and H2/CO
= 0.67 during the first 50 h. After withdrawal of a slurry sampie the gas spaze velocity
was increased to 1.87 Nl/g-catth. There were no major operational problem
encountered during the test. The run was terminated after 360 h on stream. Results
irom five mass balances made during the test are summarized in Table V-2.3,
whereas major events are listed in Table [V-2.4.
Qatalyst Activity and Stabili

The catalyst deactivated continuously with time cn siream. The (H2+CO)
conversion decreased from 82% initialiy to 52% at 360 h, while the VC decreased from
54% to 32% during the same time period (Figure IV-2.1). WGS acuivity of the catalyst
was high, and the usage ratio varied between 0.54 — 0.58.
Wax an lyst Withdrawals/Inventori

Wax was withdrawn through a porous sintered metal filter with nominal pore
size of 0.5 pm. The filter was placed horizontally at a height corresponding to the

static slurry volume of 400 cc. Initial pressure drop across the filter was 15 psi but it
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Table IV-2.2 Catalyst Target Performance

ACTIVITY -
(Ho+CQ) conversion, % 88
CO conversion, % g0
Nm3(H,+CO) reacted/(kg-Fe-h) 2.6
STY (kg C4*/m* reactor/day) 900

HYDRGCARBCN SELECTIVITY

- (@ HC/Nm3{H»+CO) reacted) >178
(g C4*/Nm3(Hy+CO) reacted) >166
(C1+Co), Wit 6.7-8.0

PROCESS CONDITIONS

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

Temperature (°C) = 230-300
Space velocity = 2-4 (NmSIkg-Fe-h)

DEACTIVATION RATE: < 1% per day during 30 days of continuous testing.
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Table V-2.4 Major Events in Run SA-1371.

TOS(h)

e—————

Event

50
359
360

Slurry loading: 300 g n-octacosane, 11.0 g (particle size < 270 mesh) camalyst
Catalyst pretrearment: Hj at 240°C

Slurry sample withdrawal: 19.3 g wax; 0.7 g caralyst

Wax withdrawal through filter: 13.6 g

Initate synthesis gas flow

Achieved process conditions: 260°C, 1.48 MPa, i.7 Nl/g-cat/n, Ho/CO = 0.67
Slurry sample withdrawal: 18.4 g wax, 0.6 g catalyst

Two slurry sample withdrawais: 415 g wax, 1.5 g cazlysts

End of run: 237 g wax, 7.3 g catalysi recovered from reactor

Wax/catalyst removed during the run: 250 g wax, 2.1 g catalyst

Camalys: recovery: 92%; Wax recovery: 90%
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reached equilibrium very quickly. Filtration had to be repeated many times in order to
withdraw excess wax. No significant amount of catalyst was removed with the
withdrawn wax (based on color of the wax). The wax production rate decreased from
1.1 1o 0.5 g/h as catalyst deactivated with time on stream.

At the end of the test, 7.3 g of catalyst was recovered from the reactor
(determined by burring slurry sampies in a crucible). Another estimated 2.8 g was
removed from the reactor during the test with three slurry samples for catalyst
characterization {Table IV-2.4). The catalyst recovery was about 92% based on the
amount of cataiyst charged into the reactor, whereas the wax recovery was about 90%.
Cagal har rizati RD and/or ME

After the reduction with hydrogen at 240°C for 2 h and prior to FT synthesis,
magnetite was the only phase detected by XRD analysis. After 50 h of synthesis, there
has been no change in the catalyst composition. A sample withdrawn at 359 h from
the reactor in an inert atmosphere, and the one at the end of the run, after exposure to
the air prior to catalyst/wax separation had similar XRD patterns, and in addition to
magnetite the peaks characteristic 10 iron carbides were observed. Thus the catalyst
was only partially carburized after 360 hours of F7 synthesis.

Hydr nan n_Number Pr Distributi

Hydrccarbon product distribution shifted gradually toward lower molecular
weight products with time on stream. For example, methane selectivity increased from
4.6% in balance 1 (TOS = 42 h) to 6.4% in balance 5 (TOS = 305 h), {C2—C4) varied
between 18 - 21, (C5—~C11)} increased form 22 to 36, while C12+ decreased from 45 to
37 wt %, respectively (Table 1V-2.3).

A typical ASF piot for products coliected in mass balance 3 (TOS = 158 h) is
shown in Figure IV-2.2. The existence of double alpha phenomenon is evident from

this plot, and experimental data are fitted well with the three parameter model.
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IV-2.2 Run SB-0931 with 100 Fe/3 Cu/4 K/8 SiO2 Catalyst

Slurry reactor run SB-0931 was coinducted to evaluate performance of a
precipitated iron catalyst with nominal composition 100 Fe/3 Cu/4 K/8 Si02. Reaction
pressure and syngas feed compaosition were held constant throughout the test at 1.48
MPa (200 psig) and H2/CO = 0.66 - 0.89, respectively, On the basis ot process
congitions emplcyed the run ¢can be divided into three periods: 0 — 350 h (T = 26G°C,
SV = 1.25 — 1.5 Nl/g-cat/h); 350 — 460 h (T = 265°C, SV = 1.25 Nl/g-cat/h); and 460 —
560 h (T = 260°C, SV = 1.5 - 2.1 Nl/g-cat/h). The test was terminated voluntarily after
570 h on stream. Rescults from nine mass balances made auring the test are
summarized in Table (V-2.5, whereas major events are listed in Table 1V-2.6.
Catal ACtivi Stabil

The catalyst deactivated slowly with time during the firsi 23C h of testing at
260°C, 200 psig, 1.5 NlI/g-cat/h and Ha/CO = 0.66. During this period the (H2+CO)
conversion varied between 80 and 88% (Figure IV-2.3), whereas the gas volumetiic
centraction (VC) was between 32 and 60% (Figure IV-2.4). The rate of catalyst
deactivation was much higher during the next 30 h, and the (+i2+CO) conversion and
VC decreased to 76% and 50%, respectively. At this point the gas flow rate was
decreased (SV = 1.25 Nl/g-cat/h) in order to increase the (H2+CO) conversion, and
these conditions were maintained over the next 90 h (TOS = 260 - 350 h}. During this
perriod, the catalyst continued to deactivate with time (see Figures IV-2.3 and 2.4), and
at 356 h the reaction temperature was increased to 265°C. Both the (Hz+CQ)
conversion and VC, increased initially and then started to decline with time. For
example, the (H2+CQy) conversion decreased from 79.3% at 360 h 10 71.8% at 458 h
on stream, whereas the VvC decreased from 53.2 to 45.8% during the same period of
time.

At 460 h on stream the baseline conditions were reestablished (260°C, 250

cc/min), howaver, the gas space has velocity increased to about 1.6 Ni/g-cat’h due to
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Table IV-2.6 Major Events in Run SB-0931.

TOS(h) Event
Slurry loadirg: 301 g n-octacosane, 10.4 g (270 — 325 niesh) cartalyst
Catalyst pretreamment: Hj at 220°C
Slurry sample removal: 8.9 g wax; 0.3 g catalyst
Wax withdrawal through a fiiter: 424 g
1 Achieved inital process condidons: 269°C, i.48 MPa, 250 c¢/min, Ha/CO=0.66
49 - 252 Mass balances 1 — 4 at above conditions
262 Change gas flow rate to 200 cc/min
61 —328 10 wax withdraswals (244 g of wax; 0.41 g catalyst)
329 - 337 Mass balance 5
352 Change reaction temperature 1o 265°C
374 - 495 9 wax withdrawals (128 g wax; 0.87 g catalyst)
397458  Mass balances 6 and 7 a1 265°C, 1.48 MPa, 200 cc/min , Hy/CO = 0.69
459 Change reaction temperature to 260°C and gas fiow rate to 256 cc/min
497 - 500 Reactor overflow with accumulated wax; wax withdrawal through a dipleg 1 an externai
sentler (106 g wax; 1.4 g catalyst)
519 Caralyst regeneration with Hs at 220 — 245°C
545 - 551 Mass balance 8 ai 260°C, 1.48 MPa 250 cc/min, H2/CO = 0.69
551 Change gas tiow rat 10 175 cc/min
554 - 564 Mass balance 9 at 260°C, 1.48 MPa, 175 cc/min, H2/CO = 0.69
565 Two slurry sample removals: 23.8 g wax; 0.32 g catalyst
570 End of run: 378.3 g wax; 6 g cartalyst

Caalyst recovery: 89.4%; Wax recovery: 89%

—
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losses of catalysts during wax withdrawals as discussed in the following section. As
shown in Figures IV-2.3 and 2.4, a significant decrease in (H2+CQ) conversion and
VC occurred at about 500 h, which may be attributed in part to the removal of the
catalyst from the system following slurry withdrawal at 497 h through a dipleg. About
i.4 g of the catalyst was removed from the reactor, which resulted in increase of the
gas space velocity to about 2.05 (Nl/g-cat/h). At 519 h, the cataiyst was regenerated
with H2 at about 230°C for 2 h, and this resulted in marked increase ir catalyst activity.
At 550 h the gas flow rate was decreased in order to obtain the baseline gas space
velocity of 1.5 Nl/g-cav/h. The {H2+CQO) conversion at 560 h was about 70%. The loss
of conversion over 560 h of testing was about 38% (i.e. ~1.7% per day).
The water-gas-shift (WGS) activity was high throughout the test. The usage ratio
varied between 0.54 and 0.60, with an average value of 0.56.
Wax gn | v i i |

During the first 500 h on stream the excess wax produced was withdrawn
through a 2 pm porous metal filter placed horizontally at a height corresponding to a
static slurry volume of 410 cm3. The first two withdrawals (after the reduction — 42 g,
and after the first mass balance at 65 h — 84 g) were successful. However, the
subsequent wax withdrawals were not complete and as a result the wax continued to
accumuiate in the reactor. At about 490 h on stream, the amount of wax accumulaied
in the reactor was large enough to cause overflow, and shortly after that the excess
wax (106 g) was withdrawn through a dipleg to an external settler. The wax withdrawn
through the internal filter, as well as the wax from the external seitler contained some
catalyst. The amounts of catalyst in the wax withdrawn from the reactor, and in the
"slurry at the end of the run were determined by burning slurry (wax) samples in a
crucible (see Table IV-2.6). The catalyst recovery was about 89%, based on the
amount of catalyst charged into the reactor. Gas space velocities reported in Table V-

2.5 were adjusted to reflect partial removal of the catalyst throughout the test.
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Due to incompiete wax withdrawals during the test, total mass, and atemic
closures for carbon and hydrogen were low, however the oxygen atomic closures
were within 100 £ 3% in all mass balances. Wax production rates in different mass
balances were estimated to get good atomic closures. After adjustments in the wax
preduction rates, total and atomic closures were all within 100 £ 3%. Hydrccarbon
selectivities reported in Table IV-2.5 are based on estimated wax production rates.
The estimated wax producticn rates were decreasing with time on stream and ranged
from 0.76 to 1.3 g/h. Average (experimental) wax production rate for the entire iest
was 1.1 g/h.

! har. rizatign XKD and/or ME

A slurry sample withdrawn from the reactor after hydrogen reduction at 220°C for
2 h contained a small amount of catalyst which was insufficient for XRD analysis. A
sample withdrawn at 564 h from the reactor was analyzed by MES and found to
contain: Superparamagnetic oxide/oxyhydrohide - 30%; magnetite - 20%: and ¢'-
caraide - 50%. The following phases were detected by XRD in a sample from the end
of the run slurry (570 h) : magnetite, iron carbide(s) and iron carbcnate. The catalyst
was only partially carburized after 570 hours of FT synthesis.

Hydrocarbon and Carbon Number Product Distributions

Dvring the first period of testing (0 — 350 h) at 260°C, methane and light gas
selectivities ir.creased with time on stream. Methane selectivity varied between 2.5
and 3.4%, whereas (C2-C4) selectivity varied between 16.6 and 12.5%. (C1+C2)
selectivity was lower than 7% during this period. During testing at 265°C (350 — 460 h
on stream) methane selectivity increased to 3.5% — 3.8%, whereas (C1+C2) selectivity
was between 6.7 and 7.2%. After the catalyst regeneration, methane and (C1+C2)

selectivities were about 3.8 and 7.3%, respectively.
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Carbon numbar product distribution is shown in Figure IV-2.5 (Mass balance 5,
TOS = 329 h). The existence of “double alpha” pheinomenon is evident from this plot.
Chain growth probabilities are a1 = 0.79 ang a2 = 0.94.
Concluding Remarks

Overall this run has been successful. Initial catalyst activity, selectivity, zind
deactivation rate were within the DOE targets. Catalyst deactivation rate increased
with time on stream, however hydrocarbon selectivity remained within the target
throughout the test. Regeneration procedure empioyed at the end of this test (H2 at
220 — 240°C for 2 h) did not result in complete recovery of catalyst activity, and

alternative procedures shouid be explored.

IV-2.3 Run SB-i910 with 100 Fe/5 Cu/4.2 K/8 SiO2 Cataiyst

This was the first slurry reactor test of one of the most active catalysts
synthesized in our laboratory during the DQE Contract No. DE-AC22-85PL30011,
This catalyst was evaluated in a fixed bed reactor (Runs FA-63-0418 and FA-53-1308),
and resuks from these tests were reported previously (Bukur et al., 1982b). In both of
these tests the catalyst was very active, and had excellent hydrocarbon selectivity (low
methane yield and high yield of C12 + hydrocarbons) but its deactivation rate was
higher than the target rate of 1% per day.

The catalyst was tested initially (first 160 h) at 250°C, 200 psig (1.48 MPa),
2Nl/g-cat/h using the synthesis gas with Ho to CO molar ratic of about 0.7 (0.65-0.75).
Two mass balances were made during this time period, but the {(H2+CO} conversion
and volumetric gas contraction (VC) were ..0nitored more frequently. After the second
mass balance, the reaction temperaiure was increased to 258°C (160-270 hj in order
to achieve higher (H2+CQ) conversion {mass balances 3 and 4). At 273 h on stream
the gas flow rate was decreased to give the gas space veiocity of 1.5 {NVg-cat/h)

based on the initial amount of catalyst charged to the reactor. These cperating
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conditions were maintained over nexi 54 h, and two additionali mass balances were
mad2 (baiarces 5 and 6). At 365 h on stream the baseline conditions were
established again to check the catalyst activity (365-397h). The run was terminated
voluntarily after 400 h on stream. Results from al! six mass balances are summarized
in Table IV-2.7.

1 ivi i ili

The catalyst activity was very stable between 30 ard 100 h on stream, as shown
in Figures 1IV-2.6 {contraction vs. TOS) and 1V-2.7 {conversion vs. TOS). During this
time period the volumetric contraction (VC) was between 36 and 38%, whereas the
(H2+CO) conversion varied between 53.6 and 56.4%. After slurry withdrawal through
a dipleg tube at about 110 h, the VG and (H2+CO) values decreased by about 10%,
but remained fairly stable during the next fifty hours (TOS = 110-160 h). This decrease
may be attributed in part to loss of catalyst with wax removed from the system (1.7
catalyst, or about 6% of the total amount of the catalyst left in the reactor after the
reduction and slurry sample wiihdrawal for catalyst characterization - Table [V-2.8).

At about 162 h on stream, the temperature was increased to 258°C, and during
the next 44 hcurs (162-206 h cn stream) the volumetric contractich and the (H2+CO)
conversion declined slightly with time (Figures IV-2.6 and IV-2.7). During the mass
balance period 3 (201-207 h) the volumetric contraction varied between 41 and 43%,
whereas after withdrawal of about 154 g of wax and 1.4 g of catalyst from the reactor
the contraction <acreased to 37.1% (Figure 1V-2.6). Further drop in activity occurred at
about 230 h on stream, VC = 32.6%, after a temporary stoppage {~2n) of syngas flow
due to plugging of the reactor inlet line. The contraction continued to decrease slowly
with time (TOS = 230-258 n), but another sharp decline occurred after the slurry
withdrawal from the reactor (134 g of wax, and 1.5 g of catalyst) at about 270 h on
stream (VC = 25.4%). At this time the feed flow rate was changed to 750 {cc/min),

corresponding to the gas space velocity of 1.5 (NVg-cat/h) based on the initial amount
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of catalyst charged to the reactor. During the next fifty hours (TGS = 272-322 h) the
volumetric contraction and the {(H2+CO) conversion were fairly stable, i.e. VC = 33.4-
37% and (H2+CQ) = 49.7-51.9%. After the slurry withdrawal (122 g of wax, and 1.2 g
cf catalyst) at 324 h, a marked decrease in activity was onserved again. The
voaiumetric contraction was 29.1% at 328 h on stream, and is remained fairly stable
during the next 24 hours. After another slurry withdrawal at 354-3€4 h, the contracticn
decreasecd to 26.5%. At this point the reaction temperature was decreased to 250°C,
whereas the syngas flow rate was incr2ased io 1000 cc/min (baseline conditions), and
these conditions were maintained during the next 30 h. During this period the
volumetric contraction varied between 20 and 21.7%, and the {H2+COQj conversion
between 29.2 and 31%.

Two methods of wax (slurry) withdrawal were employed during this run, i.e. wax
witi-drawal through a 10 um vertica! cylindrical element and siurry withdrawal to an
external settler via a dipleg tube followed by wax removal and return of concenirated
slurry to the reactor. Results from all wax (slurry) withdrawals are summarized in Table
IvV-2.8.

At the end of the reduction period 65 g of wax was removed from the reactor
througn the filter The withdrawn wax was clear in appearance, and contained trace
amounts of sclids only. At 62 h on stream about 17.5 g of wax was withdrawn thiough
the fiter. This wax had a black color, and it was suspected that the filter element had
developed a crack. At this point it was decided tc change the method of wax
withdrawal, and slurry withdrawal through a dipieg tube was employed throughout the
remainder of the test. At the end of the run tpe filter element was inspected and nc
cracks were found. This means that the catalyst particles had disintegra‘=d te size
smalier than 10 pm during the first 60 h of synthesis (The catalyst particles charged to

the reacto: were between 43 and 53 um; 270/325 mesh particles).
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Tabie IV-2.8 Wax and Solids Inventory for Run SB-1910.

TOS (h) Descripton

Slurry loading: 330 g wax, 30 g catalyst
Wax filration following reduction: 65 g wax
Slurry withdrawal for catalyst characierization: 6.05 g (5.55 g of

wax, 0.5 g of catalysr)

62 Wax filration: 16.1 g wax, 1.46 g catalyst

110 Wax removal: 137.5 g wax, 1.48 g catalyst

210 Wax removal: 154.0 g wax, 1.34 g caralyst

254 Was removal: 134.8 g wax, 1.50 g catalyst

324 Wax removal: 122.2 g wax, 1.20 g catalyst

354 Wax removal: 125.3 g wax, 1.52 g catalyst

387 End of run: Sturry withdrawal for catalyst charscierizarion: 10 g

(9.35 g of wax, 0.65 g of cartalyst)
Siurry from the reactor: 299.5 g wax, 14.8 g camlyst

Recoveries: 113% for wax; 77.3% for caialyst

Caralyst prewreatmnent: H2 at 220°C



B : m =l o 1 BN |

The wax transferred from the settling vesse! was of black color. The amount of
catalyst in the wax was determined by filtration, and subsequent burning of the solids
material retained on the filter. Ac can be seen from restiits in Table iV-2.8, the catalyst
content in the wax was about 1%. Therefore, the amount of catalyst remaining in the
reactor was decreasing with each skurry withdrawal. Thie gas space velocities reported
in Table IV-2.7 are based on the estimated amount of catalyst in the reactor.

At the end of the run, the cataly;st content in the slurry was determined by the
above procedure. The overall wax and catalyst recoveries were: 113 and 77.3%,
respectively. (% Recovery = (Amount out)/(Amount in} x 100).

Catalyst Characterization by XRD and/or MES

The iron phases determined by MES anaiysis after hydrogen reduction at 220°C
for 1 h were: 77% « - FeOCH (ircn oxyhydrohide), and 23% magnetite. A samplz
withdrawn at 397 h on stream from the reactor was analyzed by MES and found to
contain: Superparamagnetic oxides/oxyhydrohides - 17%; magnetite 55%,; and ¢'-
carbide - 28%. The catalyst was only pariially carburized after 390 hours of F7
synthesis.
Hydrgcgr! istributi

Hydrocarbon selectivities were similar in al! six mass balances, even though the
process conditions were not constant threughout the test (T = 250-258°C, SV = 1.9-2.4
Nli/g-cat/h, (H2/CO) = 0.64-0.82}. Methane selectivity varied between 3.1 and 3.8%,
and selectivity of light hydrocarbons (C2-Cg4) variad between 12.9 and 13.7%.
Fraction of C12+% hydrocarbons decreased slightly with time on stream (TOS), whereas
fraction of hyarocarbons in the gasoline range (C5-C11) increased with time (Table V-
2.7).

Overall the perfarmance of this catalyst was very good. It is evident tha? loss of

catalyst from the reactor had contributed to decrease in (H2+CO) conversion with time
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on stream. The hydrocarbon selectivity of the catalyst wae within the DOE target, i.e.
(C1+C2) < 8 wi%.

IV-2.4  Run SB-0251 with 100 Fe/3 Cu/4 K/16 Si0, Catalyst

This test was conducted to evaluate performance of a silica containing
precipitated iron catalyst with nominal composition 100 Fe/3 Cu/4 K/16 SiO5. During

the first 168 h, and hetween 236 ard 549 h or stream, the catalyst was testad at
260°C, 1.48 MPa (200 psig), 1.4 Nl/g-cat/h and Ho/CO = 0.68 — 0.70. (mass balances
1-3, 5-8). After the third mass balance, the reaction temperaiure was increased te
283°C (168 ~ 236 h) while keeping the remaining conditions constant (mass baiance
4). Between 549 and 622 h, the catalyst was tested at a lower gas space velocity of 1
Ni/g-cat’h (260°C, 200 psig), whereas during the last 160 h (TOS =622 ~ 722 h) the
process conditicns ware: 2860°C, 2.17 MPa (300 psig), 1.4 Nl/g-ca¥/h and H>/CO =
0.64. The test was terminated voluntarily after 725 h on stream. Results from eleven
mass balances made during the test are summarized in Table IV-2.9, whereas major
events are listed in Table IV-2.10.

| 1vi ili

The catalyst was very stable and active during the first 120 h on stream, as
shown in Figure IV-2.8. The (Ho+CO) conversion and volumetric gas contraction (VC)
varied between 80-83%, and 53-54%, respectively. The conversion and VC were
decreasing between 120 and 165 h, and at 168 h the reaction temperature was
increased to 263°C in attempt to increase the catalyst activity. After initial increase in

activity, the catalyst continued to deactivate with time. At 170 h the (Hy+CO)

conversion was 80%., whereas at 220 h the conversion was 75%. At about 240 h, the
baseline conditions were reestablished {T=2860°C), and the (Ho+CO) conversion was

oniy 68.5%. This value is significantly lower in comparison 10 conversions obtained

during the first 170 h of testing (76 ~ 83%). However, after this the catalyst activity
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Table IV-2.10  Major Events in Run $SB-0261.

TOS (h) Event
Slurry loading: 298 g n-octacosane, 20.2 g catalyst (325-270 mesh)
Catalyst pretreatment: Hj at 240°C
Slurry sample withdrawal: 3 g wax, (0.2 g catalyst
‘Wax withdrawal through filter: 43 g of wax
¢ Initiate syninesis gas flow
2 APlug it inlet line — break in synthesis gas supply
6 Achieved 1nitial process conditions: T=260°C, P=1.48 MPa, SV=1.4 Ni/g-cat/h,
(H2/C0O)=0.70
168  Temperaiure change from 260 to 263°C
220  Slurmry sample withdrawal: 9 g wax, 0.7 g catalyst
236  Temperature change from 263 to 260°C
435  Slury sample withdrawal: 22 g wax, 1.6 g catalyst
477  Wax removal through a dipleg: 183 g wax, 1.6 g catalyst
529  Space velocity change from 1.4 1o 1.1 Ni/g-cat/h
622  Pressure change from 1.48 to 2.17 MPa and space velocity from 1.1 to 1.4 Ni/g-cath
721  Slurry sample withdrawal: 23 g wax, 0.7 g catalyst
722  Endof run: 414 g wax, 13.1 g catalyst recovered from reacior

Wax catalyst removed during the ran: 1391 g of wax, 3.9 g of camlyst

Catalyst recovery: 85%; wax recovery: 164%
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remained stable during the next 300 h of testing. Between 240 and 530 h on stream,
the (H,+CO) conversion fluctuated between 65 and 68%. At about 550 h, the gas flow

rate was dacreased {SV = 1Nl/g-cat/h) in erder to achieve higher conversion. During
the next 70 h cn stream (550 — 620 h) the catalyst was stable, and the (Ho+CO)
conversion was between 75 and 76%. After that both the reaction pressure and ihe
gas space velocity were increased to 2.17 MPa ard 1.4 Nl/g-cat/h, respectively, and
the testing continued at these conditions for additionai 100 h. The catalyst
deactivation was observed during this pericd. The (Ho+CO) conversion decrsased
irom 70.7% at 643 h, t0 62.7% at 722 h.

WGS activity of the catalyst was high and stable throughout the entire test. The
usage ratio varied between 0.53 and 0.62, with an average vaiue of 0.57.
W ’ y i S

Wax was withdrawn through a cylindrical porous filter element with nominal pore
size of 0.5 um. The filter was placed horizontally at a height corresponding to a static
slurry volume of 410 cc. Wax withdrawal rate decreased with time on stream. During
the first 100 h, withdrawals were made at initial pressure drop {acress the filter) of 15
psi, and the rate of wax withdrawal decreased from S0 g/h to 15 g/h. The latter rate of
withdrawal was maintained during the next 100 h on stream by increasing gradually
the pressure drop to 80 psi. During the period of 200 — 700 h, the initial pressure drop
was maintained at 80 — 100 psi, but the rate of withdrawal decreased with time from 15
a/h to 5 g/h. One successful slurry withdrawal (183 g of slurry) to an external settling
vesse! was made at about 480 h, but this method had to be abandoned due to
plugging of valves between the reactor and the settler.

The average wax production rate for the entire test was 1.90 g/h, whereas tne
range of wax preduction rates during the test was 0.7 — 3.1 g/h. At the end of the run
13.1 g of catalyst was recovered from the reactor (calculated from concentration of

catalyst in the slurry, which was determined by burning slurry sample in a crucible),

IV-70
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and another 4.8 g was removed from the reactor during the test (with slurry samples for
catalyst characterization and with wax removed from the external settler). The cataiyst
recovery was about 89%, based on the amount of catalyst charged into the reactor. At
the end of the run 413 g of the wax was found in the reactor, whereas the initial
amount (after the slurry sample withdrawa! following catalyst reduction) was 252 g
(see Tabie IV-2.10). This indicates that wax withdrawals throughout the test were not
compiete, and that 161 g of wax had accumulated in the reactor.
talyst izati ]

A slurry sample wiiiidrawn from the reactor after hydrogen reduction at 24G°C for
2 h contained a small amount of catalyst which was insufficient for XRD analysis. -The
tollowing phases were detected by XRD in a sampie withdrawn from the reactor at 220
h : magnetite, ircn carbide(s) and iron carbonate. The same phases were identified in
samples withdrawn from the reactor at 425 and 722 h on stream. It is presumed that
carbon dioxide formed by water gas shift reaction may be responsibie for the formation
of FeCOg3 (siderite). The MES analysis of the above samples indicates the presence
of superparamagnetic oxides/oxyhydrohides, magnetite and siderite in varying
proporticns. The amount of superparemagnetic phase was found to decrease with
time, from 64% at 220 h to 19% at 722 h, whereas the amount of siderite was found to
increase from 13 to 64% during the same period of time.

| | Garhon Number Product Distibat

Selectivities of low molecular weight products (CH4, C5-Cy4, C5-Cq4) passed

through a iocal maximum at about 200 h on stream (mass balance 4), whereas
selectivity Cyo* products passed through a local minimum (Table IV-2.9). For
example, methane selectivity increased from 2.3% in balance 1 (TOS = 44) to 2.8% in
balances 2-4, and then decreased to z.; ~ 2.4% between 220 and 620 k on stream.

During testing at 200 psig, methane selectivity was even lower ~1.6% (620-720 h).
Selectivity of gaseous hydrocarbons was low throughout the entire test, (Co-Cy) = 8-
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15%, whereas selectivity of Cy2" products was high (69-77%). Selectivity of (C1+C»)
products was always within the DOE target (less than 8 %).

A typical carbon number distribution obtained at baseline conditions (TOS = 92
h), including the analyzed wax products collected in a high pressure trap is shown in
Figure IV-2.9. Experimental data were fitted with a three parameter model of Huff and
Satterfield. Some positive deviations from the ASF distribution are noted in C11-C17
carbon number range. We do not know whether this is due to the tntrinsic catalyst
selectivity or some experimental artifacts (e.g. loss of products and errors in the
analysis).

Overall this run has been very successful. After initial drop in activity (first 220 h
on stream), the activity remained very stable until the catalyst was exposed to higher
reaction pressure (300 psig during the last 100 h an stream; 620-720 h).

Hydrocarton selectivity was within the DOE target throughout the entire test.

IV-2.5 Run SB-2270 with 100 Fe/5 Cu/4.2 K/16 SiO2 Catalyst

The catalysi was tested initially (first 230 h) at 260°C, 200 psig (1.48 MPa), 1.4
NUg-cat/h using the synthesis gas with Ha to CO molar feed ratio of 0.69, and three
mass balances were made during this time period. Following this the reaction
pressure and the gas space velocity were changed to 300 psig (2.17 MPa) and 2.3
(NlVg-cat/h), respectively. At 300 h on stream the catalyst was regenerated in-situ with
H2 at 220°C, and 200 psig for 2 hours. Two mass balances were made at these
process conditions, one before and the other one after the regeneration with H2. The
test was terminated voluntarily after 400 h on stream. Results from all five mass

balances are summarized in Table IV-2.11.

Catal Activi | Stabili
The catalyst activity, expressed in terms of volumetric contraction and (H2+CQ)

conversion, declined slowly with time during the first 180 h on stream, as shown in
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Figures iV-2.10 and IV-2.11. After the wax withdrawal at 184 h, the volumetric
contraction decreased markedly from 41% to 31%, whereas ihe (H2+CO) conversion
decreased from about 64% to 45%. During the next 40 hours, the volumetric
contraction remained fairly stable (28-31%). Although, the reasons for this sharp drop
in activity are not known, we suspect that it might have been caused by removal of the
catalyst particles from the siurry. After withdrawal of approximately 280 cm3 of wax, a
significant portion of the catalyst remained above the siutry level (e.g. deposited on the
reactor wall or on the internal filter element), and it appears that this catalyst is not as
active as the one in the slurry.

At about 230 h on stream the reaction pressure and the gas space velocity were
increased to 300 psig (2.17 MPa) and 2.3 (Ni/g-cat/h}; respectively. During the next 60
hours, the activity remained fairly constant (VC=21-23%; {(H2+CO). = 33-34%). At 250
h on stream an attempt was made to increase the activity, by adding 65 g of wax to
raise the liquid level in the slurry reactor. However, this did not result in increased
catalyst activity.

At about 300 h on stream the catalyst was regenerated in-situ with Hg at 220°C
and 200 psig for two hours. After regeneration, the catalyst activity increased
markedly. At 311 h on stream the values of volumetric contraction and (H2+CO}
conversion were: 33.8 and 47.6%, respectively. However, the activity declined with
time and at 400 h the volumetric contraction was only 23.5%.

The WGS activity was rather high throughout the entire test, e.g. the H2/CO
usage ratio varied between 0.6 and 0.7, whereas the approach to equilibrium was
between 0.1 and 0.3 (see Table IV-2.11).

W Inv

The reactor was charged initially with 10 g of catalyst and 289 g of purified n-

octacosane. We have deliberately chosen to add only a small amount of catalyst for

this test, in order to minimize the need for wax withdrawals throughout the run. Wax
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withdrawals result in disturbance of the system and may have adverse effect on the
rate of catalyst deactivation (Bukur et al., 1989b). Only three wax withdrawals were
made through a 2 um cylindrical filter element placed vertically in the reactor. Results
from all withdrawais are summarized in Table |V-2.12.

There were no operationa! problems during wax withdrawals, and the collected
wax was clear in appearance. At the end of the run 8.9 g of catalyst was recovered in
the reactor, after separation from wax by filtration and burning in the air to convert the
used catalyst into Fe2Q3. It is estimated that about 0.3 g of catalyst was removed from
the reactor with the slurry sample withdrawn at the end of reduction. The catalyst
recovery was 92.6%, whereas the wax recovery was 78%.

Catalyst Ct ization by XBD yor MES

A slurry sample withdrawn from the reactor after hydrogen reduction at 220°C for
2 h contained a small amount of catalyst which was insufficient for XRD analysis. MES
'analysis of the sample revealed the presence of superparamagnetic
oxide/oxyhydrohide phases. No other samples were withdrawn from the reactor
during or after the test.

Hyd I | Carbon Number P Distributi

Hydrocarbon selectivities were similar in balances 2-5, and the average values
for methana and product group lumps by carbon numbers were: (CH4) = 4.2; (C2-C4)
=17.7; (C5-C11) = 17.7, and {C12%) = 60.4 wi%.

During the first mass balance the fraction of high molecular weight products was
markedly higher, and the methane yield was markedly lower in comparison to
selectivities obtained in balances 2 to 5 (see Table IV-2.11).

A typical carbon number distribution of products collected at 162 h on stream is
shown in Figure iV-2.12. Experimental data were fitted reasonably well with a three

parameter model of Huff and Satterfield.
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Table IV-2.12 Wax and Solids Inventory for Run SB-2270.

TOS Description
Shury loading: 289 g wax, 10.0 g catalyst
Wax filtraton following reduction: 70.8 g
Slurry withdrawal for catalyst characterizadon: 10 £ (9.7 g of wax,
0.3 g of catalyst)
184 Wax filrati~n: 194 g
249 Wax addition: 65 g
372 Wax filtration: 137 g
400

End of run: 170 g of wax and 9 g of catalyst were recovered from the
reactor. Wax recovery: 78%:; Catalyst recovery: 92.6% :
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IV-2.6 Run $B-2832 with 100 Fe/5 Cu/4.2 K/16 SiO2 Catalyst

The catalyst used in this test was snthesized in our laboratory during the current
contract, whereas the catalyst used in Run SB-2270 was synthesized prior to the
current contract in 1988. Physical properties of the two catalysts are similar as noted
in section IV-2 of this report (Table IV-2.1). Catalyst from the same preparation batch
as that used in Run SB-2832 was used in two other slurry reactor tests (Runs SA-3162
and SB-2932). Results from these tests were described in section {11-5 of this report
(Pretreatment Efiect Research).

The catalyst was reduced with hydrogen at 0.8 MPa (100 psig), 240°C for 2
hours. After the reduction, the catalyst was tested at baseline conditions of 1.48 MPa
(200 psig), 260°C, 1.5 NI/g-cath (2.6 Ni/g-Fe/h) during the first 263 h on stream using
syngas with H2/CO=0.7. Between 263 and 526 h on stream the catalyst was tested at
2.17 MPa (300 psig) and gas space velocity (SV) of 2.2 Nl/g-cat/h (3.9 NlUg-Fesh),
which corresponds to the same pressure to SV ratio as at the baseline conditions. At
527 h on stream the gas space velocity was reduced to 1.8 NVg-cat’/h while other
process conditions remained constant (2.17 MPa, 260°C, H2/C0O=0.7). The catalyst
was regenerated at 664 h with hydrogen at 240°C, 1.48 MPa for 2h, and then the
baseline conditions were reestablished. The test was terminated voluntarily after 720
h on stream. Results from eleven mass balances made during the tests are
summarized in Table 1V-2.13, while major events are listed in Table IV-2.14.

lyst ivi n

The catalyst activity was high and it deactivated only moderately during this test.
The initial (H2+CO) conversion at baseline conditions was 84% at 17 h, then it
gradually decreased to 77 % at 263 h. Volumetric gas contraction (VC) also
decreased from 56 to 52 % during the same time period (Figure IV-2.13). The usage
ratio during this period was about 0.58. When the pressure and SV were increased at

263 h, the syngas conversion decreased to 74 % at 284 h and further to 69 % at 480 h
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Table IV-2.14  Major Events in Run $B-2832.

TOS (h) Event

Slurry loading: 300 g n-octacosane, 11.5 g catalyst (particle size <270
mesh)

Catalyst pretreatment: Hp, 240°C, 0.78 MPa, for2 h

Slurry sample withdrawal after the pretreatment: 24 g wax, 0.9 7 catalyst

Wax withdrawal through filter: 49 g of wax

0 Initiate synthesis gas flow
2 Achieve initial process conditions: T=260°C, P=1.48 MPa, SV=1.5 Nl/g-
cat/h, (H2/CO)=0.68
263 Pressure change from 1.48 to 2.17 MPa and space velocity from 1.5 to
2.2 Nl/g-catih
526 Space velocity change from 2.2 to 1.8 NV/g-cat/h
665 Slurry sample withdrawal: 26 g wax, 1.1 g catalyst
666 Regeneration of catalyst: H2 at 240°C for 1 h
667 Slurry sample withdrawél: 20 g wax, 0.9 g catalyst
669 Change to initial baseline process conditions: T=260°C, P=1.48 MPa,

SV=1.5 Ni/g-cat/h, (H2+C0)=0.68
720 End of run: 207 g wax, 8.1 g catalyst recovered from reactor
Wax and catalyst removal during the run: 754 g wax, 2 g catalyst
Catalyst recovery: 95%; Wax recovery: 31%

IV-86



'g692-8S UnY J0j WEBJIS UO BUK} JO UOJOUN) B SE (S|oquiAS

uedo) U0)ioBAUOD JUIBWN|OA puE (SIOqWAS PIl0S) UOISIeAU0D (OD+2H) E1'2-Al 8inbiy

(U) WYIH1S NO INIL

008 004 009 00S 00y cog 002 001 0
I - I _ T ﬁ T ﬁ i _ I _ T _ T
- WHed-BAN §'L=AS ‘BdW Li'z=d O |
i K Uneo-B/AN 2'2=AS ‘edW Li'2=d v .
1 Wo g YNed-6/AN G'4=AS 'BdW 82 k=d O _
" o2 -
B = |5 £/2=00/% -
- 0,092=1 1
T f—_—
B (mm v v §
- © v/ Vyvy AY N
r 00 gy W¥ g Owo 0 @og, O
] e 1) Il

— vy

} L o’ Y "Tevrew ]

— oy L T ﬂ

- COISIL/NE PMOS/E400 L LSATY LY D -
i _ 1 _ 1 _ ! _ ] _ ] _y L _ i

0!

0c

0t

oy

0§

09

04

08

o
<

<
e ]
—

(%) NOISHIANOD ANV NOILOVHINOS

tv-87



on stream, while the usage ratio varied between 0.58 and 0.61. At 527 h, the space
velocity was lowered to 1.8 Ni/g-cat/h in attempt to increase the catalyst activity. After
initial increase in activity, the catalyst continued to deactivate slowly with time. The
syngas conversion was about 77 % at 531 h, but became 74 % at 647 h.
Regeneration with hydrogen at 664 h could not recover the catalyst activity. The
syngas conversion was 68 % after the regeneration, in comparison with 77 % at 263 h
under the same baseline conditions, indicating loss in catalyst activity.

Wax and Catalyst Withdrawal/Inventory

About 11.5 g of the catalyst (less than 270 mesh) was loaded initially and
suspended in n-octacosane to give a 3.7 weight % catalyst slurry. During the test, wax
was withdrawn periodically (approximately every 50 h) through a porous sintered
metal filter with nominal pore size of 0.5 micron. The filter was placed horizontally at a
height corresponding to a static slurry volume of 430 cc. A pressure drop of 15 psig
acraoss the filter was empioyed during the withdrawal. The rate of wax withdrawal
decreased with time, varying from 85 g/h to 24 g/h.

One slurry sample was withdrawn after the reduction for catalyst
characterization. Additional two slurry samples were taken, one just before and
anather one after the regeneration, at 665 and 667 h, respectively.

At the end of the run, about 206 g of wax was recovered from the autoclave
reactor, while the initial amount (after the slurry sample and wax withdrawal following
the pretreatment) was estimated to be 228 g (wax recovery of 80%). About 8.1 g of
catalyst was recovered from the reactor at the end of the test, whereas approximately
2.9 g was removed with the slurry samples during the test (catalyst recovery of 88%).
Satalyst CI ization by XRE 5

A catalyst sample withdrawn from the reactor after hydrogen reduction at 240°C
for 2 h exhibited broad peaks (small crystallites), which were assigned to magnetite

(Fe304) and/or maghemite {(Fe203). A sample withdrawn at 665 h from the reactor

1V-88



contained mostly iron carbides, and some magnetite. After the regeneration with
hysrogen at 240°C for 1 h, the peaks associated with magnetite had Increased,
whereas those associated with iron carbides have decreased. It is suggested that
water tormed during the reduction process may be responsible for partial reoxidation
of the catalyst. On introduction of syngas after the catalyst regeneration, the amount of
carbide(s) seemed to have increased ( @ sample withdrawn from the reactor at 720 h).

Hydrocarbon ang Carbon Number Product Distributions

Hydrocarbon selectivity was fairly stable during the entire test at various process
conditions although the catalyst deactivated slowly with time. For example, during the
first 260 h under the baseline conditions, the average methane selectivity was 4.5
wWi%, (C2-C4) =15.5 %, {C5-C11) =22 %, and C12+ = 58 %. At 300 psig and 2.2 NI/g-
cat/h, the average values of methane, C2-C4, C5-C11 and C12+ selectivities were 4.4,
16.6, 23.1 and 57.0 wt%, respectively. Between 527 and 664h at 300 psig and 1.8
Nl/g-cat/h, methane selectivity increased from 4.5 to 5.2 wt%, while C12+ decreased
from 58 to 52 wt%. After the catalyst regeneration and return to baseline conditions,
the hydrocarbon selectivities were: 4.5 (methane), 16 (C2-C4), 23.5 (C5-C1 1) and 56
wit% of C12+. These values are very similar to those obtained during the first 260 h of
testing.

A typical carbon number distribution obtained at baseline conditions, including
the analyzed wax products collected in a high pressure trap is shown in Figure IV-
2.14. Experimental data were fitted with a three parameter model of Huff and
Satterfield. Some positive deviations from the ASF distribution are noted in C11-C17
carbon number range. We do not know whether this is due to the intrinsic catalyst
selectivity or some experimental artifacts (e.g. loss of products and errors in the
analysis).

In summary, this test was quite successful. Syngas conversion was 78-84 Yo,

and (C1+Cp2) selectivity 8.1 wt% during the first 200 h of testing. The catalyst
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deactivated slowly at = rate of about 0.4 % (syngas conversion) per day during 27

days of continuous testing.

IV-2.7 Run SB-1931 with 100 Fe/5 Cu/6 K/24 Si0» Catalyst

Sturry reactor run SB-1931 was conducted to evaluate performance of a
precipitated iron catalyst with nominal composition 100 Fe/5 Cu/6 K/24 SiOa.
Reaction pressure and syngas compesition were maintained constant throughout the
test at 1.48 MPa (200 psig) and (H2/CO) = 0.66 — 0.69, respectively. Reaction
temperature during the first 520 h of testing was maintained at 260°C, and then was
increased to 265°C during the next 170 h. Gas space velocity varied between 2.2
NI/g-cat/h and 1.2 (Nl/g-cat/h). The test was terminated voluntarily after 692 h on
stream. Results from eleven mass balances made during the test are summarized in
Table IV-2.15, whereas major events are listed in Table IV-2.16. There were three
operational upsets at 15, 80 and 229 h on stream (see Table IV-2.16), which caused
temporary disruptions in synthesis gas supply. However, we have not observed any
adverse effects on the catalyst performance following these upsets.

During the first 62 h of testing at 260°C, 1.48 MPa, H2/CO = 0.66 aund space
velocity of 2.2 Nl/g-cat/h (H2+CO) conversion increased gradually and stabilized at
about 74% (Figure IV-2.15). Following this, the gas space velocity was decreased to
1.8 Nl/g-cat/h in attempt to increase conversion. At 76 h on stream the (H2+CQ)
conversion was 77.6%, but then decreased to about 75% following the upset between
80 and 92 hours on stream (no syngas flow due to a plug in lines downstream of the
reactor). At 138 h on stream gas space velocity was decreased to 1.6 Nl/g-cat/h and
then maintained at this value during next 236 h (TOS = 138 — 374 h). During this
period of time the (H2+COQ) conversion was very stable and its value fluctuated

between 75 and 78% (balances 3 to 6). Between 375 and 520 h on stream, gas space
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Taole iV-2.16  Major Events in Run SB-1931.

TOS (h) Event
Slury loading: 283 g n-octacosane, 7.2 g catalyst (<270 mesh)
Slurry sample withdrawal after the premeamment 18 g wax, 0.5 g catalyst
Wax withdrawal through filter: 9 g of wax
0 Initiate synthesis gas flow
1 Achieved initial process condirions: T=260°C, P=1.48 MPa, SV=2.2 Ni/g-cat/h,
Ho/CO)=0.69
15 Reactor was supplied with He during 2 hours due to the fume hood maintenance
63 Spave velocity éhangc from 2.2 to 1.8 Ni/g-cath
80 Plug in outlet line — no flow through reactor for 12 hours
138  Spave velocity change from 1.8 to 1.6 N/gcatvh
229  Break in power supply — no syngas flow, no mixing during 4 hours; reactor filled with
helium, temperarture decreased to 256°C
374  Spave velocity change from 1.6 1o 1.2 NJ/g-catvh
519  Temperature change from 260 to 265°C
691  Slurry sample withdrawal: 43 g wax, 1.0 g calyst
692 End of run: 267 g wax, 6.2 g catalyst recovered from reactor

Wax and camlyst removed during the run: 495 g of wax, 0 g of catalyst

Catalyst recovery: 93%; Wax recovery: 104%

Catalyst pretreatment: H2 at 250°C
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velocity was maintained at 1.2 Nl/g-cat’h, and vaiues of the (H2+CO) conversion were
between 80 and 82% (balances 7 and 8). During the last portion of the run (TOS =
520 — 692 h) the reaction temperature was 265°C. Following the initial increase in
conversion (84.3% at 525 h) the catalyst deactivaied with time. At the end of the run
the (H2+CO) conversion was 75% only.

Water-gas-shift (WGS) activity of the catalyst was high throughout the test. The
usage ratio was about 3.6.

Wzax an lyst inv. [ i

High molecular weight products which accumulate in the reactor were withdrawn
periodically (approximately every 50 h) through a porous metal fitter (0.5 pm pore
size), which was placed horizontally to give a static sturry volume of 430 mi. Wax
production rate during the test varied between 0.4 and 1.2 g/h, whereas the average
production rate was 0.7 g/h.

At the end of the run, 6.2 g of catalyst was recovered from the reactor, and
another 0.5 ¢ was removed after reduction for catalyst characterization studies (Table
IV-2.16). Catalyst and wax recoveries were: 93 and 104%, respectively.

Catalyst CI ization by XA yor MES

MES analysis cf the catalyst sample withdrawn from the reactor after hydrogen
reduction at 250°C for 4 h, indicates the presence of small superparamagnetic
oxide/oxyhydrohide particles. Sampies withdrawn from the reactor at 691 h ( handled
in an inert atmosphere) and at 632 h (exposed to air) were analyzed by XRD, and
magnetite and iron carbide(s) were the only phases identified. The following phases
were found by MES znalysis in the latter sample : superparamagnetic oxides (69%),
and y-carbide (31%).

Hyd I | C ! Produdt Distributi
Hydrocarbon product distribution shifted gradually toward lcwer molecular

weight products with time. For example, methane selectivity increased from 2.5% in
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balance 1 (42 h) to 3.7% in balance 8 (496 h), while {C2-C4) increased from 11 to
14.6% and (C5-C11) from 18 to 19.6%, whereas C12+ selectivity decreased from 68.7
to 62.1% during the same period of time. (C1+C2) selectivity was below target value
of 7% during first 450 h of testing at 260°C, but this target value was exceeded in
balance 8 (500 h on stream) where (C1+C2) selectivity was 8.2%.

A typical carbon number product distribution (C1-C50 carbon number range) is
shown in Figure 1V-2.16. Experimental data were fitted with a three parameter model
of Huff and Satterfield. Some positive deviations from this model are noted in C14-
C1g carbon number range (diesel fuel). This type of behavior has been observed in
other mass balances during this test, and in tests of some other iron/silica catalysts
synthesized in our laboratory.

Concluding Remarks

This has been another successful test of a precipitated iron.catalyst containing
silicon oxide as a binder. We were able to achieve high values of (H2+CO)
conversion (74-84%), and the catalyst deactivation rate was low in spite of three
operational upsets during the test. Also, hydrocarbon selectivity was within the target

up to 450 h on stream.

IV-2.8 Run SB-3101 with 100 Fe/5 Cu/8 K/24 SiO2 Catalyst

The catalyst was tested at : 260°C, 1.48 MPa (200 psig), 1.6 Ni/g-cath and
H2/CO = 0.64 throughout the entire test. A feed fiowrate upset occurred at about 158
h, but it was corrected immediately by increasing slightly the cylinder delivery
pressure. The run was terminated after 354 h on stream. Results from six mass
balances made during the test are summarized in Table [V-2.17, whereas major

events are listed in Table IV-2.18.
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Table 1IV-2.18 Major Events in Run SB-3101.

TOS (h) Event
%ﬁ—%

Slurry loading: 310 g n-octacosane, 12.5 g catalyst (particle size <270 mesh)

Caralyst pretreatment: Hs at 250°C
Slurry sample withdrawal: 20.4 g wax, 0.8 g catalyst
Wax withdrawat through filter: 6.31 g of wax

0 Ininate synthesis gas flow

1 Achieved process conditions: T=260°C, P<1.48 MPa, SV= 1.6 Nl/g-cat/h,
(Ho/CO=0.64)

158  Discovered decrease in feed flow rate and restored to desired flow rate

182 Shury sample withdrawal: 24.5 g wax, 0.9 g catalyst

352  Slumy sample withdrawal: 49.3 g wax, 1.4 g catalyst

354 Endofrun: 287 g wax, 8.5 g catalyst recovered from reactor
Wax/caualyst removed during the run: 400 g of wax, 2.3 g of catalyst

Caralyst recovery: 92.3%; Wax recovery: 101%
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Catalyst Activi | Stabil

The catalyst deactivated continuously with time on stream. The (He+CO)
conversion decreased from initial value of 77% to 60% at 350 h on stream, while
volumetric contraction (VC) decreased from 50% to 38% during the same time period.
Changes of (H2+CO) conversion and VC with time on stream are shown in Figure V-
217. WGS activity of the catalyst was high, and the (H2/CO) usage ratio varied
between 0.56-0.58.

W Satalvst Wit I _

Wax was withdrawn periodically through a porous sintered metal filter with
nominal pore size of 0.5 um. No catalyst was found in the withdrawn wax. The wax
production rate decreased from 1.4 10 1.0 g/h as the catalyst deactivated with time.

At the end of the run, 8.5 g of catalyst was recovered from the reactor slurry.
Another estimated 2.4 g of catalyst was removed from the reactor during the test with
slurry samples for catalyst characterization. Catalyst recovery was about 92%,
whereas wax recovery was 101% based on the amounts of catalyst and wax charged
into the reactor.

| rizati

A slurry sample withdrawn from the reactor after hydrogen reduction at 250°C for
4 h contained a small amount of catalyst which was insufficient for XRD analysis. The
iron phases in this sample were determined by MES analysis. Superparamagnetic
oxide/oxyhydrohide was the most dominant phase (96%) in the sample, the remainder
being the metallic iron. Samples withdrawn from the reactor at 182 and 352 h on
stream contained magnetite and iron carbide(s) phases, whereas iron carbide(s) was
the only phase found in a sample withdrawn at 354 h on stream (XRD analysis). The
MES analysis of the last two samples (352 and 354 h) reveals the presence of
superparamagnetic oxide phase (probably magnetite based on XRD analysis) and €' -

carbide, in approximately equal amounts.
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Hydrocarbon and Carbon Number Product Ristribytions

Hydrocarbon product distribution shifted gradually toward lower molecular
weight products with time on stream. For example, at 40 h on stream, hydrocarbon
selectivity was: (CH4) = 4.2, (C2-C4) = 14.6, (C5~C 1) =25 and C12+ = 56.2 wi%,.
while at 340 h, it became (CH4) = 5.5%, (C2—C4) = 16.5, (C5—C11) = 23, and C12+ =
55 wi%.

A typical carbon number product distribution is shown in Figure 1V-2.18 in the
form of ASF plot. This piot is based on products coliected overhead (i.e. the wax from

the reactor was not analyzed).

IV-2.9 Comparison of Catalyst Performance

Results illustrating performance of iron-silica catalysts synthesized in our
laboratory are summarized in Table IV-2.19. None of the catalysts have met ail of the
activity targets listed in Table IV-2.2. The initial Syngas conversions in five of the eight
tests were above 80% (B81-88%), but were nevertheless somewhat less than the target
value of 88%. Also, these conversions could not be maintained over a long period of
time due to catalyst deactivation. Catalyst productivity target of 2.6 Nm3(H2+CO)
reacted /kg-Fe/h was met in two of the tests (Ruris SB-2832 and SB-1931). The water
gas shift activity of all catalysts was high, and the usage ratio was less than 0.65.

Initial values of the apparent first crder reaction rate constant were above 250
mmol/g-Fe/n/MPa in all tests except in Run SB-2270. In the latter test the initial value
of the apparent rate constant was oniy 180 mmol/g-Fe/h/MPa. Low activity of the
catalyst in this test may be attributed to low reduction temperature (220°C for 2h), i.e.
low degree of reduction of the catalyst. Also, the activity of the catalyst used in Run
SB-1910 (100 Fe/5 Cu/4.2 K/8 Si02) was lower than that of the other two catalysts
containing 8 parts of silicon oxide per 100 parts of iron (Runs SA-1371 and SB-0931),

due to lower degree of reduction (shorter duration of reduction and/or lower reduction
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temperature). Silicon oxide is known to inhibit reduction of iron (Bukur et al., 1990b)
and in order to compensate for this we have used higher reduction temperatures tor
catalysts with higher silica contents. As a result the initial activities of the catalysts
containing 8 and 24 parts of SiO2 were similar (300-350 mmolg-Fe/h/MPa).

Catalyst deactivation rates listed in Table IV-2.19 were estimated using the
foliowing expression:

DR = [1 - K(t)/k(to)] x 1004
where: DR — deactivation rate in (%/day); k(t) and k(tg) — reaction rate constants at time
t and tg, respectively; t — time in days; tp — time at which the first mass balance was
conducted (usually, after about 40 h on stream).

Deactivation rates calculated in this way varied between 0.9 and 4.1% per day.
in general, catalysts with the lowest silica content (8 parts of SiO2 per 100 parts of Fe)
had higher deactivation rates. The estimated deactivation rates in all tests, except Run
SB-2832, were higher than the target value of 1% per day. However, the above
procedure provides a conservative estimate, since the deactivation rate is based on
the initial catalyst activity. In some cases the catalyst activity goes through a maximum
(induction perioa;j Sefore it starts decreasing or leveling off.,

Ali of our catalysts have either met most or all of the selectivity targets listed in
Table IV-2.2. Hydrocarbon productivity targets have been exceeded in all eight tests
(both for totai hydrocarbon products produced and Cg3+ hydrocarbons). The
requirement that (Cq+Cp) selectivity be less than 8 wt%, was satisfied in four tests (see
Table (V-2.19).

Results from STSR tests of the best three precipitated iron catalysts synthesized
in our laboratory are shown in Figures IV-2.19 and IvV-2.20. Variations in (Hp+CQ)
conversion with TOS for these three catalysts are shown in Figure IV-2.19. Process
conditions in all tests were: 260°C,1.48 MPa, Hp/CO=0.66-0.70, whereas gas space

velocity varied between 2.2 and 3.4 NVg-Fe/h (see Figure IV-2.19 for details). In two of
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Figure IV-2.20 Selectivities of methane and (C1+C2) hydrocarbons in STSR tests

of precipitated iron catalysts synthesized at TAMU.
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the tests (Runs SB-0931 and SB-0261) process conditions were varied during the test,
however results from these periods are not shown. Three types of catalyst behavior
were observed in these tests. Catalyst with nominal composition 100 Fe/3 Cu/4 K/8
SiO2 (SB-0931) had initially high conversion {~ 88%), but its activity decreased
gradually with TOS. During the test of catalyst 100 Fe/3 Cu/4 K/16 SiO2 (SB-0261) the
(H2+CQ) conversicn was initially about 81% decreasing to 76% at 150 h on stream.
Between 160 and 240 h the catalyst was tested at 265°C (resu'ts not shown in Figure
IV-2.18), and it continued to deactivate. Upon returning to the baseline conditions, the
activity became stable as evidenced by nearly constant value of (Hz+CO) conversion
(66-68%) between 240 and 530 h on stream. In the test oi catalyst 100 Fe/5 Cu/6 K24
SiO2 (SB-1931) gas space velocity was decreased twice to obtain higher conversions.
At a constant gas space velocity (3.4 and 3.0 Nl/g-Fe/h) the activity increased slightly
with time up tc about 390 h. During the last portion of the test (400-500 h) at gas
space veiocity of 2.3 Ni/g-Fe/h the catalyst exhibited some deactivation.

Performance of all three catalysts was somewhat below specified target values
for activity (Table [V-2.2). Fcr example, the (H2+CO) conversions were between 68
and 88% and catalyst productivity varied between 1.5 and 2.5 Nm3 (H2+CO)
converted/kg-Fe/h, whereas tne corresponding target values are 88% and 2.6,
respectively. it should be noted that these measures do not necessarily reflect the
intrinsic catalvst activity. For a given catalyst these two measures (conversion and
catalyst productivity) depend on the reactor type (e.g. fixed bed, STSR or bubble
column siurry reactor-BCSR) and process conditions employed.

Selectivities of methane and (C1+C2) hydrocarbons obtained in tests of these
three catalysts are shown in Figure IV-2.20. In tests SB-0931 and SB-1931
selectivities of methane and (C1+C2) nydrocarbons increased gragually with TOS,
whereas in the test SB-0261 these two selectivities passed *hrough a maximum at

about 150 h. Methane selectivity of all three catalysts was less than 3% (mole %
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carbon basis), whereas (C1+C2) selectivity was less than 7% throughout the entire
test. The latter value is within the specified target performance.

Comparison of performance of the catalyst with nominal composition 100 Fe/5
Cu/6 K/24 SiOz with other catalysts tested in our laboratory and elsewhere, is
presented in Table IV-2,20. As can be seen ihe performance of this catalyst is very
similar to that of the best Mobil's catalyst in the wax mode of operation (Kuo, 1985).
The latter catalyst was tested in 2 bubble column slurry reactor, the behavior of which
approaches that of a piug flow reactor. Our catalyst is significantly more active than
the Mobil's catalyst used in run CT-256. We have chosen an apparent first order
reaction rate constant evaluated at a common temperature of 260°C, as a measure of
catalyst activity. Data obtained at other reaction termnperatures were converted 1o
260°C assuming the activation energy of 90 kJ/mol. STSR was modelec_j as a perfectly
mixed flow reactor, whereas the rate constant from a BCSR was estimated using a
model which assumes that the gas phase is in plug flow and the liquid is unmixed
(Bukur, 1983). This catalyst is also more active than the Ruhrchemie, UCI and UOP
(Abrevaya et al., 1991) catalyst:. and it prcduces less methane and gaseous

hydrocarbons than these catalysts.

IV.2-10 Summary

Eight of iron FT catalysts synthesized in our laboratory have met specified
performance targets for hydrocarbon selectivity, i.e. total hydrocarbon production
greater than 178 g/Nm3(H2+CO) reacted and moere than 166 g 03+/Nm3(H2+CO)
reacted. Four of the catalysts have met the requirement that methane + ethane +
ethylene selectivity be less than 8% of total hydrocarbons. Initial synthesis gas
conversions in five tests were higher than 81%, and the catalyst deactivation rate in
three tests was moderate, between 0.9 and 1.4% per day. Catalyst productivity target
of greater than 2.6 Nm3(H2+CO) reacted/(kg-Fe-h) has been met in two tests, whereas
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in severat otﬁer tests this target was not met by a small margin only. The activity
targets tor syngas conversion (2 88%) and catalyst productivity are very difficult to
achieve in a stirred tank slurry reactor (nearly perfectly mixed reactor), but it is
expected that some of our catalysts would exceed these targets in a bubble column
slurry reactor. Several of our catalysts are more active than any other known iron FT
catalysts developed for maximization of production of high molecular weight

hydrocarbons (hydrocarbon wax).
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