RESULTS AND DISCUSSION

I Testing of Previously Synthesized Catalysts

The objective of this task is to verify repeatability of results obtained in stirred tank
slurry reéctor (STSR) tests of two catalysts designated B (100 Fe/S Cu/6 K/24 SiO,
containing 55.4 wt% of iron) and C (100 Fe/3 Cu/4 K/16 Si0; containing 59.7 wt% of iron)
during the previous DOE Contract DE-AC22-89PC89868. These two catalysts were chosen
due to good performanc.e (high syngas conversion and low methane and gaseous
hydrocarbons selectivities)-in slurry reactor tests. The catalysts from the same preparation
batch and the same pretreatment and process conditions, were employed as in the previous
slurry reactor tests of these two ca’talygts. |
III-1 Catalyst Characterization Studies

‘Catalysts B and C (both from the first preparation batch) synthesized in our
- laboratory, and commercial precipitated iron catalyst (LP 33/81) synthesized by Ruhrchemie
AG (Oberhausen-Holten, Germany) were characterized after cal_cina‘t_ion in air at 300°C for 5
h by elemental ‘chemical éﬁalySis; BET surface area (SA), to‘tal.por'ev volume (PV) and pore
size distribution (PSD). Ruhrchemie catalyst was used initi_ally in fixed be_d‘feactorS at Sasol
in South Africa, and it represents an useful feferen_Ce catalyst.

Bulk iron phaseé in catalysts B and C after the Fischer-Tropsch synthesis in a s‘lunrry
reactor, were detenninéd by X-ray diffraction (XRD) analysis and/or by Mdssbauer effect
bspectroscopy (MES). The Mossbauer spectra were obtained and analyzed at the University
of Kentucky (The Cons_ortiilm for Fossil Fuel Liquefactibn Science). A description of the
catalyst synthesis proce:dure is given in Apbendix 1, whereas the catalyst characterization
equipment and expefi_mental procedures employed are described in Appendix 2. |

The catalyst composition and textural properties of catalysts calcined at 300°C are

summarized in Table III-1.1. The catalyst compositions were calculated based on the
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elemental analysis by atomic absorption spectroscopy (AAS). The results of elemental
analysis of all three catalysts show that numcrical values for iron, copper and silica are fairly
consistent with the corresponding nominal (intended) values, whereas the potassium contents
are slightly higher than the nominal values. The BET surface areas were between 222 and
290 m?/g, whereas the pore volume varied from 0.62 cm®/g (Ruhrchemie LP 33/81) t0 0.71
cm’/g (catalyst B). Multiple measurements of the same property with the same catalyst
indicate good reproducibility of results. Ruhrchemie catalyst has similar composition as our
catalyst B, and its surface area is about 20% higher than that of the catalyst B.

Figure III-1.1 shows the differential pore volumes of catalysts B and C as a function
of pore diameter. The data show that the pore volume contribution from larger pores (>10
nm) is very small.

'XRD patterns of calcined catalysts B and C did not exhibit crystaliinity, i. e. they are
either amo,rphous or the crystallites are too small (less than 5 nm) to be detected by XRD.
The iron phiises present.in catalysts samples withdrawnv'fr’o,m the slurry reactor at the end of
several tests are summarized in Table II-1.2. Mﬁssbauervspectroswpy analysis indicates the
presence of a significant fraction (38-73%) of biron‘phase(s)' exhibiting superpé.ramagnetic
behavior at a room temperature. Kiindig et al. (1966) have found that the critical diameter of
~ iron oxide particles' for superparamagnctic relaxation at ro’orri temperature is about 13.5 nm.
| In runs 'SB-0945 and SA-0075 magﬂctite (Fe,O.,) was identified by XRD analysis, but not by
MES analysis._ Ii is likely that at least a portion of superparamagnélic phase is magnetite.

Fe,C, designates either a single iron carbide phase (¢'- or x- carbide) or a mixture of these

two carbides. The precisc identification of these two types of carbides by XRD analysis is

difficult when the signal intensities are low, and other compounds with overlapping peaks are

preserit, such as magnetite and wax. In this report y-carbide (Fe,C,) refers to the so-called
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Higg carbide and its XRD pattern reported by Hoffer et al. (1949). &'-carbide (Fe,,C) has a

. pseudo-hexagonal structure and its XRD pattern was first reported by Barton and Gale
(1964). The identification of iron phases by Mdssbauer spectroscopy was made by utilizing
published values of the hyperfine parameters (the isomer shift, the quadruple splitting, and
the magnetic hyperfine field) of the Mdssbauer spectra.

The folloWing observations are made from results shown in Table ITI-1.2:
(1) Syngas conversion was low (8-14%) in run SB-3064: magnetite and
superparamagnetic phase (probably iron oxide) were identified at the end of the test. A
possible reason for low activity in this test is the presence of impurities (catalyst poisons) in
the initial slurry medium. These impurities may have prevented the formation of active iron

" phases during the reduction and F-T reactien. In all other tests the catalyst was active and the

iron carbide phases were identified by Mossbauer and XRD analysis.

(2) Catalyst B (24 parts of Si0, per 100 parts of Fe) contamed g'-carbide (SB-0665),
whereas in runs SB-0045 and SA-0705 w1th catalyst o (16 parts of SrO per 100 parts of Fe)

X carblde was found in the used catalyst samples at the end of the tests. It is not clear

whether tlns is due to dtfferences in s1hcon oxide loadmgs, or due to the use of different
process COﬂdlthllS in dtfferent tests. Namely, in runs SB-0045 and SA-0705 with catalyst C,
the catalyst was tested at both 1 48 MPa and 2.17 MPa, whereas in run SB- 0665 the catalyst
B was tested at 1 48 MPa, only

(3)  Methane selectivities were lower in tests where y-carbide was the dominant iron

phase (catalyst C), in lcom,parison to the test SB-0665 with catalyst B were &'-carbide was

present. vd ’
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III-2 Reaction Studies with Catalysts B and C

Octacosane (n-C,g paraffin) was used as a start-up slurry medium in the first three
tests with catalyst B (runs SB-2764, SB-3064 and SA-0025), but all of them were
unsuccessful (low catalyst activity). In the original test of catalyst B (SB-1931) purified n-

octacosane was used as the start-up fluid, and high synthesis gas conversion was obtained.

Before loading to the reactor, the n-octacosane (99 % purity, The Humphrey
Chemical Company, North Haven, CT) was extracted with tetrahydrofuran (THF) to remove
| bromotetradecane, since bromine is known to be the catalyst poison. Samples of fresh n-
octacosane (before purification with THF), and from the slurry reactor (after the purification)
‘were sent for trace bromme analysis to two different Laboratories. According to analysis
done at Galbra1th Laboratones, Inc. (Knoxville, TN) the as received n-octacosane had 530
ppm bromine, and the purified one less than 10 ppm bromine. The VHG Labs Inc.
(Manchester, .NH),' using TOX (total organic halogen) -method detected even higher level of
o nnpurmes They reported 0. 7 wt-% total halogen (as bromine) in the fresh n-octacosane, and
.- 'less than 0 005 wt% (50 ppm) in the punfied sample Both results show that the amount of
| bromme was substannally reduced wrth ”"HF washing. However, it can not be. ruled out that
) -'the resrdual ppm level of bromine had a detrimental effect on the catalyst activity. The trace
of sulfur was also detected by Galbralth Laboratories in used octacosane samples. Therefore
- we beheve that the presence of impurities in n-octacosane had resulted in catalyst porsomng
" in the three unsuccessful tests with the catalyst B. After these three unsuccessful tests, we
dec1ded 'to abandon n-octacosane as the start-up liquid medium, and we began using the
Ethylﬂo 164 oil (a hydrogenated 1-decene homopolymer liquid - C3o, obtained from Ethyl

Co.). ). Ethylﬂo 164 orl was used in all subsequent slurry reactor tests throughout this contract.
I-2.1  Stirred Tank Slurry Reactor Tests of Catalyst B (100 Fe/5 Cu/6 K/24 SiO,)

- Two successful tests of catalyst B designated SB-3354 and SB-0665 were performed

in 'a‘ slurry reactor B. The catalyst was reduced with Hj at 250°C, 0.8 MPa (100 psig), 4000

oI-7




cm*/min for 4 h. The same reduction conditions were employed in the original test of this

catalyst (SB-1931). In all three tests the process conditions were: 260°C, 1.48 MPa, gas
space velocity (SV) of 1.2-2.2 Nl/g-cat/g nsing synthesis gas with molar feed ratio H,/CO =
0.67-0.69. In each test, 7-10 g of catalyst with particle size less than 53 pum (270 mesh) was

suspended in the start-up liquid to form a 2436 wt% slurry.
Activi { Stability

Changes in synthesis gas, (H+CO), conversion and (H,/CO) usage ratio with time-
on-stream (TOS) are shown in Figure II-2.1. In the original run SB-1931 (with n-octacosane
as the start-up liquid), (H,+CO) conversion was stable with time (Figure III-2.1a). However,
in the two recent runs SB-3354 and SB-0665 (With Ethylﬂo 164 oil as the initial slurry
medium) the catalyst deactivated during the first 150 h of testing. Initial conversions in all
three tests were similar (H2+CO conversion was between 72 and 78%), but the initial space
velocities were different in these tests (2.2 Nl/g-cat/h in run SB-1931, 2.0 NUg-cat/h in run
- SB- 0665 and 1.8 Nl/g-cat/h in run SB- 3354) Companson of conversxon values at the same
gas space veloc1ty (at 1.8 and 1.6 Nl/g-cat/h) reveals that the catalyst was most active in run

SB- 1931 (the hlghest convers1ons) and the least act1Ve in run SB 0665 (the lowest

convers10ns)

Cctnparison of catalyst activity in terms of syngas conversion is not meaningful when
the reacuon condmons are not the same. In such a case an apparent reaction rate constant
provides a better ba31s for companson of the catalyst act1v1ty In this study the apparent
reaction rate constant was calculated assummg that the rate of (H 2+CO) d1sappearance has a

first-order dependence on hydrogen parual pressure :

1000-SV- X, , | |
k= %22 (mmol (H,+CO) converted/g-Fe/h/MPa)
22.4 M PHZ M er .




where: SV = gas space velocity (NVg-cavh); X, . . is syngas conversion; B, = partial

pressure of hydrogen (MPa); W, = mass fraction of iron in the catalyst (-).

The apparent rate constant as a function of time-on-stream for three runs with catalyst |
B is shown in Figure III-2.2. As can be seen from this figure, initial activities in all three
tests were about the same, k = 340-350 mmol/g-Fe/h/MPa. In run SB- 1931, the apparent rate
constant gradually decreased from 350 to 300 mmol/g-Fe/h/MPa over a 400 hour period.
However, in run SB- 3354, the rate constant decreased from 340 to 250 mmol/g-Fe/h/MPa
during the first 150 h of ‘testing. It was stable at this value during the next 150 hours of
testing at SV = 1.6 NVg-cat/h; and then decreased further to 200 mmol/g-Fe/h/MPa during
testing at SV = 1.2 Nl/g-cat/h In run SB-0665 the lmtlal value of the apparent rate constant
‘was 350 mmol/g-Fe/h/MPa at 20 h, but the rate constant decreased from 350 to 250 mmol/g-
Fe/h/MPa in 120 hours, and than stabilized at 220 mmol/g-Fe/h/MPa between 180 and 370 h
of testing.

Water gas shift W GS) activity of the catalyst is related to (H2/CO) usage ratio (UR),
partlal pressure quotlent Kp = Pcoy PHz/Pco Pmo and per cent ‘CO conversion to carbon
d10x1de (C02 selectxvrty) Lower values of the usage ratio, or hlgher values of Kp or CO,
selectmty imply hlgher WGS act1v1ty In runs SB-3354 and SB-O665 the usage ratio was
fairly stable at 0. 56-0 58 (see Flgure II-2.1b) durmg the enttre test. The usage ratio m run
SB-1931 was usually above 0 60, and mcreased t0 0.62 at about 500 h on stream, i. e. the
catalyst S WGS activity was lower than in runs SB-3354 and SB-0665.

Methane and C; + Cz hydrocarbons (methane + ethane + ethylene) selectivities are
shown in Flgure III-2.3. " Low selectrvmes of methane and Cl +C, hydrocarbons obtained in
run SB-1931 were also observed in runs SB- 3354 and SB-0665. For example, selectxvmes to
methane and C; + C, hydrocarbons during run SB-3354, were similar to those obtained in

run SB-1931 (2 5 3 mol% and 5-6 mol%, respectrvely); whereas the corresponding values in
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run SB-0665 were slightly higher (e. g. 2.5-3.6 mol% and 5-7 mol%, respectively). Gaseous
hydrocarbon selectivities (C2 - C4) (Table mI-2. 1) varied between 10 and 12.5 wt% in runs
SB-1931 and SB-3354, but were higher in run SB-0665 (12 15 wt%).

In run SB-1931, hydrocarbon product distribution shifted gradually toward lower
molecular weight products with time (see Table III-2. 1). For example, methane selectivity
increased from 2.5 wt% (42 h) to 3.7 wt% (496 h), while C; - C4 selectivity increased from
11 to 14.6 wt% (between 98 and 208 hours on stream), whereas C g+ selectiyity decreased
from 58 to 49 wt% (also between 98 and 208 h). In runs SB-3354 and SB-0665,
hydrocarbon product distribution during the first 100 h on stream was very sumlar to that
obtained in run SB- 1931 (Table II-2.1), but after about 100 h on stream the product.
distribution in these two tests did not change significantly wrth time. Some dlfferences in
hydrocarbon product distributions were observed in these three runs For example, gasohne
range hydrocarbons (Cs - - C11) selectivity in run SB- 1931 was between 13. 2 and 19. 6 wt%,
whereas in run SB-0665 it varied between 16.3 and 23 wt% The gasolme range_
hydrocarbons in run SB-3354 vaned between 16.9 and 19. 2 wt%, whrch is smnlar to that
obtained in run SB-1931, e

- Carbon number drstnbutlons obtamed 1n tests with catalyst B are shown in Frgure

| ' II-2.4 in the form of Anderson Schulz - Flory (ASF) plots (log of mole fracuon vs. carbon

number) Data for mdlvrdual mass balances atSv = 1. 6 Nllg-cat/h and snnrlar TOS were
chosen for comparison ('I'he effect of trme-on-stream and process condmons on the carbon
number distribution was negllgrble in all three tests). Positive dev1auons from ASF
distribution are noted in all three tests in Cyq - ng carbon number range. We are not certam
whether this is due to the intrinsic catalytic selectivity, or due to experimental errors (e.g. loss
of products and/or errors in analysis). The same behavror was obtained in several other mass
balances in each of these three tests. Expenmental data in Figure III-2.4 were ﬁtted with a

three parameter model of Huff and Satterfield (1984):

- 13



X, = B(l-a) 0™ + (1-B)(1-0t,) 00,™
where: x, is the mole fraction of products containing n carbon number atoms (hydrocarbons
and oxygenates); P is the fraction of type 1 sites on the catalyst; and o, and o, are the chain’

growth probabilities associated with the type 1 and 2 sites, respectively. The model
parameters were estimated by a nonlinear regression (products of carbon number range Cio-

Czo were excluded from calculations). Numerical values of the parameters are as follows:

- 061, o, =093, and B =0.76.

Olefin Selectivi |
| Primary products of Fischer-Tropsch synthesis are 1-olefins and to a smaller extent,
n-paraffins. | Alpha olefins may undergo secondary reactions, such as hydrogenation,

‘ }isomerizati}on and readsorption. The olefin content, defined as 100 x olefml(oleﬁn+paraffm)

is a measure of catalyst s hydrogenatlon activity. Werght percent olefin content variation
] number (up to Cjs) is illustrated i in Flgure III-2 Sa. ~The. ethene content is low
- smce 1t readsorbs much more readlly than the other low molecular welght olefins resulting in

hydrogenanon and/or cham growth initiation to higher molecular welght products. The

oleﬁn content reaches a max1mum at C3 C4, and then decreases with increase in carbon

'number The oleﬁn contents were similar in runs SB- 1931 and SB-3354, whereas slightly
lower values were obtamed in run SB-0665. |

»Ratro' of “Zl-ol_efins/(l+2)- hnear olefins is indicative, of catalyst’s isomerization |
acti‘vity. Thrs ratlo usually increases with carbon number, especially for hydrocarbons in the
liquid phase (C74). The 2-olefin contents were similar in all three runs (Figure IH-2.5b),
although the é-oleﬁn‘:content in run SB-1931 was slightly low_er than that obtained in runs
SB-3354 and SB-0665.
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(100 Fe/5 Cu/6 K/24 §i0; catalyst).



- 2.2 Stirred Tank Slurry Reactor Tests of Catalyst C (100 Fe/3 Cu/4 K/16 Si0,).

Two new slurry phase tests were conducted with catalyst C from batch 1. These two -
runs were carried out in two different reactor systems, run SA-0705 was made in the slurry

reactor A and run SB-0045 in the slurry reactor B. The reduction conditions employed in

the original test of this catalyst (SB-0261) and in run SA-0705 were the same (Hz at 240°C,

0.8 MPa (100 psig), 7500 cc/min for 2 h). In the test SB-0045 the reduction was carried out

at a higher temperature (250°C, instead of 240°C), whereas the remaining conditions were the

same. In all three tests the catalyst was tested at: 260°C, 1.48 MPa, 1.4-2.0 Nl/g-cat/h using
synthesis gas with molar feed ratio Ho/CO = 0.67-0.69. About 7-20 g of catalyst of particle
size less than 53 nm (270 mesh) was suspended in the start-up fluid to form a 2.3-7 wt%
slurry.

Q‘ ] ! e e ‘ ls l.l.

Changes in (Hz+CO) conversion and ‘H,/CO usage ratio with time are shown in
Figure HI-2;6. During the first 100 hours of testing at the baseline conditions: 260°C, 1.48

MPa, and 1.4 Nl/g-cat/h, the syngas conversions Were similar in all three tests. After 100 h,
the syngés conversion started to decline in run SB-0261, and reached 76% at 150 h on
stream. Between 160 and 240 vh on stream the catalyst was tested at 263°C (results not
shoWn), and upon retuming to the‘ béseline conditions the conversion was about 67%. After
that, the catalyst .became stable and the conversion did not chaxige with time. On the othef
hand, in runs SB-OO45, and SA-0705 the catalyst was quite stable \ip to 250 h, and the syngas
conversion was‘abqut 81%; After that, in both tests, the reaction pressure and gas space
velocity were increased proportionally to 2.17 MPa and 2.05 NV/g-cat/h, respectively, in
order to maintain the constant gas residence time. In both cases, the conversion decreased

slightly to about 79%, and in run SA-0705 the syngas conversion decreased from 79 to 75 %
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during the next 260 h of testing at higher reaction pressure. The reactor space-time-yield
(STY) increased by about 40% during testing at 2.17 MPa and 2.05 Nl/g-cat/h (Table III-
2.2).

Good reproducibility of catalyst activity is also reflected in Figure III-2.7, in which
the apparent reaction rate constant in all three tests varied between 250-270 mmol/g-’
Fe/b/MPa during the initial 100 h on stream. Constant activity and low deactivation rate
were observed during the next 150 hours of testing in runs SB-0045 and SA-0705. In the
original test (SB-0261), the catalyst began to deactivate after about 100 h on Stream.
However it became stable again at about 250  hours (k = 170 mmol/g-Fe/h/MPa).

In the two recent tests (SB-0045 and SA-0705) of catalyst C, the reaction pressure’
and space velocny were increased to 2.17 MPa and 2.05 NV/g-cat/h, respectively, at about
250 hours. The apparent rate constant in run SB-0045 remained almost constant (about 255
mmol/g-Fe/h/MPa), whereas in run SA-0705 it decreased from 256 to 240 mmol/g-Fe/h/MPa v
at 525 hours on stream, '

Water gas shift act1v1ty in all three tests was hlgh and very reprodumble (Figure II-
-2, 60) The usage ratio was between 0.55 and 0.57 i in all three tests.

Methane and gaseeus ~hydrocarbon selectivities‘obtairted in runs SB-0261 and SB-
0045 were similar (Figure IMI-2.8 and Table IM1-2. 2), whereas shghtly higher selectivities of
low molecular weight hydrocarbons were obtained in run SA-0705. For example, methane
selectivity vaned between 2 and 3 mol% in the latter test, whereas in the two tests conducted
in the reactor B it was between 1.9 and 2.4 mol%. Also, C;-Cy4 selectivity was between 9. 3‘
- 11.3 wt% (Table III-2 2) in tests conducted in the slurry B system, whereas it was 12.5-14
wt% in the test SA-O705

Hydrocarbon product dist;ibutions for C+ products in all three tests were similar
(Table II-2.2). Fer example, the fraction of gasoline range hydrocarbons (Cs - Ci1) was

generally between 11-14 Wt%. Numerical values for diesel range hydrocarbons (Cip-C ;g)
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and Cg+ products were not as reproducible as those for the gasoline range hydrocarbons, but
for majority of mass balances the corresponding selectivities were about 18 wt% and 51-55
wt%, respectively.

Typical carbon number distribution obtained in run SB-0045 is shown in Figure III-
2.9. Positive deviations from ASF distributigq are noted in Cjg - Co9 carbon number range.
The same type of irregularity was observed in tests with catalyst B (Figure II-2.4).

Experimental data were fitted with a three parameter model, and the model prediction is

shown as a solid line. The estimated values of parameters are as follows: o, = 0.59; o, =

0.95, and § =0.75.

Olefin Selectivi
~ Total olefin and 2-olefin contents as a function of carbon number are shown in Figure
II-2.10. T_otal olefin contents (Figure III-2.10a) were similar in all three runs and small
deviations m results may be attributed to experimental errors. Also, 2-olefin contents (Figure
1II-2.10b) were similar in all three runs up to C,,, but signiﬁéantly higher 2—6lefm contents of

C+ hydfocarbons were obtained in run SB-0261 than in the other two tests.

Three tests weré_conducted with each of the two catalysts. In the original tests
conducted in 1991 (SB-1931 with the catalyst B, and SB-0261 with the catalyst C) n-
dctacoséne was used as the initial medium. In thé four tests conducted during the current
~ contract, Ethylflo 164 0l was used as the start-up fluid, due to problems encountered in three
initial tests using n-octacosane as the start-up liquid (low activity in all three tests). The
effect of reactor set-up (slurry A vs. slurry B reactor system) was investigated in two recent
tests with the caté.lyst C (runs SB-0045 and SA-0705). In general, reproducibility of results
in multiple tests of the same catalyst may be regarded as quite satisfactory. The catalyst B
(100 lfe/S Cﬁ/6 K/24 SiOz) was more stable in the original test (SB-1931) than in the two

recent tests (SB-3354 and SB-0665), whereas the opposite trend was observed in tests with

| | I-24
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the catalyst C (100 Fe/3 Cu/4 K/16 SiO3). Hydrocarbon product distributions and olefin
selectivities in multiple tests with the same catalyst weré also reproducible.

Performance of catalysts B and Cis comparable to, or exceeds, that obtained in the
two most successful bubble column slurry reactor (BCSR) tests conducted by Mobil (Kuo,
1985) and Rheinpreussen (Kolbel et al., 1955). In Mobil’s run CT-256-13 at synthesis gas
conversion of 82%, methane and C; + C, selectivities were 2.7 and 5.6 wt%, respectively,
whereas the catalyst productivity was about 0.26 g‘HC/g-cat/h (Test conditions: 257°C, 1.48
MPa, 2.3 Nl/g-Fe/h, H2/CO =0.73). In Rheinpreussen’s demonstration plant unit the Cy +C,
selectivity was 6.8% at the synthesis gas conversion of 89%, and the catalyst productivity
was about 0.33 g HC/g-cat/h (Test conditions: 268°C; 1.48 MPa, 3.1 Nl/g-Fe/h, Hy/CO =
0.67).

In run SB-3354 with catalyst B (TOS = 97 h) the following results were obtained at
260°C, 1.48 MPa, 3.2 Nl/g-Fe/h, H,/CO =0.67: Methane and C; + C, selectivities were 3.2
and 5.3 wt%, respectively, and the catalyst producﬁvity was 0.26 g HC/g-cat/h at the
synthesis gas conversion of 71.5%. The catalyst perfoﬁnance‘ in the original test of the
catalyst B (run SB-1931) was even better (see Table II-2.1), i. e. higher activity and lower
methane and gaseous hydrocarbon selectlvmes were obtained. . . _

The performance of catalyst C in run SB-0045 is ‘illust_rated in Table III-2.1. For
examplc, at the reaction pressure of 1.48 MPa and 2’1v5 hours On’stream, its performance was
very similar to tﬁat obta.ined iﬁ Mobil’s run CT-256-13. However, the performanée of |
catalyst C was better at reaction pressure of 2.17 MPa and gas space velocity of 3.4 Nl/g-Fe/h
(TOS = 336 h). Methane and C+C, ‘selectiviﬁes were 2.6 and 5.4 wt%, respectively, and

the catalyst productivity was 0.36 g HC/g-cat/h at the synthesis gas conversion of about §0%.
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