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ABSTRACT

The effects of potassium and copper pmmoéion, and s:lica and 2lumina binders (supports)
on activity and selectivity of precipitated iron catalysts for Fischer-Tropsch synthesis (FTS) weic
studied in © fixed bed reactor It was found that both potassium and copper increase catalyst
activity for FI'S and the water-gas-shift (WGS) reaction. Potassium promotion (~0.2 - 1 wt%)
results in increase in the average molecular weight of hydrocarbon products, and suppression of
secondary reactions (olefin hydrogenation, and isomerization of 1 - 1o 2-alkenes). Copper
nromotion (~3 wt%) has similar effect on hydrocarbon distribution, bu' * enhances slightly ‘he
secondary reactions. The activity of doubly proroted (100 Fe/3 Cu/x K, x=0.2 or 0.5) catalysts
was higher than that of singly promoted catalysts and was independent of potassium loading,
- whereas their selectivity behavior was strongly influenced by their petassium loading.

It was found that both the FTS and the WSS activity decreased with increasing support
content. Catalyst deactivation rate decreased with catalysts containing 24 and 100 g of SiC» per
100 g of Fe. Secondary reactions increased with increasing silica content. Hydrocarbon
selectivities improved (iess gaseous hydrocarbons) with the addition of support, except for the

cataiyst containing 24 SiCy/100 Fe.

For presentation at the Ninth Irdirect Liquefaction Contractoss' Review Meeting,

November 13-15, 1989, Fiusburgh, PA, DOE Contract DE-AC-22-85PC5001 1
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IORODUCTION

Siurry phase Fischer-Tropsch processir.g is considered a potentially economic mezhod to
convert coal-derived synthesis gas into liquid fuels. Largely due tc its refativeiy sivuple reactor
design, improvzd thermal efficiency, and ability to process COj-rich Syuibinsts 248 the siwry
process has several potential aavantages over conventional vapor phase processes

While advances have been made in the slurry phase Fischar-Treopsch iachnoogy, further
work is required to more thoroughly evaluate its potential s a viable techniology. Therefore, Air
Products and Chemicals, Inc. proposed a program to develop a cengistent process/economic data
base for a variety of iron- basec catalysts. Texas A & M University wus the subcontractor for
work on development and evaluation of catalysts. This cata base allows unambiguous
comperson of the performance of the new catalysts restec, noth with each other and witre the
state-of-the-art catalysis compositions. Particular atiznuion was paid to axtacting kinetic an;i
selectvity daia and deveioping improved compositions/process parameters. The effects of
activaticn,/reducton procedures, nreinoters and binders/supnours ¢t Tvst activity, sclccuﬁ}yf
ondd stability were inwvesrigatcd ir a systematic way. Resalts from‘ studies on the effect of
activation/reductiorn, 9-cegures wer. reported ac the previous two Coutractors’ Review Meetings
(Bukir e al., 1987. 1G88) and elsewhere (Bukur et al. 1989). Here we present recent results on

promaier ana binder (suppost) effects.

PROMOTER EFFECT RESEABCH

The most common promoters for iron catalysis are copper and potassium, It is generally
believed that copper serves only to promote the reduc.on of iron during activation, thus allowing
lower activation tempcratures and consequently, giving less sintering, greater surface areas, and

increased activity. Potassium, on the othe  .nd, acts as both structural and chemicai promoter,
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and it affects the catalyst activity as well as the seiectivity. Higher potassium concentrations give
heavier products (increased wax selectivity) and more olefins in the hydrocarben products.
Although the qualitative effects of potassium promotion on ‘cataryst activity and
selectivity have been clearly cstablished, the daru illustrating quar.titative effi uis at conditions of
industrial relevance (elevated pressure, CO rich feed gas, high reactant cor.versiuns, sieady state
operation in the absence of significant catalyst deactiv4rions are still lackirg. Our study was
undertaken to provide de‘ailed information on (1) individual efiects of potassium and copper
promotion (singly pmmoted Fe/K and Fe/Cu catalysts), and (2) combined prow. ational effects of
copper and potassium (doubly promoted Fe/Cu/K catalysts) on activity and product selectivity of
precipitated iron catalysts for Fischer-Tropsch synthesis at process conditions representarive uf

industrial practice.

Caualyst Preparation/Reducsion Procedure

Cutalysts were prepared using a continuous precipitation metliod, similar to that ¢zscribed
by Kdélbel and Ralek (1980). Cacalyst precursor was prccibitatcd from an aqueous solution
containing iron and copper nitrates at the desired Fe/Cu ratio using agueous ammonia. After a
drying sier, the potassium promoter was added as aqueous WHCO; solution via an incipieit
wetness pore filling technique. The final step was to dry the catalyst at 120°C for 16 b in a
vacluum oven. The catalyst compcsition was verified in each case using atomr.c absorption
spectroscopy. All catalysts were reduced with hydrogen at 220°C, 500 cm? /min and atmospheric
pressure for 8 h,

Seven catalysts were emploved in our study: an unpromoted iron, coppes romaoted
Catalyst (100 Fe/3 Cu, in parts per waight), thr.e potassium promoted caralysts 1100 Fe/x K,

where x=0.2, 0.5 and 1.0", and two dnubly promoted catalysts (100 Fe/3 Cu/i.z % or 0.5 K).
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Activivy and Stability of Catalysts

Effzcts of reaction temperature ard time on stream at 250°C on FTS activity, measured by
(H2+CGy conversios, are shown in Figures la and b, respcciively. {H2+CGQ) conversion
incraases with the addition of either copper or potassium, but copper has a more pronounced
effect on catalyst activity than doe: potassium at all three reaction temperatures. The actvity
increases significantly with increasing potassiam content up 10 0.5 g of K per 100 ¢ of iron, but
beyond this promoter concensration tac offect is snaait (0.5 K vs. 1K per 100Fg). A syncrgistic
effect is opserved with doubly promoted catulysts, which have higher activity than singiy
promoted catalysts. Also, acnvities of the iwo doubly promoted catalysts were similar at both,
235°C and 250°C, .c., the acuvity was wndependent of porassivmn content of the catalyst.
(H,+CQ) conversion increases with increasing reaction teipperature, as expected.

The increase in catalyst activity with addition of potassiura has been expiained in terms of
its structural and/or chemical prowrosional effects. Kolbei and co-workers (1960, 1963) mece
extunsive characierizaton smdies of catalysts with and withont a'kali, and found that potassium
added in small amounts stabilizes surface area of the precipitassd iron oxyhydrides and protecd it
against recrystalization during calcinanon. Reduced cawaivais haa maximum meral dispersicn at
potassium loading of 0.15 and 0.3 wt%. The maxitna in catalyst activity during synthesis were
observed at these potassium loadings. Kdlbel (1967} postulated that the reduced catalyses
contailing potassium hasd a much higher concentzation of active siwes (han an unpromored
catalyst. At higher gromser concentrations, the active sites may be covered by potassium
resulting in decline of the caralvst « r-txivity._ Funnermore, increase in potassium {osters Jarbon

depositior which blocks the active swriace avea leading 1w further decline in activity.
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The increase in activity with copper addition that was found in the presert study, is in

agreement with results obtained in Kolbel et al. (1951) study at 230°C, H2/CO=2 and

atmospheric pmssufe. Kolbel et al. observed increase in overall activity already at very low
promoter levels (ca. 0.1 wi% of Cu), and further increases in the copper level had no additicnal
effect. The reasons for increased catalyst activity with the addition of copper are not clearly
understood. It is known that copper facilitates reduction of iron, and that the total surface area of
the catalyst decreases with extent of metal reduction (Dry, 1981). This suggests that higher
activity of Fe/Cu catalysts relative to unpromoted iron niay be attributed to differences in the size
and number of a-Fe and/or iron carbide crystaliites duririg synthesis. Also, following the
reduction with Hj at 220°C, the copper containing catalysts have a larger fraction of metallic iron
than the unpromoted iron and the Fe/K catalysts. This may also be responsible for their higher
acuyvities, since the zero-valent iron is more active for the FTS synthesis than the iror in higher
oxidation states (Fe(II) or Fe(HT)).

The effect of time on sweam on FTS activity at 250 > and 2 Nl/z-caish is illustrated in
Figure 1b. The activity of all catalysts during the first mass balance at 250°C (72 hours on
stream) was lower than the activity at 142-168 hours when the base conditions were repeated.
The increase in activity was rather small, less than 5%, for the two doubly promoted catalysts,
the unpromoted iron catalyst and the 100 Fe/3 Cu catalyst. This means thai these catalysts had
achieved their steady state activity after about 40 hours at 250°C. However, catalysts promoted
with potassium alone showed a marked increase in activity over the same pceriod of time as
shown in Figure 1b (100 Fe/0.5 K} and Table I (100 Fe/0.2 K). Also, (H,+CC) conversions, in
tests with the 100 Fe/1 K catalyst at 235°C, were 23.5 and 37% at 48 and 168 houss on stream,

respectively.
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This increzse ip activity with time on stream is tvpical for hydrogen activated catalysts
which are not reduced comple ~ly to zero valent sizte (Dry, 1981; Bukur <t al. 1989). The
catalysi activity increases during synthesis due t; further reduction/carbiding which results in
continued creation of active sites. Temperaturz progmmmcd' and isothermal reduction studies at
300°C, conducted in Cheraistrv Departme.it at Texas A&M University, revealed that potassiur
inhibits reduction of iron when H; ‘s used as reductant, whereas copper facilitates the iron
reduction even in the presence of votassium (L:, 1938). This explains the fact that the induction
period during FTS is much longer for Fe/K catalvsts than with those containing copper.

The two doubly preinoted ca:alysts were tested over a longer period of time. These two
catalysts were exposed -0 the synthesis gas with H:CO=2:3 molar feed rado at 250°C and 260°C
between about 150 and 400 hours on stream, and then the base conditions (250°C, Hy:CO=1:1)
were repeated. Resulis at the base conditions at 428-456 h on stream are also shown in Figure 1b
and in Table I. The catalyst with lower poiussium content (100 Fe/3 Cu/0.2 K) had exhibited o
remark=ble stability and its activity at 430 h on stream was nearly the same as its maximum
activity at about 143 h on stream (76.8 vs. 78.1 % (H,+CO) conversion). The catalyst withﬂi\ |
nigher potassium content (100 Fe/3 Cu/0.5 K) had lost uearly 9 % in activity between. 143 and
457 h on strearr.  The addition of peiassium fostérs carbon deposition, and ¢ latter leads to
catalyst deactivation by blocking the active sites on the surface (e.g. Kdibel et al., 1951;
Anderson et al., 1952; Dry, 1981; Arakawa and Bell, 1983).

The FTS reaction cn iron catalysts is accompanied by a reversible waler-gas-shift (WGS)
reaction. One measure of the WGS activity is the CO3 selectivity defired as the rate of CO;

production divided by the total rate of CO consumption (or % CO converted to CO3). This ”

assames that all of CO, is produced by the WGS reaction. The WGS activity of selected
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catalysts as a function of reaction temperature is shown in Fignre 2. The WGS reaction proceeds
nearly to completion (CO; selectivity is approximately 0 5) at all reaction temperature (235-
265°C) with catalysts which contain potassium as promoter. The WGS3 activity of the
unpromoted iron catalyst increases markedly with the reaction temperature, buit even at 265°C the
QO; selectivity is only 0.41. The WGS activity of the 100 Fe/3 Cu catalyst is significantly
greater than that of the unpromoted iron, and approaches the limiting value at 265°C. These
results show that both coppei nd potassium promote the WGS activity of the catalyst, with
potassium being the more effective promoter. All catalysts, except the unpromoted iron catalyst
artain their steady state WGS activity after about 40 A at 250°C (i.e., 72 hours on stream) as can

be seen from Table I by comparing CO; selectivities at 72 and 142-168 Liours on stream.

Hyd bon Frodugt Dismibu

Figure 3 shows that the average molecular weight of hydrocarbon products increases with
addition of cither copper or potassium to the unpromoted catalyst. Potassium is more effective
promoter than coppet in reducing methane and gaseous hydrocarbon production, while shifting
selectivity toward higher molecular weight hydrocarbons (in particular the C 4+ fraction). The
elfect of potassium on hydrecarbon selectivity observed in the present study is in agreement with
results obtained in several earlier studies with a variety of iron catalysts (Anderscn er al., 1952;
Dry, 1981; Arakawa and Bell, 1983). The increase in average molecular weight of hydrocarbon
products is due to increased CO and lower H; surface coverage in the presence of potassinm.
Since, chain termination results from the hydrogenation of the iron-carbon bond, the presence of
potassium enhances the probability of continued chain growth, i.c., formation of higher

molecular weight products.
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The effect of copr.er on hydrocarbon product distributior. during FTS was not Studied
exicusively. Murata, as reported by Anderson (1956, p. 132), made an early study of
multipromored iron-based catalysts and found that the vield of Cs+ hydrocarbon products
increased with increasing copper content up te about 10 wt% above which no further selectivity
changes occurred. Kecently Wachs et al. (1984) reported results from experiments ir a fix..d bed
reactor at 265°C, 7 atm and Hp/CO=3 at high space velocities (differental CO conversions) with
unpromoted Fe and 100 Fe/1.4 Cu catalysts. They found no effect of copper on the product
distributon. Additional studies with Fe/Cu catalysis are required in order to elucidate the role of
coprer in Fischer-Tropsch synthesis.

In our study, it was found that both copper and pot: 3sinm enhance the selectivity of
higher molecular weight producm, however the anticipated synergistic effect was riot observed in
experiments with the two doubly promoted catalysts. Instead, hydrocarbon 'sclcctivity of these
" two catalysts was largely deteymined by their poiassium ‘content, as shown in Figure 3.' The
effect of reaction temperature on hydrocarbon product distribution is also illustrated in Figure 3.ﬂ

The increase in reaction tcmperature causes the shift toward lower molecular weight products.

Olefin C - Hyvd ion Activi

‘The cffect of promoters on olefin selectivity, expressed as a mass fraction of linear olefins
in total hydrocarbnn product of the same carbon number, is shown in Figures 4a and 4b. All
curves are bell shaped, i.c. the olefin content increases froua Ca2 to C3/Cy, reaches a maximum
value, and then decreases with increasing carbon number. This shape results from secor dary
hydrogenation of olefins. Ethylene is more reactive than other low molecular weight olefins,

whereas the increase in hydrogenation activity (i.c. lower olefin content) of highe: molecular
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weight olcfins may be atribuied to their increased reactivity or to greater adsorpsivity cf long
chain molecules.

Potassium premotion suppresses secondary hydrogenation of olefins and the olefin
content increases with the potassium loading as shown in Figures 4a and 4?7 7 s is paiticularly
evident for products which are more susceptible to hvdrogenadon (C; and Cg+). ‘The caralys:
containing about 1 wi% of K has the highest olefin conteat, and the laner does not vary marxed:y
ufith carbon number. With doubly promoted catalysts potassium promstion becomes sffective
only at higher loadings. The 100 Fe/2 Cu/0.5 K cata.}ysi has similar oiefin con‘ent as the 100
Fe/0.5 K catalyst, while the olefin content obtaihcd with the 100 Fe/2 Cu/0.2 K cztalyst is neasly
the same as that of the unpromoted iron catalyst (Vigure 4b). The addition of copper 1o the
unpromoted iren resulis in increased hydrogenation activify (Figure 4b).

Similar results, concerning the promotional effect of [ntassium on olefin content and/or
its dependencs on carbon number, have been reported earlier in the liiczamue . irson At al.,
1952; Shulz et al., 1982; Sudheimer and Gaube, 1985; Dictor and Bell, 1985). The influence of
potassium on sccbndary hydrogenation of olefins is consistent with its effect on the strengin of

Hz and CO chemisorption. In the presence of potassium the CO chemisorption is ncreased
whereas that of H; is weakened. This resulis i iuwer surface concentration of Hs and

consequently in lower hydrogenation activity (i.e. higher olefin conient) of potassium promoted

catalysts.

Olefin | o
Figuré 5 illustrates the effect of promoters on olefin iscmerization as a function of carbon

number. As can be seen, potassium promotion suppresses isomerization of 1-alkenes and for a
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given catalyst the fraction of 2-aikenes (i.€. isomerization activity) increases with carbon number.
For catalysts with higher potassium content (ca. 0.5 - 1 w1% of K) the 2-olefins comprise 2 - 5%
of totaj iir.ear olefins, which suggest that siwne of the 2-olefins are also formed by primary
reactiors. Tlie addivon of copper enhances the isomerization acti;'ity of the unpromoted catalyst
(F'ure 5b), and has similar effect at low levels of potassium promotion (compare results for 100
Fe;0.2 K and 100 Fe/3 Cw/N.2 K catalysts). However, as the potassium content increases the
effect of copper diminishes, and the fraction of 2-olefins is nearly identical for the two catalysts

containing 3. 0.5 wt% of K.

Promoter ©¥fect Rescarch - Conclusions

Promoton of irnn witu pr - ssium in the range 0.2 — 1 wt%, increases activity of the
Fischer-Tropsch and wau.r-gas-shift reactions, and the average molecular weight of hydrocarbon
and othsr organic (primarily ' :ohels) preducts. It also causes suppression of oléfir;
hydrogenarion and isomerizaticn reactions. Potassiuru promotion inhibits iro.. reductidn and asa
vesult the potassium promoted catalysss requirs longer Aime to achieve the steady state activity.

Promotion of iron witt copeer (100 Fe/3 Cuj also increazes rates of FTS and WGS
reactions. Copper is nicre effective piometer than potassium in increasing the rate of FTS,
whereas the opposite applies to the WGS a:ttivity. 4lso, promotion with copper facilitates
reduction of iron and thus decreases tirne required to achieve the steady state acidvity. In the
presence of copper the hydrocarbon product diswribution <hifts toward higher molec :lar weign:
oroducts, but the magnitude of changes is significant'y smailer than that observed with potassium
promotion. Copper promotion enhanc:s slightly the secondary reactions {;ulcf.isa hydrogenation

and isomerization).



The FTS activity of the two doubly promoted cataivsts (100 Fe/3 CL/0.2 K and
100 Fe/3 Cu/0.5 K) was independent of their potassium content and higher than that of any of the
singly bromotcd catalysts. In tests over a long period of time (up to 460 hours on stream) the
catalyst with higher potassium content had lost about 9% of its maximum activity, whereas th:
100 Fe/3 Cu/0.2 K catalyst had lost only 2%. The WGS activity of the doubly promoted
catalysts was similar to that of the Fe/K catalysts. Selectivity behavior of the doubly premoted
catalyst was strongly influenced by *heir potassium content. The catalyst containing ~N.2 wt% K
had selectivities (hydrocarbon product distributica, olefin content) similar to that obrained with
the 100 Fc/‘ﬁ Cu catalyst, whereas the 100 Fe/3 Cu/0.5 K catalyst had selectivities similar to that
obtained with the 100 Fe/0 5 K catalyst. This shows that, in the presence of copper, higher
potassium loadings are needed to achieve promotional effects on product selectivity. Reaction
studies of the rype presented in this paper coupled with detailed catalyst characterization studies
are needed to gain better understanding of the role of promoters in iron catalysts for the Fischer-

Tropsch synthesis.

BINDER/SUPPORT RESEARCH

Supported catalyst systems with high support-to-mental ratios have not been overly
cffective in yielding good Fischer-Tropsch synthesis performance. In the slurry phase procss,
supported catalysts reduce the bulk conceritration of metal 2nd thus may hinder mass transfer of
gas to liquid as solids lcadings are increased to maintain meta! concentrations. On the other
hand, supported systems may actuallv increase the concentration of active metal sites by
maintaining higher metwl dispersions. The nature of the suppon is also important, since acidic
sites on the support ¢in render basic promoters like potassium ineffective, preventing interaction

between promoter and metal. Previous work at SASOI, (Dry, 1981) in fixed bed reactors,
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examined the effects of promoters and supports on the performance of Kuhrcheimie-type
precipitated Fe catalysts. In one set of experiments, a series of Fe/Cu/KoO precipitates was-"
prepared using Cr203, MgO, Al20; or ZnQ in place of the silica. None of these caialysts waskas"
active as the standard S$iO,-containing material. An supported comﬁosition was also less active.
Compositions containing both SiO; and a second support material also showed lower
performance. Of all the supports, small amounts of added Al,-O3 resulted in the lowest "vax
selectivity without excessive deactivation. This cencept could be used to control selectivity to
some extent.

A brief c¢xamination of promoted iron catalysts containing silica or alumina as

binder/support has been made in our laboratory. Selected res ts from tests in fixed bed reactors

are described and discussed.

Caralyst prcpafation invelved three steps: preparation of the iron-éoppcr precursor,
incorporation of binder/support (silica or alumina}, and finaily pctassium impregnation. Aﬁcr
the impregnation the catalyst was dried and calcined in air at 300°C ‘or 5 h, and then crushed and
sieved tc 2 diameter betwee~ 0.25 and 0.55mm (30/60 mesh). All atalysts were reduced with
carbon monoxide at 280°C and ztmospheric pressure for 12 hours.

Six catalysts were employed in the present study: aa unsupported iren/copper/potassium
catalyst (100Fe/5Cu/4-2K in parts per weight), three silica-supported catalysts
(100Fe/5Cu/4-2K/xSi0,, where x=8, 24 and 100), and two alumina-supported caxalysts

(100Fe/SCw4-2K/xAl703, where x=8B and 24). The technijque used 1o prepare the alumina-
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conta‘ning catalysts could attain a maximum concentration of only about 30A1203/100Fe, s0 a

catalyst with high alumina concentration (100A1,01/100Fe) was not available for testing.

Catalyst Characterizati

The metal concentrations in the catalyst were determined b, atornic absorption analysis
using a Varian Spectra AA 30 absorption spectrophoiometer. The following techniques were
used to characterize selected catalysts after calcination and CC reduction:

(i}  Surface area measurements utilizing the BET method on a Quantachrome-Quantasorb
apparatus;
(i)  Pore Size Dvistribution by mcrcuiy porosimetry on a Micromeritic Pore Sizer 9310;
(i)  Temperature programmed/isothermal reduction; |
(tv)  Temperature programmed desorption uf Hy,
(vi X-ray photoelectron spectrcscopy on a Hewlett-Packard (Model 5950A) ESCA |
spectrometer.

Each catalyst preparation was analyzed for actual iron, copper, potassium, and silica or
alumina rontents by atomic absorption spectroscopy. Tzble II summarizes the intended nominal
and actual analyzed composition of each catalyst used in this study. For purposes of simplicity,
cach catalyst will be referred 10 by its nominal composition. Total surface areas, determinced by
application of the BET method to Ny adsnrption isotherms a* -196°C, were obta:ned for the
unsupporterd and silica-supported catalysts, following reduct:iun teatment in CO at 300°C. Thesc
data, also preseated in Table I, demonstrate that increasing conteiit of SiO; support results in
substantial increase in catalyst surface area. In addition to surface area measurements, mercury

porosimetry was employed to obtain the pore size distributions of calcined and reduced Cataiysis.
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Following calcination and subsequent reduction in CO for 4 h at 300°C, rhe distribution of the

paore volume for each of the three silica-supported catalysts differed, depending upon SiO,

content. The 8SiO2 material exhibited a well-defined maximum at a pore diamete: of 150-2C0 A,

while the 24810, and 1008i0; catalysts displayed bimodal pore size distributions. In addicion to
4 maximum at - 100 f\ eacl: of the latter two materials had a substantial fraction of its total pore

volume accounted for by pores < 60 A in diameter (the lower limit of detectinn of the

porosimeter employed for these measurenents). The 8Al; Os catalyst displayed a croad pore size

maximuu, centereC at - 125 ,&, while the 24 A1,03 catalyst showed a maximuin at < 60 K

The fracticnal metal exposures shown in Tabie II were determ’ned by temperature
-prograramed desorption of H; from catalysts tnat had previously besn recuced in CO at 300°C. '
Reduced samples were heated to 300°C in a flowing 5% Hh/N2 gas. mixture. and then cooled to
ambient temperature under the same gas stream to effect saturatinn of metailic surface sites with
dissociatively adsorbed hydrogen. The carrier gas flow was then switched 1o pure N and the
sample temperature increased at 20°C/min. The total amount of thcrmally desorbed Hg.cvolvcd
during this treatment was quantitatively measured and used to calculate the number of exposed
metallic iron sites by assuming a stoichiometry of one adso.bed hydrogen atom per site. The low
metal exposure (.015) detcrmined for the silica-free catalyst is typical of those observed for
ansupported iron. The presen-e of 8 and 24 parts of 5103 support, hcwever, caused only slight
increases in metal exposure (tr .02Z and .021, respectively). Despite the higher surface areas of
these materials, which enable more effective dispersion of supported metal crystallites, the extent

of iron reduction to the metallic state (required to chemisorb H;) is substantially lower than that
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of the unsupported catalyst (vide infra), resulting in correspondingly decreased H; uptakes. The
exposures observed for the catalysts containing 8 and 24 parts of Aly0; support (.040 and .055,

respectively) are markedly larger than those of their silica-supported counterparts.

CO reducdon profiles at 300°C of the calcined, unsupported 100Fe/5Cu/4.2K catalyst and
of four of the supported catalysts used in this study are shown in Figure 6. The sharp maximum
in reduction rate that occurs at 12 to 15 min of reaction in each of the profiics is due to the first
step of the characteristic two-step reduction process of Fez03 (Br. . et al. 1982: Hughes et al.
1987). The small shoulder that is visible on the left side of these peaks results from reduction of
the copper promoter, which subsequently facilitates the onset and increases the rate of iron
reduction. According tc the nucleation theory, the reduction of oxide accelerates as the first
metal nuclei are formed. The lower reduction temperature required for copper oxide relative to
iron oxide leads to formation of nucleation sites in metailic copper at temperatures where
metallic iron would not ncrmally be formed. This increase in the number of nucleation sites
accelerates the subsequent reduction of iron oxide. It should be noted that, except for the catalyst
containing 100 parts of 3iO; support (profile (d)), the first st=p of iron reduction is rclativcbly
unaffected by the identity or amoum of support material.

The broad peak having a maximum at - 20 min in piufile (a) corresponds to subsequent
reduction of Fe3O4 to metallic iron. Following the maximum, the rate of this second reduction
step for the unsupported catalyst slowly decreases and reaches.zero after - 70 min of treatment.
Total amoums of CO consumea (as determined from the calibrated areas of the two reduction

peaks) indicate that the two bulk-phase reduction steps for the unsupported catalyst both proceed

171




to 2 95% of steichiometric completion. (By contrast, the second reduction step for a
corresponding unpromoted iron precipitate, not shown in Figure 6, required > 180 min to0
complete under the same conditions.)

The inhibiting effect of increasing contents of silica supp(;rt on the second step of iron
reduction is clearly illustrated by pr- 25 (b), {¢), and (d) in Figure 6. The reduction behavior of
the catalyst cor&taining 8 paris SiO, (b) closely resembles that of the unsupported catalyst (a),
although the second reduction step results in only - 75% reduction to metallic wron. The presence
of 24 and 100 parts 5i0, (profiles (¢} and (d), rzspectively) cause increasing suppression of the
second step of bulk iron reduction. The extent of reduction to metallic iron attained only - 25%
for the 24810, catalyst and < 10% for the 100Si0O, material. Reduction behavior of the §A1:03
catalyst (profile (e)) resembles those of the unsupported and §5i0; catalysts, with the second step

of reduction correspondirg to - 90% of stcichiometric reduction to roetallic iron.

Surface C -

The programmed/isothermal reduc.don studies described above reveal overall bulk-phase
reduction berhaviors of the iron catalysts. In order tc obtain additional information about extent
of ircn reduction and catalyst composition in the iear-surface region, wvhzre adsorption and
cataiysis occur, XPS spectra were obtained for selected catalysts employed in this study. Table
II1 summarizes the relative amounts of Fe® and Fen+ that were observed following reduction in
CO for 12 h at 300°C. The fractional contents shown are based. on rzlative areas of the Fe 2p;z
peaks at binding energies of 707 £ 0.5 ¢V (Fe0) and 711 £ 0.5 eV (Fe3+/Fe2+). The observed
trends in extent of surface iron reduction revea'ed by XFS measurements correlate well with

those determined from bulk-phase reduction stucies of the silica-supporied catalysts. Extents of
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reduction to surface metallic iron are, in general, lower than those measured for the bulk phase.
XPS results for the alumina-supported catelyst indicate that the extent of reducti>n to zero-valent
surface iron is substantially lower than that in the bulk. In all cases, subsequent exposure of
CO-reduced catalysts 0 a 2/1 mixture of }i;/CQO at 250°C and atmospheric pressure caused
substantial re-oxidation of reduced iron by the water formed during the FTS reaction. This
observason is consistent with the fact that treatment of any of these precipitated iron catalysts in
H; at 300°C results in much lower extents of reduction to metallic iron than do the comresponding
reatments in CO reported here, due to re-oxidation by the water by-product of H; reduction (Li,
1988).

The potassium/iron surface ratios contained in Table III are based on integrated areas of
the K 2py peak at 293 eV and the Fe pa3 peak described above. The iron and potassium peak
arcas were not corrected for differing atomic sensitivity factors, due to he multiplex of iron
oxidation states. Hence, although the ratios shown do not represent quantitative surface atomic
compaositions, they do reveal comparative differcbces among the various catalysts studied. It
should be noted that the K/Fe raiios of the 85i0;, 8A1,0;, and 24A1;03 catalysts (0.2, 0.2, and
0.5, respectively) are substantially larger than those of the 248i0; and 100Si0, matenials, both of
whose K 2p3,, peaks were too small io obtain accurate integrated areas. The larger ratios
observed for the former group of catalysts suggests that the potassium promoter is more highly

distributed on the surfaces of these materials than on those of the two high-silica catalysts

Catalyst Actyity gnd Stabil

Th: effects of gas space velocitv and suppont type and content on catalyst activity,

cxpressed in terms of (Hz+CO) conversion, arc shown in Figure 7. The specific FTS activity
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d~creased with increase in space vilocity, and with addidon of the support. The unsupported
catalystans e (wo catalysts concaning 8 parts of support (8103 or Ala()3) had similar act '?n'c‘s.'
While the BET surface areas of the reduced SiOjz-containing catalysts incrased with sapport
content (Table II), the (H,+CO) conversions decreased at all cor;djtions t.sred, The ragreased
BET surface areas arc caused by addition of high surface area binder but, as discussed above, the
latter did not result in a marked increase of the active metal surface area. Based on the catalyst
characterization results above, the lower activities of catalysts containing 24 or .nore parts of
support per 100 parts of iron may be attributed to increased intraparticle diffusional resistanc.
(smaller pore diameters) and incomplete reduction.

In contrast to our results, Egicbor and Cooeper (1985} found that the reactant conversions
chang=d only slightly as the support conccntration increased from 21 to 73 parts of SiO; per 100
parts of Fe. 'ﬂxe (H,+CO) conversions in tests vonducted at 0.7 MPa, 300°C, 240 h-! and Hy/CO
= 1, were betweea 51.4 and 54.5%. These conversions are similar to that obtained in our study
with the 248i02/100Fe catalyst at 235°C, indicating that our catalyst was more active. The
differences in trends (activity vs. suppourt concc‘mration) in Egiebor and Cooper's study and in the
present one are caused by significant differences in methods of catalyst preparation and
activation procedures employed.

The baseline condiu.ns in our study were iepeated between 143 and 169 h on stream, and
the activity of all catalysts had declined [Table IV). The unsupported catalyst, the 8§i0Oy/100Fe
catalyst and the two alumina-containing catalysts had lost between 40 and 54% of their activity
after 40-48 h on saeam, whereas the loss in activity was much smaller (~-12%) with catalysts

containing 24 and 100 parts of 3iQ per "0 parts of Fe. The 248i02/100Fc catalyst exhibited

excellent stability during tests in fixed hed and slurry bed reactors at 250°C, 1.5 MPa, 2 nL/g-
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cath and H2/CO = 0.67 over a period of 480 h, as reported elsewhere (Bukur et al., 1988).
Results from the fixed bed reactor tests are shown ir Figure 8. The loss in activity may be
atributed in part to the high potassium content of the:se ca:alysts, since potassium fosters carbon
deposition which, in turn, blocks the active sites on the surface. The increase in stabilicy with
addinon of silica support may be the result of stabilization of iron crysiallites during synthesis
and/or inieraction between the potassium ar.d silica. The latter decreases the surface basicity of

tie catalyct and thus reduces the rate of carbon deposition.

The effects of reaction temperature and support type and ccatent on ihc water-gas shif:
(WGS) activity are skown in Figure 3, where the CO conversion to CO, 1CO;, selectivity) is used
as a measure of the WGS activity. The WGS activity increased with temperature for all
catalysts, and decreased with increasing silica conteni. The unsupported catalyst, the two
alumina-supported catalysts and the 85i(%/100F¢ catalyst had high WGS acuvity, even a: 220°C.
Since potassium promotes the WGS activity of iren Fischer-Tropsch catalysts (Figure 2), high
WGS activity of thess catalysts may be attribured to their high potassium content and lack of
interaction between potassium and support. On the other hand, the observed Cecrease in ihe
WGS activity with increasing amount of silica is an irdication of vartial reutralization of alkali

promoter by acidic sites on silica, or decreased Fe/K contact Jue to the high catalyst surface area.

Hydrecarbon, Product Distribution
‘ Figxm 10 illustrates the effects of support type and contem 2111 reaction temperature on

hydrecarbon product distribution. For a given caalyst, reaction remperature did no* have a
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marked effect on hydrocarbon selectivity. In most cases, the product distribution shifted toward
lcwer mo'ccular weight hydrocarbons (more methane and C2-C, hydrocarbons, and less Co+
procucts) with increase in temperature. The amount of liquid and solid (wax) products produced
was high with all catalysts tested. This may be attributed to Lheir\high potassium content, since
the latter favors product.on of high molecular weight products (Figure 3). All supportted
cataiysts, except the 245i0,/100Fe catalyst, produced less methane and gaseous (C;-C4)
hydrocarbony than the unsupported catalyst at all three reaction temperatures.

This trend is vnexpected, since the promotional effect of potassinm is expected to
decrease with the addid v of support. The expected wend was observed in a test with ihe
245i04/100F¢ catalyst, where the selectivity toward lower molecular weight products was greater
than that ot tained with the cneupported catalvst. With the 100Si0,/100Fe catalyst. one would
expeét to se. even more methane and C2-C4 hydrocarbons, however, this catalyst pfodumd less
C,<C hydrocarbons than the unsupported nne under all conditions tested.  This suggcsts a
possibility of :ome Fe-SiC; (metal/support) interactions, as a result of which !hcré is an
enhancement in selectivity of long chain hydrocarbons. This enhancement is large enough to

~ compensate for recuction in surface basicity of the caialyst.

Figure 11 illustrases the effect of support (cortent and type) on total olefin selectiviry,
expressed as mass fracdoi of linear olefing of the same carbon number. The two alumina-
supported catalysts ard the 8Si0;/100Fs had essentially the sacwe olefin content as the
unsuppcrted catalyst, whereas the olefin contents for the catalysts containing 24 and 100 parts of

$i0; per 100 parts of Fe were lower, particularly at higher carbon numbers. Potassium
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promotion supresses the olefin hydrogenation (Figure 4) which explains the high olefin

selectivity (-80% for C4-Cs) obtained in the test of the unsupported catalyst. In Figurc 4, the
maximum value of the olefin content in the C4-C;5 range was approximatcly 70%. and was

obtained with a 100Fe/1K catalyst.

The data indicate that the interaction betw=en potassium and alumina (or silica) support is
minimal at low concentrations of tise latter (up to 24 parts of support per 100 parts of iron), but it
increases with increase in silica content. The olefin seiectivity decreases with increase in silica
content due to reduction in surface basicity of the catalyst, and/or decreased Fe/K contact due to

high catalyst surface arca.

Qlefin Isomerization

Figure 12 illustrates the effect of support on 2-olefin seleciivity as a function o: carbon
number. Results in the carbon number range 4-8 were omitted, as they showed erratic trends due
to poor chromatographic separation between 1- and 2-alkenes during analysis. The addition of
silica or alumina support in small quantities (8-24 g of support per 100 g of Fe) did not have an
effect on selectivity of the unsupported catalyst. All these catalysts had low isomerization
activity (2-5% of imiernal oiefins) which did not vary with carbon number. This behavior is the
result of the high level of potassium promotinn and lack of interaction between pcrassium and
support. The catalyst with the lﬁghest support content (1005i0/100Fe) had higher isomerization
activity, and the 2-olefin selectivity increased miarkedly with carbon number, whereas the
selectivity trends observed with the 24S5i0,/100Fe catalyst were between these two extremes.

Egiebor and Cooper (1985) also reported the increase in the internal clefin selectivity of

hydrocarbons in the Cs<Cy; range with increase in the silica content. Our results show that both
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secondary reactions, olefin hydrogenation and isomerization, increase with increasing silica
content of the catalyst, which may be attributed to reduction in surface basicity due to reaction
between potassium and silica. These wrends are consistert with results obtained in studies on the
effect of potassium promotion (Figurcs 4 and 5), where it was observed that both olefin

hydrogenation and isomerizaiion decrease with increase in potassium content of the catalyst.

Addition cf silica or alumina to the precipitated unsupported iron catalyst
(100Fe/5Cu/4-2K) influences catalyst activity, stability, and selectivity during Fischer-Tropsch
synthesis. Changus in catalyst performance become pronounced only at sufficiently high binder
(support) concentrations and may be attributed to several factors: (1) change.s in the catalyst
texture (surface area and pore size distribution); (2) interactions between support and potassium
and/or between metal and suppon. _

The specific FTS activity decreased with increasing support conient which .may be
ascribed to increased intraparﬁclc diffusional resistance due to decrease in the average pore
diameter, 2nd lower degree of iron reduction following ihe catalyst pretreatment with CO.
However, the catalyst stability improved with addition of silica either because of stziilization of
iron crystallites during synthesis or due to a decrease in the carbon deposition .ate resulting from
partial neutralization of potassium promoter by -acidic sites on silica (i.e. reduction in surf. e
basicity). It was also found that the WGS activity decreased with increasing siiica content of the
catalyst (catalysts with 24 and 100 g of SiO, per 100 g of Fe). This is attributed to reduction in
surface basicity and decreased Fe/K contact due to the high catalyst surface area.

Peoduct selectivities also changed markedly with increasing silica content of the catalys?,

whereas no significant chang.s were observed with the two alumina-containing catalysts. "The
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total olefin content and the fraction of branched hydrocarbons both decreased, whereas the
fraction of internal olefins increassd with an increase in the silica content of the catalyst. These
observations reflect the expected trends arising from the reduction of ;'.urface basicity of the
catalyst with increasing silica content and are in agreement with results obtined in previous
studies with similar catalysts (Dry, 1981; Egiebor and Cooper, 1985).

Hydrocarbon selectivities showed some unusual trends with increasing siiica content of
the catalyst. Catziysts containing 8 and 100 parts of SiO» per 100 parts of Fe produced less low
molecular weight hydrocaroons (C;-C4) than the unsupported catalyst. whereas the catalyst
containing 24 parts of Si0; produced more gaseous hydrocarbons. These results are indicative of

complex metal-support interactions which require further investigation.
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Table II. Compositions and Properties of Synthesizer! Iron Catalysts

Analyzed omposition Surface Area

Nominal Cownposition Mena!
(pans by weight) (pants & weight) {mifg)* Exposurc®
1007e/SCw4.2K 100Fe/S.1Cud. 1K 30 015
100Fe/5CwW4.2K/8510, 100F~/5.1Cu/4.0K/1 88i0, 95 022
100Fe/5Cu/4.2K/245i0y 100Fe/S.4C11/4.6K/28Si0, 156 021
100Fe/5Cw4.2K/1008:0, 100F¢/5.3Cu/4.1K/96.55i0, 250 -
100Fe/5Cw4.2K/8A1;,0, 100F</5.0Cu/3.9K/7.7A 1304 85 It}
100Fe/S. 1Cu/d.OK/20.5A 110y 60 L

100Fe/SCu/4.2K/25A1:0y

" Following calcination in air a1 300°C for 5 h and rearment in flowing CU for 4 h ar 300°C.

Tabis I, Comparstive Surface and Bulk Compositions of Lupported lron Catalysis®

Susface Bulk
Fraction of Fracton

Cawlyst Fe0 Fens K/Fe  Reduced to Fed
100F £/5Cw/d.2K 33 15 >.95
100F/SCu/4.2K/88:0 60 40 02 s
100F2/SCw/4.2Y./245i00 30 .70 <0.1 25
100F¢/3Cw/4.2K/100Si0, .00 1.00 <0.1 <. )¢
Y0OFe/SCw4.2K/BA1:04 .50 .50 0.2 90
100Fe/SCu/4.2 K/24A10, A0 .60 05 &0

¢ Following calcinauon in air at 300°C for 3 h, and treaiment in flowing CO for 12 & a1 300°C.
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Figure 1. Promoter effects on catalyst activity and stability, (a) (H,+CO) Con-
version vs. reaction temperature, and (b) {11;+C?) Conversion vs.
timie on stream at 250 °C.
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Hydrocarbon Selectivity (wt.%)
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Figure 3. Effect of potassium content an- reaction r-inperature on hydrocarbon
selectivity for {a) singly promoied Fe/I{ ... "vsts, and (b) doubly pro-
moted Fe/Cu/K catalysts.
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Olefin Selectivity (wt.%)
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Figure 4. Effect of potassium content on oiefin selectivity for (a) singly
promoted Fe/K cacalysts, (b) doubly promoted Fe/CyL /1 cata-
lysts, and comparison with results for unpromoted iron.
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Detector Response (arbitrary uruts)
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Figure 6. Programmed/isothermal reduction profiles in CO at 300°C of:
100 Fe/5 Cu/4.2 K: (b) 100 Fe/5 Cu/4.2 K/8 SiO3; (c) 100
Fe/5 Cu/4.2 K/24 5i0;; (d) 100 Fe/5 Cu/4.2 K /100 SiO;: (e)
100 Fe/5 Cu/4.2 /8 Al (5.
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Figure 7. Effect of catalyst support and gas space velocity on Fischer-
Tropsch activity.
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Figure 10. Effect of support type and content, and reaction temperature on hy-

drocarbon selectivity (a) silica-supported catalysts, (b) alumina-supported
catalysts.
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Figure 11. Effect of support type and content on olefin selectivity.
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Figure 12. Effect of support type and content on 2-olefin selectivity.
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