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L Introduction

Promoted iran catalysis are commenly used for Fischer-Tropsch (F-T) synthesis.
Copper, potassium and silica are frequently employed as promoter species, either singly or in
combination. The number of different iron catalyst formulations which have been
investigated for F-T synthesis is enormous and cthere does not yet appear 10 be a general
consensus 2s to the aptimum eatalvst composition. In addition, guestions regarding the
effects of variations in catalyst activation and reaction conditions are still open. Because of
the large number of parameters involved in 1the development of F-T catalysts, a great deal of
worTk remains to be done before the factors affecting catalvst performance are fully
understood.

In this paper one of these factors, namely the effects of variations in activation
procedure on the surface composition of iron based F-T catalysts, will be investipated. Two
different catalysts were studied. 'The first catalyst, with a composition of 100 Fe/5 Cu/4.2
K/23 8i0, (parts by weight) shows little variation in activity with activation procedure [1).
Activation in one atmosphere of hydrogen at 220°C or 280°(: for ene bour, ar in one
aimosphere of CO at 280°C far 12 hours, all give initial CO conversions of 65-75% when
tested in a slurry phase reactor at 250°C and 148 MPa total pressure, with a Hy to CO ratio
ol 0,67 and 2 space veloaty (SV) of 2 aL/g-catulysthr. The second catalyst (100 Fe /3 Cuf0.2
K) displays wide varations in activity with activation procedure [2]. Initial CO conversion,
measured in o fixed bed reactor at 250°C and 1,48 MPa tots] pressure, with a H, 10 CO rulio
of 1.0 and a 5V of 2 nL./g-catalyst-hr., incrcascs from 309 to 80% as actvation conditions are
varied in the foliowing order: H,, 280°C, 24 hny. < H,, 280°C, 8 lus. < H,, 250°C, 24 hirs. <
Il 250°C, & hrs. < CQO, 280=C, 24 hrs. Surfacc compositions of these two catalysts were
measured aller the aclvation lreatments described above, using Auger electron spectroscopy
{AES). Tt will be shown that the variations in catalyst activity observed by Bulmr, e m!.'[l,2],

1. This wark was performed at Nandia National Laboratories for the 115 Depariment of Lnergy
under contract DE-ACO-ToDPOO0TED
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correlate well with variations in surface composition, offering insights into the optimum
conditions for catalvst activalion.

1. Experimental

The experimental apparatus nsed in this study is shown schematically in figure 1. The
system consists of an ultra hiph vacoum (UTHV) chamber (base pressure = 3 x 10-10 Torr)
equipped with a single pass ¢ylindrcal mirror analyzer with an integral electron gun {Perkin-
Tilmer, Model C13-153) far AES, and a quadrupels mass spectrometer (Hiden Analytical,
Model PC301) for residual gas analvsis. Coupled to the UHY chamber is an aimospheric
pressure gas phase reactor. Samples can be transferred from the reactor into the UHV
analysis chamber without exposure to air. This capability is crucial to the siceess of these
experiments since activated iron catalysts can be extremely reactive toward oxygen,

‘The catalyst samples were mounted on the end of a long transfer rod coupled o a
welded bellows assembly, which allows movement between the reactor and the UHV analysis
chamber, Fach sample consisted of ~30 mg of catalyst pressed onto a tungsten mesh at 2000
psi. The tungsten mesh was suspended between two electrical feedthroughs by means of
copper clamps and heated by passing current through the mesh. Temperature was measured
with a chromel-alumel thermocouple spot welded to the mesh.

Prior to all pretreatments, the samples were calcined in 130 Torr O for 3 hours to
remove adventitious carbon, ensure complete conversinn of surface iron to FeyO,, and
maintain consistency with the procedures followed by Bukur, et al. [2]. Prelrealmetils were
performed by heating the sample to the desired temperature and isolating it in the reactor by
closing the gate valve. Either hydrogen or CO was then introduced into the reactor al
atmospheric pressure {630 Tormr in Albuquerque). After the pretreatment was compiete, the
reactor was evacuated while holling the sumple at the pretreatment temperature. In this
manner, readsntption of pretreatment product gases {0, and HyQ) during evacuation was
avoided. The gate valve was openzd after the reactor pressure fell to less than 5 x 10-¢ Torr,
and the sample was lowered into the L'HY chamber and coeled prior to analysis.

Fretreatments for times longer than four hours were done in several stayes, This
procedure allowed changes in surface composition to be monitored as a functien of
pretreatment time, and also ensured that buildup of product pases (CO,; and H,O} did not
affect the results. The first stage of pretreatment typically lasted four hours with subseguent
pretreatment stages lasting six hours.

Hydrogen {(Alphaguz, research grade) and oxygen (Alphagae, research grade) were used
a5 received. Carbon monoxide (Alphagaz, rescarch purity) was passed throogh a glass wool
filled U-tube immersed in liguid nitrogen to remove carbonyls.
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I, Resulis and Dis¢ussjon
A, 1(HY Fe{S Cll,.n"4.3 K_J'ZS 5i0),

AES spectra of the 100 Fe/5 Cu/42 K/25 8i0, catalyst following the various
pretreatments are shown in figure 2. The spectra for the Lhree different activations are
essantially indistignishahle. This obscrvation is consistent with activity measurements, which
shaw little vatiation in CO cunversion between the different activation procedures [1].

It is interesting to note that for all activation procedures studied, the iron surface
remuins in a parlially oxidized state; substantial amonnts of oxygen are still present and the
Fe(MVV) Auger transition displays two peaks at 43 and 52 eV, characteristic of oxidized iron
[3,4]. Mesallic iren, in conirast, displays a single peak in the MVY region st 47 eV. By
comparing Q{511 eV)/Fe(703 eV) peak ratios of the activated catalysts with that of the
calcined catalyst {not shown) it is found that partial reduction of iron does occur during
activation. The O/Fe Auger ratio drops from ~5.0 for the freshly calcined catalyst to —2.5
for the activated catalysts. Also, prior to activation, the sample is electrically insulating,
making acquisition of Auger spectra dilficult. Following hydrogen treatment, the sample
displays good electrical conductivity, supporting the conclusion that partial reduction oceurs
during hydrogen activalion. Based on these observations it {s cancluded that reduction of
Fe,0, to Fe,O, or FeO occurs during activation of this catalyst under the conditians
investigated here. The absence of a peak at 47 &V in the Fe(MVY¥) region indicates that little
if any metallic iron is present. No puildup of either graphitic or carbidic carbon is observed
during activation in CQ,

During the ¢ourse of this investigation it was found that prelonged exposure to the
electron beam results in changes in the surface composition of the sample. In particular,
electron stimulated desorption of potassivm and silicon is observed. This effect was used to
investigate the effects of decreasing potassium and silica concentrations on catalyst activation.
Accordingly, three dilferent regions of the 100 Fe/5 Cu/4.2 K/25 5i0, catalyst were exposed
ko the electron heam (3 kV, 0.04 A/em?) for 0, 2 and 4 hours, The sample was then caleined
at 300°C for 2 hours and activated in one aimosphere of H; for 4 hours. Results are shown in
figure 3, As the potassium and silica concentrations decrease, the extent of reduction of
surface iron ¢learly increases, as evidenced by decreases in the (511 eV}/Fe{703 eV) ratio
as well as changes in the Fe{MVY) peak shape, Similar results are chserved for CO
activation. The (MVV)} peak shape in the hottom curve of figure 3 indicates essentially
compiete reduction of surface iron 1o the metallic state [3-5], even though substantial
amounts of oxygen can still be observed. This residual axygen is associated with stlica, as well
as potassium, which is believed 10 be present as an oxide, hydroxide, or peroxide species in
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pramoted iran F-T catalysts. Some sutfur buildup can be seen in the reduced regions of the
catalyst in figure 3. The presence of this sulfur will be discussed below {Section TTT B.),

These resnlts clearly show that either potassium or silica is inhibiting reduction of this
trnf F-T catalyst. Based on the work presented here, it is not possible 10 seperate the effects
of these two components. Since silica is an inert material added s & structural promaoter, it
seetns most likely, however, that the potassium is responsible for inhibiting reduction of the

irun,

B. 100 Fe/3 Cu/f0.2K
i. Activation in Hydrogen

rFigures 4 and 5 show the effects of hydrogen activation at 250°C and 280°(C,
respectively, on the surface compasition of the 100 Fe/3 Cu/0.2 K catalyst. In contrast o the
results for the 100 Fe/3 Cu/4.2 K/25 §i0, catalyst (Section I11 A.), nearly complete reduction
of surface iron Lo the metallic state is observed for all activation times and temperatures
investigated. At 250°C, minur changes in the Fe{MVV) linashape, and decreases in the
Q/Fe ratio for activation times greater than 4 hours, indicate that a small portion of the
surface iron is not reduced until the activation time exceeds 10 hours, QOther than this slight
variation in the extent of iron reduction, the only significant difference amang the spectra in
figures 4 and 5 is the sulfur concentration. Sulfur concentration is seen to increase with both
activalion temperature and time. The source of the sulfur is most likely a bulk impurity in the
catalyst, which migrates to the surface upon reduction of the fron. The metal nitrates used 1o
prepare the precipitated iron catalysts [2] generally ¢ontain small amounts of sulfate as an
impurity.

Comparison of the sulfur levels in figures 4 and 5 with the CO conversions measured
for the various activation procedures [2] shows that CO conversion is inversely related to
sulfur concentration, consistent with the well known poisoning effect of sulfur on the F-T
reaction. This correlation between sulfur concentration and activily provides valuable insight
fnio the optimum conditions far activation of iron F-T catalysts in hydrogen, Clearly, efforts
should directed toward inducing as little sulfur buildup on the surface as possible, while at the
same time ensuring reduction of the iron. Based an the results presented here and in
reference [2], this goal can most readily be achieved by employing the mildest reduetion
conditions possible. Of course, rigorous exclusion of sulfur containing impurities during
catalyst synthesis would alse aveid the sulfur poisoning observed here.
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ii. Activation in Carbon Monoxide

Figure 6 shows the effects of CO activation at 280°C on the surface composition of the
100 Fe/3 Cu/0.2 K catalyst. As is the case for hydrogen activation, complete or nearly
complete reduction of iron to the metallic state occurs after 4 hours of activation. Reduction
is evident from the low O(511 eV)/Fe(703 eV) ratios seen in the spectra. Unfortunately, the
Fe(MVV) region, which would provide corroborating evidence for iron reduction, is obscured
by the carbon peak at 28 eV. The concentration of carbon on the surface can be seen to grow
with activation time in CO. The featureless shape of the carbon peak at 272 eV indicates that
the carbon is in a graphitic form. The fine structure characterisitic of carbidic carbon [5]1s
not apparent in figure 6. Using tabulated Auger sensitivity factors [5] and assuming a layer by
layer growth mode for the carbon, it can be estimated that 5-10 layers of carbon have formed
on the catalyst after 22 hours of activation in CO [6].

Based on the spectra in figure 6 it is difficult to explain why the CO activated catalyst
displays higher activity than the hydrogen activated catalysts. Since graphitic carbon is known
to be a poison for F-T reactions [7,8], the initial activity of the CO activated catalyst might be
expected to be less than that of the hydrogen activated catalysts. There are several possible
explanations for this apparent discrepancy. First, the CO activated catalysts do not appear to
have the high levels of sulfur seen on hydrogen activated surfaces. Assuming that sulfur is a
more severe poison than graphitic carbon, it would then be possible for the CO activated
catalyst to display higher activity than the hydrogen activated catalysts. Note, however, that
since the mean free path (MFP) of sulfur Auger electrons is much shorter than the MFP of
iron Auger electrons [9], the S(150 eV)/Fe(703 ¢V) ratio is attenuated by the presence of the
carbon overlayers, such that actual sulfur levels on the CO activated catalyst surface may be
similar to those on the hydrogen activated catalysts. A second explanation involves the
morphology of the carbon overlayer. If the graphitic carbon forms in an island structure, then
the reaction could occur on essentially carbon free regions of the surface between the
graphitic carbon islands. A high specific activity on the carbon free regions could more than
compensate for the decrease in clean metal surface area caused by the formation of graphitic
carbon islands. Alternatively, the carbon could be growing in a filamentous form, leaving
large areas of the surface carbon free. Clearly, more research is needed to understand the
effects of CO activation on the F-T activity of this catalyst. Transmission electron microscope
analysis of CO activated catalysts are currently underway to investigate the morphology of the
carbon overlayers.
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1¥. Conclusions

The effects of activation procedures on the surface composition of two different iron T-
T catalysts have been studied. For both catalysts, the surface composition correlates well with
activity measurements performed on the sume eatalysts, For & 100 Fe/5 Cn/4.2 X/25 510,
catalyst, no significant variation in surface composition is seen as a function of activation
procedure, in agreement with the fact that measured initial CO conversion over this catalvst
15 also independent of activatinn procedore. For all activation procedures attempted with this
catalyst, only partial reduction f the surface iron is observed and no evidence for metallic
iron is scen. Lowering silica and potassivm levels by electron stimulated desorption
demanstrates that one or both of these components is responsible for inhibiting iron
reduction.

A 100 Fe/3 Cu/0.2 K catalyst displuys significant variations in activity with
pretreatment procedures, and these differences are reflected in surface oomposition, For
hydragen activation, essentially complete reduction 1o the metallic stale is observed for zll
activation treatments. In addition, migration of sulfur to the surface oceurs during activation.
The surface sulfur concentrations correlate inversely with catalyst activity, consistent with the
known poisoning effect of sulfur on F-T activity. Based on these results, it is ¢lear that
optimum hydrogen activation conditions for this catalyst involve the lowest temperature and
shortest time necessary (0 ensure complete reduction of iron. Under these conditions,
migration of sulfur to the catalyst surface is minimized.

CO activation of the 100 Fe/3 Cu/0.2 K catalyst also results in reduction of iron o the
metaliic state, uccompanied by formation of graphitic carhon, Several possible explanatinns
of the high activity of the OO uctivated catalyst are proposed, but a definitive explanation
awaits the results of further experiments.

Owerall, these results demonstrate that combining UHV vacuum surface analysis with
an almospheric pressure reactor, as described in this paper, provides relevamt information on
the surface properties of working catalysts. Trends In reactivity correlate well with variations
in surface compaosition, allowing important factors in eatalyst performanes to be eluridated,
and improving our ability to contral parameters affecting catalyst performance,
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Figure 11 Schematic diagram of the experimental apparatus.
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