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OBJECTIVE: To determine the changes in surface composition of iron oxide
catalysts that occur during direct exposure to H2/CO or CO and to examine
whether the activity of such catalysts can be explained based on the current
knowledge of activity-structure relationships for catalysts that have been
prereduced in Hj.

TECHNICAL APPROACH: A potassium- and copper-promoted iron Fischer-Tropsch
{F-T) catalyst was studied by X-ray photoelectron spectroscopy, Auger spec-
troscopy, and ion scattering spectrometry to determine the changes in sur-
face speciation of iron and carbon, and the distribution of K and Cu on
exposure to various pretreatment conditions. Of interest are both the
effects of exposing the catalyst to.Hz/CO or CO and thé effects of the
- presence of water vapor in the reaction atmosphere. The results of this
work are compared to those of a previous study of the slurry-phase F-T
activity of the iron ecatalysts in which MGssbauer spectroscopy was used to
characterize the bulk composition of the catalysts.

SIGNIFICANT ACCOMPLISHMENTS: A transformation in surface composition from
Fe303y + Fe304 + iron carbide was found to be enhanced by pretreating
catalysts with H;/CO versus CO and retarded by the addition of water vapor
to the gases. A lower initial F-T activity, observed for H,/CO- versus CO-
pretreated catalysts, may be explained by greater coverage of the "active"
carbide species by surface carbonaceous material formed during pretreatment,
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INTRODUCTION

The composition of iron Fischer-Tropsch (F-T) catalysts is often
adjusted by the addition of both transition metal and alkali promoters in
order to induce specific changes in catalyst performance for the conversion
of synthesis gas to liquid hydrocarbons [1,2]). Significant changes in
catalyst composition and structure can also result from pretreatment with
various gases prior to exposure to synthesis conditions [3,4] (Figure 1).
The activity and selectivity of iron F-T catalysts can be changed by con-
trolling the relative formation of iron oxide and iron carbides during the
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pretreatment atep [5]. Therefore, it 1s important t¢ Investigate the
changes in surfage strugturs of lron F-T catalysts indueed by different pre-
treatpent condltions and ts relate the changes to obhserved dirferences in
catalytlc activity and selectivity.

The surface oompesition of unpromoted 1rom F-T patalysts [6-8] and
those promoted with mangan=se [4,9-14), eopper {31,151, asilver [3], and
potassimm [8,15,16] has been atudied after preparation, sctivatison, and
expasure to F-T synthesis eonditions.  These atudies have reportsd that
mstallic iron, which is formed on activation in Hg, is asubsequently gon-
verted to one or more lron earbide phases on exposure Lo Hz/CD. The
activity of these catalysts has been palated to tha intimacy of the lron and
promoter phases, whose distelbution is readlly affected by the activation
and synthesis conditions employed 13,158]. Iron=suppork interaction® can
also influence the chemical/pnysical properties and catalytic behavior of
iron catalysts [17,18]. The chewzical nature and aetlviky of carbon and car-
bonageous deposits on Fe surfaces have alsc been studied 119,201, An
inereaze in F-T activity for iron catalysts has been correlated to an
inerease 1n the ratic of carbidie to graphitie earbon on the catalyst Bur-
face [6,19]. The activity of the iron gurface in secondary hydrogenation
reactions affects catalyst sslsctivity and the relative accumulation of sur-
face hydrocarbon species [6); the hydrogenation activity can be lowarsd by
the depogition of K on the iron surface [18].

Almest a1l of the earlier sharackerization and F=-T activity measure-
ments for jron catalysts have been performed after the catalysts ware fully
reduoed in Hs. Howsver, it is commonly accepted that the working catalyst
contains & mixture of iron phases ineluding iren ozides [5,21]. Thia mix-
ture of ijron phases with lis assceclated cptalytie activity <an alao be
abtained by direct exposure of the axide (unreduoed] catalyst to Hy/CO or O
r19,22,23]. Studies of the latter catalyats are aeldom reported, Some oOn-
brovergy arises though when one compares the results of studies of the
activity and oomposition of prereduced and unreduced iron F-T catalysta. It
bas heen suggested that earbon agmceiabed with lron oxigdes is active and
iron earbide ig unreactive for the formation of hydrooarbons for unceduced
jron catalysts [23). Most studies of prereduced ¢atalysis attribuks thelir
activity to the presense of iron vcarbide [16,19,20]. 5till another atudy
atates thst both types of carbon are active for the formaticn of hydro-
carbons [25]. Therefors it is important to determing the changes in surface
composition of iron oxide catalysts that oceur during direct exposure to
Hy/CD &r CO and to ezamine whether the activity of such eatalysts ecan be
explained based on the current rmowledge of activity-structure relationahips
for catalysts that have baen prereduced in Ha.

The present study is speocifically jntended to address the above cohi
cerna by exqmining the ohanges in surface chemical states of fron and in the
dimtribution of the E and Cu promcter: in an irch F-T eatalyst on exposure
to varipus activation treatments. Of interest are both the effecta of
exposing ths fatalyst to B:/C0 or CO and the effects of the presence of
water vapor in the reaotion atmosphere. The effects of added wabter are par-
tioulariy relevant tr the states of the irom estplyst under real F-T ceon-
dltions, ainee the reducing gas of H 200 becolmes oxldizing at moderabe Con-
veralons owing to the water that is produced [24].
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This work is intended to complement a separate study of the effects of
catalyst pretreatment on synthesis behavior in which Méssbauer spectroscopy
was used to characterize the bulk composition of catalysts removed from a
slurry-phase reactor [22] (Figures 2 and 3). 1In this study it was found
that the activity (measured as %CO conversion) of a CO-pretreated catalyst
was initially slightly higher than for a catalyst given no pretreatment
before exposure to reaction conditions. A decline in activity with time on
stream was observed for both catalysts and was much greater for the catalyst
given no pretreatment. This catalyst was initially selective to formation
of Cs+ hydrocarbons, but the selectivity changed towards lighter products as
the catalyst deactivated. The CO-pretreated catalyst initially favored
formation of light products but shifted towards heavier products as CO con-
version decreased.

M&ssbauer spectra of the as-prepared catalyst showed exclusively
a-Fe20y. Following 24 hours of pretreatment in CO, the catalyst was essen-
tially completely carbided to x-carbide, with traces of FesO., visible in the
spectrum. Further reaction for up to 72 hours in syngas resulted in conver-
sion of some iron carbide to FesO.. M&ssbauer spectra of the catalyst
treated with H;/CO for 24 hours showed mainly hexagonal €'-Fe; 2C and small
amounts of x-FesC; and FesO.; further reaction eventually resulted in com-
plete conversion to iron carbide.

EXPERIMENTAL

The procedure for preparation of the catalyst is outlined in Figure 4.
The catalyst was prepared in a continuous precipitation unit, where a flow-
ing aqueous solution of Fe(NOjs)s and Cu(NOs); was mixed with another flowing
solution of NH.OH. The pH of precipitation was held constant at 7.0. Each
preparation yielded about S0 g of catalyst precursor after the precipitate
was filtered, washed, and dried at 383 K for 48 hours in N, then for 24
hours in vacuum. A master batch containing 65% Fe, 0.6% Cu, and oxygen as
the balance (wt%) was obtained by thoroughly mixing component batches of
similar composition and surface area. A 50-g sample of the master batch was
impregnated (wet impregnation) with a K2C0s solution to yield a loading of
0.29% K. The sample was dried at 383 K for 24 hours and then calcined in
air with the temperature raised stepwise to 623 K.

Auger electron spectra and X-ray photoelectron (XPS) spectra were col-
lected using a Leybold-Hereaus LYS-10 instrument equipped with a stainless-
steel microreaction chamber (approx. 10 ec). Catalyst samples were pressed
into 0.5-mm-thick wafers and secured to a heatable-coolable rod using a Ta
cover slip. The same catalyst wafer was treated sequentially for up to 24
hours; either CO (553 K) or Hz2/C0 (1/1, 533 K) was used at a flow rate of
approximately 10 cce/min and at a pressure of 101.3 kPa. In a separate set
of experiments, water vapor was added to the gas streams by bubbling the gas
through a water saturator containing deoxygenated deionized water. The gas
lines and reaction chamber walls were heated to prevent condensation. The
XPS spectra were acquired using a Leybold LHS-10 spectrometer equipped with
a Mg anode (Mg Ka = 1253.6 eV) and operated at a pass energy of 100 eV. The
XPS binding energies for the calecined catalysts were referenced to the con-
taminant (from exposure to atmosphere)} C is peak at 284.6 eV. Owing to
changes in the chemical state of carbon for the treated catalysts, binding
energies were referenced to the Cu 2ps ;2 peak at 932.4 eV; it was found, by
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wga of the Cu Auger parameter, that Cu was compietely reduced to the metal
in 2l]1 treated catalysts. Auger analyses wars perforted using a 3-kel elec-
tron beam focused to an approximately l-mo-diameter spet; Ehe mRasured heam
current wax aboub 2 pa. Spectra were collasted in the NI(E) mode and
diffarantizted, typically using a modulation amplituede of 3 eV.

lon goattering spectrometry (IS8) measurements of oxidic and Hg-reduced
catalysts wera performed with a 3 IS5/3TMS spectrometer and data procassor.
The powdered samplés warg pressed into 13-mr pelleis, and the analyses wWere
performed at a “He pressure of 2.7 x 70" Pa. A& D=keV “He* ion beam Was
ragtered on the sample, and ths scattered lons were analyzed with a eylin-
drical mirrar analyzer; spectra wers averaged over S-minute intervals, The
surface Was etchsd at a rate of approximately one monulayer per 13 minutes,
based on separate megsurements of thip-film reference samples. Hydregen
reduction of samples for ISS analysis was carrled out in a tube furnace {H:,
90 ge/min, 533 K or 673 K, 1 hr); the reduced samples were transferrec to
the instrument without exposure to air by means of a sealable probe [26]1.

Y-ray diffraction patternz were ohtained with a Eigaku computer-
controlled diffractometer equipped with a long fine-focus Cu X-ray tube, a
diffracted bear graphite monochromator to provide monochromatie CuKg redia-
tion, and a scintillation deteetor, When pollecting datea from the samples,
step-scans were made at 0.19 intsrvals, and counting times waried from 5
60 seconds per step according to the intensity of the diffraction pesk.

Tha azperimepta! procedure and ¢iscusaion for the slurry-phaze F-T
activity measursments, the results af whieh have been supmarized in the
introdustion, ere given elsewhers [22]. The experlimental approach is
‘similar to that uwsed in a previous study [131.

BESULTS

IPS fnalyses. The Fe 2p XP5 spectrum of the caloined eatalyst ls shown
in Figure 5; the Fe Z2pssr binding energy f710.8 eV} and peak ahape are iden-
tical to those of FegOy. The Fe 2p spectra and binding energims for the Fe
compounds relevant to this study (Fe.Qs. FeiO., Fe metal, Fes;C:) have been
reported [27,28]. Waak peaks due to Cu®* and K;CO, ware observed in the XP3
spectra of the L1 2ps,2 and C 13 reglons, respectively.

The Fe 2p XPS spectra for tha catalyst following CO exposure for up to
28 hours at 553 X are shown in Figure 6. Similar XPS results wera obtained
either if the same catalyst sample wam exposed to (U stepwise for up to 21
hours and intermittently copled for %P5 analysis or if a fresh catalyst was
treated with a aingle L0 expomure for the given reaction time. The apectra
shown in Figure & indicate that surface Fes0s was oconvertad to a mizxture of
Fey0. and iran carbide (707.1 V) durlng CO expesure. Although the Fe 2pssy
binding energies of Fesf?s and FesD. are similar, FepQ; haz a digtinct
satellite at approximstely 2 &V higher binding energy than the maln Fa Pnass
peak [27]. Tha absemee of thiz satellite at approximately T718.B eV in
Figure 6 1s evidence for the conversion of most, if not all, of the Fazby to
FeyD, and iron carbide., Graphitic carbon, FayDy, wnd the x and € phases of
iron carbide were identified in tha buik by X-ray diffraction (NRD) analysis
of the catalyst axposed te CO for 24 hours,
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The XPS spectra of the catalyst exposed to Hz/CO (1/1) for up to 24
hours at 533 K, shown in Figure 7, are consistent with the conversion of
surface Fe 03 to a mixture of FesO, and iron carbide. It is difficult to
separate the Fe-containing components of the spectra shown in Figures & and
7 owing to uncertainties about the shape of the inelastic background for the
Fe 2p region and the similarity of binding energies for the iron
oxides [4,27]. However, from a rough fit of the iron carbide and iron oxide
peaks in Figures 6 and 7, one can see that the fraction of iron carbide does
not increase significantly until the 2H4-hour reaction in CO or H2/CO. A
comparison of Figures 6 and 7 shows that treating the catalyst for the same
period of time in H2/CO compared tec CO leads to greater formation of iron
carbide. However, in neither gas is the surface of the catalyst fully car-
bided after 24 hours, Although the Cu 2p signal was very weak after the
catalysts were pretreated, it was determined that Cu?* had been completely
reduced to metallic Cu for all reaction times in CO or H2/CO.

The surfaces of iron oxide catalysts can be fully carbided after short
exposures to H2/C0 if the oxides are reduced first in H, [6,7,16]. This
behavior was also examined in the current study. Figure 8, the Fe 2p XPS
spectrum of the catalyst following reduction in H; for 6 hours at 673 K,
shows that surface Fe;0s was completely reduced to metallic iron.  Sub-
sequently, the catalyst was treated with either Hz/CO (1/1, 533 K, 4 hr) or
CO (553 K, 4 hr); the resulting Fe 2p spectra also are shown in Figure 8.
Previous studies reported that carbiding of iron metal results in an approx-
imate increase of 0.3 eV in the Fe 2ps,2 binding energy [6,7,16]). The data
reported here are consistent with this observation for catalysts treated in
either H2/CO or CO. However, since the shift in the Fe 2ps, 2 binding energy
is very small, it is not certain that all of the metallic iron on the sur-
face was carbided. Analyses of the reduced catalysts following CO or H,/CO
exposure by XRD showed almost exclusively the presence of iron metal and
iron carbide; a fraction of the iron metal may be on the surface of the
catalyst. As shown in Figure 8, the presence of a component at 710.7 eV
{iron oxides) in the Fe 2ps,2 spectrum of the catalyst treated with CO is
evidence that this catalyst is less fully carbided than the catalyst treated
with Hz/CO; XRD analyses showed a trace of Fey0., in the treated catalyst.

Changes in the surface concentration of K, relative to Fe, as a func-
tion of reaction time in CO or H3z/C0O can be compared in Figure 9. aAn
increase in the K/Fe atomic ratio is observed with reaction time in CO/H:.
Treatment of the catalyst with CO initially results in an increase in the
K/Fe atomic ratio, but little additional change is observed until the reac-
tion time reaches 24 hours. The K/Fe atomic ratios were greater for
catalysts treated with H,/CO compared to CO for reaction times of 12 hours
or longer. Prereduction of the catalysts in Hz led to a significantly
enhanced K/Fe atomic ratio following exposure to H;/C0O when compared to
unreduced catalysts reacted for 6 hours; no such enhancement was observed
for the CO-treated catalysts.

Auger Analyses. Auger electron spectroscopy has been used tc monitor
the chemical environment of carbon, especially the formation of ecarbides and
graphitic carbon [19,20,29-31}. The carbon KLL Auger spectra for catalysts
treated with CO and Hz/CO are presented in Figures 10 and 11, respectively.
Typical Auger spectra for graphite and iron carbide also are shown in
Figure 10. The most intense Auger transition for carbon is at approximately
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272 eV¥; iron earblde has equally intense peaks at 272 eV and 278 V. The
shape of less intense peaks at lower kinetic energy iz influenced by the
chemieal bonding of carbon, which affects the transition probabilities of
electrons in subshells involved io the KLL transition [29]. An interferspce
in zome of the spectra at about 252 eV, owing to the LMM tramsition for
potas=ziur, makes the ldentilficatlon of the carbidic phase diffiteult,
ezpecially if a mixed graphite-carbide phase is present.

The spectra shown 1n Figure 10 for the CO-treated catalyst are composed
of & carbon spectrum characteristic of graphitic carbon {(peak at approzi-
mately 242 e¥) and 3 weak potassium peak (252 eV); the contribution of the
graphitic compornent becomes slightly greater at longer reaction times. The
only discrete evidence for carbidic carbon Is the small peak er shoulder on
the high-energy side of the maln C Auger peak. The weaker, low-energy peaks
owing to esrbidie gcarbon can be obscured if a large fraction ef carben Is Irn
the graphitio form[31]. The C Auger spectra for the H/CQ treated
catalyste, shown in Figure 11, are alsc primarily composed of graphikic
oarbon and potassium peaks but may oontain A small carbidic compenent for
both the 1- and é-hour reactions. .In contrast to the spectra for the CO-
traated catalysts, the £ fuger spectra for catalysts treated in CO/Hp fer 12
and 2 hours contain no peaks other than the main carbon peak at 27: eV.
The lack of peaks at lower Kinetie gnergy may be characteristie of parbon
that is in the form of long-chain alkanes, alkenes, or other hydrogenated
species on the catalyst surface [29,32]. To provide additional evidence for
this latter hypothesis a mickel foil, which had been sputtered clean with
4r* was analyzed with Auger after its surface wWas liphtly dusted (to mini-
mize charging) with erystallites of CygHea) the resulting spectrum is shown
in Figure 11. Bome decomposition of the alkane to graphite was chserved for
longar enalysis times {1 hour); decompositien of carbidie carbon is not
expected under similar eonditions. The dowinance #f hydrccarbon species on
the catalyst surface at lenger reaction times may congesl the presence of
any graphitic or carbidic species. :

158 Analyses. Peaks dus to K, Cu, and Fe were net observed in the 158
spectra of catalysts exposed to CO or Hp/CO for 7 hour. Thiz was attributed
to the jmmediate buildup of a carbonacecuz layer on the catalyst surface.
The catalysts were analyzed by ISS follewing reducticon im Hp at 533 K and
673 X for 1 hour: the results are pressnted i Table 1. The sirface oconoen-
tration of ¥ relative to Fe increased vpon reduction; the increase &as mere
pronounced at the higher reduction tesparatursa. Sputtering during the ISS
analyses revealed that the increase in surface concentration of ¥ on reduc-
tion 1s greatest within the first few angstroms. The concentration of <u
increased just below the firat Few angstroms of the aurface following redué-
tiem at 533 ¥, as ewvidenced by the mors gradual desresse in the Cu/Fe inten-
aity ratio with sputtering tlme compared to the unreduced catalyst; ne Cu
signal was observed after the catalyst was reduced at 673 K.

Waker Expoaurse

The Fe 2p XPS spectra of catalysts treated at 553 K for 1 and 24 hours
with €O contalning approzimately 3.63 water vapor are showm in Figure 12;
the Fe 2p spectrs for catalysts treated with Hp/CO (1/3) at 533 X and with
3.5 water vapor were nearly identieal to those in Figure 12, The Fe 2p
zpactrum after the i1-hour reaction is characteristic of Fea0s. Following
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reaction for 24 hours, the satellite peak at about 718.8 eV, attributed to
Fez:0s, is nearly absent. This observation suggests that most of the Fe,0s

has been converted to Fes0.; XRD results supported this hypothesis. A con-
tribution to the Fe 2p spectra by a surface iron hydroxide phase cannot be
ruled out. There was no evidence in the Fe 2p spectra for the formation of
iron carbide on the surface of any catalyst, in contrast to results obtained
in the absence of water vapor; XRD also showed no iron carbide was present.

The addition of water vapor to the gas streams results in lower surface
K/Fe atomic ratios (Table 2). Catalysts treated with Hs/CO show a more pro-
nounced decrease in K/Fe atomic ratios in the presence of water vapor than
do catalysts treated with CO. An increase in K/Fe atomic ratios is still
observed with reaction time for either gas composition.

Auger analyses of the C KLL transition for catalysts treated with
either CO or H2/CO containing water vapor showed peaks characteristic of a
graphitic or a mixed graphitie-hydrocarbon surface. There was no evidence
for. the presence of carbidic carbon on any catalysts. The primary dif-
ference between the Auger spectra of catalysts treated with CO or H/CO was
that the C/K intensity ratio was lower for catalysts treated with CO.

DISCUSSION

Previous studies have demonstrated correlations between the increasing
activity of iron catalysts and the presence of either Fes0, [23] or irecn
carbide {6,33]. The discrepancy concerning the nature of the active phase
has arisen during studies in which the catalysts were pretreated with H, or
simply exposed to H2/CO without prereduction. Therefore, the nature of the
catalyst's pretreatment, which has a direct effect on the surface and bulk
composition, can affect its subsequent activity. The surface of a catalyst
treated .n the XPS reaction chamber is probably not identical to that of a
catalyst during reaction in a stirred autoclave. However, relative changes
in the surface composition of iron catalysts that occur on exposure to dif-
ferent pretreatment gases in the XPS reaction chamber can form the basis for
predicting the types of changes that might occur on the surfaces of
catalysts exposed to similar gas compositions in a slurry-phase reactor.

The varying effects of catalyst pretreatment on surface composition are
clearly demonstrated by the results reported here: the surface and bulk com-
positions may not be identical. The XPS results shown in Figure 8 are con-
sistent with earlier studies [6,7,16) reporting the complete reduction of
iron oxide to metallic iron in H; and its subsequent ease of conversion to
iron carbide in H,/CO0. These results are also consistent with previous
reports that carbiding is more extensive in H3/CO than in CO [34]. The
catalyst treated with CO after reduction in Hy did show partial oxidation of
surface iron to Fes0D.,, while the Hj/CO-treated sample showed no surface
oxide. Such behavior may be attributed to the dissociation of CO on the
iron surface and the absence of Ha in the pretreatment gas. The dissocia-
tion of CO on Fe surfaces can lead to the formation of surface iron carbide
and iron oxides, which can subsequently be reduced in the presence of
Hz [5}:

CO + Fe(g) + Fe(g)-C + Fe(gq)-0 (1)
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Fe(si=D + Ha + Halr + Fegy) (2}
The iron surface alsc can be regenerated by CO:
Fe¢s)-0 + CO + O0s + Fe(y), {3}

Therefore, the observation of a surface iron oxide phaze follewirg reaction
in €0, ae opposmed te K3/CO, may indicate that reaction 2 proceeds faster
than reaction 2 on the iron surface. Formation of FeygQ, on the surface of
Fe metal Following reaction ip CQ at 873 E has recently been observed using
Faman =pectrascopy [28]. Oxidation by CO; and Ha0 1in the reverse of
reactions 6 and 7, respectively, ie unlikaly to play a major role becausze of
their amall partial pressures at low ponversion in the differantial reactor.

The mechanism for the resctlon of metallie fron with £0 and H:/CO also
may be used to exzplain the behavior obzerved when the as-prepared catslyst
iz treated with CU or H/CQ. & eomparlson of Figures 6 and T shows thatb
Hy/CO is more conducive to the formation of irom carbide than 15 CC. This
may be due to more rapid removal of surface oxygen with H: thao with €O, as
has beer postulated for oatalysts that are injtislly metallic [34]. Tha
fact that the surface jiron 1z not totally carbided after 24 bhours of
reaction in CO or Hz/CO is censistent with the results of previous studies
in whick Feg0, er Feil. was reacted without prereduction [23,25). Langer
reactions (greater than 2% hours) in Hp/CO may eventually lead to completa
conversioh of surface iran to iron earbide, as Méssbauer experlments have
demonstrated for the case of bulk iron carbide formation [22].

The partial pressure of water vapor resulting from nigh syngas conver-
sions also iopedss the transformation ef Feyls to iron carbide. This i=
supported by the results from the aecond set of gupsriments, which show that
the addition of water to the syngas mixture conslderably glows the Conver-
sion process: Fez0s + Fey0y, + ilron carbide. The inhibltilon of irom carblde
formation by water vapor in CO-treated catalysts is aeen by occmparing the
¥FS spectra in Figures 6 and 12, Water may alse help to oxidize some iran
carbide hack to FeiDs, as demonstrated hy the M&ssbauer results (22]. The
presence of water in the satmosphere surrounding the catalysts can affect
thalr surface eomposition and may alter their leng-terd ratalytic
reagtivity. Therefore, the producticn of water, which ccecurs when tEeating
a catalyst with Hg/CO {Eguations 1 and 2) or during exposuré to 2yngas fol-
lowing pretreatment in OO, can be partially responsible for the cbaervad
desrease in cmtalytic activity with time on stream at higher converalons in
the slurry-phase reactor [22]. It is important to remember that the ef fasts
of water can be pore dramatic at the surface than in the bulk,

The presence o watar vapor im the gas =treamz iz only one of asveral
variables that can affect the F=T activity of iron eatalysts. Other ispor-
tant variables are the chemigal forms of earbon and the degree %o whioh it
eovers the surface of the cetalyst [7,16,15,23]. The three major types of
“parbon commenly found i CO- or Hi/CD-treated jron catalyats are iren ear-
wide, grephitic parbon, and hydrocarban apecies formed by the F-T reacetion.
The formation of large depasits of carbonacecus material on the catalyst
surface iz supported by the fact that the principal components of the
catalyst are obscured from ion scattering fiellowing pretreatment.
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The Auger data presented in Figures 10 and 11 show that graphitie
carbon is a large fraction of the surface carbon on the pretreated
catalysts. Graphitic carbon is often referred to as "inactive" carbon [19]
in the F-T reaction, while carbidic carbon is considered
"active" [16,19,24]. Although the relative proportions of graphitic and
carbidic carbon may be different on a given catalyst in a slurry-phase
reactor as opposed to the XPS reactor, it can still be realistic to compare
the relative proportions of ecarbon species formed for the same catalyst
under the two different pretreatment atmospheres. A comparison of
Figures 10 and 11 shows that after 24 hours, the CO-treated catalyst has a
slightly greater proportion of carbidic surface carbon than the CO/H;
treated catalyst, for which "hydrocarbon-like" carbon is the dominant sur-
face species. This finding can tentatively be explained if one assumes that
the initial activity and selectivity differences of these catalysts in the
XPS reaction chamber are qualitatively similar to those observed in the
slurry-phase reactor [22]. The higher F-T activity of CQO-pretreated
catalysts in the slurry-phase reactor is consistent with the finding that
catalysts pretreated with CO in the XPS reaction chamber have a greater
fraction of ™active" carbidic carbon on the surface compared to catalysts
pretreated with H,/C0. Also, the catalysts pretreated with CO/H. initially
produced heavier products in the slurry-phase reactor, which may explain why
a large fraction of hydrocarbon-like ecarbon is found on the surface of the
catalyst pretreated with CO/Hz2 in the XPS reaction chamber. Differences in
the types of iron carbide may also affect catalyst activity and selectivity.

An increase in hydrocarbon species on the surface of the catalysts,
especially those exposed to H;/CO, at longer pretreatment times may be cor-
related te an increase in the fraction of K on the surface (Figure 9), since
K promotes hydrocarbon growth [16]. Migration of K to the surface of Fe
catalysts in a H,/CO atmosphere has been observed previously [15]). The
migration of K can be attributed to the reducing nature of the pretreatment
gas based on previous studies [35] and the data reported in Figure 9 and
Tables 1 and 2. The behavior of K and Cu may also modify the activity/
selectivity of the iron catalysts and play a role in determining the
observed differences in the behavior of CO/H,- and CO-pretreated catalysts.

The behavior and effects of the Cu promoter during pretreatment are not
clear (other than being fully reduced) owing to its low concentration. The
1SS results (Table 1} show that the surface concentration of Cu is
diminished under strictly reducing conditions. This can be due to sintering
of the Cu phase [3], coverage of Cu by the K that has migrated to the sur-
face, or formation of a mixed Fe-Cu phase.

It is apparent from the results of this study that the chemical state
of iron in K- and Cu-promoted Fe F-T catalysts is dependent upon the
catalyst pretreatment conditicns. Formation of an "active" surface iron
carbide is favored by pretreatment in H3/CO versus CO. However, the ulti=

. mate activity of the catalyst is governed by the degree to which iron

carbide is exposed on the catalyst surface as opposed to being covered by
inactive carbonacecus material. This study further indicates that the
deposition of inactive carbonaceous material on the catalyst's surface from
pretreatment in H,/CO is greater than that from pretreatment in CO. The
nature of such carbonaceous material is affected by the amount of K on the
catalyst's surface, which is influenced by the type of pretreatment.
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Tanls 1. 135 Intensity fatios far K- and Cu-Promoted Fe Catelysts.

K/Fe Cu/Fe
Eputtering
Time {(min} 0-F 5-1C¢ 18-20 55-b0 -5 5-10 © 15-20 §5-&0
ks Prepared ¢.51 o020 D.10 0.0 1.2¢ 0.78 0.68 0.64

33 K, 1 hr, Hy 3.00 0.268 ©.12 0.06 t.00 0.83  0.93 o.g2
873 ¥, 1 hr, Ha 13.3 7.2 1.3 0.67 0 o Y] o

Table 2. K/Fg Atomic Ratios for K- and Cu-Promoted Pe Catalysts.

Treated with Treated with

CO, 553 K Hg 7/CO {1/1), 533 K
No HiO With H:0 Ho RaO | With HzD
45 Prepared (Not Treated) 0,07 ———— 0.07 ———
Treatad t hr 0,70 o.3f 0.36 0.13
Trezted & br 6.65 0.U3 D.63 g.16
Treated 12 hr 0.68 Q.41 2.91 0.23
Treatad 24 br ¢.82 D.68 L 24 0.25
Pretreated Hy, 673 K,
4 hr, then treatad 0.75 ————— w0 ———

4 hr

Note: Hatins were calculated from XP53 E 18/Fe 2p Intensity ratlos using

sensitivity factors provided by the instrument manufacturer; the intensity
rabips wers measured with a precision of + 103 (rad) or better.
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REACTION EXPERIMENTS
IN STIRRED AUTOCLAVE

& Calcined Fa/Cu/K suspanded in n-octacosane

¢ Pratreatment: 11 HSCO 533 K WHSY =1.75
cD S5 K WHSV=1863

& Reaction Conditions: 1/1 HJCO 5331 K WHSV =170

& Conditions for
Pretreatment and Reactlon: 200 psig
28 g catalysl
320 g n-octacosans
1000 rpm

& Slurry samples removed lor Massbausr analysis

Figure 2. Conditions ar which slurry-phase F-T activity
wAE heaaured

CONCLUSIONS OF AUTOCLAVE
AND MOSSBAUER STUDIES

Activity: CO-pretreated catalyst — More active
' — Maintains aclivity baetter

Salectlvity: No major differances
CO-pretreated catalyst = Products initially light
— {(High % conversion — high HJCO)
— Praduct heavier with time on strgam

induced catalyst — Product lighter with time on stream
Composltion:

CO-pretreated catalyst - Maintairnad ai.‘;tll'ul'it‘," despite axidation
Inducad catalysli — Ne oxidation {{owser % conversions)

Figure 3 564
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Fe 2p
As Prepared

I 7708

INTEWSITY, arbitrary units

L ! ! _. L
730 725 720 7I5 TI0 705
BINDING ENERGY, eV

Figure 5. The XFS Fe 2p Spectrum of the As-Prepared K/Cu-Fe Catalyst,
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INTENSITY, arbitrary units

Figure 6.

! | | | 2 ] 1
726 722 718 714 7I0 706 702

BINDING ENERGY, eV

The XPS Fe 2p Spectra of K/Cu-Fe Catalyst Treated
with CO (553 K, 1-24 hr).
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INTENSITY, arbitrary units

Fa 2p
Ho/CO (1/1), 533 K

726 722 718 Ti4 710 706 702
BINDING ENERGY, eV

Figure 7. The XPS Fe 2p Spectra of K/Cu-Fe Caralyst Treated
vith H,/00 (1/1, 533 X, 1-24 hr).
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Fe 2p

(c) 710.7

{a); THEN CO,
553K, 4HR

(a); THEN Hg/CO
(1/1), 533K, 4HR

INTENSITY, arbitrary units

726 722 718 714 70O 706 702
BINDING ENERGY, eV

Figure 8. The XPS Fe 2p Spectra of K/Cu-Fe Catalysst After Reduction and
Followed by CO or Hp/CO Treatments.
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o 4 8 12 16 fma

REACTION TIME, hours

Figure 9. The XPS E/Fe Atomic Ratios for K/Cu-Fe Catalyst Treated with
CC (553 K, 1-24 hr) or HEICG £1/1, 333 K. 1-24 hr].
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272
F4-T-

242!

dN(E)/dE, arbitrary units

CkLL AUGER
CO, 553K

210 230 250 270 290 310
KINETIC ENERGY, eV

Figure 10. Carbon KLL Auger Spectra of K/Cu-fe Catalyst Treated With CO
(553 K, 1-24 hr); and the Reference Compounds: Graphite and Fe,C [Fe3C
spectrum from K. Hirckawa et al,, J. Elect., Spect. Relat. Phengm..

35 (1985) 319. Reproduced with permission.].
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dN{E)/dE, arbitvary units

CxLL AUGER
Ha 7CO{1/1]1, 833K

210 230 250 270 290 310
KINETIC ENERGY, aV

Figure 11. Carbon XKLL Auger Spectra of C._H Ni Foil: and the K/Cu-F
Catalyst Treated With HE.-"CD (1/1, 533K, 135&%1_';13 oil: an & E/Cu-Fe

<
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Fe 2p ' |
CO0, 553K, 3.6%H,0

710.7

24 Hr

INTENSITY, arbitrary units

IHr

1 1 ]

! | | 1
722 716 710 704

BINDING ENERGY, eV

Figurg 2!2. The XPS Fe 2p Spectra of K/Cu-Fe Catalysts Treated With CO
Containing 3.6Z Water Vapor (553 K, 1-24 hr).
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