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Activation procedures can have a dramatic effect on the activity of iron-based catalysts for
Fischer-Tropsch (F-T) synthesis. CO conversion over a 100 Fe/3 Cu/0.2 K catalyst {parts by
weight) can vary by nearly a factor of 3, depending on activation treatment. In contrast, a 100 Fe/5
Cu/4.2 K/25 Si0O, catalyst displays little dependence of F-T activity on activation treatment. An
ultra-high vacuum surface analysis chamber coupled to an atmospheric reactor has been used to
measure the surface composition of these catalysts following activation in carbon monoxide at
280°C, while transmission electron microscopy (TEM) and BET surface area measurements have
been used to investigate catalyst morphology. CO activation of the 100 Fe/S Cu/4.2 K/25 Si0O,
catalyst at 280°C results in partial reduction of iron to a mixture of Fe,O and Fe;0,, and an overall
surface composition very similar to that obtained following hydrogen activation at 220 or 280°C,
consistent with the invariance of F-T activity with activation treatment for this catalyst. Activation
of the 100 Fe/3 Cu/0.2 K catalyst in CO at 280°C results in the formation of iron carbide particles,
growth of graphitic carbon (C,) filaments, and formation of a thick, porous, C, layer covering the
carbide particles. Differences in F-T activity between the hydrogen- and CO-activated 100 Fe/3
Cu/0.2 K catalyst are discussed in terms of surface composition and catalyst morphology. The
difference in sensitivity of the two catalysts to activation conditions is related to differences in the

extent of reduction of the catalysts.
1. INTRODUCTION

In the previous paper (/), the effects of
activation in hydrogen on the surface com-
positions of two iron Fischer-Tropsch
(F-T) catalysts were examined. Although
the two catalysts, with compositions of 100
Fe/3 Cu/0.2 K and 100 Fe/5 Cu/4.2 K/25
Si0, (parts by weight), display widely dif-
fering behavior with respect to hydrogen
activation, good correlations were found
between catalyst surface composition and
F-T activity in both cases. In this paper,
the study of the activation of these two cat-
alysts is extended to include the effects of
activation in CO.

Activation in CO is potentially more
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complicated than activation in hydrogen.
While both CO and hydrogen activation can
result in reduction of iron oxides, thermo-
dynamic calculations show that reduction
by CO is more favorable than reduction in
hydrogen (2), a prediction supported by
temperature-programmed reduction (TPR)
studies (3—-5). In addition to iron reduction,
CO activation can lead to the deposition of
carbon via the Boudouard reaction, in
which CO disproportionates to form carbon
and CO;. The form in which carbon exists
on the iron surface has important conse-
quences for catalyst performance. Carbidic
carbon deposition is considered advanta-
geous, while graphitic carbon deposition is
believed to poison catalyst activity (6, 7).
Within the context of the competition
model proposed by Niemantsverdriet et al.
(8, 9), the purpose of CO activation is to
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precarbide the iron catalyst and avoid the
induction period often observed during the
initial stages of iron F-T catalyst testing (6,
9—12). The competition model assumes that
carbon atoms deposited on the surface of a
reduced iron catalyst during F-T synthesis
can follow three different reaction path-
ways: (i) reaction with metallic iron to form
iron carbides, (ii) reaction with adsorbed
hydrogen to form hydrocarbons, and (iii)
conversion to inactive (graphitic) carbon.
In the initial stages of F—T synthesis, reac-
tion (i) is much faster than the other reac-
tions, and most of the carbon is consumed
in the formation of iron carbides. As a
result, initial rates of F-T synthesis are
very slow. As the reaction proceeds, the
bulk of the iron becomes carbided, decreas-
ing the rate of reaction (i) such that reac-
tions (i1) and (iii) become competitive. The
net result of these processes is a maximum
in the rate of reaction (ii) with time. By acti-
vating catalysts in CO or H,/CO mixtures,
carbide formation can potentially be ac-
complished during the activation treatment,
thereby avoiding the induction period dur-
ing the initial stages of F-T synthesis.
The two catalysts used in this study dis-
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play different sensitivities to activation pro-
cedures, as shown in Table 1. The F-T ac-
tivity and selectivity of the 100 Fe/5 Cu/4.2
K/25 SiO, catalyst is fairly independent of
activation procedure. Initial CO conver-
sions of 55-65% are obtained following ei-
ther CO or hydrogen activation when F-T
activity is measured in a fixed bed reactor
at 250°C, 1.48 MPa, H,:CO = 2:3, and a
space velocity of 2 Nl/g catalyst-h (13).
The F-T activity and selectivity of the 100
Fe/3 Cu/0.2 K catalyst, however, is
strongly dependent on activation proce-
dure. Initial CO conversion, measured in a
fixed bed reactor at 250°C, 1.48 MPa,
H,:CO = 1:1, and a space velocity of 2 NI/
g catalyst - h varies from 30 to 80% depend-
ing on activation procedure, with CO acti-
vation at 280°C and 0.1 MPa (I atm) for 24 h
resulting in the highest activity (/4). Conse-
quently, it is expected that CO activation of
the 100 Fe/5 Cu/4.2 K/25 SiO, catalyst
should result in a surface composition simi-
lar to that observed following hydrogen ac-
tivation, while CO activation of the 100
Fe/3 Cu/0.2 K catalyst should result in a
surface composition which is substantially
different from that observed following hy-

TABLE 1

CO Conversion us Activation for 100 Fe/3 Cu/0.2 K and 100 Fe/5 Cu/4.2 K/25 SiO, Catalysts

Activation treatment

Initial CO
conversion (%)

Hydrocarbon selectivities (wt%)

100 Fe/5 Cu/4.2 K/25 SiO»¢

CO, 280°C, I2 h 55
H,, 220°C, 1 h 59
H,, 280°C. 1 h 64
100 Fe/3 Cu/0.2 K*
CO, 280°C. 8 h 80
CO, 280°C, 24 h 80
H,, 250°C. 8 h 66
H,, 250°C, 24 h 60
H,, 280°C, 8 h 44
H,, 280°C. 24 h 30

« 250°C, 1.48 MPa, H,:CO = 2:3, 2 Nl/g-catalyst - h, from Ref. (/3).

CH, C-C,4 C-Cyy Ch
5 22 19 54

6 29 44

9 24 47 20

7 27 3 35

7 26 23 44
14 40 39 7
12 39 42 7
14 45 37 4
11 39 40 10

b 250°C, 1.48 MPa, H,:CO = 1:1, 2 Nl/g-catalyst - h, from Ref. (/4).
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drogen activation. The results presented in
this paper confirm these expectations, and
also aid in understanding the difference in
sensitivity of the two catalysts to activation
procedures and the reasons for the activity
trends observed for the 100 Fe/3 Cu/0.2 K
catalyst.

2. METHODS

Details of the experimental apparatus
and procedures are given in the previous
paper (/). Briefly, the system consists of an
ultra-high vacuum (UHV) surface analysis
chamber coupled to an atmospheric pres-
sure reactor, which allows catalyst samples
to be subjected to realistic activation or re-
action conditions, and then transferred into
UHYV for surface analysis. Transfer is ac-
complished without exposure of the sam-
ples to air, thereby avoiding any possible
alteration of catalyst surface composition
by reaction with ambient oxygen. This ca-
pability is crucial to obtaining relevant in-
formation on the surface composition of
working catalysts, as activated catalysts
are often highly reactive toward oxygen.
Auger electron spectroscopy (AES) is the
primary surface analytical technique em-
ployed in this study, and details of the data
acquisition and analysis procedures are
given in the previous paper (/).

The two catalysts studied have composi-
tions of 100 Fe/3 Cu/0.2 K and 100 Fe/5
Cu/4.2 K/25 SiO,. The 100 Fe/5 Cu/4.2 K/
25 Si0O; catalyst is a commercial catalyst
manufactured by Ruhrchemie. Details of
catalyst preparation procedures can be
found elsewhere (3, [4), while sample
mounting and outgassing procedures are
described in the previous paper (/). The
catalyst samples were heated to 300°C in
130 Torr O, for 3 h prior to activation in CO
in order to simulate the calcining step em-
ployed by Bukur et al. (/4) in their activity
measurements. At least three different sam-
ples were studied for each catalyst to en-
sure that the results were representative,
and not due to artifacts associated with a
particular catalyst sample. Prior to intro-
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duction into the reactor, CO (Alphagaz, Re-
search Grade) was passed through a liquid-
nitrogen-cooled U-tube packed with glass
wool in order to remove metal carbonyls.
The reactor was filled at a rate of <1 Torr/
s, since it was found that higher fill rates
resulted in inefficient removal of carbonyls
by the liquid-nitrogen trap. The presence of
carbonyls in the reactor was easily detected
by deposition of nickel on the catalyst sur-
face. Any data which showed Auger transi-
tions characteristic of nickel were therefore
rejected as being compromised by the pres-
ence of nickel and iron carbonyls. The slow
fill rates needed to avoid carbonyl contami-
nation meant that >10 min were required to
fill the reactor to atmospheric pressure (630
Torr in Albuquerque). Since CO activation
generally lasted for many hours, the time
required to fill the reactor is not significant.
After the reactor was evacuated and the
gate valve was opened to the UHV cham-
ber following activation, the analysis cham-
ber pressure typically rose to >1 x 1077
Torr, consisting mainly of water, but with
substantial amounts of CO and CO,. Water
arises from outgassing of the sample during
activation, while CO, arises from reduction
of iron oxides, and from the Boudouard re-
action in which CO disproportionates to
form CO- and surface carbon. As was the
case for hydrogen activation, the catalyst
samples, which were smooth red-brown
pellets initially, shrank and cracked during
CO activation and changed to a deep black
color.

A flow reactor consisting of a glass U-
tube with a sintered glass frit enclosed by
an oven was used to prepare samples of the
100 Fe/3 Cu/0.2 K catalyst for transmission
electron microscopy (TEM) and BET sur-
face area analysis. One gram of the catalyst
was first heated in air (calcined) at 300°C for
S h in a muffle furnace, and then heated to
280°C in CO flowing at 150 sccm for 24 hin
the U-tube reactor. Metal carbonyls were
removed prior to contact with the sample
by passing the CO over a high-surface-area
silica heated to 300°C. During the first 30
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min of activation, the sample temperature
rose to ~335°C indicating the occurrence of
an exothermic reaction. Following activa-
tion, the sample was cooled to room tem-
perature in CO, and then passivated in 2.0
Torr of air overnight. The 100 Fe/3 Cu/0.2
K sample changed from reddish-brown to
deep black during activation in CO, and ex-
hibited a 91% weight gain. BET analysis
was performed using a Quantachrome
Autosorb-6. TEM pictures were obtained
on a JEM 2000 FX microscope operated at
200 kV. Samples were supported on holey
carbon films mounted on 3-mm Cu grids.

3. RESULTS AND DISCUSSION
3.1. 100 Fel5 Cui4.2 K/25 8i0, Catalyst

Figure 1 shows the Auger spectrum of
the 100 Fe/S Cu/4.2 K/25 SiO, catalyst fol-
lowing activation in CO at 280°C for 12 h.
Also shown in Fig. 1 for comparison is the
spectrum of the same catalyst activated in
hydrogen for 1 h at 200°C (/). The two spec-
tra are nearly identical, consistent with the
fact that the two activation procedures
resuft in catalysts with nearly identical F-T
activities and selectivities (/3). Both spec-
tra display peaks due to iron, oxygen, po-
tassium, silicon, and copper, although the
Cu(920 eV) signal is difficult to discern with
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Fig. 1. Auger spectra of the 100 Fe/5 Cu/4.2 K/25
Si0, catalyst following (a) activation in [ atm of hydro-
gen at 220°C for 1 h and (b) activation in one atmo-
sphere of CO at 280°C for 12 h. Spectra are normalized
to the Fe(703 eV) peak.
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the signal-to-noise ratio in Fig. 1. The peak
shapes and relative peak heights for the
various elements are discussed in detail in
the preceding paper (/), where it was noted
that the presence of two peaks at 43 and 52
eV in the Fe(MVV) region of the spectra
indicate that oxidized iron is present, most
likely as a mixture of Fe,O and Fe;04. No
evidence exists for the presence of metallic
iron on the surface following either hydro-
gen or CO activation. It is important to note
that no carbon deposition occurs during CO
activation of this catalyst. As discussed in
the Introduction, carbon deposition during
CO activation can have an effect on initial
F-T activity. The absence of carbon depo-
sition is discussed in Section 3.3.

In contrast to the present work, Li (3)
reports that approximately 30% of the iron
in a 100 Fe/5 Cu/4.2 K/25 SiO; catalyst
similar to the one used here is reduced to
the metallic state following reduction in CO
at 300°C for 12 h. Li also reports a large
C(ls) peak at 284-285 eV: however, a large
carbon peak was observed following hydro-
gen activation as well, indicating that the
carbon is largely adventitious and not the
result of CO activation. The slightly higher
activation temperature used in the XPS
studies could account for the increased ex-
tent of reduction observed by XPS com-
pared to the present AES results. Also, dif-
ferences in surface sensitivity between the
XPS and AES must be considered when
comparing results from the two techniques.
With the Al Ka X-ray source used by Li,
the Fe 2p:» photoelectrons used to deter-
mine oxidation state would have Kinetic en-
ergies of ~775 eV, giving them an inelastic
mean free path (IMFP) in a mixture of Fe O
and Fe;04 of ~2 nm, vs only 0.7 nm for the
47 eV Fe(MVV) Auger electrons (/5). As a
result, XPS is less surface sensitive than
AES for iron oxidation state measure-
ments. Thus, metallic iron residing below a
surface oxide phase would be more likely to
be detected by Li using XPS, than by the
AES technique employed here. The possi-
bility of a metallic iron phase underlying a
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surface oxide was raised by Lox et al. (/16),
for hydrogen activation at 220°C of the 100
Fe/S Cu/4.2 K/25 SiO, catalyst. As a final
comment on Li’s work, it should be noted
that no attempt appears to have been made
to distinguish metallic iron from iron car-
bide. Iron carbide displays an Fe 2p;,; peak
shape nearly identical to that of iron metal,
but the peak is shifted 0.2-0.3 eV to higher
energy (6, /7). It is therefore entirely possi-
ble that Li actually detected an underlying
carbide phase, rather than metallic iron fol-
lowing CO activation of the 100 Fe/5 Cu/
4.2 K/25 SiO; catalysts. In support of this
possibility are the results of Kuivila et al.
(12), who found that F-T synthesis over an
unreduced Fe,O5 catalyst results in greater
carbide levels in the bulk than on the sur-
face. If a similar situation exists for the CO
activated 100 Fe/5 Cu/4.2 K/25 SiO, cata-
lyst, then the XPS studies may have de-
tected metallic or carbided iron residing be-
low a surface oxide phase, while the greater
surface sensitivity of AES prevented the
detection of the bulk iron phase in the
present work.

As was the case for hydrogen activation
of the 100 Fe/5 Cu/4.2 K/25 SiO; catalyst
(1), removal of potassium and silica by
electron beam effects results in an increase
in the ease of reduction of iron during CO
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Fi1G. 2. Effect of lowering silica and potassium levels
on the Auger spectrum of the 100 Fe/5 Cu/4.2 K/25
SiO; catalyst following activation in one atmosphere of
CO for 6 h at 250°C. Spectra are normalized to the
Fe(703 eV) peak.
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activation. For activation in CO at 280°C
for 6 h, Fig. 2 shows that decreased potas-
sium and silica coverages result in a corre-
sponding decrease in the O(511 eV)/Fe(703
eV) ratio, as well as changes in the
Fe(MVV) peak shape which are consistent
with increased reduction of iron (/8-21). It
has been shown previously that both potas-
sium (3, 22) and silica (3, 22-24) can inhibit
reduction of iron F-T catalysts. The effects
of potassium and silica cannot be separated
in the present work, since no method is
available which would remove one of the
components while leaving the coverage of
the second component unchanged.

3.2. 100 Fe/3 Cul/0.2 K Cutalyst

3.2.1. Auger electron spectroscopy and
transmission electron microscopy. Figure 3
shows the effects of CO activation at 280°C
on the surface composition of the 100 Fe/3
Cu/0.2 K catalyst. The largest peak in the
spectra in Fig. 3 is due to carbon at 272 eV,
and the C(272 eV)/Fe(703 ¢V) peak ratio
grows with activation time. The feature-
less, assymetric shapes of these carbon
peaks are in good agreement with the peak
shapes reported by Wesner et al. (25) for
mixed potassium/graphitic carbon overlay-
ers on an iron foil. No fine structure is
present on the low energy side of the C(272
eV) peaks to suggest the presence of carbi-
dic carbon (25, 26). Although overlap with
the potassium peak at 250 eV might prevent
the detection of a small amount of carbidic
carbon, it is nevertheless clear that the vast
majority of the carbon on the surface is gra-
phitic (Cy). In addition to the carbon peaks,
peaks due to copper, potassium, iron and
oxygen are also visible in the spectra of Fig.
3, as expected. These components will be
discussed in more detail below. Note that
the Fe(MVV) peak at 47 eV is completely
attenuated by the C, overlayer. The peaks
which are visible below 100 eV varied in
size, shape and position with carbon cover-
age, and are probably due to low energy
carbon Auger transitions.

While Fig. 3 provides information on the
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F1G. 3. Auger spectra of 100 Fe/3 Cu/0.2 K catalyst
following activation in one atmosphere of CO at 280°C
for (a) 4 h, (b} 10 h, and (¢} 22 h. Spectra are normal-
ized to the Fe(703 eV) peak.

surface composition of the CO activated
100 Fe/3 Cu/0.2 K catalyst, information re-
garding catalyst morphology is contained in
the electron micrographs and diffraction
patterns shown in Fig. 4. Prior to activation
in CO, little structure is visible in the
calcined catalyst (Fig. 4a). Those particles
which can be discerned are on the order of
10 nm in size. Based on this particle size
and a density of 5.24 g/cm’ for Fe,0;, the
surface area of the calcined 100 Fe/3 Cu/0.2
K catalyst is predicted to be approximately
115 m?/g, in good agreement with the value
of 139 m?/g obtained from the BET mea-
surement. The electron diffraction pattern
prior to CO activation shows the presence
of diffraction rings due to a-Fe;0O;, as ex-
pected for a calcined iron catalyst.

After activation in CO and the subse-
quent passivation step, major changes can
be observed in both the electron micro-
graph and the diffraction pattern (Fig. 4b).
The electron micrograph shows the pres-
ence of 20-100 nm particles, with an aver-
age size of ~50 nm, indicating that some
sintering occurs during CO activation. All
of the particles are encapsulated by a sec-
ond phase with a thickness varying from 2
to 15 nm. In addition, some of the smaller
particles are located on the ends of long

141

filaments. The diffraction pattern shows
rings which can be ascribed either to gra-
phitic carbon or iron carbide. No rings due
to metallic iron or iron oxide are observed.
Based on the electron diffraction results, as
well as the AES results presented above,
the encapsulating phase and filaments are
identified as graphitic carbon, while the
particles are an unidentified iron carbide.
Overlap between the graphite and carbide
rings, and the fact that all iron carbides give
similar diffraction patterns (9), prevents de-
termination of the actual carbide phase
present. Regretably, AES does not provide
any additional information on the identity
of the carbide, as reference spectra for iron
carbides do not appear to be available.
High-magnification micrographs (Fig. 4c) of
the coated carbide particles generally show
that the graphitic carbon is poorly crystal-
line, although a few regions approximately
4 nm in size do show ordered stacking of
the graphite layers parallel to the carbide
particle surface.

In order to determine if the procedure
used to passivate the CO activated sample
prior to transfer to the TEM apparatus re-
sulted in any carbon removal, AES mea-
surements of the surface composition of a
CO activated catalyst were made before
and after exposure to one Torr of oxygen at
300 K. These measurements show no dis-
cernable change in the C(272 eV)/Fe(703
€V) ratio, demonstrating that little or no
carbon is removed during the passivation
treatment. Passivation does result in a dou-
bling of both the K(252 eV) and O(511 eV)
peak heights, suggesting that KOH, which
is believed to be the potassium compound
present during F-T synthesis (27, 28), mi-
grates to the surface of the carbon film
upon exposure to oxygen. The driving force
for this migration is unknown. The behav-
ior of potassium is discussed further be-
low.

Using tabulated Auger sensitivity factors
for carbon and iron (26) and assuming a uni-
form thickness in the C, layer, it can be
estimated (29) that for the sample used to
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obtain the spectra in Fig. 3, the carbon
overlayer thickness increases from 1 to 2
nm as activation time increases from 4 to 22
h. These estimates represent average thick-
nesses, and do not account for the spatial
variations in the C, layer thickness which
are apparent in Fig. 4. In addition, the AES
estimates are probably inflated by the pres-
ence of the graphitic carbon filaments,
which contribute to the AES spectra, but
not to the thickness of the carbon layer
measured by TEM. The AES estimate of
the C, layer thickness following CO activa-
tion at 280°C for 22 h falls within the low
end of the range of thicknesses observed in
Fig. 4. Part of the difference between the
AES and TEM measurements may be due
to the exotherm which occurred during the
initial stages of preparation of the CO acti-
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vated sample for TEM (see Section 2). Sup-
porting this explanation are AES experi-
ments on a second sample of the 100 Fe/3
Cu/0.2 K catalyst, in which the CO activa-
tion temperature was inadvertentiy allowed
to briefly rise above 325°C. This sample dis-
played C(272 eV)/Fe(703 eV) Auger ratios
substantially higher than those shown in
Fig. 3, suggesting that increased tempera-
ture results in greater graphitic carbon
buildup and that the differences in C, layer
thickness observed between the AES and
TEM experiments are due to the exotherm
which occurred during TEM sample prepa-
ration. Given this possibility, as well as the
uncertainties in Auger sensitivity factors
and IMFP’s, the agreement between C,
layer thicknesses measured by TEM and
AES is satisfactory.

Fi1G. 4. (a) Transmission electron micrograph and electron diffraction pattern of the calcined 100 Fe/
3 Cu/0.2 K catalyst. (b) Transmission electron micrograph and electron diffraction pattern of 100 Fe/3
Cu/0.2 K catalyst following activation in | atm of CO at 280°C for 24 h. (c) High-magnification
transmission electron micrograph of 100 Fe/3 Cu/0.2 K catalyst following activation in 1 atm of CO at
280°C for 24 h.
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The growth of filamentous carbon from
catalytic disproportionation of CO is well
known and has been extensively reviewed
(30-33), and the filaments produced during
CO activation of the 100 Fe/3 Cu/0.2 K cat-
alyst show strong similarities to filaments
reported in the literature. Although many
details of the mechanism of filament growth
are not yet understood, general agreement
exists that filaments are formed by dissocia-
tion of CO on the surface of the catalyst,
followed by diffusion of carbon through the
catalyst particles and deposition at the in-
terface between the catalyst particle and
the filament (30-36). This mechanism re-
quires that the leading edge of the catalyst
particle be clean. Particles which have be-
come encapsulated by a carbon overlayer
are associated with filaments which have
ceased to grow. As shown in Fig. 4, virtu-
ally all of the iron carbide particles seen
here are encapsulated by a 2-10 nm layer of
graphitic carbon, suggesting that all fila-
ment growth has stopped. In contrast to
this observation are numerous TEM re-
ports which show the presence of unencap-
sulated iron carbide particles located on the
ends of graphitic carbon filaments grown by
CO or hydrocarbon disproportionation (30—
33). In none of these studies is potassium
present on the surface, however. Since it is
well established that potassium increases
the rate of CO dissociation, and therefore
carbon deposition, during F-T synthesis on
iron catalysts (3, 23, 25, 27, 37-39), it is not
surprising that more extensive encapsula-
tion occurs with the 100 Fe/3 Cu/0.2 K cat-
alyst than with pure iron catalysts.

The complete encapsulation of the cata-
lyst particles by C, during CO activation of
the 100 Fe/3 Cu/0.2 K catalyst is not con-
sistent with either the AES results, which
show continued growth of the C(272 eV)/
Fe(703 eV) AES ratio with time even after
22 h of activation, nor the activity measure-
ments of Bukur et al. (/4), which show that
activation of the 100 Fe/3 Cu/0.2 K catalyst
in CO at 280°C for 24 h produces a more
active catalyst than any other activation
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treatment studied. Neither of these results
is expected if the catalyst particles are truly
encapsulated during CO activation. The
contradiction can be resolved if it is as-
sumed that the C; layer formed on the 100
Fe/3 Cu/0.2 K catalyst particles is not con-
tinuous, but instead is highly porous, allow-
ing CO molecules to reach the catalyst
particle surface and dissociate or dispro-
portionate, even in the presence of a thick
C, layer. Evidence for the presence of po-
rosity in the C, layer comes from BET mea-
surements on the CO activated 100 Fe/3
Cu/0.2 K catalyst, which give a surface
area of 118 m?/g. This value is much higher
than the value of ~16 m?/g predicted from
the average catalyst particle size of 50 nm
and iron carbide density of 7.6 g/cm?. There
is room for error in this estimate, however,
since the particle size distribution is broad,
and an insufficient number of particles are
visible to allow the particle size distribution
to be determined with confidence. Also,
only particles near the edge of the agglom-
erates are clearly discernable, and these
edge particles may not reflect the overall
particle size distribution. Finally, it is not
clear how much of the additional surface
area is due to the carbon filaments. Never-
theless, the large discrepancy between
measured surface area and the surface area
predicted from catalyst particle size cer-
tainly leaves room for porosity in the car-
bon layer. The electron micrographs in Fig.
4 show no evidence for pores within the C,
layer, but this could be the result of poor
contrast between the pores and the solid
carbon phase. Although there does not
seem to be a clear precedent in the litera-
ture for the growth of a porous C, layer on
iron catalysts, results from Wesner et al.
(25), and Dwyer and Hardenbergh (6) are
intriguing in this regard. Both groups report
the formation of multilayers of graphitic
carbon during F-T synthesis on iron cata-
lysts, and yet in both cases the catalysts
still display significant F-T activity, albeit
at a much lower rate than for the initially
clean catalysts. Although not specifically
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discussed in either of these papers, the
results suggest that the C, multilayers are
porous, as proposed here. Porosity in the
C, layer could result from the relatively low
temperature used in the CO activation. In
most studies of carbon filament growth,
temperatures of S00°C or greater are em-
ployed, which allows a more ordered stack-
ing arrangement to be achieved by the C,
layer than can be attained at the relatively
low temperature of 280°C used to activate
the 100 Fe/3 Cu/0.2 K catalyst. For this
reason, a layer formed at 280°C might be
expected to be more porous than one
formed at 500°C or higher. Indeed, high
temperatures are used in the production of
carbon fibers to increase the ordering and
orientation of graphite crystallites, and this
process is accompanied by large decreases
in fiber surface area (40).

Figure 3 shows a pronounced increase in
the Cu(920 eV)/Fe(703 eV) peak ratio with
activation time. This ratio is 0.02-0.03 prior
to activation, but rises to 0.20 after 22 h of
activation in CO. The difference between
the IMFPs of the copper and iron Auger
electrons, which results in different attenu-
ation as they pass through the carbon layer,
is too small to account for the observed in-
crease in the Cu(920 eV)/Fe(703 eV) ratio.
It must therefore be concluded that segre-
gation of copper to the catalyst surface oc-
curs during CO activation of the 100 Fe/3
Cu/0.2 K catalyst. This segregation could
be the result of the low solubility of copper
in the iron carbide phase formed during CO
activation. Little or no enhancement of the
Cu(920 eV) peak is observed after hydrogen
activation (/}, indicating that copper segre-
gation is not related to reduction of iron to
the metallic state. In contrast to the present
work, Wielers et al. (41) report that iron
segregates to the surface of reduced (uncar-
bided) Fe-Cu particles upon room temper-
ature exposure to CO. They attribute the
segregation to the higher heat of adsorption
of CO on iron than on copper, which pro-
vides a driving force for segregation. Given
that no iron carbide was present in the Fe—
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Cu particles studied by Weilers et al. that
the copper contents used in that study were
substantially higher than that of the 100
Fe/3 Cu/0.2 K catalyst, and that a higher
CO exposure temperature was employed
here, it is perhaps not surprising that differ-
ences in segregation behavior are observed.
In the absence of adsorbate effects, surface
segregation results from differences in the
surface tension of the two phases (42). With
adsorbates present, differences in adsor-
bate binding energies also come into play.
The differences between the results of
Weilers et al. and the present work may
therefore be ascribed to a difference in the
heat of adsorption of CO on iron vs iron
carbide, as well as changes in the relative
surface tensions of the iron and copper
phases upon carbide formation. In addition
to growth of the Cu(920 eV) signal, the
O(511 eV) signal in Fig. 3 also increases
with CO activation time, but this effect was
not reproducible.

Peaks due to sulfur and chlorine at 152
and 181 eV, respectively, are barely visible
in Fig. 3, as are small peaks at 383 and 420
eV which are due to titania contamination
from the die used to press the samples. The
titania contamination does not affect the
results, as discussed in the previous paper
(/). Chlorine contamination was not ob-
served following hydrogen activation of the
100 Fe/3 Cu/0.2 K catalyst, and must there-
fore be related to the presence of CO in the
reactor. The most likely possibility is that
CO induces outgassing of chiorine from a
viton O-ring used in the gate valve which
isolates the reactor from the surface analy-
sis chamber. If so, then the presence of
chlorine can safely be ignored as the result
of an experimental artifact. The presence of
sulfur, however, cannot be ignored. Sulfur
arises from bulk sulfate impurities present
in the 100 Fe/3 Cu/0.2 K catalyst, which
segregate to the catalyst surface during ac-
tivation. This process has been discussed in
detail in the preceding paper on hydrogen
activation of F~T catalysts (/). If the sulfur
resides on the surface of the iron carbide
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particles, beneath the C, layer, then the
large difference in IMFP between the S(152
eV) and Fe(703 eV) Auger electrons in car-
bon (/5) (0.5 nm vs 1.06 nm) would mean
that the S(152 eV)/Fe(703 eV) ratio would
be attenuated by the presence of the C,
overlayer. Unfortunately, the nonuniform
thickness of The C, overlayer (see Fig. 4)
prevents an accurate correction for this at-
tenuation. A rough estimate can be made,
however, based on the average thickness of
~2 nm measured by AES for the 100 Fe/3
Cu/0.2 K catalyst activated in CO for 22 h
(see above). A C, overlayer of 2 nm would
attentuate the S(152 eV)/Fe(703 eV) ratio
by a factor of 8. Using this attenuation to
adjust the measured S(152 eV)/Fe(703 eV)
ratio of 0.06 gives a corrected value of 0.48.
The use of tabulated Auger sensitivity fac-
tors (26) and the quantification method of
Briggs and Seah (29) shows that a S(152
eV)/Fe(703 eV) ratio of 0.48 corresponds to
a sulfur surface coverage of 0.2 monolayers
(ML). In the previous paper (/) it was ar-
gued that sulfur coverages of this magni-
tude can have an adverse effect on F-T ac-
tivity. It therefore appears that sulfur
poisoning may be an important factor in de-
termining the activity of the CO activated
100 Fe/3 Cu/0.2 K catalyst.

The K(252 eV)/Fe(703 eV) ratio does not
change appreciably as the C, layer grows.
Clearly, given the short IMPF of 252-eV
electrons in carbon (0.65 nm) relative to
703-eV electrons (1.06 nm) (/5), significant
attenuation of the K(252 eV)/Fe(703 eV)
ratio would be expected as the thickness of
the C, layer increases, if the potassium re-
sides at the interface between the iron car-
bide and the C, layer. Since this attenuation
is not observed, it must be concluded that
at least a portion of the potassium is either
incorporated into the carbon layer, or is ad-
sorbed on top of the carbon. The possibility
of potassium being located on top of a car-
bon overlayer was first raised by Bonzel
and Krebs (37), who noted that the K 2p
XPS signal did not decrease as the C Is
signal grew in during F-T synthesis on an
iron foil.
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3.2.2. Comparison with the literature.
Comparison of the AES results obtained
here with the XPS results of Li (3) shows
good agreement. Li states that quantitative
reduction of the iron to the metallic state
occurs upon activation of a 100 Fe/3 Cu/0.2
K catalyst in CO at 300°C for 12 h. No men-
tion is made, however, of the possibility of
carbide formation. Since iron carbide and
metallic iron have very similar Fe 2p XPS
spectra (6, 17), it seems likely that the
phase which Li identifies as metallic iron is
in fact iron carbide. The Fe 2pi, peak of
iron carbide is only 0.3 eV higher than that
of metallic iron, and the peak shapes of iron
and iron carbide are nearly identical. The C
Is region measured by Li shows a single
peak at ~283 eV, with an unresolved shoul-
der on the high-energy side. The binding
energy of 283 eV is characteristic of iron
carbides (6, 43), lending further support to
the argument that Li observed iron carbide
rather than metallic iron. The shoulder on
the high energy side of the C 1s peak can be
attributed to graphitic carbon. The fact that
Li was able to observe carbidic carbon,
while no carbidic carbon was observed in
the present work may be due to the greater
escape depth of C Is electrons compared to
carbon Auger electrons. With the Al Ka X-
ray source used by Li, the C Is electrons
would have a kinetic energy of 1023 eV and
an IMFP of 1.4 nm, vs an IMFP of only 0.65
nm for the C(272 eV) Auger electrons (/5).
It is also possible that the graphitic carbon
layer in Li’s work was thinner than in the
present work due to differences in activa-
tion temperature and time.

The observation of a graphitic carbon
layer residing on top of an iron carbide
phase is not unique to the 100 Fe/3 Cu/0.2
K catalyst. Copperthwaite et al. (44), ex-
posed a reduced iron oxide catalyst, pro-
moted with K, Ca0O, MgO, Al,0,, and SiO-,
to CO at 250°C, and observed the formation
of a graphitic carbon peak by XPS. No car-
bidic carbon was detected, yet the Fe 2p;3;
peak energy shifted upwards by 0.4 eV, in-
dicating carbide formation. Apparently, the
C, layer was thick enough to completely
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attenuate the C ls photoelectrons from the
carbide. Bonzel and co-workers (7, 25, 37),
and Dwyer and co-workers (6, 27, 45) ob-
serve the growth of graphitic carbon layers
on iron carbide during F-T synthesis over
model iron catalysts. Studies of graphitic
carbon filament growth on iron catalysts in-
dicate that carbide formation is a prerequi-
site to filament formation (30-36). In fact,
there do not appear to be any examples in
the literature of growth of graphitic carbon
layers on iron catalysts without accompa-
nying formation of iron carbide. It therefore
appears that formation of graphitic carbon
on iron carbide is a general phenomenon for
iron F-T catalysts, occurring either during
CO activation or under actual F-T synthe-
sis conditions.

3.2.3. Comparison of CO and hydrogen
activation. Activation in CO at 280°C
results in better F-T synthesis performance
for the 100 Fe/3 Cu/0.2 K catalyst than any
other activation treatment tested by Bukur
et al. (14) (see Table 1). In fixed bed reactor
tests initial CO conversions of 80% are
achieved for both 8- and 24-h activation
times. The best hydrogen activation proce-
dure, 250°C for 8 h, gives an initial CO con-
version of only 65%. Selectivity of the CO
activated catalyst is also superior to that of
the hydrogen activated catalysts, with the
CO activated catalysts forming fewer C,-
Cs hydrocarbons and more C|5 hydro-
carbons than any hydrogen activated
catalyst.

Given that CO activation of the 100 Fe/3
Cu/0.2 K catalyst results in surface proper-
ties which are vastly different from those
resulting from hydrogen activation, it is not
surprising that differences in F-T perfor-
mance are observed. While hydrogen acti-
vation results in a metallic iron surface
covered by varying amounts of sulfur, de-
pending on activation temperature and time
(1), CO activation results in iron carbide
particles covered by a thick, porous, gra-
phitic carbon layer, which prevents an ac-
curate determination of surface composi-
tion. Since CO disproportionation is
responsible for the growth of the C, layer, it

147

is probable that the CO activation results in
a mixed oxide/carbide phase on the surface
rather than a pure carbide, but no direct
evidence exists for this conclusion. The po-
tassium and sulfur coverages at the surface
following CO activation are also problem-
atic, as discussed earlier, The surface com-
position differences between CO and hy-
drogen activation may not be as significant
as they first appear since a conditioning pe-
riod was used between activation and activ-
ity measurements (/4). This conditioning
period consisted of gradually raising the re-
actor temperature from 190 to 250°C over a
period of 30 h while flowing a H,/CO mix-
ture over the catalyst at the same flow rate
and pressure as used in the activity mea-
surements. Under these conditions it is
quite likely that the metallic iron particles
produced by hydrogen activation become
carbided, and that a mixed oxide/carbide
phase is formed on the surface along with
some hydrocarbon fragments. Still, hydro-
gen activation never involves exposure to
pure CO, and the temperatures reached
during the conditioning period are not as
high as those used during CO activation.
Thus, it is likely that some surface compo-
sition differences exist even after the condi-
tioning period.

In addition to differences in BET surface
area result from the different activation
procedures. Hydrogen activation results in
surface areas of 10 m?/g or less, while a
relatively high surface area of 118 m?/g is
retained following CO activation. The sur-
face area following CO activation is divided
between the carbon filaments, the porous
carbon layer, and exposed surfaces of the
wron carbide particles. Unfortunately, the
relative contributions of the different
phases to the total surface area is unknown.

The numerous differences in surface
composition and catalyst morphology make
it difficult to pinpoint a single cause for the
higher activity and better selectivity of the
CO activated catalyst relative to the hydro-
gen activated catalyst. Because of the un-
certainties regarding surface composition
following CO activation, the best that can
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be said at this point is that the relative F-T
activity of the CO and hydrogen activated
catalysts is determined by the interplay be-
tween the total surface area available for
reaction, and the surface composition,
which determines the activity per unit area
of available surface.

3.3. Comparison of 100 Fe/5 Cul4.2 K/25
SiQ, and 100 Fe/3 Cu/0.2 K Catalysts

As pointed out in the Introduction, the
100 Fe/5 Cu/4.2 K/25 SiO, catalyst is quite
insensitive to activation conditions, while
the 100 Fe/3 Cu/0.2 K catalyst displays
wide variations in activity as activation
conditions are changed. This difference in
sensitivity to activation conditions is re-
lated to the reduction behavior of the two
catalysts, as discussed in the previous pa-
per for hydrogen activation (/). Similar ar-
guments apply to CO activation. The high
potassium and silica content of the 100 Fe/5
Cu/4.2 K/25 SiO; catalysts prevents reduc-
tion of iron to the metallic state during CO
activation, such that only partial reduction
to Fe;O4 or Fe, O is observed. As a result,
CO dissociation is unfavorable and no mea-
surable carbon buildup occurs on the sur-
face of the 100 Fe/5 Cu/4.2 K/25 SiO, cata-
lyst. Thus, the surface composition, and
therefore the F-T activity, of the CO acti-
vated catalyst is quite similar to that of the
hydrogen activated catalysts. In contrast,
the iron in the 100 Fe/3 Cu/0.2 K catalyst is
easily reduced to the metallic state, and CO
dissociation is quite facile. Carbide forma-
tion and growth of a carbonaceous over-
layer can therefore occur, resulting in a sur-
face composition distinct from that formed
during hydrogen activation. As a result,
F-T activity and selectivity following CO
activation are very different from the activ-
ity and selectivity resulting from hydrogen
activation.

4. CONCLUSIONS

The surface compositions of two differ-
ent iron F-T catalysts have been measured
following activation in CO at 280°C. For a
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100 Fe/5 Cu/4.2 K/25 SiO, catalyst, the
surface composition after CO activation is
nearly identical to the surface composition
following activation in hydrogen at either
220 or 280°C (/). This result is consistent
with F-T activity measurements which
show that activity is independent of activa-
tion treatment (/3). Only partial reduction
of iron to Fe;0, or Fe, O is observed for this
catalyst, and as a result, no measurable car-
bon deposition occurs. For a 100 Fe/3
Cu/0.2 K catalyst, the surface composition
following CO activation is quite different
from that following hydrogen activation.
While hydrogen activation results in a sur-
face consisting of metallic iron with varying
amounts of sulfur depending on activation
temperature and time, CO activation
results in formation of iron carbide particles
covered by a thick, porous, graphitic car-
bon overlayer which prevents an accurate
determination of the surface composition.
The differences between CO and hydrogen
activation are consistent with activity mea-
surements (/4) which show that the CO ac-
tivated catalyst is more active for F-T syn-
thesis than any of the hydrogen-activated
catalysts. The relative activities of the hy-
drogen- and CO-activated catalysts are de-
termined by the interplay between accessi-
ble surface area and intrinsic surface
activity, which varies with surface compo-
sition.
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