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Abstract: CO hydrogenation has been studied on cobalt foils as model catalysts for Fischer-Tropsch
(FT) synthesis. The effect of pretreatment (number of calcinations and different reduction times) for
cobalt foil catalysts at 220 °C, 1 bar, and H, /CO = 3 has been studied in a microreactor. The foils
were examined by scanning electron microscopy (SEM). It was found that the catalytic activity of the
cobalt foil increases with the number of pretreatments. The mechanism is likely an increase in the
available cobalt surface area from progressively deeper oxidation of the foil, supported by surface
roughness detected by SEM. The highest FT activity was obtained using a reduction time of only
5 min (compared to 1 and 30 min). Prolonged reduction caused the sintering of cobalt crystallites,
while too short of a reduction time led to incomplete reduction and small crystallites susceptible to
low turn-over frequency from structure sensitivity. Larger crystals from longer reduction times gave
increased selectivity to heavier components. The paraffin/olefin ratio increased with the increasing
number of pretreatments due to olefin hydrogenation favored by enhanced cobalt site density. From
the results, it is suggested that olefin hydrogenation is not structure sensitive, and that mass transfer
limitations may occur depending on the pretreatment procedure. Produced water did not influence
the results for the low conversions experienced in the present study (<6%).
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1. Introduction

Fischer—Tropsch synthesis (FIS), i.e., CO hydrogenation, is divided into high-temperature
and low-temperature synthesis. The present paper is concerned with low-temperature FT
synthesis (LT-FTS) on a cobalt catalyst where synthesis gas (syngas) is converted to a mixture of
hydrocarbons ranging from methane to wax. LT-FTS is commonly conducted in the temperature
range of 200-250 °C and pressure up to 40 bar. Cobalt is routinely supported on a porous material
to achieve the desired cobalt crystallite size of 7-20 nm, and a promoter is frequently added to
facilitate the reduction and dispersion of the active metal. The overall reaction of LT-FTS from
syngas over cobalt catalysts is as follows:

n CO + 2n H2 — CnHZn +n HQO (1)

It is important to understand mass transfer effects in FTS [1-3]. Even though the
reactants are in the gas phase, the pores of the catalyst are filled with liquid products. The
diffusion rates in the liquid phase are typically 3 orders of magnitude slower than in the
gas phase, and even slow reactions may be diffusion limited in the liquid phase. Mass
transfer may limit the productivity, but the effect on selectivity is usually more important.
The selectivity in FT synthesis on cobalt catalysts is influenced by secondary reactions
such as hydrogenolysis, olefin readsorption, and hydrogenation [4,5]. In designing FT
processes for the maximum yield of higher hydrocarbons, it is important to have a detailed
understanding of the primary and secondary reactions on the cobalt surface.
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In order to study the FT synthesis without any possible influence of mass transfer
effects, a cobalt metal foil has been chosen as the model catalyst. Using the cobalt foil
also eliminates any interactions with the support, and the steady state is established much
faster compared with a porous catalyst. However, the cobalt surface area is very low,
making it challenging to analyze the activated foil by standard techniques for catalyst
characterization. Preliminary experiments (not reported) showed that both the rates and
the selectivities depend on the pretreatment, i.e., calcination and reduction. In order to
use the cobalt foils as model catalysts for studying secondary reactions, a mapping of the
effect of pretreatment of the foil was carried out. The present work deals with the effect of
calcination and reduction on the catalytic behavior of a cobalt metal foil.

Cobalt foils were used by Kuipers et al. for studying secondary reactions, in particular
the chain length dependence of olefin readsorption [4,5]. The standard pretreatment used
by Kuipers et al. [4] involved calcination in air at 400-450 °C for 3 h followed by reduction
in flowing hydrogen at 1 bar and 300 °C for 5 min, without explaining why a reduction
time of 5 min was chosen. They observed, however, that the paraffin selectivity depended
on the reduction time. From the observed olefin to paraffin (0/p) ratios, they concluded
that the main secondary reaction is the hydrogenation of primary «-olefins. Furthermore,
the o/p ratio decreased exponentially with chain length. Thus, it can be concluded that
chain length dependency of the o/p ratio cannot be due to diffusion effects, assuming
that there are no or limited transport restrictions in a foil catalyst (see van der Laan and
Beenackers [6]). An interpretation of the propene to propane ratio responses to process
conditions and catalyst formulation was recently reported by Rytter et al. [7].

Lojewska et al. [8,9] have shown that a series of subsequent reduction/oxidation cycles
at high temperature (550 °C) leads to a catalyst precursor in an oxidized form that can be
converted into an active catalyst by reduction of the foils at the temperature of the catalytic
test (250 °C). It was claimed that this activation procedure increased the catalytic activity by
4 orders of magnitude up to a saturation value. Regeneration by oxidation at 550 °C after
deactivation during the catalytic reaction restored the initial high activity. They concluded
that the pretreatment procedure with reduction/oxidation cycles modified the surface of
the cobalt foil by developing a CoO layer of a characteristic size and dispersion on the
metallic surface of the foil. This layer acts as a support for the metallic active centers formed
during reduction at moderate temperatures.

A similar effect of the reduction temperature was also observed by Palmer and Vroom
when studying methanation on nickel and cobalt foils [10]. The activity was significantly
enhanced by conducting the reduction at 252-327 °C rather than at 527-627 °C. The nickel
foil increased its activity 10 times, and the cobalt foil was 100 times more active compared
to the foil reduced at higher temperatures. Such activity enhancement was not observed
using iron foils. Some surface roughening of the cobalt foil occurred during calcination, but
the increase in surface area could not explain the much higher increase in methanation rates.
Palmer and Vroom suggest that subsurface oxygen plays an important role in enhancing
the catalytic activity of nickel and cobalt [10].

Frolich et al. studied the activation of cobalt foils during the hydrogenation of carbon
dioxide [11]. Repeated reduction/oxidation cycles increased the catalytic activity of the
cobalt foils until saturation in the activity was reached after 10 cycles. It was found that
from one reduction/oxidation cycle to the next, oxygen could penetrate deeper into the bulk
during oxidation. This process contributes to the roughening of the surface. Only surface
oxygen could be completely removed from the surface by hydrogenation. Deactivation of
the cobalt foil was due to structural changes in the surface. Interruption of the catalytic
reaction by exposure of the cobalt foil to nitrogen had almost no influence, while oxygen
gave considerable reactivation and hydrogen led to sintering of the surface.

During CO; hydrogenation, Jnioui et al. observed that the pre-oxidation of a cobalt
foil increased the rate for CO or CHy formation by 2 or 3 orders of magnitude [12]. They
suggested that the increased rates were due to the creation of surface defects by the alternate
oxidations and reductions. Since practically no or very little carbonaceous residue was
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formed (examined by Auger spectroscopy), the observed deactivation of the foil during
hydrogenation was considered to originate from thermal restructuring of the surface.
Jnioui et al. claimed that the reduction itself is a key factor in catalyst activation [12]. The
reduction of most of the surface region was shown to occur very quickly, whereas deeper
layers continued to be reduced during the reaction.

Lathinen and Somorjai used cobalt foils to study the role of the readsorption of olefins
during CO hydrogenation [13]. The experiments were performed at 252 °C and 1 bar for
several hours. The addition of ethene was found to increase the chain growth probability
during CO hydrogenation. By increasing the added ethene concentration, the methane
fraction decreased, the C3 and C fractions increased, and a Cs fraction appeared. Most
of the added ethene was converted to ethane, although about 25% participated either in
chain growth or in the formation of methane. Although the results from this work indicate
that multiple readsorption is beneficial for the production of higher hydrocarbons, this
mechanism has been disproved by more recent studies. Yang et al. considered the possible
incorporation of olefins into growing chains by desorbed olefins and olefins just produced
by chain termination [14]. The former type was rejected based on *C labeled C,—Cjg olefins
added to the feed [15-17]; only a small fraction of labeled carbon was detected in the FT
products. Olefins prior to exiting the cobalt surface were examined by deuterium tracer
studies. Insignificant incorporation into growing chains was also detected in this case [18].

In additional studies, Lahtinen, Somorjai, and coworkers investigated CO hydro-
genation on polycrystalline cobalt foil at 1 bar and a Hp /CO ratio of 1.24 [19,20]. Carbon
deposition on the cobalt surface was characterized by Auger spectroscopy after the FT
reaction. The C/Co ratio was almost constant as the reaction temperature was increased to
252 °C with no significant deactivation. The C/Co ratio was significantly higher at 297 °C,
and it was deduced that carbon formed at this temperature is in graphitic form. The deacti-
vation of the cobalt surface by carbon proceeded from 276 °C onwards. It was deduced
that the hydrogenation of CO occurs in the presence of an active carbidic overlayer on the
reduced foils, seemingly in contrast to the work by Jnioui et al. [12]. Deactivation is caused
by the transformation of this overlayer into graphitic carbon. A 0.1 monolayer of potassium
on the cobalt foil reduced the high temperature (307 °C) formation of graphite [21].

Although cobalt foils are frequently used as reference material in XPS and EXAFS
studies, only one more recent study has been identified as relevant for FTS. Wu et al. used
ambient pressure X-ray photoelectron spectroscopy (XPS) to investigate CO, Hp, and their
mixtures after carefully cleaning the metal surface [22]. Neat CO was found to dissociate
above 120 °C, leaving carbon on the surface, but no oxygen. A 93:3 CO/H, mixture yielded
increasing amounts of hydroxyl on the cobalt surface until 150 °C; at higher temperatures,
the surface was reduced with the formation of carbide. This transition took place at higher
temperatures for the 9:1 and 1:1 mixtures.

Kobylinski et al. at Shell reported that the reduction-oxidation-reduction (ROR)
treatment of supported cobalt and nickel Fischer-Tropsch catalysts increased the activity
of the catalysts [23]. Both promoted and unpromoted catalysts improved reaction rates
regardless of whether the catalyst was prepared by impregnation or precipitation. ROR
activation increased the activity of the supported cobalt and nickel catalyst by up to about
100%. According to Kobylinski et al., the increased activity after ROR treatment was not
caused by improved metal dispersion, but by an increase in the TOF of the metal sites [23].
However, most catalysts were prepared by impregnating a porous support with cobalt
carbonyl, yielding a very high dispersion of cobalt up to 30%. Subsequent ROR caused
sintering and dropped dispersion to 13-22%. Kobylinski et al. also found an increased
Cs, selectivity after the ROR treatment [23]. The surprisingly high activity and selectivity
that resulted are today explained by the well-known structure sensitivity of cobalt Fischer—
Tropsch catalysts [24-26]. Bezemer et al. found for cobalt on carbon nano-fiber that the
activity of cobalt in FTS increases up to a crystallite size of 7-8 nm [24]. Explanations
have been given in terms of activation sites for CO that decline as edges dominate for
small crystallites. Similar results have been found for y-alumina as a support [25,26].
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Consistently, Iglesia et al. found no catalytic effect of an extra calcination treatment on
monometallic cobalt catalysts supported on silica and titania, but increased activity for
ruthenium-promoted cobalt catalysts [27].

The main objective of the present work is to optimize the activation of the cobalt foil
by the systematic repetition of calcination and reduction as outlined on Figure 1. It is
expected that the ROR procedure roughens the metal surface, and deepens the reduction
of the formed oxide layer at high hydrogen severities. Repeated ROR leads to trends in
activity and selectivities that can be compared with standard supported catalysts. The
analysis of short chain selectivities is enhanced by running at a high hydrogen to CO ratio.
The CO conversions are low due to a very low specific cobalt surface area, but the effects
of conversion are still clearly seen. Nevertheless, it cannot be ruled out that cobalt metal
or alloys in the form of mesh or sponge have certain advantages in novel reactor designs,
such as catalyst stagnant bubble columns or high heat transfer fixed beds.
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Figure 1. Activation of catalyst foils by repeated calcination in air and reduction in diluted hydrogen.
Series I is based on three separate foils using reduction times of 1, 5, and 30 min, respectively, while
one foil is used in series II with sequential change in reduction times and intermittent FT synthesis.
Details, including calcination and flushing times, gas compositions, and ramping, are given in the
Experimental Section.

2. Results and Discussion

Blank runs were performed in order to check the activity of the empty reactor with-
out any cobalt foil. No traces of hydrocarbons were observed, showing that the reactor
was inert.

2.1. Series 1: Activity and Selectivity for the Variation in Reduction Time

CO conversion as a function of the number of pretreatments (calcination and reduction)
for a variety of reduction times is shown in Figure 2a, clearly demonstrating that the
conversion of CO depends on both the number of pretreatments and the reduction time.
The catalytic activity of the foil increased with the number of pretreatments without
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reaching saturation during the testing. The figure shows that the conversion of CO goes
through a maximum at 5 min when increasing the reduction period at 300 °C from 1 to
30 min. Further optimization was not carried out. Doubling the total flow of synthesis
gas gave about a 50% less conversion of CO at reduction times of both 5 and 30 min.
This verifies that the activity of the cobalt foil is controlled by the residence time with no
detectable influence of mass transfer restrictions.
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Figure 2. (a) CO conversion as a function of number of pretreatments. (b) Methane selectivity as a
function of CO conversion. Conditions: fresh foil for each reduction time of 1, 5, or 30 min; calcination
and reduction at 300 °C; FTS at 220 °C and 1 bar; open symbols: flow, 3 NmL/min; closed symbols:
6 NmL/min; TOS for each FT synthesis: 70 min.

The conversion of CO increased from less than 1% to above 3% after 10 pretreatments
in the series with a reduction time of 5 min, and for the series with 30 min reduction the
conversion increased from 0.3% to about 3% after 18 pretreatments. It is likely that an
increase in the available cobalt surface area of the foil can explain the observed increase in
activity with the duration of each experiment. The roughening of the surface is proposed
to be due to the destabilization of a growing oxide layer on the surface of the cobalt foil.
The oxide layer starts to crack and open up after some oxidation-reduction-reaction pe-
riods, and this destabilization process develops a rougher surface structure. The present
observation that repeated oxidation/reduction cycles give a rougher surface structure
and thereby increase the surface area is supported by similar results by others (Lojew-
ska et al. [9], Palmer et al. [10], Frolich et al. [11], and Jnioui et al. [12]). In addition, due
consideration needs to be given to structure sensitivity [24]. We expect that the main effect
of cobalt particle size is independent of the support and therefore also applies to a foil
catalyst. A 1 min reduction may create lower site rates due to particularly small crystallites
(<6-8 nm), while a 30 min reduction favors sintering and crystallites which are too large
compared to those of a 5 min reduction. To summarize, our interpretation of the activity
data is that successive activation cycles create a rougher surface with more cobalt available
for FTS, while too short or long reduction times yield unfavorably small or large cobalt
crystallites, respectively.

Other factors may also play a role, but are expected to be of a lesser significance for
explaining the 4-9-fold activity increase of 5- and 30-min reduction times, respectively.
The degree of reduction (DOR) of the oxide layer created during calcination is expected to
increase with reduction time, without any obvious effect on the present CO conversions.
Indeed, experience from cobalt on porous y-alumina supports with varying cobalt crys-
tallite sizes indicates moderate variations in DOR [28]. Another possible catalytic effect is
strong metal-support interaction (SMSI); SMSI does play a role in FTS, but essentially for
titania-based supports [29]. Additional effects include defects and hcp/fec phases in Co
crystallites (see Ducreux et al. [30]). Tsakoumis et al. found that Co nanoparticles with a
minimum number of crystal defects, either due to lattice carbon or stacking faults, have
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a high TOF (turn-over frequency) as well as chain growth probability [31]. No evidence
of defects or crystalline phase is available in the present study, but they might have a
particular impact for the small crystallites presumed to be present for the shortest reduction
time. A further consideration relates to the surface coverage of single carbon atoms that
stems from CO scission. However, it appears that a steady state situation is attained where
carbon covers 20-50% of the available sites [32].

In situ reduction during FT synthesis was indicated by studying CO conversion during
the first two cycles. There was a slight increase in conversion for the 1- and 5-min reductions,
confirming the incomplete reduction by hydrogen at 300 °C, while the 30 min reduction
foil showed a normal slight deactivation.

The gross product composition at the end of each experiment with a constant reduction
time is shown in Table 1. Each experiment involved a number of repetitive calcinations,
reductions, and CO hydrogenations. The amount of methane in the product gas decreased
and the amount of Cs, increased with the prolonged reduction time of the cobalt foil; Cs.
was only a minor product after a reduction time of 1 min. In other words, the selectivity
trend is different compared to the foil activity. Note the peculiarity that the selectivity to Cp
was higher than for C3 in contrast to most FT synthesis experiments due to an anomaly in
the Anderson-Schultz—Flory chain growth. This observation is most likely a consequence
of the very light product slate, lifting all light products. High selectivity to methane for the
shortest reduction time is likely due to the incomplete reduction of the cobalt foil, possibly
giving finely divided cobalt crystallites on CoO [9]. This complies with abovementioned
structure sensitivity, where crystallites below 6-8 nm favor light products [25]. The Cs,
selectivity increased to about 15-20 nm cobalt particle size before it stabilized, followed by a
slight decline. It should also be noted that produced water, increasing with CO conversion,
enhanced Cs, selectivity [33-35], but this effect might be limited for the low conversions in
the present study. Consequently, it is consistently understood why the 30 min reduction
time results in a declined activity, but at the same time the lowest methane yield: larger
cobalt crystallites favor both Cs, and a high TOEF, but the latter is counteracted by the low
dispersion to give an overall reduced activity.

Table 1. Conversion and selectivities at the end of each experiment in Series 1 with constant reduction
time of the cobalt foil (see Figures 1 and 2). The pretreatment involved calcination, reduction, and
then CO hydrogenation. Time on stream for each FT test: 70 min.

Re’il“;lncltgon Number of Consgsion G G Cs Cs Css
. Pretreatments o (C%) (C%) (C%) (C%) (C%)
(min) (C%)
1 4 0.3 79.6 8.9 7.3 3.7 0.4
5 10 3.1 75.9 8.9 7.7 3.6 3.9
30 18 2.8 70.0 11.6 9.0 45 5.0

Further insight into selectivity responses is found in how the methane selectivity
developed with CO conversion (Figure 2b), i.e., with number of activation steps. After the
reduction of the foil for 1 min, the methane selectivity decreased with increasing conversion
as the crystallites grew successively larger. A similar, but minor trend, can be observed for
the 30 min reduction. The slight increase in methane selectivity for the 5 min reduction as
the experiment proceeded is more challenging to interpret as both conversion and crystal
growth normally favors Cs, selectivity. It might be that for just a few pretreatments, with
an insufficient activation of the foil, a 5 min reduction is sufficient for crystal growth. As the
activation penetrates deeper into the foil, we speculate that crystal growth might become
more kinetically hindered and a longer reduction time is required for the growth.

The roughening of the cobalt surface by pretreatment is visualized in the SEM micro-
graphs in Figure 3. An unused cobalt foil is shown in Figure 3a; the surface is smooth with
the only disorder from the production process. The foil in Figure 3b was calcined, reduced
for 1 min, and exposed to a CO + H; feed four times. The surface of the foil changed
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substantially compared to the unused foil, and the upper surface layer, probably an oxide
layer, is starting to crack. A more severe pretreatment is illustrated in Figure 3¢, d, where
the foil was used 23 times, i.e., the foil was calcined, reduced for 30 min, and exposed to
syngas 23 times. The structure seems porous and the surface area is clearly higher than that
of an unused foil. The SEM results support the idea that the surface area increases due to
the roughening of a growing oxide layer at the surface with the number of pretreatments.

Figure 3. (a) SEM micrograph of an unused cobalt foil. (b) SEM micrograph of a cobalt foil used
four times, reduced in 1 min. (¢) SEM micrograph of a cobalt foil used 23 times, reduced in 30 min.
(d) Micrograph enlarged four times of the marked area in (c).

2.2. Series 1: Paraffin to Olefin Ratio by the Variation of Reduction Time

The paraffin/olefin (p/0) ratio depends on the activation procedure, and the ratio
increases with the number of pretreatments, as illustrated in Figure 4a. The p/o ratio was
higher following a 5 min reduction compared to reduction times of 30 min and 1 min. The
trend is similar to the one for CO conversion as shown in Figure 2a. The same behavior was
observed for the ethane/ethene ratio, except that no ethene was detected in the product
gas when the foil was reduced for only 1 min. The propane/propene ratio was, however,
much lower than the ethane/ethene ratio. After eight pretreatments with a reduction time
of 5 min, the ethane/ethene ratio was about 10, while the propane/propene ratio was
merely 1.3.

2.0

o 1mi 16
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a
A 5min 14 b A

O 30 min

-
(3]

4 An
10 | / é—"’A‘
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Figure 4. (a) The propane/propene ratio as a function of the number of pretreatments for different
reduction times. (b) The propane/propene ratio as a function of CO conversion. Conditions: fresh foil for
each reduction time of 1, 5, or 30 min; calcination and reduction at 300 °C; FTS at 220 °C and 1 bar; open
symbols: flow, 3 NmL/min; closed symbols: 6 NmL/min; TOS for each FT synthesis: 70 min.
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The parameters affecting the hydrogenation of olefins in cobalt FTS have recently
been systemized [7]; the following factors are found to be potentially important at a given
temperature and total pressure:

e  Residence time: The gas flow, or space velocity, determining the residence time of the
olefins in the reactor often dominates olefin hydrogenation responses. In the present
case, however, the flow rate was constant except for a few control experiments (see
Figure 2).

e Loading and dispersion of cobalt: The available surface area of cobalt, i.e., the amount
and crystallite size of cobalt and the degree of the reduction of the available cobalt
oxide, plays a major role. This factor is partly dominating in the present study as the
pretreatments constantly changed the amount of available oxide and its reduction.

e Hydrogen coverage: The coverage of hydrogen depends on the total pressure of hy-
drogen and the Hy /CO feed ratio (and conversion), but is also related to the structure
sensitivity of the cobalt FT process. The present work was conducted at a high H, /CO
ratio of 3, thus favoring hydrogenation.

e  Mass transfer: The diffusion of olefins is important for porous catalysts of a size above
about 80 um [3]. The thickness of the cobalt foil is only 50 pm and mass transfer should
not be an issue, but actual pore sizes are not known.

o  CO conversion (H,O coverage): The CO conversion as, e.g., a result of space velocity
alteration, catalyst characteristics, or through a reactor, changes gas composition.
In particular, it has been found that produced water inhibits olefin hydrogenation,
probably due to the enhanced water coverage on cobalt at high CO conversions
displacing hydrogen [7,27,36,37]. Since the conversion in the present study was below
6%, conversion is not considered as a critical parameter.

e  Olefin readsorption: The incorporation of olefins during chain growth naturally
reduces the amount of primary produced olefins. However, olefin readsorption has
been found to be of minor importance for chain growth [17,18]. Nevertheless, it
cannot be ruled out that readsorption played a role in the present study due to a light
product slate.

e  Activation of olefin: Limited information is available on light x-olefin adsorption and
double bond activation on cobalt facets under FTS conditions. This factor has been
neglected in the following discussion.

Of the above seven factors, cobalt dispersion and hydrogen coverage are especially
relevant for the cobalt foil catalyst. The paraffin/olefin ratio for Cz as a function of CO
conversion is depicted in Figure 4b; a similar trend was observed for C,. These results
are opposite to the ones found for a standard porous catalyst when water is added to
the feed. In the present case, the increased availability of cobalt oxide through repeated
pretreatments was dominating. The very strong response up to about 1.5% CO conversion
shows that the first 5-10 pretreatments were the most effective. FT synthesis following
a reduction for 30 min gave a somewhat higher propane/propene ratio than a reduction
for 5 min at comparable conversions (see Figure 4b). This is in apparent conflict with
the selectivity data discussed above. A high severity reduction resulted in large cobalt
crystals with improved selectivity to longer chains, ascribed to reduced hydrogen coverage.
(The effect might be an indirect one. It is proposed that the activation of CO takes place
via water-assisted CO dissociation [38]. Higher water coverage suppressing hydrogen
promotes the formation of CHy* monomers, which again favors the formation of longer
chains as well as the reduced hydrogenation of olefins.). Therefore, it seems that effective
deep calcination/reduction dominates over crystal growth for propene hydrogenation.

Short reduction intervals of only 1 min gave low conversions but p/o ratios in line
with longer reduction times for a given number of pretreatments. As discussed previously,
small crystallites of cobalt that are subject to structure sensitivity for CO hydrogenation are
expected to be created. This reduced FTS activity for small crystallites evidently does not
apply to olefin hydrogenation. We conclude that olefin hydrogenation on cobalt catalysts
under typical FIS conditions is not structure sensitive.
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2.3. Series 2: Activity and Selectivity for a Sequential Variation in Reduction Time

The Series 2 experiment was carried out on one fresh cobalt foil run sequentially em-
ploying pretreatments with reduction times of 5, 120, and 30 min. In the first experimental
cycle the foil was reduced for 5 min, in the second the foil was reduced for 120 min, and in
the third the foil was reduced for 30 min (see Figure 1). The sequence of reduction times
was then continued with 5, 120, and 30 min of the cobalt foil prior to CO hydrogenation
after each reduction. This sequence of alternating reduction times was used in the whole
series to confirm that the effect of reduction times starts at similar penetration depths of the
foil. The crystallite sizes were expected to be similar, and it is the net effect of reducibility
that was investigated.

The CO conversion as a function of the number of pretreatments (calcination/reduction/
reaction) is shown in Figure 5a. Initially, the 5- and 30-min reductions gave the highest activity,
but after 10 pretreatments the 30 min reduction was clearly preferred. The activity of the
cobalt foil following a reduction time of 5 min leveled out after about 10 pretreatments. The
latter is explained as insufficient reduction as cobalt crystallites grow with TOS. Remember
that two-thirds of the pretreatments in Series 2 involved a higher severity than the 5 min
reduction. Therefore, it is not surprising that a similar saturation of activity is not seen in
Figure 2a. Frolich et al. observed a leveling of the activity for the hydrogenation of carbon
dioxide on cobalt foils after ten reduction/calcination cycles [11]. In contrast, the activity
of the foil following 30- and 120-min reductions increased for the duration of the Series 2
experiment, in line with the separate foil experiments shown in Figure 2a. It is expected that
more treatments deepen the oxidation of the cobalt foil, making a larger number of reduced
crystallites available. It is interesting that the 120 min reduction was less effective than the
30 min one. This cannot be due to DOR, but indicates that a sintering of the crystallites occurs
for a prolonged reduction. In the next cycle of calcination and reduction for 30 min, however,
the crystallites appeared to be re-dispersed.
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Figure 5. (a) CO conversion as a function of pretreatments on one fresh Co foil run continuously in the
sequence of 5, 120, and 30 min. (b) CO conversion as a function of accumulated TOS under Fischer—
Tropsch synthesis for each applied reduction time. Conditions: T =220 °C; P = 1 bar; H, /CO = 3; total
flow = 3 NmL/min; TOS for each FI-synthesis: 10 min.

The product composition for the end of Series 2 with three different reduction times
using the same cobalt foil is given in Table 2. The selectivities were similar for all reduction
times, but the lowest methane selectivity for the 30 min reduction indicates a preferred crys-
tallite size for chain growth. The methane selectivity did not vary much at all throughout
the experiment, remaining between 73 and 76%. In other words, the strong adverse effect
of highly dispersed cobalt after a 1 min reduction in Series 1 is absent. For Cs,, there was
a slight selectivity increase with increasing CO conversion for reduction times of 30 and
120 min, in line with porous supported cobalt catalysts in FTS [39].
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Table 2. Conversion and selectivities at the end of the experiment using one cobalt foil, last cycle
(Series 2; Figure 1). The pretreatment involved calcination, reduction, and then CO hydrogenation.
Time on stream for each FT test: 10 min.

Re"‘li"?nitelon Number of COI‘ISQCI)‘SiOII G G Cs Ca Cs+
. Pretreatments (C%) (C%) (C%) (C%) (C%)
(min) (C%)
5 27 34 75.5 10.7 7.5 3.5 29
30 29 5.6 74.1 11.3 7.8 3.9 2.9
120 28 45 74.8 114 7.6 3.6 2.6

After completion of the experiment shown on Figure 5a, three more cycles were run,
each containing a 5, 120, and 30 min reduction and extended Fischer—Tropsch test periods of
60 min each; the last data points in Figure 5a for the 5 and 120 min reduction are the same as
the first ones in Figure 5b. Reduction time clearly influences the amount of deactivation; for
the experiments with 30 and 120 min reductions there were significant decreases in catalytic
activity as TOS increased, while no deactivation was detected for the 5 min reduction. The
deactivation mechanism is presumed to be sintering during the longer reduction times,
but this was not observed for the 5 min reduction as the reduction was incomplete; larger
crystallites have lower surface areas but at the same time reduce more easily.

2.4. Series 2: Paraffin to Olefin Ratio by a Sequential Variation in Reduction Time

The propane/propene ratio for Series 2 with three different reduction times using
the same cobalt foil is shown on Figure 6. The same trend was also observed for the
ethane/ethene ratio. Compared to the ratios obtained by using a constant reduction
time for each foil (Figure 4b), the propane/propene ratio was significantly higher (up to
ten-fold). Increasing p/o with CO conversion and the number of pretreatment cycles is
again explained by the successively deeper oxidation of the foil with time. For a given
conversion, and similar total time on stream, it is evident that a longer reduction time
promotes hydrogenation in spite of the similarities in effective oxide layer availability.
The trend is opposite between the 30- and 120-min reduction for olefin hydrogenation
and CO conversion (compare Figures 5a and 6). There is not an obvious explanation, but
this indicates that the transport-limited removal of primary olefins might be important
even for cobalt foils. However, diffusion limitation in a cobalt foil is not in line with the
general idea of cobalt foils as model catalysts without diffusion limitation. A clue can be
found in the assumption above that a 120 min reduction leads to sintering followed by
redispersion during a 30 min reduction. The fracking of larger crystallites may lead to fine
pores susceptible to diffusion limited hydrogenation.
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Figure 6. Propane to propene ratio as a function of CO conversion on one fresh Co foil run continu-
ously in the sequence of 5-, 120-, and 30-min. Conditions: T =220 °C; P = 1 bar; Hp /CO = 3; total
flow = 3 NmL/min; TOS for each FT-synthesis: 10 min.
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3. Experimental Section

The experiments were carried out in a conventional in-house isothermal fixed bed
microreactor described elsewhere [40]. The cobalt foils (Goodfellow, purity 99.9%) were
rolled up and loaded into a microreactor (i.d. 0.5 cm). The foil size was 5 cm, 2.5 cm, and
the thickness was 0.05 mm. The gas flows were controlled by Bronkhorst Hi-Tee mass flow
controllers and the temperature was measured by a thermocouple located just above the
foil. The experiments were carried out at 1 bar. The reactor effluent was analyzed using a
gas chromatograph (HP 5880) equipped with a flame ionization detector (0.53 mm i.d. GS
alumina column).

The cobalt foils were loaded into the reactor and heated to 300 °C in air (20 NmL/min)
at a rate of 1 °C/min and kept at 300 °C for 18 h. After calcination, the reactor was
flushed with helium (20 NmL/min) at 300 °C for 10 min before reduction in hydrogen
(20 NmL/min) at 300 °C for either 1, 5, or 30 min. After reduction, the reactor system
was again flushed with helium (20 NmL/min) for 30 min and the reactor was cooled to
220 °C in flowing helium. The reactant mixture (0.75 NmL/min CO, 2.25 NmL/min Hj)
was introduced at 220 °C. For some experiments, a double flow of synthesis gas was used.
The above procedure represents the first experiment in a series of experiments (number
of pretreatments). The second experiment began by flushing the reactor with helium and
heating to 300 °C at 1 °C/min in flowing air. The experimental procedure followed the
above description. A new cobalt foil was used for each series of experiments with different
reduction times.

Some experiments were also performed with three different times of reduction on
the same cobalt foil. In these experiments, reduction time of 5, 30, or 120 min were used.
These experiments were performed in the same way as described above, except that the
same foil was used in all the experiments. The foil was first flushed with helium, then
calcined, flushed with helium, reduced in flowing hydrogen, and flushed with helium.
The reactor was cooled to 220 °C in flowing helium before synthesis gas was fed. The
experimental conditions were the same as described above. The reduction time was varied
in the following way: 5 min, 120 min, and 30 min, and then the same sequence of reduction
times was repeated until the series was finished.

The weight of each foil determined after the experiments was 0.574 g for the 30 min
reduction time, 0.600 g for the 5 min reduction time, and 0.575 g for 1 the min reduction
time. The foils were examined by scanning electron microscopy (SEM) using a Zeiss Digital
Scanning Microscope 940. SEM images were taken of an unused foil, a foil that had been
pretreated and exposed to CO and H, four times, and a foil that had been pretreated and
exposed to CO and H; 23 times.

4. Conclusions

The cobalt foil develops a more porous surface after many pretreatments. Scanning
electron microscope micrographs of unused and used cobalt foils confirm increased surface
roughening with the number of pretreatments. Reduction time influences the CO conver-
sion. The optimal reduction time for a cobalt foil was found to be 5 min (compared to 30 min
and 1 min). Increased reduction time results in lower selectivity to light products and
increased selectivity to heavier products. The paraffin/olefin ratio in the products from the
FT synthesis depends on both the CO conversion and the reduction time; p/o increases with
the number of pretreatments. Indications of diffusion limitations in cobalt foils question
the validity of cobalt foils as model catalysts without mass transfer restrictions.

The observations were interpreted as follows:

e Increased surface area and deeper oxidation is created by repetitive calcination—
oxidation—calcination.
Longer reduction times favor a deepening of the catalytic layer.
A short reduction time (1 min) gives small cobalt crystallites dispersed on unreduced
oxide which are susceptible to low activity by structure sensitivity.
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¢  Ab5minreduction time does not result in appreciable sintering, but does not completely
reduce large crystallites formed by a 120 min reduction + calcination.

e A 30 min reduction gives some sintering, but can on the other hand re-disperse large
crystallites after following a 120 min reduction + calcination.
Prolonged reduction causes sintering.
Small cobalt crystallites promote methane formation due to structure sensitivity.
The hydrogenation of olefins is favored by repetitive pretreatments and deep oxida-
tion/reduction.

e The hydrogenation of olefins largely follows development in the available cobalt
surface area.
The hydrogenation of olefins is not structure sensitive.
There are indications of mass transfer limited hydrogenation after redispersion.
Produced water (CO conversion < 6%) influences neither activity nor selectivity.
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