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The Effect of Potassium on TiO2 Supported Bimetallic Cobalt-Iron Catalysts

Marco Russo!, Valeria La Parola'”, Giuseppe Pantaleo', Maria Luisa Testa', Ankur
Bordoloi?, Rishi Kumar Gupta?, Rajaram Bal®>, Anna Maria Venezia'*
V' ISMN-CNR, Via Ugo La Malfa 153, 90146 Palermo, Italy

2 Indian Institute of Petroleum, Dehradun, Uttaranchal, India

The effect of potassium addition on Fischer-Tropsch catalysts containing 10 wt% cobalt and 2 wt%
iron supported on pure TiO2 was studied using a continuous flow reactor at atmospheric pressure, a
syngas feed with HyCO =1.7 and GHSVyngas = 1944 mLsyngas Zeat’ h™'. The FTS reaction was
performed in a range of temperature 275 °C- 350°C. Differences in textural, structural, chemical and
redox properties of the materials were evaluated by N2 adsorption/desorption isotherms, XRD, XPS,
and TPR. As compared to the catalyst without potassium, forming large quantity of methane at each
of the three temperatures, the potassium promoted catalysts formed less methane and consistent
amount of alcohols. Moreover, the potassium containing samples produced more of the heavier
hydrocarbons and more CO; at the higher temperature as compared to the potassium free sample.
According to the structural- activity relationship potassium acted as both, structural and electronic

modifier.
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Introduction

The industrial interest in Fischer- Tropsch synthesis (FTS) for the production of transport fuels is
nowadays increasing due the stringent need for more sustainable fuels derived from recyclable
biomass and also due to the depletion of conventional fossil fuels reserves [1]. The FTS process
consists of a catalyzed polymerization reaction, starting from synthesis gas, i.e. a mixture of H> and
CO, leading to the formation of hydrocarbons of different chain length and water [2]. Ultra-clean fuel,
high cetane number of the final liquid products, virtually zero emissions of sulphur compounds and
aromatic hydrocarbons are some of the significant advantages of fuels derived from F-T clean
technology. Moreover, the emission of particulate matter from an engine fueled with FT derived fuels
is lower than from an engine fueled with conventional diesel [3,4]. The catalysts used for FTS reaction
are mainly based on cobalt and iron because of the good compromise between conversion efficiency
and cost. Moreover, for BTL (Biomass to Liquid) technology, where the used bio-syngas has a molar
ratio < 2, the presence of iron, characterized by a high WGS activity, would enhance the FTS activity
and increase the selectivity to the desired Cs-+ products [5, 6]. Sintering of the active species due to a
locally increased temperature during the high exothermic FTS process, combined with deposition of
carbonaceous compounds at the catalyst surface are the main reasons for the catalytic deactivation.
In the case of cobalt, the formation of inert carbides and surface restructuring contribute as well to
the catalyst deactivation. In the case of iron, re-oxidation of the metallic iron, of Fe3O4 and iron
carbide, all of them considered active species, to Fe;O3 would lead to catalyst deactivation [6]. In
order to improve the catalytic performance of these systems, small amounts of other elements, such
as noble metals like gold and silver [7-8] or alkali metals have been added [9-12]. Particularly with
the iron catalyst, the product distribution in terms of the chain growth probability o, was found to
vary from 0.72 for low potassium content to 0.95 for high potassium [9]. For the cobalt catalysts, the
effect of small amount of potassium was more striking. Indeed, at atmospheric pressure, o value
increased from 0.75 of the potassium free catalyst to 0.9 for amount of potassium corresponding to
an atomic ratio K/Co = 0.04 [9]. At the same time, an increasing K/Co ratio resulted in a decrease of
the catalytic activity [9, 11]. Most of the recent investigations on the effect of potassium on FTS
catalysts deal with silica or alumina carriers and barely on TiO> [11-13]. The authors have recently
reported on a proper combination of cobalt and iron, supported on pure TiO», as a suitable catalyst
formulation for Fischer Tropsch Synthesis reaction performed at atmospheric pressure [14]. The
superiority of the bimetallic system as compared to the monometallic iron and cobalt catalysts was
attributed to the formation of CoxFey alloy, driven by the microwave assisted preparation procedure,

with better active site dispersion and improved sintering tolerance during the FTS reaction. As a
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continuation of the previous work, the present study aims to elucidate the effect of potassium as
promoter of TiO2 supported bimetallic CoFe catalysts in FTS conversion and hydrocarbon selectivity.
The same successful synthetic procedure and ambient pressure reaction conditions were chosen. The
effect of potassium was analysed in terms of structural, morphological and electronic properties

changes as detected by the variety of techniques such as XRD, TPR and XPS analyses.

2. Experimental

2.1 Support and catalyst preparation

The TiO> support was prepared by a sol-gel procedure in the presence of triblock polymer,
Pluronic P123, as reported previously [14]. The supports with 1 wt% and 2 wt% K were prepared by
wet impregnation of the home-made TiO; with an aqueous solution of KNOj3, followed by drying at
80 °C for 2 h and calcining at 500 °C for 2 h.

The bimetallic catalysts with 10 wt% Co and 2 wt% Fe were prepared by co-precipitation
assisted by microwave [14]. Namely, an aqueous solution of iron and cobalt nitrate (20 ml) was added
to a suspension of the home made pure TiO2 or potassium doped TiO; in ethanol (40 ml). The metal
hydroxides were precipitated by adding dropwise NH,OH until pH = 9. The obtained slurry was
placed inside a conventional household microwave set at a power of 180 Watts and operated in 30 s
cycles (on for 10 s and off for 20 s) for a total irradiation time of 10 min. The collected precipitate,
washed with distilled water and ethanol, was dried at 100 °C for 1 h and then calcined at 500 °C for
2 h. Catalysts were labeled as 10Co2Fe/TiO2, 10Co2Fe/1KTiO; and 10C02Fe/2KTiO,, with the
numbers in front of the chemical element representing the element wt%. The given composition in
terms of Fe, Co and K content was confirmed by Atomic Emission Spectroscopy (MP-AES 4200
Agilent technologies).

2.2 Catalyst characterization

Specific surface areas and pore volumes were determined from N adsorption —desorption
isotherms at -196 °C using a Micromeritics ASAP 2020 equipment, through the Brunauer -Emmett-
Teller (BET) method in the standard pressure range 0.05-0.3 P/P°. Before the measurements, the
samples were degassed at 250 °C for 2h. By analysis of the desorption curve, using the BJH
calculation method, the pore size distribution was also obtained. The total pore volume (V) was
evaluated on the basis of the amount of nitrogen adsorbed at a relative pressure of about 0.98.

X-ray diffraction (XRD) analyses were performed with a Bruker goniometer using Ni-filtered

Cu Ka radiation. A proportional counter and 0.05° step size in 20 were used. The assignment of the
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crystalline phases was based on the JPDS powder diffraction file cards [15]. Crystallite sizes were
estimated from diffraction line widths using the Scherrer equation [16].

The X-ray photoelectron spectroscopy (XPS) analyses were performed with a VG Microtech
ESCA 3000 Multilab, using Al Ka radiation (1486.6 eV) from a dual Mg/Al anode. Sample
preparation and mounting were as described previously [14]. In selected cases, spectra were recorded
also on samples being reduced inside a high pressure chamber directly connected to the analysis
chamber, at the same reduction conditions of the catalytic test. All the energies were referred to the
Ti 2p32 binding energy taken as internal reference, calibrated for the pure TiO2 support at 458.8 eV.
Qualitative and quantitative analyses of the peaks were performed with the CasaXPS software as
before [14]. The binding energy values were quoted with a precision of £ 0.15 eV and the atomic
percentage with a precision of + 10%.

Hydrogen temperature programmed reduction (TPR) measurements were carried out with a
Micromeritics AutoChem 2950HP Automated Catalyst Characterization System, equipped with a
thermal conductivity detector (TCD). About 0.1 g of sample was used for each measurement. The
samples were pre-treated with a mixture of 5 vol % O> / He at 50 ml/min, heating up (10 °C/min) to
400 °C and holding at this temperature for 30 min. After lowering the temperature down to room
temperature, the gas mixture of 5 vol % H> / Ar was introduced at 30 ml/min into the sample tube and
was also used as a reference gas. During the analysis, the temperature was increased up to 1000 °C
at a rate of 10 °C/min. The effluent gas was analysed with a TCD.

The thermogravimetric analyses (TGA) of the samples after the catalytic reactions were
performed in air using the TGA 1 Star System of Mettler Toledo. About 10 mg of sample was heated
from room temperature to 100 °C, left at this temperature for 1 h and then heated up to 1100 °C at

the rate of 10 °C/min in 30 ml/min of flowing air.

2.3 Catalytic measurements

FTS tests were carried out in a continuous-flow quartz reactor, using the experimental
apparatus and operative conditions as described previously [14]. Typically, the tests were performed
at atmospheric pressure, using a reaction feed of CO, H and He (CO:Hz:He volume ratio of 1:1.7:2.3)
at 30 ml/min, GHSV = 3600 mLiced gcat' h™! (corresponding to GHS Vyngas =1944 mLsyngas gear” h!)
in a temperature range 275-350 °C. Prior to reaction, the catalysts were reduced in situ in pure Hz
flow (25 ml/min) at atmospheric pressure for 16 h at 350 °C . The catalytic test for each catalyst was
performed at three different temperatures, on a same sample, keeping it at each temperature for 8h,
an appropriate time for steady state conditions. The inlet and outlet gas compositions were analysed

by a GC previously described in details [14]. The CO conversion was calculated as Xco = 100 x (mol



O J oy U W

OO UITUTUIUTUIUTUT OO DD DS DD DDA DNWWWWWWWWWWNNNNNNNNNONNNNNERR R RRRRP R e
GO WNNRPOOVO®IANT A WNHROWO-JdJNUDWNRPROO®®JIANUT®AWNROWOW-JOAUBWNROWOWGW-JU S WN R O W

COin- MOl cogyt)/ Mol cojy. Selectivity to the lower hydrocarbon, Scyx, to CO> and to the oxygenates was
calculated from the corresponding moles and from the converted CO as Scx = [xmol cx /(mol coin —
mol coout)] X 100. Selectivity to hydrocarbons with a number of carbon atoms > 5 was obtained as

Scs+=100-(Sc1+ Sc2-c4+ Sco,) [14]. The conversion rates at different temperatures, reported as moles

of converted CO per minute and per grams of catalyst were determined after 8 h of time on stream

(TOS).

3. Results and Discussions
3.1 Catalytic results

The catalytic performance in terms of CO conversion and product selectivity in FTS reaction
at different temperatures and after 8 h of reaction time, are summarized in Table 1. As confirmed
from the curves of the CO conversion as function of time, given in Fig. S1 of the supporting
information, the results refer to steady state conditions. The CO conversion percentages obtained with
the potassium free catalyst ranged from 1.5 to 18 upon increasing temperature. The potassium-doped
catalysts, still exhibiting an increase of the CO conversion with temperature, converted less CO as
compared to the potassium free catalyst. Such unfavorable effect of the alkali ions on the CO
conversion in FTS reaction was also reported with Co/Al,Os catalysts and was attributed to the K
poisoning of the cobalt active sites [11, 17]. A bar diagram of the catalyst reaction rates, at three
different temperatures, determined as moles of converted CO per gram of catalyst per minute, is given
in Fig. 1. The graph showed quite clearly the temperature effect and the potassium effect on the
catalytic activity. The selectivity results of Table 1, for clarity sake, were summarized in the bar
diagrams given in Fig. 2. As already reported for the 10Co2Fe/TiO: catalyst, although tested for a
shorter period of time, CHs, C2-C4 and methanol were the main products at 275 °C [14]. The
production of CO,, already observed with the iron containing catalysts supported on TiO,, was
enhanced in the presence of potassium and was favored by the increasing in temperature. CO>
formation, in accord with literature, was attributed to the water gas shift (WGS) reaction occurring in
parallel with the FTS reaction [18]. Increasing the temperature, longer chain hydrocarbons Cs- at the
expenses of methane and lighter hydrocarbons formed. The increasing selectivity to the heavier
hydrocarbons paralleled the increase of the CO conversion. This outcome was in accord with the
polymerization mechanism of the FT synthesis, consisting in the adsorption of CO leading to the
formation of C; monomers. Indeed, the higher the CO conversion, the larger the C1 monomer
concentration and therefore the larger would be the selectivity to longer chain hydrocarbons [13].

Methanol formed, to large extent, with K-containing samples. By increasing the temperature, the
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production of methanol decreased. The temperature effect was more severe for the potassium
containing catalysts exhibiting a more pronounced drop in methanol selectivity counteracted by the
increased CO; selectivity. The previous study, conducted also at 1 bar, evidenced the importance of
iron for the production of alcohols otherwise not formed with monometallic cobalt catalyst [14]. The
‘CO-insertion’ mechanism was considered the main reaction pathway leading to the formation of
oxygenates with iron catalysts [19]. Proposed as one of the mechanisms for the FTS reaction, it
involved a first step of insertion of CO into the metal-H bond, followed by hydrogenations, a
subsequent insertion of CO in the metal-carbon bonds and a final step with chain termination. In the
presence of alkali ions, a modified “CO insertion “mechanism was proposed in which potassium
participated in the catalytic cycle by forming a Fe-O'K" entity [20]. The increased basicity of the iron
complex enhanced the electron donation to the CO antibonding state, then weakening the C=0O bond
and favoring the subsequent hydrogenation to alcohol [20]. In general terms, these results agreed with
a previous study on the effect of potassium over similar catalysts [21]. However, whereas that study
attributed the catalytic results exclusively to the K-promoted iron, in the present case the decreased
CO conversion and the increased long chain hydrocarbon selectivity was ascribable to the effect of
potassium on cobalt, present in large amount at the catalyst surface. Indeed, as reported in literature,
potassium might act as a structural or electronic promoter by affecting the particle sizes and, as it will
be discussed later, also the crystalline phases of cobalt species [11, 17]. It is worth noting that the
addition of potassium, besides causing an increase in CO; selectivity, produced also an increase in
Cs+ hydrocarbons and oxygenates [17]. Summarizing the catalytic results, with respect to the
unpromoted one, the TiO; supported CoFe catalysts promoted with 1 wt% and 2 wt% K, although
less active, appeared promising in terms of alcohol and heavier hydrocarbon selectivity, even at the
operating low pressure conditions.

In order to check for carbon residue on the catalyst, thermogravimetric analyses (TGA) in air
of the samples after completion of the catalytic test, i.e. after the last temperature set of data, were
performed. Given the low pressure conditions, the surface of the catalyst was not expected to be
extensively covered by carbonaceous products, still as shown in Fig. 3, differences in the TGA curves
were observed. The K-free sample, experienced a weight loss of about 20 %. On the contrary, the
potassium containing catalysts, regardless the potassium content, underwent a weight loss of about
10 %. The weight loss occurred in a temperature interval of 320 - 450 °C, corresponding to the burning
of residual carbonaceous species [22]. The difference in weight loss could be a consequence of the
reverse Boudouard reaction. Indeed, the CO> produced in large amount with the K-promoted samples,
activated by the presence of the alkali ions, might react with the deposited carbon yielding CO and

accomplishing a sort of catalyst regeneration [23].
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3.2 Characterization results

BET

The list of catalysts and support with the corresponding BET specific surface areas, pore
diameters and pore volumes, along with crystallite sizes, is given in Table 2. The N> adsorption -
desorption isotherms along with the pore sizes distribution are shown in Fig. 4. As already reported
for similar catalysts on the same support, the isotherms were of type IV, characteristics of mesoporous
materials, with clear hysteresis loops of H1 type [24]. The addition of potassium caused a decrease
of the surface area, which increased upon the subsequent precipitation of the metal oxides. Similar

effect of potassium on the surface area was reported for silica supported iron catalysts [25].

TPR

TPR analyses were performed in order to investigate the possible effect of potassium on the
reducibility of the cobalt iron catalysts. The TPR profiles of the calcined samples are shown in Fig.
5. The profiles of the three catalysts were rather similar with some small differences in the peak
positions. The K-free catalyst was characterised by a main peak at 485 °C and a smaller peak at
around 294 °C. These peaks, in accord with literature and as recently reported for 10Co2Fe /TiO-,
arose from a reciprocal effect of iron and cobalt interacting together, with the cobalt increasing the
reducibility of the iron oxide and the iron playing an opposite effect on the cobalt oxide [14, 26].
Therefore, the low temperature peak included hydrogen uptakes for the reduction of Co304 to CoO
and for the reduction of Fe;O3 to Fe3O4, whereas the intense peak centred at about 485 °C included
the reduction of CoO to Co and also the reduction of Fe3O4 to FeO [26]. The profiles of the two
potassium - containing samples were very similar to the profile of the pure 10Co2Fe/TiO2 sample,
except for a 50 °C shift of the main peak towards lower temperatures and also a narrowing of the
main peak. These features suggested an easier reducibility and a lower spread in the particle size
distribution and/or less variation in the degree of interaction between the iron and cobalt species or
between metals and support. As previously reported for the K-free catalysts, the hydrogen uptake for
all the analysed samples, was lower than what expected from the chemical composition [14]. Such
discrepancy was ascribable to the strong metal support interaction effect (SMSI) typical of a support
like TiO». The strong interaction between metal and support, besides determining metal particle
decoration by the support itself, inhibiting the hydrogen adsorption, might cause formation of hardly
reducible mixed oxides [27]. In order to check the reduction extent of the isothermal H» treatment (16
h at 350°C in flowing H») preceding the catalytic test, TPR analyses were repeated on likewise pre-
reduced samples. According to the results, only 9% of the 10Co2Fe/2KTiO> and 15% of
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10Co2Fe/TiO2 were not completely reduced, suggesting again an enhanced reducibility induced by
potassium. However, to this respect, the effect of alkali ion on metal reducibility is rather
controversial. In some case it was claimed an increase of the reducibility and in some other case a
decrease of the reducibility [10, 28-29]. One of the possible explanation for the slightly increased
reducibility observed in the present case for the K-promoted samples could be a weakening of the

metal-support interaction induced by potassium.

XRD

The X-ray diffraction patterns of the fresh and spent samples after FTS reaction are shown in
Fig. 6. All patterns exhibited reflections due to the anatase and rutile phases of TiO,. As already
reported, the home made TiO: support contained a mixture of rutile and anatase phase with about 8%
of the rutile fraction which, according to literature had a beneficial effect on the FTS activity of the
supported catalysts [30]. The corresponding crystallite sizes of the anatase and rutile, as obtained
from Scherrer equation, are also listed in Table 2 for the fresh and for the spent samples. The larger
TiO; crystallite sizes of the potassium containing supports were likely due to the additional thermal
treatment of the potassium loading procedure. A further increase of the TiO; sizes was observed in
the catalysts. As previously reported, the sizes of both anatase and rutile crystallites diminished in the
aged catalysts [14]. Such variation was attributed to a restructuring of the materials occurring during
the FTS catalytic test. The diffractograms of the fresh catalysts were quite similar, all contained the
characteristic peaks of Co304 (PDF; 078-1969). Through the Scherrer analysis, sizes of 16 and 11 nm
were estimated for the Co3O4 crystallites of the K- free and K-doped catalysts respectively. By
combining the information from the TPR and XRD, potassium seemed to stabilize smaller Co3O4
crystallites while preserving them from strong interaction with the support, therefore favoring their
reducibility. With respect to the aged samples, the XRD patterns of 10C0o2Fe/T10; after the catalytic
reaction, beside the TiO; reflections, exhibited peaks at 20 = 44.2° due to metallic Co (fcc, PDF:015-
006) and another peak at 20 = 45.1° attributed to a cobalt enriched Coo.7Feo3 alloy (PDF:048-1818).
As already reported, the formation of the two metallic species occurred already during the
pretreatment reduction giving crystallite of 17 nm size, as obtained from Scherrer analyses[14]. After
reaction, sizes to 25 nm and 21 nm for Co and Coo.7Feos respectively were estimated. Quite
interestingly, the patterns of the two potassium containing catalysts after the FTS reaction, beside the
two peaks belonging to metallic cobalt and iron-cobalt alloy, contained also a peak at 20 = 42.7 °.
This peak was typical of Co.C crystallites (PDF: 005- 0704). Therefore, during the FTS at ambient
conditions, contrary to the case of the K- free catalyst, part of the metallic cobalt species converted

into Co>C. The formation of cobalt carbide at the operative conditions of 1 atm, was in contrast with
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arecent study on Co/TiO FTS catalysts reporting formation of such species only at elevated pressure
[31]. According to recent literature, during FTS reaction, Co>C formed only for H»/CO ratio of the
order of 0.5, being unstable in the presence of excess of Hz [23]. To evaluate better the structural
changes of the selected sample 10Co2Fe/1KTiO; at different stages of its catalytic cycle, the
corresponding XRD patterns are compared in Fig. 7. It was evident how, under the isothermal
reduction pretreatment, Co3O4 converted to metallic cobalt species including the alloyed phase, then
after FTS, conversion of the metallic cobalt into Co2C partially occurred. Such result in a way
confirmed what previously reported on the effect of the strong metal — support interaction,
suppressing the formation of metal iron carbides [14]. Indeed, the formation of Co,C under unusual
condition of low pressure and high H2/CO ratio reflected the important role of potassium acting as a
structural promoter, reducing the metal-support reaction and favoring the formation of the cobalt
carbide. The CoxC crystallite sizes, as estimated by the Sherrer analysis, were 40 nm and 32 nm in
the 1 wt% and 2 wt% K containing samples respectively. The presence of CoC, generally
acknowledged as active phase in the low temperature water gas shift reaction, could explain the large

production of CO; with the potassium containing samples [17].

XPS
The surface chemistry of the catalysts was analysed by X-ray photoelectron spectroscopy. The main element
binding energies with XPS derived atomic ratios are listed in Table 3. The data refer to the calcined and aged
catalysts. As already reported for similar catalysts, the Co 2p3,» spin orbit component of the calcined samples
contained two contributions attributed to two chemical species, Co?>” and Co** [14]. The Co*" was characterized
by the Co 2ps/; spin orbit component at a binding energy of 781.2 + 0.2eV with a related shake up peak about
5 eV towards higher energy. The Co** species was characterized by Co 2p3» component at 779.8 + 0.2 eV.
The presence of the two chemical components was indicative of Co304 although the XPS derived Co*"/Co?*
atomic ratio was lower than the stoichiometric 2:1 ratio [32]. After catalytic reaction, in spite of the poor
quality of the spectra, along with the main Co 2ps» peak of the Co?* species, a Co 2ps» component at lower
binding energy of about 778.6 eV, typical of a more reduced cobalt, appeared. The Co 2p spectra of the selected
sample 10C0o2Fe/2KTiO; referring to the calcined, reduced and spent state, are shown in Fig.8. The spectrum
of the reduced sample exhibited the main component at high binding energy, attributed to Co?*, and a
component at lower binding energy ascribed to metallic cobalt. After FT reaction, the relative intensity of the
spectrum decreased, still exhibiting the oxidized and reduced components. Moving to the Fe 2p XPS results,
as seen in Table 3, all the iron containing samples in the calcined state had the Fe 2ps/, spin orbit component
characterized by two peaks, one at 710. 5 + 0.3 eV typical of Fe**, generally accompanied by a small satellite
at about 8 eV towards high energy, and another one at 712.2 + 0.2 eV, due to Fe* [33]. The spectra were
typical of Fe3O4 phase. After the catalytic test, the XP signal deteriorated and only the Fe 2p component due
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to Fe?" species was barely visible. The larger values of the XPS derived surface atomic ratios, Co/Ti and Fe/Co,
as compared to the corresponding bulk ratios, as listed in Table 3, indicated cobalt and iron surface segregation.
For further information, the XPS derived atomic concentration and relative atomic ratios, excluding oxygen
and carbon, for the fresh catalysts are summarized in Table S1 of the supporting information. Overall, there
was no significant difference among the samples. The slightly larger Co/Ti ratio of the K-promoted samples
may reflect their smaller Co3O4 particle sizes and their slightly larger surface area as compared to the
potassium-free sample (see Table 2). Moreover, a layer of surface carbon deposited during the reaction could
account for the smaller Co/Ti ratios observed for all the spent samples. After reaction, probably due the
predominance of the C 1s peak lying nearby, and also to an inward potassium migration, the K 2p spectra were
hardly visible. In accord with a surface buildup of carbon during the reaction, as detected by TGA, the C 1s
spectra of the spent catalysts, shown in Fig. S2 of the supported information, along with the spectra of the
calcined catalysts, were characterized by a main peak at 284.3 eV, down energy shifted with respect to the
adventitious carbon at 285.1 eV detected in the fresh samples. As observed before, such peak was typical of
amorphous or graphitic carbon [14, 20]. Other C 1s components at higher binding energy were attributable to
species such as C-O and C=0 bonds. It was worth noting that the relative amount of deposited carbon (C/Ti
atomic ratio) was much lower in K- containing sample as compared to the K- free sample, in accord with the
potassium promoted reverse Boudouard reaction as discussed above. Moreover, the absence of a C 1s
component at about 283 eV typical of the Co,C species, detected by the XRD of the K-promoted samples after
the catalytic reaction, suggested that the carbide species did not segregate at the sample surface but it was

located in the inner part of the sample [34].

Conclusion

The addition of potassium to a bimetallic cobalt iron catalyst supported on TiO2 had a
significant effect on the catalytic activity during FTS tests at atmospheric pressure. Besides the
decrease of the CO conversion, an increased selectivity towards the valuable products, i.e. Cs+
hydrocarbons and oxygenates, at the expenses of methane, was the most important outcome. To this
respect, the sample with 1 wt% K was slightly better performing. At the same time, the production of
COz increased substantially in the presence of potassium. According to TPR investigation, potassium
enhanced the reducibility of the cobalt iron catalyst, restraining the strong metal-support interaction
typical of the TiO» carrier. Upon reduction, before the catalytic test, the cobalt and the iron oxides of
the K-free and K-doped samples transformed into metallic Co and alloyed CoxFey. However, most
interestingly, during the FTS reaction only the K- doped samples gave rise to a cobalt carbide species,
CoxC, generally reported to form at high pressure and at a low H2/CO ratio < 0.5. The presence of

this carbide, responsible for the increasing CO» production, was the consequence of a weakening of
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the strong metal-support interaction mediated by potassium. The increased CO2 production could
have been accountable for an easier removal of carbon through the reverse Boudouard reaction. In
conclusion, the potassium added to a cobalt-iron catalyst supported on a reducible oxide as TiO: acted

as a structural and electronic modifier, allowing a good compromise between activity and selectivity.
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Table 1. Catalytic performance in terms of CO conversion and selectivity to different
carbon compounds of different catalysts, at three different temperatures, determined after 8 hours of
time-on-stream at each temperature.

Catalytic 10Co2Fe/TiO; 10Co2Fe¢/1KTiO, 10C02Fe/2KTiO,
Results (°O) (°O) (°O)
275 300 350 275 300 350 275 300 350

COconv (%) | 1.5 1.6 18.8 1.0 1.5 11.0 1.1 0.8 9.0
CHs4 (%) 48.6 50.1 229 |33.0 351 207 279 377 263
Cr-C4 (%) 40.6 389 122 |355 228 8.8 29.9 20.1 9.3
Cs5+ (%) nd nd 58.3 nd 219 476 150 23.8 472
CH3OH (%) 8.4 7.1 09 | 154 4.6 0.6 128 34 0.6
CO» (%) 2.4 3.9 57 |16.1 156 223 143 149 165

Reaction conditions: Ho/CO=1.7, GHSV= 3600 mLfeeq geac! h™!, P =1 atm

Table 2. Surface area (Sger), pore diameter, d,, and pore volume, V), of supports and catalysts as
determined from N> adsorption-desorption measurements of the calcined samples. The C030s4, the
Co2C, the TiO: crystallite sizes, as determined by XRD, are also listed.

Sample Seer (m?gh) | dy(A) | Vp(em’g!) | deosos drio2®

(dco,c)? (nm)

(nm) Anatase Rutile
TiO; 27 9 0.08 na 25 55
1K/TiO; 15 8 0.04 na 45 86
2K/TiO, 10 13 0.03 na 40 67
10Co02Fe/Ti0O> 27 14 0.11 16 38 (37) 67(63)
10Co2Fe/IK-TiOz | 21 16 0.12 11(40)* | 47 (29) 81(39)
10Co2Fe/2K-TiO, | 24 2 0.18 11(32)" | 44 (30) 72(49)

2 CozC particle size after reaction
®the values in parentheses refer to the samples after FTS reaction.

Table 3. Binding Energies (¢V) and Atomic Ratios of the catalysts as calcined and after catalytic
test. The values in parentheses refer to the bulk ratios.

Sample Co 2ps3p2 Fe 2pa2s3 Co/Ti (0.2) Fe/Co (0.2) K/Ti
calc spent | calc  spent | calc spent | calc spent | calc spent

10Co02Fe/Ti0O2 779.9 77841 710.2 7104 | 1.2 04 (03 03
781.1 780.6 | 712.4

10Co2Fe/1KTiO2 | 779.6 778.6 | 710.7 710.7 | 1.6 05 (03 03 02 nd
781.4 780.8 | 712.2

12C02Fe/2KTiO2 | 779.9 778.6 | 710.6 711.4 | 1.5 05103 02 |04 nd
781.0 781.0 | 712.1
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Figure captions

Fig. 1. Conversion rate over different catalysts at three different temperatures.

Fig. 2. FTS product selectivity over different catalysts at different temperatures after 8 h of time on
stream.

Fig. 3. TGA curves of spent catalysts after the FTS test.

Fig. 4. N2 adsorption/desorption isotherms and pore size distribution curves (inset) of TiO2
supported catalysts and corresponding TiO; support.

Fig. 5. TPR profiles of the TiO> supported catalysts.

Fig. 6. XRD of samples; a) calcined and b) after FTS.

Fig. 7. XRD patterns of the 10Co2Fe/1KTiO; as: a) calcined; b) reduced; c¢) spent.

Fig. 8. Co 2p photoelectron spectra of 10Co2Fe/1KTiO, after different stages of its life: a) calcined; b)
reduced; c) after catalytic reaction.
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