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Monometallic and bimetallic iron cobalt catalysts supported on home- made TiO2 were prepared by
microwave assisted co-precipitation. The obtained samples, containing a total metal loading of 12
wt%, in different Co/Fe weight ratios, were characterized by N2-adsorption-desorption isotherms,
XRD, H>-TPR, XPS and HRTEM techniques. The catalysts were tested in Fischer-Tropsch
Synthesis reaction under atmospheric pressure using a continuous flow reactor with a gas feed of
CO and H: in He (CO:H2:He volume ratio of 1:1.7:2.3). The molar ratio H2/CO was set to 1.7:1,
slightly lower with respect to the stoichiometric value of 2. The experiments were performed in the
temperature range of 250 - 350 °C. Significant amount of methane and C2-C4 hydrocarbons formed
at low temperature with all the catalysts. The selectivity to higher hydrocarbon increased with
temperature. The iron containing catalysts gave rise to COz and also to methanol. The bimetallic
catalysts exhibited the best performance in terms of CO conversion and selectivity to C2-C4 and
high Cs+ hydrocarbons. CoxFey crystallites, detected by XRD, represented part of the active sites,
contributing to the catalytic activity. The observed structural transformation of the samples during
the Hz pre-treatment and during the catalytic reaction were related to the catalytic behavior of these

catalytic materials.
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Introduction.

The environmental impact of CO2 emissions, associated to the observed climate change,
relates to the extensive consumption of fossil fuels as energy source for stationary and for
transportation purposes [1]. Additionally, conventional reserves of fossil fuels are continuously
depleting [2]. The combination of these two aspects with an increase global demand for fuel
supplies has given a renewed impetus to the exploitation of the Fischer-Tropsch Synthesis (FTS)
technology. The FTS process consists in a catalyzed polymerization reaction, starting from
synthesis gas, a mixture of H2 and CO, obtained from natural gas or coal gasification, leading to the
formation of hydrocarbons of different chain length and water [3]. In order to comply with
increasing regulations on CO2 emission, the biomass to liquid (BTL) technology, based on Fischer-
Tropsch synthesis, with syngas derived from biomass, may play an important role in a sustainable
economy, being almost CO2 neutral [4]. The obtained fuels are high quality diesel characterized by
high cetane number and low content of sulfur and aromatics. However, the cost of running the FTS
plants is still quite expensive as compared to the direct production of gasoline or diesel from crude
oil. Indeed, current commercial FT processes operate at high pressures of 20-40 bar, raising safety
concerns [5]. The main reactions occurring during the FTS process are the following:

(2n+1)H2 + nCO—CyHzn+2+nH20 (1)

2nHz + nCO — -CHz- + H:20 (2)

CO+H20 — CO2 +H» 3)

2nH2 + nCO —CpH2,+20+ (n-1)H20 (4)

2CO - C+CO2 (5)

All the processes, with the exception of (5) are highly exothermic. Equations 1 and 2 lead to
generation of alkanes and alkenes respectively, whereas equation 3, corresponding to the water gas
shift reaction (WGS), provides a way to adjust the molar H2/CO ratio. Side reactions producing
alcohols and undesired carbonaceous deposits through the Boudouard reaction may occur
respectively through equation 4 and equation 5 [6]. The accepted mechanism for the FT synthesis
involves first the dissociative adsorption of CO and H2. Then, the formed carbide species, reacting
with the adsorbed dissociated hydrogen, generates the CHz-intermediates giving rise to the
propagation step and chain growth termination. It is therefore understandable how an appropriate
catalyst design in terms of chemical formulation, morphology and structural properties would
contribute to optimize the selectivity of the FTS towards valuable Cs+ products. In fact, the research
on improvement of catalysts to increase the conversion rate and the selectivity to the desired
hydrocarbons is still a challenging task [7]. Fe, Co, Ni, Ru are the most active metals for the FTS

process. Ru is rather expensive and therefore is not suitable for industrial application. Nickel,



having a high hydrogenation activity, has a tendency to form methane. Cobalt and iron are the
metals of choice for large-scale FTS processes [8, 9]. Cobalt has a high activity at lower
temperature (200 - 250 °C), a good selectivity to linear Cs+ hydrocarbons and is more resistant to
deactivation. Iron is economically attractive, being cheaper than cobalt. It generally operates at high
temperature (300 — 350 °C) and has a good selectivity to olefins, however, it deactivates quickly.
Whereas for the cobalt catalysts it is widely accepted that the active sites for the initiation of the
FTS process are represented by Co sites, relatively to the iron catalysts, the identification of the
active sites is rather debatable [10]. Some researchers claim that the active species is the Fe3Oa,
while others claim that the active species is an iron carbide or even a mixture of the two phases plus
metallic iron [9-11]. The catalyst support plays also an important role on the reducibility and
surface dispersion of the active metal species. Generally, a support like Al2O3, strongly interacting
with the metal oxide, increases the cobalt dispersion while decreasing its reducibility. Opposite is
the case of a silica carrier that, by weakly interacting with cobalt, would favor the reducibility but at
the expenses of the catalyst dispersion [4]. Several studies reported TiO2 as a suitable support for
cobalt catalysts since it grants a good balance between reducibility and metal dispersion [11-16].
Beside the intrinsic nature of the metals, the H2/CO ratio of the feed, dictates the choice between
cobalt- or iron- based catalysts. In the gas-to-liquid (GTL) technology, where the syngas is obtained
from natural gas with ratio H2/CO > 2, cobalt catalysts are typically used [6]. For BTL technology,
where the used bio-syngas has a molar ratio below 2, the presence of iron, characterized by a high
WGS activity, would enhance the FTS activity and increase the selectivity to the Cs+ hydrocarbons
[17-18]. Co and Fe are often combined together in order to decrease the high cost of the cobalt
catalysts, still maintaining good catalytic performance [4, 16]. For an upcoming application of the
FT process, coupled with small anaerobic digestion plants for the generation of syngas, it would be
particularly desirable to operate the FT at ambient pressure, decreasing the risk related to high
pressure plants and also decreasing the complexity of the all apparatus [5].

The objective of the present study, in this context, is the development of TiO2 supported Co-
Fe catalysts with good efficiency and selectivity in FTS reaction. In particular, mono metallic and
bimetallic catalysts with different Co/Fe ratio are considered. Ambient pressure condition of the
catalytic reaction is chosen to test the low pressure conditions as a viable solution for a more
sustainable FT process [5]. Moreover, in such condition the catalyst surface would not be
extensively covered with carbonaceous products, allowing for an easier characterization of the
catalyst surface. The results are discussed in terms of structural, morphological and electronic

properties of the different systems, as obtained by a variety of characterization techniques.

2. Experimental



2.1 Support and catalyst preparation

The TiO2 support was prepared by a sol-gel procedure in the presence of triblock polymer,
Pluronic P123 [19]. The mixture of the polymer dissolved in 2-propanol, containing HCI diluted in
water, was stirred overnight at 35 °C in a 250 mL one neck flask. Ti(i-PrO)4 was quickly added to
this solution (final molar composition as 1.0 Ti(i-PrO)4: 34 C3H70: 0.04 HCI: 3 H20: 0.02 P-123)
and stirred for 24 h at the same temperature. Then, the milky suspension was aged at 100 °C for 24
h in a closed polypropylene bottle. The solid product was filtered, washed with EtOH and calcined
in air at 500 °C for 5 h (heating rate of 2 °C/min). Mono (Fe, Co) and bimetallic (FeCo) catalysts
were prepared by co-precipitation assisted by microwave [20]. Namely, an aqueous solution of iron
and/or cobalt nitrate (20 ml) was added to a suspension of the home made TiO2 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 are labeled as 12Fe/TiO2, 12Co/TiO2, 6Co6Fe/TiO2 and
10Co2Fe/TiO2, with the digits representing the supported element wt%. The given composition in
terms of Fe and Co 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 N2 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 (Vp) 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 Ko radiation. A proportional counter and 0.05° step size in 20 were used. The
assignment of the crystalline phases was based on the JPDS powder diffraction file cards [21].
Crystallite sizes were estimated from diffraction line widths using the Sherrer equation [22].

The X-ray photoelectron spectroscopy (XPS) analyses were performed with a VG Microtech
ESCA 3000 Multilab, equipped with a dual Mg/Al anode. As excitation source was used the Al Ka
radiation (1486.6 eV). The sample powders were mounted on a double-sided adhesive tape. The
pressure in the analysis chamber was in the range of 10-8 Torr during data collection. Contact of the

spent catalysts with air was minimized by keeping them under inert gas until being transferred



through a glove box into the XPS instrument. In selected cases, spectra were recorded also on
reduced samples. The reduction was carried out inside a high pressure chamber, directly connected
to the analysis chamber, under Hz> flow at 350 °C for 16 h, i.e., under the same experimental
conditions as those used for the pretreatment prior to catalytic test. All the energies were referred to
the C 1s binding energy set at 285.1 eV arisen from adventitious carbon. The reliability of the
calibrated binding energies was also confirmed with respect to the Ti 2p3/2 binding energy taken as
internal reference, calibrated for the pure TiO2 support at 358.8 eV. Analyses of the peaks were
performed with the CasaXPS software. Atomic concentrations were calculated from peak intensity
using the sensitivity factors provided by the software. The binding energy values were quoted with
a precision of £ (.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 % O2 / 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 % H2 / 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 arate 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 1h and then heated to 1100 °C
at the rate of 10 °C/min in 30 ml/min of flowing air.

Transmission electron microscopic (HRTEM) images were collected by JEOL JEM 2100

microscope. Lacey carbon Formvar coated Cu grid was used for sample preparation

2.3 Catalytic measurements

The FTS tests were carried out in a continuous-flow quartz reactor (i.d. 12 mm) with a
catalyst loading of 0.5 g. The catalyst powder (sieved fraction between 180 and 250 mm) was
diluted 1:2 with inert SiC in order to avoid hot spots. Tests were performed at atmospheric pressure,
using a reaction feed of CO, H2 and He (CO:H2:He volume ratio of 1:1.7:2.3) at 30 ml/min, with
GHSV = 3600 mlsyngas gear'! h'!, in a temperature range 275-350 °C. The catalyst was heated to the
selected temperature using a heating rate of 10 °C/min. It remained 120 min at each of the three
temperatures (275 °C, 300 °C and 350 °C). During that time, 4 analyses of products and reagents
were performed until stable readings were obtained. 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 product gases were

analysed with a TCD and a flame ionization detector (FID). H2, CO, CH4 and CO2 were separated



by a Carbosieve II packed column and analysed by the TCD. Products Ci-C4 were separated by an
alumina-plot column and quantified on the FID. The CO conversions were calculated as Xco = 100
x (mol coin- mol coout) / Mol coin. Selectivity to the lower hydrocarbons Scx, to CO2 and to the
oxygenates was calculated from the corresponding moles and from the converted CO as Scx =
xmolcx /(molcoin- molco out) X 100. Selectivity to hydrocarbons with a number of carbon atoms > 5
was obtained as Scs+= 100-(Sc1 + Sc2-c4 + Sco2) [23]. The conversion rate at different temperatures,
reported as moles of converted CO per minute and per grams of catalyst along with selectivity
values were determined after 2h reaction time. It is worth saying that the selected operational
regime avoided the formation of long chain hydrocarbons (wax) usually obtained with the FTS

process at elevated pressure [18].

3. Results and Discussions
3.1 Catalytic results

The catalytic results in terms of CO conversion rate and selectivity at the three different
temperatures are summarized in Table 1. By comparing the conversion rates within each column,
with the exception of the 300 °C data, an increase of the rate, from the monometallic iron catalyst to
the cobalt containing catalysts, reaching the highest values with the 10Co2Fe/TiO2 catalyst, is
observed. It is also worth noting that whereas the monometallic iron catalyst decreased its activity at
the highest temperature of 350 °C, the cobalt containing catalysts substantially increased their
activity. The selectivities to different carbon compounds, such as CH4, C2-C4 and Cs+ , for the
different catalysts, are also summarized in Table 1. Additionally, for clarity sake, the selectivities at
the three different temperatures of 275 °C, 300 °C and 350°C are shown in the bar diagrams in Fig.
1. The diagrams contain also the CO: selectivity. The monometallic cobalt catalyst exhibited a 65%
selectivity towards CH4 at 275 °C and 300 °C. At the same temperatures, selectivities to C2-C4 and
Cs+ of the order of ~ 8 % and ~ 27 % respectively were obtained. At 350 °C methane production
decreased and higher hydrocarbon selectivity increased, in accord with what reported in literature
[11]. As expected, due to the renowned iron activity in water gas shift reaction (WGSR), the
monometallic iron catalyst, differently from the pure cobalt catalyst, produced large amount of CO2
at each of the three considered temperatures [24]. Moreover, by increasing the temperature from
300 °C to 350 °C, an increase of the heavier hydrocarbon production with respect to the C2-C4 was
observed. It is worth noting that with the monometallic iron catalyst methanol formed. These results
are in accord with what recently reported on similar catalysts, using a microchannel reactor
operating at 1 atm [15]. Concerning the two bimetallic systems, 6Co6Fe/TiO2 and 10Co2Fe/TiO2,
comparable and conspicuous amounts of C2-C4 and Cs+ were produced at 275 °C and 300 °C.

Methane was produced to a less extent as compared to the monometallic cobalt catalyst. At 350 °C,



the methane selectivity noticeably decreased with both bimetallic catalysts in favor of increasing
amount of heavier hydrocarbons (~60 %). Besides, more methanol was produced at 275 °C and 300
°C in comparison to the amount produced by the monometallic iron catalyst. The relatively low
GHSV, with consequent longer bed residence time helping the re-adsorption of olefin, favored the
production of C2-C4 and Cs+ hydrocarbon [25]. Overall, the catalytic performance of the bimetallic
CoFe catalysts, in terms of alcohol and heavier hydrocarbon selectivity appear promising when
compared to other cobalt or iron system operated at atmospheric pressure and at even lower GHSV
[15, 26].

In order to check for hydrocarbon products retained on the catalyst, thermogravimetric
analyses (TGA) in air were performed on the samples after completion of the catalytic test, i.e. after
the last temperature set of data. The TGA curves with the relative differential plots are shown in
Fig. 2. All the catalysts presented a weight increase due to the oxidation of reduced species. The
increase was much more evident in the monometallic catalysts for which no weight loss was
registered. On the contrary, the bimetallic ones, 6Co6Fe/TiO2 and 10Co2Fe/TiO2 underwent weight
loss equal to 8% and 10% respectively. The weight loss occurring in the temperature range of 300
°C - 420 °C corresponded to the combustion of carbonaceous compounds deposited on the catalyst
during the reaction. The extent of the weight loss was related to the higher conversion rate and the

larger selectivity toward heavier hydrocarbons measured for the bimetallic samples.

3.2 Characterization results

BET

The list of catalysts and support with the corresponding BET specific surface areas, pore
diameters and pore volumes is given in Table 2. The N2 adsorption - desorption isotherms along
with the pore sizes distribution are shown in Fig. 3. According to the IUPAC classification, the
isotherms are of type IV, characteristics of mesoporous materials, with clear hysteresis loops of H1
type [27]. The addition of the cobalt and /or iron did not modify significantly the textural properties

in terms of specific surface area and pore sizes of the initial TiO>.

TPR

Reducibility of the catalysts was investigated by performing TPR analyses. The TPR
profiles of the calcined samples are shown in Fig. 4. The profile of the monometallic cobalt sample
exhibited a main peak at 347 °C with a shoulder at around 290 °C, attributable to reduction of
Co0304 to CoO and a broad peak centred at about 500 °C due to the reduction of CoO to Co [25]. At
variance with what reported in literature for TiO2 supported cobalt catalysts, these reduction

temperatures were quite low and reflected the presence of large Co3O4 particles not strongly



interacting with the TiO2 support [14, 28-29]. The profile of the monometallic iron catalyst was
characterised by two main peaks, one, narrow and small, at 347 °C due to reduction of Fe>O3 to
Fe3O4 and another one, quite big, centred at 590 °C, attributable to the reduction of Fe3O4 to FeO.
The broad feature peaked at around 960 °C could be attributed to the reduction of Fe(II) strongly
interacting with the TiO2 support. With the exception of this feature, the profile resembled very
much the profile of a bulk Fe2O3 sample [15, 25]. The profile of the bimetallic 6Co6Fe/TiO2 was
characterised by a main peak at 435 °C, at a temperature value in between the temperatures of the
main reduction peaks of the monometallic samples. The profile of the cobalt enriched catalyst
presented a large peak at 484 °C and a small peak at 290 °C. In accord with what reported in
literature, the profiles of both bimetallic catalysts arose from a chemical interaction between the two
oxides, with cobalt increasing the reducibility of the iron oxide and the iron playing an opposite
effect on the cobalt oxide [13, 25]. The hydrogen uptake was lower than what expected on the basis
of the chemical composition. Such discrepancy was in accord with the theory of the strong metal
support interaction effect (SMSI) reported for a support like TiO2 and determining a metal particle
decoration by the support itself inhibiting the hydrogen adsorption [30]. The effect was more
pronounced with cobalt, suggesting that beside the SMSI, some unreducible oxide such as a mixed

cobalt titanate could have been formed [28].

XRD

X-ray diffraction patterns of the monometallic catalysts and bimetallic 6Co6Fe/TiO2 as fresh
and as spent samples are shown in Fig. 5. All patterns exhibit reflections due to the anatase and
rutile phases of TiO2. The weight fraction of the rutile phase (WRr) in the pure support and in the
catalysts was calculated according to the following formula:

Wr = 1/[110.884 (Aanatase/Arutile )]
where Aanatase and Arutile represent the X-ray integrated intensities of the most intense diffraction
peaks anatase (101) and rutile (110) [14, 31]. As reported in Table 2, the support alone was formed
mainly by anatase, with a rutile fraction around 8 %. The presence of a certain amount of rutile
crystalline phase, even to this extent, according to literature, would be beneficial for the FTS
catalytic activity of the supported catalysts, particularly with respect to the Cs+ selectivity [14].
With the exception of the monometallic iron catalyst, the addition of cobalt and iron oxides
contributed to a slight increase of the rutile fraction. Such structural modification of the TiO2, might
be attributed to a thermal effect caused by the supplementary calcination associated with the metal
deposition procedure. After the FTS reaction, the rutile fraction slightly decreased. The
corresponding crystallite sizes of the anatase and rutile, as obtained from Sherrer equation, are also
listed in Table 2 for the fresh and for the spent samples. It is worth noting the diminished sizes in

the aged samples of both anatase and rutile crystallites. Such variations, i.e,, the decrease of the



rutile fraction with corresponding decrease of crystallite sizes, was indicative of a restructuring of
the materials occurring during the FTS catalytic test including the H» pre-treatment. By looking at
the diffractograms of the fresh 12Co/TiO2 of Fig. 5, besides the TiO2 support reflections, the
characteristic peaks of Co3O4 are discernible (PDF; 078-1969). Through the Sherrer analysis, sizes
of 38 nm were estimated for the Co3O4 crystallites. The corresponding pattern of the aged sample,

following the catalytic reaction, exhibited peaks at 20 = 44.6° and 41.5°. After careful examination

of ICDD data base, the two peaks were attributed to a titanium cobalt alloy of composition close to
TiCo2 (PDF: 081-4920) [32]. The shoulder at 20 = 44.2° was likely due to metallic Co (fcc,
PDF:015-006). The diffraction pattern of the calcined monometallic iron catalyst contained, besides
the support peaks, the characteristic diffraction peaks of hematite o -Fe2O3 phase (rombohedral , e.g.
PDF:09-0599). As obtained from the Sherrer analyses the crystallite sizes were ~ 28 nm. After FT
reaction the hematite peaks disappeared. The XRD pattern of the calcined 6Co6Fe/TiO2 sample
contained only the support diffraction peaks with no reflections attributable to the active elements,
suggesting a good dispersion of the supported oxides. This finding was different from bimetallic
cobalt and iron catalysts supported on y- alumina, where individual Co3O4 and Fe2O3 phases were
detected [25]. A stronger interaction between cobalt and iron with the TiO2 support and also a
reciprocal interaction effect, likely achieved during the catalyst preparation procedure, could have
been responsible for a better dispersion of the two metals [14]. Indeed, the presence of a cobalt
titaniun alloy, registered in the monometallic catalyst after FTS, would confirm such hypothesis.
The peaks at 44. 9° 26 and at 65.4° 20 present in the pattern of the 6Co6Fe/TiO2 aged sample were
attributed to an alloy CoFe (PDF: 049-1568) with composition close to the analytical molar ratio
Co/Fe = 1. The XRD patterns of the bimetallic 10C0o2Fe¢/TiO2, as calcined, reduced and aged
sample, are shown in Fig. 6. Contrary to what observed for the catalyst with equal loading of cobalt
and iron, Co304 diffraction peaks were present in the XRD pattern of the calcined sample with
corresponding estimated crystallite sizes of 14 nm. The presence of iron had definitely limited the
cobalt oxide particle growth during the calcination of the catalyst. Upon reduction at 350 °C, the
XRD pattern contained a peak at 44.2° 26 attributed to metallic cobalt (PDF: 015-006) and a peak at
45.1° 20 attributed to a cobalt enriched Coo.7Feo.3 alloy (PDF:048-1818). Particle sizes of 17 nm for
both, Co and alloy, were obtained. After reaction, the pattern remains unchanged, except for a
narrowing of the two above mentioned peaks, due to sintering, with an increase of the crystallite
sizes up to 25 nm and 21 nm for Co and Coo.7Feo.3 respectively. To further investigate the formation
of cobalt —iron alloy in correspondence of a different loaded Co/Fe atomic ratio, the XRD analysis
of the 6Co6Fe/TiO2 after H> treatment was also performed. For comparison purpose, in the inset of
Fig. 6 a close up of the CoxFey alloy angle region of pre-reduced 6Co6Fe/TiO2 and 10Co2Fe/TiO2

is shown. Clearly, the pattern of the former sample does not contain any pure metallic cobalt peak,



but only peak attributable to the CoFe alloy with composition 1:1 (PDF:049-1567) and an estimated
crystallite size of 21 nm which, after reaction, did not change. Such additional result confirmed that
the alloy was formed during the H> reduction treatment and remained during the FTS reaction. To
summarize, when cobalt and iron were together in a 50/50 amount, upon calcination, Co3O4 did not
crystallize or was highly dispersed, likely due to a reciprocal effect played by the two metal oxides.
Upon reduction, the catalyst gave rise to CoFe alloy. In the case of the cobalt enriched catalyst,
XRD detectable Co304 formed upon calcination. Then, during reduction, it transformed into a
cobalt enriched Coo.7Feo3 alloy and metallic Co. Such phases remained even after catalytic
reactions. It is worth noting that the alloy crystallites in both cases sintered to a less extent as
compared to the metallic Co. To the best of our knowledge no clear evidence of CoFe alloys have
been so far reported in relation to FTS catalytic reactions. Moreover, it is interesting to notice that,
as it was speculated some time ago for bimetallic CoFe systems [16] but contrary to what recently
reported in the literature, under the present experimental condition, no evidence for metal carbide

formation in neither monometallic and bimetallic catalysts was found [15,18].

HRTEM

In Fig.7 the HRTEM images of the 10Co2Fe/TiO2 and 6Co6Fe/TiO> catalysts, respectively
first and second row of images, as fresh oxides and after the FTS test, with the lattice distances
marked in red, are shown. The lattice fringes of ca. 0.25 nm and 0.29 nm, visible in the panel a)
referring to the calcined 10Co2Fe/TiO2 sample, were attributed to the (311) and (220) facets of
Co304 [33]. In the image b) referring to the sample after the catalytic reaction, the interplanar
spacings of 0.47 nm and 0.26 nm were attributed to a defective titania like Ti3Os. In other parts of
the same sample lattice fringes of 0.36 nm typical of anatase TiO2 were also present. For the
calcined 6Fe6Co/TiO2, the image in panel c¢) has marked lattice spacing of 0.49 nm and 0.26 nm
attributed again to defective titania and a spacing of 0.25 nm typical of Co3O4 crystallites. On the
bases of similar lattice spacing, attribution to particles of a-Fe2Os3 could not be excluded. However,
the amount of either oxide crystallites must be rather spare since, as discussed above, no reflections
due to hematite or cobalt spinel were detected in the XRD pattern of this sample. The image in
panel d) referring to the sample after catalytic reaction contains particles with spacing of 0.20 nm,
attributed to the CoFe crystallites, in accord with the XRD finding. Fringes at 0.36 nm and 0.49 nm
due to anatase TiO2 and to defective Ti3Os were also present in other parts of the sample, not shown
in here. It is worth to note that, over the samples analyzed after catalytic reaction, the HRTEM
images did not evidence any graphitic carbon or metal carbide species in accord with the XRD

results, whereas they reveal a consistent de-structuring of both samples.

XPS



In order to investigate the surface of the catalysts, X-ray photoelectron spectroscopy
analyses were performed. In Table 3 the XPS results obtained from the calcined and aged samples
are summarized in terms of the principal catalyst binding energies and atomic ratios. For all the
analyzed samples, the Co 2p3» spin orbit component of the calcined samples contained two
contributions attributed to two chemical species, Co?* and Co**. The Co?* was characterized by the
Co 2p32 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 Co3* species was characterized by Co 2p32 component at
779.8 £ 0.2 eV. The presence of the two chemical components was in accord with surface Co3O4
although the XPS derived Co3*/Co?" atomic ratio was lower as compared to the stoichiometric 2:1
ratio [12, 34]. After catalytic reaction, a component at lower binding energy, 778.1 eV, typical of
metallic cobalt, was present. The Co 2p spectra for the selected sample 6Co6Fe/TiO2 are given in
Fig. 8 showing also the spectrum of the sample after the H2 treatment at the same pretreatment
conditions prior the catalytic test. The spectrum of the reduced sample exhibited the component at
778.1 eV typical of metallic cobalt. Moving to the iron XPS results, as seen in Table 3, all the iron
containing samples had the Fe 2ps3» spin orbit component characterized by two peaks, a more
intense peak at 710.3 £ 0.1eV typical of Fe?*, accompanied by a small satellite at 8 eV towards high
energy and a smaller one at 712.5 + 0.1 eV eV, due to Fe3". The Fe 2p spectra of the sample
6Co6Fe/TiO2 at different moment of the catalyst life are shown in Fig. 9. The calcined sample was
characterized by Fe 2p spectrum exhibiting the two components, Fe>* and Fe3* [35]. However, as
shown in the spectra of Fig. 9 the relative ratio of the two species Fe3*/Fe?* was not in the
stoichiometric amount of 2:1, typical of the Fe3O4 phase but reflected a surface enriched in Fe*
[35]. After the hydrogen treatment, at the same conditions prior the catalytic test, the presence of an
additional Fe 2p3» peak at 707.5 eV with the corresponding Fe 2pi12 at 718.6 eV indicated
formation of metallic iron. After the catalytic test, the signal deteriorated and the metal component
disappeared. Moreover, according to the XPS results of the reduced catalyst, only low percentages
of metallic cobalt and metallic iron were observed. This result was in accord with the TPR profile,
which for the particular case of 6Co6Fe/TiO2 sample, revealed a complete reduction of the sample
at about 580 °C. With respect to the XPS derived surface atomic ratios listed in Table 3, it is worth
noticing the decrease of the Co/Ti ratio and at the same time a decrease of the Fe/Co ratio in the
bimetallic samples, going from the fresh to the spent catalysts. Both findings were in agreement
with TiO> diffusing to the surface, because of a strong metal-support interaction, and with a surface
segregation of cobalt with respect to iron, after the catalytic test. The Cls XPS spectra, not reported
here, provided additional information on the carbon species deposited in the spent catalysts. In
accord with the TGA results, only the bimetallic samples exhibited a significant increase of the C 1s

peak intensity at 284.8 eV, slightly shifted with respect to the adventitious hydrocarbon set at 285.1



eV. The binding energy of this carbon peak could correspond to amorphous or graphitic carbon
species [36].

According to the characterization data, the adopted preparation procedure likely had favored
the formation of CoxFey alloys during the Ha-treatment prior the catalytic test. These crystallites
had a positive influence on the catalytic activity of the cobalt —iron system in FTS reaction. The
intimate contact between the two active metals has determined catalytic sites with electronic and
morphological properties suitable for the chain initiation and chain propagation process during the
FTS reaction. Moreover, the intimate contact between the two metals, but also between the metals
and the Tio2 support avoided sintering of the active sites during the time of the catalytic test and also

prevented the formation of inactive carbides.

4. Conclusion

The present study has demonstrated the feasibility of ambient pressure FTS process using
cobalt-iron catalyst supported on TiO2. The test conducted with a H2/CO ratio below the
stoichiometric value of two has produced methane, especially with the monometallic cobalt, but
also significant amount of C2-Cs and higher Cs+ hydrocarbons. The best performance in terms of
CO conversion rate and selectivity was exhibited by the formulation 10C0o2Fe/TiO2. Quite
interesting and not so far explicitly reported in literature for similar type of catalysts, CoxFey alloys
with composition depending on the analytical loading of the two elements were formed during the
pre-reduction treatment. It was rather peculiar that the alloy formed in the presence of a very
interacting support like TiO2, therefore overcoming the tendency to give hardly reducible titanate.
The adopted procedure for the catalyst preparation, involving the use of the microwave, as observed
in previous work, favored a strong interaction between the two metal oxides. Such interaction was
preserved during reduction and also during the catalytic test, avoiding the formation of metal
carbides which, especially for the cobalt, are known to lead to the catalyst deactivation. In
consideration of these preliminary results, further investigations are needed to ascertain the role of a

CoxFey alloy into the mechanism of the FTS reaction.
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Table 1. Catalytic performance for the Fisher -Tropsch synthesis, at three different temperatures
and 1 bar, of various catalysts, determined after 2 hours of time - on-stream at each temperature.

12Fe/TiO, 12Co/TiO; 6Co6Fc/TiO, 10Co2Fe/TiO,
(°C) (°C) (°C) (°C)

250 300 350 250 300 350 250 300 350 250 300 350
Convrate® [18 24 14 [24 25 30 [22 19 15 [45 20 26
Selcns 206 238 185 [643 658 358 [23.8 257 48 [281 416 9.1
Selca-cs 350 309 111 [69 89 98 [269 248 31 [31.1 323 38
Selcs+ 134 91 359 [288 243 544 |192 122 62 |271 7.6 6038
Selcuson 1.0 15 09 |0 0 0 5. 60 05 |55 66 04

*10-molco/geat/min

Table 2. BET surface area (Sget), pore diameter, d, and pore volume,_ Vp, of support and calcined
catalysts. The metal oxide particle sizes d, the rutile weight fraction, Wr, and the TiO> crystallite
sizes, d(nm), as determined by XRD, are also listed for the different samples.

Sample SBET dp(A) Vo dco3os® | WRE dTio2(nm)®

(m*g!) (cm’g!) | (nm)

Anatase Rutile

TiO2 27 9 0.084 8 25 55
12Fe/Ti02 26 14 0.125 28b 8(7) 46(30) 87(49)
12Co/TiO2 24 11 0.085 38 9(8) 46(32) 100(73)
6Fe6Co/TiO2 29 13 0.126 n.d. 10(8) 42(29)4(37) 79(45)4(63)
10C02F¢e/Ti02 25 14 0.090 14 9(8) 35(33)4(34) 67(63)4 (63)

2 determined from the (400) and (220) and (511) reflections of the cubic Co30s4.
b dre,03determined from the (104) and (024) reflections of the a-Fe2Os.

¢ the values in parentheses refer to the samples after FTS reaction.
d after Hz treatment.

Table 3. Binding Energies (eV) and Atomic ratios of the catalysts as calcined and after catalytic

test.
Sample Co 2p3n2 Fe 2p2i3 Co/Ti Fe/Co
calc spent | calc  spent | calc spent | calc  spent
12Co/TiO2 779.9 778.1 0.8 0.4
781.1 781.0
6Co6Fe/TiO2 | 779.6 778.1 1 710.2 7104 | 0.4 03 0.8 0.6
781.4 780.7 1 712.4 712.4
12Co02Fe/TiO2 | 779.9 778.4 | 710.3 710.6 | 1.0 04 (0.3 0.2
781.0 781.1 | 712.4 7125
12Fe/TiO2 7104 710.4 Fe/Ti
712.4 712.4 | calc.  spent
0.3 0.2
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supported catalysts and corresponding TiO2 support.
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Fig. 7. HRTEM images of 10C02Fe/TiO: as a) fresh catalyst; b) after FTS test. Images of
6Co6Fe/TiOz2 as c) fresh catalyst; d) after FTS test.
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Fig. 9. Experimental and fitted Fe 2p spectra of catalyst 6Co6Fe/TiO2 as; a) calcined; b)after H2
reduction at 350 °C; c) after FTS reaction.



