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A new catalytic route for the production of a high-calorie synthetic gas (40-60 MJ/Nm®), composed by G;1-C4
hydrocarbons, has industrial interest for gas applications and locations with high heating requirements. In this
work, a series of bimetallic Co-X (X = Ni, Pt and Fe) catalysts supported on LazO3 promoted Al,O3 micro-spheres
were evaluated using both CO2 and CO carbon sources under mild temperature (T = 200-300 °C), moderate
pressure (P = 10 bar-g) and relatively high gas hourly space velocity (40,000 N mL/gcar-h). Experimental results
proved that the incorporation of nickel as a second metal is beneficial for high-calorie gas application. Besides,
catalytic results showed that the utilization of CO as carbon source is beneficial in both conversion and C;-C4
hydrocarbon selectivities. Co-Ni presented the most interesting results, leading to a heating value of 57.9 MJ/
Nm® (40.01 % CH,4 and 50.04 % Cy-C4 hydrocarbon) at 250 °C through CO hydrogenation. The enhanced cat-
alytic performance achieved over bimetallic Co-Ni was attributed to CoNi alloy catalytic activity, high reduc-
ibility (73.82 %), active metal content (9.65x10"* mmol/g) and appropriate acid-basic sites for COy activation. In
contrast, the conversion of CO; to high-calorie gas was found to be more challenging and lower gas heating
values were achieved (39.73 MJ/NmS). In this case, an adapted reactor concept using a dual bimetallic catalyst
and different reaction conditions is hereby proposed to shift selectivity towards the targeted products. This
findings represent a step forwards in catalytic engineering for the development of high-calorie synthetic gas
reactors.

1. Introduction A mixture of CH4 and Cy-C4 hydrocarbons composes the so-called

HC-SG, which exhibits a higher heating value (~57.72 MJ/Nm3) [4]

The combination of green hydrogen with biogenic carbon dioxide
feedstocks generates synthetic fuel with low carbon footprint [1]. So far,
two main synthetic fuel routes have been extensively proposed: Power-
to-Gas (Sabatier), which produces almost pure CH4; and Power-to-
Liquid (Fischer-Tropsch), which aims to mimic the composition of cur-
rent fossil liquid hydrocarbons (CZ), as gasoline, kerosene, light and
heavy diesel. In contrast, there is not a well-established low-carbon fuel
route to produce light alkanes (C2-C4), which are now present in the
fossil-based natural gas (1-10 %) and in liquefied petroleum gas (LPG)
[2]. Indeed, C3-C4 hydrocarbons are vastly used (>300 MMT annually
[3]) as fuel in heating appliances, cooking equipment and vehicle
transport. Therefore, a novel catalytic route favouring C—C coupling for
the generation of a high-calorie synthetic gas (HC-SG) is of special in-
terest for several applications and different locations.
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than fossil natural gas (42-46 MJ/Nm®) and much higher than from the
product of Sabatier synthesis (37.74 MJ/Nm?3) [5]. As emerging fuel,
there are no well-defined standards of HC-SG properties. As reference, a
mixture exceeding 40 MJ/Nm? can be considered a high-calorie gas, as it
can be comparable with current natural gas specifications. To satisfy this
standard, HC-SG should contain at least 5-15 vol% of Co—C4 paraffin
hydrocarbons [6].

In principle, HC-SG could be produced alternatively from CO and
CO,, feedstocks. In this sense, the main reactions involved in the HC-SG
synthesis depend on the carbon source. The direct pathway for the
production of hydrocarbons is through the so-called modified Fischer-
Tropsch reaction (m-FT, Eq. (1)). Nevertheless, an indirect pathway
occurs when the CO5 molecule is converted to CO by means of the
reverse Water Gas Shift reaction (rWGS, Eq. (2)), which generates the
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intermediate for the production C;-C4 hydrocarbons, similar to the
Fischer-Tropsch reaction (FT, Eq. (3)). The relative extension of the
abovementioned reactions (Egs. (1) - (3)) depends on (i) the nature of
the catalytic material and (ii) the reaction conditions, which need to be
controlled to achieve the desired selectivity [7].

KJ
nCO, + 3nH, =C,H,, + 2n H,O AHjpep = — 128m—01 (@D)]
. KJ
CO, +H, 5CO +H,0 Al = +41— 2
mol
. KJ
nCO + (2n+ 1)H,<C,Ha,2 +0n H,O AHZ e = — 166 ol 3)

Cobalt (Co) [8] and iron (Fe) [910] are suitable catalysts for the
production of HC-SG. Cobalt-based catalysts have the best compromise
between performance and cost for the synthesis of hydrocarbons from
H,/CO mixtures [1112]. Qi et al. indicated that the synthesis of highly
dispersed Co catalysts requires the initial formation of very small CoO or
Co304 crystallites [13]. The formation of these small oxide clusters, in
turn, requires strong interactions between the support and the Co pre-
cursor. Besides, Lee et al. reported that Co-based catalyst performance
towards the production of Cy-C4 hydrocarbons can be enhanced by the
incorporation of a second metal. Recently, the effect of Mn and Ru on
Co-based catalysts was evaluated [14]. They found that Mn is able to
modify the surface acidity, and promote carbon-rich environment on the
surface, which resulted in an increase of the Cp-C4 yield. Concerning Ru,
they claimed that this metal phase is able to increase the reducibility of
catalysts, resulting in a high activity at a lower temperature. In other
works, the combination of Co and Fe was also reported. Co-Fe/Alo03
catalysts were more selective to light hydrocarbons (Cy-C4), with
respect to monometallic Co-based catalysts [15]. Furthermore, it was
observed that the formation of FeCo alloy can destabilize the iron car-
bide phase and suppress the carbon chain growth [16].

In addition to Co-Fe, other bimetallic catalysts have been proposed
for the production of HC-SG from syngas, such as Fe-Ni [2], Fe-Zn [4],
Fe-Cu [17] and Fe-Pd [18]. In the case of bimetallic Fe-Zn catalyst, Zn
exhibited hydrogen spillover ability, which increases CO hydrogenation.
Most recently, catalytic systems based on CeO;—Pt@mSiO2—Co[19],
NizxCoxO4 [20], as well as tri-metallic Co-Fe-Ni catalysts [21] have been
studied for the production of HC-SG. In this latter, Kim et al. concluded
that the metal dispersion and reducibility were enhanced in the presence
of nickel, leading to an improved catalytic activity.

Those studies reported that the incorporation of a second metal in-
creases the fraction of reduced metal and, consequently, its activity to
HC-SG. Despite efforts to elucidate the effect of the second metal on the
HC-SG reaction, some major key issues related to hydrocarbon Cy-C4
promotion remained elusive. The adsorption trend of COy over cobalt
catalyst should play a significant role in the product distribution in HC-
SG and diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) studies can give valuable information about adsorption trends
and formation of intermediates during the thermocatalytic reaction. In
this direction, the beneficial role of lanthanide metal oxides on Al,O3
supports for CO, methanation and Fischer-Tropsch reaction using nickel
[22] and cobalt [23] catalysts was recently reported. In this aspect,
lanthanide promotion on bimetallic cobalt catalyst would be able to
incorporate moderate basic sites, and thus, facilitate COx adsorption,
which arises as an interesting strategy to increase the production of HC-
SG.

The main goal of this work is to propose a LagO3 promoted bimetallic
catalytic system able to increase HC-SG production from CO and COy
carbon sources under moderate pressure. As well, to identify the most
favourable reaction temperature conditions for each catalyst and carbon
source. To the best of our knowledge, this catalytic system has not re-
ported for HC-SG synthesis in the open literature. With this aim, we
developed a series of catalysts based on Co-X/Lay03-Al;03, using Ni, Pt
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and Fe as promising second active metal phases (X). The promoted
support, monometallic and bimetallic catalysts were evaluated at
200-300 °C, 10 bar-g and relatively high gas flowrates. In-situ DRIFTS
experiments were used to elucidate the role of the second metal when
exposed to the different carbon sources. The heating values of the ob-
tained gas mixtures and potential reaction engineering design for HC-SG
production is hereby discussed.

2. Experimental
2.1. Catalyst synthesis

A series of micro-catalysts with particle sizes between 200 and 300
pm, were prepared by a melting infiltration method previously proposed
by our group [24]. Catalyst samples were composed by 80 wt% of the
promoted support (65 wt% of y-Al,O3 and 15 wt% of Lay03) and 20 wt%
of metal active phase (10 wt% Co + 10 wt% second metal Ni, Pt or Fe for
bimetallic and Co for monometallic). The bimetallic catalysts were
denoted as Co-Ni, Co-Pt and Co-Fe. The content of the promoter phase
(15 wt%) was selected according to a previous work [22].

For the impregnation of a 5 g-batch, the salt precursors (cobalt +
second metal + promoter) were added to the alumina support, mixed
and dissolved on a rotary evaporator at 120 °C for 1 h. In the case of Co-
Pt catalyst, 3.9 mL of water were added to guarantee the dissolution of
the PtCl4 metal precursor. Then, the temperature was reduced to 90 °C
and vacuum was applied until complete evaporation, 4 h approximately.
The impregnated material was kept at 110 °C in an atmospheric oven
overnight. Subsequently, the catalysts were calcined at 450 °C for 30
min, with a heating ramp of 1 °C/min.

Chemicals used for catalyst synthesis were y-AlpO3 in shape of mi-
crospheres with particle diameters d, = 200-300 pum (Puralox) as sup-
port, salt precursor of lanthanum (III) nitrate hexahydrate [La
(NO3)3-6H50] (99.99 % purity, Aldrich) as promoter, and salt precursors
of cobalt (II) nitrate hexahydrate [Co(NO3)2-6H20] (100 % purity,
Emsure), nickel (II) nitrate hexahydrate [Ni(NO3)2-6H20] (98 % purity,
Alfa Aesar), tetra platinum (IV) chloride [PtCly] (99.99 % purity, Alfa
Aesar), iron (III) nitrate nonahydrate [Fe(NO3)3-9H20] (98 % purity,
Sigma-Aldrich) as active phases.

2.2. Catalyst characterization

The microstructure morphology and elemental composition analysis
of the catalysts were studied using scanning electron microscopy (Zeiss
Auriga 60) equipped with an energy dispersive X-rays spectroscopy
detector (EDX, Oxford Instruments), respectively. SEM images were
recorded using the SE2 detector at a power beam range of 3 kV, working
distance (WD) of 5.2 mm and a magnification of 100 X. In the case of
SEM-EDX analysis, these were conducted at 20 kV using a copper
standard for the system calibration. The chemical composition analysis
was restricted to Co, Ni, Pt, Fe, Al, La and O, and it was calculated as the
average over five measurements (standard deviation ¢ + 1) on different
regions for each sample.

No-physisorption (adsorption/desorption) measurements were
determined at liquid nitrogen temperature using an automated TriStar II
3020-Micromeritics analyzer. Samples were degassed at 90 °C for 1 h,
and then at 250 °C for 4 h in a FlowPrep 060-Micromeritics. Brunauer-
Emmett-Teller (BET) method was used to calculate the BET surface area
for a relative pressure (P/P,) range of 0.05-0.30. Barrett-Joyner-
Halenda (BJH) method was applied to desorption branch of the iso-
therms to determine the average pore size and the total pore volume,
which was calculated from the maximum adsorption value at P/P, =
0.999.

The true densities of catalysts were studied using a helium pyc-
nometer (Ultrapyc pycnometer 1200e, Quantachrome Instruments).
Experiments were carried out on a large sample cell that was filled only
the 75 % of its volume to ensure accuracy (+0.02). Prior to
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measurements, the cell loaded with catalyst was transferred to the
sample chamber. True density values were estimated by the average of
collected data points from three runs measured at 20 psi.

Micrometrics Autochem II equipment was used to study the reduc-
ibility of the catalysts in the programmed temperature range from 25 to
800 °C. For the analysis, 0.1 g of each sample was placed in a U-shaped
quartz reactor and supported on quartz wool. A mixture of 10 vol% Hy/
Argon (50 NmL/min) was used as a reducing gas in the tests, while the
temperature was raised from 25 °C to 800 °C with a ramp of 10 °C/min.
The signal of Hy consumption was detected by a thermal conductivity
detector (TCD). The amount of reduced metal oxides to metal species
was calculated by integrating the reduction peaks in the Ho-TPR profiles
and expressed as a percentage of consumption to reduce the metal
species in the catalysts.

XRD patterns were collected within the 20 range 20-80° in a Bruker
type XRD D8 Advance A25 diffractometer using a Cu Ko radiation (A =
1.5406 A), a voltage of 40 kV, a current of 40 mA and a step size of 0.05°
(with 3 s duration at each step). Dataset was normalized to guarantee a
proper interpretation of the results. For calcined sample, the average
crystallite size of Co304 was estimated using the Scherrer’s equation at
20 = 36.9°. D=(K\/BCosO), where A is the X-ray wavelength, f is the full
width of the diffraction line at half maximum (FWHM), and © is the
Bragg angle. On the other hand, the average crystallite sizes of the
metallic Co (Co®) and alloys (CoX%) were estimated at 20 = 44.21° for
Co [111],44.50° for CoNi [111], 41.55° for CoPt [111], and 44.83° for
CoFe [110].

The metal dispersion (D) was calculated from the average metal
crystallite size (M = Co® and CoX®), by using Eq. (4). It is important to
mentioned that the applicability of this equation is viable only if we
assumed that the promoter phase and/or second metal phase is not
present in the catalytic composition. In other words, all the catalysts
should be considered monometallic Co-based catalysts with spherical
uniform metal crystallite with a site density of 14.6 atoms/nm?2.

D(%) = 96/d(M°) C)]

2.3. Catalytic tests

The reactions for study of catalytic activity were conducted on a
laboratory fixed-bed rector with a diameter of 13 mm and a length of
305 mm (Microactivity Reference, PID Eng&Tech). The tubular
stainless-steel reactor was placed inside a ceramic chamber, which was
heated by an electrical resistance. The reaction temperature was moni-
tored using a K-type thermocouple placed in the middle of the catalytic
bed. Experiments were carried out using 300 mg of catalyst, which was
diluted with 3 g of silicon carbide of similar particle size (355 pm) to
guarantee an isothermal catalytic bed. The mixture reactants (Hy
(99.999 %, Linde), CO2 (99.999 %, Linde) and CO (99.999 %, Linde))
were supplied by mass flow controllers (MFC, Bronkshorst) at 200 N
mL/min. Hy:CO3 = 3 and Hy:CO = 3 molar ratio was set. Thus, experi-
ments were carried at 40.000 N mL/g.ar-h of gas hourly space velocity.
Pressure was set at the reactor outlet by an automatic valve at 10 bar-g.

After reaction, the products passed through a cold liquid-gas sepa-
rator (5 °C), where water was trapped, and then the dry flow was
measured by a mass flow meter (MF, Bronkshorst). The composition of
the dry gas was analysed by a micro-chromatograph Aglient Technolo-
gies 490 Micro GC Biogas Analyzer model. It was equipped with three
channels, the first channel (CP-Sil 5 CB) analysed CsHg, CsHg, C4H10 and
Csy; the second channel (CP-PoralPLOT U) analysed CO,, CoHy and
CoHg; and the third channel (CP-Molsieve 5A) analysed Hy, CH4 and CO.

Prior to reaction, catalysts were in-situ reduced under Hj flow (100
N mL/min) at 500 °C for 3 h using a heating ramp of 1 °C/min, and then
cooled to 50 °C with the same ramp rate. The catalytic activity was
evaluated in a range of temperature from 200 to 300 °C, with an interval
of 50 °C.

The conversion of COx and Cj-balance selectivity toward the

Fuel 341 (2023) 127726

hydrocarbon products were calculated using Egs. (5) - (7):
COX oul
Conversion of CO, (%) = (1 ——"_‘)-100 (5)
where Cox (x = 1 for CO and 2 for CO5) represents the molar flow
rate of the species in the inlet and outlet gas.
n-C,H,,
Z (n'CnHm)ou‘ + COx.ou!

Selectivity C,H, (%) = ( >~100 (6)

where C,Hp, is the hydrocarbon of carbon n and hydrogen m (m = 2n
+ 2 for paraffins y m = 2n for olefins).

COxAuu!
Z (n'CnHm)Oul + Cox.oul

Selectivity to COx(%) = < >~100 7)

At the outlet, products such as CO, CO5 and H; species were not
considered as part of the HC-SG. Therefore, the heating values (Eq. (8))
for HC-SG were only calculated based on the NIST Chemistry WebBook
data for heat of combustion of the methane and C,-C4 hydrocarbons
(CH4:891 MJ/mol; CoH4:1411 MJ/mol; CoHg:1561 MJ/mol; C3Hg:2058
MJ/mol; CsHg: 2220 MJ/mol; C4H;0: 2878 MJ/mol) [5].

not)

MJ 4 | Volume fraction- Heat of combustion
Heating Value ( ) :Z (

Nm3 Specific volume( dm’)

mol

of the hydrocarbon of carbon number n

(8)

2.4. In-situ DRIFTS

DRIFTS measurements were performed on a Bruker-Vertex70 spec-
trophotometer equipped with a MCT detector and a high temperature
reaction cell (Harrick Praying Mantis) with two ZnSe windows. Prior to
the experiments, the samples were reduced at 500 °C in the reaction cell
under an Ar/H, flux. A flux of 20 mL/min with an Ar:H,:CO, ratio of
12:3:1 was applied for the reaction with CO; and a flux of 40 mL/min
was applied for the reaction with CO with an Ar:H,:CO ratio of 12:3:1.
The reactions were studied in the temperature range of 50-300 °C, at
intervals of 50 °C. Background spectra were recorded under Ar at each
temperature.

3. Results and discussion
3.1. Physicochemical properties of the series of catalysts

A series of catalysts based on Co-X/Lag03-Al;03 were prepared,
characterized and evaluated. The physicochemical properties of the
v-Al,O3 support, the promoted LayO3 support, the monometallic Co
catalyst and the bimetallic Co-Ni, Co-Pt and Co-Fe catalysts are
described as follows.

SEM-EDX analysis of Co-X/Lag03-Al;03 revealed the presence and
distribution of the metals related to the active phases (Co-X; X = Ni, Pt,
Fe) and promoter phase (La), thus confirming metal impregnation. As a
representative example, SEM-EDX mapping of bimetallic Co-Ni catalyst
is shown in Fig. 1. As it can be observed, Ni, Co and La elements were
distributed uniformly over the support. Furthermore, the SEM image of
the Ni-Co indicated that the topological characteristics (size and shape)
of the bimetallic catalyst were analogous to those of the y-Al;03 support,
i.e. micro-spherical catalysts with particle diameters between 200 and
300 pm. An approximatio of the elemental composition of the series of
catalysts is presented in Table 1. The percentage in weight of the
bimetallic active phase (Co-X = 17-21 wt%) and the metal oxide pro-
moter (LagO3 = 12-16 wt%) phase were fairly close to the nominal ones.
Therefore, EDX data suggest a good and consistent impregnation of
whole series of catalysts.
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Map Sum Spectrum

weight %

Fig. 1. SEM-EDX mapping of the bimetallic Co-Ni catalyst.

Table 1
Elemental composition and textural properties of the catalysts.

SEM-EDX N,-physisorption
Sample Elemental composition [wt. %] True Density BET surface area Pore volume Pore diameter
Co X La Al o Co-X Lay03 [g/mL] [m?/g] [em3/g] [nm]
Support - - - - - 3.33 194 0.45 10.70
Promoted support - - - 15.32 3.37 189 0.39 6.54
Co 16.72 - 10.99 27.47 44.86 16.72 12.89 3.70 107 0.23 6.71
Co-Ni 10.15 10.90 13.49 25.08 40.38 21.05 15.82 3.90 114 0.24 6.71
Co-Pt 9.73 8.68 12.60 26.19 42.79 18.41 14.78 3.78 129 0.23 6.68
Co-Fe 8.47 8.52 10.46 27.40 44.98 16.99 12.48 3.68 127 0.25 7.07

The nitrogen adsorption/desorption isotherms of the catalysts were
type IV classification (see Figure SI1) [25]. As expected, the y-Al,O3
support presented larger BET surface area, pore volume and pore
diameter than the promoted support and the rest of catalysts. The
addition of LayO3 promoter together with the active phases Co or Co-Ni,
Co-Pt and Co-Fe in y-Al,03 support resulted in a generalized reduction in
their textural properties of the catalysts caused by the incorporation of

2.0
Support
| — Promoted support
@ Co )
T 154 Co-Ni
O, Co-Pt
(0] -
g Co-Fe
=}
[
o 1.0
o
o
5 ]
(o]
Ke)
T 051
>
©
0.0 . — —————

1 10 100
Pore diameter [nm]

Fig. 2. Pore diameter of the catalysts.

non-porous metal-oxides on a porous support. Fig. 2 suggests that be-
tween Co and Co-X samples a narrow distribution in the mesoporous
range was achieved, peaking higher than 6.71 nm. The true density of
the catalysts was always increased after metal loading to the support.
The H,-TPR profiles are displayed in Fig. 3. At the studied reduction
temperature range (T = 25-800 °C), the promoted support composed by

—— Support
Promoted support
Co

——Co-Ni
——Co-Pt
Co-Fe

TCD Signal [a.u.]

T T T —
700 800

T T T T
300 400 500 600

Temperature [°C]

T T
0 100 200

Fig. 3. TPR profiles of the catalysts.
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Table 2
Structural properties of the catalysts.
XRD H,-TPR
iCo304  "Co° bCox Degree of Metal Active
Sample reduction dispersion metal
at 500 °C content
[nm] [nm]  [nm]  [%] [%] [10°
mol/g]
Support - - - - - -
Promoted - - - 18.34 - -
support
Co 15.87 9.05 - 68.6 10.61 10.32
Co-Ni 13.05 - 14.12 73.82 6.79 9.65
Co-Pt 15.12 - 16.42 100 5.85 7.65
Co-Fe 10.74 - 10.43 67.71 9.20 7.75

# Co304 crystallite sizes were estimated from calcined catalysts.
b Co® and CoX crystallite sizes were estimated from reduced catalysts.

La03-y-Al,03 showed one characteristic peak at around 450 °C, which
was related to the reduction of the LayO3 promoter, whereas the
reduction of y-AlyO3 support was not identified at this temperature
range. The main broad peaks for monometallic Co catalyst were cate-
gorized in two zones: a low temperature zone (250-375 °C) related to
the reduction of Co304 to CoO and a high temperature zone
(420-600 °C) related to the final reduction of CoO to Co® [26].

Bimetallic catalysts exhibited a different reduction behaviour than
monometallic Co. Ho-TPR profiles of bimetallic catalysts presented a
deviation to lower temperatures and new reduction peaks appeared. As
for Co-Ni, a shoulder located around 200-275 °C was detected and
assigned to the reduction of NiO to Ni° [27]. Compared to other bime-
tallic catalysts, the reduction of the PtOy species over Co-Pt catalyst was
identified at much lower temperature, <200 °C [28]. Regarding to Fe-Co
catalyst, the reduction peaks located around 280 °C and 400 °C were
assigned to the reduction of Fe,Oy species [29]. According to these re-
sults, it can be inferred that cobalt oxide particles have a different
interaction degree with the promoted Lay03-Al;O3 support and strong
Co-X bonds benefit Co reduction. It was well reported that La;O3 on Co/
Al,O3 increased catalyst reducibility [30]. On the other hand, the total
percentage of catalyst reduction is presented in Table 2. At the selected
reduction temperature of 500 °C, all bimetallic catalysts, except Co-Fe,
showed a high reducibility (>74 %) compared to the monometallic Co
analogue (~69 %). Furthermore, as the total reduction was only ach-
ieved for Co-Pt, it was inferred that the reduced catalyst structure of Co,
Co-Ni and Co-Pt were composed by a mixture of metallic oxide particles
(Co0, Lay03-Al;03) and active metal sites in a single form (Co) for the
monometallic Co and alloy form (CoNi, CoFe, CoPt) for bimetallic
catalysts.

The X-ray diffraction patterns of the series of catalysts in their
calcined states, are reported in Figure SI2. The addition of La;03 did not
give rise to crystalline phases and only contributed to the reduction in
the intensity of the y-Al,O3 reflections. The [220], [311], [222],
[400], [511] and [440] crystal planes corresponding to y-Al,O3 phase
(JCPDS:00-010-0425) were identified at 20 = 32.35, 37.90, 39.11,
46.15, 61.25 and 67.25°, respectively. In addition to y-Aly03, Co304
phase was detected in all the Co-based catalysts. The reflections of the
Co304 phase (JCPDS:00-043-1003) were recognized at 20 = 31.24,
36.96, 44.83, 59.17 and 65.18°, corresponding to the [220], [311],
[400], [400] and [440] crystal planes. In the bimetallic catalysts, the
Co304 phase was shifted to the left (see Figure SI3), indicating a change
in the lattice parameter of this phase. The lattice CO304 deviation can be
caused by its interaction with the NiOy, PtOy, and FexOy atoms of the
second metal phase. Furthermore, no well-defined reflections linked to
the oxide phase of the second metal were detected in the bimetallic
catalysts. The absence of these reflections indicates that the metal oxide
species could be present in an amorphous phase, in a highly dispersed
crystalline phase or in the formation of a mixed oxide. Therefore, in
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Fig. 4. XRD pattern of the series of reduced catalysts.

order to confirm the reduction of metal oxides and the formation of CoX
alloys, the structural properties of all catalysts in their reduced state
were also evaluated.

XRD patterns of the reduced catalysts are shown in Fig. 4. After the
reduction of the samples, AloO3 and La;O3 phases related to the support
and promoter were respectively detected. The new reflection of LayO3
phase (JCPDS:00-050-0602) was located at 20 = 28.59°. Besides AloO3
and Lay03 phases, it was expected the presence of CoO, as most of the
catalysts were not totally reduced at 500 °C, according to TPR results.
However, this metal oxide phase cannot be identified over the reduced
samples. The absence of this reflection was attributed to its highly
dispersed crystalline phase. In contrast, metallic Co was identified in
both mono and bimetallic catalysts. The [111] and [200] crystal planes
of the Co phase (JCPDS:00-015-0806) were detected at 20 = 44.21 and
51.52°, respectively. Interestingly, in the reduced bimetallic catalysts,
new reflections attributed to the formation of CoX alloys were identified.
The main characteristic reflections appearing at 44.50°, 41.66° and
44.83° correspond to CoNi [111] (JCPDS:00-010-8308), CoPt [101]
(JCPDS:00-043-1358) and CoFe [110] (JCPDS:00-044-1483), respec-
tively. In particular, in the reduced Co-Pt, three reflections were addi-
tionally located at 25.81, 30.59 and 34.06° and assigned to PtCl4 [131],
[240] and [241] crystal planes (JCPDS:00-030-0886); indicating that
the chemical precursor was still present in Co-Pt catalyst.

The metallic crystallite sizes of Co and alloys (CoNi, CoPt and CoFe)
were calculated from XRD patterns using the Scherrer’s equation. A
crystallite size of 9.05 nm was estimated for the reduced Co catalyst. For
the reduced bimetallic catalysts, the interaction of Co and the second
metal (X: Ni, Pt and Fe) over promoted Lay03-Al,03 support led to the
formation of CoX crystallites with sizes higher than 10 nm, suggesting
that the structure of the bimetallic Co-X phases were preferentially
conformed by CoX alloys. As it is shown in Table 2, CoPt crystallite size
(16.42 nm) was much higher than that estimated for CoNi (14.12 nm)
and CoFe (10.43 nm), causing an inferior metal dispersion over the
bimetallic catalysts. In particular, the low Pt dispersion identified over
Co-Pt can be also influenced by the presence of PtCly. This compose has
measurable vapor pressure and is mobile, and therefore susceptible to
segregation [31]. On the other hand, the active metal content (>8~10'6
mol/g) estimated from SEM-EDX, XRD, and TPR data, suggested that the
percentage of reduction of the catalysts is a key point for their
performances.
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3.2. Catalytic performance to HC-SG

The catalytic performance of the different catalyst formulations, the
support and the promoted support was evaluated on the synthesis of HC-
SG from both CO, and CO as carbon sources at different reaction
temperatures.

3.2.1. CO5 as carbon source

All the catalysts, Co, Co-Ni, Co-Pt and Co-Fe, were active at the
selected conditions and CO, conversions always increased with tem-
perature (see Fig. 5). Overall, the catalytic activity followed this order:
Co-Ni > Co > Co-Fe > Co-Pt > promoted support. Co-Ni was the most
active, achieving a maximum CO5 conversion of 49.31 %. Therefore, the
strategy of adding a second active phase only seems to be beneficial in
the case of Ni, in the view of the CO5 conversion results.

The main product species measured were CO, CH4, and Cy-Cg,
whereas large Cs, hydrocarbons were not detected from CO5 hydroge-
nation[323232]. In contrast, the LapO3 promoted support was not able
to form hydrocarbons. Fig. 6 shows the product distribution of the
different catalysts and temperature conditions, and it reveals that low
temperatures were preferred to produce Cy-C4 hydrocarbons. It can be
observed that the monometallic Co catalyst was the less selective to-
wards Cy-C4 hydrocarbons. Therefore, this catalytic behaviour revealed
that the incorporation of the second metal was a positive strategy in
terms of selectivity to Co-C4 hydrocarbons. At the other end, a very
different mixture, which was composed by CO and C,-C4 hydrocarbons
species were formed over Co-Pt catalyst. In the case of Co-Ni, the most
active catalyst, it was preferentially selective to form CH4. A similar
behaviour was identified for bimetallic Co-Fe, which displayed a drop in
Cy-C4 hydrocarbon selectivity as temperature increased.

Fig. 7 shows the DRIFTS spectra recorded over the Co-based catalysts
at a temperature of 250 °C using CO; as carbon source. At this tem-
perature, methane is the main product of the hydrogenation reaction,
confirmed by its characteristic peaks at 3015 and 1314 cm ™! present in
all the spectra, which is well aligned with the results obtained in the
catalytic experiments. There are, however, different species adsorbed at
the surface of the catalysts at every temperature that account for the
different reactivity observed in the catalytic experiments. Over mono-
metallic Co (see Figure SI4), besides generation of methane above
200 °C, carbonate species (1700-1340 cm™) and accumulation of
physisorbed water (3240 em™!) were also observed on the surface of the
catalysts. At 250 °C, a new peak was identified at 1340 cm™! and
assigned to monodentate carbonate species. This characteristic peak was
also observed, although less intense, over bimetallic catalysts. It should

1009 o Support
—e— Promoted support
——Co
809 —%—Co-Ni
- —e— Co-Pt
I —<—Co-Fe
c 60
o
®
)
g
§ 404
O
o
O
O 20-
04 ~
; T ; T . T . . . . ;
175 200 225 250 275 300 325

Temperature [°C]
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be noted that in Co-Ni, release of methane is observed from 150 °C (see
Figure SI5), proving the high activity of this catalyst towards the
methanation of CO,. At the same time, the ill-defined bands between
1700 and 1400 cm ! are attributed to the presence of carbonate and
carboxylates species adsorbed on the support [33]. A comparable
behaviour is observed for the Fe-Co catalyst, which displays similar and
less intense peaks (see Figure SI6). On the other hand, when using the
Co-Pt catalyst, coordination of CO on Pt sites is indicated by the presence
of a peak at 2070 and a shoulder at 1990 em ! [34] (see Figure SI7). This
observation is in line with the catalytic experiments, as the Co-Pt cata-
lyst is the only one that significantly yielded CO as product at all the
temperatures studied. It can be therefore inferred that the Co-Pt bime-
tallic catalyst facilitates the rWGS reaction [35], which explains the
lower production of methane of this catalyst. Two broad bands centred
at 1560 and 1375 cm™!, that decrease in intensity at higher tempera-
tures, are attributed to the adsorption of formate species on the pro-
moted support [36].

3.2.2. CO as carbon source

Catalytic performance using CO as carbon source is displayed in
Fig. 8. In comparison to COs, the use of CO as a carbon source was very
advantageous in terms of gas reactivity. The achieved CO conversion
was very dependent on the temperature and ranged between 0.89 and
90.65 %, much higher values with respect to CO3 conversion (<50 %). In
the present reaction system, monometallic Co was more active than the
bimetallic Co-X catalysts, implying that Ni, Pt and Fe are less active
when CO is used as carbon source. These results are in correlation with
the literature since cobalt-based catalysts are usually found as an active
catalyst for mixtures Hy/CO in the FTS process [37]. CO conversion on
the studied catalysts at all the used temperatures complies with the
following order: Co > Co-Ni > Co-Fe > Co-Pt > promoted support.

Selectivity from CO hydrogenation is presented in Fig. 9. Besides
conversion, selectivity to C2-C4 hydrocarbons was also enhanced by the
utilization of CO as a carbon source. Species such as CO5, CHy, C-C4 and
even C; were detected in the evaluated temperature range of
200-300 °C. In this case, the promoted support was preferentially se-
lective to form small amounts of CO,. The best results of selectivity to
Cy-C4 hydrocarbons were achieved over bimetallic catalysts at 250 °C,
being the Co-Ni the most promising compared to Co-Pt and even more
than Co-Fe. However, its important to note that in terms of hydrocarbon
selectivity, the Co-Fe shows competitive values at the higher tested
temperature of 300 °C, implying that Fe was beneficial to form Co,
hydrocarbons and Ni was also favourable to form CH4. Therefore, the
addition of a second metal as a catalyst design strategy was proved to
improve the selectivity towards the formation of C3-C4 hydrocarbons.
Similar to CO; hydrogenation, low temperatures are preferred to favour
Cy-C4 hydrocarbon production.

Fig. 10 shows the DRIFTS spectra collected for the Co-based catalysts
at a reaction temperature of 250 °C. In the hydrogenation of CO, peaks
related to hydroxyl groups (400-3500 cm’l) and CO species adsorbed
on Lewis acid sites (1606 and 1573 cm 1) and Brgnsted acid sites (1651
em™Y) of the Lay03-Al;03 [3839] support were identified. Furthermore,
release of hydrocarbons is observed by the characteristic v(CH) modes of
methyl (CHs) and methylene (CH») groups at 2958, 2924 and 2850 cm !
[40 411, respectively, as well as methane at 3015 and 1305 cm ™ (see
Figure SI8). Compared to monometallic Co, new peaks attributed to CO
species adsorbed on Lewis acid sites (1629, 1620, 1610, 1492 and 1450)
and strong Brgnsted acid sites (1639 cm 1) were identified over Co-Ni
[3839]. The production of CH4 and hydrocarbons (2990 and 2968
em! (methyl), 2896, 2873 and 2862 em! (methylene)) was mainly
visible at temperatures above 200 °C [42] (see Figure SI9). Formate
species detected 1585 cm ™! were related to the formation of methane as
it exhibited an analogous behaviour to the methane band. In addition,
the signal at 2360 cm™! detected at all the temperatures studied is
attributed to formation of gaseous CO,, which indicates that the water
gas shift (WGS) reaction takes place from very low temperatures. At
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Fig. 7. DRIFTS spectra of the Co-based catalysts at 250 °C under an Ar:Hj:
CO, feed.

300 °C, the signal of COj significantly increases in intensity while that of
methane was maintained, and those of methyl and methylene groups
even slightly decrease, which could suggest a strong competition be-
tween the WGS reaction and the FT reaction at this temperature. When
the Co-Fe catalyst is used, formation of CO, and water is observed by the
broad band centred at 3250 cm L. The series of multiple peaks between
1700 and 1200 cm ™! can be assigned to carbonate species adsorbed on
the surface of the promoted support (see Figure SI10). For the Co-Pt
catalyst, adsorption of linear CO species on Pt sites of different natures
is detected by the presence of a peak at 2080 cm™! and a shoulder at
2057 cm ™! [43], appearing at higher temperatures (see Figure SI11).
Generation of methane and longer hydrocarbons is observed at tem-
peratures above 200 °C by the appearance of peaks at 3015, 2960, 2930
and 2870 cm™?, along with a broad band centred at 3240 cm™! and
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Fig. 8. CO conversion as a function of the temperature.

attributed to water, which is product of the C,-C4 formation reactions.
Again, gaseous CO, is observed by the peaks at 2354 and 2320 cm ™, as
a result of the water gas shift reaction.

According to these results, the promising production of CH4 and Cs-
C4 hydrocarbons over bimetallic Co-X can be attributed to CO adsorbed
on Lewis and Brgnsted active sites. For the promoted support (See
Figure SI12), the peaks associated with the CO adsorption on LayOs-
AL,03 surface around 1700-1400 cm ™! was enhanced as temperature
increased from 200 to 300 °C. However, with the addition of the second
metal phase, the peaks of Lewis and Brgnsted were different, indicating
that the acid strengths differed between monometallic and bimetallic
samples. Between Co and Co-Ni, the presence of new peaks and the
difference in intensities indicates a difference in the amount of acid sites
between, and thus in the formation of Cy-C4 hydrocarbons (see
Figure SI13).

In summary, the main highlights of the catalytic results obtained at
the selected conditions are the following:
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addition of the second metal promoted the formation of species
CH4 and Cy-C4 hydrocarbons. The most promising HC-SG pro-
duction detected over bimetallic Ni-Co can be attributed to the
long-chain hydrocarbons typically formed on Co and effectively
hydrocracked by Ni, which is known to be active in C — C bond
cleavage [44].
—| Co
g Therefore, the characterization of the materials indicated that the
'6‘ addition of Ni and Pt on Co-based catalyst improved its reducibility,
€| Co-Ni while the addition of Fe was noticed to enhance its metal dispersion.
s Furthermore, the modification of the Al,O3 support with LayOs pro-
ol motes the formation of CoX alloys, favouring the hydrogenation reaction
I8 at low temperatures and controlling methane and hydrocarbon selec-
< | Co-Pt tivity production. Finally, it can be claimed that the high catalytic ac-
tivity and preferential selectivity to C4 and Cy-C4 hydrocarbons of the
Co-Ni was due to the formation of CoX alloy, high reducibility (73.82 %)
Co-Fe and suitable active metal content (9.65X10'6rnmol/g).
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Fig. 10. DRIFTS spectra of the Co-based catalysts at 250 °C using an Ar:Hj:
CO feed.

i) In both cases (CO, or CO), competitive C,-C4 hydrocarbons se-
lectivities were achieved using as low as possible temperatures at
the expense of the conversion.

ii) CO as carbon source was beneficial in terms of activity and Cp-C4
hydrocarbons selectivity.

iii) Co-Ni was identified as the most promising catalyst as led to an
enhanced production of CH4 and Cy-C4 hydrocarbon species,
compared to the rest of Co-X bimetallic and monometallic Co
catalyst.

iv) DRIFTS experiments revealed that the chemical properties of
promoted support have close relationships with the COy activa-
tion as different carbon species adsorbed on Lewis and Brgnsted
active sites can be identified over the LayO3 promoted Co-X based
catalysts. Furthermore, it was confirmed by DRIFTS that the

A summary of the product distribution over the series of catalyst at
the most promising reaction temperature is presented in Table 3.
Product distribution at the rest of temperatures can be found in sup-
porting information, Table SI1. Competitive HC-SG mixtures were suc-
cessfully achieved during the hydrogenation of CO. In particular, a gas
product with a HHV of 57.90 MJ/Nm? was achieved under CO hydro-
genation and using the bimetallic Ni-Co as catalytic material at 250 °C.
The HHV of the generated HC-SG was in the range of the reported ones
(<57.72 MJ/Nm®), which operated at very low gas hourly space ve-
locities (GHSV = 6,000 NmL/g¢a¢-h) and using non-promoted bimetallic
Fe-Zn/Al;03 [4] and tri-metallic Ni-Co-Fe/Al,O3 systems [21]. There-
fore, the addition of La;Os to the traditional bimetallic system based on
Co-X/Al;03 was found to be positive, since higher GHSVs can be used
during the hydrogenation of CO [23].

In contrast, the use of CO; as carbon source seems more challenging.
In this case, the maximum HHV was also achieved over bimetallic Ni-Co
(39.73 MJ/Nm®) at the lowest temperature, 200 °C, being significantly
lower than the use of CO as carbon source. These results also reveal the
lower CO5 conversion values compared to CO as carbon source. As
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Table 3

Product distributions over the series of catalysts using CO, and CO as carbon sources.
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CO; as carbon source

CO as carbon source

T =200 °C T =250 °C

CO, co CH4 Ca-Cy Cs Yuc- HHV co CO, CH4 Cz-C4 Cs Yuc- HHV
Sample sG sG

conversion selectivity Yield conversion selectivity Yield

[%] [%] [%] MJ/ [%] [%] [%] [mJ/

Nm®] Nm?®]
Support - - - - - - - - - - - - -
Promoted 0.12 100.00 0.00 0.00 0.00 - 0.00 2.01 97.66 0.00 2.34 0.00 0.05 1.49
support

Co 0.33 3.65 85.28 11.07  0.00 0.32 39.46 26.71 14.63 49.74 28.80 6.81 20.98 44.75
Co-Ni 2.14 5.53 78.76 15.69  0.00 2.02 39.73 14.31 5.05 40.01 50.04 4.89 12.89 57.90
Co-Pt 1.63 44.07 17.66 38.27 0.00 0.91 31.22 7.19 10.86 46.57 38.04 4.52 6.08 49.78
Co-Fe 3.84 9.11 76.12 14.76  0.00 3.49 38.52 13.40 11.01 37.49 39.94 11.57 10.38 46.31

Reaction conditions: GHSV = 40,000 NmL/gcar-h, Hp:CO, or CO molar ratio of 3, and P = 10 bar-g.

previously described, Co-Pt catalyst favors CO and Cp-C4 formation.
However, experiments on CO indicated that part of the generated CO
would be converted back to CO,, therefore reducing the global COy
conversion. According to these results, it seems that the utilization of a
single catalyst seems not feasible for CO, hydrogenation as the selec-
tivity to C2-C4 is limited or rWGS reaction to CO is favoured, restricting
the HHV obtained.
The implementation of a dual catalytic bed configured by two
different Co-X catalysts can be an interesting strategy when using CO5 as
carbon source, as reported by Gao et al. [45]. In the present HC-SG
reactor engineering concept, the catalytic bed would be composed by
two zones, which will work to different reaction conditions. A schematic
representation is shown in Figure SI14. The first one is denoted as the
CO4 decomposition zone and designed to favour the conversion of CO5
to CO and CHy (x = 1,2,3) species. In this zone, the bimetallic catalyst
based on Co-Pt can be used to guarantee the reactive mixture compo-
sition. As the temperature is a key reaction condition to achieve high CO
selectivities, the temperature of the catalytic bed in this zone can be
fixed at 200 °C. After the first zone, in the same catalytic bed, a second
zone denoted as the HC-SG formation zone is designed to favour the
conversion of CO to HC-SG (CH4 and Cy-C4 hydrocarbons). As Ni-Co
exhibited the most promising HC-SG production, this can be the bime-
tallic catalyst implemented in the second zone. Compared to the previ-
ous one, the hydrogenation of CO to CH4 and C-C4 hydrocarbons over
Co-Ni should be performed at a higher temperature 250 °C.
Unfortunately, the inefficient catalytic performance under the Hy/
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CO, mixture has been also identified by other reported HC-SG catalysts,
see Table SI2. Literature suggested that reaction temperatures higher
than 250 °C and pressures of 30 bar-g should be used to achieve rela-
tively high conversions (<42 %). A comparison of HC-SNG productivity
of the estate-of-the-art of catalysts is shown in Fig. 11. For both cases,
CO;, or CO as a carbon source, the relationship between GHSV and HC-
SG selectivity positioned the Co-Ni as a rentable material since signifi-
cant productivity can be achieved by the implementation of technically
feasible reaction conditions, leading to an HC-SG process economically
profitable to be scaled-up at industrial levels. The productivity of the Co-
Ni was around 8.08x10? mL/gcar-h using CO, and 5.15x10° mL/gcarh
using CO.

4. Conclusions

In this work, HC-SG synthesis was performed over a series of bime-
tallic Co-X (X = Ni, Pt and Fe) catalysts for the selective production of
CH4 and C; — C4 hydrocarbons from CO; and CO as carbon sources.
Catalytic results indicated that the utilization of CO as carbon source is
very positive in both conversion and Cy-C4 hydrocarbon selectivities.
Among catalysts, Co-Ni was the most promising catalyst for production
of HC-SG. Therefore, the strategy of adding a second metal proved to the
positive. At Hy/CO = 3, T = 250 °C, and P = 10 bar-g, very interesting
selectivities to CH4 (40.01 %) and C>-C4 hydrocarbons (50.04 %) were
obtained, with a reduced selectivity to CO2 (5.05 %) and Cs (4.89 %)
formation. In this direction, a competitive HC-SG with a heating value of
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Fig. 11. Productivity comparison of the reported HC-SG catalysts using H»:COyx = 3 (x:1 and 2) showing the relationship between GHSV [mL/gc,-h] and HC-SG
Selectivity [%]. Productivity [mL/gca-h] = Yucsn [%]*GHSV [mL/gcat-h]. a) CO, as carbon source: A:Co-Ni [This work]; B:Fe-Co/K/Al,03 [46]; C:10K13Fe,.
Co100Zry [47]; D:ZnGay04/SAPO-34 [48]; E:ZnZrO/SAPO-34 [49]; F:In,03/HZSM-5 [45]; G:In-Zr/SAPO-34 [50]; H:NaFe304/HZSM [51]; I:Fe-Zn-Zr@HZSM-5-
Hbeta [52]; J:Cu-Zn-Al/modified-HB [53]; K:20Fe;03-Al,03 [10]; L:Fe-K/Al,03 [12]; M: CeO,-Pt@mSiO—Co [19]. b) CO as carbon source: A:Co-Ni [This work];
B:Fe;03-R[9]; C:10C0/Si0,[8]; D:10Co-6Mn-2.5Ru/Al;03 [14]; E:50CFAL [15]; F: Fe-Co/Al,03 [16]; G:FC15-400R [17]; H:5Co-15Fe-5Ni/y-Al;03 [21]; I:Fe-Zn [4].



A. Alarcon et al.

57.90 MJ/Nm? was achieved using Co-Ni bimetallic catalysts.

The successful catalytic performance was attributed to the acid-basic
sites formed on the catalyst surface by the synergic effects caused by the
presence of LapO3 and CoNi alloy phases, which favours in the pro-
duction of CH4 and C,-C4 hydrocarbons under lower temperatures. Be-
sides, the bimetallic Ni-Co catalyst showed higher reducibility (73.82 %)
and active metal content (9.65x10"°mmol/g). The findings from this
study contribute to our understanding of the low temperature CO3 and
CO hydrogenation activities of LayO3 promoted Co-X/Al;03 based cat-
alysts and provide insights for the design of materials for HC-SG
production.

Bimetallic Co-Ni catalyst can be used as a benchmark to optimize or
design novel reactor approaches for the HC-SG process intensification.
In the case of using CO2 as carbon source, an adapted HC-SG reactor
concept, configured by two Co-X catalytic zones is proposed to promote
the use of CO; as carbon source. A first Co-Pt catalytic zone operated at
200 °C to favour the conversion CO; to CO and CHy (x = 1,2,3) species,
followed by a second Co-Ni catalytic zone operated at 250 °C to achieve
the conversion CO to HC-SG (CH4 and C,-C4 hydrocarbons). However,
further studies should be carried out for the validation of this reactor
engineering concept in a full-scale reactor. In any case, the use of
bimetallic catalysts is interesting to divert selectivity towards the most
desired products on each occasion.
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