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Composite oxide support, SiO,-Al,05, with high surface area, was prepared by one-pot procedure, and
10 wt%Fe, 10%Fe5%Co, and 10%Fe5%Ru were impregnated for Fischer-Tropsch (FT) studies. BET studies
show the hysteresis loop for mesoporous (m) structure of the composite. H,-TPR studies showed the
effect of Ru and Co on iron oxide reduction at lower temperature and XPS studies confirmed two oxida-
tion states for cobalt and iron with different binding energies. The FT studies in a 3D printed stainless
steel (SS) microchannel microreactor were performed at 1 atm at 300 °C. 10Fe5Ru catalyst showed better
CO conversion and higher selectivity to C;-Cs hydrocarbons.
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1. Introduction

The rapid development of fuel economy is gaining attention in
producing liquid hydrocarbons from sources other than coal, such
as biomass, biogas and CO,, etc. Fischer-Tropsch (FT) synthesis is
one of the alternative procedures to produce liquid hydrocarbons
or value-added chemicals from syngas (a mixture of CO and H;)
which is produced from carbon-containing materials (e.g. natural
gas, biogas and biomass) via partial oxidation [1], steam reforming
[2] or auto-thermal reforming [3]. FT synthesis is a very important
route also for conversion of gas to liquid (GTL) fuels. The GTL tech-
nology is considered to be economically profitable by pearl GTL
project, a collaboration between Shell and Qatar petroleum, with
productivity of 140,000 bpd (barrels per day) [4]. The major issue
in such a large-scale GTL process is to meet the demand that is eco-
nomical for production in an industry [5]. Microreactor technology
is a very promising route to meet this challenge; different catalytic
processes have been investigated by researchers in academia and
corporations such as Velocys and Micromeritics [6-8]. Further-
more, the synthesis of a suitable catalyst in terms of product yield
and stability will also play a major role in the economics of FT syn-
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thesis. Iron, cobalt and ruthenium are well known catalysts for FT
synthesis; however, ruthenium due to its limitation in resources
and high cost is usually used as a promoter and rarely used as a
catalyst. Iron, due to its low cost and ability to produce hydrogen
through water-gas shift reaction (WGS), is the most suitable cata-
lyst for wide range of operating temperatures without losing the
catalyst activity over time on stream [9-11]. Thus, for FT synthesis
with low syngas (H,/CO) ratio, Fe based catalysts is more advanta-
geous [9,12]. Several studies have also reported that iron is the
ideal catalyst for high temperature FTS (HT-FTS: 300-350 °C) to
produce C,-C4 olefins and C5+ hydrocarbons, and low temperature
FT (LT-FTS: 200-280 °C) for selective Cs, productions [13-15]. FT
synthesis with Fe based catalysts in many conventional reactor
systems i.e. fixed bed reactor (FBR), micro-fixed bed reactor, slurry
phase CSTR (Continuous Stirred tank reactor) have been studied
extensively [16-18]. In our previous work, we used Si-
microreactors for FT studies with monometallic Fe, Co, and Ru
and bimetallic FeCo catalysts supported by silica [19,20], alumina
[21] and TiO, [13]. In addition, we carried out F-T studies with
Co-Ru bimetallic catalysts in 3-D printed SS microreactor using dif-
ferent mesoporous silica support [14]. However, F-T studies in SS
microchannel microreactor coated with Fe based catalysts has
not been extensively investigated. In this study, an one-pot
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synthesis procedure was used to explore any synergistic effect of
the support in the m-SiO,-Al,03; composite containing metal cata-
lysts. The catalysts were characterized by BET, H,-TPR, SEM, XPS
and XRD techniques to study the physiochemical properties of
the materials and understand the unique interaction between the
metals and the mixed oxide support. More specifically, the FT per-
formance of Fe based catalysts, in the presence of Co and Ru, in
composite mesoporous SiO,-Al,03 support in a 3-D printed
microchannel microreactor was investigated.

2. Experimental
2.1. Catalyst preparation

The composite oxide support was prepared using a one-pot pro-
cedure [22,23]. All the catalysts are denoted as 10Fe/m-SiO,-Al,03,
10Fe5Co/m-Si0,-Al;,05 and 10Fe5Ru/m-SiO,-Al,03 (where m
stands for mesoporous and 10 M means 10 wt% of the respective
metal and 5M corresponds to 5 wt%). The molar composition of
the reagents used was: 1 TEOS: 0.589 CgH,;05Al: 0.081 CTAB: 41
H,0: 7.5 ethanol: 0.0167 PI23: 5.981 HCI. For typical synthesis,
first P123 was dissolved in 2 M HCl at 35 °C to obtain a clear solu-
tion designated as solution “A”. A second solution designated as
“B” was prepared by dissolving CTAB in DI water and stirring at
35 °C until a colourless solution was obtained. Solution B was then
gently poured into solution A while stirring for 30 min to obtain
mixture C. In a separate beaker, CoH,103Al was dissolved in etha-
nol and heated at 80 °C until complete dissolution. The dissolved
CoH3103Al was added to TEOS and stirred rigorously to prevent
precipitation and was designated solution ‘D’. Solution D, which
was quite viscous was then added dropwise to the mixture ‘C’
and stirred vigorously. This final mixture was covered with paraf-
ilm and stirred for 20 h at 35 °C for aging under the fume hood. The
final aqueous mixture with pH = 1.5 was then aged at 80 °C in the
oven for at least 48 h (to dry) followed by air-drying under fume
hood for 24 h. The sample (now a greyish precipitate) was then
oven-dried again for 24 h at 98 °C. Finally, the dried material was
calcined in a furnace under air at 550 °C for 6hrs.

Iron (III) nitrate nonahydrate (Fe (NO3)3-9H,0 99%), cobalt (II)
nitrate hexahydrate (Co (NOs),-6H,0), ruthenium chloride (RuCls-
-xH,0) were the metal precursors used for the synthesis of cata-
lysts. The metals were immobilized on the support via wet-
impregnation method. A 5 wt% loading of Co or Ru was used with
10 wt¥% Fe. After impregnation, the catalyst was dried overnight at
90 °C in an oven. Finally, it was calcined in a furnace at 400 °C for
5h.

2.2. Microreactor fabrication

Additive manufacturing technology was used to fabricate the
microchannel microreactor and its cover channel. The reactor
was designed using an AutoCAD software and printed using metal
sintering 3D printing process. The reactor comprised of 11
microchannels as a reaction zone, each channel is
500 pm x 500 pm x 2.4 cm. The reactor is fixed in a custom-built
heating block with inlet and outlet channels which allows the
entry of syngas into the reaction zone and exit of the gaseous prod-
ucts into the in-line GC [14].

2.3. Catalyst loading on microreactor

The microchannels of the 3D printed stainless-steel microreac-
tor were dip coated with catalyst slurry (solution of catalyst, PVA,
DI water and acetic acid) followed by sonication and drying in air.

The microreactor was then calcined at 450 °C for 6 h to remove
PVA and the volatiles.

2.4. Catalyst activity test

F-T reactions were performed in an in-house built microreactor
set up as shown in our previous work [13]. Operation parameters
like feed flowrate, pressure and temperature were controlled by
LabVIEW software. Hydrogen and carbon monoxide gases were
passed to the reactor block system through a stainless steel piping
along with an ultrapure nitrogen line connected to the down-
stream of the reactor to move the products into the Gas
Chromatography-Mass Spectrometer (Agilent GCMS, 7890B GC
and 5977A MSD) for quantitative analysis. Mass flow controllers
(Cole-Parmer MFC 32907-51) were used to adjust the flow rates
of CO and H, using the software. The hydrogen and carbon monox-
ide MFCs had a maximum setting of 1 ml/min while the nitrogen
MFC has a maximum setting of 10 ml/min. Heating tapes were
wrapped around the upstream and downstream reactor lines to
insulate and preheat the reactant gases to keep them in the gas-
eous phase. CO conversion and hydrocarbon selectivity were calcu-
lated based on the following equations [13,14]:

Xeo (%) = FCO,ir}:;JECO‘uut % 100 (1)
.in

mCH4

CHy, Selectivity (%) = mCH, 1 2mC,He 1 3mCsHs

% 100 2)

2mC2H6

C,yHg Selectivity (%) = mCH, 7 2mC,He 1+ 3mCsH;

x 100 3)

BmC3H3
mCH,4 + 2mCyHg + 3mCsHg

CsHs Selectivity (%) = x 100 (4)

where, F represents the molar flow rate for CO in ml/min.

2.5. Catalyst characterization

Surface and pore analysis were conducted by a Micromeritics
3Flex instrument under N, adsorption/desorption. 0.2 g of sample
was degassed using Micromeritics Smart Vac unit at 150 °C for
5h. The surface area was calculated using the Bruner-Emmett-
Teller equation within the p/p, range of 0.05 to 0.31.

Temperature programmed reduction was performed using a
Micromeritics 3Flex analyzer. A typical sample, 0.05 g of the mate-
rial was weighed and placed into a chemisorption tube on the top
of a covering layer of quartz wool beneath a quartz filter cap. The
sample was then placed under an Hy/Ar (1:9wt%) flow of
110.34 ml/min and a ramp rate of 10 °C/min from room tempera-
ture to 1000 °C to determine reducibility of the metal oxides.

All the materials were imaged with a ZEISS Auriga Focused Ion
Beam Scanning Electron Microscope (FIBSEM) at the Joint School of
Nanoscience and Nanoengineering. These images were used to
draw conclusions of the average particle size, morphology and
topography of each catalyst.

Powder XRD studies were performed using an X-ray diffrac-
tometer (Bruker AXS). The detection limit of the instrument fell
between a 26 value of 20-80° with a step interval of 0.02° using
a Cu Kol radiation source with a wavelength of 1.5406 A. Peaks
observed in the spectra were used to identify the catalyst metals,
their oxidation state, and morphology.

The oxidation states of the metals were analysed by X-ray pho-
ton spectroscopy (XPS-Escalab Xi+-Thermo scientific).
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3. Results and discussion
3.1. Textural properties of catalysts

The BET isotherms and pore size distribution curves of parent
mesoporous SiO,-Al;,03 (m-SiO,-Al,03) and all metal impregnated
catalysts are shown in Fig. 1(a). The BET surface area, pore diame-
ter and pore volume of all catalysts are presented in Table 1. The
isotherms of m-SiO,-Al,03 and 10Fe/ m-SiO,-Al,05 samples exhib-
ited type IV behaviour according to IUPAC classifications [23,24].
The H1 hysteresis loop nature of the isotherms confirm the pres-
ence of uniform cylindrical pores [23], with a pore size distribution
of 3 nm to 6 nm depicted in Fig. 1(b). As shown in Table 1, the bare
m-Si0,-Al,05 showed the highest surface area, pore diameter and
the total pore volume. However, incorporation of Fe, Ru and Co
resulted in a decline of these textural parameters. This suggests
partial blocking of the pores by the added metals as evidenced
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Fig. 1. (a) Nitrogen physisorption isotherms, (b) Pore size distribution calculated
using BJH method for m-SiO,-Al,03 and metal-impregnated m-SiO,-Al;03.

Table 1
Textural properties of mixed mesoporous support (m-SiO,-Al,03) and metal-
impregnated catalysts.

Catalyst BET surface area  Pore diameter  Pore volume
(m’/g) (nm) (cc/g)
m-Si0,-Al,03 654.78 533 0.873
10Fe/m-Si0,-Al,03 479.27 4.52 0.542
10Fe5Co/m-Si0,-Al,05  382.63 3.25 0.311
10Fe5Ru/m-Si0,-Al,03  101.67 3.58 0.091

by the narrowing of the hysteresis loop of the isotherms in Fig. 1

(a).

3.2. H>-TPR studies

Temperature programmed reduction (TPR) analysis was per-
formed to investigate the reduction attributes of the metal oxides
and how they interacted with the mixed mesoporous support.
Fig. 2 shows the reduction profiles for all catalysts. In case of the
10Fe/m-SiO,-Al,03 catalyst, the lower temperature peak around
370 °C can be attributed to reduction of Fe,03 to Fe;04 [25]. The
second peak around 620 °C corresponds to reduction of Fe304 to
FeO [25]. The third peak around 780 °C can be assigned to reduc-
tion of FeO to Fe. The low-temperature peak is normally attributed
to bulk iron oxide that is well dispersed over the support, and it can
be reduced easily [26]. However, the higher temperature reduction
peak is due to iron oxide which interacted strongly with the sup-
port [26]. The TPR profile of bimetallic catalysts contains several
overlapping peaks, making it difficult to predict the exact reduc-
tion behaviour of two metals. For 10Fe5Co/m-Si0O,-Al,03 catalyst,
the two distinct peaks between 300 °C and 410 °C correspond to
reduction of Co304 to CoO and CoO to Co® respectively [27,28].
Fe,03 is also reduced to yield Fes04 at 300 °C. Incorporation of
Co can facilitate reduction of Fe;0,4 to FeO at lower-temperature
around 480 °C [29]. At a higher temperature between 800 and
1000 °C, the broad peak corresponds to reduction of small cobalt
and/or iron oxide particles [30]. In the case of 10Fe5Ru/m-SiO,-
Al;O5 catalyst, the reduction peak around 185 °C is due to reduc-
tion of RuO, to Ru® [31,32]. This RuO2 is not bound with Fe. The
other peak around 235 °C is attributed to reduction of a small
amount of RuO, present in bimetallic catalysts, i.e. associated with
Fe (but not due to Fe) [33]. For all catalysts, consumed H, can be
quantified and they are shown in Table 2.
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Fig. 2. H,-TPR analyses of different catalysts: (a) 10Fe/m-SiO,-Al,0s3, (b) 10Fe5Co/
m-Si0,-Al,05 and (c) 10Fe5Ru/m-SiO,-Al;0s.
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Table 2
H, consumption of 10Fe/m-Si0,-Al,03, 10Fe5Co/m-Si0,-Al,03 and 10Fe5Ru/m-Si0,-
Al,03 catalysts from TPR studies.

Catalyst H, consumption (pumol/g)
10Fe/m-Si0,-Al,03 66

10Fe5Co/m-Si0,-Al,03 120
10Fe5Ru/m-Si0,-Al,03 94

The highest hydrogen consumption observed in FeCo/m-SiO,-
Al,0O3 catalyst suggest that incorporation of Co in Fe/m-SiO,-
Al,05 facilitates reduction of metals and they can be available for
FT synthesis.

3.3. SEM-EDX analysis

The SEM images of all catalysts are shown in Fig. 3. Fig. 3(a)
shows the SEM image of mesoporous bimetallic support oxide.
The particles are well distributed with very little agglomeration.
Fig. 3(b-c) shows small particles on the support which are basically
Fe, Co, and Ru. The changes in the morphology of the support was
observed with incorporation of metal/metals. Large non-uniform
particles were observed both in FeCo/m-SiO,-Al,03 and FeRu/m-
Si0,-Al,03 catalysts.

Fig. 4 shows the EDX spectra of the support and all catalysts.
Table 3 shows the EDX results of all the elements in the catalysts.
The wt% of each metal after impregnation is almost equal to
intended metal loading. After metal incorporation, the wt% of Al
and Si in the support decreases for all metal impregnated catalysts.

3.4. XRD analysis

Fig. 5(A) shows the small-angle XRD patterns of all the catalysts
and support. A diffraction peak due to mesoporous structure, cor-

responds to the (220) (26 = 1.10°) plane [34]. The mesoporous sup-
port and impregnated samples exhibit similar characteristic peaks,
indicating mesoporous structure has been conserved after incorpo-
ration of Fe, Co, and Ru metals. The wide-angle XRD patterns of the
catalysts are shown in Fig. 5(B). No clear signals of metals can be
observed in both Fe and FeCo catalysts. This suggests higher dis-
persion and small particle sizes of the metals [35]. For FeRu cata-
lyst, the diffraction peaks of tetragonal RuO, (JCPDS-21-1172) are
observed at 27.8°, 34.8° and 53.9° that correspond to (110), (101)
and (211) crystal planes respectively [31]. The intensity of X-ray
diffraction depends on the degree of crystallinity suggesting that
ruthenium oxides exhibited the highest crystallinity in the com-
posite oxide framework. As reported elsewhere, and shown here,
the formation of well-defined RuO, crystals depend on calcination
temperature and an optimum temperature of 400 °C is observed
[36]. Nucleation of metal oxides during calcination is controlled
by a supersaturation mechanism which is a function of factors like
calcination temperature, pH and reactant concentration [37].

3.5. XPS analysis

The chemical oxidation states of iron, cobalt and ruthenium in
mixed oxide SiO,-Al,05 support were determined by XPS measure-
ments. Fig. 6 shows the core level XPS spectra of Si-2p, Al-2p and
0-1s orbital electrons with a maximum binding energy of
101 eV, 73.6 eV and 531 eV, respectively. This confirms the pres-
ence of aluminosilicates in the mesoporous framework. The bind-
ing energy of the core electrons in the Fe, Co and Ru active sites
in three catalysts show their transition states and are listed in
Table 4. The XPS spectra for Fe 2p in all the three catalysts are
shown in Fig. 7. Deconvolution of peaks into Fe 2ps;, and Fe
2py> with a small satellite peak are observed for FeCo/m-SiO,-
Al,03 and Fe/m-Si0,-Al,03 samples. The shift in the peaks for the

Fig. 3. SEM images and elemental mapping of the support and catalysts: (a) m-Si0,-Al,05; (b) 10Fe5Co/m-Si0,-Al;05; (c) 10Fe5Ru/m-Si0,-Al,05.
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Fig. 4. EDX spectra of the support and catalysts: (a) m-Si0,-Al,05; (b) 10Fe5Co/m-Si0,-Al,03; (c) 10Fe5Ru/m-Si0,-Al,05.

Table 3

EDX analyses of mixed mesoporous support (m-SiO,-Al,03) and metal-impregnated catalysts.

Catalyst Metal loading (wt.%)

Si Al 0] Fe Co Ru
m-Si0,-Al,03 27.45 19.42 53.13 - - -
10Fe/m-Si0,-Al,03 26.42 10.86 52.29 9.25
10Fe5Co/m-Si0,-Al,03 25.37 13.04 48.49 8.94 4.15
10Fe5Ru/m-Si0,-Al,03 20.33 17.85 47.10 10.54 - 6.26

different catalysts, in Table 4, show the differences in the metal
and support interactions in different catalysts [14,38]. The pres-
ence of Ru is confirmed by Ru 3d spectra which is centred almost
at 284 eV in FeRu/m-SiO,-Al;03. The cobalt 2p spectra also decon-
voluted into Co 2p;, and Co 2p 3, are clearly noticed in FeCo/m-

3.6. Catalyst activity test

The performance of H,-reduced metal-supported catalysts for
FT reaction at 300 °C and 1 atm is shown in Table 5. Only Fe-
based catalyst showed maximum CO conversion. As surface area
decreased due to incorporation of Co and Ru with Fe, which lead
to less availability of active sites in the catalysts, Co and Ru incor-
porated catalysts showed less CO-conversion compared to the Fe
catalyst only. Fe based catalyst only produced CH4 with high selec-
tivity. The other product, CO, is produced due to high activity of Fe
in the water gas shift reaction. After the addition of Co to Fe,
methane selectivity to CO, is reduced, and some amount of ethane

is produced. This result reflects that addition of Co facilitates Fe
dispersion. H,-TPR results also showed that the reducibility of Fe
based catalyst increased with Co-incorporation. This trend is con-
sistent with that reported by Iglesia et al. [39]. They showed that
the FT reaction rates are proportional to metal dispersion and
probably independent of the support. The same type of behavior
is observed for the FeRu catalyst. They also showed that the FT
reaction rate is proportional to the number of exposed Ru surface
atoms and independent of crystallite size, support and metal-
support interactions [39]. Thus, incorporation of Ru increased dis-
tribution of Fe and reduced iron oxides to Fe at a lower tempera-
ture. While methane selectivity decreased, ethane selectivity
slowly increased. A small amount of propane is observed under
our reaction conditions. Iglesia et al. [40] explained the beneficial
effect of Ru to be a cleansing effect during FT synthesis due to high
CO hydrogenation ability which prevented the carbon formation
over the catalyst surface. Table 5 shows that FeRu catalyst exhib-
ited better selectivity compared to other catalysts under the same
process conditions.
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Fig. 5. (A) Small angle XRD and (B) Wide angle XRD of mesoporous composite support and all catalysts (*) [* Fe/m-SiO,-Al,03; FeCo/m-SiO,-Al,053; FeRu/m-SiO,-Al,05].
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S. Bepari et al./ Materials Today: Proceedings 35 (2021) 221-228 227

Table 4

Binding energy of the core electrons in the Fe, Ru and Co active sites in three catalysts.
Catalyst Co 2p1p2 Co 2p3p2 Ru 3ds;p, Fe 2ps3p Fe 2py)»
10Fe/m-Si0,-Al,03 725.2 eV 7114 eV
10Fe5Co/m-Si0,-Al,03 796 eV 781.2 eV 7244 eV 711.2 eV
10Fe5Ru/m-Si0,-Al,03 284 eV 725.3 eV 711.5eV
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Fig. 7. XPS spectra of Fe2p, Co2p and Ru3d in (a) Fe/m-SiO,-Al,03; (b) FeCo/m-SiO,-Al,03; (c) FeRu/m-SiO,-Al,05 catalysts.

Table 5
Performance of all FT catalysts at 300 °C.

Catalyst CO conversion (%) CH4 selectivity (%) C2H6 selectivity (%) C3HS selectivity (%) CO2 selectivity (%)
10Fe/m-Si0,-Al,03 96.03 76.52 - - 23.48
10Fe5Co/m-Si0,-Al,03 62.44 9.65 1.66 - 88.7
10Fe5Ru/m-Si0,-Al,03 70.94 32.97 14.82 222 49.98

4. Conclusions

All the catalysts were prepared by one-pot hydrothermal
method for the composite support followed by wet impregnation
for metal incorporation. The results from H,-TPR and SEM analyses
confirmed that mesoporous composite support (SiO,-Al;05)
improved dispersion of Fe and the dispersion was further enhanced
by incorporation of Co and Ru. The presence of Co and Ru improved
selectivity towards formation of ethane and propane. The selectiv-
ity to methane was reduced after the addition of Co and Ru to Fe.

The overall performance of FeRu enhanced the selectivity of ethane
and propane when compared to that of FeCo catalyst. Thus, the
presence of Ru has a remarkable promoting effect on the catalytic
performance of Fe/m-SiO,-Al,053 for FT synthesis.
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