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ARTICLE INFO ABSTRACT

Keywords: Fischer-Tropsch (FT) synthesis was carried out using 3D-printed stainless steel (SS) microreactors, containing
MCM-41 channels of dimensions 500 um x 500 pm X 2.7 cm, to study the effect of Fe, Ru, and Ni on Co-MCM-41 catalyst.
Fischer-Tropsch synthesis The mono and bimetallic cobalt-based catalysts: 15 % Co-MCM-41, 10 %Co5% Ru MCM-41, 10 %Co 5%Ni MCM-
Synfuels 41, and 10 %Co 5%Fe MCM-41 were synthesized using one-pot hydrothermal method and characterized by SEM-

3D-printing
Stainless steel microreactor
Co-bimetallic catalysts

EDX, TEM, TPR, FTIR, XPS, and low and wide angle XRD techniques. All the catalysts exhibited high surface area
without the loss of ordered mesoporous structure as confirmed by large BET surface areas (400- 1000 m?/g) and
low angle XRD data. The metal nanoparticles were in the range of 35—50 nm and well dispersed in a hexagonal
matrix of MCM-41. TPR data indicate that all other metal oxides except that of cobalt can be reduced with H,
below 600 °C. Cobalt is present most likely as cobalt silicates that can only be reduced with H, at a temperature
over 650 °C. The microchannels of SS reactor were uniformly coated by dip coating a slurry of the catalyst with
polyvinyl alcohol (PVA). The catalytic performance for FT synthesis was carried out in the SS microreactor at
atmospheric pressure in the temperature range of 180-300 °C with H,/CO molar ratio of 3. Incorporation of the
second metal in the Co-MCM-41 framework and the operating temperature had a significant effect on CO
conversion and selectivity towards C,-C, alkanes in FT synthesis. While the highest CO conversion of 74 % was
obtained for CoFe-MCM-41 at 240 °C, the highest selectivity towards butane (11 %) and propane (39 %) was
observed for CoRu-MCM-41 at 240 °C and CoFe-MCM-41 at 210 °C, respectively. The rate of deactivation of the
catalysts -followed the order: CoRu-MCM-41 > CoNi-MCM-41 > Co-MCM-41 > CoFe-MCM-41, indicating that
CoFe-MCM-41 is the most suitable catalyst for F-T synthesis in terms of long term stability.

1. Introduction formation of H, and thus in the formation of alkanes.

nCO + 2n + 1)H, - H(CH, )H + n H,0 (€8]

In recent years, in the petroleum industry, alternative fuel sourcing

has gained immense attention for research due to depletion of non-re- CO + H,0 - (CO,) + H, A H= — 41 kJ/mol 2
newable energy sources such as fossil fuels. In order to overcome this
problem, many chemical processes are currently being investigated.
Fischer-Tropsch (FT) synthesis, which collectively refers to syngas
conversion to synthetic crude oil, is an excellent chemical process for
converting syngas to alkanes. Although Franz Fischer and Hans Tropsch
discovered FT synthesis in the 1920s in Germany, it still remains one of
the attractive topics for energy. In the FT process, syngas, a mixture of
carbon monoxide and hydrogen, forms a monomer -CH, - that under-
goes a polymerization reaction to form longer chains of alkanes as
shown below. The water produced in the first reaction influences the
exothermic water gas shift reaction and it plays an important role in the

FT process is an alternative route to produce environmentally
friendly liquid fuel from any carbon sources like coal (coal-to-liquids
(CTL)), natural gas or offshore gas (gas-to-liquids (GTL)), and biomass
(biomass-to-liquids(BTL)) [1]. South Africa, which has large coal re-
serves, still continues to use coal-based FT synthesis. Recently, Sasol
and Shell have commissioned large plants for natural gas-based FT
synthesis in Qatar in 2006 and 2011, respectively [2]. The main FT
reaction is temperature sensitive and highly restricted by exothermic
heat produced during the reaction (heat released ~ 140—160 kJ/mol
CO converted), and is quite difficult to control the product selectivity in
conventional reactors [3,4].
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The microreactor technology, containing microstructures with large
surface to volume, provides an alternative platform for controlling an
exothermic reaction with enhanced mass transfer and heat transfer and
has gained a wide range of attention in process intensification [5] of FT
synthesis [6]. A microreactor maintains isothermal operating condi-
tions quite easily, favoring quick screening of a catalyst. The core of
microreactors contains microchannels with smaller geometry having
several parallel channels as a reaction zone. These microchannels en-
hance the specific surface area of the reactor resulting in an efficient FT
synthesis. In addition to efficient heat and mass transfer with good heat
dissipation, microreactors also have advantages for high reaction
throughput, easy scale-up, good portability and lower cost over con-
ventional reactors [6-10]. In general, the catalyst is loaded into a mi-
croreactor by packing and coating methods [11]. In the packing
method, a catalyst is completely filled into the channels so that the
spent catalyst is easily exchanged with the fresh catalyst. This is proven
to be an effective technique and is now commercialized by Velocys
Corporation [12]. While scaling these microunits, the pressure drop
may be the biggest challenge as the length of the channel increases,
thus making it difficult to control the temperature inside the reaction
zone resulting in heat dissipation [13].

For German Normal-Pressure FT synthesis, the reactions were car-
ried out at 1 atm using kieselguhr-supported Co-LTFT (low temperature
FT) catalyst where kieselguhr is a natural high surface area silica that is
not mechanically very strong [14]. In general, the FT reactions are
usually carried out at much higher pressure. For gas phase reactions in
FT synthesis, the active sites of the coated catalyst come in direct
contact with the surface of the reactor leading to less pressure drop
unlike packing methods [15,16]. The wall coated microreactors show
high suitability for catalyst development to produce hydrocarbons from
syngas, and it is simple for scaling up to pilot plants. In our previous
studies to screen and develop catalysts for the FT synthesis, silicon was
used to design and manufacture microreactors using microfabrication
techniques [17-19] and the reactions were carried out at 1 atm. The
fabrication of microchips on silicon wafer requires large fabrication
infrastructure [20] and optimization in every fabrication step like de-
position, photolithography, and deep reactive ion etching with high
manufacturing costs. Additionally, it is challenging to create a leak-
proof environment for gas phase FT reactions at higher temperature and
pressure, as these reactions are usually carried out at a pressure of 20
bar or more to liquify the hydrocarbons. Furthermore, limits on the
selection of gaskets to withstand higher temperatures and requirement
of advanced torque-controlled reactor assembly without breaking Si
microreactors are significant issues towards the development of a viable
Gas-to-Liquid Technology (GTL). To address these limitations and
challenges, microreactors fabricated using additive manufacturing
methods have gained much research interest as they offer less com-
plexity, more automation, and faster manufacturing processes [21,22].
Recently, 3D-printed microreactors have been used to study different
chemical processes [23-26]. A few studies have also been reported for
FT synthesis in stainless steel microreactors as they are known to be
economical with good mechanical and thermal properties [11,27-29].
However, a microreactor with a smaller feature size have not been
extensively investigated. In this study, a 3D-printed stainless steel mi-
crodevice (500 pum feature size) is fabricated using a design created in
AutoCAD. Without the need of other manufacturing processes, this
design yields a final 3D structure using a layer-by-layer technique and
was used subsequently for FT synthesis.

FT synthesis depends on the number of active catalyst sites, thereby
requiring support material with high surface area and good metal ion
dispersion [30]. Therefore, the selection of support material with ap-
propriate metal ion plays a vital role in syngas conversion. Some of the
previous studies examined the role of Al,O3 [31-35], TiO5 [11,36-42],
SiO5 [43-47] and CNTs [48-50] as supporting materials on the for-
mation of higher alkanes.

In our previous studies, high surface area mesoporous silica such as
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MCM-41 supported catalysts were synthesized by one-pot procedure
and was found to be extremely stable for steam reforming of methanol
to produce H, [20,51-53]. The stability studies of MCM-41 catalysts
motivated us to use MCM-41 as the support material for F-T synthesis
and also to investigate any synergistic effect of a second metal ion on
Co-MCM-41 for CO conversion and selectivity towards hydrocarbons. In
this current study, three types of cobalt-based bi-metallic mesoporous
silica support (MCM-41) and cobalt-MCM-41 were chosen to study the
effect of bi-metallic systems of Co and M (Ru, Fe, and Ni) on FT
synthesis. These catalysts were screened for FT synthesis in 3D-printed
stainless steel microreactor. We also analyzed the interaction between
support material and the metals in detail and discussed the most im-
portant factors that influence the performance of the catalyst for FT
synthesis.

2. Experimental section
2.1. Materials and methods

The reagents used for catalysis synthesis were of analytical grade
with no further purification. Tetraethyl orthosilicate, 99 % (TMOS) and
ammonium hydroxide, ACS (American Chemical society) reagents,
were purchased from Acros Organics, New Jersey, USA.
Cetyltrimethylammoniumbromide = (CTAB), Co(NO3),6H,0, Ni
(NO3)o6H,0, RuCl3xH50, Fe(NO3)39H,0 were purchased from Sigma
Aldrich. Ethanol (anhydrous) and acetone, ACS grade, were obtained
from Fischer Scientific, New Jersey, USA.

2.2. Microreactor fabrication and packing

The microreactor and cover channel were designed in AutoCAD and
fabricated using 3D metal printing technology. A schematic diagram of
the microchannel and its cover plate is shown in Fig. 1a and b. This
microreactor design is based on split and recombination principle with
11 microchannels of dimensions 500 um X 500 ym X 2.7 cm, as FT
reaction zone of the microreactor. Fig. 1c shows the 3D-printed mi-
croreactor fabricated by direct metal laser sintering (DMLS) at Proto
Labs Inc. This device is placed in the custom-built microreactor block
with graphite gasket to have a leak-proof system for flow of syngas from
the inlet to the outlet.

2.3. Catalyst synthesis and loading into the microchannels

Cobalt-based bi-metallic nanocatalysts supported by MCM-41 were
synthesized using a one-pot hydrothermal procedure. TMOS, CTAB, de-
ionized water, and ethanol were used in a molar ratio of 1:0.13:130:20
respectively. The quantity of metal precursors was calculated based on
the weight percentage of metal to be incorporated into the catalysts.
Typically, the weighed surfactant (CTAB) was dissolved in de-ionized
water at 30 °C and stirred until the solution becomes clear. A separate
solution was prepared by dissolving metal precursors in ethanol and
stirring approximately for 30 min. The dissolved metal solution was
gently poured into the CTAB solution and stirred vigorously for 30 min.
TMOS, the limiting reagent for this chemical synthesis, was added
dropwise into the mixture while stirring continuously for another 30
min. To precipitate the metal hydroxides at a pH of 10, ammonium
hydroxide was added dropwise to the solution under stirring. The
mixture was then stirred for another 3 h, followed by aging for 18 h at
65 °C. The precipitate obtained was washed with de-ionized water until
it reached a pH of 7, then rinsed with ethanol and filtered. The filtered
material was dried in air for 24 h then dried in an oven at 110 °C for 24
h. This dried catalyst was calcined at 550 °C for 16 h with a heating rate
of 2 °C/min to remove the CTAB surfactant. It was then cooled to room
temperature at a rate of -2 °C/min. Four types of catalyst were syn-
thesized with 10 % of cobalt and nickel/iron/ruthenium, each 5% on
MCM-41 support, and 15 % Co on MCM-41 support. They are labeled as
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Fig. 1. a) and b) Schematic design of microreactor and cover channel respectively, ¢) 3D-printed microreactor.

CoNi-MCM-41, CoFe-MCM-41, CoRu-MCM41, and Co-MCM-41 for the
rest of our discussion.

To load catalyst into the microchannels of the microreactor, each
catalyst was immersed into a PVA suspension containing 4 g of Catalyst,
20 g of deionized water, 1 g of binder (polyvinyl alcohol 98-99 %
hydrolyzed MW: 31,000 and 0.2 g of acetic acid. First, the PVA was
dissolved in water with a low stirring rate at 60 °C for 2 h. The solution
was then left covered for 12 h at room temperature. The catalyst
powder and acetic acid were added successively to the binder solution
and the resulting mixture was stirred for 2 h at 60 °C, and then at room
temperature for a week. The microchannels of microreactor were dip-
coated in the catalyst suspension and dried in air for 24 h and then
calcined in presence of air for 2 h at 600 °C with heating and cooling
rates of 5 °C/min. Fig. 2 shows the SEM image of uniformly coated
microchannels with catalyst suspension after calcination.

2.4. Catalyst characterization

Specific surface area, pore size and pore volume of the synthesized
catalyst were determined using a Micromeritics 3Flex instrument. The
surface area was calculated using the Brunner-Emmett-Teller (BET)
method which is typically an equation from adsorption isotherm with
the relative pressure ranging from 0.07-0.3. The total volume was

determined from N, adsorbed at P/P, = 1. The pore size distribution
was calculated from the desorption of the nitrogen gas from the catalyst
by using the BJH (Barret-Joyner-Halenda) method [54]. The H, tem-
perature programmed reduction (TPR) and H, chemisorption analyses
were done with the Mircomeritics 3Flex instrument with a TCD de-
tector. A gas stream of 10 %H,/Ar at a flow rate of 110 ml/min was
passed through ~ 50 mg of catalyst, while the temperature was in-
creased from room temperature to 1000 °C at 10 °C/min for TPR.

The Fourier Transform Infrared (FTIR) spectra were recorded using
Shimadzu IR pressing Shimadzu IR Prestige-21 8300 spectrometer
which has a mercury-cadmium-telluride (MCD) detector. The sample is
prepared by the KBr pellet method. A very small quantity of catalyst
sample is mixed with KBr in 1:200 wt ratio and grounded till the
mixture becomes homogeneous using mortar and pestle. The mixture is
then loaded into 13 mm die and pressed manually to form a pellet. The
pellet is then mounted on the sample holder and the spectrum was
recorded in the range of 4000 to 400 cm ™! resolution at room tem-
perature.

The small and wide-angle powder x-ray diffraction (XRD) were re-
corded using a Rigaku SmartLab X-ray diffractometer with Cu K-a ra-
diation (wavelength = 0.15418 nm) radiation generated at 40 mA and
40 kV. The step size and time per step used in these measurements are
0.05° and 3 s/step, respectively. The crystal sizes of the metal oxides
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Fig. 2. SEM image of Microchannels uniformly coated by catalyst.

were determined using the Scherrer equation. In the Scherrer equation
below, t stands for the crystal size, A is the wavelength of the Cu Ka
radiation, B is the full width half maximum and 6 is the Bragg dif-
fraction angle.

09
~ B*Cosd

The morphology and the size of the catalysts were analyzed using
transmission electron (TEM Carl Zeiss Libra 120) at 120 KeV and
scanning electron microscopy (Zeiss Auriga FIB/FESEM). The elemental
composition and transition states of metals were analyzed using Energy
Dispersive X-ray spectrometry (Zeiss Auriga FIB/FESEM) and X-ray
photon spectroscopy (XPS-Escalab Xi+-Thermo scientific), respec-
tively.

The sample for TEM was prepared by dispersing a small quantity of
catalyst in 3 ml of ethanol followed by vortex dispersion and sonication
for a few minutes. Then a carbon-coated copper grid of 300 pm mesh
size was drop coated by the suspension and then dried in an oven at 100
°C for 12 h.

2.5. Microreactor experimental setup for Fischer-Tropsch synthesis

The FT experiments were carried out in an in-house built LabVIEW
automated experimental setup with precise control of the operating
conditions. The experimental setup is shown in Fig. 3. The flow rate of
the syngas mixture (Hy & CO) was controlled by a precalibrated mass
flow controller (Cole Parmer) with a maximum flow rate of 1 sccm. The
carrier gas, nitrogen was controlled by a precalibrated mass flow con-
troller (Aalborg) with a maximum flow of 10 sccm. The pressure on
upstream and downstream was monitored continuously by Cole-Parmer
pressure gauges from which the data was fed to an Aalborg solenoid
valve. The entire setup was automated by the LabVIEW 2018 program.
The products were analyzed by GC-MS Agilent Technologies 7890B GC
and Agilent 5977 MSD system. Prior to experiments, the catalyst inside
the microreactor was reduced in-situ at 350 °C overnight to compensate
the losses in ex-situ reduction and oxidation of catalyst before reaction.
The FT reaction was performed with syngas (H,/CO) molar feed ratio of
(0.9 scem: 0.3 scem) 3:1. The gas hourly space velocity (GHSV = vo/V,
where vo= the volumetric flow rate of feed at STP and V = Reactor
volume) and the reaction pressure were maintained constant at ~ 6000
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h~! and 1 atm, respectively. The reaction temperature was varied be-
tween 180 °C and 300 °C at 30 °C interval, for each temperature a
freshly reduced catalyst coated in microchannels of microreactor was
introduced into the reactor block and reduced in-situ at 350 °C for 12 h
to compensate for the oxidation loses while transferring the micro-
reactor to the reaction line. Based on the preliminary runs, the reaction
reached a steady state after 2 h of each set point temperature. There-
fore, the conversion and selectivity were obtained after 3 h. Deactiva-
tion studies of the catalysts were also performed. The FT reaction de-
activation studies were carried out at 240 °C using syngas feed molar
ratio of 3:1.

The formulas for CO conversion and hydrocarbon selectivity cal-
culated based on the carbon basis are shown below. The selectivity of
CO, was not quantified in our calculations.

moles of CO,, — moles of CO,

ut

CO conversion (%) = X 100
moles of CO,,

CH, Selectivity (%) = mCH, x 100

mCH4 + 2mC2H6 + 3mC3Hg + 4mC4H10
2 H,

C,H, Selectivity (%) = mC:Hs x 100
mCH4 + 2mC2H(, + 3mC3Hg + 4mC4H10

C3Hg Selectivity (%) = 3mCsHs x 100
mCH4 + 2mC2H6 + 3mC3H3 + 4mC4H10

C, Hyo Selectivity (%) = 4mCaho x 100

mCH, + 2mC,Hg + 3mC;Hg + 4mCyHg

3. Results and discussion
3.1. Textural properties evaluation of catalyst

To study the textural properties of the synthesized catalysts, ni-
trogen BET physisorption analyses were performed. The BET surface
area, pore volume and average pore diameter of the catalysts are pre-
sented in Table 1. The surface areas of the catalyst were in the range of
1025 - 434 m?/g, and the pore diameter was observed in the range of
3.2-5.1 nm depending on the type of metal incorporated in the MCM-41
matrix. Fig. 4a shows the nitrogen adsorption-desorption isotherms of
all four samples. All the isotherms fall under the category of Type IV
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Fig. 3. Microreactor set up on the optical table.

Table 1

BET surface area, pore size and pore volume of synthesized catalyst.
MCM-41 Supported Surface Area® Pore volume” Pore size®
Catalyst (m%/g) (cm®/g) (nm)
CoRu-MCM-41 1025.3 0.77 3.2
Co-MCM-41 820.5 11 5.1
CoFe-MCM-41 574 0.54 3.7
CoNi-MCM-41 434 0.5 4.6

& =Variation range + 2%.
b —Variation range * 3%.
¢ =Variation range * 5%.

isotherms which is typical for mesoporous materials according to the
IUPAC classification [55]. This isotherm is classified into three regions.
The initial part of the Type IV isotherms resembles Type II isotherm
which is a linear increment in the nitrogen uptake at low relative
pressures (P/Pg 0-0.2), contributing to monolayer-multilayer ad-
sorption on the pore walls. At higher relative pressures (P/Py = 0.2 -
0.4), capillary condensation in the mesopores takes place. The steepness
of this step-up region indicates narrow pore size distribution, which is
shown in Fig. 4b. The sharpness of this peak in the isotherm is clearly
seen, indicating an ordered mesoporous structure. The third region at
relative pressures P/P, = 0.4 - 0.95, which is a long plateau, corre-
sponds to multilayer adsorption on the outer surface. At relative pres-
sures, P/Py > 0.95 a sharp increase in N, uptake associated with a
hysteresis loop indicates condensation of N, in the interstitial voids of
MCM-41 [56].

a)
—=— CoRu-MCM-41
30k —— CoFe-MCM-41
—+— CoNi-MCM-41
—v— Co-MCM-41
25
=
Saf
&
2 15
E
o
> 10t
5|
0 1 1 1 L 1 L

00 0.2 04 0.6

Relative Pressure (P/P )

0.8

It should be emphasized that the mesoporous structure is not dis-
rupted upon metal addition as indicated by the low angle XRD (dis-
cussed below) studies. Metal ions are bound to the pores of the support
without disturbing the ordered mesoporous structure. The total pore
volume was observed in the range around 1.1-0.5 cm®/g for all the
catalysts.

3.2. Low and wide angle XRD studies

Low angle XRD studies were carried out to obtain information about
the structural polymorphs of the catalysts. Fig. 5 shows the diffraction
patterns for all the catalyst samples. Small angle XRD patterns for all
the catalyst showed variations of peaks probably due to the different
type of metal nanoparticles present. A sharp intense peak between 2-
theta value 2° - 3° and two broad peaks between 2-theta value 4°- 5.5°
corresponds to (100), (110) and (200) reflections of hexagonal meso-
porous structure. The intensity of peaks is observed to decrease or
disappear with a decrease in surface area. This indicates the distortion
of an ordered mesoporous structure because of the type of metal and its
interaction with the MCM-41 matrix. The (100) reflections and very low
intensity of (110) and (200) peaks for CoRu-MCM-41and Co-MCM-41
confirm that these catalysts are highly ordered mesoporous in nature
with no noticeable effect on the hexagonal framework. The decrease in
the peak intensity in case of CoNi-MCM-41 and Co-Fe-MCM-41 also
implies that the metal atoms are highly dispersed into the MCM-41
framework having extremely small particle size < 3 nm which is be-
yond the X-ray detection limit [57].

35
b)
—— CoRu-MCM-41
e ——CoFe-MCM-41
CoNi-MCM-41
25 —— Co-MCM-41
]
E 20
o
> -
g 151
-9
B L
§ 10 |
© L
05 |
00
1 1 1 1 1 1 1 1
10 20 30 40 50 60 70 8 9 100

Pore Width (A®)

Fig. 4. a) N, adsorption-desorption isotherms of M-Co- MCM-41 and Co-MCM-41Catalysts (M = Fe, Ru, Ni) catalysts; b) pore size distribution of the catalyst.
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Fig. 5. Low angle XRD patterns of M-Co- MCM-41 and Co-MCM-41Catalysts (M
= Fe, Ru, Ni).
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Fig. 6. Wide angle XRD patterns of M-Co- MCM-41 and Co-MCM-41Catalysts
(M = Fe, Ru, Ni).

In order to know the crystal structure, wide-angle XRD analysis was
carried out for different catalysts. Fig. 6 shows the X-ray diffraction
patterns of different samples. The catalysts data are compared with the
JCPDS (Joint Committee on Powder Diffractioon Standards) dataobase. In
CoRu-MCM-41 sample, the peaks at 31.09 (220) and 59.05 (511)
correspond to cubic structure Coz0,4 (JCPDS-80-1534). The peaks at
36.54 (311), 38.24° (222) and 44.46 (400) belong to cubic structure
Co304 crystal (JCPDS-80-1543). Another cubic structure of Co304
crystal (JCPDS-80-1535) is found at 64.71° (440). The tetragonal
structure of RuO, (JCPDS-43-1027) is observed at 27.96 (110), 35.13
(101), 40.06 (200), 54.32 (211) and 57.96 (220). The peaks at 67.22
(112) and 69.72 (301) correspond to orthorhombic the structure of
RuO, (JCPDS-88-0323). The Co30, peaks are also observed at 36.54
and 59.05 for other catalysts sample. In the other samples, no sig-
nificant peaks for other metals is observed. This can be attributed to
either high dispersion of metal nanoparticles into the MCM-41 hex-
agonal matrix or the metal particles are extremely small in size (< 3
nm) which makes X-rays difficult to detect during the analysis [57].

3.3. SEM-EDX and dispersion analysis of the catalysts

The surface morphology and the concentration of metal nano-
particles (by wt%) that are encapsulated into the matrix were de-
termined by SEM-EDX analysis. Fig. 7 shows the SEM images for Co-
FeMCM-41 and CoRu-MCM-41 at high and low magnification. The high
magnification images in Fig. 7a and c show that the catalyst samples
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exhibit regular sphere-shaped particles with a smooth surface mor-
phology. Fig. 7b and ¢ show the low magnification images of the cat-
alyst containing uniform porous structure. Table 2 summarizes the in-
tended metal loading and the actual metal loading with metal
dispersion of the various catalyst samples. The intended weight per-
centage of the metal loaded into the MCM-41 support was consistent
with the loadings determined from EDX analysis. The uniformity of
metal ions distribution into the matrix is confirmed by EDX mapping
shown in Fig. 8. The distribution of metal particles plays an important
role in its stability. This is also confirmed by metal dispersion of cata-
lysts ranging from 0.0452-0.0162 depending on the type of metal in-
corporated. The highest metal dispersions in the support are exhibited
by CoRu-MCM-41 and Co-MCM-41; this indicates that the metal dis-
tribution is more uniform and highly ordered without affecting the
structure of the support. This is consistent with the BET results showing
highest surface area for CoRu-MCM-41 and Co-MCM-41. An uniform
distribution of the catalyst avoids sintering in Fischer-Tropsch synth-
esis, thus avoiding the deactivation of catalyst in our studies.

3.4. Transmission electron microscopy (TEM)

TEM was performed to observe the pore and metal particle size of
the synthesized catalysts. Fig. 9 shows low and high magnification
images of CoRu-MCM-41 sample. The TEM image under high magni-
fication shows clear and uniform ordered hexagonal pores of the MCM-
41 matrix that is consistent with BET and XRD results. The low mag-
nification shows the uniform distribution of particles that are observed
in black dotted circular shapes in clear MCM-41 matrix.

3.5. FTIR studies of the catalysts

To understand the changes in the bonding properties and the metal
ion interaction with the MCM-41 matrix, FTIR spectra were recorded.
Fig. S1 in the supplemental material shows the FTIR spectra of as-
prepared MCM-41, Co-MCM-41 and the calcined samples of CoRu-
MCM-41, Co-MCM-41. The as-prepared samples exhibit two peaks in
the range of 2800 cm™! - 3000 cm™! and another peak at ~1500
em~!. These absorption bands are assigned to symmetric C-H
stretching and asymmetric —CH, - vibrations of the CTAB template.
The disappearance of these peaks indicates that calcination completely
removed the template. The broad absorption band in the region of 3000
em ™! - 3700 cm ™! is assigned to the stretching of hydroxyl bonds and
adsorbed moisture on the support [58,59]. Since MCM-41 is hydro-
philic in nature tending to adsorb water molecule, a low-intensity band
was seen around 1650 cm ™! that is associated with the bending vi-
brations of water molecules entrapped in the MCM-41 matrix [60]. The
peaks observed between 800 cm™! and 1000 cm are due to the
bending and symmetric stretching vibrations of Si-O-Si bonds [59,61].
The absorption bands observed at 1250 cm ™! and 1020 cm ™! are as-
sociated with the symmetric stretching vibrations, while the band at
800 cm ! is due of the symmetric stretching vibrations of Si-O-Si links
in the hexagonal matrix [62,63]. The absorption peaks around 500
cm ™! were attributed to the metals that are incorporated in the MCM-
41 support, which could be associated with the bending vibrations of Si-
O-Si links [64]. These results are similar to the data reported in our
previous studies [20,53]

3.6. Chemical oxidation states of incorporated transition metals in MCM-41

The chemical states of the metals that are incorporated in the MCM-
41 matrix were determined using X-ray photoelectron spectroscopy
(XPS). Fig. S2 shows the spectra for Si 2p centered at 154 eV and O 1s
centered at 533 eV for all the catalysts, which are characteristic values
for the silicates. The Si 2p binding energy of 154 eV provides in-
formation about the link between Si-O in tetrahedral, SiO4 units.
Similarly, the binding energy for O 1s indicates that the atoms are
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T ER

Fig. 7. Low and high magnification SEM images of CoFe-MCM-41 and CoRu-MCM-41 catalyst samples a) low magnification CoFe-MCM-41 b) high magnification:
CoFe-MCM-41 c) low magnification CoRu-MCM-41 d) high magnification: CoRu-MCM-41.

Table 2

Metal Loading, M:Co atomic ratio and dispersion studies of Bimetallic Co-MCM-41 catalyst samples.

Catalyst with intended metal loading

Metal loading using EDX (wt %)

M: Co (M = Ru,Fe,Ni) H, Chemisorption dispersion

10 %Co5%Ru-MCM-41
10 %Co5%Fe-MCM-41
10 %Co5%Ni-MCM-41
15 %Co-MCM-41

9%Co 3.9 %Ru-MCM-41
10.2%Co 8%Fe-MCM-41
9.1%Co 5.7 %Ni-MCM-41
14.33%Co-MCM-41

3.671135 0.0452
1.054636 0.0215
1.301728 0.0162
- 0.0497

strongly bonded in the Si-O links without a shift in the binding energy;
similar results were reported by Shen et al., [57] and Sterczunska et al.,
[65]. Fig. 10a illustrates the X-ray photoelectron spectra of cobalt in all
the samples. Two peaks are observed: one centering at ~782.5 eV as-
sociated with 2p3,, and other centering at ~ 798 eV, associated with
2p1,» which were due to Co 2p transition splits. The Co 2p3,, in Co 2p
spectra are assigned to Co®>* and suggests successful incorporation of
Co?™ into the framework of MCM-41 [66]. For isolated cobalt, the
binding energy values are observed at 779.6 eV and 795.6 eV for 2p3 >
and 2p;,,, respectively. Thus, the significant shift to higher binding
energy in our samples suggests a strong interaction between tetrahedral
Co(II) with MCM-41 matrix. This is consistent with that reported by
Shen et al. [57]. Fig. 10b, Fig. 10c and Fig. 10d show XPS spectra of Fe,
Ni, and Ru. Fig. 10c shows two broad peaks centered at 713 eV and
725.7 eV for Fe 2p; » and 2p; ». Similar spectra for Fe 2p were obtained
by Shen and co-workers [57] and Stefainis and co-workers [67]. The Fe
in CoFe-MCM-41 exists both in Fe** and Fe 3* states. Similarly, the
Ni2* 2p;,, XPS spectra are obtained at 857.4 eV and it is shown in
Fig. 10d. This shift when compared to the original Ni >* 2p3,, location
is due to the strong Ni-O chemical bonds in MCM-41 matrix [68,69].
Fig. 10b shows the XPS spectra for Ru in CoRu-MCM-41 sample. The
peak for CoORu-MCM-41 is not well defined and has low intensity; this
may be due to very high BET surface area of the MCM-41 matrix and its
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resistance to the formation of bulk cobalt species [70,71]. The XPS
spectra for Ru 3d and C 1s peaks overlap around 285 eV, making it
difficult to confirm the presence of Ru 3d state in the sample; however,
a peak around ~ 280 eV is clearly observed, which is associated with
Ru 3d 5/, as reported elsewhere [72].

3.7. Temperature programmed reduction(TPR) studies

Temperature programmed reduction (TPR) is one of the most con-
venient tools to study the reduction behavior of the metal oxide cata-
lysts and evaluate the metal-support interactions [20,51]. The calcined
catalysts are treated with 10 % H,/Ar and the TPR profiles for the mono
and all bimetallic cobalt-based samples are shown in Fig. 11. In all the
samples, cobalt exhibits two very low-intensity peaks centering at al-
most 324 °C and 614 °C and a high-intensity peak centered approxi-
mately at 780 °C. The first two very low-intensity peaks correspond to
the reduction of Co304 to CoO and CoO to Co’; the high-intensity peak
attributes to reduction of cobalt hydro silicate to Co° [20,73-76]. The
addition of Fe, Ru, and Ni metal ions resulted in disappearance of the
low-intensity peaks. This could be due to suppression of cobalt -support
interaction caused by Fe, Ni, and Ru ions [77]. The last peak centering
at almost 780 °C inCo-MCM-41 suggests that the cobalt and the MCM-
41 matrix have strong interaction [77-79]. We speculate the formation



N. Mohammad, et al.

Catalysis Today 358 (2020) 303-315

Fig. 8. SEM-EDX images of different catalyst samples: a) CoFe-MCM-41 b) CoRu-MCM-41 c) CoNi-MCM-41 d) Co-MCM-41.

of cobalt silicates containing a spinel structure that can only be reduced
at a temperature above 750 °C. In bimetallic- catalysts, the ease of re-
ducibility of the other metal oxide and replacement of the cobalt ion
with other metals tend to shift the reduction peaks to a lower tem-
perature. Thus, the metal and support interaction has great influence on
the reducibility and reactivity of the catalyst in FT synthesis. The cat-
alyst activity mainly depends on the ease of reduction of metals at re-
action operating conditions.

W) Accelerating Voltage
120 kV |

L) =200 nim=

[ Accel ';,Voltag
kY |

L
arl

Reduction of RuO, to Ru’® occurs at a much lower temperature than
that observed in Co304. It occurs in two steps as indicated by the peaks
centering at almost 207 °C and 271 °C in CoRu-MCM-41 catalyst.
Similar results are demonstrated by Bentancourt et al., [80,81]. A broad
peak for CoFe-MCM-41 is observed in the temperature range of 300
°C-450 °C and suggests reduction of Fe in CoFe-MCM-41 catalyst
[82,83]. For CoNi-MCM-41, NiO is reduced at lower temperature ~
380 °C and a broad peak overlying with Co silicates is seen ~ 600 °C

120

Fig. 9. TEM image of CoRu-MCM-41 catalyst sample: a) low magnification b) high magnification.
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that can be associated with Ni silicates. [84,85]. In all the samples after
incorporation of Ru, Fe and Ni ions into the MCM-41 support, the re-
duction peaks are observed at higher temperatures. It is also observed
that there is a decrease in the reduction peak of Co-silicates indicating
the formation of oxo-bridged Co-O-M (M = Fe, Co, Ni) structure, which
is stabilizing the cobalt ion in the support. These results are consistent
with the shift in the XPS spectra of the metal ions.

3.8. Fischer-Tropsch activity of the catalysts

All the catalysts were tested for Fischer-Tropsch studies at Hy: CO
molar flow (3:1) and at different reaction temperature (T = 180, 210,

240, 270, 300 °C) with the constant pressure of 1 atm and ~6000
GHSV. GHSV was calculated as the flow rate at standard temperature
and pressure per unit volume of the catalyst. The weight of the catalyst
coated in the microchannel reactor was ~ 0.0033 g, obtained by the
difference in the weights of the microchannel microreactor before and
after coating and calcination under air. Prior to the reaction with metal
loaded catalysts, FT synthesis was carried out with simple MCM-41
support (only) coated in stainless steel microreactor. Neither CO con-
version nor hydrocarbon selectivity were observed when the reaction
was carried out at 240 °C at 1 atm with fixed H,: CO (3:1) molar ratio.
Our studies show that support MCM-41 is inert and does not have any
intrinsic effect in FT synthesis. Furthermore, the SEM image in Fig. 2
shows that the surface of the microreactor is fully coated with the
catalyst with no exposure of stainless-steel material to the reaction zone
for FT synthesis. A similar coating method was used to obtain SEM
images in our previous studies to investigate the effect of mesoporous
silica (MCM-41, SBA-15 and KIT-6) on the kinetics of catalyst for FT
synthesis at 1 atm [86].

The effect of reaction temperature on CO conversion and selectivity
of Co-MCM-41 and CoRu-MCM-41 are shown in Fig. 12. For all the
samples, conversion of CO showed an almost similar trend with an
increase in the temperature. The selectivity of the catalyst changed with
temperature and type of the metal ion incorporated with cobalt in the
MCM-41 support using one pot procedure [20]. For example, Co-MCM-
41 exhibited the highest selectivity towards propane and butane, 9.27
% at 210 °C and 7.95 % at 240 °C respectively with 64.5 % CO con-
version at 240 °C. The effect of temperature on CoFe-MCM-41 and
CoNi-MCM-41 catalysts towards the hydrocarbon selectivity and the
conversion is shown in Fig. 13. The low selectivity towards C;-C, is
possibly due to strong interaction of the Co ion with the MCM-41 matrix
forming very stable cobalt silicates that cannot be reduced easily. This
is reflected in TPR studies where reduction of Co-oxide and silicates is
observed > 750 °C. The Co-MCM-41 catalyst has yielded a lot of
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Fig. 12. Effect of temperature on CO conversion and hydrocarbon (C;-C,) se-
lectivity: a) Co-MCM-41 b) CoRu-MCM-41 c) CoFe-MCM-41 d) CoNi-MCM-41.
(Conditions: H,/CO = 3:1, P=1 atm., T=180 °C, 210 °C, 240 °C, 270 °C, 300
)

methane when compared to the other catalyst under identical condi-
tions. It is well known that Co favors methanation with an increase in
the syngas H,: CO ratio [87]. Since the FT reaction was performed at
H,/CO molar ratio of 3:1, cobalt-based catalyst tends to favor se-
lectivity towards methane at these conditions. The results from our
current F-T studies are consistent with our previous work [17], where
we investigated F-T synthesis at different temperatures (100 °C-250 °C)
with Fe-SiO,, Co-SiO,, and Ru-SiO,, at 1 atm, and H,/CO ratio of 2 and
3. We observed that Co-SiO, catalyst yielded more methane when the
H,/CO mole ratio was changed from 2:1 to 3:1. This is in contrast with
Ru-SiO, and Fe-SiO, catalysts which yielded less amount of methane at
3:1(H,: CO) molar ratio.

In terms of CO conversion only, Ru exhibited a synergistic behavior
in RuCo-MCM-41. More significantly, the effect of a second metal such
as Fe, Ru or Ni to Co is clearly manifested in selectivity of hydrocarbons
and CO-conversion. The FT reactions mainly produced C;-C4, having a
low amount of butane that is consistent with the studies reported at 1
atm. [17,18,87]. The selectivity towards methane decreased with in-
crease in the temperature and then increased sharply at the expense of
longer chain hydrocarbons at elevated temperatures for all the cata-
lysts. This predominant methane formation relative to ethane, propane,
and butane indicates very limited/low polymerization on the active
sites. This suggests that the initial surface carbide formation (via CO
decomposition) rate is faster than the rate of formation of hydrocarbon
chain extenders (- — CHx—— CH, groups), resulting in clogging of metal
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Fig. 13. Effect of temperature on CO conversion and hydrocarbon (C;-C,4) se-
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for CoNi-MCM-41, T=180 °C, 210 °C, 240 °C, 270 °C, 300 °C and 325 °C for
CoFe-MCM-41.)

active sites with carbon deposits. This coking leads to catalyst deacti-
vation and ultimately disrupts polymerization to higher hydrocarbons.
The increase in the methane selectivity and decrease in the selectivity
towards propane and butane can be attributed to the deposition of
carbon on the catalyst from CO decomposition thereby deactivation of
the catalyst. The coke formation destroys the chain growth and pre-
vents formation of higher hydrocarbons [18,88,89] at 1 atm.

The other noticeable trend in our FT studies is that CO conversion
decreases sharply at higher temperatures from 270 °C to 300 °C. This
can be attributed to CO production by reverse water gas shift reaction at
higher temperature. Due to the reversible and exothermic nature of the
water gas shift reaction [90], the RWGS reaction is favored (based on Le
Chatelier’s principle) at higher temperature. This therefore leads to an
elevated concentration of CO and H,O on the reactant side which re-
sults in a high CO to metal active site ratio. Eventually the catalyst
active sites become either poisoned by CO or saturated with CO thereby
decreasing the fraction of CO that can be converted to products. The
highest CO conversion was obtained for the CoRu-MCM-41 catalyst, ~
74 % at 240 °C. The highest selectivity to butane was 11.2 % for CoRu-
MCM-41 at 210 °C and 39 % highest selectivity was associated with the
formation of propane for CoFe-MCM-41 at 300 °C.

The CoRu-MCM-41 catalyst exhibited the highest selectivity to-
wards butane among four catalysts studied and the highest selectivity
for propane was observed to be 33.5 % at 210 °C with highest CO
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conversion of 77.4 % at 240 °C. Ruthenium being the most active FT
catalyst at lower reaction temperatures, addition of Ru to Co resulted in
an increase in the selectivity to higher hydrocarbons.

High temperature (240 — 300 °C) FT (HTFT) activity studies showed
that CoFe-MCM-41 catalyst had the highest hydrocarbon selectivity.
Particularly at 240 °C, ethane selectivity increased as high as ~70%
while propane selectivity at 300 °C was approximately 40 % while
propane selectivity at 300 °C was approximately 40 %; this indeed is the
highest among all the studied catalysts. The selectivity of butane was
8% at 270 °C and the catalyst yielded the highest CO conversion of 65.5
% at 210 °C. This high-temperature activity of CoFe-MCM-41 prompted
us to further test the performance of the catalyst at 325 °C. However, as
shown in Figs. 12 and 13, to our utter dismay, the selectivity of all the
hydrocarbons except methane decreased precipitously to approximately
5% at 325 °C. The observed trend is corroborated by the elaborate re-
search work performed by H. Schulz and coworkers in a tubular reactor
[91]. Addition of Ni to Co-MCM-41 yielded the highest selectivity for
propane and butane at low temperatures and produced almost methane
at temperatures > 210 °C. It is reported in the literature that nickel
tends to favor methane formation during Fischer Tropsch synthesis
[91], and we observed indeed a similar trend with bimetallic CoNi-
MCM-41.

In terms of CO conversion, bimetallic CoRu-MCM-41 performed
better than monometallic Co-MCM-41, while Co-MCM-41 surpassed
bimetallic CoNi-MCM-41and CoFe-MCM-41. This is consistent with the
well-known suitability of Co catalysts for FT synthesis. However, in
terms of C;-C4 selectivity, CoFe-MCM-41, and CoRu-MCM-41 showed
significant synergistic behavior and performed better than Co-MCM-41.
Conversely, our findings elucidated that the addition of metal pro-
moters (Fe, Ru & Ni) to the Co-MCM-41 play quite distinctive and
significant roles in the syngas conversion and C;-C4 product distribution
at 1 atm.

3.9. Deactivation studies of the catalysts

The catalysts were investigated continuously for 60 h at 240 °C, 1
atm, with H,/CO ratio of 3:1 in order to ascertain their relative long-
term stability and/or their ability to withstand deactivation. The results
are shown in Fig. 14. For the first 10 h, all the catalysts maintained a
fairly consistent CO conversion in the range of 60-75 %. However, after
20 h they all exhibited a 40 % average CO conversion representing
approximately 45 % decline in the CO conversion. The decrease in CO
conversion was even more drastic between 20 — 40 hours during which
the rate of decline of CO conversion was about 20 % per hour. At the
end of 60 h, CoORu-MCM-41 showed complete loss of activity (i.e. no CO
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Fig. 14. Deactivation studies of all the catalysts used for FT synthesis.
(Conditions: H,/CO = 3:1, P=1 atm., T=240 °C).
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conversion), whereas both Co-MCM-41 and CoNi-MCM-41 showed
~10 % denoting ~ 85 % dissipation of CO conversion from the outset
of the reaction. Although the loss of activity of CoFe-MCM-41 was also
significant, 57 %, it maintained the highest CO Conversion ~ 30 % after
60 h. Our observation revealed that in terms of stability, Ru, Fe, and Ni
impacted FT performance of cobalt exclusively. More significantly,
while Fe addition improved the stability of Co-MCM-41, Ni and Ru
substantially decreased the stability of the catalyst as well as CO con-
version.

Addition of Fe, Ni and Ru to the Co-catalyst has shown variation in
the deactivation rates possibly due to different deactivation mechan-
isms of each metal catalyst. Many proposed deactivation mechanisms
include catalysts poisoning, sintering, re-oxidation, the effect of water,
carbon deposition and surface reconstruction [92]. The syngas used in
these studies is a mixture of ultrahigh pure 5.0 CO and H, gases;
therefore, there is very minimal or no chance of catalyst deactivation
due to poisoning by the gas feed. Iglesia et al. reported that the type of
support utilized can enhance the ability of the catalyst to resist deac-
tivation [93]. They found that the interaction of cobalt with refractory
metal oxides like Al,O3; was more stable compared to that of silica. The
silica-based MCM-41 support tends to form very stable cobalt silicates
over the period of reaction time. This was confirmed by the TPR profile
in Fig. 11 in which Co-silicates were reduced at very high tempera-
ture > 750 °C and consequently reduced the reactivity of the catalyst.
Carbon deposition on the active sites due to coking also played a sig-
nificant part in the catalyst deactivation which is confirmed by TEM-
EDX of the CoRu-MCM-41 shown in Fig. 15. The deactivated CoRu-
MCM-41 was also characterized by XPS and TPO (Temperature pro-
grammed oxidation) as shown in Figs. S3 and S4 . They confirm the
presence of carbon on the surface of the spent catalyst. The deactivation
of Fe in CoFe-MCM-41 catalyst is mainly because of water that is pro-
duced during the FT synthesis. It reoxidizes Fe to Fe;04 which is in-
active during the FT reaction [91]. Although the incorporation of Ru to
Co-MCM-41 catalyst has shown clear improvement towards the se-
lectivity of hydrocarbons, Fig. 14 shows that CoNi-MCM-41 is more
stable than CoRu-MCM-41 or Co-MCM-41. Ni was found to resist the
catalyst deactivation by facilitating reduction by hydrogen spillover
[94]. Fan and his coworkers also found that CO conversion increased
upon the addition of nickel to cobalt-based catalyst for selective
synthesis of wax from syngas [95]. In summary, the stability and ac-
tivity of the catalysts to withstand/retard deactivation were in the order
of CoFe-MCM-41 > Co-MCM-41 > CoNi-MCM-41 > CoRu-MCM-41.

4. Conclusions

In summary, stainless steel microreactors fabricated by 3D-printing
technology was successfully used to study the effect of bimetallic M- Co-
MCM-41 catalysts in FT synthesis at 1 atm. These catalysts were syn-
thesized using one-pot hydrothermal procedure and resulted in high
surface area MCM-41 matrix with an ordered mesoporous structure as
-corroborated by low angle XRD and BET surface area studies. TEM and
SEM-EDX results indicate a clear hexagonal matrix having porous sur-
face morphology with uniform metal ion distribution. For FT synthesis,
all the catalysts showed similar trend in CO conversion. The highest CO
conversion for CoFe-MCM-41 (65.5 %), Co-MCM-41 (64 %) and CoNi-
MCM-41 (72 %) was obtained at 210 °C, 240 °C and 240 °C respectively,
and each of them is lower than that of CoRu-MCM-41 (77.4 %) at 240
°C. The highest selectivity for butane in the temperature range of 180
°C-300 °C followed the order, CoRu-MCM-41 > CoFe-MCM-41 > Co-
MCM-41 > CoNi-MCM-41. The selectivity for propane followed the
order: CoFe-MCM-41 > CoRu-MCM-41 > Co-MCM-41 > CoNi-MCM-
41. Among all the catalysts studied, CoFe-MCM-41 showed the best
resistance to deactivation. Monometallic Co exhibited the highest dis-
persion in the MCM-41framework followed closely by bimetallic Co-Ru.
The results from our experiments suggests that the addition of transi-
tion metals-Fe, Ni and Ru to Co-MCM-41 can play a vital role in FT
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Fig. 15. TEM image of deactivated CoORu-MCM-41 catalyst a) Low magnification b) High magnification ¢) EDX showing presence of carbon on the catalyst surface.

synthesis. Finally, the 3D-printed stainless steel microreactor enables an
ease of catalyst screening and development, addressing major issues
that are limited by silicon microreactors.
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