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Abstract

Fischer Tropsch Synthesis (FTS) using syngas, a mixture of carbon monoxide (CO) and hydrogen (H,), obtained from renew-
able sources in the presence of a catalyst, is an excellent route to long-chain hydrocarbons and fuels. In this study, cobalt-
mesoporous silica catalysts for FTS were prepared by two procedures-Co@SiO, at 200 °C, and high pressure in an autoclave
(AC), Co@Si0, (One Pot or OP) at room temperature and 1 atm; the effect of Al,O; on Co-SiO, as Co@Si0,Al,0; (One Pot
or OP) core—shell catalysts was investigated for FTS at 20 bar in 3D printed stainless steel (SS) microchannel microreactors.
These catalysts were characterized by different techniques such as N, physisorption, XRD, SEM, TEM, H,-TPR, TGA-DSC,
and XPS. The N, physisorption studies show that the BET surface area of Co@SiO, (Autoclave) is much higher than that
of Co@Si0O, (One Pot), and the surface area decreases upon the addition of Al,O; to yield Co@SiO,Al, 05 (OP) catalyst. In
TPR analysis, the Co@SiO, (OP) based catalyst had much higher reduction temperature than the Co@SiO, (AC) catalyst.
The XRD analysis shows that the Co@SiO, (Autoclave) based catalyst is more crystalline when compared to other catalysts.
The TEM and SEM images revealed agglomerations in the case of Co@SiO, (OP) and Co@Si0O,Al,0; (OP) based catalysts.
The TGA analyses of as-synthesized catalysts, before calcination, showed good stability of the catalysts. The oxidation state
and binding energy of all catalysts, evaluated by XPS analysis, show a significant shift based on the catalyst preparation. All
F-T reactions were carried out in a 3D-printed SS microreactor at 20 bars in the temperature range of 200-370 °C with H,/
CO molar ratio of 2:1. The highest CO conversion for Co@SiO, AC, Co@Si0O,Al,0; OP, Co@SiO, OP are 85%, 45%, and
27% respectively. The highest selectivity to C,, % was observed for Co@SiO, AC in SS Microreactors in the temperature
range of 200-300 °C, and the % selectivity for the C,,, follows the order: Co@SiO,AC > Co@SiO,Al,05 OP > Co@SiO, OP.
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1 Introduction

Conversion of synthesis gas, a mixture of H, and CO, to
hydrocarbons over different metal catalysts was discovered
by Franz Fischer and Hans Tropsch at Kaiser Wilhelm Insti-
tute for Coal Research in Mulheim in 1923 [1, 2]. This pro-
cess is widely known as Fischer—Tropsch synthesis (FTS).
They conducted CO hydrogenation over iron, cobalt, and
nickel catalysts in a temperature range of 180-250 °C and
1 atm pressure to produce linear hydrocarbons in the product
mixture. The feedstock of the syngas is mainly derived from
the gasification of various solid carbonaceous resources like
coal and biomass, and are used in many chemical industries
for the production of transportation fuels. Indeed, the deple-
tion of petroleum resources and the abundant use of natu-
ral resources like gas and coal has gained much industrial
research interest for alternative technologies to produce fuels
like Fischer—Tropsch Synthesis. Conversion of gas (Gas-To-
Liquid) and coal (Coal-To-Liquid) to hydrocarbons are cur-
rently the foremost promising routes to supply environmen-
tally friendly clean fuels [3].

For commercial production of liquid fuels, iron and cobalt
are employed in the temperature range of 200 to 300 °C
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and at pressure > 10 bar [4, 5]. Thus, current catalysts used
for FTS are cobalt, iron, and more recently, ruthenium
loaded on various supports [6—8]. Cobalt-based catalysts
are highly active but sensitive to poisoning, even when a
small amount of sulfur-containing compound is present.
The reaction conditions for ruthenium catalysts are milder
due to their considerable high activity. However, its high
price and limited resource hinder its industrial application.
Iron-based catalysts are attractive due to their low price,
abundant resources, tunable properties, and controllable
selectivity toward various hydrocarbons. Various technolo-
gies have been investigated to engineer the conventional
iron-based catalyst for FTS to promote the activities and
manipulate the product distribution. It includes the modifi-
cation of the support properties, employment of favorable
composites, addition of various promoters, alteration of the
activation methods, synthesis method, etc. In this study, we
have used a microreactor for FTS synthesis. Microreactor,
as the name implies, is a very small device containing one
or several microchannels with inlet and outlet flow regions
[9, 10]. They are termed ‘Lab-on-a-chip’ devices since the
size is very small. The reaction zones are the microchannels
through which fluid or the reactants flow for a reaction to
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take place. In addition, these microreactors enable higher
throughput experiments with fewer reactants, fewer utili-
ties, and safety advantages compared to the standard reac-
tors used for research [11]. The lower reaction volumes of
microsystems that undergo high heat and mass transfer rates
help reactions to occur more aggressively with higher yields
that are generally achieved by conventional reactor technol-
ogy [12]. Moreover, new reaction kinetics [13], hydrody-
namics, and difficult reaction pathways are easy to carry out
in a confined small volume [1] compared to conventional
chemical reactors [14]. Since the reaction volumes are very
small compared to the standard reactors, it is much safer
to conduct chemical reactions that form highly reactive
intermediates during the chemical process. These inherent
safety characteristics of microreactors are advantageous for
shipping the toxic and highly reactive intermediates to safe
storage and analysis locations.

One of the important characteristics of microreactors is
large surface areas, and their inherent safety can be utilized
to scale up by stacking them together. This scale-up strategy
makes it feasible to switch from the formation of micro prod-
ucts to macro products without much loss of reactivity [15,
16]. Moreover, the utilization of the continuation process by
microflow systems eliminates the batch-to-batch variations
in product quality and maintains the reaction parameters
precisely [17]. The design selection of the microreactor and
the material used for its fabrication depends on the intended
chemical applications [9]. Classical chemical reactions can
be carried out by using stainless steel, glass, silicon, poly-
mers, and Stainless steel (SS) microreactors. The applica-
tions are mainly supported by large-scale chemical produc-
tion [18], whereas glass [19], polymer [20] silicon are more
attractive for laboratory applications. Polymer microreactors
are mainly fabricated using PDMS (Polydimethylsiloxane)
[21].

In this work, we have used SS microreactors to investigate
the performance of cobalt-based catalysts with an attempt to
prepare possible core—shell structure and studied the effect
of physical and chemical properties of the catalysts on Fis-
cher—Tropsch Synthesis. The catalysts were prepared by
two different procedures: autoclave (AC) and one pot (OP),
to investigate the effect of preparation on catalytic activity.
While the synthesis of catalysts in an autoclave was carried
out at 200 °C and high pressure, the OP preparation was
done at room temperature under normal conditions. More
significantly, we tested the effect of mixed support by incor-
porating Al,O5 on SiO,. The comparative stability studies of
Co@Si0, (AC), Co@SiO, (OP) and Co@Al,05-SiO, (OP)
catalysts for FT Synthesis in SS Microchannel Microreactor
were investigated.

2 Experimental Methods
2.1 Materials

The reagents used for catalyst synthesis were of analytical
grade with no further purification. Tetraethyl orthosilicate,
99% (TEOS) and ammonium hydroxide, ACS (American
Chemical Society) reagents, were purchased from Acros
Organics, New Jersey, USA. Cetyltrimethylammonium-
bromide (CTAB), Co (NO3), 6H,0, Fe (NO;); -9H,0 were
purchased from Sigma Aldrich. Ethanol (anhydrous) and
acetone, ACS grade, were obtained from Fisher Scientific,
New Jersey, USA.

2.2 Catalyst Synthesis and Loading
2.2.1 Catalyst Synthesis (One-Pot)

Cobalt-based nanocatalysts supported by SiO, and Al,O4
were synthesized using a one-pot hydrothermal procedure
[22]. TEOS, CTAB, de-ionized water, and ethanol were
used. The quantity of metal precursor 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 became clear. A separate solution was prepared
by dissolving metal precursors in ethanol and stirring it for
approximately 30 min. The dissolved metal solution was
gently poured into the CTAB solution and stirred vigorously
for 30 min. TEOS, the limiting reagent for this chemical syn-
thesis, was added dropwise into the mixture while stirring
continuously for another 30 min. To precipitate the metal
hydroxides at a pH of about 9—11, 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 was washed with de-ionized water
until it reached a pH of 7, then rinsed with ethanol and fil-
tered. The filtered material was dried in the air for 24 h and
then dried in an oven at 98 °C for 24 h. This was followed by
calcination at 550 °C for 6 h with a heating rate of 2 °C/min
to remove the CTAB surfactant. It was then cooled to room
temperature. The catalysts were also synthesized with SiO,
and Al,O; supports. They are labeled as Co@SiO,(one pot)
and Co@Si0,Al,0; (one pot) in this study.

In addition, the Co@SiO, (Autoclave) catalyst was
prepared in a stainless-steel autoclave using 4.5 g of poly-
vinylpyrrolidone (PVP) and 2 g of Co (NO;), 6H,0, dis-
solved in 300 ml ethanol with magnetic stirring. The solu-
tion was transferred to stainless steel autoclave, sealed, and
then heated at 180 °C for 4 h when a black suspension was
obtained.

@ Springer
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The pore diameter of the silica shell was controlled by
the addition amount of a swelling agent, trimethyl benzene
(TMB). The synthesis method is as follows; Mixture A was
prepared by mixing 120 g of water, 14 g of cetyltrimeth-
ylammonium chloride (CTACI), and 3.36 ml of 1,2,4-tri-
methylbenzene (TMB) as a swelling agent to obtain the final
mixture with the tetraethylorthosilicate (TEOS) mole ratios
of 0.6. The mixture was heated up to 60 °C under stirring
for 30 min. The black suspension of Co;0, nanoparticles
encaged by polyvinylpyrrolidone (PVP) shell prepared in
the first part was added dropwise to the above surfactant
solution, and the whole mixture (mixture A) was stirred for
another 3 h.

In another autoclave, mixture B was prepared by mixing
10 ml of tetraethylorthosilicate (TEOS) and 75 ml of trietha-
nolamine (TEA). This mixture was placed in a stainless steel
autoclave and heated in an oven at 90 °C for 20 min. This
mixture B was added to mixture A at room temperature,
and the resulting mixture was magnetically stirred for 48 h
at 600 rpm. The product was then collected by filtration,
washed thoroughly with distilled water and ethanol, and
then dried at 60 °C. The dried product was then calcined at
500 °C for 6 h in the air.

2.3 Catalyst Activity Test

The FT experiments were conducted in an in-house-built
LabVIEW automated experimental setup with precise con-
trol of the operating conditions. The experimental setup
is shown in Fig. 1. The volumetric flow rate of the syn-
gas mixture (H, &CO) was controlled by a pre-calibrated
mass flow controller (Bronkhorst) with a maximum rate of
20 scem. The carrier gas and nitrogen were controlled by a
precalibrated mass flow controller (Aalborg) with a maxi-
mum flow of 20 sccm. The pressures upstream and down-
stream were monitored by Bronkhorst pressure gauges, from
which the information was fed to an Aalborg solenoid valve,
which controlled the reaction pressure. The Labview 2018
program automated the whole setup. Agilent Technologies
7890B GC and Agilent 5977 MSD systems were used for

Fig. 1 Experimental setup for
FT Synthesis
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the qualitative and quantitative analysis of the reaction prod-
ucts. Prior to experiments, the catalyst inside the microreac-
tor was reduced in-situ at 350 °C overnight to compensate
for the losses in ex-situ reduction via oxidation of catalyst
before reaction. The FT reaction was performed with syn-
gas (H,/CO =2) using a fixed gas hourly space velocity
(GHSV=12,000 h™"). The H, and CO flow rates were main-
tained at 4 and 2 ml/min, respectively. The N, flow rate was
maintained at 1.5 ml/min.

2.4 Catalyst Characterization

N, adsorption—desorption isotherm of all catalysts was
measured by the BET surface area analyzer (Model: 3Flex,
Make: Micromeritics, USA) instrument at constant liquid
N, temperature (— 196 °C). The surface area and pore size
distributions were calculated by N, adsorption—desorption
isotherm using the Brunauer—Emmett—Teller (BET) and
Barrett-Joyner-Halenda (BJH) method. The X-ray diffrac-
tion was carried out using a powder X-Ray diffractometer
(Model: Bruker AXS). The detection limit of the instrument
was in the range of 10-80° with a step interval of 0.02° using
a Cu Kal radiation source with a wavelength of 1.5406 A.
Peaks derived from these spectra were used to identify the
metals, their oxidation state, and their morphology. Temper-
ature programmed reduction was performed using a chem-
isorption analyzer (Model: 3Flex, Make: Micromeritics,
USA). 0.05 g of sample material was measured and placed
into a chemisorption tube on top of a covering layer of quartz
wool beneath a quartz filter cap upon which the sample was
placed. The sample was then placed under a 10% H,/Ar (1:9
wt %) flow of 50 ml/min and a ramp rate of 10°C/min from
room temperature to 800 °C to determine the reducibility of
the metal oxides. Synthesized materials were imaged using a
ZEISS Auriga Focused Ion Beam Scanning Electron Micro-
scope (FIB-SEM) at the Joint School of Nanoscience and
Nanoengineering. These images were used to conclude the
average particle size, morphology, and topography of each
catalyst. The Transmission Electron Microscopy (TEM)
was carried out by Thermo Fischer Talos (Model: F200X).

GCMSsS

Backpressure controller
Cold trap

Hot trap

Reactor and heating block

MFCs for CO2, N2, CO & H2
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The field emission system was operated at 200 kV. The
decomposition temperature of polymer templates used in
the mixed composite support preparation was determined
by Thermogravimetry and Differential scanning Calorim-
etry (TGA-DSC) (Model: TA instruments, New Castle, DE,
USA). The samples were heated to 1000 °C at a heating
rate of 10 °C/min. The analysis was done in presence of
Air at 100 ml/min. The oxidation states of all catalysts were
determined by X-ray photoelectron Spectroscopy (Model:
Escalab Xi+ -, Make: Thermo Scientific, West Sussex, UK).

3 Results and Discussion
3.1 Experimental Details of Core-Shell Catalyst

Co@Si0, and Co@Al,0,-Si0, catalysts were prepared
using the autoclave and one-pot synthesis procedures. These
catalysts were characterized by a series of techniques, N,
physisorption, XRD, SEM, TEM, H,-TPR, TGA-DSC, and
XPS. The expected phase was confirmed, and the core—shell
structure was observed. The effect of outer shell type on the
properties of the catalysts was also investigated.

3.2 Characterization Techniques
3.2.1 Brunauer Emmett Teller (BET) Analysis

The textural properties of the Co@SiO, (AC), Co@SiO,
(OP), and Co@Si0,Al,05 (OP) catalysts were determined
by the N, physisorption technique. In Fig. 2a, the N, adsorp-
tion—desorption isotherm of Co@SiO, (OP) catalyst shows
a typical type-IV isotherm with a long hysteresis loop and
capillary condensation occurred at a relative pressure (P/
Py) of 0.4-1.0, which is characteristic of mesoporous mate-
rials according to the classification of International Union
of Pure and Applied Chemistry (IUPAC). The isotherm of
the Co@Si0,Al,0; (OP) catalyst belongs to type IIb with a
type H3 hysteresis loop and capillary condensation charac-
teristic of the existence of inter-particle pores in aggregates
[23]. This result is also supported by the SEM micrographs,
which show the agglomeration of a large number of small
particles [24]. The hysteresis loop suggests the presence
of pores with different accesses, and they are not uniform.
Figure 2b shows the Co@SiO, (AC) catalyst has a type-
IV isotherm with a hysteresis loop according to the [IUPAC
classification. No capillary condensation is observed in
this case, which suggests that the catalyst synthesis method
plays an important role. Figure 2c shows the pore size dis-
tribution (PSD) of the catalysts. Both Co@SiO, (OP) and
Co@8Si0,Al,05 (OP) catalysts exhibit similar pore sizes of
3.9 nm with a very low contribution to the larger pore sizes,
corresponding to secondary mesoporosity. In the case of the

Co@Si0, (AC) catalyst, the average pore size is 3.6 nm, and
it is mesoporous.

Table 1 summarizes the BET surface area, pore volume,
and average pore sizes of all catalysts. The surface area and
pore volume are lower for Co@SiO, (OP) when it was com-
pared to that of Co@SiO, (AC). This is probably due to the
catalyst preparation method. Surface area and pore volume
decreased significantly for Co@SiO,Al,0; (OP) material.
This is due to a combination of Al,O; and mesoporous SiO,,
similar to that reported before [25].

3.2.2 X-Ray Diffraction Studies (XRD) Analysis

XRD studies were carried out to obtain information about
the crystalline nature of the catalysts. The mesoporous
nature of the support was confirmed from N, adsorption
Type IV isotherms as shown in Fig. 4 and is consistent with
the results of powder XRD studies. The wide-angle XRD
analysis was carried out for different catalysts.

Figure 3 shows the XRD patterns of different catalysts.
The broad peak around 22° belongs to mesoporous SiO,
[25, 26]. The diffraction peaks at various 20 values such
as 18.72°, 22.82°, 32.94°, 38.70°, 45.06°, 60.18°, and
65.02°correspond to Co;0, with cubic structure, indicating
that Co;0, is the primary crystalline cobalt species, referred
to standard JCPDS- 42-1467 database [27]. No noticeable
peak is observed for Co;0, in the Co@SiO, (OP) sample;
this suggests that either the metal and metal oxides are amor-
phous or well dispersed on the surface [28, 29] or present
in the lower crystalline from that is not detectable by XRD
[30, 31]. The SiO, peak disappears in the Co@SiO,Al,0;
(OP) XRD spectrum due to the incorporation of Al,O; in the
mesoporous silica shell [32].

The average crystal size of the catalysts can be measured
from the XRD data using the modified Scherrer equation,
and they are shown in Table 2 [33]. While the crystal size
of Co304 is 11.06 nm in Co@Si02 (AC), the crystal size of
Co304 is estimated to be 10.36 nm in Co@SiO2A1203 (OP)
catalyst. The size of the cobalt oxide nanoparticles decreases
by 0.7 nm. Crystallinity differences have been observed in
the XRD patterns of Co@SiO2 (AC) and Co@SiO2 (OP).
The percentage of crystallinity index was calculated using
the following equation [34]

CI% = 100 X (S./S,)
where S, is the area of the crystalline domain and S, is the

area of the total domain.

The crystallinity index percentages of Co@SiO2 (AC)
and Co@SiO2 (OP) are 46.22 and 28.30, respectively. This
difference in the crystallinity partly accounts for the thermal,
chemical properties, and reactivity differences between the
samples prepared by two methods. Chu et al. [35], in their
study, also showed that the addition of A1203 to a core—shell

@ Springer
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Fig.2 N, Adsorption—desorption isotherms of: a Co@SiO, OP and Co@SiO,Al,0; OP and b Co@SiO, AC; ¢ pore size distribution plots of all

catalysts

Table 1 BET surface areas, pore sizes and pore volumes of different

catalysts
Catalyst Sp. surface Pore volume Pore
Area (m?/g) (cclg) diameter
(nm)
Co@ SiO, (AC) 805 0.73 3.6
Co@ SiO, (OP) 670 0.66 39
Co@Si0,Al,05 (OP) 308 0.30 39

@ Springer

structure resulted in the reduction of cobalt nanocrystal size
observed in their studies.

3.2.3 Scanning Electron Microscopy (SEM) Analysis

SEM studies were used to investigate the morphology and
elemental composition (weight%) of each catalyst. The
morphologies of different core—shell catalysts are shown in
Fig. 4. It should be noted that silica is a commonly used
material in core—shell catalysts because of its mechanical
strength, structural characteristics, and ease of carrying out
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Fig.3 Wide angle XRD patterns of Co@SiO, (AC), Co@SiO, (OP),
and Co@Si0,Al,05 (OP) Catalysts

Table 2 Crystal size calculation* based on XRD data

Catalyst Ave. Co304
Crystal Size
(nm)

Co@Si02 (AC) 11.06

Co@Si02AI1203 (OP) 10.36

“Using modified Scherrer equation [33[

surface functionalization [31, 32, 36, 37]. It can be observed
that the particles are well dispersed for the Co@SiO, (AC)
and Co@SiO, (OP) catalysts (Fig. 4a and b). However, there
is some agglomeration observed for the Co@Si0O,Al,0,
(OP) catalyst (Fig. 4c). This is most likely due to the incor-
poration of Al,O; into the mesoporous silica shell. The Co@
Si0,Al,05 (OP) samples yielded not only larger particles
but also indicated lower adhesion of cobalt to support.
Table 3 shows the energy-dispersive X-ray spectrometry
(EDS) results of all catalysts. Co@SiO, (AC) and Co@SiO,
(OP) catalysts mainly contain Co, Si, and O elements. All
elements are evenly distributed for these catalysts. However,

in the case of the Co@SiO,Al,05 (OP) catalyst, the metal
loadings changed significantly due to the addition of Al,O;.
The O element in the EDX analysis is due to the surface
oxidation of metals incorporated in the catalyst.

3.2.4 Transmission Electron Microscopy (TEM) Analysis

To confirm the presence of core—shell structure, TEM analy-
sis was carried out for all catalysts. The TEM micrographs
are shown in Fig. 5. The particle diameter was determined
by Image J software. Based on TEM images (Fig. 5a, b, and
¢), Co@SiO, (AC) has a size of 25 nm in the outer diameter
with a 2 nm thick silica shell. Co@SiO,Al,0; (OP) has a
size of 33 nm in the outer diameter with 9 nm thick silica and
alumina shells. The size of cobalt particles and the thickness
of the silica layer both increase with the change in synthesis
method, which might suggest that the silica layer suppressed
the growth of cobalt particles [25]. When two methods are
compared, autoclave synthesis is much better because one-
pot synthesis bolstered agglomeration (large darker spots) of
the metal particles. The mesoporous silica layer acts as an
outermost shell and plays a major role in protecting cobalt
nanoparticles [38]. The XRD analysis shows that the Co@
Si0, (OP) catalyst is predominantly amorphous in nature
with minimal crystallinity. Hence, the core—shell structure
is not clearly defined in TEM analysis. [ See updated sup-
plementary data].

3.2.5 Temperature Programmed Reduction (TPR)

Temperature programmed reduction (TPR) analysis was per-
formed to study the reduction behavior of the metal oxide
catalysts to evaluate the metal-support interactions. Figure 6
shows the H,-TPR profile of all catalysts.

For the Co@Si0, (AC) catalyst in Fig. 6, two main reduc-
tion peaks are observed at 347 and 375 °C, respectively. The
observed reduction peaks are mainly due to the reduction of
the cobalt oxide nanoparticles (Co;0,— CoO — Co). The
peak at 440 °C is attributed to the reduction of bulk Co;0,
nanoparticles [39]. The reduction of Co*" species to Co**
is followed by the immediate reduction of Co>" to metallic
Co? [40, 41]. In the case of Co@SiO, (OP) material, a small
reduction peak is observed at 344 °C, which might be due
to the reduction of Co;0, to CoO. However, a very broad
peak is also observed at 833 °C, which may be attributed
to the reduction of slightly reducible cobalt silicate species
formed during calcination and H,-TPR experiments by reac-
tion of CoO with Si—~OH groups of mesoporous SiO, support
[42]. Two successive reduction peaks (386 and 405 °C) are
observed for the Co@SiO,Al,0; (OP) catalyst. These peaks
are attributed to the reduction of CO;0, to metallic Co. The
broader peak at 672 °C can be attributed to cobalt silicate
reduction. This peak is shifted to a lower temperature from

@ Springer



Topics in Catalysis

Fig.4 SEM images of: a Co@SiO, (AC); b Co@SiO, (OP); ¢ Co@SiO,Al,O; (OP) catalysts

Table 3 SEM-EDS analysis of synthesized catalysts

Catalysts Metal loading (Wt.%)

Co Si Al (0]
Co@SiO, (AC) 3.02 37.85 - 59.12
Co@SiO, (OP) 6.05 38.46 - 55.48
Co@Si0,Al,0; (OP) 15.44 18.81 11.36 54.39

@ Springer

833 to 672 °C due to the incorporation of Al,Oj; in the silica
shell. Thus, it leads to the weak interaction between Co spe-
cies with mesoporous silica support. The TPR results sug-
gest that the synthesis method plays an important role in
the formation of metal oxide or other species. We speculate
that in Co@SiO2 OP, a cobalt silicate species is produced.
It is very difficult to reduce cobalt oxide nanoparticles
because the silica shell yields higher thickness in a one-pot
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Fig.5 TEM images of: a Co@SiO, (AC); b Co@SiO, (OP); ¢ Co@Si0,Al,0; (OP) catalysts

synthesis. Thus, the TEM analysis is consistent with the
results from our TPR studies.

Table 4 shows the amount of H, consumption and reduc-
tion degree of different synthesized catalysts in our TPR
studies. The highest H, consumption was observed for Co@
Si0,Al,05 OP catalyst. In addition, the lowest H, consump-
tion was observed for Co@SiO, OP catalyst. This result sug-
gests the presence of a greater number of reducible metal
oxides in the Co@Si0,Al,05 OP catalyst. The H, consump-
tion results are also supported by XRD analysis. In XRD
analysis, no Co;0, peaks are observed for the Co@SiO, OP
catalyst. So, the H, consumption was less than that observed
with other catalysts. The reduction degree of Co-based cata-
lyst was calculated based on the literature [43]. The recom-
mended temperature for the calculation of reduction degree

is 150400 °C because the FT reaction occurred in this tem-
perature range. The highest degree of reduction is observed
for the Co@Si0,Al,0; OP catalyst, according to Table 4.
The formation of the core—shell catalyst leads to an increase
in reduction degree from 19.05 to 31.24%. With the addition
of Al,Oj; in the shell part, the reduction degree increases
from 0.23 to 31.24% for one-pot synthesis catalyst. A similar
trend is also observed in H, consumption. The increase in
reduction degree leads to an increase in cobalt particle size
which is found by other researchers [44, 45]. However, the
cobalt oxide nanoparticle would be reduced easier to give
cobalt active sites over the Co@8Si0,Al,0; OP catalyst for
FTS, which corresponds to a higher reduction degree among
all core—shell catalysts.
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Table 4 H, Consumption of synthesized catalysts

Catalyst H, Consumption Reduction
(mmol/g)? degree
(%)
Co@SiO, AC 0.42 19.05
Co@SiO, OP 0.23 0.23
Co@Si0,Al,05; OP 091 31.24

®The H, consumption (mmol/g) was defined as the measured amount
of H, consumption in TPR peak /theoretical H, consumption (mmol
H,/g)x 100

"The degree of reduction (%) was defined according to the literature
[33] as the measured amount of H, consumption between 150-400 °C
in TPR peak /theoretical H, consumption (mmol H,/g) x 100

3.2.6 Thermo-Gravimetric Analysis and Differential
Scanning Calorimetry (TGA-DSC)

Simultaneous thermo-gravimetric analysis (TGA) and dif-
ferential scanning calorimetry (DSC) are the techniques
to investigate the thermal characteristics of different sub-
stances. The decomposition temperature of polymer tem-
plates used in the mixed composite support preparation was
determined by Thermo-gravimetry and Differential scan-
ning Calorimetry (TGA-DSC). The samples were heated
to 1000 °C at a heating rate of 10 °C/min. The analysis was
done in the presence of airflow at 100 ml/min [46]. In TGA
analysis, the sample is heated in the presence of airflow with
a constant heat rate, and the difference in mass during this
process is measured. In DSC analysis, critical thermal condi-
tions like melting point and glass transition temperature of
a substance can be obtained. As-synthesized (not calcined)
samples were subjected to simultaneous TGA-DSC studies
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to monitor their thermal decomposition and the decomposi-
tion of CTAB and other structure directing agents present
in the samples.

In Fig. 7 for the case of Co@SiO, AC, the black line is
weight loss, and the starting point is water, the second peak
is CTAB which is a surfactant, and the third peak is due to
PVP, which is the capping agent. The blue line indicates
heat flow, and above 400 °C, everything is removed, and
it continues to be very stable; it has 40% total weight loss.
The first blue sharp peak corresponds to weight loss due to
CTAB:; the second sharp peak corresponds to that of PVP.

In Fig. 7b of Co@SiO, OP, two sharp peaks appear
for heat flow, and they are due to exothermic reactions. In
Fig. 7a, the weight loss peak is much smoother than Co@
SiO, AG; it has a 60% total weight loss [47]. Figure 7¢ in
the case of Co@Si0,Al,0; OP, the first weight loss below
175 °C is due to the removal of volatile solvents used for the
catalyst preparation and water/moisture adsorbed on the sup-
port surfaces. The second weight loss between 175 °C and
245 °C was caused by the decomposition of the PVP tem-
plate used for synthesis. The third weight loss from 255 °C
to 360 °C corresponds to the decomposition of the surfactant
CTAB, and it shows a 65% total weight loss [35, 43].

3.2.7 Fourier Transform Infrared Spectroscopy (FTIR)

The IR spectra of as-synthesized samples are shown in
Fig. 8. The FTIR of the Co;0, nanoparticle shows a band
at 557 cm™!, which is due to the (Co—0O) mode [48]. The
band at 1633 cm™! corresponds to the stretching and bend-
ing modes of the surface hydroxyls [49]. The IR spectrum
of nanocomposite exhibits adsorptions at 1091 cm™", which
is depicted as Si—O vibrations. The bands at 2844 and
2927 cm™ are basically for asymmetric and symmetric C-H
stretching of the organics that disappeared after calcination
[50]. The absorption of the Co—O vibrations decreased due
to the presence of mesoporous SiO,. There are no character-
istic absorptions of Co—O-Si species; it suggests no chemical
interaction between the Co;0, core and SiO, shell [51].

3.2.8 XPS analysis

The oxidation states of the Co-active sites, as well as the
differences in binding energy as a function of the Co sup-
port interactions, were investigated by deconvoluted XPS
spectra analysis shown in Fig. 9. The conspicuous satellite
peaks of Co?* and Co’" confirmed the presence of CoO
and Co;0, mixed oxides in all the supports suggesting that
both oxidation states were involved in the FT reactions [52].
A close examination of each spectrum shows appreciable
binding energy (peak) shifts that are distinctive from one
catalyst to another. For example, the binding energy of the
Co2p of Co;0, oxide for Co@SiO, AC extends to about
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Fig.7 TGA-DSC thermograms of a Co@SiO, AC (As); b Co@8SiO, OP (As); ¢ Co@SiO,Al,0; OP (As) catalysts

780.84 eV. However, when Aluminum oxide is added (i.e.,
Co@8Si0,Al,05 OP), the binding energy of the Co2p spec-
tra shifts a little further to 782.07 eV [53]. Also, about a
0.54 eV difference in the peak shift is noticed between the
Co@Si0, AC and Co@SiO, OP catalysts. These differences
and shifts in binding energy could be attributed to the fact
that Co active sites interacted differently with each support,
possibly due to the crystallinity differences of the support/
material, which resulted from the different synthesis meth-
ods. [See supplemental Data] This observation is consistent
with our crystallinity calculations in Sect. 3.2.2.

3.2.9 Fischer-Tropsch Synthesis (FTS) of Co-Based Core-
Shell Catalysts

The effect of reaction temperature on different Co-based
core—shell catalysts was studied to know the optimum
reaction temperature for CO conversion and hydrocarbon
selectivity. The reaction temperature was varied from 200
to 350 °C with a constant H,:CO molar ratio (2:1), using
12,000 GHSV and 20 bar pressure. The N, gas flow rate was
maintained at 1.5 ml/min.

CO conversion and hydrocarbon selectivity were calcu-
lated based on the following equations [48, 49].
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Although the production of CO, from the water gas shift
reaction is important,

Figure 10 shows the effect of reaction temperature on CO
conversion and product selectivity for Co@SiO, AC cata-
lyst. CO conversion increases with the increase in tempera-
ture up to 350 °C, then show a declining trend at elevated
temperatures. This was probably due to a reverse water—gas
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‘m.a' '*‘r.

T
806 800 - T80 88 80 s
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Fig.9 XPS Spectra of: a Co@SiO, OP b Co@8Si0O,Al,0; OP ¢ Co@SiO, AC
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shift reaction, which occurred at a higher temperature. The
C,—C, selectivity was almost unchanged throughout the tem-
perature range. The methane selectivity increased with the
increase of reaction temperature. In addition, light olefin
(C;Hg) was produced in this temperature range. C;Hg selec-
tivity increased with the increase in temperature. and the
higher hydrocarbon (C,,) selectivity decreased at a higher
temperature.

In Fig. 11, CO@ SiO,Al,04 OP catalyst activity was
studied by variation of reaction temperature with other
fixed reaction parameters (H,/CO =2, 20 bar, 12,000 GHSV,
and N, =1.5 ml/min). CO conversion increased throughout
the temperature range. CO conversion was almost stable
between 300 to 325 °C. After that, it increased again up to
350 °C. The highest CO conversion was obtained at 350 °C.
Methane selectivity increased, and consequently, the higher
hydrocarbon selectivity (C,,) decreased from 260 to 350 °C.
C,—C, hydrocarbon selectivity was almost constant through-
out this temperature range.

Figure 12 shows the Co@SiO, OP catalyst activity in
terms of CO conversion and product selectivity with the var-
iation of reaction temperature. The CO selectivity increased
with the increase in temperature. CH, selectivity increased a
little at a higher temperature. However, higher hydrocarbon
selectivity was observed when it is compared to other cata-
lysts in this temperature range. C,—C, selectivity was almost
constant with the increase in temperature.

The water gas shift reaction is exothermic, and the FT
reaction is thermodynamically favorable for the conversion
of CO, in the presence of H, to form CO at high tempera-
tures [10].

Figure 13 shows how the CO conversion is affected by
temperature for Co@SiO, OP. While the conversion is quite
low, about 5% at 200 °C, it increased steadily and reached a
maximum at 350 °C. The CO conversion increased by 15%.
Conversely, our findings elucidated that the addition of metal
promoters to the Co@Si0O, play distinctive and significant
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roles in the syngas conversion and C,—C, product distribu-
tion at 20 bar.

When two one-pot synthesis catalysts are compared, Co@
Si0,Al,0; OP showed promising results in terms of CO
conversion and hydrocarbon selectivity. Addition of Al,O,
in the shell part of the Co@SiO, catalyst increased the CO
conversion from 15 to 45% at 350 °C. This suggests that the
enhancement of reduction degree from 0.23% to 31.24% in
which higher metallic Co sites were obtained for FTS. The
main reason was the formation of core—shell structure leads
to electronic interaction of core atoms on shell surface ones,
which corresponded to higher catalytic activity for CO@
Si0,Al,05 OP catalyst [54].

3.3 Time-on-Stream Study of All Catalysts
To investigate the time-on-stream behavior of all catalysts,

the FTS reaction was carried out for 50 h. In the case of the
Co@Si0, AC catalyst, the almost stable CO conversion was
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obtained for up to 30 h. Then the CO conversion decreased
from 30 to 50 h. The stable conversion was obtained after
20 h for the Co@SiO, OP catalyst. The CO conversion
increased a little from 20 to 35 h. After that, the conver-
sion slightly decreased between 35 to 50 h of reaction. In
the case of the Co@Si0,Al,0; OP catalyst, after an initial
decrease of CO conversion up to 15 h, the CO conversion
was almost stable between 15 and 25 h. The conversion fur-
ther decreased sharply from 25 to 35 h. Then, it was stable
from 35 to 45 h. After that, it decreased again up to 50 h. The
decreasing trend of CO conversion suggests that the catalyst
was deactivated due to coke deposition over the catalyst sur-
face. The lower hydrocarbon selectivity was almost constant
during the time-on-stream study for all catalysts. C,, selec-
tivity was initially higher and continuously decreased later
for the Co@Si0,Al,05 OP catalyst. In the case of other cata-
lysts, C,, selectivity was almost constant during the time-
on-stream study. However, the lighter olefin (C;Hy) selectiv-
ity was almost constant throughout the stability study.
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3.4 Spent Catalysts Characterization
3.4.1 XRD Analysis

Figure 14 shows the XRD analysis of the spent Co@SiO-
»AL,O5 OP catalyst. It indicates the formation of an amor-
phous structure and the disappearance of the crystal struc-
ture. The peak intensity of metal oxides was reduced.

3.4.2 SEM Analysis

Figure 15 shows the SEM morphologies of spent catalysts.
The surface morphology changed after the stability study.
Particle agglomeration was observed in all spent catalysts.
The formation of coke is visible over the catalyst surface
during the Fischer—Tropsch synthesis in the microchannel
microreactor. The coke formation is also one of the main
contributions to the retardation of catalyst activity.

3.4.3 TGA-DSC Analyses

Figure 16 shows the TGA-DSC analysis of the spent cata-
lysts. Almost 12 wt.% loss was observed during the analysis
for Co@Si0, OP and Co@SiO,Al,0; OP catalysts. How-
ever, 40 wt.% weight loss was observed for Co@SiO, AC
catalyst. This weight loss is attributed to the burning of coke
in the presence of air during analysis. However, the coke
deposition is the main factor for catalyst deactivation, but
other factors (method of preparation, composition of mixed
oxide support, oxidation, sintering, support degradation, and
attrition) also affect catalyst deactivation. The high reduc-
ibility property of the Co@SiO,Al,0; catalyst (From TPR
analysis) could be the factor for catalyst deactivation.
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4 Experimental Summary

In this work, a 3D printed stainless steel microchannel
microreactor was used for FT synthesis to evaluate the cata-
lyst performance of two different cobalt-based mesoporous
oxides. Catalysts were prepared using autoclave and one-
pot hydrothermal synthesis methods. The property of the
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Co@Si0, (AC), Co@SiO, (OP), and Co@SiO,Al,0,
(OP) catalysts was determined with the aid of using the N,
physisorption technique. The catalysts showed N, adsorp-
tion—desorption isotherm and confirmed an average Type-
IV isotherm with a protracted hysteresis loop and capillary
condensation. BET surface area observed that the surface
area, pore volume and average pore size certainly. XRD is
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used for the primary characterization of material properties
like crystal structure and crystallite size. The mesoporous
nature is indicated by N, adsorption Type IV isotherms. To
recognize the crystal shape, a wide-angle XRD evaluation
was performed. The SEM images had been used for the mor-
phology and composition of every catalyst. Silica is usually
used in core—shell catalysts due to its mechanical strength,
structural traits, and smoothness for surface functionaliza-
tion. The particles are properly dispersed for the Co@SiO,
(AC) and Co@SiO, (OP) catalysts. The SEM characteriza-
tion also indicated the presence of agglomerates in the Co@
Si0,Al,05 (OP) catalyst due to the incorporation of Al,O;
into the mesoporous silica shell.

The size of cobalt particles and the thickness of the silica
layer are both different for different synthesis methods. It has
been reported by other groups that the silica layer suppresses
the growth of cobalt particles [6]. When two methods are
compared, autoclave synthesis is much better as one-pot
synthesis produces agglomeration of particles. TPR analysis
was performed to study the reduction behavior of the metal
oxide catalysts and evaluate the metal-support interaction.
TPR result shows that the synthesis method plays an impor-
tant role in the reduction of metal oxide. The results from
TPR studies are supported by TEM analysis.

As-synthesized samples were subjected to simultaneous
TGA-DSC studies to monitor their thermal decomposition.
Co@SiO, OP, during heat flow, two sharp peaks appear,
these peaks are gone out, and it is an exothermic reaction.

The weight loss peak is much smoother than Co@SiO, AC;
it has a 60% total weight loss. Co@SiO,Al,0; OP weight
loss due to the removal of volatile solvents used for the
catalyst preparation and water/moisture adsorbed on the
support surfaces. The selectivity toward methane reduced
with growth inside the temperature, after which multiplied
sharply on the rate of longer chain hydrocarbons at expanded
temperatures for all of the catalysts.

Three different catalysts were tested for FT-SSMR activ-
ity studies. The effect of temperature (200-390 °C) on CO
conversion and selectivity of CO,, CH,, C,H¢, C;Hg, C,H,,
and C, products are reported in Figs. 9, 10, 11, 12, 13, 14,
15. Preliminary FT-SSMR reactions were performed with
all catalysts; based on each catalyst's ability to CO conver-
sion, stability, and hydrocarbon selectivity [8]. In general,
low CO conversion is accompanied by low temperature, and
high CO conversion is accompanied by high temperature.
Higher CO conversion was obtained for the Co@SiO, AC
catalyst, 85% at 350 °C, as shown in Fig. 11. The highest
selectivity was obtained Co@SiO,Al,0; OP catalyst, 99%
at 200 °C in Fig. 12. High temperature (300-350 °C) FT
(HTFT) activity revealed that the Co@Si0O,Al,05 OP cata-
lyst showed the highest hydrocarbon selectivity. Particularly
at 200 °C, C,, hydrocarbon selectivity was as high as 99%,
while methane selectivity at 350 °C was approximately 45%.
This confirmed the well-known suitability of Co catalysts
for FT activity.

Catalysts CO
Conver-
sion %

Co@Si0O, AC SS Microreactors 85%

Co@Si0,Al,05 OP SS Microreactors 45%

Co@Si0O, OP SS Microreactors 27%

5 Conclusion

The Core—Shell catalysts were successfully synthesized
using the autoclave and one-pot synthesis techniques and
resulted in a high surface area Co@SiO, matrix with an
ordered mesoporous structure as supported by XRD and
BET surface area studies. TEM and SEM-EDX results
indicate a clear hexagonal matrix having porous surface
morphology with uniform metal ion distribution. The stain-
less steel microreactors fabricated by 3D-printing technol-
ogy were successfully used to study the effect of core—shell
catalysts in FT synthesis at 20 bar [55].

For FT synthesis with operating conditions of 20 bar,
H,: CO (2:1), and the temperature range 200-370 °C, all
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Fig. 15 SEM images of Spent a Co@SiO, AC; b Co@SiO, OP; ¢ Co@SiO,Al,0; OP catalysts

the catalysts showed similar trends in CO conversion. The
highest CO conversion for Co@SiO, AC (85%), Co@
Si0,Al,05 OP (45%), and 27% for the Co@SiO, OP cata-
lyst. With regard to the % selectivity of Co@SiO, AC in SS
Microreactors, C,, is the highest in the temperature range
of 200-300 °C and follows the order: Co@SiO,AC > Co@
Si0,Al,0; OP > Co@SiO, OP FT SS Microreactors.
Among all the catalysts studied, Co@SiO, AC showed the
strongest resistance to deactivation. This study suggests that
the addition of another transition metal to Co-SiO, can play
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a vital role in FT synthesis. Finally, the 3D-printed stainless
steel microreactor enables ease of catalyst screening and
development, addressing major issues with Fischer—Tropsch
Synthesis.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11244-022-01733-z.
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