International Journal of Hydrogen Energy 67 (2024) 1248-1261

Contents lists available atScienceDirect

International Journal of Hydrogen Energy

journal homepage: www.elsevier.com/locate/he

Check for
updates

Fischer-tropsch synthesis of fuels and olefins in 3D printed SS microreactor using
iron/graphene oxide catalysts with Mn- and Na-metal promoters

Saif Hassan 2, Meric Arslan °, Juvairia Shajahan ¢, Sujoy Bepari ?, Punprabhashi

Vidanapathirana °, Debasish Kuila >

? Department of Chemistry, North Carolina Agricultural and Technical State University, Greensboro, NC, 27411, United States
® Department of Applied Science and Technology, North Carolina Agricultural and Technical State University, Greensboro, NC, 27411, United States Joint
School of Nanoscience and Nanoengineering, North Carolina Agricultural and Technical State University, Greensboro, NC, 27411, United States

ARTICLEINFO

Handling Editor: Arunachala Kannan

The effects of adding Mn and Na promoter metals to graphene oxide (GO)-supported iron-based catalysts for Ficher-Tropsch

Synthesis (FTS) reactions to olefins at 20 bars were investigated in a 3D-printed stainless steel (SS) Microreactor. While

Keywords:

FT synthesis

SS microreactor Fe

catalyst

Graphene oxide

Carbon-based catalyst support

ABSTRACT stream studies.

promoter metals encourage reduction of iron oxide to iron to form iron carbide, the active metal catalysts in GO allow
hydrogenation of CO. These catalysts were synthesized by layer deposition method and characterized by different techniques.
The TEM images show the integration of graphene oxide into the catalysts. The XRD and XPS studies confirmed the crystal
structure and oxidation states of the metals. The catalytic activity and product selectivity were studied in the temperature
range of 200-350°Cwith a 2:1 M ratio of H,: CO. Higher CO conversion with greater selectivity for olefins was observed in the
presence of the promoters. FeMnNa@GO showed better stability than both Fe@GO and FeMn@GO catalysts in time-on-

1. Introduction

Fischer-Tropsch synthesis (FTS) is a specialized reaction in which carbon
monoxide (CO) and hydrogen (Hz) react to form hydrocarbons in the presence
of heterogeneous Fe-based catalysts [1]. Syngas (Sythesis gas), composed of
CO and Hy, can be produced via a wide range of reforming processes from
biomass gasification. Agricultural byproducts, such as lumber and animal
waste are treated to produce syngas, which in turn is converted to
hydrocarbons via FTS [2-10]. While the exact mechanism of FTS is not yet
known, the active metal catalysts provide hydrogenation of CO to form “CH,”
which undergo C—C coupling or further hydrogenation [11,12]. One of the
challenges in FTS is the high temperature required to complete the reaction
and the high selectivity for CHs and CO; as undesirable products [13,14]. CO
conversion measures the efficiency of the catalyst in hydrogenation of CO.
However, product selectivity is important for the viability of the process
[14,15]. Extensive efforts have been made to overcome the apparent trade-off
between olefin selectivity and CO conversion using FTS catalysts [14]. Olefins
are useful byproducts that can be used to build recycled plastic materials, such
as polyethylene and polypropylene [16].

For FTS reactions, some of the developed catalysts include Fe@CNFs
(carbon nanofibers), Fe@Al,03, and ZnCrO.@SAPO-34 with Na and S
promoters [17-19]. Metals such as Fe, Ru, and Co are the most widely used
materials for FTS [20,21]. Iron-based catalysts have proven to be efficient and
cost-effective for FTO synthesis due to the fact that iron discourages the
competing water-gas shift reaction [17]. Therefore, Fe-based catalysts were
investigated in this study. To facilitate further C—C coupling to form C—Ca
olefins or biofuels, carbon-based support such as graphene oxide was

considered in this work. Graphene oxide has shown excellent product
selectivity towards long-chain carbons and low selectivity towards CO2and CHa
[22]. In addition, it has higher selectivity to olefins [23,24]. There are some
research works reported on graphene oxide supporting Fe and Co based
catalysts for Fischer-Tropsch synthesis (FTS). Moussa et al. [25] studied the
graphene oxide supported Fe—K catalysts for FTS process. They found that
graphene oxide reduced the water-gas shift (WGS) reaction activity compared
to carbon nanotubes (CNTs). As a result, the formation of CO: is significantly
reduced. The catalysts showed high activity and selectivity due to the presence
of defects within the graphene lattice that acts as nucleation sites for metal
nanoparticles, providing tunable metal-support interactions. Cheng et al. [26]
reported FTS to lower olefins by FeK on reduced graphene oxide (rGO)
catalysts. In the presence of K, the lower olefins selectivity increased up to 68%
and olefin/paraffin ratio of 1:1 in the C2—Cs hydrocarbons. Similar kinds of study
related with hierarchically mesoporous iron oxide/graphene oxide (GO)
composites have been synthesized for FTS process by Wei et al. [27]. The
catalysts exhibited higher surface area, higher porosity, and weaker Fe-GO
interaction. The weaker interaction between Fe-GO helped to reduce the
catalyst at lower temperature. The hierarchical pore structure increases the
number of active sites and promotes the mass transfer of reactants and
products. The Fe-based GO supported catalyst with glucose was synthesized
by Wei et al. [28]. They observed that the addition of glucose can generate
spatial confinement between GO sheets, which helped to grow iron oxide
nanoparticles and tune the particle size. Cheng et al. [29] reported Fe-based
Mg and K metals catalysts with GO support for lower olefins production. They
showed that the addition of Mg and K metals enhanced the olefin selectivity
as well as the reduction of CO: formation during FTS. The nitrogen
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functionalized GO supported Co and Ru metals catalysts were prepared for FTS
process by Taghavi et al. [30]. They reported that the functionalization with N>
helped to reduce the catalyst at lower temperature and increase the Co
particles dispersion and CO conversion from 70.6 to 74.5%.

This paper attempts to expand the studies on carbon nano-fiber support
catalysts in the form of graphene oxide nanosheets to aid iron- based catalysts.
Graphene oxide is a single-layered honeycomb structured material. It is
composed of sp? hybridized carbon atom. It can be potentially used in energy
storage, electronics and other areas due to its special monoatomic layered
structure, superior mechanical, thermal, electrochemical and optical
properties [31]. This material has superior specific surface area, thermal
conductivity, chemical stability and mechanical strength. So, it can be used as
catalyst support. The unique microstructure of this material is suitable for
heterogeneous catalytic applications [32]. The promising carbon-based
materials (graphene oxide) exhibit weak metal-support interaction, which
accelerates active metal and promoter’s reduction and increases the catalytic
activity [33].

The geometry of the support also has a major impact on the activity of the
catalyst. Recently, the synthesis of catalysts with core-shell geometries has
been emphasized, where the support acts as a shell and surrounds the active
metal nanoparticle cores. This structure is advantageous because the pores in
the supports confine reactants to the active metal, and the shell also serves to
protect the active metal and its active sites from degradation. These two
factors have been shown to enhance both the conversion and selectivity of FTS
reactions [34,35]. Furthermore, promoter metals are used to encourage the
catalyst to be reduced at lower temperatures by providing electrons to
maintain Fe in its active state, Fe°, which encourages olefin production over
single-carbon gas (CHsand CO2) production [36]. In this study, manganese and
sodium were used in conjunction with iron and supported by graphene oxide
for FTO sy nthesis. The loadings of these promoter metals in the catalysts were
varied, and their effects on catalyst characteristics and activity, as well as
product selectivity, were investigated. The
Anderson-Schulz-Flory (ASF) model explains the product selectivity of FTS
reactions, asserting that the product molecular weight distribution is
determined by the chain growth probability factor a. A high value of factor a
(>0.90) correlates with high selectivity towards heavy hydrocarbons, which
could include olefins and liquid fuels [11,37].

2. Experimental section
2.1. Materials

The reagents FeCls3-6H20, MnSQs, Na,COs, NaOH, Ethanol (anhy-
drous), N, N-dimethylformamide (99%), Graphene Oxide powder,
concentrated sulfuric acid, and concentrated nitric acid were procured from
Sigma Aldrich. Analytical-grade solvents and reagents were utilized without
additional purification.

2.2. Catalyst preparation

Three GO-supported metal catalysts were synthesized using the layer
deposition method described below: Fe@GO, FeMn@GO, and FeMnNa@GO.

2.2.1. Preparation of FeMnNa cores

FeMnNa cores were prepared by layer-by-layer deposition as described
elsewhere [38]. Fe** and Mn?* solutions (20 ml) prepared using FeCls and
MnSO; were added to 40 ml of EtOH such that the molar ratio of Fe30s:MnO:
in the core was 8:1 or 1:1. The metal hydroxides were precipitated by the
dropwise addition of NH4OH until the pH of the solution was 9. The obtained
slurry was irradiated in a microwave oven at 180 W for 30s (10s on and 20s off)
for 10min. The collected precipitate was washed with distilled water and
ethanol (1:1 ratio), dried at 100 °C for 1 h, and then calcined at 500 °C for 2 h.
This produced the

Fes04/MnO; core.
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In order to have Na-oxide at the core, Na.COs was dispersed in 50 m| EtOH
such that the molar ratio of Fe3s04:Mn02:Naz0 in the core was 1:1:1 or 8:1:1.
Fe30.@Mn0O; powder was gradually added to the dispersion under constant
dynamic stirring. EtOH was evaporated to obtain a solid, which was then dried
at 110 °C for 12 h and calcined at 500 °C for 4 h to prepare FeMnNa(x:1:1),
where x was either 8 or 1 based on the molar ratio of Fes0a:Mn02:Naz0 in the
core. 2.2.2. Preparation of FeMnNa(x:1:1)@GO (graphene oxide nanosheets)

2.2.2.1. Preparation of GO nanosheets. Aqueous graphene oxide (GO; 120 ml,
5 mg/ml) was treated with 32 ml of concentrated nitric acid and 8 ml of
concentrated sulfuric acid at 80 °C for 24 h in order to cut the sheets into
nanosheets [39,40]. Subsequently, the solution at room temperature was
dispersed for 30 min and neutralized to pH 7.0 with NaOH and filtered using
44-um filters.

2.2.2.2. Attaching GO shell to metal oxide cores. GO (0.2 g) was dispersed in
dimethylformamide (DMF) using an ultrasonicator and stirred vigorously for 2
h. Then, 1 g of the metal-oxide core was dispersed by stirring for 24 h. The
precipitate was isolated by centrifugation, thoroughly washed with ethanol
and water, and dried overnight at 100 ‘C. The FeMnNa@GO catalyst was
calcined under Ar at 500 °C for 6 h.

2.3. Catalyst characterization A physisorption analyzer (3Flex, Micromeritics,
USA) was used for the Brunauer-Emmett-Teller (BET) surface area
measurements and N isotherms of the catalysts. The Barrett-Joyner-Halenda
(BJH) technique was employed to get the pore sizes and their distributions. The
same Micromerictics instrument in the dynamic analysis mode was used for
temperature programmed reduction (TPR) studies with 10% H: (v/v) (rest Ar
gas) in the temperature range of room temperature to 1000 °C. The scanning
Electron Microscopy (SEM) studies of the catalysts were performed using ZEISS
Auriga Focused lon Beam Scanning Electron Microscope (FIBSEM), while
Transmission Electron Microscopy (TEM) of materials using Thermo Fischer
Talos (Model: F200X) instrument where the field emission system was kept at
a voltage of 200 kV at JSNN. Thermal degradation of the catalysts and the
deactivated (spent) catalysts was performed using Thermogravimetric Analysis
and Differential Scanning Calorimetry (TGA-DSC) (Model: TA Instruments, New
Castle, DE, USA). The fresh and spent catalysts were heated to 1000 °C at a rate
of 10 ‘C/min under N or Air flow of 40 mL/min. X-ray photoelectron
spectroscopy (XPS) (Model: Escalab Xi + -, Make: Thermo Scientific, West
Sussex, UK) was used to identify the oxidation states of all catalysts. X-ray
diffraction (Model: Rikagu) analysis was carried out using a diffractometer
(Model: Rikagu) with a detection limit between 10 and 80° with a step size of
0.02°and a Cu K1 radiation with wavelength of 1.5406 A.

2.4. Catalyst activity test

The FTS reactions were performed in a microfluidic 3-D printed SS reactor
using a setup built in our laboratory with LabVIEW programming to control the
temperature of the reactions and gas flow rates. The reactor comprises of
seven microchannels measuring 1000umx1000mx5cms (Fig. S1) [32]. Two
mass flow controllers (Bronkhorst) were employed to maintain the (H2and CO
in a 2:1 ratio) flow of the syngas mixture. A mass flow controller (Aalborg) was
used to control the Nz flow. Bronkhorst pressure gauges monitored the
pressure and communicated with an Aalborg back-pressure controller, which
controlled the reaction pressure. The gaseous products were identified using
Gas Chromatography (Agilent 7890 B GC) with a mass selective detector
(Agilent 5977 MSD). The reduction of the catalysts, prior to the reactions was
done overnight in the microreactor at 350 °C. The gas hourly space velocity
(GHSV) of the Fischer-Tropsch reaction was maintained at 12000 h~*. While the
flow rate for N2 was 1.5 ml/min, for H, and CO they were 4 ml/min and 2
ml/min, respectively. All the catalytic reactions were carried out at 20 bars.
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2.5. Catalyst characterization

2.5.1. BET analysis

The N: adsorption/desorption isotherms of all the catalysts (Fig. 1a)
showed a type IV isotherm with an H3 hysteresis loop [41]. This result indicates
that the mesoporous and microporous structures had many gaps. The pore-
size distribution (PSD) of all catalysts are shown in Fig. 1b. The maximum
number of pores was observed in the range of 3—20 nm. The spaces between
the aggregated catalyst nanoparticles may be responsible for these mesopores
[42].

The surface properties of all the catalysts are shown in Table 1. The surface
area of the Fe@GO catalyst, 60.59 m?/g, decreases to 50.38 m?/ g for the
FeMn@GO catalyst. It further decreases to 47.01 m?/g for the FeMnNa@GO
catalyst. The declining trend in the surface area corresponds to the combined
addition of Mn and Na. Further, the addition of Na affected the interaction
between Mn and Fe, resulting in the lowest surface area [43]. In the case of
the FeMn@GO catalyst, the mesopore pore volume and pore diameter
decreased owing to the addition of Mn

Table 1
BET surface areas, pore volumes, and pore diameters of different catalysts.

Catalyst Sp. Surface area (m?/ g) Pore Volume (cc/ g) Pore diameter (nm)
Fe@GO 60.59 0.25 16.55
FeMn@GO 50.38 0.14 10.79
FeMnNa@GO 47.01 0.23 19.76

nanoparticles. This change was assigned to the reduction of mesopores formed
by the aggregation of FeMn nanoparticles. The decrease of pore volume with
increase in the pore diameter is observed for the FeMnNa@GO catalyst.
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2.5.2. TEM analysis

Fig. 2 shows the TEM images of the Fe@GO, FeMn@GO, and FeMnNa@GO
catalysts. The particle size was determined using ImageJ software for all the
catalysts. The sheet-like morphology of typical graphene oxide was observed
in the catalyst images [24]. In the case of the Fe@GO catalyst, FesOs
nanoparticles were distributed over a graphene oxide sheet (Fig. 2a). The FesO4
nanoparticles were 20.81 nm. The nanoparticles of the FeMn@GO catalyst
were larger than those of the Fe@GO catalyst. The average FeMn@GO particle
size is 65.38 nm. The TEM image of the FeMn@GO catalyst suggests that the
particle size increases upon addition of Mn (Fig. 2b). This is due to the
agglomeration of nanoparticles of Mn and Fes3O4 [44]. The nanoparticle size
decreased with the addition of Na for the FeMnNa@GO catalyst. The
nanoparticle size is 30.72 nm for the FeMnNa@GO catalyst. The TEM image
clearly shows that the particle size decreased (Fig. 2c). So, the addition of Na
affects the interaction of Mn with FesOa4 nanoparticles. TEM analysis can be
correlated with the BET studies.

2.5.3. SEM-EDS analysis

The morphologies and structures of the Fe@GO, FeMn@GO, and
FeMnNa@GO catalysts were revealed by SEM analysis. Fig. 3 shows the SEM
images of all catalysts. The SEM image depicts large Fes04 nanoparticles with a
typical particle size of 240.68 nm (Fig. 3a). It shows the agglomeration of FesO4
nanoparticles, yielding a large particle size [45], which indicates a low surface
area and pore volume (BET analysis) [46]. The relatively smaller particle size
was determined using ImageJ software for the FeMn@GO and FeMnNa@GO
catalysts. The particle sizes

——Fe@GO
—— FeMn@GO
—— FeMnNa@GO

Fig. 1. BET analyses of all catalysts: (a) Isotherm plot; (b) Pore-size distribution (PSD) plot.
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Fig. 2. TEM images of (a) Fe@GO, (b) FeMn@GO, and (c) FeMnNa@GO catalysts.

Fig. 3. SEM images of (a) Fe@GO, (b) FeMn@GO, and (c) FeMnNa@GO catalysts.

are 194.24 nm (FeMn@GO) and 162.43 nm (FeMnNa@GO) respectively.
Incorporation of Mn and Na into the catalysts is the main reason for the
reduction in particle size. The SEM images (Fig. 3b and c) suggest that the
formation of small particles was due to the addition of Mn and Na. A rod-like
structure was observed in the FeMnNa@GO catalyst (Fig. 3c). This structure
may be formed due to the interaction of metals (Fe, Mn, and Na) with the
graphene oxide nanosheets.

Table 2 depicts the energy-dispersive X-ray spectroscopy (EDS) results. The
Fe@GO catalyst mainly contained Fe, C, and O atoms. The presence of C was
attributed to the graphene oxide sheet. These elements
Table 2
EDS analyses of all catalysts.
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Catalyst Metal wt.%

Fe Na C (o]

Mn

Fe@GO 66.68 — 16.74 16.58 FeMn@GO 53.6 2.52 — 19.47 24.41
FeMnNa@GO 48.09 2.35 1.54 20.14 27.87

were well distributed in the Fe@GO catalyst. The metal loading of the
FeMn@GO and FeMnNa@GO catalysts was altered by the incorporation of Mn
and Na. In the EDS analysis, the presence of oxygen was attributed to metal
oxidation on the catalyst surface.

2.5.4. TPR analysis

Fig. 4 demonstrates the H2-TPR analysis and the reduction behavior of the
Fe@GO, FeMn@GO, and FeMnNa@GO catalysts. Two reduction peaks were
observed for the Fe@GO catalyst at 600 °C and 819 °C (Fig. 4a). The peak at 600
°C, which is within the range of 500-730 °C, is allocated to the continuous
reduction of Fe3Osto FeO and FeO to metallic Fe [46]. In the presence of GO,
this reduction process is suppressed due to the interactions, which occurred
between the O2-holding groups in GO and Fe species [23]. The reduction peak
at approximately 819 °C corresponds to gasification of the GO support. In this
process, oxygen-containing groups, such as carboxylic groups, present in GO
can be reduced with hydrogen to release CO [47,48]. In the case of the
FeMn@GO catalyst (Fig. 4b), the peak at 490 °C was split into three peaks upon
the addition of Mn. The peak at 418 °C corresponds to the reduction of MnOx
containing FesOs(FexMns«0s) to manganowusite (FexMni,0), which is
accompanied by a lower reduction temperature [49]. The peaks at
approximately 530 °C and 588 °C are due to the reduction of manganowusite
to metallic Fe and MnO [50]. The addition of Na to the FeMnNa@GO catalyst
caused a slight shift in the reduction peak to a lower temperature (Fig. 4c). This
result can be ascribed to the strong interaction between Fe and Mn, which is
evident from TEM studies. Moreover, the incorporation of the alkali metal Na
enhanced the reduction of the Fe—Mn catalyst in the Hz environment because
of its basicity and the donation of electrons from Na [51]. The three peaks (at
400, 548, and 674 °C) can be allocated to the reduction of MnOx containing
Fes30s(FexMn3x04) to manganowusite (FexMni,0) and manganowusite to
metallic Fe and MnO.

The Ha consumption studies for the three different catalysts are illustrated
in Table 3. The highest H2 consumption was observed for the Fe@GO catalyst.
The FeMn@GO catalyst exhibited the lowest Ha

Fig. 4. H,-TPR analysis of (a) Fe@GO; (b) FeMn@GO; (c) FeMnNa@GO catalysts.
Table 3
H, consumption of different catalysts in H,-TPR analysis.

Catalyst H, Consumption (mmol/g)
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Fe@GO 4.26
FeMn@GO 0.40
FeMnNa@GO 3.68

consumption. This result suggests that the Fe—Mn interaction causes the entry
of Mn into the Fes30aslattice, which inhibits H. consumption during TPR analysis
[52].

2.5.5. XRD analysis

XRD analysis was carried out to identify the different phases of the metal
oxides, as showed in Fig. 5. The fresh Fe@GO catalyst exhibited diffraction
peaks  at 20 values of  30.04°(220), 35.43°(311), 43.09°
(400),53.82°(422),56.96°(333), and 62.54°(440), which correspond to the cubic
structure of the Fe304 phase (JCPDS 79-0417) (Fig. 5a) [41]. In the case of the
FeEMn@GO and FeMnNa@GO catalysts (Fig. 5 (b) and (c)), the cubic structure
of Mn,0s was formed along with the FesO4 phase. The Mn;0Os (JCPDS 78-0390)
diffraction peaks are observed at 26 value of 24°(211), 26.36°(220), 32.9°(222),
40.51°(411), 49.2°(134), 63.89°(145), 72°(046) and 75.45°(642). However, no
characteristic peaks of Na were observed, possibly because of its good
dispersion in the
FesOsphase [53].

The crystal sizes calculated from the XRD data are listed in Table 4. The
typical crystal sizes of the FesOsand Mn;0s3 phases were determined using the
modified Scherrer equation [54]. The FesO4 crystal size in the Fe@GO catalyst
was 20.04 nm, almost the same as that obtained in the TEM analysis. The Fe30a
and Mn;0Os crystal sizes are 30.61 and 31.19 nm for FeMn@GO, respectively.
The crystal size increased upon addition of Mn nanoparticles. The crystal sizes
can also be correlated with TEM analysis. The crystal sizes of Fes0sand Mn;0s
nanoparticles

|

l |

| I | l i “I H\,I
-.-..J\'-'J\._....r’ Vi L\J‘ A IV A on

Fig. 5. XRD patterns of (a) Fe@GO; (b) FeMn@GO; (c) FeMnNa@GO catalysts.
Table 4
Crystal sizes® based on XRD analysis.

Catalyst Avg. crystal size (nm) (Fe;0,) Avg. crystal size (nm) (Mn,03)
Fe@GO 20.04 -
FeMn@GO 30.61 31.19
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FeMnNa@GO 17.46 25.05

aThe modified Scherrer equation was used to calculate size [54]. are 17.46

and 25.05 nm for the FeMnNa@GO catalyst.

2.5.6. TGA-DSC (AS) analysis

TGA measures the weight loss of the catalyst and provides the degradation
temperature. DSC analysis shows the heat flow in and out of the sample and is
set to “exothermic up,” meaning that a local minimum in the curve represents
an endothermic process, such as melting or evaporation, and a local maximum
represents an exothermic process, such as crystallization [55-58]. The heat
flow and weight loss of the catalysts as functions of temperature are shown
below (Fig. 6). The TGA-DSC analysis shows the temperatures at which
templating or structuring agents can be removed from the catalyst.

The unpromoted Fe@GO catalyst (As = as such) displayed steady weight
loss from 200 to 800 °C, followed by a high rate of weight loss at 800 °C. At the
end of the analysis, the catalyst weighed approximately 60% of its initial
weight. The heat flow curve showed an endothermic peak at approximately
800 °C, corresponding to precipitous weight loss, and underwent thermal
degradation at 800 °C [55]. However, both the promoted catalysts retained
approximately 90% of their original weight until the analysis reached 800 °C.
This suggests that the promoted catalysts were more stable at temperatures
up to 800 °C and may be more
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stable at higher temperatures or for longer use in time-on-stream studies.

2.5.7. XPS analysis

X-ray Photoelectron Spectroscopy (XPS) offered valuable insights into the
bonding characteristics and oxidation states of the metal. The deconvoluted
XPS spectra of the C1s scan were used for charge correction with the binding
energy of C—C at 284.8 eV. This correction ensured precise charge adjustments
for all elemental spectra, facilitating a more accurate analysis of the bonding
and oxidation of the catalyst.

In the Cls spectrum (Fig. 7a) of the catalyst, Fe@GO exhibits a complex
spectrum due to the presence of Fe. The splitting of sp®and sp? hybridization
of C—C can be observed with a difference of 1.5eV at 284.75 eV and 283.25 eV
[59], confirming the presence of graphene oxide. The TEM imaging further
confirmed graphene oxide in the samples. In the Cls Spectra of the Fe@GO

catalyst, the O—C _O peak is visible at 288.90 eV and the C—O—-C peak is

observed at 285.76 eV [59].

In the O1s spectrum (Fig. 7b) of the catalyst Fe@GO, there are 3 major
peaks denoting the presence of organic C-O, metal oxides, and metal
carbonates at 531.59eV, 529.98 eV, 530.80 eV, respectively [60]. Metal
carbonates could forme by the interaction of the precursor material with Fe
[60].

The Fe2p spectrum (Fig. 7c) of the Fe@GO catalyst confirms the formation
of Fes0s, which is consistent with the XRD results. The deconvolution of the
Fe2p spectrum has the satellite peaks of Fe2pi2 and Fe2ps/; at 732.45eV and
718.27eV binding energies [61]. The Fe3* oxidation peak at 727.44eV and Fe?*
oxidation peak at 723.91eV can be observed within the deconvoluted peak of
Fe2pi2. And Fe3* oxidation peak at 712.39eV [62] and Fe?* oxidation peak at
709.90eV can also be observed within the deconvoluted peak of Fe2ps. [61]

Fig. 6. TGA-DSC profiles of (a) Fe@GO (As); (b) FeMn@GO (As); (c) FeMnNa@GO (As) catalysts.
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Fig. 7. XPS analyses of (a) C1s; (b) O1s; (c) Fe2p for Fe@GO catalyst.

Due to the presence of metals, the Cls of XPS spectrum of FeMn@GO
exhibits a complex spectrum [50]. In the C1s spectrum (Fig. 8a) of the catalyst

FeMn@GO, the peaks of C-C, C-0O, and 0-C _O are detected at 284.78eV,

286.71eV, and 288.58eV, respectively [59].
In the O1s spectrum (Fig. 8b) of FEMn@GO, there are three major peaks

denoting the presence of Organic C-O, Organic C —O, and metal oxides at

531.44eV, 533.26 eV, 529.80 eV, respectively [60]. The Na auger peak is visible
in the O1s spectrum at 535.26 eV due to the residues from the precursor
materials.

The Fe2p spectrum (Fig. 8c) acquired from the FeMn@GO catalyst provides
compelling evidence for the formation of Fes304 [63], which is consistent with
the findings from X-ray Diffraction (XRD) analysis. The deconvolution of the
Fe2p spectrum has both the satellite peaks of
Fe2pi2and Fe2ps; at 733.92eV and 719.36eV binding energies [61]. Fe 3*and
Fe?* oxidation peaks are also observed within the deconvoluted peak of Fe2ps/,
(61]

In the Mn2p spectrum (Fig. 8d) of the FeMn@Go sample, there are 2 peaks
of Mn2p12 and Mn2ps at 654.83eV and 643.73eV, respectively. The AeV of
these peaks is 11.1 eV, which indicates the presence of Mn,0; [63]. This
concurs with the findings of XRD analysis.

The Cl1s spectrum (Fig. 9a) obtained for the FeMnNa@GO catalyst reveals
a complex spectral pattern due to the presence of graphene oxide and its
interaction with Fe. Splitting of the C—C bonding peak into sp3 and sp2
hybridization states was observed, with an energy difference of 0.9 eV. The sp?
hybridization peak is at 284.87 eV, while the sp? hybridization peak is at 283.97
eV [1]. This confirms the presence of graphene oxide and is consistent with the
TEM images. There was a C—O—C peak at 286.19eV and a C—0 peak at 287.49%ev.

1254

A shake-up peak is also visible around 290.58 eV due to the interaction of m-1v
[59].
In the O1s spectrum (Fig. 9b) of the catalyst FeMnNa@GO, the peaks

of Organic C-0, Organic C__O, and Metal oxides are observed at 531.06 eV,

532.93 eV, 529.50 eV, respectively [60]. A Na auger peak is visible in the O1s
spectrum at 535.80eV, which proves the existence of Na in the catalyst [60].

The Fe2p spectrum (Fig. 9c) of the FeMnNa@GO catalyst confirms the
formation of Fes04, which is consistent with the XRD results. The deconvolution
of the Fe2p spectrum has both the satellite peaks of Fe2pi. and Fe2ps, at
733.33eV and 719.51eV binding energies [61]. The Fe3* oxidation peak is at
728.74eV, and the Fe?  oxidation peak is at 725.01eV within the deconvoluted
peak of Fe2pi/. There is a Fe 3* oxidation peak at 715.68eV and Fe?* oxidation
peaks at 710.88eV and 712.35eV within the deconvoluted peak of Fe2ps2 [61]
There is a charge shift of ~+1eV in the Fe2p spectrum of the FeMnNa@GO
catalyst compared to that of the FeMn@GO catalyst [63].

In the Mn2p spectrum (Fig. 9d) of the FeMnNa@Go sample, there are 2
peaks of Mn2p12and Mn2psj2at 654.54eV and 643.04eV, respectively. The AeV
of these peaks is 11.5eV, which denotes the presence of Mn20s [63,64]. This
was confirmed from the findings of the XRD analysis.

3. Results and discussion
3.1. Catalytic activity studies

To determine the optimal temperature for the selectivity and CO
conversion, the reaction temperature was increased from 200 to 350 °C with a
molar ratio of Ha: CO (2:1), using 20 bar pressure and 12000 GHSV. The flow
rate of the N, gas was kept steady at 1.5 ml/min [65]. CO conversion and
selectivity were determined using the following equations [66,67]:



Xco%=F.

FCO,ln

CHaSelectivity (%)=

International Journal of Hydrogen Energy 67 (2024) 1248—1261

co,in = Fco,out X

(1)

mCH*

x 100

CaHeSelectivity (%)=

2mC2H6

x 100

CsHsSelectivity (%)=
3mC3H8

x 100

CsHioSelectivity (%)=
4mC“H10

mCHa+ 2mGCaHe+ 3mGCsHs + 3mCsHe + 4mCaH1o

—— Intensity (a.u.)
- - Envelope

—— Intensity (a.u.)
‘nvelope

CsHeSelectivity (%)=

x 100

(5)

3mC3H6

—— Intensity
- - Envelope

Fig. 8. XPS analyses of (a) C1s; (b) O1s; (c) Fe2p; (d) Mn2p for FeMn@GO catalyst.

(2)

mCHa+ 2mCaHe + 3mCsHs + 3mCsHe + 4mCaH1o

3)

mCHa+ 2mCaHe+ 3mGCsHs + 3mCsHe + 4mCaH1o

(4)

mCHa+ 2mCaHe + 3mCsHs + 3mCsHe + 4mCaH1o
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mMCH4+ 2mGCyHe+ 3mCHs + 3mCsHe + 4mCaH1o

x 100

(6) As illustrated in Fig. 10a, for the Fe@GO catalyst, CO conversion
increased above 290 °C. As the temperature changed, the CO conversion
improved at a rate of approximately 40% per 60 °C, with approximately
80% CO conversion at 350 °C. The product selectivity of FT synthesis
using the Fe@GO catalyst is also shown above. Propene is a desired
product, and at 290 °C, propene was the most prevalent product and
comprised about 16% of the products, with CO2 having a large share of
selectivity as well. At 320 °C, the CO conversion was approximately 30%
higher and the selectivity for propene was 14%. At this temperature, the
selectivity towards CO2 was around 9%, down from 14% selectivity
towards COzat 290 °C. Note that long-chain hydrocarbons are waxes or
liquids, and are not shown in the gas product selectivity in Fig. 10 [68].
This is because the gaseous products were analyzed via GC-MS, and the
waxes and liquids were caught in the hot and cold traps, respectively. It

can be assumed that the selectivity not shown in the Figure consists
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mainly of waxes, liquid hydrocarbons, and water vapor (the
supplemental information contains the GC-MS of the liquid samples)
(See Fig. S6).

Fig. 10 shows the FeMn@GO catalyst activity in terms of product selectivity
and CO conversion over a wide range of reaction temperatures. The CO
conversion increased significantly with rise in temperature, with a maximum
CO conversion of 97% obtained with the FeMn@GO catalyst.

The propene selectivity slightly increased at higher temperatures.
Conversely, in this temperature range, greater hydrocarbon selectivity was
observed in comparison to the other catalysts; the C2—C4 selectivity remained
almost the same as the temperature increased.

The FTS reaction is thermodynamically favored for the hydrogenation of
CO:z to form CO at higher temperatures, while the water-gas shift reaction is
exothermic [61]. Fig. 10 depicts the CO conversion with temperature for

Intensity
- - Envelope

—— Intensity (a.u.)
- - Envelope

temperature, the propene and CO; selectivities were both approximately 6%.
However, propene selectivity tended to increase with temperature,

whereas CO: selectivity reached 8% at 260 ‘C and then decreased with

increasing temperature. This catalyst also yielded a considerable amount of

liquid products, which are long-chain hydrocarbons [69]. The analysis of the

liquid products from this reaction by GC-MS is shown in the supplementary
data (See Fig. S6).

3.2. Time on stream studies

The FTS reaction was performed for 30 h at 320 °C under the same
operating conditions (Fig. 11) to examine the time-on-stream behavior of all
catalysts. Stable CO conversion (Fig. 11a) was observed: Fe@GO 65-70%,
FeMn@GO 85-90%, and FeMnNa@GO 90-95% CO up to 30 h. FeMnNa@GO
exhibited higher CO conversion than FeEMn@GO and Fe@GO. The selectivity

- - Envelope

—— Intensity (a.u.)
- - Envelope

Fig. 9. XPS analysis of (a) C1s; (b) O1s; (c) Fe2p; (d) Mn2p for FeMnNa@GO catalyst.

FeMn@GO; the conversion was quite low, approximately 10% at 200 °C, it
reaches a maximum at 350 °C. Although the CO conversion steadily increased
by 15%, our findings suggests that the metal promoters in FeMn@GO played
individual and important roles in syngas conversion and Ci—Cs product
distribution at 20 bar.

The CO conversion and gas product selectivity for reactions using the
FeMnNa@GO catalyst are shown in Fig. 10. Compared with the unpromoted
catalyst, the conversion was higher at all temperatures and began to increase
at a lower temperature of 200 °C. The catalytic activity was bolstered by the
promoter metals, reaching over 90% CO conversion at 350 °C. At this
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to lower hydrocarbons remained nearly constant during the time-on-stream
study for all catalysts. The Ca+ selectivity was quite high at the beginning and
very stable for FeMnNa@GO (85-90%) and FeMn@GO (70-75%), but for
Fe@GO, the selectivity slightly decreased after 20 h and then increased again
to an optimum temperature after 25 h (Fig. 11b, ¢ and d). C;—Cs and lighter
olefin selectivities were almost constant throughout the stability studies.
Fe@GO 10-15%, FeMn@GO 15-20%, and FeMnNa@GO 5-10% [70,71].
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3.3. Spent catalyst characterization

3.3.1. XRD analysis

Fig. 12 depicts the XRD patterns of all spent catalysts. After the FTS
reaction, the diffraction peak corresponding to the Fe3O4 phase disappeared.
Diffraction peaks at 26 values of 35.45°(002), 39.45°(020), 40.72°(112),
43.43°(021), 44.19°(510), and 58.21°(222) are observed, which are attributed
to the monoclinic structure of the iron carbide (FesCz) phase (JCPDS 36-1248)
of the spent Fe@GO catalyst. The formation of iron carbide suggests a partial
transformation of the FesOs phase during the FTS reaction [41]. In the case of
the spent FeMn@GO catalyst, the FesC; phase was observed at the same
diffraction angle as the spent Fe@GO catalyst, with an additional diffraction
peak at 60.18°(113). Diffraction peaks of the Mn,0Os3 phase were noticed at 26
values of 32.72°(222) and 68.72°(444) for the spent FeMn@GO catalyst. Iron
carbide diffraction peaks were observed at 20 values of 35.45°(002),
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Fig. 10. Effect of temperature on CO conversion and product selectivity; (a) CO conversion of all catalysts; (b) Product selectivity of Fe@GO catalyst; (c) Product selectivity of FeMn@GO
catalyst; (d) Product selectivity of FeMnNa@GO catalyst (Conditions: H,/CO = 2, 20 bar, N, = 1.5 ml/min and 12000 GHSV).

41.27°(202), 60.2°(113), and 65.63°(711) for the FeMnNa@GO catalyst. The
Mn;0s peaks were detected at 38°(400) and 71.85°(046). The XRD profiles of
all the spent catalysts are demonstrated below. The typical crystal sizes of the
FesC, and Mn0s phases were measured using the modified Scherrer equation
[54]. The crystal sizes are listed in Table 5. The FesC; crystal size of the Fe@GO
catalyst was 30.66 nm. The FesC; and MnzOs crystal sizes are 14.43 and 14.78
nm for FeMn@GO, respectively. The crystal size increased owing to the
addition of Mn nanoparticles. The crystal sizes of FesC; and Mnz03
nanoparticles are 22.07 and 27.05 nm for the FeMnNa@GO catalyst. The
increased crystal size of the spent catalyst may be attributed to coke
deposition on the catalyst surface during the FTS reaction.

3.3.2. TGA-DSC analysis

TGA-DSC analysis was conducted on the spent catalysts after their use in
the FTS reactions. Air was flowed over the spent catalysts as opposed to Na.
This is meant to burn off coke and other carbonaceous species that are now
stuck to the catalyst surface as a result of the reaction. The results for the spent
catalyst from TGA-DSC under airflow are shown below.
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Fig. S7 depicts the TGA-DSC analysis of all spent catalysts. The spent
unpromoted Fe/GO catalyst showed consistent weight loss up to 100 °C and
then again at approximately 300 °C, with a region of no weight loss in
between. The weight loss regions correspond to endothermic peaks in the
heat flow curve, suggesting thermal degradation, whereas the region with no
weight loss corresponds to an exothermic peak, suggesting crystallization at
that temperature [55,56]. After this, there was a weight gain in the spent
catalyst, corresponding to a sharp exothermic peak around 400 °C. This could
be representative of an oxidation reaction, which is generally exothermic in
nature and can cause weight gain in the sample [58]. Subsequently, the
catalyst underwent thermal degradation for the remainder of the analysis up
to 1000 °C.

The spent catalysts containing promoters showed a higher magnitude of
weight gain in the TGA-DSC analysis, with a very fast weight gain from 200 °C
to about 500 °C. These weight gain regions correspond to the slight exothermic
peaks in the heat flow curves, suggesting that this weight gain is the result of
oxidation reactions [58]. It is also possible that the weight gain is a result of the
adsorption of air or crystallization of spent catalysts [56,72].
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3.3.3. SEM analysis

Fig. S8 shows SEM images of the Fe@GO, FeMn@GO, and FeMnNa@GO
spent catalysts. After the stability investigation, the surface morphology
changed. Particle agglomeration was viewed for all the spent catalysts. The
particle size of Fe@GO spent catalyst is 254.68 nm. The particle size of
FeMn@GO and FeMnNa@GO catalysts are 491.88 and 462.83 nm respectively.
As compared to fresh catalysts, the spent catalysts particle size increased due
to sintering of particles during FTS

International Journal of Hydrogen Energy 67 (2024)

temperature. The carbon-based support enhances the formation of olefin
during FTS process. It has advantages in terms of heat transfer of the reaction.
The large contact surface area of graphene nanosheets increase the activity of
the catalyst during FTS by providing large surface density for reactants and
decreasing mass transfer limitations [73]. The carbon support is suitable for
FTS process because of its thermal stability. It does not form mixed oxides,
which are difficult to reduce. The metal-support interaction is affected by
different factors such as preparation method and functionalization of the

Fig. 11. Time-on-stream behavior of all catalysts (Conditions: H,/CO = 2, 20 bar, 12000 GHSV at 320 °C for 30 h and N, = 1.5 ml/min).

process.

3.3.4. Structure-property correlation of the catalysts

The activity of the iron on carbon supported catalysts is strongly dependent
on the structural properties of the carbon support used. Graphene has
inherent thermal and electrical conductivity. This is also important to remove
the excess amount of heat during exothermic FTS process. So, the support is
very stable at higher temperatures and under severe reaction conditions. The
structural properties depend on metal- support interaction, the degree of
graphitization of graphene support, surface area and modification of iron-
carbon supported catalysts with promoters.

Metal-support interaction is the significant factor which affects the FTS
process in terms of activity, selectivity, and catalyst activity. Silica, alumina, and
titania supports have been used by many researchers previously for the FTS
process. These supports exhibited strong metal- support interaction, which
tends to reduce the catalysts at higher temperatures. Currently, researchers
have taken advantage of weak interaction of carbon support with metals. The
graphene oxide supported iron catalysts is easy to reduce at lower

support with functional groups such as nitrogen and oxygen. These factors
introduced defects in the support which affect the formation of iron carbide
by increasing or decreasing the reduction temperature. The promoters also
influenced the metal-support interaction, which leads to the formation of iron
carbide during reduction. In this study, we observed the formation of iron
carbide in the spent catalyst as evidenced by XRD analysis.

An important characteristic of graphene is that it can be graphitized
compared to others carbon supports [74]. So, it is easy to fabricate the fibers
in graphene in the same direction compared to other carbon supports.
Different kinds of defects are influenced by its structure and physiochemical
properties [75]. It can change the topology or curvature of graphene [75]. The
chemical activity also changes due to its defects [75]. Promoters also influence
the surface chemistry of graphene [76].

The performance of catalyst in FTS process is affected by particle size,
structural properties, surface area and porosity [77]. The catalysts should have
large surface area and pore volume to accommodate large amounts of metal
loading.

1259



S. Hassan et al.
1248-1261

Fig. 12. XRD patterns of (a) Fe@GO; (b) FeMn@GO; (c) FeMnNa@GO spent catalysts.

Table 5
Crystal size® based on XRD analysis.

Spent Catalyst Average crystal size (nm) (FesC,) Average crystal size (nm) (Mn,03)

Fe@GO 30.66
FeMn@GO 14.43 14.78
FeMnNa@GO 22.07 27.05

3 Using the modified Scherrer equation [54].

4. Conclusions

Catalysts were prepared in two steps. In the first step, the metal core was
synthesized using a layer-by-layer method. Graphene oxide (GO) was then
attached to the core part in the second stage. The surface area and pore
volume morphology of the catalyst changed after the addition of the Mn and
Na promoters. The surface area decreased slightly upon the addition of
promoter metals, and the FeMn@GO sample had a lower pore volume and
pore diameter compared to the unpromoted Fe@GO catalyst and
FeMnNa@GO catalyst. The reduction behavior of all the catalysts was affected
by the addition of Mn and Na. An understanding of the oxidation states of
metals helped to reduce the catalyst within appropriate temperature range to
activate the catalyst. The XRD results showed that the crystalline grain size also
varied in the presence of the different promoters. The presence of the
promoter metals lowered the temperatures at which the catalysts were
reduced, and the FeMn@GO catalyst was reduced at the lowest temperature.
The Mn- and Na-promoted catalysts exhibited enhanced catalytic activities in
terms of product selectivity and CO conversion. In addition, the highest
propene selectivity was obtained for the FeMn@GO catalyst with variation of
the reaction temperature. The stability study revealed that all catalysts were
stable for CO conversion over a 30 h reaction time. The highest CO conversion
was monitored with the FeMnNa@GO catalyst, which yielded the greatest
amount of liquid product. The propene selectivity from the stability studies
at 320 °C followed the order FeMn@GO > Fe@GO > FeMnNa@GO. A stainless
steel microreactor was successfully used at high pressure to screen the catalyst
in terms of conversion and product selectivity for FTS reactions. Spent catalyst
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studies showed the formation of Fe-carbide in the spent catalysts, indicating
that the graphene oxide reacted with the Fe in the catalysts when the catalyst
was in its active state.
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