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Abstract. The effects of nanocatalyst composition and calcination parameters on the performance of the
Fe-Mn—Ce ternary nanocatalysts supported on alumina granules in a laboratory fixed bed microreactor have
been evaluated. Nanocatalysts were synthesized by incipient wetness impregnation under vacuum method
(simultaneous impregnation of metal species). The samples used for hydrogenation of carbon monoxide via
Fischer-Tropsch synthesis. The optimum nanocatalyst composition for production of light olefins (C; — CY)
from synthesis gas is 75 wt%Fe-20 wt%Mn-5 wt%Ce. The calcination parameters (temperature, time and
atmosphere) were investigated and their effects on the structure and performance of the nanocatalysts were
determined. The maximum ratio of olefins/(methane + paraffin) and the best activity and selectivity belonged
to the nanocatalyst which was calcined in static air at 500 °C for 7 h. The nanocatalyst precursors and calcined
samples (fresh and used) were characterized by XRD, N, physisorption, FE-SEM, EDAX, MAP, TG, DSC,
and Ho—TPR. The present study results confirm that the structural, morphological and physic-chemical

properties of the nanocatalyst have been impressed with metal species and calcination parameters.

1 Introduction

Fischer-Tropsch Synthesis (FTS) as a favorite heteroge-
neous catalytic process for the chemical industry and
research teams is the conversion of synthesis gas
(Hy + CO) into a mixture of hydrocarbons with the advan-
tages of low content of toxic and carcinogenic pollutants
including sulfur and aromatics [1-11]. Light olefins
(C; — CY) as part of hydrocarbons, are extremely impor-
tant because they are feedstocks for the synthesis of
economically valuable products such as polymers, deter-
gents and solvents [12, 13]. Group VIII B transition metals,
such as Fe, Co, Ni and Ru, are the most common FTS
catalysts [14-16]. Two reasonable and successful FTS
catalysts are Fe and Co [17-19]. Iron-based catalysts as
affordable choice, are of interest in chemical industries also
they are suitable for CO-rich synthesis gas due to their
activity to water gas shift reaction [11, 20]. Furthermore,
having benefits such as proper selectivity to the light olefins,
high CO conversion, and compatibility to the operating
conditions has distinguished iron-based catalysts from
others [21-23]. In recent years, the Fe-Mn bimetallic cata-
lyst systems have been noticed because of their high olefin
selectivity and excellent stability [24-31]. The results
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obtained by Maiti et al. [32] showed that in iron-manganese
catalysts, if manganese content is low the interaction of the
metals is significant and the formation of light olefins
increases. The positive role of rare-earth metal oxides
especially ceria on thermal stability, selectivity and activity
of FT catalysts has been confirmed [33]. The studies of
Barrault et al. [34, 35| revealed that addition of CeO, as
a promoter has been increased CO hydrogenation due to
C-0 bond weakening. It is well known that the most pop-
ular supports for FT catalysts are silica, alumina and tita-
nia [36-39]. In present study, the catalytic performance of
Fe-Mn—Ce ternary nanocatalyst supported on alumina
granules (shaped support) for CO hydrogenation via FTS
was evaluated for the first time. Calcination parameters
influence on the morphology, specific surface area and
texture of the catalyst and eventually influence on its
performance. Rankin and Bartholomew [40, 41] found that
calcination temperature increasing of potassium-promoted
iron/silica catalyst decreases reduction degree of the cata-
lyst. As well as reduces catalyst adsorption abilities for
CO and H,. In our previous studies [24, 42—46], we indi-
cated the importance of calcination parameters also, the
obtained results have demonstrated that the change in
the calcination parameters leads to more thermodynami-
cally stable phase changing. The main goal of this study
is to assessment the influence of nanocatalyst composition
and calcination parameters on the activity and selectivity
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of iron—manganese—cerium mixed oxide nanocatalyst
prepared by incipient wetness impregnation under vacuum
method in a fixed-bed reactor for light olefins production
via FT synthesis. The structural investigations of precur-
sors and calcined samples (before and after FTS) were
carried out using different techniques including X-Ray
diffraction, BET, FE-SEM, EDAX, MAP, TG, DSC, and
Hy— TPR.

2 Experimental
2.1 Catalyst preparation and testing

The Fe-Mn—Ce ternary catalysts supported on y-Al,O4
granules were synthesized by the following incipient
wetness impregnation under vacuum method. Initially,
the shaped supports were heated at 500 °C for 6 h with
1 °C min~ " heating rate. Subsequently the certain amount
of Fe(NO3)3.9H,O (98%, Merck, Germany), Mn
(NO3)2.4Hy0 (98.5%, Merck, Germany), Ce(NO3);.6H,0O
salts were mixed together in double distillated water
completely. The calcined y-Al,O3 support added into two-
necked flask attached to vacuum pump. When the vacuum
reaches 200 mbar, we inject iron—manganese—cerium metal
nitrate solution (simultaneous impregnation of metal spe-
cies). Obtained sample was rotated in rotary evaporator
that device was set up in 80 °C for 1 h under nitrogen atmo-
sphere (Nitrogen dynamic). The aged granules were filtered
and dried for 8 h at 120 °C in electric oven (Air dynamic).
The precursor calcination is performed in electric furnace in
static air at 500 °C for 6 h. This provides a fresh calcined
catalyst that is ready to be tested in the laboratory fixed
bed micro reactor. The weight ratio of metals/support in
all catalysts was 10/90. The final formed catalyst was kept
in desiccator.

All experiments were conducted in a laboratory fixed
bed tubular micro reactor. In each test, 1.0 g calcined
sample was held in middle of the reactor. It was activated
using pure hydrogen with a flow rate of 40 mL/min at
400 °C for 4 h. The FT reaction was performed under the
same reaction conditions of 7' = 300 °C, P = 1.2 bar,
H,/CO = 2:1 and GHSV = 2400 h™'. After 15 h, the sys-
tem reaches steady state. Finally, the reactant and product
analysis was carried out using an online gas chromatograph
(UNICAM PROGC", TERMO ONIX, USA).

The catalytic activity is shown in the form of CO con-
version (%) in the different reaction conditions. The CO
conversion (%), CO, selectivity (%) and hydrocarbon selec-
tivity (%) were calculated through following equations:

CO conversion (% moles)

(Inlet moles of CO) — (Outlet moles of CO)

Xoo(%) = % 100.

(Inlet moles of CO)

(1)

CO, selectivity (% moles)

(Outlet moles of COy)

1
(Inlet moles of CO) — (Outlet moles of CO) x 100

(2)

Xco, (%) =

C,, selectivity (% C- atoms)

Ny Mi
Se, (%) = S M, x 100, 3)

where n; and M; are the carbon atoms numbers in the
species i and the percentage of species i, respectively.

2.2 Catalyst characterization

The X-Ray Diffraction (XRD) patterns of the entire
precursor, fresh and used calcined samples were recorded
on D8 Advance diffractometer (Bruker AXS, Germany).
Scans were taken with a 20 step size of 0.02° and a counting
time of 1.0 s using a Cu Ko radiation source (40 KV and
30 mA) in the 20 range of 10°-80°.

BET specific surface area, pore volume and average pore
size of the catalysts includes precursor, fresh and used
calcined samples were measured by N, physisorption using
a Specific Surface Area and Porosity Analyzer Quanta
chrome Nova 2000 automated system (USA). During
analysis, all samples were evacuated at —196 °C for 66 min.

Field Emission Scanning Electron Microscopy
(FE-SEM), Energy Dispersive X-ray (EDAX) spectrometer
and Metal Mapping (MAP) analysis were performed by a
FE-SEM model MIRA3 TESCAN-XMU (Czech-Republic)
instrument. The morphology of the catalysts and their pre-
cursor is visible through field emission scanning electron
microscope images. The maximum resolution of instrument
was 1.2 nm and all samples were sputtered with a thin film
of gold.

The weight loss of precursor was evaluated by thermal
gravimetric analysis and differential scanning calorimetric
(TG/DSC) by a simultaneous thermal analyzer (STA
503, BAHR-Thermoanalyse GmbH, Germany) instrument.
The initial weight of sample was between 10 and 20 mg.

The  Hy-Temperature = Programmed  Reduction
(HyTPR) experiment was carried out to study the
reducibility of the catalyst. The Ho-TPR was performed
by a NanoSORD NS91 (Iran) apparatus on 30 mg of
optimal catalyst placed in a U-shaped quartz reactor. The
sample was heated from room temperature to 950 °C at a
heating rate of 10 °C/min.

3 Results and discussion
3.1 Assessment of the catalyst composition

Nowadays, direct conversion of synthesis gas (syngas) to
mix of hydrocarbons especially light olefins via FTS is an
attractive technology all around the world. The light olefins
including C,H,, C3Hg and C4Hg are the most important
monomers as raw material in the polymer industry. The
effects of weight ratio of metal component and calcination
parameters on the CO conversion and products selectivity
were evaluated. At all stages of the present research, the
optimum catalyst was identified with respect to maximize
of CO conversion (catalyst activity) and C; — C] olefins
production (desired products), inhibition of Cg - CS paraf-
fins and CH, formation (undesired products). But the most
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Table 1. Catalytic performance of Fe-Mn—Ce nanocatalysts with different metal weight ratios.

Catalyst CO conversion (%) CO; selectivity (%) Hydrocarbon selectivity (C %) O/(M+P) ratio
CH, C;-C; Cy-cC} C5°
85Fel0Mn05Ce 24.87 12.6 19.33 5.58 71.36 3.73 0.06
80Fel10Mn10Ce 27.68 10.24 20.7 6.17 72 1.13 0.07
75Fe10Mn15Ce 29.86 13.63 27.53 9.81 60.37 2.29 0.11
75Fe20Mn05Ce 25.61 12.3 25.63 17.76 52.5 4.11 0.23
70Fe20Mn10Ce 26.94 10.99 20.13 8.73 68.94 2.61 0.1
65Fe20Mn15Ce 27.24 8.19 19.51 3.94 73 3.56 0.04
65Fe30Mn05Ce 23.66 7.72 18.76 9.11 68.27 3.86 0.1
60Fe30Mn10Ce 27.68 10.24 20.98 6.17 72 0.85 0.07
55Fe30Mn15Ce 23.73 8.55 22.48 11.34 64.98 1.21 0.13

Note. The bold values show the optimal condition.

important component for choosing the optimal catalyst was
the maximum amount for the ratio of olefins to the summa-
tion of methane and paraffins which in this case is shown
(O/(M + P)). A set of Fe-Mn—Ce ternary nanocatalysts
was synthesized by the incipient wetness impregnation
under vacuum procedure. In the first step, to determine
the optimum weight percentage of metal species,
manganese and cerium values in the order of 10-30 and
5-15 were changed. The calcination of precursors are
performed in electric furnace in static air at 500 °C for
6 h. The calcined samples were tested in the laboratory
fixed bed tubular micro reactor under same operating
conditions of T = 300 °C, H,/CO = 2/1, P = 1.2 bar,
and Gas Hourly Space Velocity (GHSV) = 2400 h™' for
FTS. With reaching to steady state after 15 h, the activity
and selectivity of iron—-manganese—cerium ternary nanocat-
alysts were evaluated and have illustrated in Table 1.

Although the CO conversion values of all samples are
similar, but the catalyst containing 75 wt%Fe-20 wt%
Mn-5 wt%Ce has the maximum selectivity to C; — C;
olefins. Therefore, this catalyst was selected as the optimum
catalyst due to the most ratio of (O/(M + P)). The high
selectivity toward light olefins is due to reasonable and
sufficient content of iron and manganese in the optimum
catalyst [12, 47].

Characterization of fresh calcined samples with different
weight percentages was performed by X-ray Diffraction and
the obtained patterns are demonstrated in Figure 1. The
identified phases were Fe,O3 (hexagonal), FesO, (cubic),
FeO (cubic), MnyO3 (orthorhombic), MnsO, (tetragonal),
CeO; (cubic) and Al,O3 (cubic). Also, characterization of
the calcined Fe-Mn—Ce/Al,O3 nanocatalysts with different
weight percentages was performed by BET measurement
and the results are reported in Table 2.

As it shown, the catalyst containing 75 wt%Fe—20 wt%
Mn-5 wt%Ce has the highest specific surface area, thus the
higher specific surface area of the catalyst has led to an
increase in its catalytic activity.

3.2 Assessment of calcination parameters

After removing the solvent and drying the granules,
more heat is required to the resulting precursors become

catalytically useful for reactor testing, called calcination.
Calcination parameters (temperature, time and atmo-
sphere) influence on texture, specific surface area and
morphology of the catalyst and eventually influence on
performance of the catalyst. In present work, calcination
parameters and their influences on the structure and
performance of Fe-Mn—Ce ternary nanocatalysts supported
on y-Al,O3 were investigated.

3.3 Calcination temperature

In the second step, in order to evaluate the influence of cal-
cination temperature on the catalytic performance of the
Fe-Mn—Ce ternary nanocatalysts supported on y-Al,O3
granules, a series of mixed iron manganese cerium oxide
catalysts with the optimum weight ratios (75%Fe-20%
Mn-5%Ce) were prepared with a range of calcination
temperature between 400 and 700 °C for 6 h. The catalytic
performance of all nanocatalysts for the FT'S was investi-
gated under the same reactor conditions Hy/CO = 2/1,
GHSV = 2400 h™!, P = 1.2 bar at 300 °C. The results of
catalytic performance of Fe-Mn—Ce nanocatalysts at calci-
nation temperatures from 400 to 700 °C are shown in
Table 3.

Compared to other catalysts, the precursor calcined at
500 °C has authenticated maximum selectivity to the light
olefins. Therefore, 500 °C was elected as the optimum
calcination temperature because of the most ratio of
(O/(M + P)). The XRD patterns of catalysts calcined at
different temperatures are illustrated in Figure 2. The
phases identified were Fe,O3 (hexagonal), Fe;O, (cubic),
FeO (cubic), MnyO3 (orthorhombic), Mn3zO, (tetragonal),
CeOs (cubic) and AlyO3 (cubic).

Also, BET results of the calcined samples at tempera-
tures from 400 to 700 °C are offered in Table 4. It is obvious
that the catalyst specific surface area at calcination
temperature of 500 °C is higher than other temperatures.
Considering the similarity of XRD spectra pattern of
catalyst calcination at different temperatures and also of
the same phases thus, the higher catalytic activity of the
calcined catalyst at 500 °C can be attributed to the higher
specific surface area and the increase of its surface active
sites.
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Fig. 1. The XRD patterns for calcined Fe-Mn-Ce/Al,O3 nanocatalysts with different wt%.

3.4 Calcination time

In the third step, it has been evaluated the influence of
calcination time on the CO hydrogenation for the
Fe-Mn—Ce ternary nanocatalysts supported on y-AlyOs
granules. For this purpose, a series of mixed iron manganese
cerium catalysts were calcined at 500 °C for different times
in the range of 4-8 h. The FT'S reaction tests of all calcined
samples were evaluated under following process conditions:

H,/CO = 2/1, GHSV = 2400 h™!, P = 1.2 bar at 300 °C
and the obtained results are reported in Table 5.

As it is clear, although the CO conversion in calcined
sample at 500 °C for 7 h is not significantly different from
other nanocatalysts, its selectivity toward light olefins is
greater than other nanocatalysts. Therefore, the nanocata-
lyst calcined for 7 h was elected as the optimum nanocata-
lyst for the following reasons: the minimum production of
methane, the maximum production of the light olefins
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Table 2. BET analysis of the Fe-Mn—Ce/Al,0O3 nanocatalysts with different wt%.

Specific surface area (m?/g)

Catalyst Precursor Fresh calcined (before test) Used calcined (after test)
85Fe10Mn05Ce 134.2 155.4 147.9
80Fel0Mn10Ce 144.6 165.3 153.2
75Fe10Mn15Ce 125.9 148.7 136.4
75Fe20Mn05Ce 157.3 198.7 164.2
70Fe20Mn10Ce 146.4 172.1 156.9
65Fe20Mn15Ce 120.7 139.8 128.3
65Fe30Mn05Ce 136.7 173.5 162.8
60Fe30Mn10Ce 138.1 164.2 149.4
55Fe30Mn15Ce 129.8 149.6 135.7
85Fe10Mn05Ce 134.2 155.4 147.9
Note. The bold values show the optimal condition.

Table 3. Catalytic performance of Fe-Mn—Ce nanocatalysts at different calcination temperatures.

Calcination CO Conversion CO4 Selectivity Hydrocarbon selectivity (C %) O/(M+P)
temperature(°C) (%) (%) CH, c, - C; o C. ratio
400 24.07 9.29 19.81 6.93 70.39 2.86 0.08
450 25.08 11.32 20.92 12.73 63.25 3.09 0.15
500 25.61 12.30 25.63 17.76 52.50 4.11 0.23
550 23.33 9.68 21.97 12.69 62.00 3.34 0.15
600 24.24 8.32 16.71 9.64 70.73 2.92 0.11
650 23.96 8.16 20.82 12.16 65.49 1.53 0.14
700 25.55 8.32 20.33 5.44 70.75 3.47 0.06

Note. The bold values show the optimal condition.

and eventually the most ratio of (O/(M + P)). The XRD
patterns of the Fe-Mn-Ce/Al,O3 catalysts, which range
from 4 to 8 h calcination time, are shown in Figure 3.

The results are shown that all of the calcined samples
are comprised of same crystalline phases Fe,O3 (hexago-
nal), Fe3O,4 (cubic), FeO (cubic), MnyO3 (orthorhombic),
Mn3O, (tetragonal), CeO, (cubic) and Al,Os (cubic).
Furthermore, BET measurements of calcined catalysts at
different times were carried out and the related results are
offered in Table 6.

It is quite clear that the catalyst specific surface area at
calcination time of 7 h is higher than other times. Therefore,
the higher catalytic activity of the calcined catalyst at 7 h
can be attributed to higher specific surface area, smaller
particles, and increased surface active sites.

3.5 Calcination atmosphere

At the last step, the influence of two different calcination
atmospheres on the hydrogenation of CO was evaluated.
The Fe-Mn—Ce precursors were calcined at 500 °C for 7 h
under two different environments air and nitrogen. These
samples were tested in the laboratory micro reactor under
the same reaction conditions H,/CO = 2/1, GHSV =
2400 h™', P = 1.2 bar at 300 °C for FTS and the obtained
results are reported in Table 7.

The results showed that, the sample calcined under air
has identified the best selectivity to desired products
C, — C, light olefins. Consequently, air was elected as
the optimum calcination atmosphere of the Fe-Mn—Ce/
Al,O3 nanocatalyst due to the maximum (O/(M + P))
ratio. The results of this step are similar to some of the pre-
vious studies in which catalysts with active phases such as
iron, cobalt, or nickel were calcined in air, they had better
activity and selectivity than calcined samples in neutral
atmosphere [46, 48]. Structural analysis of the nanocata-
lysts calcined at 500 °C for 7 h under two different atmo-
spheres was carried out by X-ray diffraction, the obtained
patterns are presented in Figure 4.

It can be seen that, the catalyst calcined under air atmo-
sphere is comprised of oxide phases including: Fe,Og
(hexagonal), Fe30, (cubic), FeO (cubic), MnyOs
(orthorhombic), Mn3O, (tetragonal), CeO, (cubic) and
Al O3 (cubic) but, the calcined sample under nitrogen
atmosphere is comprised of oxide and nitride phases includ-
ing: Fey;O3 (cubic), CeN (cubic), Fe,N (orthorhombic) and
AlyO3 (hexagonal). The results of X-ray diffraction show
that the change in the calcination atmosphere has caused
changes in the formed phases of the Fe-Mn-Ce ternary
nanocatalyst. Thus the difference in performance of these
two catalysts is due to the formed phases. For as much
as the sample calcined under air has verified the best
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Fig. 2. The XRD patterns of Fe-Mn—Ce/Al,O3 catalysts calcined at different temperatures.

Table 4. BET analysis of the Fe-Mn-Ce/Al,O3 nanocatalysts calcined at different temperatures.

Specific surface area (m”/g)

Calcination Precursor Fresh calcined Used calcined
temperature (°C) (before test) (after test)
400 157.3 172.6 154.8
450 157.3 181.4 159.1
500 157.3 198.7 164.2
550 157.3 176.5 155.7
600 157.3 173.8 153.2
650 157.3 168.6 147.6

700 157.3 166.2 136.3

Note. The bold values show the optimal condition.
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Table 5. Catalytic performance of Fe-Mn—Ce nanocatalysts at different calcination times.

Calcination CO Conversion CO, selectivity Hydrocarbon selectivity (C%) O/(M + P)
time (h) (%) (%) ratio
CH, c;-Cc;  O-¢y ot

4 24.56 7.61 22.19 5.11 69.84 2.86 0.06

5 23.27 9.96 229 8.6 65.42 3.08 0.1

6 25.61 12.3 25.63 17.76 52.5 4.11 0.23

7 24.04 5.91 13.87 24.06 58.73 3.34 0.33

8 27.18 12.94 33.54 14.34 49.2 2.92 0.17

Note. The bold values show the optimal condition.

4h
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® Fe;0, (Cubic) ® Ce0,(Cubic)
a FeO(Cubic) 0 Al,05(Cubic)
A Mn,05(0rthorombic)

Fig. 3. The XRD patterns of Fe-Mn—Ce/Al,O3 catalysts calcined at different times.
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Table 6. BET analysis of the Fe-Mn-Ce/Al,O3 nanocatalysts calcined at different times.

Specific surface area (m?/g)

Used calcined (after test) Fresh calcined (before test) Precursor Calcination time (h)
4 157.3 163.7 141.6
5 157.3 175.9 156.3
6 157.3 198.7 164.2
7 157.3 212.2 196.8
8 157.3 184.1 172.9

Note. The bold values show the optimal condition.

Table 7. Catalytic performance of Fe-Mn—Ce nanocatalysts at different calcination atmospheres.

Calcination CO Conversion COy Selectivity Hydrocarbon selectivity (C %) O/(M+P)
atmosphere (%) (%) CH, G, -C; - ratio
Air 24.04 5.91 13.87 24.06 58.73 3.34 0.33
Nitrogen 25.69 15.66 33.55 8.22 56.40 1.83 0.09

Note. The bold values show the optimal condition.

Calcined under air

]
=
]
]
<
> . . Calcined under nitrogen
2 >
3 +
= >
4 i
| J‘ 2 4+ > #
~M'\r\____N'\.AA
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Calcined under air phases: * Fe,0;(Hexagonal) ¢ Mn;0,(Tetragonal)
e Fe;0, (Cubic) ® Ce0, (Cubic)
a FeO(Cubic) 0 Al,05(Cubic)
A Mn,0,(0rthorombic)

Calcined under nitrogen phases:  » Fe,0;(Cubic)
» CeN (Cubic)
# Fe,N(Orthorhombic)
+Al,05(Hexagonal)

Fig. 4. The XRD patterns of Fe-Mn-Ce/Al,O3 catalysts calcined at different atmospheres.

Table 8. BET analysis of the Fe-Mn-Ce/Al;O3 nanocatalysts calcined under different atmospheres.

Specific surface area (m*/g)

Calcination atmosphere Precursor Fresh calcined (before test) Used calcined (after test)
Air 157.3 212.2 196.8
Nitrogen 157.3 186.3 167.1

Note. The bold values show the optimal condition.
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Fig. 5. The XRD patterns of optimal Fe-Mn-Ceternary nanocatalyst.

selectivity to light olefins so, this acceptable performance is
more relevant to the set of phases, especially manganese
oxides, which are not present in the sample calcined under
nitrogen atmosphere. BET measurements of calcined cata-
lysts under different atmospheres were performed and the
related results are listed in Table 8.

The data in Tables 7 and 8 indicate that the catalyst
calcined under air atmosphere has a higher specific surface
area and consequently more catalytic activity.

3.6 Characterization of the optimal Fe-Mn—Ce
ternary nanocatalyst supported on y-Al203

3.6.1 X-Ray diffraction

As the 75 wt%Fe-20 wt%Mn-5 wt%Ce/Al,O3 nanocata-
lyst calcined at 500 °C for 7 h under air atmosphere was
selected as the optimal system, so the optimum catalyst
phase changes in different modes including precursor, fresh

(before FTS) and used (after FTS) calcined were evaluated
by XRD technique. Figure 5 shows the XRD pattern
obtained from these samples.

As can be seen, the precursor of this catalyst comprises
the hydroxide and oxide phases and the fresh calcined
catalyst (before FTS) contains the oxide phases. The
Fischer-Tropsch reaction on the catalyst surface results in
the change of its phases and in the used calcined catalyst
(after F'TS) the carbide and oxide phases are observed that
these phases are active in the Fischer-Tropsch synthesis
[49].

3.6.2 BET

BET technique was conducted to investigate the specific
surface area and the amount of catalyst porosity (pore
volume and diameter). The BET results for optimal
nanocatalyst are reported in Table 9. As can be seen,
alumina support showed the most specific surface area
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Table 9. BET analysis of the optimal Fe-Mn-Ce ternary nanocatalyst.

Catalyst BET results

SSA (m?/g) PV (ecm®/g) PS (nm)
Support 292.4 0.131 2.309
Precursor 157.3 0.078 2.035
Fresh Calcined (before FTS) 212.2 0.104 2.262
Used Calcined (after FTS) 196.8 0.062 1.194

SSA: Specific Surface Area; PV: Pore Volume; PS: Pore Size.

*
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Fig. 6. The FE-SEM images of the optimal Fe-Mn—Ce ternary nanocatalyst: (a) precursor, (b) before FTS and (c) after FTS.

compared to other items. This is because metallic nitrates
were used during the impregnation process and the precur-
sor sample contains large nitrate and hydroxide phases that
occupy the support surface, resulting in a much lower
precursor specific surface area than the pure support. After
calcination, the specific surface area of the sample is
increased compared to the precursor due to the formation
of oxide phases and the exit of nitrate and hydroxide
phases. And in the sample after the reactor test compared
to the sample before the reactor test due to the formation
of coke and carbide phases, there is a decrease in the specific
surface area. The porosity of this sample varies in different
modes i.e. precursor, before and after the FTS. In other
words, the volume and diameter of the cavities vary.
However, changes in the specific surface area and porosity
data have a direct relationship. Of course, these different
porosity values also occur due to the influence of the
calcination process and the FT reaction on the catalyst.
In addition, the BET data are in excellent consistency with
the XRD and EDAX data.

3.6.3 FE-SEM, EDAX and MAP

FE-SEM technique was carried out to study the morphol-
ogy of optimal Fe-Mn—Ce ternary nanocatalyst samples.
The FE-SEM images obtained are shown in Figure 6.

The Field Emission-SEM micrographs of precursor
(Fig. 6a), fresh (Fig. 6b) and used calcined catalyst

(Fig. 6b) express that optimal catalyst samples have
various surface morphologies. Examination of these images
shows that the precursor (Fig. 7a) contains interconnected
and dense particles, but during the calcination process,
these particles become smaller and finer due to the forma-
tion of new phases and the escape of volatiles, also some
groove-like structures are visible in the Figure 6b. After
performing the reactor test, the catalyst morphology
changes again and the groove structures are crumbled
and filled (Fig. 6¢). This change in the catalyst texture
occurs due to the reaction on the surface and the formation
of its carbide phases. This collapse of the catalyst texture is
in agreement with the BET results, which show a decrease
in the specific surface area of the sample tested in labora-
tory fixed bed tubular micro reactor.

The elemental compositions of optimal Fe-Mn—Ce
ternary nanocatalyst samples attained from the EDAX
data are presented in Table 10. Also, The EDAX spectra
of the precursor and calcined catalysts are displayed in
Fig. 7.

The EDAX spectrum of the precursor showed the
presence of Al, O, Fe, Mn and Ce (Tab. 10 and Fig. 7a).
These identified elements are in consistency with the results
of the catalyst precursor XRD (Fig. 5) which implies to
hydroxide and oxide compounds of iron, manganese, cerium
and aluminum. By the same way, the EDAX spectrum of
the fresh calcined catalyst implies to oxide phases of iron,
manganese, cerium and aluminum. In calcined catalyst
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Fig. 7. EDAX spectrums of the optimal Fe-Mn—Ce ternary nanocatalyst: (a) precursor, (b) before FTS and (c) after FTS.

Table 10. EDAX data of the optimal Fe-Mn—Ce ternary nanocatalyst.

Catalyst Elements Weight% Atomic%
Precursor O 46.14 62.51
Al 40.01 32.15
Mn 0.13 0.05
Fe 13.55 05.26
Ce 0.17 0.03
Fresh Calcined catalyst (before the test) 0] 44.88 68.05
Al 18.13 16.3
Mn 3.37 1.49
Fe 31.95 13.88
Ce 1.68 0.29
Used Calcined catalyst (after the test) C 11.86 22.20
0] 37.73 53.02
Al 11.52 9.60
Mn 4.99 02.04
Fe 31.77 12.79
Ce 02.14 0.34

after FTS the following elements involving C, O, Al, Fe,
Mn and Ce have been detected (Tab. 10, Figs. 5 and 7c).
These identified elements indicate that the sample after
the reactor test contains oxide, metal, and carbide phases,
as well as the reduction of oxygen content in the sample
after the reactor test compared to the sample before the
reactor test, indicating conversion of the oxide phases to
the carbide phases. For investigation of the distribution of
metals in calcined sample before reactor testing, metal
mapping analysis was performed. Elemental mapping
images of 75 wt% Fe-20 wt%Mn-5 wt% Ce/Al,O;
nanocatalyst calcined at 500 °C for 7 h under air are illus-
trated in Figure 8.

As can be seen in the MAP images, the distribution of
the elements is homogeneous. In addition, the elemental
distribution coincides with the EDAX data (Tab. 10,
Fig. 7b), including weight and atomic percentage of the
elements in the sample before the reactor testing.

3.6.4 H,-TPR

The reducibility analysis of optimal calcined catalyst was
performed by H,-TPR and related curve is shown in
Figure 9.

As can be seen, the TPR curve of the optimal calcined
Fe-Mn—Ce ternary nanocatalyst illustrated four distin-
guished reduction peaks at 320, 440, 620 and 850 °C respec-
tively. The sharp peak at approximately 320 °C
corresponds to the reduction of Fe;O3 to FesO,. The sharp
peak at 440 °C is pertinent to the reduction of Fe30, to
FeO and also to the reduction of CeO, to CeyO5 (Ce+4 to
Ce"®). The broad peak in the temperature range of 580
640 °C is ascribed to the reduction of the third stage of iron
oxide and its conversion to metallic form (FeO to Fe) and
MnyO3 to Mn3O,. The final broad peak about 850 °C can
be related to reduction of Ce;O3 to CeO and Manganese
oxide reduction from MnzO,4 to MnO. In accordance with
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the XRD (Fig. 5) and TPR curves (Fig. 9), we can find that
the Fe,O3 phases in calcined sample changed to Fe and FeO
after Hy reduction. After the calcined nanocatalyst was
placed into the reactor chamber and during reduction pro-
cess and FTS, a part of the metallic phases for example Fe
is converted to Fe3C and Fe,C carbides. The iron carbides
formed on the nanocatalyst surface raise the FT perfor-
mance and selectivity to light olefins [24, 50].

3.6.5 TG/DSC

TG/DSC analysis over optimal Fe-Mn—Ce precursor was
performed to evaluate the thermal behavior of the catalyst.
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Fig. 10. TG/ DSC curves for optimal Fe-Mn—Ce precursor.

Fig. 10 illustrates that, as the temperature increased from
ambient temperature to 490 °C, the precursor suffered an
18% weight loss.

For this precursor, there are two main stages of weight
loss. The first stage occurs from 200 °C to 350 °C, and the
next stage occurs from 350 °C to 490 °C which are related
to the loss of crystallization water and the decomposition of
the hydroxide and nitrate phases present in the sample. At
temperatures above 490 °C, no weight loss was observed in
this sample indicating the production of stable oxide
phases. The DSC spectrum also shows two endothermic
peaks, which is consistent with the TG data.
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4 Conclusion

The catalyst composition and calcination parameters play
key roles in FTS activity and its products selectivity espe-
cially the light olefins. For the first time, the Fe-Mn-Ce
ternary nanocatalysts supported on alumina granules were
synthesized by incipient wetness impregnation under vac-
uum procedure in various weight ratios of metals. The most
appropriate weight percentage of all of the catalysts was
belonged to nanocatalyst with 75 wt%Fe-20 wt%Mn-5
wt%Ce/AlyO3. The reason for that is the higher olefins
(C3 — C) production and maximize the ratio of olefin to
total sum of methane and paraffin (O/(M + P)). Then
the influence of calcination parameters on the nanocatalysts
performance and structure was evaluated. It became clear
that, at calcination temperatures above 500 °C and calcina-
tion times above 7 h the catalyst performance decreased.
This decrease in catalyst performance is due to the decrease
in specific surface area and catalyst surface active centers.
Calcination in nitrogen atmosphere reduces production of
desirable products, namely light olefins and consequently
reduces the nanocatalysts activity. The nanocatalysts are
characterized by different techniques such as XRD, Ny
adsorption-desorption, FE-SEM, EDAX, MAP, TG/
DSC, and Hy— TPR. The obtained results corroborate that
the structural, morphological and physic-chemical proper-
ties of the nanocatalyst have been impressed with metal
species and calcination parameters. The optimum nanocat-
alyst has a good performance due to the homogeneous
distribution on the alumina support and the existence of
iron oxides and carbides as active phases of the FT process.
Finally, the 75%Fe-20%Mn-5%Ce/Al,O3 nanocatalyst
calcined at 500 °C for 7 h under static air was selected as
the optimal nanocatalyst for Fischer-Tropsch synthesis in
present research.
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