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ABSTRACT: A manganese-modified Fe3O4 microsphere catalyst was
developed, which effectively converts the syngas to light olefins (C2−C4)
with selectivity up to 60.1% in all hydrocarbon products. This nonporous
catalytic material with fine dispersed manganese contributes to clarifying the
different role of iron carbides by solely modifying the carburization of the
catalysts and reducing the diffusion resistance of products. Combining various
characterization results, including XAFS and Mössbauer spectroscopy, it is
found that the electronic state of surface carbonaceous species was affected by
the Mn promoter, leading to the formation of special iron carbide (θ-Fe3C),
and the reactivity for light olefins formation was highly dependent on the
content of θ-Fe3C.
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Light olefins (C2−C4) are key building blocks of the
chemical industry, and they are typically produced by

steam cracking naphtha.1 The direct conversion of syngas into
light olefins via the Fischer−Tropsch synthesis (FTS) process
is a promising route to meet the increasing demand for
chemical feed-stocks.2,3 In general, FTS products are almost
normal aliphatic hydrocarbons, following the Anderson−
Schultz−Flory (ASF) distribution, which is wide and
unselective.4 Therefore, the development of selective catalysts
has attracted much attention.5−10 Compared with other FTS
catalysts, iron-based catalysts have great potential for selective
formation of light olefins from FTS. It is well known that iron
carbide is recognized as the active phase for the FTS reaction.11

However, the activity and selectivity of different iron carbides is
still unclear.
Many studies suggest that the reactivity of the iron-based

FTS catalyst is correlated with the properties of iron
carbides.12−15 Therefore, maintaining a carburized surface and
suitable carbides particle size are the main issues for designing
effective iron-based FTS catalysts.16 However, the iron carbides
that would be formed during reduction and FTS reaction are
more than one phase, such as the reported χ-Fe5C2 (Hag̈g
carbide) and θ-Fe3C (cementite) forms, as well as ε-Fe2.2C,
which was formed under special conditions.16,17 Furthermore,
the exact role of each iron carbide phase in the formation of
light olefins remains unclear.
To date, manganese has been widely used as an efficient

promoter for the FTS catalysts.1,2,18−21 It was reported that the
presence of Mn enhanced the selectivity of olefins and

suppressed the formation of methane.18,19 Manganese was
also found to promote the dispersion of iron and make the
catalysts less prone to deactivation.20a Sometimes an increase in
intrinsic activity for the Mn-promoted Fe catalysts will be
observed.19c In addition, many studies18a,20a found that a solid-
solution compound has formed when Mn was added to the
iron-based catalysts, resulting in the Mn-induced textural
structure variation of the iron catalyst, which would change
the particle size and reducibility of iron20a and the diffusion
rate.2,21 Meanwhile, the electronic state of the active phase
would be influenced via the electronic transfer between iron
and support.22,23 Generally, these factors always interact with
each other to influence the activity and selectivity of obtained
catalysts in the FTS reaction. On the other hand, it is reported
that primary α-olefins can be readsorbed to promote the
secondary reactions.24,25 Therefore, the diffusion rate would
influence the selectivity of products and confuse the effects of
promoter.
Herein, a manganese-modified Fe3O4 microsphere catalyst

was developed, as illustrated in Figure 1a, where the MnOx was
dispersed on the surface of Fe3O4 microsphere to avoid the
porous structure and solely modify the carburization of the
catalysts. It was estimated that this newly designed catalyst
would improve the selectivity of light olefins by alleviating
secondary reactions and tuning the properties of surface
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carbonaceous species. The relationship between the different
iron carbides and the formation of light olefins are established
by several characterization methods.
The Fe3O4 microspheres in this work were prepared by a

solvothermal method.26a For preparation of the Mn/Fe3O4
catalyst, an ethylene glycol solution of Mn(NO3)2·4H2O was
impregnated onto the Fe3O4 microspheres,26b followed by
drying at 473 K under vacuum. Figure 1b shows SEM image of
the Fe3O4 microspheres, which possess a uniformly spherical
shape of ∼300 nm. The XRD pattern (Figure S1) reveals that
the microspheres are composed of magnetite. N2 adsorption−
desorption isotherms show representative type-II curves, which
is normally obtained with nonporous adsorbents26c (Figure
S2). The BET surface area and total pore volume of the
microspheres are calculated to be 23 m2·g−1 and 0.081 cm3·g−1,
respectively. These findings suggest that no pores existed inside
the Fe3O4 microspheres. Meanwhile, it was found that the
MnOx located at the edge of Fe3O4 microspheres, as shown in
Figure 1c. Hence, MnOx should locate on the surface of the
Fe3O4 microspheres as designed, and diffusion limitation in the
conventional catalysts can be ignored in this catalyst system.
Figure 1d,e shows the original STEM image and corresponding

EDX elemental mapping of the 6 wt % Mn/Fe3O4 catalyst as
prepared, which demonstrate the actual distribution of Fe, O,
and Mn elements, separately. The Mn element can be detected
mainly at the edge of Fe3O4 microspheres, indicating that the
MnOx locates on the surface of Fe3O4 microspheres. Moreover,
the XPS results (Figure S3) further demonstrated that the Mn
promoter located on the surface of Fe3O4 microspheres and the
Fe−Mn interaction on the surface of Fe3O4 microspheres was
formed for Mn-promoted catalysts. In addition, the Mössbauer
spectroscopy results (Table S1 and Figure S4) indicated that
incorporation of Mn has no effect on the crystal structure of
Fe3O4 microspheres.27 Therefore, it is considered that this
unique promoter-on-iron structure of obtained catalyst would
contribute to enhancing the promotional effects of manganese
and clarifying the different role of iron carbides.
The prepared Fe3O4 microsphere catalysts were applied to

FTS reaction under 1.0 MPa, 593 K, and H2/CO ratio of 1. All
the catalysts exhibited an initial increase in activity and the
unpromoted Fe3O4 catalyst realized the highest CO conversion,
as shown in Figure S5. As summarized in Table 1, the
unpromoted Fe3O4 catalyst provided a 47% CO conversion and
the 19.6% selectivity of CH4, as well as 35.3% selectivity of C2−
C4 olefins. Meanwhile, the molar ratio of olefin to paraffin
(denoted as O/P) in the C2−C4 range hydrocarbons was as low
as 2.5. For the 3 wt % Mn/Fe3O4 and 6 wt % Mn/Fe3O4
catalysts, the CH4 selectivities decreased to 13.4% and 9.7%,
respectively, while the C2−C4 olefins selectivity significantly
increased to 49.5% and 60.1%, respectively (Figure 2). Further

increase of Mn loading to 12 wt % resulted in the increased
CH4 selectivity and the decreased selectivity of C2−C4 olefins.

Figure 1. (a) Structural model for the Mn/Fe3O4 catalyst; (b) SEM
images of the Fe3O4 microspheres; (c) TEM images of the 6 wt %
Mn/Fe3O4 catalyst after reduction; (d) Original STEM image of the 6
wt % Mn/Fe3O4 catalyst as prepared; and (e) corresponding STEM-
EDX elemental mapping of Fe, O, Mn on the catalyst.

Table 1. Fischer−Tropsch Synthesis Performance Data of Iron-Based Catalysts with Different Mn Loadinga

catal. CO conv. (%) CO2 sel. (%)
b

hydrocarbon selectivityc (c-mol %)

O/PdCH4 C2−C4 olefins C2−C4 paraffins C5+

Fe3O4 47.0 42.7 19.6 35.3 14.0 31.1 2.5
3 wt % Mn/Fe3O4 48.3 41.2 13.4 49.5 6.3 30.8 7.9
6 wt % Mn/Fe3O4 41.5 37.8 9.7 60.1 6.5 23.7 9.2
12 wt % Mn/Fe3O4 31.4 34.0 15.4 53.5 6.6 24.5 8.1

aReaction conditions: catalyst 0.5 g, 593 K, 1.0 MPa, H2/CO = 1, W/F (CO + H2 + Ar) = 5 g-cat. h mol−1. bCalculated from TCD, hydrocarbon
free. cCalculated from FID. dThe molar ratio of olefin to paraffin in the C2−C4 range hydrocarbons.

Figure 2. Product distribution of the iron-based catalysts after 50 h
FTS reaction. Reaction conditions: catalyst 0.5 g, 593 K, 1.0 MPa, H2/
CO = 1, W/F (CO + H2 + Ar) = 5 g-cat. h mol−1.
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It is considered that the increased Mn loading up to 12 wt %
covered more surface iron atom and decreased the amount of
active sites, resulting in relatively poor reaction performance.
Furthermore, for the 6 wt % Mn/Fe3O4 catalyst, the O/P value
is up to 9.2, which is much higher than previously reported
results (Table S2). Meanwhile, the high content of 1-butene in
all butene (Table S2) indicates that the nonporous Fe3O4
catalysts effectively reduce the second reaction of formed
olefins,24 contributing to clarifying the promotional effects of
added Mn.
For the 6 wt % Mn/Fe3O4 microsphere catalysts, it is

believed that the unprecedented efficiency of converting syngas
to light olefins could be attributed to the special surface
carbonaceous species. Therefore, the surface carbonaceous
species were determined by in situ XPS (Figure S8). The
analyses of carbon species on the activated catalysts confirmed
the presence of significantly different surface carbonaceous
species,28,29 and the charge of surface carbon atom was
influenced by the Mn promoter. It was found that the bond
strength of Fe−C has a deep relationship with the charge of
surface carbon atom;16 meanwhile, the different structure of
different iron carbides must lead to the different bond strength
of Fe−C. Therefore, it is proposed that a specific carbide phase
could be formed on the surface of Fe3O4 microsphere due to
the presence of Mn promoter. Hence, the iron carbide phases
were then determined by Mössbauer spectroscopy. Mössbauer
spectroscopy of the various reduced catalysts (Figure 3, Table

S3) shows that the unpromoted Fe3O4 catalyst was reduced and
mainly carburized to Hag̈g iron carbide (χ-Fe5C2, 51.3%
spectral contribution). The Mn-promoted samples exhibit
lower total carbides contents after reduction compared to
unpromoted catalyst, and lower degree of carbidization for Mn-
promoted catalysts could directly result in relatively lower
catalytic activities.6 However, a new carbide phase, identified as
cementite (θ-Fe3C), was discerned when Mn was added.
Moreover, the content of θ-Fe3C species reached a maximum at
the 6 wt % loading of Mn, and then decreased when Mn
loading increased to 12 wt % (Figure S9). Meanwhile, the
content of χ-Fe5C2 decreased continuously with the increased

of Mn content. Such result indicates that the formation of
surface carbide phases is affected by Mn.
To gain further information about the carbide phase, the

various catalysts were characterized by XANES and EXAFS
synchrotron techniques. The concentration of total iron
carbides decreases with the increased Mn loading (Figure 4),

suggesting that the carburization of the catalysts was suppressed
by added Mn. This is consistent with the results from XPS and
Mössbauer spectroscopy. Fourier transforms of the EXAFS
spectra at the Fe K-edge (Figure 5) show that, after activation, a

Figure 3.Mössbauer spectra of the iron-based catalysts after reduction.
Reduction conditions: 623 K, 0.1 MPa, H2/CO = 1, W/F(CO + H2 +
Ar) = 2.5 g-cat. h mol−1.

Figure 4. In situ Fe K-edge XANES of iron-based catalysts upon
activation and Fe standards. All the prereduced catalysts were
rereduced in situ in syngas (CO/H2 = 1) at 623 K for 1 h.

Figure 5. Fourier transformed (FT) k3-weighted χ(k)-function of the
EXAFS spectra. Solid lines denote reference samples of Fe3O4, χ-
Fe5C2, ε-Fe3C, θ-Fe3C, and Fe4C. All the prereduced catalysts were
rereduced in situ in syngas (CO/H2 = 1) at 623 K for 1 h.
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new scattering path appeared in the spectrum of all catalysts
compared to that of fresh catalysts (Figure S11). It can be
assigned to Fe−Fe path in the carbide phase, by comparing to
the spectra of reference materials such as Fe3O4, and iron
carbides.30 Furthermore, the slightly shorter Fe−Fe bond
distance (∼1.8 Å) for the Mn-promoted catalysts suggests that
the Fe formed another carbide phase, θ-Fe3C, in addition to χ-
Fe5C2.

31 Indeed, the EXAFS results together with the
Mössbauer spectroscopy measurements point toward the
formation of θ-Fe3C for Mn-promoted catalysts.
Combining the above results, it is considered that a special

iron carbide (θ-Fe3C) is formed due to the promotional effects
of Mn. On the other hand, the amount of θ-Fe3C has a positive
relationship with the formation of light olefins, as compared in
Figure S9. The 6 wt % Mn/Fe3O4 catalyst, which produced
highest amount of θ-Fe3C after reduction and FTS reaction,
realized the highest light olefin selectivity and O/P value in the
range of C2−C4. Based on density functional theory (DFT)
calculation results, the H2 can easily cleave into adsorbed H and
form CH2 species, which is monomer for forming light olefins,
on the Fe−C hybrid site of Fe3C. However, the further
hydrogenation of CH2 to CH3 and CH4 on the site of Fe3C
needs to overcome relatively high barriers,16 indicating that the
Fe3C phase has relatively weak hydrogenation activity for
unsaturated hydrocarbon. Thus, it is reasonable to conclude
that the θ-Fe3C phase plays a crucial role in enhancing the
selectivity of light olefins.
In summary, the nonporous structure combined with

dispersed manganese on the Fe3O4 microsphere surface
contributes to enhancing the promotional effects of Mn and
clarifying the different role of iron carbides. Based on various
characterization results, it was found that the θ-Fe3C plays an
important role to enhance the selectivity of C2−C4 olefins
during the FTS reaction, as compared with other iron carbides.
The Mn/Fe3O4 catalyst with a moderate amount of Mn (6 wt
%) exhibits the best C2−C4 olefins selectivity (60.1%) and the
lowest CH4 selectivity (9.7%) with relative better stability
compared with unpromoted Fe3O4 catalyst. In addition, this
novel catalytic system proposes a new approach for obtaining a
better understanding of the promotional mechanisms of the
promoters.
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