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ABSTRACT: Iron-catalyzed conversion of coal/biomass-derived syngas
directly to lower olefins through Fischer—Tropsch synthesis (ie., FTO) is
a sustainable and short-flow process. Herein, effects of Mn and K
promoter loadings on FTO performance over the Fe-based catalyst
supported on the promoter-adjustable carbon nanotubes (Fe/MntK)—
CNTs) are systematically studied. Several Mn,K,-CNTs are prepared by
the treatment of CNTs using aqueous KMnO, solution via a redox
reaction, where promoter loadings are tailored by changing the aqueous
EMnO, solution concentration and water amount for sample washing.
FTO performance of these catalysts suggests that the increase in Mn and
K loadings shows the enhanced lower olefins selectivity but suppressed
activity. The resultant Fe/Mn,, K, ,»-CNTs exhibit the highest lower

Mo nd K 1o

Lower olefins yield (%s)

Fre-
carburization

Higher K

content

olefins yield. Further increasing K promoter content leads to slightly enhanced activity to lower olefins but dramatically
suppressed CH, formation and enhanced chain growth. Moreover, appropriate precarburization temperature can facilitate the

activity and selectivity toward lower olefins formation.

1. INTRODUCTION

The direct conversion of coal/biomass-derived syngas with low
H,/CO ratio to lower olefins (C,"—C,~) without additional
intermediate steps, i.e., Fischer—Tropsch-to-clefins (FTO), is
of burgeoning scientific and industrial interest. ™ Over the
past decades, a variety of catalysts, e.g, Co, Ru and Fe, were
commonly employed for the Fischer—Tropsch synthesis.” ™"
Among them, the low-cost Fe-based catalyst is suggested as the
most attractive one for several reasons, such as its high
selectivity to C,™=C,~ and its ability to directly convert CO-
rich syngas without preadjustment of H,/CO ratio.*™*"
Compared to the bulk iron catalysts, the supported ones are
more appropriate for the industry applications under harsh
reaction conditions, because the stability of the supported
catalysts is mechanically higher and the active phase dispersion
on them is better."”™"" There is a consensus that when the a-
AlLO, and carbon material are used to support the iron the
resultant Fe-based catalysts especially in the presence of
promoters can produce high yield of lower olefins due to the
weak metal—support interaction. "7

Mang and pot are two widely used promoters in
the iron-based FTO process to promote the formation of lower
olefins."** 7" Typically, the addition of manganese usually
suppresses methane formation and secondary hydrogenation of
lower olefins, resulting in a high lower olefins selectivity.
However, during the heat treatment, manganese species tend
to form mixed oxides with iron species due to their similar

ionic radii,”™* which are unfavorable for the subsequent
reduction and essential carburization. On the other hand, the
promotional effect of K for the Fe-based catalysts is a hot topic
for the FTO process.'“** ™" Appropriate potassium loading
can facilitate iron carburization, and thus enhance the catalytic
activity and improve the long chain hydrocarbons (Cs.)
formation. Therefore, simultaneously adding Mn and K to the
Fe catalysts is a promising strategy to obtain high yield of lower
olefins,

Recently, a kind of highly dispersed K-doped MnO, coated
Fe-based catalyst, named as Fe/MnK-CNTs, has been
prepared by a novel method.”"”" In this method, the resultant
K- and Mn-coated carbon nanotubes, named as MnK-CNTs,
from the treatment of CNTs using agueous KMnO, solution
via a redox reaction, were used to immobilize the iron
precursor followed by thermal treatments. This novel nano-
composite has a good FTO performance due to its well-
distributed promoters, uniform iron nanoparticles, more
defects on the CNTs, and weak metal—support interactions.
Furthermore, the optimized calcination temperature was
identified as 220 °C to gain the highest selectivity to lower
olefins as well as good stability among several of these
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nanocomposites through different calcination temperatures.”
The amounts of potassium and manganese of these nano-
composites remain the same. It is worth mentioning that the
promoters content could affect the Fischer—Tropsch synthesis
performance dramatically.™"**** Herein, as a consecutive
effort, manganese and potassium promoter loadings, easily
adjusted by changing the preparation conditions, will be
tailored toward optimizing the FTO performance.

Herein, several Fe/MnJX -CNTs catalysts consisting of
different Mn and K loadings were first synthesized by changing
the preparation conditions of Mn K -CNTSs support. Then, all
of these Fean,Ky—CNTs catalysts were tested for the FTO
performance. Also, they were characterized by several
techniques, such as XRD, Raman, H,-TPR, and TEM. The
optimized Fe/Mn K, ,-CNTs catalyst was identified with the
highest lower olefins yield. Furthermore, the introduction of
more potassium promoter and the role of the precarburization
under different temperatures were investigated. These results
demonstrated the importance of modulating the promoters
content of the novel Fe/MnK-CNTs composites, which is
helpful to fabricate the promoted iron-based FTO catalysts
toward high FTO performance.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. Pristine CNTs with closed
ends were modified in HNO, to increase the hydrophilicity of
the carbon surface. At first, the pristine CNTs were dispersed
into HNO, and refluxed at 120 °C for 2 h. After that, the
samples in the HNO, solutions were filtered to remove the
acid, and the deionized water was further added to remove the
residual acid for several times to neutral pH. The samples were
further dried in an oven at 120 °C for a whole night.
Potassium-doped MnQ, coated carbon nanotubes were
prepared by the treatment of CNTs using aqueous KMnO,
solution via a redox reaction according to our previous
method ™" Typically, the modified CNTs were treated by
different concentrated aqueous KMnO, solutions (i.e., 0.01—
0.1 M) to form a uniform mixture under magnetic stirring.
During the reaction, the temperature was kept at 70 °C by a
water bath. After the treatment of the CNTs, the products with
the aqueous reaction solution were filtered and washed with
different amounts of deionized water (ie, 1-3 L). The as-
obtained Mn,K,-CNTs were further desiccated for the whale
night in stagnant air under 120 °C, where the loadings of Mn
and K were measured by ICP-AES.

The Fe/MnK,-CNTs catalysts were further prepared by
incipient wetness impregnation method. Typically, the Mn K -
CNTs were mixed with Fe precursor (ferric nitrate), and the
loading of iron was kept as 10 wt %. The obtained catalysts
were aged under static air and 25 °C for 24 h. The aged
catalysts were then desiccated at 120 °C for 12 h. After that,
the samples were calcined under a nitrogen flow at the
optimized calcination temperature for the Fe/MnK, CNTs
FTO catalysts, ie., 220 °C, for 3 h according to our previous
worl 31

2.2. Catalyst Characterization. Inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) for the
precise measurement of the metal loadings of Mn and K
over the Mn K,-CNTs were performed on the Agilent 725ES
instrument made in the U.S.A X-ray diffraction (XRD) for the
determination of the crystal phases over the samples was
carried out on a Rigaku D/Max2550VB/PC X-ray diffrac-
tometer instrument from Japan with Cu Ka radiation (4 =

1.54056 A). Transmission electron microscopy ( TEM) for the
measurement of the microstructures over the samples was
performed on the JEM-2100 instrument made from JEOL in
Japan. Raman spectroscopy to characterize surface chemistry
properties of the samples was performed and recorded at room
temperature on a microscope (inVia Reflex, Renishaw, UK.)
using a 2 mW laser power at 514 nm laser excitation according
to the previous studies”’* H, temperature-programmed
reduction (H,-TPR) for the evaluation of the reducibility of
the calcined samples was performed over an Autochem 2920
instrument made from Micromeritics in the U.S.A. For the H,-
TPR, the corresponding H, intensity were quantified by a
thermal conductivity detector (TCD). The temperature was
increased from 25 to 800 °C, and the heating rate is 10 °C
every minute. Thermal gravimetric-differential thermal analysis
(TGA-DTA) of the carburized samples was conducted on a
TA SDT-Q600 thermobalance under an air flow from 30 to
800 °C with the heating rate of 10 °C every minute, Itis worth
noting that, before the characterizations, the Mn,K-CNTs and
the Fe/Mn K,-CNTs samples were first reduced under H, flow
at 300 °C for 10 h in the reactor. Before the catalysts were
taken from the reactor, they were passivated in 0.92% O,/Ar at
room temperature.

2.3. Catalytic Testing. The performance of the Mn K-
CNTs supported Fe catalysts for FTO was tested by a fixed-
bed reactor made of stainless steel. In a typical experiment, 100
mg of catalyst was placed in the reactor. Before the reaction,
the temperature was raised to 300 °C under N, flow. Then, the
hydrogen was introduced to reduce the catalyst for 10 h at 300
°C and ambient pressure. When the reduction process was
finished, the reactor was cooled to 270 °C under N,
atmosphere. After the reduction, the feed gas was switched
to syngas (H,/CO = 1). The corresponding GHSV was set as
30000 mL h™" g, ", Simultaneously, the system pressure was
adjusted to 2 MPa. The analyses of the outlet products were
performed in a gas chromatograph made in Echrom from
China. The detailed analysis method as well as the activity and
selectivity calculations are performed according to our
previously reported literatures.”""

3. RESULTS AND DISCUSSION

3.1. Characterization. Mn and K well dispersed carbon
nanotubes, named as MnK-CNTs, were prepared by the
treatment of CNT's using aqueous KMnO, solution via a redox
reaction, ie, 4Mn0O,” + 3C + H,0 — 4MnQO, + CO;‘ +
2HCO,™, generating a MnQ, coating layer with a strong
interaction with carbon support surface.’” The loadings of
Mn and K were tailored by changing the concentration of
aqueous KMnO), solution and the amount of water for sample
washing, respectively. The resultant CNTs were labeled as
Mn,K, CNTs, in which x and y correspond to Mn and K
loadings, respectively. Table | shows five kinds of Mn,K-
CNTs with different Mn and K loadings determined by ICP-
AES. Clearly, there are significantly different Mn loadings but
slightly different K loadings.

The five as-prepared Mn K -CNTs were used as supports to
further immobilize the Fe by incipient wetness impregnation
method. The corresponding Fe loadings were kept as 10 wt %
for all of the Fe/MnK-CNTs catalysts. The iron-catalyzed
FTO performance has been found to have dependence on the
Fe particle size and morphology.'*”” Herein, we employed
TEM to characterize the microstructures of the five catalysts,
The representative TEM images of the samples were illustrated
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Table 1. Mn and K Loadings of Five Kinds of Mn K, -CNTs
Samples

samples Mn (wt %) K (wt %)
Mn; Ko 5-CNTs 53 0.9
Mng K, -CNTs 83 L0
Mn,, K, -CNTs 12.4 1.1
Mnyg K, - CNTs 16.5 1.2
Mny, oK, ;-CNTs 230 L3

in Figure 1. Obviously, no big aggregates appear over all of the
catalysts, possibly because the existence of manganese can
inhibit the aggregation of the iron nanoparticles.™ Their
average particle sizes are 8.5 + 2.7, 99 + 2.7, 99 + 1.6, 9.8 +
22, and 9.6 + 2.4 nm, respectively. This indicates that the
average Fe particle size is not highly dependent on the Mn and
K loadings of Mn K-CNTs.

The XRD was performed for the five calcined FeanxK)—
CNTs catalysts and the corresponding reduced ones to explore
their crystal phase and catalyst compositions. The obtained
XRD patterns for the reduced and calcined samples are shown
in Figure 2a and Figure S1, respectively. For the calcined
samples, the carbon nanotubes show clear characteristic
diffraction peaks (JCPDS No. 65-6212) as well as ones
above 30°, very possibly attributed to the mixed metal oxides
phases.”*" For the reduced samples, however, there are legible
characteristic diffraction peaks for iron manganese oxide
(FeMn,0,, JCPDS No. 75-0035) in addition to ones of
carbon support, manganosite (MnO, JCPDS No. 07-0230) and
wustite (FeO, JCPDS No. 46-1312). Figure 2b shows a
representative: HRTEM image, in which the corresponding
FFT, ie., fast Fourier transform, of the selected area were
included. Obviously, the 0.256 nm-long lattice spacing was
found, which is in good accordance with that of the (311)

plane of spinel FeMn,0,. Therefore, both the XRD and
HRTEM results suggest the formation of the FeMn,O, phase.
H,-TPR was employed to investigate the reducibility of
metal species over the Fe/Mn K -CNTs catalyst and Mn K-
CNTs samples, and the results are shown in Figure 3. For the
Mn K-CNTs samples, the H,-TPR profiles mainly show two
reduction peaks lower than 500 °C. The first peak is assigned
to the transformation of MnO, to Mn,0,, while the second
peak to the reduction of Mn,0, to MnO.***" Meanwhile,
there exists a decreased trend for the reduction temperatures
with the increase in the Mn and K loadings to 16.5 and 1.2 wt
%, followed by an increased trend with a further increase in the
Mn and K loadings to 23.0 and 1.3 wt %. This is most likely
ascribed to the fact that the manganese oxide coating layer
interacts strongly to the carbon support surface and the coating
layer is too thick, respectively. Moreover, for the Fe/Mn K-
CNTs catalysts, when the Mn and K loadings were further
increased, the corresponding reduction peaks move toward
higher temperature, which could be due to that the iron species
are strongly interacted with coating layer and/or support.
The different surface chemistry of carbon supports over iron
catalysts may result in different FTO performance.”” Generally,
the heat treatment (eg, calcination and reduction) could
remove several functional groups over the carbon surface and
introduce some surface defects on carbon, which have been
proved to show different catalytic performance for the
supported metal nanoparticles.”*" Moreover, the introduction
of Mn and K would also change the surface chemistry of
carbon support, because they could form some coating layers
on the carbon surface. Herein, Raman is employed to
characterize the surface chemistry of these five catalysts. As
shown in Figure 4, the Raman spectra are deconvoluted by
using the D, peak treated with Gaussian-shaped band and the
other four peaks, ie, D), Dy, Dy and G, treated with
Lorentzian-shaped bands." The I, /I; value increases with the

50 nm /.

Figure 1. TEM images of the five Fe/MnK,-CNTs composites after reduction: (a) Fe/Mn,;Kq5-CNTs, (b) Fe/Mng;K, o CNTs, (c) Fe/

Mn; 4K ;-CNTs, (d) Fe/MnyssK; > CNTs, and (e) Fe/Mny; oK 3-CNTs.
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Figure 2. (a) XRD patterns of the Fe/Mn,K,CNTs composites after reduction. The lower part also shows the standard patterns of wustite
(JCPDS No. 46-1312), manganosite (JCPDS No. 07-0230) and iron manganese oxide (JCPDS No. 75-0035) for comparison. (b) Representative
HRTEM image with its corresponding FFT pattern of the Fe/Mn, 4 K, ;-CNTs catalyst.
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Figure 4. Raman spectra of the Fe/MnK CNTs catalysts after
reduction.

Mn and K loadings of the catalysts, indicating more surface
defects on the CNTs support arising from the stronger
oxidation of CNTs by higher KMnO, concentration.

3.2. FTO Performance. Catalytic testing of the five
catalysts without precarburization was performed in a fixed-
bed reactor. The detailed calculated FTO performance is
summarized in Table S1. Obviously, the FTY wvalues,
representing the catalytic activity, gradually decrease with the
increase of Mn and K loadings, while the catalysts have no

significant difference in the average metal particle sizes (Figure
1). Previous studies showed that the increase in the K loading
is favorable for the iron carburization, while that in the Mn
loading is unfavorable for the iron carburization. Moreover,
there are increased iron reduction temperatures (Figure 3b)
and surface defects on the carbon support (Figure 4), which
are unfavorable and favorable for the iron carburization,
respectively, Thus, we can deduce that the declined activity
mainly arises from the increased Mn content and iron
reduction temperature, which can inhibit the iron carburiza-
tion.

Furthermore, the lower olefins selectivity is another
important issue beside the activity. Figure § illustrates that
with the increase of Mn and K loadings, the catalysts show
enhanced lower olefin selectivity and suppressed CH, and C,,
selectivities. In previous work, introduction of K promoter has
been reported to mainly adjust the products toward long-chain
hydrocarbons and thus boost C,. selectivity, while the Mn
promoter to increase the C,7—C,” selectivity and to suppress
CH, formation. Herein, based on the above results, the Mn
loading is suggested as a dominant factor for the product
selectivity over the five FeanzIS—CNTs composite catalysts.
Notably, considering that increasing the Mn loading of the
catalysts can simultaneously decrease the activity and increase
the selectivity to lower olefins, the Fe/Mn, K, ,-CNTs
catalyst gives rise to the highest lower olefins yield (Figure 5).

Furthermore, based on the optimized Fe/Mn 4K, ,-CNTs
catalyst mentioned above, effects of K promoter content on the
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FTO performance were studied. The detailed calculated FTO
performance results are shown in Table 2. Obviously, higher K

Table 2. FTO Performances of Fe/MnK -CNTs Samples
with Different K Loadings

catalysts Fe/Mng5Ki-CNTs  Fe/Mny;oKag —CNTs

CO conversion (%) 289 30.1

CH selectivity (%C) 855 56.0

FTY (pmol., ge ' s7') 3226 338.6

CH distribution (%C)

CH, 341 172

C, -G, 505 517
C."-C," a6 9.0

Ce, 68 221
olefin/paraffin ratio 5% 57

“The detailed testing conditions are same as those shown in Table 1,
which are listed in section 2.

content gives rise to slightly enhanced activity to lower olefins,
while the remarkably suppressed CH, formation as well as the
enhanced C,, selectivity, indicating addition of K promoters to
the Fe/Mn,K,-CNTs catalysts may significantly influence the
FTO performance.

3.3. Effects of Carburization Temperature. Precarburi-
zation of the optimized Fe/Mny, K, ,-CNTs catalyst men-
tioned above was performed by using the syngas under
ambient pressure and different temperatures varying from 210
to 300 °C. After the carburization, the reaction temperature

and pressure were adjusted to 270 °C and 2 MPa for the
reaction, respectively. Figure 6a shows the relationship
between CO conversion and time on stream for precarburized
samples under various temperature. It is found that the higher
precarburization temperature leads to the lower CO
conversion. This could be most likely because the higher
precarburization temperature could cause the formation of
larger iron nanoparticles and more carbon deposits on the iron
surface based on previous studies.'"**

Moreover, as shown in Table 52, the higher precarburization
temperature leads to the increase in the CH, selectivity as well
as the decrease in the C;, selectivity. On the other hand, the
selectivity to lower olefins slightly increases with the
precarburization temperature to maximum, ie, 52.7%, at the
precarburization temperature of 230 °C, while the further
increased precarburization temperature leads to a decline for
the C,7—C,” selectivity, Previously, it has been reported by De
Jong's group that the larger particle size of the active phase of
the Fe-based catalyst would result in a decrease in the
selectivity to CH,."" On the other hand, although the carbon
deposits usually cause the decreased activity, they also give rise
to the high coverage of hydrogen and thus relatively high
selectivity to CH,.'**™ Herein, we can conclude that the
carbon deposits instead of the larger iron nanoparticles
formation as the dominant factor leading to product
selectivities.

In order to reveal the difference in the carbon deposits for
the samples obtained by different precarburization temper-
ature, TGA analyses were carried out for the catalysts after
precarburization under low (210 °C) and high (300 °C)
temperature. Figure 7 illustrates the detailed TGA-DTG
curves. Obviously, there is no obvious mass change but the
delayed peak in the DTG curve when the catalyst was
carburized under high temperature. This may be because some
graphitic coke deposits are formed on the catalyst under high
temperature, ™"

Based on the above analyses, compared to the catalyst
without precarburization (Figure §), the precarburization at
low temperature (<270 °C) gives rise to the increased lower
olefins yield (Figure 6b), indicating that suitable precarburiza-
tion temperature could enhance the FTO performance of the
Fe/MnK-CNTs composite catalyst. Moreover, when the
precarburization temperature is 230 °C, the catalyst exhibits
the highest lower olefins yield of 11.4%.
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4. CONCLUSIONS

In summary, Fe/MnK, -CNTs composite catalysts with
different Mn and K loadings have been manipulated through
a novel method, ie., treating CNTs using aqueous KMnO,
solution via a redox reaction, for the FTO. The promoter
loadings are successfully tailored by changing the agueous
KMnO, solution concentration and water amount for sample
washing, Increasing the Mn and K loadings shows the
promoted C,”=C,” selectivity but the suppressed activity,
and the resultant Fe/Mn,; K;,-CNTs exhibits the highest
vield of lower olefins. Based on such optimized catalyst, a
further increase in the K promoter content only gives rise to
slightly enhanced activity to lower olefins but the dramatically
suppressed CH, formation and enhanced chain growth.
Moreover, appropriate precarburization temperature can
facilitate the activity and seleetivity toward C,”—C,” formation.
These insights provide a new avenue for the tailoring and
design of Fe-based FTO catalyst via adjustment of promoter
contents.
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