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w carbon olefins on a core–shell
K–Fe5C2@ZSM-5 catalyst by Fischer–Tropsch
synthesis
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In this study, a core–shell catalyst based on Fe5C2@ZSM-5 (ZSM-5 capped Fe5C2 as active phase) is

prepared by the coating-carbonization method for Fischer–Tropsch synthesis (FTS). Further, the

designed ZSM-5 zeolites are utilized to screen the low carbon hydrocarbons from the products

generated on the iron carbide active centre, and for catalytic disassembly of the long-chain

hydrocarbons into low carbon olefins. Prior to utilization, the physical–chemical properties of the

prepared catalysts are systematically characterized by various techniques of X-ray diffraction (XRD),

Brunauer–Emmett–Teller (BET), Fourier transform infrared (FT-IR), and scanning electron microscopy

(SEM) as well as transmission electron microscopy (TEM) observations, in addition to the effects of

coating-carbonization, molecular sieve coating amount, and K-doping on core–shell iron-based

catalysts. Next, the performance of Fischer–Tropsch synthesis is investigated in a micro-fixed bed

reactor. The results manifest that, comparing with Fe5C2 and a supported Fe/ZSM-5 catalyst prepared by

the traditional impregnation method, the core–shell Fe5C2@ZSM-5 catalysts show higher CO conversion

rate, reaction activity and selectivity to low-carbon olefins. Comparatively, the Fe5C2@ZSM-5C catalyst

prepared by carbonization after the coating method exhibited more surface area, smaller average pore

size, and more reactive active sites, resulting in the improvement of screening of high carbon

hydrocarbons and the enhancement of selectivity to low carbon olefins, in comparison to those

prepared by the carbonization-coating method. In conclusion, the K-doping catalyst had significantly

improved the reactive activity of the core–shell Fe5C2@ZSM-5 catalyst and the selectivity to low carbon

olefins, while the CO conversion on K–Fe5C2@ZSM-20C still remained good.
Introduction

With the increasing exhaustion of fossil energy and the rapid
increase in energy demand, it is required to nd an alternative
to replacing fossil energy. As a substitute, Fischer–Tropsch
synthesis (FTS), a feasible gas-to-liquids technology for the
production of clean transportation fuels and building-block
chemicals from non-petroleum carbon resources, was rst re-
ported by German scientists Han Fischer and Franz Tropsch in
1923.1,2 FTS reaction mainly refers to the heterogeneous
hydrogenation reaction of CO and H2 as raw materials under
the action of catalyst (iron-based and cobalt-based catalysts),
resulting in the major products of alkanes and olens with
a wide carbon number distribution.3–5 In addition, this
approach results in several by-products such as alcohol, ketone,
aldehyde, acid, or ester.6 Amongst them, the low carbon olens,
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such as ethylene and propylene, are highly regarded as extensive
and prosperous platform chemical compounds. It should be
noted that the key factor that plays a crucial role in producing
low carbon olens in the FTS is the highly active and selective
catalyst.7,8 To address this aspect, the iron-based catalysts have
been widely used as one of the most important kinds of
industrial catalysts for FTS reactions.9 However, the conven-
tional iron-based catalysts oen suffer from various disadvan-
tages such as wide carbon number distribution, high methane
or oxygen-containing organic matter, the high proportion of
high-carbon linear alkane in the products, and easy inactivation
at high temperature.10 Interestingly, some of the reports
concluded that the selectivity of lower carbon olens could be
improved by breaching the undesired high carbon number
linear alkane in the products. In addition, high temperature
(300–350 �C) on the FTS reaction is benecial to the formation
and selectivity of low carbon olens.11 Therefore, it is highly
required to develop an FTS catalyst, which is resistant to high
temperatures and has a high selectivity of low-carbon olens is
recommended.
RSC Adv., 2020, 10, 26451–26459 | 26451
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Indeed, various reports have demonstrated that iron carbide
is the ultimate active phase of iron-based catalyst for FTS
reaction,12–16 providing an active iron center for CO hydroge-
nation.17 However, the currently available iron-based catalysts
are mostly based on iron oxide as the main active compo-
nent.13,18–20 During the FTS reaction, the active phase of iron
carbide is gradually formed via carbonization of iron oxide by
CO, resulting in a reactive active phase with an unstable struc-
ture. It should be noted that such an unstable structure not only
reduces the activity of the FTS reaction of the iron-based catalyst
but also increases the difficulty of the reaction process.21

Therefore, the direct utilization of iron carbide as the active
phase of CO hydrogenation in this research is recommended.

Further, the addition of the alkali promoter is an effective
method for enhancing the catalytic activity and selectivity of
olens in products. Previous reports indicated that the addition
of alkali metal to Fe-based catalysts could help to reduce the
electron affinity of iron and the adsorption capacity for H2,22

thereby reducing the hydrogenation activity of CO, enhancing
the adsorption capacity of CO, and changing the selectivity of
products. In addition, molecular sieve carriers offer the
advantages of uniform and controllable pore structure and
adjustable acidity, which can play the role of screening and
catalytic cracking.23–25 Therefore, we combined the molecular
sieve with iron carbide, taking iron carbide as the core and ZSM-
5 molecular sieve as the shell, resulting in the core–shell Fe5-
C2@ZSM-5 catalysts.

In this work, the core–shell Fe5C2@ZSM-5 catalysts were
modied by changing the coating amount of molecular sieve
and adding a K+ promoter. Then, we investigated the perfor-
mance of the core–shell K–Fe5C2@ZSM-5 catalysts on FTS
reaction and compared with the supported K–Fe/ZSM-5 catalyst
that was prepared by a traditional impregnation method.
Experimental
Materials

Iron(III) nitrate nonahydrate (AR), deionized water, aluminum
isopropoxide (CP), isopropanol (AR), ethyl alcohol absolute
(AR), potassium nitrate (AR), copper(II) nitrate hydrate (AR),
manganese nitrate (AR), and ZSM-5 were obtained from Sino-
pharm Chemical Reagent Co., Ltd., (Shanghai, China). Ammo-
nium hydroxide (AR) and nitric acid (GR) were achieved from
Xilong Scientic Co., Ltd. (Guangdong, China).
Fig. 1 Schematic showing the synthetic process of core–shell Fe2-
O3@ZSM-5.
Synthesis of catalyst

The core–shell Fe5C2@ZSM-5 catalysts were prepared with
different orders of coating and carbonization. While the coating
amount of ZSM-5 molecular sieve was 30 wt%, the catalyst
prepared by coating aer carbonization was recorded as Fe5-
C2@ZSM-5-30, and the catalyst prepared by carbonization aer
coating was recorded as Fe5C2@ZSM-5-30C. Other logograms
were similar.
26452 | RSC Adv., 2020, 10, 26451–26459
Preparation of the precursor of Fe5C2

An appropriate amount of Fe(NO3)3$9H2O was dissolved in
30 ml of water and stirred for 30 min. Then, ammonia was
added dropwise to the solution, and the pH was adjusted to 10.
Further, the solution was le overnight, drained, and washed
the lter cake with deionized water until the pH of the ltrate
reached 7. The lter cake was then placed in the oven and dried
at 120 �C for about 12 h. Finally, the lter cake was ground for
use to obtain Fe2O3, the precursor of Fe5C2.
Preparation of boehmite sol

Accurately weighed 41 g of aluminum isopropoxide, and 60 g of
isopropanol were mixed in a 500 ml three-port ask and le still
for 3 h at 50 �C. Then, 360 ml of deionized water was added
slowly, stirredmechanically at 80 �C for 2 h, and heated to 90 �C.
9.45 ml of nitric acid at a concentration of 1.45 mol l�1 was
added to the ask for reux condensation for 10 h. Finally, the
ask was placed in the air to evaporate some of the water and
the unreacted isopropanol. The resultant white gel was denoted
as boehmite sol, also known as ALOOH.
Preparation of core–shell Fe2O3@ZSM-5

The preparation process of core–shell Fe2O3@ZSM-5 is shown
in Fig. 1. 20 ml anhydrous ethanol, 2 g boehmite sol, and the
proper amount of ZSM-5 molecular sieve were mixed in a 100ml
beaker, and then stirred with the assistance of ultrasound for
2 h to obtain the uniform coating solution. The as-prepared
solution was uniformly sprayed on the surface of Fe2O3 parti-
cles (iron carbide precursor). Further, the particles were dried at
80 �C for 12 h and roasted at 450 �C for 4 h in the oven to form
the core–shell Fe2O3@ZSM-5.

Further, the particles of core–shell Fe2O3@ZSM-5 were
loaded into a tubular furnace and calcined at 350 �C for 4 h in
CO ow (200 ml min�1) with the temperature ramp of
2.7 �C min�1. The tubular furnace was nally cooled down
naturally to room temperature and switched the gas CO to N2

(100 ml min�1). The prepared core–shell Fe5C2@ZSM-5 catalyst
was sealed in N2. For the preparation of the K-modied core–
shell Fe5C2@ZSM-5 catalyst, a certain amount of KNO3 was
added into the solution of Fe2O3 precursor. All the experimental
processes and parameters were followed, as stated above.
This journal is © The Royal Society of Chemistry 2020
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Preparation of core–shell Fe5C2@ZSM-5 catalysts

Notably, two important steps in the preparation of the core–
shell Fe5C2@ZSM-5 catalyst were followed. One of them was the
uniform coating of ZSM-5 molecular sieve, while the other was
the carbonization of Fe2O3. One of the preparing process,
described here as an example, was carbonization aer coating.
In order to prevent the oxidation of Fe5C2, it was then quickly
stored in paraffin and used for further experiments.
Preparation of supported K–Fe/ZSM-5 catalysts

Initially, accurately weighed 12.7311 g of Fe(NO3)3$9H2O and
0.2549 g of KNO3 were dispersed in 10 ml of deionized water to
prepare a solution, such that the molar ratio of Fe : K was 25 : 2.
Further, a certain amount of ZSM-5 was slowly added into the
stated solution, and then stirred for 30 min and subjected to
ultrasonication for 2 h. Then, the K–Fe/ZSM-5 precursors were
placed in an oven at 80 �C for 12 h. Finally, the prepared
particles were ground and calcined at 450 �C for 4 h in a resis-
tance furnace to obtain the supported K–Fe/ZSM-5 catalysts.
Characterizations

As-prepared samples were characterized by X-ray diffraction
(XRD, Rigaku, Tokyo, Japan), operated at 40 kV and 30 mA, and
equipped with Cu-Ka radiation (l¼ 0.1542 nm) in the 2q range of
10–80� at a scanning rate of 10� min�1. The specic surface area
and pore size distribution of the designed catalyst samples were
measured at 77.35 K on N2-adsorption (Boynton Beach, FL, USA).
The Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda
Fig. 2 Schematic illustrating the flow chart of the apparatus for FTS rea

This journal is © The Royal Society of Chemistry 2020
(BJH) methods were used to obtain the specic surface area and
the pore size distribution of the samples, respectively. To deter-
mine the chemical functionalities, Fourier transform infrared
spectroscopy (FTIR) was employed using a SHIMADZUFT-IR-
8400s (Kyoto, Japan). Prior to measurement, the sample was
fully ground to 200 meshes and dried at 100 �C under vacuum.
The mixture of sample and KBr were ground and pressed into
a pellet and analysed using the spectrometer at the scanning
range of 4000 to 400 cm�1. The size, as well as the morphology of
as-synthesized catalysts, were performed by scanning electron
microscope (SEM, SU8000) and high-resolution transmission
electron microscopy (HRTEM, H-7650). TEM images were ob-
tained with an acceleration voltage of 120 kV.
Reactivity evaluation of FTS

The FTS reaction process was performed on a micro xed bed
catalytic reaction device. The ow chart of the apparatus for FTS
is shown in Fig. 2. FTS reaction conditions were as follows: as-
prepared catalysts weight of 100 mg; space velocity of 6000 ml
h�1 g�1; reaction temperature of 320 �C; reaction pressure of
1 MPa; and H2/CO molar ratio of 2 : 1. The components of raw
gas and tail gas were analysed by GS-TCD and GS-FID, respec-
tively. GS-TCD was used to detect the contents of H2, N2, CH4,
CO, CO2, while GC-FID was used to detect the contents of CH4,
C2H4, C2H6, C3H6, C3H8, C4H8, and C4H10.

The internal standard method was employed for data pro-
cessing, N2, and CH4 as an internal standard for TCD and FID
detection, respectively. The conversions of CO as CCO, and the
selectivity of CO2 as SCO2

and hydrocarbon as Si (i: CH4, C2H4,
ction process.

RSC Adv., 2020, 10, 26451–26459 | 26453
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C2H6, C3H6, C3H8, C4H8, C4H10, C5
+) were calculated with detec-

ted experimental data. Prior to the experiment, the peak areas of
C2H4, C2H6, C3H6, C3H8, C4H8, and C4H10, were corrected by
standard gas (N2 3.0%, CH4 5.4%, C2H4 15.4%, C2H6 15.5%, C3H6

15.1%, C3H8 15.7%, C4H8 14.9%, and C4H10 15.0%). Moreover,
the correction factor of CO2 was set as fCO2

¼ 1. In addition, the
relative correction factors ðf *C2H6

¼ 0:819; f *C2H4
¼ 0:817;

f *C3H8
¼ 0:537; f *C3H6

¼ 0:535; f *C4H10
¼ 0:397; and f *C4H8

¼ 0:432Þ
were obtained. Eventually, the conversion of CO and H2, selec-
tivity of CO2, and hydrocarbon were calculated according to the
following formulae:

CCO ¼ ninCO � noutCO

ninCO
¼ 1� Aout

COA
in
N2

Ain
COA

out
N2

(1)

CH2
¼ ninH2

� noutH2

ninH2

¼ 1� Aout
H2
Ain

N2

Ain
H2
Aout

N2

(2)

SCO2
¼ noutCO2

� ninCO2

ninCO � noutCO

¼
fCO2

�
Aout

CO2
Ain

N2
� Ain

CO2
Aout

N2

�

f *CO

�
Ain

COA
out
N2

� Aout
COA

in
N2

� (3)

SCH4
¼ noutCH4

� ninCH4

ninCO � noutCO

¼
f *CH4

�
Aout

CH4
Ain

N2
� Ain

CH4
Aout

N2

�

f *CO

�
Ain

COA
out
N2

� Aout
COA

in
N2

� (4)

Si ¼ nouti � nini
ninCO � noutCO

¼ SCH4
f *i
�
Aout

i � Ain
i

�

f *CH4

�
Aout

CH4
� Ain

CH4

� (5)
Fig. 3 XRD patterns of different catalysts and precursors, (a) Fe5C2 partic
different coating amounts of ZSM-5, and (d) K–Fe5C2@ZSM-5 catalysts.

26454 | RSC Adv., 2020, 10, 26451–26459
SC5
þ ¼ 1� SiðI # 4Þ (6)

where Aoutx (x ¼ H2, N2, CO, CO2, CH4, C2H4, C2H6, C3H6, C3H8,
C4H8, C4H10, and C5

+) represents the GC peak area of the cor-
responding tail gas; Ainx (x ¼ H2, N2, CO, CO2, CH4, C2H4, C2H6,
C3H6, C3H8, C4H8, C4H10, and C5

+) represents the GC peak area
of the corresponding reaction gas.
Result and discussions
Characterization of the catalysts

Iron carbides consist of carbon atoms occupying the interstices
between close-packed iron atoms, and they can be further
classied according to whether the carbon atoms are located in
trigonal-prismatic interstices (Fe3C, Fe5C2, and Fe7C3) or octa-
hedral interstices (Fe2.2C and Fe2C). In particular, Hägg iron
carbide (Fe5C2) has a monoclinic unit cell with space group C2/c
(a ¼ 11.5620 Å, b ¼ 4.5727 Å, c ¼ 5.0595 Å, and b ¼ 97.74�).26

Crystallite structures of the prepared Fe5C2 particles were
examined by XRD and the results are shown in Fig. 3(a).
Comparatively, the two Fe5C2@ZSM-5 catalysts prepared by
different methods had not shown the diffraction peaks of
hematite (a-Fe2O3), but the obvious diffraction peaks of Fe5C2

could represent at 2q values of 43.4� and 44.1�. The tiny
difference of Fe5C2@ZSM-5 catalysts prepared by two methods
indicated that the order of coating and carbonization had no
obvious effect on the formation of Fe5C2.

Fig. 3(c) depicts the XRD patterns of Fe5C2@ZSM-5 catalysts
with different amounts of ZSM-5 molecular sieves. It was
explicitly observed that with the increase in the coating amount
les, (b) different Fe-based catalysts, (c) Fe5C2@ZSM-5 catalysts with the

This journal is © The Royal Society of Chemistry 2020
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Table 1 Textural properties of different Fe-based catalysts

Catalysts
Surface area
(m2 g�1)

Pore volume
(cm3 g�1)

Pore size
(nm)

Fe5C2@ZSM-5-30C 210.1 0.26 4.98
Fe5C2@ZSM-5-30 196.2 0.37 7.51
K–Fe/ZSM-5 174.6 0.13 3.01

Table 2 Textural properties of different core–shell catalysts

Catalysts
Surface area
(m2 g�1)

Pore volume
(cm3 g�1)

Pore size
(nm)

Fe5C2@ZSM-5-10C 101.3 0.13 6.33
Fe5C2@ZSM-5-20C 118.7 0.16 5.72
Fe5C2@ZSM-5-30C 210.1 0.26 4.98
K–Fe5C2@ZSM-5-20C 126.5 0.17 5.17

Fig. 4 FT-IR spectra of Fe5C2, Fe5C2@ZSM-5-20C, and K–Fe5C2@-
ZSM-5-20C catalysts.
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of molecular sieve, the intensity of characteristic diffraction
peak of themolecular sieve ZSM-5 (JCPDS card no. 44-0003), was
increased, while the intensity of the characteristic diffraction
peak of Fe5C2 was weakened. The XRD pattern of the K–Fe5-
C2@ZSM-5-20C catalysts by adding the K+ promoter is shown in
Fig. 3(d). Further, no characteristic diffraction peak of K+ was
evident in the spectrum, indicating that K+ does not change the
structural of catalysts. It was consistent with the research
results of Visconti et al.27 Temperature-programmed desorp-
tion(TPD) were carried out from 100 �C to 550 �C at a heating
rate of 10 �C min�1 using helium as the carrier gas. The results
showed the NH3 desorption peaks for ZSM-5 zeolite mainly
located at about 250 �C, attributed to the weak acid sites on Si–
O–Si units and some physical ammonia adsorption. A little
difference between K–Fe5C2@ZSM-5 and Fe5C2@ZSM-5 except
for a slight low-temperature shi of NH3 desorption peak on K–
Fe5C2@ZSM-5. It is believed acid strength in the acid centers of
K–Fe5C2@ZSM-5 was reduced, because acid centers in the
surface of catalyst might be neutralized.

BET results

The surface area, total pore volume, and pore size of different
iron-based catalysts for FTS are summarized in Table 1. The
surface area, total pore volume, and pore size of K–Fe/ZSM-5
catalyst, prepared by the conventional impregnation method,
were much lower than those of core–shell Fe5C2@ZSM-5 cata-
lysts. From Table 1, it was obvious that the specic surface area
of Fe5C2@ZSM-5-30C catalysts was higher than that of Fe5-
C2@ZSM-5-30 catalysts, while the total pore volume and pore
size were smaller than that of Fe5C2@ZSM-5-30 catalysts. These
advantages of Fe5C2@ZSM-5-30C catalyst could be helpful to
provide more active sites and to better screen high carbon chain
hydrocarbons, which could be benecial in improving the
selectivity of low carbon hydrocarbons.28

The BET data of different coating amounts of ZSM-5
molecular sieve and K+ doped Fe5C2@ZSM-5 catalysts are
shown in Table 2. It was observed from the experimental results
that the specic surface area and total pore volume of Fe5-
C2@ZSM-5 catalysts were gradually increased with the increase
in the coating amount of ZSM-5 molecular sieve, attributed to
the porosity provided by coating amount of ZSM-5 molecular
sieve. Further, the decrease in the pore size as the increase of
ZSM-5 molecular sieve implied that more amount of ZSM-5
molecular sieve was coated on the catalyst shell. Notably, the
modication of the K+ promoter has no effect on the porous
structures and specic surface area of the catalysts, as pre-
sented in Table 2.
This journal is © The Royal Society of Chemistry 2020
FT-IR recordings

Further, FT-IR proles of Fe5C2, Fe5C2@ZSM-20C, and K–Fe5-
C2@ZSM-20C catalysts were recorded, as presented in Fig. 4.
The absorption peaks near 3434 cm�1 could be attributed to
O–H stretching vibration of –OH, and the peak at 1629 cm�1

could be ascribed to the adsorption peak of physisorbed water
on the surface of the catalyst.29 Further, the characteristic peaks
at 2848 and 2917 cm�1, could correspond to Fe5C2. Notably,
these characteristic peaks of Fe5C2 were weakened aer coated
with ZSM-5 (Fe5C2@ZSM-20C), while several characteristic
absorption peaks of ZSM-5 zeolite could be represented in the
range of 400–1300 cm�1. Within the ngerprint region of IR, the
peaks appearing at 501, 448, and 791 cm�1 could be assigned to
the absorption peak of the ZSM-5 ve-membered ring, the
variable angle vibration absorption peak caused by Al–O bond,
the Si–O bond, and the framework vibration of ZSM-5 zeolite,
respectively. However, the characteristic absorption peaks of
Fe5C2 increased signicantly, and new absorption peaks at 720,
1468, and 2957 cm�1 have appeared aer K doped into Fe5-
C2@ZSM-20C catalyst.30
FE-SEM observations

FE-SEM images of Fe5C2@ZSM-5 catalysts with different ZSM-5
molecular sieves are depicted in Fig. 5. It was observed from the
experimental results that the Fe5C2 particles representing the
core of the catalyst were irregular micro-sized particles with
a diameter of about 1 mm, while the ZSM-5 zeolite particles, the
RSC Adv., 2020, 10, 26451–26459 | 26455
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Fig. 5 FE-SEM micrographs of Fe5C2@ZSM-5 catalysts with different coating amounts of ZSM-5. (a) Fe5C2 particles, (b) ZSM-5 particles(c)
Fe5C2@ZSM-5-10C, (d) the partial enlarged view of Fe5C2@ZSM-5-10C, (e) Fe5C2@ZSM-5-20C, (f) the partial enlarged view of Fe5C2@ZSM-5-
20C, (g) Fe5C2@ZSM-5-30C, (h) the partial enlarged view of Fe5C2@ZSM-5-30C.
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shell of catalyst, were nano-sized particles with a diameter of
about 20 nm (Fig. 5(a and b)). To this end, the core–shell Fe5-
C2@ZSM-5 catalyst particles prepared by coating aer carbon-
ization were obtained without collapse and fracture, indicating
that the iron oxide core during the carbonization process had
no substantial effect on the integrity of the shell (Fig. 5(c–h)).
However, the texture of the shell surface of the catalysts was
changed to smooth with the increase of the ZSM-5 coating
amount. Moreover, the gap between the particles became
smaller gradually, from about 10 nm to almost no gap with the
increase of the ZSM-5 coating amount. In an instance of the
ZSM-5 coating amount increased from 10 wt% to 20 wt%, the
ne particles adhered to the surface of the catalyst were
changed from the spherical shape with a diameter of 20 nm to
rod-like architectures with a diameter of 50–100 nm. Further, an
increase in the coating amount to 30 wt%, the ZSM-5 zeolites
were closely arranged and thus occurred the phenomenon of
serious agglomeration. Together, it could be elucidated that the
Fe5C2 active component could be coated by the nano-sized ZSM-
5 molecular sieve particles by the coating method. With the
Fig. 6 TEM micrographs of Fe5C2 particles, ZSM-5 particles, and K–Fe5
C2@ZSM-5-20C.

26456 | RSC Adv., 2020, 10, 26451–26459
increase in the coating amount of ZSM-5 molecular sieve, the
surface of the catalyst particles was smooth, and the pore
structure of the catalyst surface was also dense.
TEM observations

Fig. 6 depicts the TEM images of K–Fe5C2@ZSM-5-20C catalyst,
Fe5C2, and ZSM-5 molecular sieves. In Fig. 6(a), the prepared K-
doped Fe5C2 particles were irregular micron-sized particles with
good crystallinity. Moreover, the average size of ZSM-5 zeolite
particles was 20 nm in diameter and showed a good dis-
persibility (Fig. 6(b)). The TEM image of core–shell K–Fe5C2@-
ZSM-5-20C catalyst particles is shown in Fig. 6(c). It was
observed that the fabricated core–shell structures were irregular
in shape, and the core K-doped Fe5C2 particles were bonded by
granular ZSM-5 zeolites shell. The catalyst was irregular micro-
sized particles with 1 mm in diameter, and the thickness of the
shell was not uniform in the ranges of 200–500 nm. Notably, no
obvious collapse or deformation in K–Fe5C2@ZSM-5-20C of core
Fe5C2 was observed, while the outer layer of ZSM-5 zeolites was
bond to the core. Therefore, it could be believed that the
C2@ZSM-5-20C. (a) K–Fe5C2 particles, (b) ZSM-5 particles, (c) K–Fe5-

This journal is © The Royal Society of Chemistry 2020
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Table 3 The CO conversion and light olefins distribution over different Fe-based catalystsa

Catalysts C(CO) (%) S(CO2) (%)

Selective distribution of low carbon hydrocarbons (%)

C2–C
]
4 O/PCH4 C2H4 C3H6 C4H8 C2–C4 C5

+

Fe5C2@ZSM-5-30C 42.58 23.18 28.45 9.29 6.88 6.67 16.71 31.99 22.85 1.37
Fe5C2@ZSM-5-30 49.02 26.67 31.58 8.64 8.08 5.75 10.90 35.04 22.47 2.06
K–Fe/ZSM-5 32.75 26.41 24.75 2.82 0.90 1.26 4.34 65.92 4.98 1.15

a C2–C4 ¼ represents C2–C4 olens. O/P is the ratio of olens to alkanes in the outcome.

Table 4 The CO conversion and light olefins distribution over Fe5C2@ZSM-5 catalysts with the different coating amounts of ZSM-5a

Catalysts C(CO) (%) S(CO2) (%)

Selective distribution of low carbon hydrocarbons (%)

C2–C
]
4 O/PCH4 C2H4 C3H6 C4H8 C2–C4 C5

+

Fe5C2 62.45 28.52 14.37 2.06 3.11 2.03 4.64 73.79 7.20 1.55
Fe5C2@ZSM-5-10C 56.50 26.41 17.98 2.82 3.90 2.26 6.34 66.70 8.98 1.42
Fe5C2@ZSM-5-20C 47.47 24.11 24.77 12.75 9.10 7.24 13.40 32.74 29.09 2.17
Fe5C2@ZSM-5-30C 49.02 26.67 31.58 8.64 8.08 5.75 10.90 35.04 22.47 2.06
K–Fe5C2@ZSM-5-20C 53.75 20.20 19.76 13.55 11.58 12.13 14.86 28.12 37.25 2.51

a C2–C
]
4 represents C2–C4 olens. O/P is the ratio of olens to alkanes in the outcome.
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method of carbonization aer coating was feasible to prepare
the core–shell K–Fe5C2@ZSM-5-20C catalyst.
FTS performance of core–shell catalysts

The FTS performance efficacy of the core–shell Fe5C2@ZSM-5
catalyst was compared with the supported K–Fe/ZSM-5 cata-
lyst. The effects of the order of coating and carbonization on the
core–shell Fe5C2@ZSM-5 catalyst were mainly analyzed. Table 3
shows the conversion of CO and the distribution of low carbon
olens on different iron-based catalysts. In Table 3, the CO
conversion and the selectivity of low carbon olens and low
carbon alkanes of K–Fe/ZSM-5 catalyst were much lower than
those of Fe5C2@ZSM-5 catalyst, but the selectivity of C5

+

component was much higher, indicating that the breaching
effect of core–shell Fe5C2@ZSM-5 catalyst on high carbon
hydrocarbons resulted in more low carbon hydrocarbons, and
thus increased the selectivity of low carbon olens. The CO
conversion and selectivity of CO and CH4 on Fe5C2@ZSM-5-30C
catalyst were slightly higher than those on Fe5C2@ZSM-5-30
catalyst, while C5

+ component selectivity of both catalysts was
below 35%. In regard to the distribution of low olens, C2–C4
olens (C2–C

]
4 ) selectivity on both of core–shell Fe5C2@ZSM-5

catalysts were about 22% while the O/P ratio of olens to
alkanes of Fe5C2@ZSM-5-30C catalyst was higher than that of
Fe5C2@ZSM-5-30 catalyst. Fig. 3 shows that the order of coating
and carbonization has little effect on the core–shell structure of
Fe5C2@ZSM-5 catalysts, but the results of FTS experiments
implied that the preparation method of carbonization aer
coating was benecial in improving the selectivity of low carbon
olens. To further explore the effects of ZSM-5 zeolite and K+

doping on the performance of Fe5C2@ZSM-5 catalysts in FTS,
the Fe5C2@ZSM-5 catalysts with different zeolite coating
This journal is © The Royal Society of Chemistry 2020
amounts and K+ doping Fe5C2@ZSM-5 with 20 wt% of zeolites
were employed in FTS.

The CO conversion and low carbon hydrocarbons distribu-
tion on Fe5C2@ZSM-5 catalysts with different molecular sieve
coating amounts in FTS are summarized in Table 4. It was
observed that the Fe5C2 particles without the ZSM-5 zeolite
exhibited the highest CO conversion and the highest selectivity
for C5

+ components, but the selectivity of low carbon olens was
the lowest. These consequences implied that iron carbide
particles were highly reactive in FTS, while high carbon hydro-
carbons were favorable to be generated on iron carbides.
Molecular sieve could act as a well catalytic cracking catalyst
because of its controllable pore structure and adjustable acidity.
Herein, the ZSM-5 zeolites were designed as the shell of the
Fe5C2@ZSM-5 catalyst, which was expected to play two roles in
FTS. In this vein, one of the roles was the screening of the low
carbon hydrocarbons from the products generated on the iron
carbide active centre (preventing from the export of long-chain
hydrocarbons), while the other was catalytic cracking of the
long-chain hydrocarbons into low carbon olens.

Table 4 demonstrates that the selectivity of CH4, C2H4, C3H6,
C4H8, and C2–C

]
4 as well as the ratio of O/P, which were

signicantly increased by coating ZSM-5 on Fe5C2. However, the
conversion of CO was decreased (derived from the decrease of
the relative percentage of active component iron carbides). In
addition, while the coating amount of ZSM-5 zeolite was
10 wt%, the selectivity of low carbon hydrocarbons was higher
than that of the Fe5C2 catalyst. It should be noted that it was
much lower than that of 20 wt% and 30 wt%, while the selec-
tivity of C5

+ was much higher than that of both. When the
coating amount of ZSM-5 zeolite was 20 wt%, the Fe5C2@ZSM-5-
20C catalyst had shown the lowest CO conversion, the highest
RSC Adv., 2020, 10, 26451–26459 | 26457
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Table 5 Catalytic performance on promoted iron F–T catalysts in published references

Catalyst Temp (�C) Press (MPa) H2/CO CO conv. (%)

Sel. in hydrocarbons/wt%

CO2 sel. (%) O/P ratioa Ref.CH4 C2–C4 C5–C11 C12
+

Fe–Cu-1.5K/SiO2 280 0.2 2.0 2.12 23 77 7b 67 10.1 33
Fe-5% K/SiO2 230 1.2 0.67 38 1.4 28.6 31.3 38.7 38 6.1 34
Fe–K–Mo5-1/SiO2 280 1.5 1.2 27.8 8.8 21.7 38.1 31.5 33.3 1.95 35
Fe–Zn–K4–Cu2 200 2.0 2.0 50 2.0 8.9 89.1b 15.8 NA 36
Fe–Mn–Cu–K/SiO2 270 1.5 0.67 62.1 8.2 23.7 41.8 24.1 NA 1.9 37
Fe-0.1% Pd/MgO 300 0.5 2.0 6.8 67 19 14 NA 1.4 38

a Olen to paraffin weight ratios for C2–C4.
b Data represent C5

+ hydrocarbons selectivity. NA, data not available; carbon selectivity is dened as the
carbon atoms in the total number of C atoms in hydrocarbon products, CO2 is not included. Some values are recalculated from the original data
reported in literature.
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selectivity of low carbon olens and alkanes, and the highest O/
P ratio. However, the difference between the catalysts with the
coating amount of ZSM-5 20 wt% and 30 wt% was not signi-
cant, implying that the thickness of the molecular sieve shell
exited an optimum value. Probably, it might be linked to the
degree of catalytic break down of long-chain products.

Previous reports indicated that slight alkali metal added into
iron carbides favoured receding the electron affinity of iron,31

and the adsorption of hydrogen on iron,32 resulting in the
decrease of hydrogenation activity of iron carbide catalyst and
the increase of adsorption of CO on active iron centre. In this
context, the addition of potassium had signicantly augmented
the surface area and dispersity of iron phase in catalysts,
enhancing the metal-support interaction, and restraining the
phase transformation, and coking of iron-base catalyst. In Table
4, the data showed that slight potassium in catalysts helped in
increasing the catalytic activity and selectivity. Further, the CO
conversion, the ratio of O/P, and the selectivity of ethylene,
propylene, butene, and C2–C

]
4 on K–Fe5C2@ZSM-20C catalyst

were signicantly improved. The K-doping catalyst showed the
highest selectivity of four to ve carbons alkene with 37.25%
and the highest ratio of olens to alkanes in the outcome. The
selectivity of CO2, CH4, and C5

+ was decreased, compared to that
of Fe5C2@ZSM-20C, while the CO conversion on K–Fe5C2@ZSM-
20C still remained well. A lot of related papers were reviewed
and the catalytic results were summarized in Table 5 below.
From the comparison of Table 4 in our manuscript and Table 5,
it is found the reported Fe-catalysts with different promoters, as
a whole, show lower conversion of CO and higher selectivity of
CO2 than our catalyst K–Fe5C2@ZSM-5-20C. Moreover, the sum
of selectivity of low carbon hydrocarbons (C2H4, C3H6, C4H8, C2–

C4) in Table 4 is 52%, much higher than that in Table 5. It
indicates that the prepared K–Fe5C2@ZSM-5-20C had a well
selectivity of low carbon hydrocarbons which are considered as
value platform chemical compounds. Therefore, it can be
believed our catalyst is successful in improving the conversion
of CO and selectivity of low carbon hydrocarbons.

As a summary of the characterization of K–Fe5C2@ZSM-5-
20C, K doping was benecial to enhance the activity of Fe5C2

components of the catalyst and increase the pore structure and
specic surface area of the catalyst and the screening effect of
26458 | RSC Adv., 2020, 10, 26451–26459
high carbon number hydrocarbons in products. Combining the
characterization with the results of FTS, we believe that the K
doping had signicantly improved the reactive activity of core–
shell Fe5C2@ZSM-5 catalyst and selectivity of low carbon
olens.
Conclusions

Low carbon olens, such as ethylene and propylene, are
extensive and prosperous platform chemical compounds. FTS is
a well-known good way to get low carbon olens from CO or
CO2. However, the key factor is to prepare the highly active and
selective catalyst. In this approach, the catalyst, iron carbide,
acted as an active centre for CO hydrogenation to provide an
active iron centre for the FTS reaction, and Fe5C2 was the nal
active phase of iron-based catalyst. Molecular sieve played a role
in catalytic cracking catalyst because of its controllable pore
structure and adjustable acidity. Here, a core–shell FTS catalyst
(ZSM-5 capped Fe5C2) was designed and prepared by the
coating-carbonization method. ZSM-5 zeolites were used to
screen the low carbon hydrocarbons from the products gener-
ated on the iron carbide active centre (preventing from the
export of long-chain hydrocarbons), and to break down the
long-chain hydrocarbons into low carbon olens catalytically.
These results manifested that the core–shell Fe5C2@ZSM-5
catalysts had higher CO conversion rate, reaction activity, and
selectivity of low-carbon olens, compared to a K–Fe/ZSM-5
prepared by traditional impregnation method. Comparatively,
the Fe5C2@ZSM-5C catalyst prepared by carbonization aer
coating method exhibited more surface area, smaller average
pore size, and more reactive active sites, resulting in the
improvement of screening high carbon hydrocarbons and the
enhancement of selectivity to low carbon olens, than those of
prepared by coating aer carbonization method. The optimal
coating amount of ZSM-5 was about 20 wt%. Another advantage
is that the K-doping catalyst showed the highest selectivity of
two to four carbons alkene with 37.25% and the highest ratio of
olens to alkanes in the outcome, while the CO conversion on
K–Fe5C2@ZSM-20C still remained well. Together, our ndings
showed that the core–shell Fe5C2@ZSM-5 catalyst had shown
This journal is © The Royal Society of Chemistry 2020
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signicantly improved the reactivity as well as the selectivity of
low carbon olens.
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