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The effects of metal species in an Fe-based catalyst on structural properties were investigated through the synthesis of Fe-based
catalysts containing variousmetal species such, asMn, Zr, andCe.The addition of themetal species to the Fe-based catalyst resulted
in high dispersions of the Fe species and high surface areas due to the formation of mesoporous voids about 2–4 nm surrounded by
the catalyst particles. The metal-added Fe-based catalysts were employed together with Co-loaded beta zeolite for the synthesis of
hydrocarbons from syngas with a lower H

2
/CO ratio of 1 than the stoichiometric H

2
/CO ratio of 2 for the Fischer-Tropsch synthesis

(FTS). Among the catalysts, the Mn-added Fe-based catalyst exhibited a high activity for the water-gas shift (WGS) reaction with a
comparative durability, leading to the enhancement of the CO hydrogenation in the FTS in comparison with Co-loaded beta zeolite
alone. Furthermore, the loading of Pd on theMn-added Fe-based catalyst enhanced the catalytic durability due to the hydrogenation
of carbonaceous species by the hydrogen activated over Pd.

1. Introduction

The use of biomass materials as renewable resources has
been focused on for the production of sustainable liquefied
fuels as well as the fixation of emitted CO

2
[1, 2], the so-

called “biomass-to-liquid (BTL) process.” In the BTL process,
the gasification of biomass materials produces mainly syngas
composed of carbon monoxide and hydrogen; subsequently,
syngas can be directly converted to hydrocarbons as liquefied
fuels such as diesel fuel through the Fischer-Tropsch synthesis
(FTS) over Fe- and Co-based catalysts. Syngas obtained from
biomass materials usually contains lower ratios of hydrogen
to carbonmonoxide than syngas derived fromnatural gas; the
H
2
/COmolecular ratio is below 2 [3, 4]. However, theH

2
/CO

ratio of 2 is required for the stoichiometric hydrogenation of
carbon monoxide to hydrocarbons in the FTS; furthermore,
the reaction rate in the FTS is positively dependent on
the partial pressure of hydrogen [5–7]. Therefore, from the
viewpoint of the efficient production of hydrocarbons from
the H

2
-deficient syngas, methods for increasing the H

2
/CO

ratio during the FTS are highly desirable.

The water-gas shift (WGS) reaction is an important
process for the production of hydrogen through the reaction
of carbon monoxide with water. In the FTS, even if the steam
is not introduced into a reaction system, water is produced
through the CO hydrogenation. Thus, the use of a WGS
catalyst togetherwith an FTS catalyst can continuously supply
hydrogen required for the FTS through the WGS reaction
with generated water and a portion of CO in syngas. For
the conversion of H

2
-deficient syngas to hydrocarbons, Fe-

based catalysts have been attractive since Fe-based catalysts
have high activities for both the WGS reaction and the FTS
to attain an efficient utilization of carbon monoxide [8–13].
Furthermore, the catalytic activity of Fe-based catalysts can
be promoted by the introduction of metal species such as Cu,
Mn, Ce, and Zr to the catalysts because of the enhancement
of the reducibility of Fe species (Fe

2
O
3
→ Fe

3
O
4
) [14–

17] as well as high dispersions of nanosized Fe crystallites
[18–20]. However, in the FTS over the Fe-based catalyst,
both the WGS reaction and the FTS can simultaneously
proceed;meanwhile, carbonaceous species, which are formed
in the carbon growth, are deposited on the catalyst to cause
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the deactivation by the covering of active sites of the catalyst
[13, 21, 22].

The combination of catalysts with different functions
is expected to be effective in the construction of pro-
cesses where different reactions occur simultaneously and/or
sequentially. It has been reported that the selective synthesis
of specific hydrocarbons from syngas was attained using an
FTS catalyst together with a zeolite as an acid catalyst [23–
25]. The FTS catalyst produced hydrocarbons from syngas,
and the zeolite converted the produced hydrocarbons to
specific hydrocarbons through the isomerization/cracking.
In the synthesis of hydrocarbons through the formation of
methanol, a methanol synthesis catalyst such as Cu-ZnO
was employed together with a zeolite to show high catalytic
activity [26–28]. In addition, the methanol synthesis catalyst
was not covered with carbonaceous species which were
deposited on the zeolite, leading to the improvement of the
catalyst life. When a WGS catalyst is employed together
with an FTS catalyst in the synthesis of hydrocarbons from
H
2
-deficient syngas, it is expected that the FTS reaction

would proceed more efficiently by increasing the hydrogen
concentration through theWGS reaction in comparison with
the FTS catalyst alone. Furthermore, the catalyst activity of
the WGS catalyst would be retained because carbonaceous
species which are deposited on the FTS catalyst cannot move
to the WGS catalyst.

In the present study, we investigated the catalytic prop-
erties of hybrid catalysts composed of a catalyst for the
WGS reaction and a catalyst for the FTS in the conversion
of H
2
-deficient syngas to hydrocarbons. In particular, the

catalytic activity of the WGS catalyst was focused on for
the enhancement of the CO hydrogenation by the supply of
hydrogen. Since Co-based catalysts have a higher activity for
the CO hydrogenation than Fe-based catalysts [29], the Co-
based catalyst and the Fe-based catalyst were employed as
an FTS catalyst and a WGS catalyst, respectively. We also
investigated the effect of the addition of metal species to the
Fe-based WGS catalyst on the physicochemical and catalytic
properties.

2. Experimental

2.1. WGS Catalyst Preparation. Metal-added Fe-based WGS
catalysts, M-FeCu (M = Zr, Mn, and Ce), were pre-
pared by the coprecipitation method using Fe(NO

3
)
3
⋅9H
2
O

(Kanto Chem. Co.), Cu(NO
3
)
2
⋅3H
2
O (Kanto Chem. Co.),

ZrO(NO
3
)
2
⋅2H
2
O (Kanto Chem. Co.), Mn(NO

3
)
2
⋅6H
2
O

(Kanto Chem. Co.), and Ce(NO
3
)
3
⋅6H
2
O (Kanto Chem. Co.)

as Fe, Cu, Zr, Mn, and Ce sources, respectively. 2MNa
2
CO
3

aqueous solution was dropped into a mixed aqueous solution
of Fe(NO

3
)
3
⋅9H
2
O, Cu(NO

3
)
2
⋅3H
2
O, and M(NO

3
)
𝑥
⋅nH
2
O

to adjust a pH value of the solution at around 8 at 353K.
Continuously, the resultant gel was stirred at 353K for 1 h.The
obtained productwas recovered by filtration, washedwith hot
deionizedwater to remove sodium cations, and dried at 393K
for 12 h. A KNO

3
aqueous solution was added to the product

by impregnation method. The mixture was evaporated at
333 K, dried at 393K for 3 h, and calcined at 673K for 3 h.

The nominal weight ratio of the Fe-based catalyst was 100
Fe : 1 Cu : 2 K, and the added amount of M was 0wt.%,
10 wt.%, and 20wt.%on the basis of theweight of the Fe-based
catalyst.

A Pd-modified WGS catalyst was prepared by impregna-
tion method with 4.6 wt.% Pd(NH

3
)
2
(NO
3
)
2
aqueous solu-

tion.The 10wt.%Mn-containing FeCu catalyst was immersed
in the aqueous solution with Pd for preparing 1 wt.% Pd-
loaded Mn-FeCu at room temperature overnight. The resul-
tant was evaporated at 333 K, dried at 393K for 3 h, and
calcined at 823K for 3 h.

2.2. FTS Catalyst Preparation. A Co supported on beta
zeolite catalyst (Co/𝛽) with a nominal Co loading of 20wt.%
was applied as an FTS catalyst. Co/𝛽 was prepared by
impregnation method using Co(NO

3
)
2
⋅6H
2
O (Kanto Chem.

Co.) aqueous solution and commercial beta zeolite (CP814E,
Zeolyst). Prior to the impregnation, commercial NH

4

+-type
beta zeolite was calcined at 823K for 3 h to become proton-
type beta zeolite. Proton-type beta zeolite was immersed in
the Co(NO

3
)
2
⋅6H
2
O aqueous solution at room temperature

overnight. The resulting mixture was evaporated at 333 K,
dried at 393K for 3 h, and calcined at 573K for 3 h.

2.3. Characterization. XRD patterns were collected on a
SmartLab (Rigaku) instrument using a Cu-K𝛼 X-ray source
(40 kV, 20mA). Nitrogen adsorption-desorption measure-
ments were conducted at 77K on a BELSORP-mini II
(MicrotracBELCorp.) instrument. Prior to themeasurement,
the WGS catalyst was evacuated at 473K for 2 h. The BET
(Brunauer-Emmett-Teller) specific surface area was calcu-
lated from the adsorption data.The pore size distribution was
estimated from the desorption data by BJH (Barrett-Joyner-
Halenda)method. Field-emission scanningmicroscopic (FE-
SEM) images of the samples were obtained on an S-5200
microscope (Hitachi) operating at 1.0–5.0 kV. The sample
was mounted on a carbon-coated microgrid (Okenshoji Co.)
without anymetal coating. Transmission electronmicroscope
(TEM) images of the powder samples were obtained on a
TEM instrument (JEOL) operating at 100–300 kV. Elemental
analyses of the WGS catalyst were performed on a JXA-
8100 electron probe microanalyzer (EPMA, JEOL) operating
at 15 kV and a backscatter electronic beam diameter of
10 𝜇m. Hydrogen temperature-programmed reduction (H

2
-

TPR) profiles of the samples were recorded on a BELCAT
(MicrotracBEL Corp.) apparatus. Typically, the sample was
pretreated at 673K in He (50mLmin−1) for 1 h and then
was cooled to 323K. Then, the sample was heated up to
973K at a ramping rate of 5 Kmin−1 with 10% H

2
/He flow

(30mLmin−1) passed through the reactor. Amass spectrom-
eter was used to monitor the water flow (m/e = 18) generated
through the reduction of the sample by hydrogen.

2.4. Syngas Conversion to Hydrocarbons . A pressurized flow
type of reaction apparatus with a fixed-bed reactor was used
to carry out the conversion of syngas to hydrocarbons. A
hybrid catalyst was obtained by physically mixing 0.5 g of
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Table 1: Physicochemical properties of Fe-based samples.

Sample S.A.-BET
a (m2 g−1) Pore volumea (cm3 g−1) Pore sizea (nm)

FeCu 46 0.25 11
Zr-FeCu (10wt.% Zr) 175 0.22 2.1
Zr-FeCu (20wt.% Zr) 181 0.22 2.1
Mn-FeCu 183 0.25 2.1
Ce-FeCu 163 0.27 2.7
aEstimated by N2 adsorption-desorption method.

355–710 𝜇m pellets of the WGS catalyst with 1.5 g of 355–
710 𝜇m pellets of the FTS catalyst. 2.0 g of the hybrid catalyst
was centered in a stainless tubular reactor with an inner
diameter of 6mm.The length of the catalyst bedwas about 13-
14 cm. Prior to the reaction, the hybrid catalyst was reduced
in a hydrogen flow of 50mLmin−1 at 673K for 3 h and
then cooled down to room temperature. Syngas (48.5 vol.%
H
2
, 48.5 vol.% CO, and 3 vol.% Ar) was introduced into the

catalyst bed to make the pressure inside reach 1.0MPa, and
then the catalyst was heated up to 513 K. The catalyst weight
to the flow rate ratio (W/F-syngas) was 16.3 g-cat. hmol−1. CO,
CO
2
, and CH

4
in the outlet gas which passed through the cat-

alyst bed were analyzed with an on-line gas chromatograph
(Shimadzu GC-8A) equipped with a thermal conductivity
detector (TCD) and a packed column of activated charcoal.
The light hydrocarbons in the reaction products were ana-
lyzed with another on-line gas chromatograph (Shimadzu
GC-2014) equipped with a flame ionization detector (FID)
and a capillary column of InertCap 1. The products liquefied
by condensation at room temperature were analyzed with an
off-line gas chromatograph (Shimadzu GC-2014) equipped
with an FID detector and a capillary column of TC-1. For the
analyses of the liquefied products, decahydronaphthalene (n-
C
10
H
18
) was used as an internal standard.

3. Results and Discussion

3.1. Preparation of Metal-Added Fe-Based WGS Catalyst.
XRD patterns of calcined conventional Fe-based WGS cat-
alyst (FeCu) and metal-added Fe-based catalysts are shown
in Figure 1. Calcined FeCu exhibited an XRD typical of
hematite. When Zr, Mn, or Ce species was introduced to
the FeCu sample during the coprecipitation, only broadened
peaks were observed at around 35∘ and 63.5∘ without any
discernable peaks attributed tometal andmetal oxide phases.
Even when the amount of the added Zr species was increased
up to 20wt.%, no change was observed in the XRD pattern;
only broadened peaks appeared at around 35∘ and 63.5∘. In
the synthesis of Fe-based FTS catalysts, the introduction of
metal species such as Cr, Mo, and Mn to the catalyst leads
to the formation of small oxide crystallites less than 4-5 nm
in size [18, 19]. These results suggest that the addition of the
metal species to the Fe-based catalyst would promote the
dispersion of the Fe species and the other metal species to
form nanosized composites, independent of the added metal
species.
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Figure 1: XRDpatterns of FeCu andmetal-added Fe-based samples.

Figure 2 shows the N
2
adsorption-desorption isotherms

and pore size distributions estimated by BJH method for the
FeCu and metal-added Fe-based samples. All the samples
showed a type IV isotherm, which is classified by IUPAC,
with hysteresis. The FeCu sample exhibited the hysteresis
at high relative pressures (P/P0 = 0.8–0.95), which was
derived from voids among the FeCu particles. By contrast,
the hysteresis of the N

2
isotherms for the metal-added

Fe-based samples appeared at P/P0 = 0.45–0.75, regardless
of the added metal species. In the pore size distribution,
the metal-added Fe-based samples exhibited a peak in a
range of diameters of mesopores (more than 2 nm), while
no sharp peak was observed for the FeCu sample. Since
Fe-based catalysts prepared by conventional coprecipitation
method are not mesoporous materials, the peaks in the pore
size distribution can be assigned to mesopore-like voids
surrounded by nanosized particles of the Fe-based catalyst.
The BET surface areas, pore volumes, and pore sizes of the
calcined catalysts are summarized in Table 1.The BET surface
area was drastically increased by the addition of the metal
species to the Fe-based catalyst because of the formation
of the mesoporous voids. Moreover, the BET surface area
was independent of the added amount of the metal species;
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Figure 2: N
2
adsorption and desorption isotherms (a) and pore size distributions (b) of FeCu and metal-added Fe-based samples.
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Figure 3: FE-SEM images of (a) FeCu, (b, c) 10 wt.% Zr-FeCu, (d) Mn-FeCu, and (e, f) Ce-FeCu. Voids are indicated by white arrows.

the BET surface areas were found to be 175 and 181m2 g−1 for
10 wt.% Zr-FeCu and 20wt.% Zr-FeCu, respectively.

Figure 3 shows FE-SEM images of calcined FeCu and
the metal-added Fe-based samples. FeCu was composed of
small particles ca. 60 nm in size. On the other hand, the
SEM images of the metal-added Fe-based samples showed

significantly large masses resulting from the agglomeration
of small particles, regardless of the added metal species.
The morphology of the metal-added Fe-based samples was
also evaluated by TEM observations (Figure 4). It was found
that particles ca. 4-5 nm in size were agglomerated to form
large masses, independent of the added metal species. These
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(a) (b) (c)

Figure 4: TEM images of (a) 10 wt.% Zr-FeCu, (b) Mn-FeCu, and (c) Ce-FeCu.
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Figure 5: EPMAmapping images of (a) 10 wt.% Zr-FeCu, (b) Mn-FeCu, and (c) Ce-FeCu.

findings were consistent with the XRD findings. In addition,
a number of voids were observed in the large agglomerates
(Figures 3(c) and 3(f)), whose voids were in agreement
with the mesoporous voids estimated by the N

2
adsorption

measurement.
The elemental analyses of themetal-added Fe-based sam-

ples were conducted with EPMA (Figure 5). Homogeneous

dispersion of Fe species was observed on all the samples. Zr
species and Ce species were homogeneously dispersed on the
10wt.% Zr-FeCu and Ce-FeCu samples, respectively. These
findings were consistent with the XRD findings. By contrast,
the gatherings of Mn species were observed on the Mn-FeCu
sample although Mn species were spread out on the sample.
No peak derived from Fe-Mn composites or Mn oxides was
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Figure 6: H
2
-TPR profiles of FeCu and metal-added Fe-based

samples.

observed in the XRD pattern of Mn-FeCu, suggesting that
crystalline agglomerations composed of Mn species were not
formed even if Mn species were gathered in the sample.

The reducibility of the metal-added Fe-based catalysts
was estimated from theH

2
-TPR profiles (Figure 6).The FeCu

catalyst exhibited two peaks attributed to H
2
O generated

through the reduction by H
2
at around 600 and 900K,

which corresponds to H
2
-TPR profile observed in the two-

step reduction of hematite, that is, Fe
2
O
3
→ Fe

3
O
4
→ Fe

[15, 30, 31], indicating that the first peak at lower temperature
is ascribed to the reduction of Fe

2
O
3
to Fe
3
O
4
, and the second

peak at higher temperature is ascribed to further reduction of
Fe
3
O
4
. The reduction of Fe species can be promoted by the

addition of Cu species, leading to a shift of a peak attributed
to the reduction of Fe

2
O
3
to Fe
3
O
4
to lower temperature

in H
2
-TPR profiles [14–16], whereas K species suppresses

the reduction of Fe and Cu species due to the interaction
between the K species and the metal species [32, 33]. Thus,
it is suggested that the reducibility of the Fe species may not
be promoted in the FeCu catalyst due to the presence of the
K species although the Cu species coexisted in the catalyst.
All the metal-added Fe-based samples exhibited two peaks
derived from the reduction of the Fe species at around 600
and 900K, which was similar to the finding in H

2
-TPR of

the FeCu sample. However, the first peak of all the metal-
added Fe-based catalysts was shifted to higher temperatures
in comparison with that of the FeCu sample. In addition,
the temperature where the first peak appeared was slightly
increased with an increase in the amount of added Zr. In an
Fe-based FTS catalyst containing SiO

2
, the reducibility of Fe

oxides is not influenced by the coexistence of Zr, regardless
of the amount of Zr [18, 19]. By contrast, Qing et al. have
reported that in the H

2
-TPR profiles a first peak of a calcined

composite of Fe and Zr without SiO
2
appeared at higher

temperature than that of hematite due to the cover of Fe sites
with enriched Zr [34]. The addition of Mn or Ce species
to Fe-based catalysts causes the interaction between the Fe
species and the metal species, leading to the delay of the
reduction of the Fe species [20, 35–37]. According to the
findings reported above, it is suggested that in the metal-
added Fe-based catalysts the reduction of the Fe species was
suppressed to shift the first peak to higher temperature in
the H

2
-TPR profile due to the interaction of the Fe species

and the metal species resulting from the addition of the large
amount of the metal species although the Fe species were
highly dispersed.

3.2. Syngas-to-Hydrocarbons Reaction. Since syngas pro-
duced from biomass contains generally lower hydrogen
concentrations than syngas produced from CH

4
[4], it must

be necessary to simultaneously generate hydrogen during the
conversion of syngas to hydrocarbons in order to improve
the producibility of hydrocarbons. The use of a hybrid
catalyst composed of an FTS catalyst and aWGS catalyst will
efficiently produce hydrocarbons fromH

2
-deficient syngas as

follows: (1) the CO hydrogenation to hydrocarbons over an
FTS catalyst results in the generation of H

2
O; (2) generated

H
2
O reacts with CO over a WGS catalyst to generate

hydrogen; and (3) generated hydrogen is used in the FTS:
(1), (3) CO + H

2
→ −(CH

2
)− + H

2
O

(2) CO + H
2
O → CO

2
+ H
2

3.2.1. Effect of Metal Species in WGS Catalyst on Catalytic
Properties. We investigated the catalytic properties of a
hybrid catalyst containing the metal-added Fe-based catalyst
as a WGS catalyst in the conversion of H

2
-deficient syngas

to hydrocarbons. Considering the use of syngas produced
from biomass, syngas with the H

2
/CO molar ratio of 1 was

employed as a reactant gas in the present study. The metal-
added Fe-based catalyst was centered together with 20wt.%
Co supported on beta zeolite (Co/𝛽) as an FTS catalyst in
the reactor. Figure 7 shows the results of the conversion
of H
2
-deficient syngas to hydrocarbons over Co/𝛽 and the

hybrid catalysts as a function of time on stream. Figure 7(a)
clearly shows the improvement of the CO conversion by
employing the Fe-based WGS catalyst together with the FTS
catalyst through the reaction times. When Co/𝛽 was used
alone, the formation of CO

2
was not observed during the

reaction (Figure 7(b)), indicating that CO was converted
through only the FTS over Co/𝛽 due to a low ability of Co
species for theWGS reaction [38]. By contrast, the formation
of CO

2
was observed when the hybrid catalysts containing

the Fe-based WGS catalyst were used, regardless of the
added metal species. Since no steam was introduced to the
catalyst bed in the present study, CO

2
should be produced

through the WGS reaction with H
2
O generated in the CO

hydrogenation over Co/𝛽, and hydrogen was simultaneously
generated. Thus, it is indicated that the improvement of
the CO conversion of the hybrid catalyst was derived from
the WGS reaction. Moreover, it is also assumed that the
hydrogenation concentration in the reaction systemwould be
increased through the WGS reaction.
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Figure 7: CO conversion (a) and the formation rate of CO
2
(b) in the conversion of syngas to hydrocarbons over hybrid catalysts containing

FeCu and metal-added Fe-based catalysts. Reaction conditions: cat.: 1.5 g Co/𝛽, 1.95 g hybrid catalyst (1.5 g Co/𝛽 and 0.45 g FeCu) and 2.0 g
hybrid catalyst (1.5 g Co/𝛽 and 0.5 g metal-added Fe-based catalyst); pressure: 1.0MPa; W/F = 16.3 g-cat. h mol−1; H

2
/CO = 1.

As shown in Figure 7(b), the formation of CO
2
was also

dependent on the Fe-based WGS catalysts; the space time
yields (STY) of CO

2
at 0.5 h were in the order of FeCu >

Mn-FeCu > Ce-FeCu > 10 wt.% Zr-FeCu > 20wt.% Zr-FeCu.
The formation rate of CO

2
of all the catalysts was gradually

declined through the reaction.After 6.5 h of the reaction time,
the hybrid catalyst with Mn-FeCu exhibited the highest CO

2

formation rate, and the other hybrid catalysts with the metal-
added Fe-based catalyst showed similar CO

2
formation rates.

These results indicate thatMn species in the Fe-based catalyst
enhanced the catalytic activity for the WGS reaction and the
catalyst durability in the CO hydrogenation, leading to an
increase in theCO conversion, while Zr andCe species hardly
had positive effects for the WGS activity. In contrast, the
CO conversion of Zr-FeCu was similar to that of Mn-FeCu,
suggesting that Zr species improved the activity of the Fe-
based catalyst for the FTS. However, increasing the amount
of Zr from 10wt.% to 20wt.% decreased the CO conversion
due to the decrease in the amount of the Fe species in the
catalyst. The doping of metal species to Fe-based catalysts
showed positive effects on catalytic performances for the CO
hydrogenation and the WGS reaction [18–20, 34, 39, 40]. In
the present study, the improvement of the catalytic activity
would be derived from the high dispersion of the Fe species
and the formation of active sites by the interaction of the Fe
species with the Mn or Zr species. In the case of Ce-FeCu,
the improvement of both activities for the CO hydrogenation
and the WGS reaction was not observed due to low steam
concentrations [41].

Table 2 summarizes the catalytic properties of the hybrid
catalysts in the conversion of H

2
-deficient syngas to hydro-

carbons. The formation rate of hydrocarbons of the hybrid
catalyst was increased by adding the metal species to FeCu
in comparison with the hybrid catalyst containing FeCu.
In the hydrocarbon distributions, the formation of C

5
–C
11

hydrocarbons, which corresponds to gasoline fractions, was
improved by using the hybrid catalysts, in particularly the
hybrid catalysts containingMn-FeCu or Ce-FeCu that exhib-
ited high values of the C

5
–C
11

hydrocarbon distribution.
By contrast, the formation of hydrocarbons with carbon
number more than 12 was suppressed when the Fe-based
catalyst was employed together with Co/𝛽. Lohitharn et al.
have reported that transition-metal-added Fe-based catalysts
showed a similar hydrocarbon selectivity to that of an Fe-
based catalyst without the addition of metal species [18, 19].
Thus, it is suggested that beta zeolite in the hybrid catalyst
influenced the hydrocarbon distribution due to a high ability
of the isomerization/cracking of hydrocarbons. Considering
the generation of hydrogen through the WGS reaction over
the Fe-based catalyst as shown in Figure 7(b), it is assumed
that the increase in the hydrogen concentration would lead
to the improvement of the spillover effect for the cracking
of large hydrocarbons over acid sites or to the suppression
of the carbon chain growth due to the hydrogenation of
carbonaceous intermediates.

3.2.2. Stabilization of WGS Catalyst by Loading of Pd. The
catalytic activity for the WGS reaction has been improved
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Table 2: The results of the conversion of syngas to hydrocarbons over hybrid catalysts for reaction time of 6.5 h at 513 Ka.

Without
FeCu FeCub Zr-FeCu

(10wt.% Zr)
Zr-FeCu

(20wt.% Zr) Mn-FeCu Ce-FeCu Pd/Mn-FeCu

CO conv. (%) 35.2 41.7 45.1 40.0 45.0 39.5 44.8
CO2 STY
(mol kg−1 h−1) 0 1.75 1.50 1.36 1.92 1.25 2.65

H.C. STY
(mol kg−1 h−1) 2.48 2.16 2.38 2.30 2.61 2.54 2.35

H.C. distribution
(C-%)

CH4 31.8 36.7 33.8 34.3 33.2 31.4 36.6
C2–C4 13.5 12.7 11.3 12.7 10.4 11.5 11.8
C5–C11 38.5 43.9 41.1 36.7 45.9 48.2 41.9
C12

+ 16.1 6.7 13.7 16.3 10.5 8.9 9.7
aReaction conditions: cat.: 2.0 g hybrid catalyst (1.5 g Co/𝛽 and 0.5 g Fe-based catalyst); pressure: 1.0MPa; W/F = 16.3 g-cat. hmol−1; H2/CO = 1.
b1.95 g hybrid catalyst (1.5 g Co/𝛽 and 0.45 g Fe-based catalyst).
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Figure 8: CO conversion (a) and the formation rate of CO
2
(b) in the conversion of syngas to hydrocarbons over hybrid catalysts containing

Mn-FeCu and Pd/Mn-FeCu. Reaction conditions: cat.: 2.0 g hybrid catalyst (1.5 g Co/𝛽 and 0.5 g Fe-based catalyst); pressure, 1.0MPa; W/F =
16.3 g-cat. hmol−1; H

2
/CO = 1.

by loading Pd on WGS catalysts due to the promotion of the
redox properties of iron oxides [42]. In addition, an increase
in the hydrogen concentration through theWGS reactionwill
lead to suppressing the deactivation [43]. In order to improve
the activity and durability of the Fe-based WGS catalyst,
1 wt.% Pd species was loaded on 10wt.%Mn-FeCu by impreg-
nation with 4.6 wt.% Pd(NH

3
)
2
(NO
3
)
2
aqueous solution.The

catalytic properties of the hybrid catalyst composed of the
Pd/Mn-FeCu with Co/𝛽 were evaluated in the conversion
of H
2
-deficient syngas to hydrocarbons. The results are

shown in Table 2 and Figure 8. Pd/Mn-FeCu exhibited a
similar CO conversion to that of Mn-FeCu during the reac-
tion. Meanwhile, the formation of CO

2
(H
2
generation) in

the WGS reaction was improved by loading Pd on Mn-
FeCu. Furthermore, the gradual deactivation was observed
on Mn-FeCu in the WGS reaction, while the CO

2
formation

rate over Pd/Mn-FeCu was kept at ca. 2.6mol kmol kg−1 h−1
even after 6.5 h of the reaction. In our previous findings, the
deactivation derived from the deposition of carbonaceous
species was suppressed by loading metal species with a high
hydrogenation ability on ZSM-5, which was a part of a hybrid
catalyst, in the syngas conversion to hydrocarbons via the
methanol formation [44, 45]. Thus, Pd species on Mn-FeCu
was supposed to readily activate hydrogen generated through
theWGS reaction to decompose carbonaceous species, which
were formed through the FTS, on active sites of the catalyst,
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leading to the mitigation of the deactivation of the WGS
catalyst.

In the hydrocarbon distribution, the loading of Pd species
enhanced the formation of light hydrocarbons; in particular
the selectivity to methane was increased to 36.6% in compar-
ison with that ofMn-FeCu (Table 2).The high hydrogenation
ability of Pd may lead to accelerate the hydrogenation of
carbonaceous intermediates on active sites to form hydrocar-
bons with short chains prior to sufficient chain growth.

4. Conclusions

Metal-composite Fe-based catalysts with nanosized crystal-
lites were synthesized by the addition of metal species such
as Mn, Zr, and Ce into an Fe-based catalyst.Themetal-added
Fe-based catalysts exhibitedmuch higher specific surface area
than the conventional Fe-based catalyst due to the formation
of mesoporous voids surrounded by the nanosized crystal-
lites. The metal-added Fe-based catalyst as a WGS catalyst
was mixed with Co/𝛽 as an FTS catalyst to prepare a hybrid
catalyst. The catalytic properties of the hybrid catalyst were
investigated in the hydrocarbon production from syngas with
the lowH

2
/CO ratio of 1, where hydrogenwas deficient for the

conversion of all CO to hydrocarbons. The use of the hybrid
catalyst resulted in the formation of CO

2
, which corresponds

to the simultaneous generation of hydrogen through theWGS
reaction, regardless of the type of the added metal species,
although no CO

2
was formed over Co/𝛽 alone. Among

the catalysts, the hybrid catalyst containing the Mn-added
Fe-based catalyst exhibited the highest activity for the CO
hydrogenation and theWGS reactionwith theCOconversion
of 45.0%, the STY of hydrocarbons of 2.61mol kmol kg−1 h−1,
and the STY of CO

2
of 1.92mol kg−1 h−1 after 6.5 h of the

reaction; furthermore, a high durability of the catalyst was
observed during the reaction. Moreover, the loading of Pd
species on the Mn-added Fe-based catalyst improved the
durability due to the high hydrogenation ability of Pd species.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgment

This work was supported by JSPS KAKENHI Grant no.
24560950.

References

[1] P. K. Swain, L. M. Das, and S. N. Naik, “Biomass to liquid:
a prospective challenge to research and development in 21st
century,” Renewable and Sustainable Energy Reviews, vol. 15, no.
9, pp. 4917–4933, 2011.

[2] L. Yang, X. Ge, C. Wan, F. Yu, and Y. Li, “Progress and perspec-
tives in converting biogas to transportation fuels,” Renewable
and Sustainable Energy Reviews, vol. 40, pp. 1133–1152, 2014.

[3] M. E. Dry, “The Fischer-Tropsch process: 1950–2000,” Catalysis
Today, vol. 71, no. 3-4, pp. 227–241, 2002.

[4] L. Wei, J. A. Thomasson, R. M. Bricka, R. Sui, J. R. Wooten,
and E. P. Columbus, “Syn-gas quality evaluation for biomass
gasification with a downdraft gasifier,” Transactions of the
ASABE, vol. 52, no. 1, pp. 21–37, 2009.

[5] M. E. Dry, “Practical and theoretical aspects of the catalytic
Fischer-Tropsch process,” Applied Catalysis A: General, vol. 138,
no. 2, pp. 319–344, 1996.

[6] F.G. Botes andB. B. Breman, “Development and testing of a new
macro kinetic expression for the iron-based low-temperature
Fischer-Tropsch reaction,” Industrial andEngineeringChemistry
Research, vol. 45, no. 22, pp. 7415–7426, 2006.

[7] I. C. Yates andC.N. Satterfield, “Intrinsic kinetics of the Fischer-
Tropsch synthesis on a cobalt catalyst,”Energy&Fuels, vol. 5, no.
1, pp. 168–173, 1991.

[8] K.-W. Jun, H.-S. Roh, K.-S. Kim, J.-S. Ryu, and K.-W. Lee,
“Catalytic investigation for Fischer-Tropsch synthesis from bio-
mass derived syngas,” Applied Catalysis A: General, vol. 259, no.
2, pp. 221–226, 2004.

[9] N. Escalona, S. Fuentealba, and G. Pecchi, “Fischer-Tropsch
synthesis over LaFe

1−𝑥
Co
𝑥
O
3
perovskites from a simulated

biosyngas feed,” Applied Catalysis A: General, vol. 381, no. 1-2,
pp. 253–260, 2010.

[10] M. Iglesias, R. Edzang, and G. Schaub, “Combinations of
CO/CO

2
reactions with Fischer-Tropsch synthesis,” Catalysis

Today, vol. 215, pp. 194–200, 2013.
[11] B. H. Davis, “Fischer-Tropsch synthesis: relationship between

iron catalyst composition and process variables,” Catalysis
Today, vol. 84, no. 1-2, pp. 83–98, 2003.
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