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Among various microporous and mesoporous materials investigated, the Li+-exchanged zeolite faujasite has been found to be

the most efficient support of iron catalyst for producing C5
+ hydrocarbon fuels via Fischer-Tropsch synthesis. The location of iron

species in the catalyst is a key issue in obtaining high selectivities to C5
+ hydrocarbons. It is proposed that the Li+ cation and the

supercage structure of zeolite faujasite both play important roles in improving the selectivities to C5
+ hydrocarbons over the Fe

catalyst.
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1. Introduction

Fischer-Tropsch (FT) synthesis is a key reaction for
the transformation of synthesis gas, which can be
derived from natural gas, coal, or biomass, into hydro-
carbon fuels. Researches on catalyst development for
the production of hydrocarbon fuels based on FT syn-
thesis have attracted renewed attention because of the
urgent demand for the decrease in the dependency on oil
[1,2]. Moreover, the hydrocarbon fuels produced in FT
synthesis can be sulfur-free and ultra-clean, and may
easily meet the stringent environmental requirements
[2,3]. However, because FT synthesis usually follows the
Anderson-Schultz-Flory product distribution, the
design of catalysts with desired product selectivities
remains a critical challenge [4–7].

Many recent studies have indicated interestingly that
the utilization of microporous or mesoporous materials,
which possess ordered porous structures, as catalyst
supports can modify the product selectivities for the
cobalt-catalyzed FT synthesis [8–15]. Moreover, inter-
esting size effects of cobalt particles on activity and C5

+

selectivity have recently been reported using carbon
nanofiber-supported catalysts [16]. These studies have
provided insights into the design of new Fischer-Tros-
pch catalysts with improved activity and tunable prod-
uct distributions.

On the other hand, similar studies are very few for
the iron-catalyzed FT synthesis. Because of the lower
cost and some distinct features such as wider opera-
tion ranges of temperature and H2/CO ratio, Fe-based

catalysts could provide an attractive complement to
Co-based catalysts for the purpose of producing ultra-
clean hydrocarbon fuels via FT synthesis [17–20].
However, as compared with Co catalysts, Fe-based
catalysts usually exhibit higher selectivities to CO2

because of the higher activity toward the water gas
shift reaction. This may lead to 30–50% of the carbon
feed being rejected as CO2 in some cases [4], and this
is particularly unfavorable when the H2-rich synthesis
gas is used. Moreover, Fe catalysts generally give
lower selectivities to C5

+ hydrocarbons as compared
with Co and Ru catalysts especially in the absence of
heavy modifications using modifiers such as copper
and potassium.

Recently, we have systematically investigated the
catalytic behaviors of Fe catalysts supported on vari-
ous microporous and mesoporous materials. Our aim
is to gain insights into possible effects of supports with
ordered porous structures on the product distributions
over Fe catalysts. We found that the use of zeolite
faujasite could provide higher selectivities to C5

+

hydrocarbons than the use of other porous materials
as the supports of Fe. To the best of our knowledge,
this is the first report on the significant enhancing
effect of zeolite faujasite support on C5

+ selectivity
over a Fe-based catalyst although there exist scarce
studies on the use of faujasite as the support of Fe for
CO hydrogenation [21]. The present paper reports the
unique role of zeolite faujasite support in determining
the product distributions of supported Fe catalysts in
FT synthesis. The influences of cations in the ion-
exchange position, catalyst preparation and pretreat-
ment methods on catalytic behaviors are also
discussed.
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2. Experimental

The faujasite (NaX with a Si/Al ratio of 1.3 and
NaY with a Si/Al ratio of 2.8) and other type zeolites
in Na-form were purchased from Nankai Catalyst Co.
or prepared by hydrothermal synthesis in our labora-
tory [11]. The H-form or other alkali metal ion-
exchanged zeolites (mainly zeolite Y) were prepared by
ion exchange of the Na-form samples with aqueous
solution of NH4NO3 (1 M) or alkali metal acetate,
followed by drying and calcination at 823 K. The
contents of Li and K in the Li+- and K+-exchanged
zeolite Y samples (LiY and KY), which were mea-
sured by ICP technique, were 1.99 and 10.1 wt%,
respectively. These corresponded to ion-exchange
degrees of 68 and 62% for the LiY and KY, respec-
tively. By measuring the content of the remaining Na
in the zeolite HY, we evaluated the ion-exchange
degree for this sample, and we obtained a value of
66%. The crystalline structure of each zeolite before
and after ion exchange was confirmed by X-ray dif-
fraction measurements. Mesoporous materials includ-
ing MCM-41, MCM-48, and SBA-15 were prepared
by hydrothermal synthesis using the procedures
described in literature [22,23]. A non-porous fumed
silica (Cab–O–Sil, denoted as SiO2 hereafter) pur-
chased from Acros Organics was used for comparison.

The loading of iron onto each support was typically
carried out with an incipient wetness impregnation
method using an ethanol solution of Fe(NO3)3 unless
otherwise stated, and the loading amount of iron was
generally 10 wt%. The volume of the solution was kept
close to the pore volume of the support. The sample was
calcined at 773 K after the solvent (ethanol) was
removed by drying in vacuum at 313 K.

FT synthesis was carried out with a fixed-bed flow
reactor operated at 2.0 MPa. To make good compari-
sons with the Co catalysts supported on microporous
and mesoporous materials, in this work, we adopted
reaction conditions close to those used for the Co cat-
alysts except for a higher reaction temperature (543 K).
The catalyst (typically 0.8 g) loaded in the reactor was
first reduced in H2 flow at 723 K for 30 h. The synthesis
gas with a H2/CO ratio of 2 was then introduced into the
reactor after the temperature was decreased to 543 K.
Argon with a concentration of 4% contained in the
synthesis gas was used as an internal standard for the
calculation of CO conversion. The products were ana-
lyzed by two on-line gas chromatographs (GCs) equip-
ped with a capillary column (PONA) and two packed
columns (Porapak Q and Molecular Sieve 5A). All the
lines and valves between the exit of the reactor and the
GCs were heated to 543 K. The qualitative identification
of the C6–C30 hydrocarbon products was also performed
by GC-MS analysis. The results at steady state, typically
after 10 or 15 h of reaction, were shown here and used
for discussion.

X-ray diffraction (XRD) measurements were carried
out with a Phillips X’pert Pro Super X-ray diffractom-
eter with Cu-Ka radiation and X’Celerator detection
systems. The transmission electron microscopy (TEM)
was carried out in a FEI Technai 30 electron microscope
(Phillips Analytical) operated at an acceleration voltage
of 300 kV.

3. Results and discussion

3.1. FT synthesis over Fe catalysts supported on various
microporous and mesoporous materials

Table 1 shows the catalytic behaviors of Fe catalysts
supported on various ordered microporous and meso-
porous materials as well as SiO2 with a Fe loading
amount of 10 wt% for FT synthesis. It should be noted
that we have not calculated hydrocarbon selectivities on
a CO2-free basis although such calculation was used in
most studies for Fe-based catalysts. As compared with
the Co catalysts loaded on similar supports [15], most of
these Fe-based catalysts showed lower selectivities to
C5

+ hydrocarbons (especially C10–C20 hydrocarbons)
but higher ones to C2–C4 and CO2. It was unexpected
that the Fe catalysts supported on MCM-41 and MCM-
48 were almost inactive for CO hydrogenation, and the
Fe/SBA-15 showed a similar activity and selectivity
pattern to the Fe/SiO2, whereas the Co catalysts sup-
ported on mesoporous materials exhibited superior
activities and selectivities for the formation of C5

+

hydrocarbons [10, 13–15].
On the other hand, although the Fe catalysts sup-

ported on several microporous zeolites such Na-ZSM-5,
Na-MOR (Na-mordenite), and Na-BEA (Na-beta zeo-
lite) do not possess the advantage in C5

+ formation over
the Fe/SiO2, it is of interest to find that, the use of zeolite
faujasite (NaX or NaY zeolite) as the support of Fe
catalyst can significantly increase the C5

+ selectivity. As
shown in figure 1, the comparison of detailed product
distributions among several supported Fe catalysts
revealed that the formations of C10–C28 hydrocarbons
over the Fe/NaX and Fe/NaY were enhanced at the
expense of C1–C4 hydrocarbons. We have evaluated the
carbon-chain growth probability (a) using the equation
of Anderson-Schulz-Flory distribution, i.e., Mn =
(1)a)an-1, where Mn and n represent the molar fraction
of each hydrocarbon product and the carbon number,
respectively [7]. The a values calculated from the slope of
the curves of ln Mn versus n for the Fe/NaX and Fe/
NaY catalysts were remarkably higher than other sup-
ported Fe catalysts (table 1).

It is known that Na-ZSM-5 possesses a two-dimen-
sional channel structure with cages at the crossing of the
zigzag and the straight channels, which are
0.55 nm � 0.51 nm and 0.53 nm � 0.56 nm in
dimensions, respectively. The porous structure of zeolite
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mordenite can be viewed as a one-dimensional channel
system with pore diameter of 0.65 nm � 0.70 nm con-
taining side pockets where a part of the ion-exchange
cations are sitting. The channel system of both zeolites
may restrict the diffusion of large and long-chain par-
affin molecules. Zeolite beta possesses a three-dimen-
sional channel structure with relatively larger pore
diameters, but the Si/Al ratio of this zeolite is much
higher than that of the faujasite. The distinct feature of
zeolite faujasite is its supercage structure. There exist
large voids called supercages of ca. 1.3 nm in diameter in
the faujasite, and the size of windows of these super-
cages is ca. 0.7 nm. We speculate that the peculiar
structure might enhance the re-adsorption of reaction

intermediates, and thus might result in the increase in
the chain growth probability.

3.2. Influences of cations on catalytic behaviors

Subsequently, we investigated the influences of
cations located in the ion-exchange position in zeolite
faujasite on catalytic behaviors. Table 2 summarizes the
catalytic performances of Fe catalysts supported on
zeolite Y with different cations. For comparison, the
catalytic results over the alkali metal ion-modified Fe/
SiO2 catalysts (alkali metal/Fe = 0.04) have also been
listed in the table. It is well known that the modification
of Fe catalysts with an alkali metal ion (especially K+)
could suppress CH4 formation and modify the selectiv-
ities to higher hydrocarbons [24]. As shown in table 2,
the modification of the Fe/SiO2 with alkali metal ions
really increased the selectivities to C5

+ hydrocarbons
and decreased those to C2–C4 hydrocarbons and/or
CH4. The C5

+ selectivity reached 43% over the K+-Fe/
SiO2 catalyst.

As compared with the Fe/SiO2, the Fe/HY also
exhibited a higher C5

+ selectivity, confirming that the
supercage of zeolite Y played roles in enhancing the
formation of higher hydrocarbons. The use of an alkali
metal ion-exchanged zeolite Y as the support provided a
higher CO conversion and a lower CH4 selectivity than
the Fe/HY. The CO conversion increased remarkably
with changing the alkali metal ion from Li+ to Cs+.
However, the increase in the selectivity to CO2 was also
remarkable at the same time, and the CO2 selectivity
reached 41% over the Fe/CsY catalyst. In other words,
the water gas shift reaction took place seriously over this
catalyst, and a large proportion of CO was consumed to
give CO2. This also caused a considerable drop in C5

+

selectivity over the Fe/KY and Fe/CsY catalysts. As a
result, the highest C5

+ selectivity was achieved over the
Fe/LiY catalyst. It is of interest that the selectivities to
CO2 and CH4 are both the lowest over this catalyst.

Table 1

Effect of supports on catalytic behaviors of Fe catalysts in FT synthesisa

Catalystb CO conv. (%) Selectivity (%)c aa

CO2 CH4 C2–C4 C5–C9 C10–C20 C21
+ C5

+

Fe/SiO2 22 12 15 40 29 4.1 0.1 33 0.66

Fe/MCM-41 <1.0 – – – – – – – –

Fe/MCM-48 2.0 26 25 38 11 0 0 11 0.50

Fe/SBA-15 17 11 14 40 29 6.2 0.3 35 0.62

Fe/Na-ZSM-5 3.0 19 14 48 19 0 0 19 0.51

Fe/Na-MOR 29 20 12 35 23 7.0 3.2 33 0.63

Fe/Na-BEA 5.8 24 16 46 14 0 0 14 0.48

Fe/NaX 48 30 5.6 18 24 18 5.1 47 0.77

Fe/NaY 49 21 7.8 23 23 17 8.9 48 0.76

a Reaction conditions: H2/CO = 2, T = 543 K, P = 2 MPa.
b Fe content was 10 wt %.
c Carbon balance was better than 95%.

Figure 1. Product distributions over Fe/NaX, Fe/NaY, Fe/SBA-15

and Fe/SiO2 catalysts.
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However, as seen in table 2, the Li+-Fe/SiO2 catalyst
did not exhibit peculiar catalytic performances as com-
pared with the Na+-Fe/SiO2 and K+-Fe/SiO2 catalysts.
The CO conversion and C5

+ selectivity over the Li+-Fe/
SiO2 were much lower than those over the Fe/LiY.
Figure 2 further showed that the formation of longer-
chain hydrocarbons with carbon numbers of C10–C30

was significantly enhanced over the Fe/LiY catalyst.
Therefore, the presence of Li+ and the peculiar struc-
ture of the zeolite faujasite may both play crucial roles in
obtaining higher selectivities to C5

+ hydrocarbons over
the Fe/LiY catalyst.

3.3. Influences of preparation and pretreatment methods
on catalytic behaviors of Fe/LiY catalysts

Because cations such as Na+ and Li+ in zeolite
faujasite can only occupy several positions located in the
supercages, sodalite cases and hexagonal prisms [25], the

location of Fe in the zeolite may be a key issue if the
interaction between Fe species and Li+ is crucial.
Moreover, the functioning of the supercage structure
should also depend on the location of iron in the cata-
lyst. To uncover the influence of Fe location, we have
investigated the catalytic properties of three Fe/LiY
catalysts prepared by different methods using the same
starting materials, i.e., Fe(NO3)3 and LiY. The Fe/LiY
catalyst described above was prepared by the incipient
wetness impregnation method using an ethanol solution
of Fe(NO3)3, followed by drying and calcination (see the
experimental section, denoted as Fe/LiY-iw hereafter).
The other two Fe/LiY catalysts were prepared by the
conventional wet impregnation of LiY in an excess
amount of aqueous solution of Fe(NO3)3 (denoted as
Fe/LiY-wi) and by the mechanical mixing of Fe(NO3)3
and LiY in agate mortar (denoted as Fe/LiY-mm). The
Fe/LiY-wi and Fe/LiY-mm were dried and calcined
under the same conditions with those used for the Fe/
LiY-iw. Table 3 shows that the Fe/LiY-iw catalyst
exhibits a significantly higher C5

+ selectivity as well as
lower CO2 and CH4 selectivities than the Fe/LiY-wi and
the Fe/LiY-mm catalysts. From the detailed product
distributions shown in figure 3, we could see that the Fe/
LiY-iw catalyst provided significantly higher selectivities
to hydrocarbons with longer carbon chains, especially
C10–C30 than the other two catalysts.

We have characterized these three Fe/LiY catalysts.
XRD patterns for the three catalysts (figure 4) did not
show significant differences. Only diffraction peaks
ascribed to the crystalline structure of the zeolite Y were
observed for all these samples. The absence of any
Fe-related phases suggested that the iron species might
be well dispersed in the zeolite or might exist in amor-
phous states after calcination or maybe our XRD
measurements using Cu-Ka radiation were not very
sensitive to the iron oxide phase. However, we can see
distinct differences in the TEM images for these samples.
As shown in figure 5, we observed many large iron oxide

Table 2

FT synthesis over Fe catalysts supported on zeolite Y and SiO2 with different cationsa

Catalystb CO conv. (%) Selectivity (%)c aa

CO2 CH4 C2–C4 C5–C9 C10–C20 C21
+ C5

+

Fe/HY 27 12 15 24 28 11 2.9 42 0.68

Fe/LiY 40 8.6 6.7 16 27 26 16 69 0.84

Fe/NaY 49 21 7.8 23 23 17 8.9 48 0.76

Fe/KY 75 36 8.3 23 19 9.7 3.9 33 0.74

Fe/CsY 91 41 9.3 20 19 7.8 3.3 30 0.65

Fe/SiO2 22 12 15 40 29 4.1 0.1 33 0.66

Li+-Fe/SiO2 21 12 18 30 25 12 2.5 40 0.73

Na+-Fe/SiO2 24 19 13 28 27 12 1.5 40 0.74

K+-Fe/SiO2 27 22 9.1 26 24 15 3.7 43 0.75

a Reaction conditions: H2/CO = 2, T = 543 K, P = 2 MPa.
b Fe content was 10 wt %.
c Carbon balance was better than 95%.

Figure 2. Product distributions over Fe/LiY and Li-Fe/SiO2 catalysts.

P. Wang et al./Fe/LiY catalyst for Fischer-Tropsch synthesis 181



Table 3

FT synthesis over Fe/LiY catalysts prepared by different methodsa

Catalystb CO conv. (%) Selectivity (%)c aa

CO2 CH4 C2–C4 C5–C9 C10–C20 C21
+ C5

+

Fe/LiY-iw 40 8.6 7.6 16 27 26 16 69 0.84

Fe/LiY-wi 35 18 15 30 23 12 2.7 37 0.72

Fe/LiY-mm 47 28 15 28 22 7.3 1.0 30 0.65

a Reaction conditions: H2/CO = 2, T = 543 K, P = 2 MPa.
b Fe content was 10 wt %.
c Carbon balance was better than 95%.

Figure 3. Product distributions over the Fe/LiY catalysts prepared by

different methods.

Figure 4. XRD patterns of the Fe/LiY catalysts prepared by different

methods.

Figure 5. TEM images of the Fe/LiY catalysts prepared by different

methods.
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particles with sizes of ca. 5–20 nm over the Fe/LiY-wi
and Fe/LiY-mm samples (figure 5b, c), suggesting that
most of the iron species in these two samples might not
enter the pores of the zeolite and might be located
outside the supercages after calcination. On the other
hand, such large iron oxide particles were fewer over the
Fe/LiY-iw sample (figure 5a). We speculate that a larger
part of iron species might be incorporated into the su-
percages of zeolite in this sample. Therefore, it is prob-
able that the finely dispersed Fe species in zeolite LiY
are very unique for obtaining the high C5

+ selectivity in
FT synthesis.

It should be mentioned that it took about 10 h to
reach a steady state for the Fe/LiY-iw catalyst (figure 6).
Both the CO conversion and the C5

+ selectivity did not
undergo significant changes after a further 15 h of
reaction. It is well known that iron catalysts are usually

reconstructed to form iron carbides under the reaction
conditions in FT synthesis [20,26]. Thus the long
induction period in figure 6 may correspond to such a
catalyst reconstruction process. It has also been reported
that, for a precipitated iron catalyst modified with
copper and potassium, the pretreatment of catalyst with
CO could increase the initial CO conversion and favored
the formation of higher hydrocarbons [27]. We have
investigated the influence of pretreatment of our Fe/
LiY-iw catalyst with CO at 573 K for 15 h after the H2

reduction. It can be seen from figure 7 that, although the
catalytic performance can reach steady state after only
ca. 2 h of reaction, the C5

+ selectivity was much lower
than that observed in figure 6. Therefore, it seems that
the Fe/LiY-iw catalyst requires to be reconstructed
under reaction conditions (synthesis gas flow) to obtain
the optimum catalytic performances.

To gain insight into the structure change of the Fe/
LiY-iw catalyst during the reaction, we have carried out
XRD measurement for the Fe/LiY-iw catalyst after a
25 h of reaction under the conditions of Table 3. As
shown in figure 8, a new diffraction peak at 2h of 44.7�
can be clearly observed after the reaction. This peak is
assignable to an iron carbide (Fe7C3) phase. Thus, it can
be speculated that the iron carbide species is formed in
the initial reaction stage and may be responsible for the
FT synthesis as suggested in literature [20, 26].

4. Conclusions

We found that the zeolite faujasite-supported Fe
catalysts exhibited remarkably higher selectivities to
C5

+ hydrocarbons (especially C10–C30 hydrocarbons) in
FT synthesis than the Fe catalysts supported on other
microporous and mesoporous materials investigated.

Figure 6. Changes in catalytic performances with time on stream over

the Fe/LiY-iw catalyst.

Figure 7. Changes in catalytic performances with time on stream over

the Fe/LiY-iw catalyst after CO pretreatment at 573 K for 15 h.

Figure 8. XRD patterns of the Fe/LiY-iw catalyst before and after the

reaction.
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The cations in the ion-exchange position of zeolite
faujasite also exerted significant effects on the catalytic
performances, and the Li+-exchanged zeolite faujasite
was the best support of iron catalyst for the production
of C5

+ hydrocarbons. Simultaneously, the Fe/LiY cat-
alyst showed the lowest selectivities to CO2 and CH4.
The catalytic performances of the Fe/LiY catalyst were
strongly dependent on the preparation method, which
probably resulted in Fe species in different locations in
the catalyst. Both the interactions between the Fe spe-
cies and the Li+ cations and the supercage structure of
zeolite faujasite were proposed to play pivotal roles in
improving the catalytic performances.
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