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Poor selectivity for gasoline products is a critical issue for Fischer-
Tropsch synthesis (FTS). Herein, we report that the introducion of
polyoxometalates Cs,sHysPW;,0,, (CsPW) into conventional FTS
catalyst (Co/Al,0;) can create a highly efficient bifunctional
catalyst, leading to 118% increase in the selectivity of gasoline.
Furthermore, it was found that such a significant improvement is
due to the effective hydrocracking of havier hydrocarbon products
at CsPW sites.

The high quality of diesel and gasoline fuel is required to reduce air
pollution. Fischer-Tropsch synthesis (FTS) is an important industrial
process for clean hydrocarbon fuels through syngas from non-
petroleum carbon resources such as natural gas, shale gas, coal, or
biomass'. Over conventional FTS catalysts, the hydrocarbon
products generally follow the unselective Anderson-Schulz-Flory
(ASF) distribution from C; to C;go>*. To obtain gasoline (Cs~Cj,),
the heavier products need to be further hydrocracked and isomerized
to light and/or branched hydrocarbons, in which the acidity of the
catalyst is crucial’. Acidic zeolites are widely used as catalyst
supports or co-catalysts to increase the selectivity of gasoline or
diesel in one- step process®!!. However, the strong acidity of zeolites
might also cause the over-cracking of hydrocarbon products®.
Polyoxometalates (POMs) comprise a large class of nanosized,
polynuclear metal-oxo anions being formed by early transition metal
ions (V, Nb, Ta, Mo, W) in high oxidation states'>'*. As a typical
polyoxoanion with unique properties'>'”, POMs could meet the
requirement for tuning the selectivity of FTS products. They possess
suitable acidity'®?°, which would be efficient for the hydrocracking
of heavier FTS products. Furthermore, their acidic properties could
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be easily tuned by simple synthetic routes, such as embedding metal
ions in their structures®" %,

Tungstophosphoric acid (H;PW,0,) is one of the strong acidic
compound which has been used as an efficient catalyst in various
reactions™ 2*. Partial substitution of protons by Cs* could adjust the
insolubility and the amount of available surface acid sites. The 2.5
CsysHopsPW1,04 (CsPW) has been

demonstrated to possess sufficient higher thermal-stability and

Cs" substituted sample,

acidity than the parent acid H;PW,,040>> %, which can serve as
heterogeneous catalysts for hydrocracking/hydroisomerization
reactions associated with Fischer-Tropsch processes®’. So far,
however, the direct utilization of POMs for a FTS process has not
been explored. Herein, we report efficient bifunctional FTS catalyst
(P-F) consisting of the insoluble POMs (Cs,sHgsPW,04) and
conventional FTS catalyst (Co/Al,O;) for the FTS process, which
exhibited a high selectivity for Cs-C,, gasoline.

CsPW (Fig.1a) samples were synthesized using a solid approach
(followed by calcination for two hours) which can easily control the
mole ratio of precursors H;PW,04 and CsNO; as described in
literature®® 2. Furthermore, the samples were subjected to thermal
and structure characterizations. In the thermogravimetric analysis, no
obvious weight loss was observed in the temperature range of 473 to
573 K (Fig.S1). The range covers special temperatures, including
473 K (syngas flow to catalyst), 493 K (the FTS reaction generally
occurred), 523 K (produce gasoline), and 573 K (metal oxide Co;04
could be reduced to active metal Co). The IR spectra of the samples
showed four characterization absorption bands of the Keggin unit at
1080, 989, 889, and 805 cm™', which could assign to v,(P-O-W),
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Fig.1. (a) The polyanion structure of CsPW with the represented
by polyhedra. Colour codes: W grey, P yellow, O red; (b) XRD
patterns of CsPW from 473K to 573K.
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045(W-0y), 0,5(W-0-W), and v,(W-O.-W) vibrations®®, respectively.
The absorption bands remained almost unchanged with increasing
temperature up to 773 K (except some decrease of the peak
intensities) (Fig.S2). This indicates that the primary structure
(Keggin unit structure) of CsPW is stable at a temperature below 773
K. Furthermore, the XRD patterns of CsPW samples (Fig.1b) exhibit
all reflections corresponding to a cubic P,;, crystalline structure,
2l 2 This confirms that the
secondary structure of the CsPW is stable in the temperature range
from 473 to 573 K.

Bifunctional catalysts (P-F) with four CsPW contents (i.e. 5%,
10%, 20%, and 50%), which were prepared by ball milling, are
denoted as 0.05P-F, 0.10P-F, 0.20P-F, and 0.50P-F, respectively. As
shown in Table 1, one can see that the measured bulk weights of W

similar with other literature data

element are close to their theoretical values. Furthermore, XRD
measurements showed that the bifunctional catalyst consists of
Co0304 and CsPW (Fig.2a, Fig.S3). The crystallite sizes of Co;0,,
which were calculated from the diffraction peak at 26 = 59.5 using
Scherrer equation, increased with increasing CsPW amount (Table
1). That indicates the size of Co;0, in P-F modest increased with the
increase amount of CsPW. The H,-TPR profiles of the bifunctional
catalysts were obtained. As shown in Fig.S4, one can see three H,
consumption peaks for Co/Al,O;, 0.05P-F, 0.10P-F, and 0.20P-F
samples and a more complicated TPR curve for 0.50P-F sample.
Co/Al,05 catalyst exhibits two peaks at 443 K and 513 K, which are
associated with the to CoO and the
transformation of CoO to Co, respectively. The peak at a higher

reduction of Co03;0,

temperature (about 733 K) indicates that some Co oxide species are
much more difficult to be reduced probably due to the strong metal-
support interaction between Co and Al,O; in some phases (such as
CoAl,0y4). The consumption of H, at temperature below 673 K
decreased with increasing CsPW, indicating that CsPW decreased
the cobalt oxide reducibility. This is probably due to the strong
interaction between the Cs ions and the cobalt species®" *. For the
catalyst 0.50P-F, the large reduction peaks at about 823 and 1043 K
indicate the reduction of some W"" species.

The acidity of the bifunctional catalysts was evaluated by
ammonia temperature-programmed desorption (NH;-TPD) (Fig.2b).
The CsPW exhibits three desorption peaks in the NH;-TPD profile,
corresponding to the weak, medium-strength, and strength acid sites.
For the CsPW, the higher temperature peak (observed at about 843 K)
can be attributed to the strong Brensted acid sites. Two NH;
desorption peaks were observed for the bifunctional catalysts at 343
and 523 K. For Co/Al,0O;, three peaks at 313-383 K, which are
associated with weaker acid sites, was observed. This indicates that
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Fig.2. (a) XRD pattern of CsPW, Co/Al,O; and 0.20P-F; (b)
NH;-TPD profiles of bifunctional catalysts.

2 | J. Mater. Chem. A., 2015, 00, 1-3

Fig.3 (a) The TEM image of the Co;0, particles in the catalysts
0.2P-F; (b) The TEM image shows the dispersed CsPW particles
on the catalysts 0.2P-F.

the acidity of Co/Al,O; is significantly weaker than that of the
bifunctional catalyst. The strength of the acid site increases with
increasing CsPW. As a result, for the bifunctional catalyst, the
heavier hydrocarbons can be hydrocracked at the strong acidic sites
of CsPW, while the active metal Co sites are responsible for the
syngas conversion to linear hydrocarbons (Scheme 1).

The pore-size distribution curves, which were obtained from the
N, adsorption-desorption isotherms using the Barrett-Joyner-
Halenda (BJH) method, showed the mesoporous structure of the
bifunctional catalysts (Figs.S5 and S6). Compared with the model
FTS catalyst Co/ALO; (123.7 m*g"), the bifunctional catalysts
exhibited the obvious decrease in surface area and pore volume,
particularly for the sample 0.5P-F (remarkably decrease to 73.5
m*g"). That happened because CsPW particles entered into the
pores of Co/Al,0O3, reducing the pore volume. This was confirmed
by the TEM images (Fig.3), which clearly showed that the CsPW
particles were located in the mesopores of the y-Al,O; support and
well dispersed in 0.20P-F samples with an average size of ca. 0.4 nm
(Fig.3b). However, the average particle size of Co;04 is 13.5 nm,
which is much larger than the particle size of CsPW. The mapping of
the element P, Cs and W further revealed the high dispersion of
CsPW (Fig.S7). The well-dispersed CsPW on the FTS catalyst
created highly-dispersed acidic sites in the bifunctional catalyst. In
other words, the ball milling constitutes an efficient approach to
disperse the CsPW on FTS catalyst. The excellent contact between
the CsPW and the FTS catalyst (Co/Al,0;) ensures that heavy
hydrocarbons generated over Co/Al,O; can be easily captured and
then hydrocracked by the CsPW. Such an in-situ hydrocracking can
be expected to increase the selectivity of gasoline products. This was
confirmed by the following catalytic performance tests.

The performance of the bifunctional catalysts was tested for FTS
using a fixed-bed reactor and the results are listed in Table 1. For all
catalysts, the reaction reached a steady state within 6 hours and then
CO conversion remained unchanged. For FTS catalyst (Co/Al,O3)
without CsPW, one can see the typically ASF distribution of
products, which is wide and unselective from C; to Cs,
hydrocarbons (Fig.4a and 4b). In contrast, the introduction of CsPW
into the FTS catalyst led to a remarkable improvement of Cs-Ci,

CO hydrogenation Hydrocraking
-

CO+H Heavier FTS products Gasoline

2FT catalyst Co/Al,O, Polyoxometalates

Scheme 1 The reaction mechanism of bifunctional catalyst
consist of FTS catalyst and polyoxometalates
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Table 1 Effect of CsPW amount on Cs-Cy, selectivity
Catalyst CsPW CsPW SBET Dpore Voore Particle CO conv. Selectivity (%)
(Wt%) content (m%g)  (mm) (cm/g)  size(nm) (%)

(Wt%)” XRD CH.4 CO, GGy Cs-Cip Ci3-Cy  =Coy
Co/ALL03 - - 123.7 12.1 0.41 7.5 84.0 12.6 0 8.2 213 272 30.7
0.05P-F 5 4.97 118.5 8.8 0.26 7.6 85.1 133 2.1 16.9 342 222 113
0.10P-F 10 10.15 110.2 9.7 0.25 79 85.3 15.7 3.7 14.4 42.4 20.6 3.1
0.20P-F 20 19.93 110.4 10.3 0.28 83 82.7 14.5 3.7 13.7 46.4 19.1 2.8
0.50P-F 50 50.32 73.5 10.5 0.18 8.7 77.9 16.5 3.5 10.0 39.3 23.7 7.0
Reaction conditions: H,/CO = 2:1, SV = 6000h™", P = 2.0 MPa, Co/Al,O; catalyst 0.5 g, 523K, 72h. CsPW content was calculated based
on W element.

selectivity (Fig.4a and 4b), namely, the Cs-C;, products increased
from 21.3 to 46.4% by adding 20wt% CsPW into the FTS catalyst,
which was accompanied by only slight decrease in the CO
conversion (the average CO conversion of 0.20P-F catalyst remained
as high as 82.7%). This indicates that the selectivity of gasoline (Cs-
Cyp) was increased by 118%.

The effect of CsPW content (from 0 to 50 wt%) on the Cs-C;,
selectivity was examined at 523K (Fig.4c and Table 1). The Cy;*
products decreased significantly from 30.7 to 2.8% with increasing
CsPW from 0 to 20 wt% (Fig.4d). Such a decrease in C,," products
with the increase of Cs-C; selectivity over the bifunctional catalyst
indicates that C,," hydrocarbons was hydrocracked by acid sites of
CsPW. The results are better than those reported for zeolite at similar
reaction conditions® ''. This indicates that the relatively strong
acidity of the POMs is beneficial to the selective production of
gasoline. However, the C,," selectivity went up to 7% when the
CsPW content increased to 50 wt%, leading to a relatively low CO
conversion (77.9%) and high CH, selectivity (16.5%) over 0.5P-F
catalyst. It is generally recognized that the FTS activity is mainly
dependent on the number of exposed cobalt atoms. The low
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Fig.4. (a) Hydrocarbon selectivity for Co/Al,O; and the
bifunctional catalyst 0.2P-F; (b) ASF distribution of products for
catalysts 0.2P-F and Co/AlL,O;; (c) Effect of CsPW content on
Cs-Cy, selectivity; (d) Effect of CsPW content on C,~
selectivity.
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conversion of CO over 0.5P-F catalyst can be explained as follows:
since CsPW content is large, some of the CsPW possess the pores of
Co/Al,05 and thus cover some of exposed cobalt surface area, which
prevented syngas molecules from contacting with Co active metals.
The selectivity for CO, over 0.10P-F, 0.20P-F, and 0.50P-F catalysts
is 3.5-3.7%, which is much larger than that over Co/Al,O; catalyst
without CsPW. This suggests that the acidity of CsPW enhanced CO
dissociation and promoted the water-gas shift reaction.

Finally, IR spectra revealed that the Keggin type structure of
CsPW was stable in the FTS reaction. As shown in Fig.S8, one can
see four feature peaks (of Keggin type structure) at 804, 888, 985,
1075 cm™ indicating that the primary structure of CsPW remained in
the used 0.20P-F-spent catalyst. However, the other two main bands
of the used catalyst at 2846 cm™' and 2907 cm™ are associated with
the C-H and C-C band vibrations. This is properly due to the
hydrocarbon products retained in the pore of the catalyst.

In conclusion, a highly efficient bifunctional catalyst was
successfully synthesized by introducing CsPW into conventional
FTS catalyst Co/Al,O; for gasoline (Cs-C;,) production from syngas
via FTS reaction. The Cs-C;, production reaches about 44.6% over

J. Mater. Chem. A, 2015, 00, 1-3 | 3
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the bifunctional catalyst, which is significantly larger than the
maximum value (ca. 21.3%) over a conventional FTS catalyst. The
unique acidic property of POMs plays an important role in the
selectivity enhancement. Compared to Fe-based high-temperature
Fischer-Tropsch (>573K) for gasoline-range hydrocarbons, POMs
based bifunctional catalyst consume less energy and possess
relatively high CO conversion and less CO, selectivity”>>. But there
are still two disadvantages of the POMs based catalyst for the FTS
process. Firstly, the gasoline selectivity is still need to be enhanced.
In our resent research, we use POMs promote Ru based FTS catalyst
to obtain higher gasoline selectivity. Secondly, the isomerization of
the Cs-C,, over POMs based catalyst was not as highly as the zeolite
based catalyst. The element composition (such as added Al or Ga
elements) and the type of POMs (using the lacunary POMs or other
type such as Wells-Dawson type POMs) could be changed to
enhance the extent of isomerization.
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Graphical Abstract:
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The introducing of CsPW into Co/Al,O; leads to 118% increase in the selectivity of

gasoline.
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