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Co-promoted Na,WO,4/Mn/SiO, catalysts were prepared and used in the reaction of C;Hg with CO,. XRD,
XPS techniques were employed to study the structure of the fresh and post-reacted catalysts. It was
found that the existence of Co was in favor of the reforming of C;Hg to synthesis gas. The Co species were

Keywords: reduced into metal Co, which might act as the active phase for CO production. Over Co-promoted

Ethane Na,WO0,4/Mn/SiO, catalysts in the reaction process, the oxidative dehydrogenation and reforming of

E?hzl ethane by CO, might be tuned. Under the conditions of C;Hg/CO, =1/5, F=60 ml/min, 750 °C, the
ylene

Synthesis gas
Na;WO0,4/Co-Mn/SiO,

catalyst dosage of 0.3 g, products with molar ratio of C;H4/CO/H; = 1/1/1 could be obtained from C,Hg
and CO,, and could be used directly into hydroformylation to propanal.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The catalytic conversions of light alkanes to corresponding
alkenes are investigated extensively for its energy-saving character.
Ethylene, as an important intermediate, is mainly produced by
steam cracking of hydrocarbons. The oxidative dehydrogenation of
ethane (ODE) is a promising route for ethylene production. Many
researches [1-7] proved that several metal oxides, such as gallium
oxide, chromium oxide, vanadium oxide, molybdenum oxide and
nickel oxide were effective in the oxidative dehydrogenation of
ethane. Carbon dioxide, as a greenhouse gas, is a promising and mild
oxidant for the dehydrogenation of ethane. Compared to O,, CO,
possesses several advantages, because CO, can act as a medium for
heat supplying and maintain the catalyst life by removing coke
formed on the catalyst surface [8]. Although there are merits in ODE
reaction with CO,, the cost of the separation and the utilization of H,
and CO generated in the above reaction should be taken into account.

Alternatively, we noticed that the mixture of C;Hy4, Hy and CO
with a molar ratio of C;H4/CO/H, =1/1/1 can be directly used as
feedstock for hydroformylation to propanal. In our previous
studies [9], the gas mixture with a molar ratio of C;H4/CO/
H,=1/1/1 was obtained simultaneously in dual catalyst bed
system from oxidative coupling of methane (OCM), using Na,WO,/
Mn/SiO, and Co/y-Al,05 as the catalysts. However, because of the
low methane conversion, the yield of ethylene just reached about
13.0%, which needed to be improved for further industrialization.

On the contrary, in the dehydrogenation of ethane with CO,, the
products consisting of ethylene with relatively high concentrations
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can be obtained. Synthesis gas, however, is often yielded as the
major by-products with lower concentrations. Since the relative
molar ratio of synthesis gas is less than that of ethylene in ODE
with CO; in general, it becomes effective to improve the proportion
of synthesis gas in term of enhancing synthesis gas production. Co-
based catalysts, for instance, are reactive for partial oxidation of
low hydrocarbons to produce synthesis gas. Many studies on the
Co-based catalysts were reported in the partial oxidative of
methane (POM) and ethane (POE) [10-15]. Nishimoto et al. [16]
found that Co-loaded on oxidized diamond catalysts exhibited
excellent performance for this reaction without carbon deposition
for prolonged experiments.

The Na,WO0,4/Mn/SiO, catalyst system was first reported by
Fang et al. [17,18] for the oxidative coupling of methane in 1992,
and then this system has been extensively studied by many
research groups [19-24] for its excellent catalytic performance in
OCM reaction. In a single-pass operation, 66.9% selectivity at 37.7%
CH,4 conversion could be obtained [17]. Up to 80.0% C, selectivity at
33.0% CH,4 conversion over this catalyst system had been reported
by Palermo et al. [19]. Ji et al. [25] proposed that the surface WO,
tetrahedron is essential to the oxidative coupling of methane over
Na,WO04/Mn/SiO, catalyst.

In this paper, we proposed a new strategy to convert ethane and
CO, to synthesis gas and ethylene in desired relative molar ratios
(CaH4/COJ/H =1/1/1). NayWO4/Mn/SiO,, one of the effective
catalysts in OCM for ethylene production [20-23] is employed
as an ODE catalyst. Because Co-based catalysts are reactive for
partial oxidation of low hydrocarbons to produce synthesis gas,
especially for CO-rich synthesis gas production, we investigated
the effect of Co addition on the performance of Na,WO,4/Mn/SiO,
catalyst in ODE reaction with CO, to produce synthesis gas and
ethylene simultaneously.
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2. Experimental
2.1. Catalysts preparation

The NaaWO4(5 wt%)/Co(x wt%)-Mn(2 wt%)/SiO, catalysts, noted
as Co(x), where x donated the percentage of Co in the catalyst, were
prepared by incipient wetness impregnation method. The SiO,
support (20-40 mesh, 317 m?/g) was impregnated with aqueous
solution containing appropriate concentrations of both Mn(NOs),
and Co(NOs), for 24 h and dried at 120 °C for 4 h, then calcined at
800 °C for 5 h. The thus-obtained samples were then impregnated
with Na,WO, aqueous solution for 24 h and dried at 120 °C for 4 h,
and finally calcined at 800 °C for 5 h.

The Na;WO4(5 wt%)/Si0,, Co(12 wt%)/SiO, and Mn(2 wt%)/SiO,
catalysts were prepared by impregnation of SiO, support (20-
40 mesh, 317 m?/g) with aqueous solutions containing appropriate
concentrations of corresponding precursors for 24 h and dried at
120 °C for 4 h, then calcined at 800 °C for 5 h.

2.2. Catalytic activity test

The catalytic activity test was carried out in a fixed-bed flow
micro-quartz-tube reactor under ambient atmospheric pressure.
0.3 g granular catalyst with 20-40 mesh was loaded in the middle
of the reactor. The catalyst was heated from room temperature to
reaction temperature (750 °C) at the rate of 10 K/min in a flow of
Argon (99.99%, 20 ml/min) before the introduction of reactant
gases. Then the reactants, C;Hg (99.95%) and CO, (99.95%) with
suitable molar ratio, were co-fed into the reactor without any
diluents. The flow rate of reactant gases were controlled by mass
flow controllers (D07-11A/ZM made by Beijing Sevenstar Hua-
chuang Electronic Co. Ltd.). At the reactor outlet, a cold trap and a
desiccator were employed to remove the water from the effluent
stream. Then the effluent after removal of water was analyzed by
an on-line gas chromatograph (Agilent 1790 GC) with a plot-C2000
capillary column for separating the products and a TCD to
determine the amount of each component. Each data discussed
in this paper was obtained after the reaction got its stabilization
state in about 10 h, and the deviation of the activity was +0.2%. The
conversions of reactants and the selectivities of products were
calculated assuming that the hydrocarbons in the effluent gas (CoHy
and CH4) came from C,Hg while CO came from CO, and C,He.

2.3. Catalyst characterization

The fresh and post-reacted catalysts were comparatively
characterized by XRD and XPS techniques. The X-ray diffraction
patterns of the catalysts were obtained with a DX-1000 CSC
diffractometer using Cu Ka monochromatic radiation X-ray. The
unit was operated at 40 kV and 25 mA over the scattering angle of
20 from 10° to 70° with a step of 0.06°/min. The XPS measurements
of the catalysts were carried out with a XSAMS800 spectrometer
using Al Ka radiation, and the binding energy was calibrated with
XPS signals of Cl1s at 284.8 eV. The surface compositions of each
component were calculated from peak areas using the sensitivity
factors, which were provided from the software of the instrument.

3. Results and discussion
3.1. Characterization of the catalysts

3.1.1. XRD results

The fresh and post-reacted catalysts with different Co loadings
were characterized by X-ray diffraction and the results were
presented in Figs. 1 and 2, respectively. As shown in Fig. 1, -
cristobalite existed in all of the fresh catalysts, and the diffraction

A

Fig. 1. The XRD profiles of the fresh catalysts. (a) Na;WO,4/Mn/SiO,; (b) Co(0.5); (c)
Co(2); (d) Co(4); (e) Co(8); (f) Co(12); (g) Co(16). Symbols: a-cristobalite (A);
CoWO, (A); CoSiO3 (M); Mn;03 (O); Co,Si04 ().

intensity decreased with increasing loading of Co promoter.
Especially, when the loading of Co was more than 4%, the peak
intensity of a-cristobalite decreased drastically. The peaks for
Co,03 and Co304, however, were not observed in the XRD patterns.
Instead, the peak assigned to CoWO, could be detected in Co(2)
catalyst, and its intensity increased slightly in Co(4) catalyst. When
the loading of Co increased from 8 to 12 wt%, the crystalline of
CoWO, disappeared and the diffraction peaks assigned to CoSiO3
were observed. When the loading of Co increased to 16 wt%, the
peaks corresponding to Co,SiO4 were observed while those for
CoSiOs could not be detected. The decreasing peak intensity for -
cristobalite accompanied by the formation of metasilicate or
silicate species suggested that the existence of Co destruct the
crystalline of a-cristobalite in certain extent. The crystalline form
of Mn,05 appeared only in Na,WO,4/Mn/SiO; and Co(0.5) catalyst.
These data indicated that complex interactions between the
components existed depending on the amount of Co added.

As compared to the fresh catalysts, additional peaks assigned to
quartz phase were observed on all of the post-reacted catalysts.
The existence of crystalline of quartz illustrated that a part of a-
cristobalite was transformed into quartz, which is in accordance
with the results observed in OCM reaction [26]. After the reaction
of ODE with CO,, the peaks assigned to Mn,Os; and/or MnO,
disappeared. NaCoO, was detected only in Co(2) catalyst. When
the loading of Co exceeded 2 wt%, crystalline metal Co started to
appear and the peak intensity increased with further increase of Co

Fig. 2. The XRD profiles of the post-reacted catalysts. (a) NaWO,4/Mn/SiO;; (b)
Co(0.5); (c) Co(2); (d) Co(4); (e) Co(8); (f) Co(12); (g) Co(16). Symbols: NaCoO, (H);
a-cristobalite (A); quartz (A); Co (O).
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Table 1

The surface compositions (at%) of the components of the fresh catalysts.

Catalyst Na(1s) (at%) W(4f) (at%) Co(2p) (at%) Mn(2p) (at%) Si(2p) (at%) O(1s) (at%) Na/W
Na;WO04/Mn/SiO, 7.21 4.10 0 1.50 23.85 63.34 1.76
Na;WO04/Co(0.5)-Mn/SiO, 5.93 1.24 1.64 1.11 25.36 64.72 4.78
Na,WO04/Co(2)-Mn/SiO, 5.95 1.47 1.96 2.12 24.92 63.58 4.05
Na,WO0,4/Co(4)-Mn/SiO, 5.03 1.41 1.99 1.75 25.48 64.35 3.57
Na,WO4/Co(8)-Mn/SiO, 5.32 0.95 2.51 2.11 24.77 64.33 5.60
Na,WO04/Co(12)-Mn/SiO, 5.78 1.06 4.61 2.12 23.41 63.02 5.45
Na,WO0,4/Co(16)-Mn/SiO, 5.10 0.93 4.66 1.47 25.44 62.40 5.48
Table 2

The surface compositions (at%) of the components of the post-reacted catalysts.

Catalyst Na(1s) (at%) W(4f) (at%) Co(2p) (at%) Mn(2p) (at%) Si(2p) (at%) O(1s) (at%) Na/W
Na,WO04/Mn/SiO, 6.86 1.84 0 2.65 23.70 64.95 3.73
Na;WO04/Co(0.5)-Mn/SiO, 6.10 2.00 0 2.33 23.72 65.85 3.05
Na,WO04/Co(2)-Mn/SiO, 6.38 1.98 1.60 2.25 24.42 63.37 3.22
Na,WO0,4/Co(4)-Mn/SiO, 6.13 2.40 4.03 1.71 21.68 64.05 2.55
Na,WO4/Co(8)-Mn/SiO, 5.74 2.28 4.08 2.11 22.59 63.21 2.52
Na;WO04/Co(12)-Mn/SiO, 6.09 2.07 5.46 1.89 21.76 62.73 2.94
Na,WO04/Co(16)-Mn/SiO, 6.38 2.36 6.04 243 20.47 62.33 2.70

loading. Especially, when the loading exceeded 4 wt%, the peak
intensity corresponding to metal Co increased obviously. The
intensity of a-cristobalite phase decreased with increasing loading
of Co, but it was still greater than that of the corresponding one of
fresh catalyst. The above results indicated that the Co species were
reduced and a part of a-cristobalite crystalline should be recovered
after the reaction.

3.1.2. XPS results

The surface compositions of fresh Co-promoted Na,WO4(5)/
Mn(2)/SiO; catalysts were measured by XPS technique. The results
were listed in Table 1.

For all the fresh catalysts, there was little difference in binding
energies for all the elements, which illustrated that the oxidation
states of the surface species were not altered with the addition of
Co promoter. A part of the surface sodium might be presented in a
form other than Na;WOy,, as the surface Na/W atomic ratio was
higher than 2. This is in accordance with the results reported in our
previous investigation [23]. As shown in Table 1, with the addition
of Co, the surface concentrations of Na and W decreased obviously.
This implied that the addition of Co was inhibitory for the
enriching of Na and W on the catalyst surface.

As shown in Table 2, the surface concentration of Na and W
became larger on the Co-promoted catalysts after the reaction, and
the atomic ratio of Na/W was still more than 2. It should be noted
that, when the amount of loading was less than 2 wt¥%, the
concentration of Co species was decreased as compared to that of
the fresh catalyst. Especially, we cannot detect surface Co species
on Co(0.5). On the contrary, when the amount of loading exceeded
4 wt%, the surface concentration of Co increased. These results
suggested that after the reaction, Co species on the surface could
disperse well when the loading amount was less than 2 wt% and
aggregate when the loading amount was more than 4 wt%, which is
in accordance with the XRD results mentioned above.

3.2. Catalytic performance

3.2.1. Effects of Co loading

Under the conditions of CoHg/CO, = 1/5, F =60 ml/min,750 °C,
the catalyst dosage of 0.3 g, the catalytic behavior of Na,WO,4(5)/
Mn(2)/Si0O, in ODE with CO, was investigated firstly. As shown in
Table 3, over the Na,WO4(5)/Mn(2)/SiO, catalyst without Co

addition, the conversions of C;Hg and CO, were 50.5 and 9.0%,
respectively, and the selectivity of C;H4 was 94.2%. For this system,
the molar ratio of C;H4/CO/H, obtained was 1/0.49/0.92 with the
C,H4 yield of 47.6%. However, the concentration of CO was
relatively low.

On the other hand, when Na,WO,4/Mn/SiO, catalyst was
modified with Co, the conversions of C;Hg and CO, exceeded
55.6 and 10.0%, respectively, indicating that the addition of Co
moderately improved the catalytic activities of Na,WO,4/Mn/SiO,.
Under the same reaction conditions, especially over Co(2) catalyst,
the conversion of C;Hg reached the maximum value of 60.3%, and
over Co(8) catalyst, the conversion of CO, reached the maximum
value of 15.0%. The selectivity of C,H4 kept almost constant around
93% over the majority of catalysts, however, it dropped to the
minimum value of 84.7% over Co(16) catalyst, which might be due
to the fact that the excessive Co promoter inhibited the ODE
reaction partially and favored the reforming of C;Hg by CO,. The
molar ratio of CO in products increased almost monotonically with
the increase of Co loading firstly, and reached about 1 over Co(4).
When the amount of Co loading exceeded 4 wt%, the molar ratio of
C,H4/CO/H; changed slightly, and the desired molar ratio can be
obtained over Co(4), Co(8), Co(12) and Co(16) catalysts. The molar
ratio of H, was fluctuant over the range of 0.91-1.03. Under the
condition of C;Hg/CO, =1/5, F=60 ml/min, 750 °C, the catalyst
dosage of 0.3 g, the optimum value of C;H4/CO/H, =1/1/1 over
Co(12) catalyst can be obtained with the C;H, yield of 51.6%, which
was fairly suitable for directly use in hydroformylation to propanal.

To evaluate the exact effects of Co species in this reaction
system, the catalytic performances of sole component supported

Table 3

The influence of Co loading on the catalytic performance.

Catalyst Conv. (%) Sele. (%)  Yield (%) CyH4/CO/H,

CGHs CO; GHy CyHy

Na,WO4/Mn/SiO, 50.5 9.0 942 47.6 1/0.49/0.92
Na,WO04/Co(0.5)-Mn/Si0,  56.0 10.0 93.6 52.3 1/0.56/0.95
Na,WO0,4/Co(2)-Mn/SiO, 60.3 126 90.7 54.7 1/0.76/0.96
Na,WO4/Co(4)-Mn/SiO, 56.2 147 935 52.5 1/0.93/1.03
Na,WO4/Co(8)-Mn/SiO, 55.8 15.0 92.8 51.8 1//0.97/0.91
Na,WO0,4/Co(12)-Mn/Si0, 556 147 929 51.6 1/1.00/1.00
Na;WO04/Co(16)-Mn/Si0,  56.6  13.8 84.7 48.0 1/1.03/0.98
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Table 4

A comparison of catalytic performances of different catalysts.

Catalyst Conv. (%) Sele. (%) Yield (%) C,H,4/CO/H, C balance (%)
CoHe CO, CoHy CoHy

Empty tube (C;Hg/Ar) 65.6 - 84.2 55.2 1/0/1.02 85.5

Empty tube (C;Hg/CO>) 57.5 6.0 98.2 56.7 1/0/1.00 96.2

Mn(2)/Si0, 52.9 10.0 99.5 53.4 1/0.42/1.00 97.3

NayWO04(5)/Si0, 58.3 10.1 98.4 57.4 1/0.49/0.99 96.8

Co(12) /SiO, 69.2 325 56.6 39.2 1/3.92/1.67 91.3

Na,WO0,4/Mn/SiO, 50.5 9.0 94.2 47.6 1/0.49/0.92 95.4

NayWO04/Co(12)-Mn/SiO, 55.6 14.7 92.9 51.6 1/1.00/1.00 96.3

on SiO, were also comparably investigated, and the results were
presented in Table 4. The conversion of C;Hg (57.5%) and the
selectivity of C;H4 (98.2%) in the blank experiment suggested that
both the thermal cracking of C;Hg and the oxidative dehydrogena-
tion by CO, may occur readily in the absence of catalyst. When Ar
was substituted to CO, in the blank experiment, the conversion of
C,Hg increased to 65.6%, but the selectivity of CoHy (84.2%) as well
as the carbon balance of 85.5% suggested that the thermal cracking
of C;Hg mainly proceeded with coke formation in the absence of
CO,. On the other hand, the Mn(2)/SiO,, Na,W0O4(5)/SiO, and
Na,WO0,4/Mn/SiO, catalysts exhibited a moderate activity for the
reforming of C,Hg by increasing the conversion of CO,. Over
Co(12)/Si0O, catalyst, as compared to other catalysts, the conver-
sions of C,Hg and CO, were much higher, which reached 69.2 and
32.5%, respectively, while the selectivity and corresponding yield
of C,H,4 decreased to 56.6 and 39.2%, respectively. Therefore, the
molar ratios of CO and H, in products were higher than that of
ethylene. It was obvious that the Co species was effective for the
conversions of C;Hg and CO».

3.2.2. The optimization of reaction conditions

As shown in Table 3, it was found that the conversion of CO, was
relatively low. It might be attributed to the fact that CO, was much
more excessive than C;Hg under the above reaction condition
(C3Hg/CO3 = 1/5). In order to improve the conversion of CO, to the
target products, the influence of C;Hg/CO- on the reaction was also
tested over Co(12) catalyst by keeping the total flow rate and the
reaction temperature constant. The catalytic performance got its
stable situation in about 3 h, and the results obtained after 10 h
were listed in Table 5.

As shown in Table 5, the conversion of C,Hg increased from
55.6% (C2Hg/CO, = 1/5) and reached the maximum of 62.8% (C,Hg/
CO,=1/1) in the range of 1/5 to 1/1, and then decreased with
further increase of C;Hg/CO,. With the increase of C;Hg/CO,, the
conversion of CO, increased continuously from 14.7 to 45.1%,
whereas the selectivity and the corresponding yield of C,H,
decreased sharply from 92.9 and 51.6% to 45.4 and 25.2%,
respectively. It should be noted that the carbon balance decreased
gradually with increasing C,Hg/CO, ratio, which indicated
increasing carbon deposition. In another control experiment with
a molar ratio of C;Hg/CO, = 5/1, the deposited carbon could block

Table 5

The influence of C;Hg/CO, on the catalytic performance.

C,Hg/CO, Conv. (%) Sele. Yield C,H4/CO/H, C balance
. (%) (%) (%)
CoHe CO, CoHy CoHy

1/5 55.6 14.7 92.9 51.6 1/1.00/1.00 96.3

1/3 61.5 22.5 771 47.4 1/1.14/1.06 92.5

1/1 62.8 43.8 534 335 1/1.51/1.32 84.6

311 55.5 451 454 252 1/1.06/1.23 80.2

the reactor within about 3 h, which confirmed the above
deduction. It is shown that sufficient amount of CO, must be
provided to the reaction system in order to remove the coke
formed from ethane cracking.

The influence of total flow rate was studied over Co(12) catalyst
by keeping the C;Hg/CO,=1/5 and the reaction temperature
constant. As shown in Table 6, it was found that the conversions of
C,Hg and CO, decreased with the increase of total flow rate in the
entire range, from 65.3 and 19.1% to 41.2 and 10.5%, respectively.
This might be due to that the increase of flow rate resulted in the
decline of the contact time on the catalyst surface. However, the
selectivity of C;H4 increased from 83.6 to 98.3%, and the carbon
balance exceeded 94.0% and increased slightly. This implies that
the thermal cracking of ethane is a kinetically controlled process,
and short contact time favors the selectivity of ethylene and
inhibits carbon deposition. However the ODE and/or reforming of
ethane by CO, need sufficient contact time. The deposited carbon
could be neglected for its little amount. Therefore, the net result
was the decline of CO production with increasing flow rate.

3.2.3. The role of CO, in the reaction system

At the reaction temperature of 750 °C, the pyrolysis of C;Hg to
carbon formation was inevitable. As mentioned above, in the
present system, the thermal cracking of C;Hg and the reforming of
CyHg by CO, occurred simultaneously. Many researchers [2,8]
reported that CO, can remove coke formed from the thermal
cracking on the catalyst surface. A comparison of the yield of CO
and the conversion of C;Hg showed that the formation of CO not
only originated from CO, but also from C,Hg. Decreasing the
proportion of CO5 in the feed resulted in not only the decrease of
the amount of the carbon deposited being oxidized to CO by CO,
but also the decrease of reforming of C;Hg by CO,. As mentioned
above, it is clearly seen from the comparison of the blank
experiments with the catalyzed ones that the increase of carbon
balance and CO yield in the presence of CO, suggested the steadily
occurrence of reforming of C;Hg by CO».

3.2.4. Effects of Co phases on the reaction

Over Na;WO0,4/Co(12)-Mn/SiO, catalyst, the yield of C,H, varied
from 68.0% at the beginning to 54.0% in about 3 h and then kept
almost the constant value of 52.0%. The conversion of CO,

Table 6
The influence of total flow rate on the catalytic performance.
B Conv. (%) Sele. Yield C,H,4/CO/H, C balance
(ml/min) (%) (%) (%)
C;Hs CO, CoHy CoHy
30 65.3 19.1 83.6 54.6 1/1.24/1.23 94.1
45 60.3 15.7 89.5 54.0 1/1.13/1.02 95.0
60 55.6 14.7 92.9 51.6 1/1.00/1.00 96.3
75 47.4 115 96.5 45.8 1/0.72/0.88 96.6
90 41.2 10.5 98.3 40.5 1/0.70/0.93 974
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Fig. 3. The catalytic activity and stability of Co(12) versus reaction time. (l) The
conversion of C,Hg, (A) the conversion of CO,, (x) the selectivity of C;Hy, (<) the
yield of C;H,.

increased from 12.5 to 14.7%. The catalytic activity and stability of
NayWO04/Co(12)-Mn/SiO, catalyst along with the reaction time
were presented in Fig. 3, and the distribution of products versus
reaction time was plotted in Fig. 4. To identity the structural
evolution of NayWO0,4/Co(12)-Mn/SiO, catalyst along with the
reaction, the fresh and post-reacted catalysts with different
reaction time were characterized by XRD and the results were
comparably presented in Fig. 5.

As shown in Fig. 3, the conversion of C,Hg decreased sharply
within 2 h, and then decreased slightly along with the proceeding
of reaction. The conversion of CO, exhibited a slight increase. In
contrast, the selectivity of C;H4 maintained at a constant value of
93.0% after 2 h, and the corresponding yield of C;H, decreased
slightly. On the other hand, as shown in Fig. 4, the ratio of H,/
C,H4 was slightly fluctuant around 1, further suggesting the
dehydrogenation of C;Hg proceeded steadily. However, the ratio
of CO/C,H, increased from 0.6 at the beginning and reached 1 in
about 7 h.

The XRD profiles of Na,WO,4/Co(12)-Mn/SiO, catalyst showed
the appearance of peaks assigned to Co within 2 h. The intensity of
these peaks increased at the reaction time of 4 h and varied slightly
with the proceeding of reaction. Therefore, it was reasonable to
deduce that Co species might be reduced by CO and/or H; generated
from the reaction. After 4 h of the reaction, the reduction of Co
completed. Correspondingly, the molar ration of CO/C;H,4 increased
to about 0.8, suggesting that Co metal was responsible for the steady
production of CO. It was also found that the new peaks assigned to
quartz started to appear after the reaction time of 8 h, and became
more obvious at the reaction time of 10 h. While the intensity of -
cristobalite phase increased with the increase of reaction time, it
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Fig. 4. The evolution of molar ratios of H,/C,H4 and CO/C,H,4 along the reaction time.
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Fig. 5. The XRD profiles of Co(12) catalyst with different reaction time. (a) Fresh
catalyst; (b)2 h; (c)4 h; (d) 6 h; (e) 8 h; (f) 10 h. Symbols: a-cristobalite (A); quartz
(A); Co (M); CoSiOs (O).

might illustrate that a part of a-cristobalite crystalline should be
recovered gradually along with the reaction proceeded.

By combining the XRD results and catalytic performance, we
hypothesized the potential effects of Co promoter as follows: (1) Co
catalyst was effective in the reforming of C,Hg by CO,, and
especially facilitated the production of CO. This is in accordance
with the results of Iwasaki et al. [27]. (2) The addition of Co could
improve the catalytic activity even with low loading. In the present
work, the conversion of C,Hg and CO, increased after the addition
of Co promoter. (3) The addition of Co destructed the crystalline of
a-cristobalite of the catalysts. During the reaction, the Co promoter
could facilitate the migration of Na and W from the bulk to the
catalyst surface.

4. Conclusions

Over Co-promoted Na,WO,4/Mn/SiO; catalyst, the synthesis gas
and ethylene with the molar ratio of C;H4/CO/H; =1/1/1 can be
obtained under the optimal conditions: CoHg/CO, = 1/5, F = 60 ml/
min, 750 °C, the catalyst dosage of 0.3 g, and the product gases can
be used directly into hydroformylation to propanal.

Co exhibited different affinities to combine WO, at low
loading and SiO, at high loading. During the reaction, the Co
species were reduced and a part of a-cristobalite crystalline
should be recovered. When the loading of Co exceeded 2 wt%,
crystalline metal Co started to appear and the metal particles
become larger with further increase of Co loading. The addition
of Co was inhibitory for the enriching of Na and W on the catalyst
surface.

CO, can remove the coke formed on the catalyst surface and
facilitate the reforming of ethane for CO production. Co promoter
improved the catalytic performance moderately by enhancing the
reforming of ethane with CO,. Co promoter could also destruct the
crystalline of a-cristobalite. The Co species were reduced into
metal Co during the reaction, which might act as the active phase
for CO production.
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