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The effect of vanadium promotion on activated carbon (AC)-supported cobalt catalysts in Fischer—Tropsch synthesis has been
studied by means of XRD, TPR, CO-TPD, H,-TPSR of chemisorbed CO and F-T reaction. It was found that the CO conversion
could be significantly increased from 38.9 to 87.4% when 4 wt.% V was added into Co/AC catalyst. Small amount of vanadium
promoter could improve the selectivity toward C;o—Cyo fraction and suppress the formation of light hydrocarbon. The results of
CO-TPD and H,-TPSR of adsorbed CO showed that the addition of vanadium increased the concentration of surface-active
carbon species by enhancing CO dissociation and further improved the selectivity of long chain hydrocarbons. However, excess of
vanadium increased methane selectivity and decreased C7 selectivity.

KEY WORDS: AC-supported Co catalyst; Fischer—Tropsch synthesis; vanadium promotion.

1. Introduction

The Fischer—Tropsch synthesis (FTS) is a promising
option for converting coal or natural gas-derived syngas
(CO/H, mixture) to the high quality clean liquid fuels
and high value chemicals. Cobalt catalysts are the pre-
ferred catalysts for the Fischer—Tropsch synthesis due to
their high activity and high selectivity for linear hydro-
carbons, low water-gas shift activity and lower price
compared to noble metal [1,2]. In the Fischer—Tropsch
synthesis, since the active phase is metallic cobalt, hav-
ing the cobalt well reduced and dispersed is required to
have high activity. Silica and alumina are commonly
used as supports for cobalt-based catalyst, but activated
carbon is considered to be more inert than silica and
alumina [3]. The inert of the surface facilitates the
reduction of the metal precursor to the zero-valence
state. On the other hand, owing to their specific features,
such as high surface area, porosity and surface chemis-
try, activated carbon can affect the activity and selec-
tivity of the catalyst [4].

Much attention has been paid to the modification of
the catalytic activity and selectivity for the Fischer—
Tropsch synthesis by means of promoters in the last few
years. A number of studies have demonstrated that
addition of modifiers (e.g. Pt [5], Ru [6,7], Re [8], La
[9,10], Zr [11,12], Th [13]) to cobalt catalysts can
increase reducibility, activity and selectivity to long
chain hydrocarbon. It is mentioned in the literature that
V-promoted Rh catalysts could significantly improve
both the activity and selectivity towards the formation
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of C, oxygenates such as ethanol and acetic acid [14].
Meanwhile, the results of patent suggested that V pro-
motion of Co-based catalyst was efficient for the Fi-
scher—Tropsch synthesis [15]. Guerrero-Ruiz et al. [16]
have also found that the addition of oxide promoters
(MgO, V,0s5, CeO,) enhanced specific activity and selec-
tivity on Ru/C, Co/C catalysts in CO hydrogenation.

Our previous work indicated that activated carbon-
supported Co catalyst favored the formation of
C,0—Cy9 hydrocarbon in Fischer—Tropsch Synthesis
[17]. Meantime, we have also reported that the addition
of ZrO, into Co/AC catalyst could increase CO
conversion and enhance the selectivity to C;p—Cyg
hydrocarbon [17,18]. The purpose of this study was to
investigate the influence of V promotion on the
catalytic performance of Co/AC catalysts for the CO
hydrogenation.

2. Experimental
2.1. Catalyst preparation

Co-based catalysts with different V loadings were
prepared by aqueous incipient wetness impregnation.
The Co loading was 15 wt.% in all the catalysts. In
order to eliminate the mineral impurities, the activated
carbon support (obtained from Beijing guanghua,
almond carbon) was sieved to 2040 mesh and washed
with distilled water before being used. The specific sur-
face area was characterized to be 862.2 m?/g with pore
volume of 0.34 cm?/g. At the first step, the activated
carbon was impregnated with a solution of VO(NO3)3,
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then it was dried at room temperature and calcined at
623 K for 6 hin a flow of N, (40 mL/min). Sequentially,
it was further impregnated with Co(NO3),-6H,O solu-
tion, then dried at 393 K for 10 h and calcined at 623 K
for 6 h in a flowing nitrogen at 40 mL/min.

2.2. XRD measurement

X-ray powder diffraction patterns of samples were
recorded on a Philips X Pert PRO diffractometer using
Cu ko radiation at 40 kV and 30 mA. The spectra were
scanned at a rate of 2.4°/min in the range of
20=30-75°.

2.3. Temperature-programmed reduction (TPR)

The TPR analysis was carried out on America Mi-
cromeritics Autochem 2910 equipment. About 100 mg
of catalyst was placed in a quartz reactor and reduced by
a 10% H,—Ar gas mixture in a flow rate of 50 mL/min.
The temperature was elevated from room temperature
to 1173 K at a rate of 10 K/min and the hydrogen
consumption was recorded with the thermal conductiv-
ity detector. The TPR was calibrated using the reduction
of Ag,O powder.

2.4. Temperature programmed desorption (CO-TPD)

Temperature programmed desorption of adsorbed
CO was carried out in a flow apparatus of America
Micromeritics Autochem 2910. The catalyst sample (ca.
100 mg) was placed in a quartz reactor and reduced by
flowing H, at 673 K for 1 h, then purged by He at the
same temperature for 0.5 h. When it was cooled to room
temperature, 5% CO-He was introduced in pulse mode
for adsorption. After CO adsorption saturation was
achieved, the catalyst was swept with He for 30 min.
Finally, the temperature was elevated from room tem-
perature to 1173 K at heating rate of 10 K in a He flow
at 20 mL/min. The product (m/z=15(CHy), 18(H,0),
28(CO) and 44(CO,)) was simultaneously detected with
a Balsers OmniStar 300.

2.5. Temperature-programmed surface reaction
(H>-TPSR)

Temperature-programmed surface reaction (H,-
TPSR) experiments were conducted on the same appa-
ratus in CO-TPD experiment as described above. A
100 mg sample was reduced in a flow H, at 673 K for
1 h, and then purged by a He flow at the same tem-
perature for 0.5 h. CO was adsorbed by flowing a 5%
CO-He mixture at ambient temperature for 30 min.
Physical adsorbed CO was purged with a He flow for
30 min. Finally, a flow of 20 ml/min 10% H,-Ar was
passed through the catalyst bed when the temperature
was ramped at 10 K/min from 300 K to 1173 K. MS
signal at m/z=15 (CH,4) was recorded.

2.6. Fischer—Tropsch reaction

The F-T reaction was performed using a high-pres-
sure fixed bed reactor. The samples were in situ reduced
in a flow of H, at 673 K for 16 h before reaction. Then
the syngas (H,/CO=2) was fed into catalyst bed and
maintained the reaction conditions of 493 K, 2.5 MPa
and GHSV = 500 h™'. The tail gas was on-line ana-
lyzed by Varian CP-3800 GC with a Porapak QS col-
umn and TCD detector. C4—Cs¢ hydrocarbons in the oil
phase of F-T products were off-line analyzed on Varian
CP-3800 with SE-54 capillary column and FID detector.
In order to determine the possibility of AC methanation
under Fischer—Tropsch synthesis conditions, we detec-
ted the composition of the products during reduction
(reaction temperature was higher than that of F-T
reaction) in a H, flow. The results obtained show that
the methanation of activated carbon carrier under the
F-T reaction conditions can be ignored.

3. Results and discussion
3.1. X-ray diffraction

The XRD patterns of the Co/AC and V-Co/AC
samples calcined in a N, flow at 623 K are shown in
figure 1. The diffraction peak at 36.8° corresponds to the
Co304, while the other peaks at 42.4° and 61.5° are
assigned to CoO species. Many literatures reported that
when cobalt nitrate was impregnated on SiO, or Al,O3,
and followed by calcination at high temperature, Co304
was found to be the dominant Co species [19]. CoO
species in our samples might result from the reduction of
partial Coz04 due to some organic groups on the surface
of activated carbon acting as a reducing agent.
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Figure 1. XRD pattern of Co-based catalysts with various V loadings
after calcination in a N, flow.
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However, Khodakov et al. [20] reported that the pres-
ence of CoO was observed on the Co/SiO, catalyst
heated under N, at 623-673 K. This probably indicates
that heating of the Co/AC sample under inert atmo-
sphere results in reduction of the Co3;04 and its partial
transformation to the CoO species. In the case of V-Co/
AC catalyst, it is obvious that the diffraction peak of
Co030,4 becomes weak. It can also be seen that no dif-
fraction of V,Os5 or the other vanadium oxides peak is
observed, implying V species well disperses on the sur-
face of Co/AC catalysts.

Figure 2 shows XRD patterns of Co/AC samples
with different V loadings after F-T reaction. The dif-
fraction peak of the cobalt metal phase was detected at
20=44.5°. 1t is clear that the diffraction peak of Co
metal becomes weaker and broader with increase of V
loading. The average Co metal particle size calculated
from line broadening analysis by the Scherrer equation
is shown in table 1. The results show that the average
size of cobalt particles of used 15Co/AC is about
17.8 nm, while that of used 15C0o4V/AC is 12.5 nm. It is
evident from these data that the existence of V on the
surface of activated carbon hinders the aggregation of
cobalt species even in the presence of water formed
during the Fischer—Tropsch reaction.

3.2. Temperature-programmed reduction

The TPR profiles of the vanadium-modified Co/AC
catalysts are shown in figure 3. Four reduction peaks are
exhibited for all catalysts. The three major peaks are
found at 587 K (peak f), 734 K (peak y) and 848 K
(peak 0). The first two maximum hydrogen consumption
peaks can be assigned to the two-step reduction of

1Co

\MM

Table 1
Average size of metallic cobalt crystallite of catalysts after reaction
using Scherrer equation

Catalyst d (Co) nm
15Co 17.8
15C00.5V 14.2
15ColV 13.9
15Co2V 13.4
15Co4V 12.5

Co0304 to CoO and CoO to Co [21,22]. The broad
reduction peak between 630 K and 900 K (maximum at
848 K) is attributed to the methane formation, which is
originated from the reduction of the surface functional
group on the activated carbon surface by H, [16,23]. The
weak shoulder peak at 496 K (peak o) due to decom-
position of residual cobalt nitrate on the catalyst is also
observed. The magnitude of this shoulder peak has been
shown to depend on calcinations condition [24].

The quantitative analysis results of the degree of
reduction on V-promoted Co/AC catalysts might be
calculated from the TPR profiles (see table 2). It is well
known that the reduction of Co3;04 to Co passes
through CoO, therefore, the two-step reduction pro-
ceeds as follows: Co304 + Hy, — 3CoO +H,0; 3CoO+
3H; — 3Co + 3H,0. The stoichiometric H, consump-
tion ratio associated with the two reduction steps is
0.33:1. However, since reduction of Cos0y is kinetically
limited [25], the B broad peak will contain a small con-
tribution from reduction of CoO to metallic Co. This is
likely the reason why the calculated value of Co/AC
catalyst in table 2 is slightly higher than 0.33. The
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Figure 2. XRD patterns of Co-based catalysts with various V
loadings after reaction.

Figure 3. TPR profiles for Co/AC and V-Co/AC catalysts before
reaction.
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The consumption of H, during the TPR and the reducibility of Co-based catalysts
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Table 2

Catalyst H, consumption (umol) Bly Reducibility (%) (470-930 K)
o p b 0 Total

15Co 11.6 61.3 163.2 169.1 405.2 0.38 75.4

15C00.5V 14.7 81.9 184.1 177.9 458.6 0.44 85.2

15ColV 9.50 102.4 177.4 145.8 435.1 0.58 93.9

15Co2V 4.10 113.2 167.7 84.9 369.9 0.68 94.5

15Co4V 16.2 117.1 164.8 89.7 387.8 0.71 95.1

hydrogen consumption ratio for the peak f§ to the peak y
of the V modified Co/AC catalysts between 470 K and
700 K is obviously higher than that of Co/AC catalyst,
which indicates reduction of more cobalt oxide to
metallic Co. It is clear that modification of Co/AC
catalyst by vanadium favors to increase reducibility of
cobalt oxide.

3.3. Temperature programmed desorption (CO-TPD)

CO-TPD is a powerful tool to explain by assuming a
reinforcement of the CO-metal bond with a subsequent
C-O bond weakening, it also provides information
about adsorbed CO dissociation. Figure 4 displays the
TPD spectra of adsorbed CO on Co/AC catalyst. Three
desorption peaks of CO appear at 392, 811 and 912 K,
respectively, in CO-TPD profile of the Co/AC catalyst.
The small peak at low temperature (392 K) is due to
desorption of a weakly adsorbed CO while the middle
one at 811 K would arise from a strongly adsorbed CO
[26,27]. The third big peak at 912 K might be assigned to
the decomposition of superficial oxygen complexes
formed during activated carbon preparation or sub-
sequent oxidation [28].
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Figure 4. CO-TPD spectra of Co /AC catalyst.

As shown in figure 4, two CO, peaks are observed at
450 and 811 K. It is observed that the appearance of
CO, is accompanied by the production of CH4 and H,O
at 811 K during the desorption of chemisorbed CO. It is
interesting that the CH4 and H,O desorption peaks are
coincident with the CO, desorption peak. CO, can be
produced during CO-TPD by the disproportionation of
CO and the formation of CH4; and H,O can be
explained in terms of the following reaction sequence:
CO+S— CO (1), CO+S— Cs+05(2), CO+ O
— CO,+S(3) [29], Cs+Hy— CH4(4), Os+Hs —
H,O (5). We noted that there was a lack of H, forma-
tion in CO adsorption—desorption experiments. The
explanation for active hydrogen can probably be ascri-
bed to the decomposition of surface groups on the
support surface. Another possible reason suggested that
hydrogen comes from the reduction process of catalyst.
Active hydrogen cannot be completely removed during
reduction unless by heating to high temperatures at
which sintering occurs. The CH,4 comes from interaction
of active hydrogen with surface-active carbon species
followed by the formation during CO dissociation. At
the same time, the observed production of H>O during
CO-TPD indicates that H»>O is formed by the reaction of
the hydrogen atom with surface-active oxygen species.

Figure 5 shows the effect of vanadium loadings on
the amount of desorption of adsorbed CO in the CO-
TPD experiment. Tejuca et al. [30] reported that the low
temperature peak of the TPD profiles of the oxidized
LaCoO; assigned to desorption of adsorbed CO on
Co”" sites and the high temperature peak assigned to
CO species on metallic Co sites. When vanadium pro-
moter is added, the amount of CO desorption at 8§11 K
enhances while the amount of a weakly adsorbed CO at
392 K decreases with increase of the vanadium addition.
Obviously, it demonstrates that an addition of V can
favor to enhance the strongly adsorbed CO as well as
decrease the weakly adsorbed CO.

The effect of V loading on the amounts of the for-
mation of CO,, CH4 and H,O during CO-TPD is also
shown in figure 5. The relative intensity of CO,, CHy
and H,O of V-Co/AC catalysts increases with the V
loading. These results indicate that the presence of V in
the Co/AC catalyst promotes the dissociation of the C—
O bond.
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Figure 5. Intensities of desorption species versus vanadium loadings of V-Co/AC catalysts (a) CO desorption at 392 K; (b) CO desorption at
811 K; (c) CO, desorption; (d) CH4 desorption; (¢) H,O desorption.

3.4. Temperature-programmed surface reaction (H -
TPSR)

The reactivity of chemisorbed CO under H, flow can
provide useful information about the ability of V species
to dissociate and hydrogenate CO molecule, since the
hydrogenation of surface-active carbon species into
methane is very fast on the catalyst surface, methane
formation can be used as a tool for measuring the CO
dissociation and hydrogenation [31].
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Figure 6. Methane peak during H,-TPSR of adsorbed CO over
V-promoted Co/AC catalysts.

Figure 6 displays the H,-TPSR spectra of adsorbed
CO on Co/AC and V-Co/AC catalysts. There are four
methane peaks in H,-TPSR spectra of the Co/AC cat-
alyst. The former two CH4 peaks at 481 K and 766 K
suggest the formation of two types of carbon species
from the chemisorbed CO. The other two peaks are
assigned to the interaction of hydrogen with the differ-
ent surface oxygen-containing groups on the activated
carbon surface at 855 K and 979 K. The desorption
temperature of the first CH4 peak is close to the reac-
tion temperature of F-T synthesis, while the desorption
temperature of the other CH4 peaks are higher than the
reaction temperature of the F-T reaction. Four peaks of
methane formation are also observed in the H,-TPSR
spectra over the V-Co/AC catalysts. The first peak is
shifted from 481 K to 472 K, 460 K, 458 K and 455 K
when V loadings increase from 0 to 0.5, 1, 2 and 4
wt.%, respectively, indicating that the addition of V
facilitate metallic cobalt to dissociate the CO molecules
and increase the concentration of surface-active carbon
species. Moreover, the relative intensity of methane for
V-Co/AC increases with V loading increasing. The
above observation further confirms that the presence
of vanadium favors to enhance the ability of CO
dissociation and increase reaction activity of the CO
hydrogenation.

3.5. Fischer—Tropsch synthesis

The catalyst activity and product distribution of the
catalysts with various V loadings are shown in table 3.
CO conversion increases unexpectedly from 38.9% to
87.4% when 4 wt.% V is doped into Co/AC samples.
The CHy4 selectivity decreases from 20.4% to 12.1%
when 0.5 wt. % V is added into the Co/AC catalyst,
while Cs™ selectivity increases from 61.4 to 72.0 %. But,
excess of vanadium can increase methane selectivity and
decrease Cs " selectivity.
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Table 3
The effect of V loading on the activity and selectivity of Co/AC catalysts

Catalyst CO conv. (%) Hydrocarbon distribution (wt.%) ASF (o)
C, Coy Cs—Co Ci0-Cao G Cs

15Co 389 20.4 18.2 30.9 28.8 1.7 61.4 0.75

15C00.5V 453 12.1 15.9 34.3 353 2.4 72.0 0.83

15ColV 56.5 13.9 17.5 34.2 322 22 68.6 0.82

15Co2V 73.1 153 18.8 29.9 343 1.7 65.9 0.81

15Co4V 87.4 18.4 18.7 28.1 33.5 1.3 62.9 0.76

Conditions: 7=493 K, P= 2.5 Mpa, GHSV = 500 h!, H,/CO=2.

4. Conclusions

Small amount of V addition into Co/AC catalysts
remarkably exhibits low methane selectivity and high
selectivity toward middle distillates, but excess V addi-
tion can decrease Cs ' selectivity and increase methane
selectivity. CO-TPD and H,-TPSR results of adsorbed
CO show that the existence of V significantly enhances
C-0 bond dissociation and favors the hydrogenation of
surface-active carbon species.
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