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Abstract

Catalytic performances of the CO, reforming of toluene on Co/MgO catalysts with different cobalt loadings were evaluated in a fluidized-bed
reactor. The results showed that the conversion of toluene and the stability of Co/MgO increased, but the apparent reaction rate decreased at
the initial stage with increasing the amount of metallic Co formed from the reduction of Co/MgO catalysts at 700 °C. The deactivation of
Co/MgO catalysts was mainly resulted from that a part of the metallic Co was oxidized by CO, and could not be re-reduced by H, at reaction
temperature. Therefore, the excess metallic Co on the higher Co loading catalysts was beneficial to the catalyst stability.
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1. Introduction

It is well known that biomass is one of the important pri-
mary and renewable energy sources, and its gasification to
produce syngas has been regarded as one of the most promis-
ing options for biomass utilization [1,2]. Generally, syngas
can be used in gas turbine for power generation, and con-
verted into methanol, dimethyl ether, Fischer-Tropsch oils or
other chemical products. However, the syngas produced from
biomass cannot be directly used in these downstream appli-
cations due to the presence of tar, which is recognized as a
byproduct from biomass gasification [3]. Such a kind of tar,
being comprised of a large amount of aromatic compounds,
will cause many severe problems, such as blocking transporta-
tion systems and equipments, as well as heavy coking of cat-
alysts [2,4]. And moreover, tar is very dangerous because of
its carcinogenic character [2].

To eliminate and/or transform tar in fuel gas, many re-
search works have been done and the steam reforming of tar to
produce Hj-rich syngas over Ni-based catalysts has received
much attention around the world [5]. Since steam has been
widely used as the gasification agent [6] and Ni-based cata-
lysts are commercially available for the reforming of naph-
tha, it is expected that the steam reforming over Ni-based
catalysts may be effective for the reforming of tar and/or its

corresponding model compounds [7,8]. Besides the Ni-based
catalysts, supported Co catalysts have been utilized for the
steam reforming of tar. Furusawa et al. [9,10] found that 12
wt% Co/MgO catalyst calcined at 600 °C demonstrated the
best performance (conv. 23%, 3 h) for the steam reforming of
naphthalene. Wang et al. [11] found that 12 wt% Co/Al,O3
showed higher activity and higher resistance to coke deposi-
tion than 12 wt% Ni/Al;O3 in the steam reforming of toluene.

Actually, the concentration of CO; in the raw syngas pro-
duced from biomass gasification is in the range between 10
to 30 vol%, depending on the gasification conditions [12,13].
Therefore, the carbon dioxide reforming of tar would be a bet-
ter choice than the steam reforming of tar for improving the
effective conversion of carbon, the reduction of carbon diox-
ide emission, as well as the avoidance of extra energy con-
sumption for introducing steam. In our previous work [14],
the catalytic performance of Ni/MgO catalyst was compared
with those of Ni/Al,O3, Ni/ZrO, and Ni/SiO; catalysts for
the CO, reforming of toluene, and it was found that Ni/MgO
was the best one among the tested catalysts with the toluene
conversion of 85% at 600 °C and much better stability.

In this work, Co/MgO catalysts with different amounts of
Co loading were prepared and used to evaluate their catalytic
performances for the carbon dioxide reforming of toluene
which was taken as a model compound of tar. The catalysts
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were characterized by XRD and TPR to study the effect of
different Co loading amounts on the catalytic performances.
To our knowledge, Co-based catalysts have never been studied
in regard to the catalytic performance for the carbon dioxide
reforming of tar.

2. Experimental
2.1. Catalyst preparation

Co/MgO catalysts with different Co loadings were pre-
pared by impregnation method. MgO powders (Shanghai
Chemicals, AR, Sggr =34 mz/g) were impregnated with an
aqueous solution of Co(NO3),-6H>0O (Shanghai Chemicals,
AR) at room temperature for 12 h, then dried at 120 °C for
6 h, finally calcined at 700 °C in air for 6 h. Co/MgO cat-
alysts with different Co loading amounts were denoted as
Co(z)/MgO, where zx is the weight percentage (wt%) of Co
loading.

2.2. Characterization

The crystalline phases of the catalyst were examined by
powder X-ray diffraction system (Rigaku, D/MAX 2500/PC)
using Cu K, radiation operated at 45kV and 40 mA.
Diffraction data were recorded using continuous scanning
with a step of 0.05 °/s.

The reducibility of the catalyst was characterized by
temperature-programmed reduction with Hy (H,-TPR). Cat-
alyst (100 mg, 0.3—0.45 mm) was pretreated at 500 °C in
N; flow (40 mL/min) for 30 min in a straight quartz reac-
tor, cooled to 100 °C and then shifted to 5% H,/N, flow
(30 mL/min). The H, consumption was recorded continu-
ously as a function of the reduction temperature by a thermal
conductivity detector (TCD). The amount of H, consumption
was calibrated by reducing a precisely weighed CuO sample.
In all H,-TPR experiments, the temperature was programmed
up to 570, 700 or 800 °C, respectively, with a heating rate of
10 °C/min and maintained at the desired temperature until no
H; consumption could be detected.

H; chemisorption for quantification of metallic Co sites
was measured with a Micromeritics AutoChem 2920 instru-
ment. The catalyst (500 mg) was reduced at 700 °C for 1 h
under 10% Hj/Ar stream. After the reduction, the reduced
catalyst was purged at 700 °C for 20 min and cooled to 40 °C
with Ar (99.995%), then 10% Hy/Ar was pulsed (0.275 mL
per pulse) over the catalyst until no further adsorption of H;
was detected.

The amount of carbon deposited on the used catalyst was
measured by thermogravimetric analysis (TGA) with a con-
troller of Perkin-Elmer, TAC 7/DX. The used catalyst was
pretreated at 500 °C under Ar flow (40 mL/min) for 30 min
to remove adsorbed species, cooled to 100 °C and then heated
from 100 °C to 800 °C under 20% O,/Ar flow (50 mL/min)
with a heating rate of 10 °C/min.

2.3. Evaluation of catalytic activity

The carbon dioxide reforming of toluene was carried out
in a quartz fluidized-bed reactor (i.d.=9.8 mm) at atmo-
spheric pressure. Catalyst (0.5 mL, 0.3—0.45 mm) was ini-
tially reduced in H, flow at 700 °C for 1 h and then cooled
to 570 °C for the reforming reaction. During the reaction,
liquid toluene was supplied with a rate of 0.3 mL/h by an
HPLC pump (ASI, 501) to a constant temperature evapo-
rator (120 °C), where the gas mixture of 285 mL/min ar-
gon (balance gas) and 14.5 mL/min CO; controlled by mass
flowmeters (Brooks, 5850E) was also supplied.

The effluent gases from the reactor were analyzed using
an on-line gas chromatograph (Agilent, GC-6820) equipped
with a TDX-101 column and a thermal conductivity detector
(TCD) to analyze H,, CO, CH4 and CO,. Simultaneously,
toluene and other aromatic products were determined by a
flame ionization detector (FID) with a HP-5 capillary column.
The conversion of toluene (X;) and the content (P;) of CO,
CO; and H; were calculated as follows:

Xt (%) = (Cuin - Ot,out) X 100%/Ct,in (1)

P (%) = Ci,out X 100%/ Cp,out 2)

where Ci i, and Cy oy are toluene mole of the inlet and out-
let gases, respectively. C; oy is the mole of gas out of reactor
(i=CO,H; or COy),and () ou is the total mole of products
out of reactor in which Ar was not included.

3. Results and discussion
3.1. The characterization of Co/MgO catalysts

Figure 1 shows the XRD patterns of Co/MgO catalysts
with different Co loadings. For pure MgO support, five ma-
jor peaks at 260 =36.9°, 42.8°, 62.3°, 74.6° and 78.5° were
identified as the typical face-centered cubic crystallography
of MgO. As Co was supported on MgO, no diffraction peaks
corresponding to cobalt oxides could be detected by XRD, but
the diffraction peaks corresponding to MgO shifted to higher
angles on Co/MgO catalysts. The magnified XRD patterns
for the (2 0 0) plane of MgO as a demonstration (as inserted
in Figure 1) clearly showed that the deviation increased with
increasing the Co loadings, and the lattice parameters (a) of
the (2 0 0) plane changed from 0.4211 nm in pure MgO to
0.4209 nm in Co(5)/MgO and 0.4208 nm in Co(9)/MgO, im-
plying that the interaction between cobalt and MgO formed
new cobalt-containing compounds, such as MgCo,O4 and
Co0O-MgO solid solution [15]. It is difficult to differentiate
MgCo,04 and CoO-MgO solid solution by XRD due to the
fact that the diffraction peaks of them are very close to each
other [16], but these two compounds and cobalt oxides could
be characterized by TPR.

H,-TPR profiles of the Co/MgO catalysts with different
Co loadings are presented in Figure 2. As far as Co/MgO cata-
lysts are concerned, many literatures reported that Co304 can
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be reduced below 500 °C, while MgCo,04 can be reduced
below 700 °C. However, the reduction of CoO-MgO solid
solution requires a temperature higher than 800 °C [16—20].
Therefore, the peak ranging from 350 °C to 500 °C corre-
sponded to the reduction of Co304, and the peak ranging
from 500 °C to 650 °C could be assigned to the reduction
of MgCo,04. The peak ranging from 650 °C to 800 °C,
which was formed by maintaining the temperature at 800 °C,
was related to the incomplete reduction of CoO-MgO solid
solution.
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Figure 1. XRD patterns of Co/MgO catalysts with different Co loadings. (1)
MgO, (2) Co(5)MgO, (3) Co(9)/MgO, (4) Co(15)/MgO

The reduction degrees of the different catalysts reduced
at 570 °C (note that it is the reaction temperature) and 700 °C
(note that it is the pre-reduction temperature before the re-
forming reaction), respectively, were calculated. Table 1 lists
that the reduction degrees of Co species over all Co/MgO
catalysts were below 3% and 5% at 570 °C and 700 °C, re-
spectively, indicating that most of cobalt in Co/MgO catalysts
was present in the form of CoO-MgO solid solution, while
less of cobalt existed as the cobalt oxides and MgCo,04.
The amount of these Co species increased with increasing
the Co loadings from TPR results, but the cobalt oxides and
MgCo,04 phases were not detected by XRD due to their high
dispersion.
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Figure 2. TPR profiles of calcined Co/MgO catalysts with different Co load-
ings

Table 1. Data calculated from TPR profiles of calcined Co/MgO catalysts with different Co loadings

The amount of reduced Co® (umol/gc,t)

Co loading (Wt%)

Reduction degree® (%) Dispersion of

570 °C 700 °C 570°C 700 °C metallic Co® (%)
5 11.8 32.7 1.4 3.9 23.7
21.7 56.2 1.4 3.7 20.1
12 35.2 84.9 1.7 4.2 17.6
15 56.7 115.7 2.3 4.6 16.2

2 Ratio of the metallic Co amount estimated from TPR results to the Co loadings;
b The ratio of the amount of the metallic Co from H, chemisorption results to the amount of the metallic Co from TPR results over the catalyst reduced

at 700 °C

3.2. Catalytic performance of Co/MgO catalysts

Catalytic performances of Co/MgO catalysts reduced at
700 °C for the CO;, reforming of toluene are listed in Table 2.

The reaction products obtained were H, and CO, and hydro-
carbons such as alkane, benzene and so on, were not detected
within the detection limit. Table 2 shows that the toluene con-
version of Co(5)/MgO catalyst was about 90% at the initial
stage (0.5 h), and it increased with the amount of Co loading.

Table 2. Catalytic performance of Co/MgO catalysts with different Co loadings

Co loadings (Wt%) Conversion of toluene? (mol%)

Ratio of CO/H; in products® (mol)

Stabilityb (%) Coke amount (wt%)

5 90.7
9 93.1
12 96.5
15 99.9

3.26 0 0.3
3.25 43.1 -
3.20 78.3 -
3.36 93.5 0.4

2 The conversion of toluene and the ratio of CO/H; in products at 0.5 h on stream;

b The ratio between the toluene conversion at 7 h and that at 0.5 h on stream
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Figure 3 shows a positive linear correlation between the
initial conversion of toluene and the amount of metallic Co
over the Co/MgO catalysts reduced at 700 °C, suggesting that
the metallic Co species from the reduction of cobalt oxides
and MgCo,04 under 700 °C were the active sites for the re-
forming reaction at the initial stage. However, a negative cor-
relation between the initial reaction rate and the amount of
metallic Co was also observed (Figure 3), implying that not
all the metallic Co participated in the catalytic reaction at the
initial stage over the Co/MgO catalysts with higher Co load-
ing.
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Figure 3. Dependences of reaction rate and the initial conversion of toluene
on the amount of metallic Co over Co/MgO catalysts reduced by H, at 700 °C
for1h

Figure 4 shows the stability of the catalysts increased
with the Co loadings. Co(5)/MgO catalyst showed rapid
deactivation during 3h on stream, and the conversion of
toluene decreased from 90.7% in the initial stage to about
zero. Co(15)/MgO catalyst exhibited the smallest decrement
of toluene conversion during 7.5h on stream. The stabili-
ties of Co/MgO catalysts were in the following consequence,
re., Co(15)/MgO>Co(12)/MgO>Co(9)/MgO>Co(5)/MgO,
implying that the excess metallic Co over the higher Co load-
ing catalysts was beneficial to the catalyst stability.
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Figure 4. Dependence of toluene conversion on time on stream over Co/MgO
catalysts. Reaction conditions: 570 °C, 0.005 mL/min toluene, 14.5 mL/min
CO;,, GHSV = 36000 h~!, Ar as the balance gas

Generally, the deactivation of the non-noble metal cata-
lyst for the carbon dioxide reforming of hydrocarbon can be
attributed to the carbon deposition, the sintering of metallic
particles and the catalyst structure change. Table 2 shows the
amount of carbon deposition on the used Co/MgO catalysts
measured by O,-TGA was so little to be neglected, suggest-
ing that the carbon deposition was not the reason for their de-
activation. Table 1 shows that the dispersion degree of the
reduced Co/MgO catalysts decreased with the increasing of
Co loadings, and the metallic Co phase could not be detected
on all Co/MgO catalysts, even for the Co(15)/MgO catalyst
after reduction and reaction by XRD (not shown here), imply-
ing that the metallic Co was in high dispersion state. On the
other hand, if we supposed that the deactivation of Co(5)/MgO
catalyst was caused by the sintering of metallic Co particles,
the reduced Co(15)/MgO catalyst should be sintered rapidly
due to that it had much more amount of metallic Co than the
reduced Co(5)/MgO catalyst (Table 1). In fact, Co(15)/MgO
catalyst was much more stable, implying that the deactiva-
tion of Co(5)/MgO catalyst was not caused by the sintering of
metallic Co particles. Figure 5 shows that the XRD pattern of
Co(5)/MgO catalyst after the CO, reforming of toluene was
almost the same as it was after reduction, and both MgO and
Co0O-MgO solid solution phases could be detected in the pat-
terns.
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Figure 5. XRD patterns of different Co(5)/MgO catalyst samples

The catalytic behavior of the deactivated Co(5)/MgO cat-
alyst after re-reduction in situ by Hj at 700 °C for 30 min was
tested again for the reforming reaction. Figure 6 shows that
the activity was restored, but lost within 3 h on stream. Carry-
ing out this process for several cycles, the similar phenomenon
could be repeated and only about 4% of the initial conversion
of toluene was lost from 92.7% to 89.1% during four cycles.
It suggests that the basic structure of the used Co(5)/MgO cat-
alyst was not changed distinctly during the reaction, and the
sintering of metallic Co particles did not happen. We spec-
ulate that metallic Co over Co(5)/MgO catalyst might be ox-
idized by CO;, and some oxidized Co species could not be
re-reduced to the metallic Co by H and/or CO during the
reforming process at the reaction temperature. Wang et al.
[20] reported that the number of metallic sites was too small
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and most of them were oxidized by CO; for CO; reforming
of CHy over Co/MgO catalysts, and thus, the system became
catalytically less active.

In order to prove the above speculation, the reduction be-
haviors of Co(5)/MgO and Co(15)/MgO catalysts after reduc-
tion at 700 °C then oxidation by CO; at 570 °C for 0.5 h were
examined. Figure 7 shows the cycle TPR profiles, where Fig-
ure 7(1) is the first cycle and Figure 7(2) is the second cycle.
For Co(5)/MgO catalyst, the cycle TPR profile displayed the
reduction of cobalt oxides at the temperature below 500 °C
and the reduction of MgCo,0y4 at the temperature from 500 °C
to 650 °C, confirming that the metallic Co species were oxi-
dized by CO; under the reaction temperature of 570 °C. The
relative ratio of Hy consumption in the second cycle to that in
the first cycle was 0.92, and the area of total reduction peak for
the cobalt oxides decreased while for MgCo, 04 increased, in-
dicating that the amount of the reducible Co species decreased
under the reaction temperature.

Comparing with the TPR result of the fresh Co(5)/MgO
catalyst (Figure 2), the peaks at the temperature range from
200 °C to 500 °C associated to different particle sizes of
Co304 [19] were observed clearly in cycle TPR profile of
Co(5)/MgO catalyst; and the relative ratio of H, consumption
from the first oxidized catalyst to that from the fresh catalyst
was 1.83. It means that the metallic Co sites from a part of
Co0O-MgO solid solution as well as from the cobalt oxides
and MgCo,04 were oxidized by CO;, and the oxidized Co
sites formed redistributed and/or diffused into the MgO sup-
port [21].

A similar phenomenon was also observed over
Co(15)/MgO catalyst, but Co(15)/MgO catalyst was more
stable in the activity. Perhaps, the amount of the excess metal-
lic Co on the Co/MgO catalysts reduced at 570 °C increased
with the increase of Co loadings. It is partially supported by
a sharp peak with more intensity for the reduction of cobalt
oxides over Co(15)/MgO catalyst in the cycle TPR profiles.

In addition, the catalyst is circulated continuously be-
tween the bottom zone and the upper zone in the fluidized bed
from time by time. Actually, the bottom zone was an oxida-
tive atmosphere region, since toluene and CO, were supplied
from the bottom of the reactor with a larger amount of CO,.
In this oxidative region, metallic Co catalyzed the reforming
reaction; at the same time, some of them might be oxidized to
cobalt oxides by CO,. The upper zone was a reductive atmo-
sphere region, where H, and CO were produced at the expense
of CO; consumed. In this reductive region, some kinds of the
oxidized metallic Co could be re-reduced by H, and/or CO.
If such oxidation-reduction cycle went successfully on at the
reaction temperature, the catalyst could maintain its efficient
activity. However, the used Co(5)/MgO re-reduced at 570 °C
had a poor activity, while re-reduced at 700 °C restored its
activity as shown in Figure 6, revealing that the oxidation-
reduction cycle on the Co(5)/MgO was unsuccessfully at the
reaction temperature. With the amount of Co loading increas-
ing, Table 1 shows that the amount of metallic Co from the re-
duced catalysts at the reaction temperature increased. For ex-
ample, the amount of metallic Co over Co(12)/MgO reduced

at 570 °C (35.2 pumol/gcar) can match with that of Co(5)/MgO
reduced under 700 °C (32.7 pmol/gca). The excess active
Co species were responsible for a stable high catalytic per-
formance. In addition, more H, and CO produced with the
increasing Co loading, which were beneficial to the reduction
of cobalt species in the upper zone of the fluidized bed.
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Figure 6. Cyclic activity of the Co(5)/MgO catalyst. In each cycle, the de-
activation catalyst was reduced in situ by Hy at 700 °C for 0.5 h, and then the
reforming reaction was carried out at 570 °C
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Figure 7. The cyclic TPR profiles of Co(5)/MgO and Co(15)/MgO catalysts.
(1) The catalyst oxidized by CO, at 570 °C for 0.5 h after the fresh catalyst
reduced at 700 °C, (2) the catalyst re-oxidized by CO; at 570 °C for 0.5h
after process (1)

4. Conclusions

The catalytic performances of Co/MgO catalysts for CO,
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reforming of toluene were investigated. The activity and sta-
bility of Co/MgO catalysts increased with the amount of Co
loading. The catalyst characterization results showed that the
Co0O-MgO solid solution could not be reduced and was inac-
tive for the reforming reaction, while the metallic Co formed
from the reduction of cobalt oxides and MgCo,04 was re-
sponsible for the initial catalyst activity of CO; reforming of
toluene.

Moreover, the initial activity was linearly related to the
amount of metallic Co formed from the catalysts reduced at
700 °C, while the stability was closely related with the amount
of metallic Co formed from the catalysts reduced at the reac-
tion temperature. The deactivation of Co/MgO catalysts was
mainly caused by that a part of the metallic Co was oxidized
by CO; which could not be re-reduced by H, and/or CO at the
reaction temperature.
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