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ABSTRACT

Co oxide loaded smectite clay minerals catalysts showed high hydrodesulfurization
(HDS) activity of thiophene used as a model compound. Among these catalysts, HDS activity
of Co oxide loaded porous saponite was higher than CoMo/Al;0; which is known to be a
highly active catalyst for HDS. Further, HDS activity was increased by the calcination up to
600°C before Co oxide loading. MgO content was decreased and CoO content was increased
with increasing calcination temperature up to 600°C before Co oxide loading. These catalysts
were characterized by means of XRD and XPS. The correlation between the characteristics of
catalysts and their activities were discussed. It can be concluded that (1) there are two types
of Co oxide species : between the clay layers due to ion exchange with Na : and at the edge of
the clay layer due to ion exchange with Mg, and (2) the latter type is highly active for
thiophene HDS reaction.

INTRODUCTION

Generally, HDS catalyst applied in industry are derives from oxides of an element of
Group VIB (Mo or W) and Group VIII (Co or Ni) supported on Al,05. Catalytic activity is
supposed to be connected with the presence of Group VIB elements while Group VIII
elements are believed to act as promoters. However, it has been reported recently that only
one metal, such as Co or Ni, oxide loaded on some supports shows hig.er HDS activity than
CoMo/AL Qs catalysts. Duchet et al. has reported the high HDS activity of carbon-supported
Co sulfide”. In another report, Kloprogge et al. prepared Ni sulfide supported on Al oxide
pillared montmorillonite catalysts with a high thiophene HDS activity?. Further, Sychev et al.
has reported that sulfided Cr oxide pillared montmorillonite showed high activity for
thiophene HDS and the consecutive hydrogenation of butenes®. In the above references,
montmorillonite is a well known clay used as catalyst support. However, other smectite clay
minerals (saponite, hectorite, stevensite and so on) have not been used as a support of HDS
catalyst in spite of their similar feature. Therefore, in this study, Co oxide loaded smectite
clays were prepared and HDS activity was evaluated. Moreover, the active sites of Co oxide
loaded porous saponite, which showed the highest HDS activity, was also discussed.

EXPERIMENTAL

Smectite clay minerals were supplied by Kunimine Kogyo Co. Ltd. Co oxide was loaded
on various clay minerals by means of ion exchange. Ion exchange method is as follows. Co
nitrate solution (Co(NO;),-6H,0 29.0 g and distilled water 500 ml) was aged at 80 °C for 2 h.
Then 10 g of clay was added to the solution and stirred at 80 °C for 1.5 h. After that, the
solution was filtered. The residue thus obtained was washed with water and ethanol, and
dried at 120 °C for 12 h and calcined at 400 °C for 12 h. '

Hydrodesulfurization experiments were carried out in a pulse flow reactor. Prior to the
activity test, the catalyst (0.1 g) was sulfided at 400 °C by using a mixed gas of 5 % H.S in
H; (60 ml/min., 2 kg/cm?) for 2 h. Then, the temperature and the gas flow rate were changed
to the reaction condition (H, 60 ml/min., 2 kg/cm?). Thiophene (0.3 pl) was injected and its
conversion was measured by an on-line gas chromatograph, after the pulse reaction results
had been stabilized.

RESULTS AND DISCUSSION
Table 1 shows thiophene HDS activity of Co oxide loaded smectite catalysts. As shown

in this table, the smectite-supported catalysts showed higher activity than the AL O3
supported catalyst (Co/Al,O;). Further, Co oxide loaded porous saponite showed the highest
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thiophene conversion in the Co oxide loaded other smectite series and its activity was higher
than that of CoMo/A1;O; which is known to be highly active catalyst for HDS reaction. Then,
the modification of porous saponite was carried out in order to improve the activity, further.
In this experiment, the precalcination at various temperatures up to 700 °C in the air for 24 h
before Co oxide loading was carried out. Table 2 shows the results. As shown in this table,
thiophene HDS activity was increased with increasing precalcination temperature up to 600 °
C. It is noted that the HDS performance is remarkable as low as 225 °C.

Table 3 shows properties of Co oxide loaded psrous saponite catalysts. As shown in this
table, the amount of MgO was decreased and that of CoO was increased with increasing
precalcination temperature up to 600 °C. Therefore, it is supposed that the ion exchange of
Na with Co takes place at first, then, ion exchange of Mg with Co takes place. It seems that
the increase of Co oxide amount loaded on porous saponite by precalcination up to 600 °C is
one of the reasons for HDS activity improvement. Phase transition from saponite to enstatite
between 600 and 700 °C was observed by means of XRD. The drastic change of specific
surface area by the precalcination at 700 °C may be due to this phase transition. It seems that
the decrease of thiophene HDS activity at 700 °C is caused by the decrease of CoO amount
due to this phase transition which was observed by the substancial reduction in specific
surface area and XRD.

Table 1. HDS activity of Co-smectite catalysts
Support Loaded metal _____Thiophene conversion (%)
as oxide (Wt%) 300°C 350°C 400°C
Montmorillonite 3.1 25.7 50.7 69.6
Saponite 5.0 73.1 78.5 86.2
Porous saponite 7.7 92.7 96.0 97.9
Hectorite 7.8 67.0 80.0 885
Stevensite 8.6 57.5 71.9 81.1
ALOs 4.0 74 14.7 22.0
- 100® 7.2 11.5 17.2
ALOs Co 4wt% + Mo 15wt% 85.0 97.0 98.3
a) CoQ was used as catalyst
Table 2. HDS activity of Co-porous saponite catalysts
Sample Precalcination CoO Thiophene conversion (%)
Temperature (°C) (wt.%) 225 250 275 300°C
Porous saponite” - - 00 00 00 00
Co-porous saponite - 7.7 282 735 818 927
200 7.9 36.9 797 83.0 920
300 8.6 335 855 90.7 94.6
400 10.5 474 903 914 94.1
500 13.5 564 922 928 951
600 18.0 69.6 925 930 944
700 9.3 10.7 25.1 400 S52.1
* as received
Table 3 Properties of Co-porous saponite catalysts
Support Precalcination Composition (wt.%) Surface
Temperature (°C)  Si0;  MgO ALO; NaO  CoO  Area (m“/g)
Porous saponite” - 49.2 29.2 4.5 3.0 - 514
Co-porous saponite - 50.5 27.3 47  0.04 7.7 510
200 46.9 249 45 005 79 415
300 475 24.6 45 0.05 8.6 467
400 46.9 229 45 005 10.5 402
500 48.2 21.6 45 0.11 13.5 378
600 44,9 16.9 43  0.08 18.0 342
700 50.7 274 47 075 9.3 121

= -
as received
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Fig. 3 XPS spectra of Co-poropus saponite
a) Co-porous saponite (non calcined before Co oxide loading)
b) Co-porous saponite (calcined at 600°C before Co oxide loading)
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On the basis of the assumption that thiophene HDS is first-order reaction, the relation
between {In(1/1-x)] - atom-Co™ and precalcination temperature of Co oxide loaded porous
saponite was investigated. The HDS activity at 225 °C was used as x, because of the low
conversion values. Fig.1 shows the results. The vertical axis means the activity index per Co
atom. This value was increased with increasing precalcination temperature up to 600 °C.
Therefore, it seems that the increase of activity with increasing precalcination temperature is
not due to the increase of the equivalent Co species.

Assuming that ion exchange of Na with Co takes place at first, then, ion exchange of Mg
with Co takes place, as mentioned before, the amount of CoO just after the ion exchange of
all Na with Co was 3.9 wt% in case of Co oxide loaded porous saponite. Hence, good relation
between the activity and CoO amount was obtained by using this point (3.9 wt%) as an
inflection point (Fig.2). The slope after this inflection point was larger than before 3.9 wt.%.
Therefore, it seems that Co species which is exchanged with Mg is more active than that
which is exchanged with Na.

Fig.3 shows XPS spectra of Co oxide loaded porous saponite. XPS spectra pattem of Co
oxide loaded porous saponite, which was non-calcined before Co oxide loading, was similar
with Co3;04 type, and that of Co oxide loaded porous saPonite, which was precalcined at 600
°C before Co oxide loading was similar with CoO type™. Therefore, Co species exchanged
with Na, which were located between the clay layers, seem to be mainly Co;04 type. On the
other hand, Co species exchanged with Mg, inside the clay layer, seem to be mainly CoO
type. 1t seems that the part of Mg which exist at the edge of the clay is easier to exchange
with Co than with Mg located inside the bulk. Consequently, this CoO type species at the
edge of the clay seems to show higher HDS activity than Co304 type species between the clay
layers.

CONCLUSIONS

Co oxide loaded smectite catalysts showed high HDS activity of thiophene. Among these
catalysts, HDS activity of Co oxide loaded porous saponite was higher than CoMo/Al,04
which is known to be a highly active catalyst for HDS. Further, HDS activity is increased by
the calcination before cobalt oxide loading. MgO content was decreased and CoO content
was increased with increasing calcination temperature before Co oxide loading. It can be
concluded that (1) there are two types of Co oxide species : between the clay layers due to ion
exchange with Na : and at the edge of the clay layer due to ion exchange with Mg, and (2) the
latter type is highly active for thiophene HDS reaction.
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