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Abstract—Information on the degree of deactivation is very important for predicting catalyst life, from which the
catalyst design could be further improved. The CoM@Atatalysts, used for the hydrodesulfurization of light oil,
are known to have a commercial operation time of around two years. Our goal was to establish the accelerated pre-
coking conditions for obtaining a desired degree of deactivation for CoMb/édtalysts. The effect of coking tem-
perature on the catalytic activity for thiophene hydrodesulfurization was investigated for three coke precursors. Pre-
coking with heavier precursors resulted in higher coke content and higher aromaticity as expected, i.e., in order of
anthracene>naphthalene>cyclohexene. It is suggested that the established conditions of precoking for the commer-
cial catalysts could provide a quantitive reference for evaluating the lifetime of any commercial catalysts.
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INTRODUCTION cursors was introduced at an elevated temperature for a relatively
short period of time prior to the thiophene hydrodesulfurization re-
Elucidation of catalyst deactivation is one of the most importantaction to control the coke deposit of commercial CoM@tat-
issues for better design of catalysts in petroleum refining. In genalysts. The amount and aromaticity of coke could be controlled by
eral, the deactivations are due to the accumulation of carbonaceoymsecoking condition, the nature and amount of coke precursors, and
and metallic deposition and/or the structural changes of the catalyshe precoking temperature and time. It is expected that the estab-
components [Yokoyama et al., 1996; Makishima et al., 1996]. Britolished conditions of precoking for the commercial catalysts could
et al. [2001] studied deactivation by coke deposition for NIM&AI  provide a quantitive reference for evaluating the lifetime of any com-
catalyst, finding that maximum deposition occurred on the outermercial catalysts.
edge of the catalyst and that coke deposition considerably reduced
catalyst pore size and activity. Callejas et al. [2001] studied long- EXPERIMENTAL
term (7,400 hr) petroleum residue hydroprocessing for commercial
NiMo/Al ,O, catalyst, finding that coke deposited rapidly on the cat-1. Accelerated Precoking of Commercial CoMo/AD, Cata-
alyst surface during the early hours of the run (100 hr), reaching alysts
high as 12.4 wt%. Coke deposit is the primary cause of CoMo cat- The catalyst used was a commercial CoM@awith 4.0 wt%
alyst deactivation not only for the alumina-supported catalysts bubf Co as CoO and 19.7 wt% of Mo as Mothe spent CoMo/AD,
also for the zeolite-supported catalysts or nitride catalysts in the hyeatalyst, which had been used for 2 years in a light oil treating plant,
drotreating process [Li et al., 2000; Choi, 2002; Kim et al., 2002].was chosen as a reference catalyst. Accelerated precoking treatments
However, questions still remain regarding to what extent each dewere performed in a batch reactor. Five grams of catalyst was loaded
activation contributes to the total catalyst deactivation. Quantitativein the 300 ml reactor and then3H(10 vol%)/H was introduced
understanding of the catalyst deactivation is needed for further imwith 30 ml/min to presulfide the catalyst at 400and 2 hours. The
provement of long-life catalysts. Tanaka et al. [1998] used the acreactor was cooled down to room temperature and fed with 150 ml
celerated deactivation through a higher reaction temperature for sewf coke precursor solution (coke precursor in n-hexadecane). Three
eral kinds of laboratory prepared CoMa@J and NiW/ALO; cat- different coke precursors, cyclohexene, naphthalene and anthracene,
alysts, and compared the coke deposit with a commercial catalystere used. The reactor was gradually heated at a rat€ohia
used in a hydrodesulfurization plant for one year. They reportedo a desired temperature (400, 500, 600 and@)0énd the pres-
that a high reaction temperature employed in the accelerated agirgyre was set to 10 atm. The time of accelerated precoking treat-
resulted in a large amount of carbonaceous deposition with highments was 1 to 5 hours.
aromaticity, which was found to be the major deactivation cause. 2. Characterization
In this work, accelerated precoking with three different coke pre- Surface area and pore size distribution were measured by using
N, adsorption technique (Micromeritics, ASAP 2010). Total weight

"To whom correspondence should be addressed. of coke deposit on catalysts was determined by combustion method
E-mail: skihm@mail kaist.ac.kr using an elemental analyzer (Elemental Analysensystem, GmbH
“This paper is dedicated to Professor Baik-Hyon Ha on the occasion o¥ario EL). CP/MAS®C-NMR spectra were analyzed to determine
his retirement from Hanyang University. the aromatic content of coke deposit on catalysts by an FT NMR
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spectrometer (Bruker AM-300).
3. Thiophene Hydrodesulfurization

Thiophene HDS reaction was carried out over 0.02 g of catalys

at 400°C in a stainless steel microreactor operated at 20 atm. Th
liquid thiophene flow rate was 0.035 ml/min and the mole ratio of

hydrogen to thiophene was 15. Before the reaction was started, fre:

catalyst was presulfidad situat 400°C for 2 hrs with flowing HS
(10 vol%)/H, at 30 ml/min, while the precoked catalysts were not

presulfided. Steady state was achieved after 3 hrs of runtime. Rea
tion products were analyzed with a gas chromatograph equippe
with TCD and the column packed OV-101. The thiophene conver-

sions reported were taken after 5 hours of runtime.
RESULTS AND DISCUSSION

1. The Characteristics of Fresh and Spent Commercial CoMo/
AlLO, Catalysts

Fig. 1 shows the thiophene HDS conversion with time on stream

over fresh and spent CoMoj@; catalysts in commercial light oil
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g. 2. Activity change with precoking time at different precoking
temperature with 10 wt% cyclohexene (reaction; 40€C,
20 atm, H,/thiophene=15).

HDS plant for 2 years. These results show that the conversion ofatalyst. The coke deposit and aromaticity of spent catalyst were
fresh catalyst was 81% and that of spent catalyst was 55%. Aftet3% and 36%, respectively.

sulfiding for the spent catalyst, the activity was recovered to 69%2. Activity Change Due to Accelerated Precoking

conversion. This indicates that some of active sites of the spent cat- Fig. 2 shows the change of thiophene HDS conversion with pre-

alyst could be regenerated through sulfidation. Table 1 shows th
physical properties of fresh and spent commercial Colyy/Aht-
alysts.

eoking time at different precoking temperature with cyclohexene
as a precoking precursor. As precoking treatment time and temper-
ature increased, the conversions of precoked catalysts decreased.

The surface area of spent catalyst was about half of that of fresithe upper limit of precoking temperature was T this study.
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Fig. 1. Thiophene HDS conversion over fresh and spent CoMo/
Al O, catalysts (reaction; 400C, 20 atm, H/thiophene=15).

Table 1. Physical propetties of fresh and spent commercial CoMo/
Al,O; catalysts

Fresh catalyst Spent catalyst

Surface area (ffy) 226 107
Pore volume (ml/g) 0.47 0.30
Coke amourit(coke wt/catalyst wt) ~0 13
Aromaticity’ (aromatic wt/coke wt) ~0 36

®measured by elemental analysis.
"measured by CP/MASC-NMR.

In the case of the precoking treatment with naphthalene and anthra-
cene, similar effects on the thiophene HDS conversion were observed
over precoking treated catalysts, as shown Fig. 3.

The difference in the nature of the coke precursors was investi-
gated by using cyclohexene, naphthalene and anthracene. Fig. 4
shows that anthracene induced the precoking more efficiently. Heavier
precursor (anthracene) resulted in more precoking and deactivation.

Fig. 5 shows the thiophene conversion over precoked catalyst
with different amount (10 and 15wt%) of anthracene. The thio-
phene conversion decreased with higher amount of precursor, as ex-
pected.
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Fig. 3. Activity change with precoking time at different precoking

temperature with 10 wt% each of naphthalene and anthra-
cene (reaction; 400C, 20 atm, H/thiophene=15).
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= ated in a commercial light oil HDS plant for two years. Four dif-
. ferent conditions were chosen as listed in Table 3. The amount of
55 . ‘ ‘ ‘ . coke deposit was around 13 wt%, similar to that of used commer-
0 1 2 3 4 5 6 cial catalyst if the precoking time is 5 hours. Precoking condition B

Precoking time (hr) to D showed 13 wt% of coke deposit, while condition A showed
about 10 wt%. The variables of precoking conditions were the pre-
coking time, the precoking temperature, the nature of coke precur-
sor and the amount of coke precursor. The precoking temperature
was fixed at 508C. As shown in Fig. 6, the precoking condition
D, which shows the deactivation properties similar to those of spent
Table 2 shows the physical properties and the nature of coke deeommercial catalysts used for 2 years, can be proposed as a refer-
posit on the catalysts used in precoking treatment. The surface aresnce method of accelerated deactivation for predicting the life of
and pore volume of the precoked catalysts decreased with increa&oMo/ALQ,; catalysts in the thiophene HDS. The life of any CoMo/
ing precoking temperature, and the decrease was more significarit ,O, catalysts might be longer or shorter than 2 years, depending
with heavier coke precursor. Aromaticity of coke deposit on pre-on whether the activity of precoked catalyst is higher or lower than
coked catalysts increased with precoking temperature and also witheference activity.
heavier coke precursors.
3. Selection of the Precoking Treatment Conditions
The precoking conditions had better be established such that the
precoked catalyst shows similar activity to the spent catalyst oper- The accelerated precoking of commercial CoM@ptatalysts

Fig. 5. Activity change with precoking time with different amount
of anthracene (precoking temperature; 406C, reaction;
400°C, 20 atm, H/thiophene=15).

CONCLUSION

Table 2. Physical properties of precoked commercial CoMo/AD, catalysts at 400 and 708C

PC400C5 PC700C5 PC400N5 PC700N5 PC400A5 PC700A5
Aromaticity (%) 15 20 22 25 24 28
Surface area (ffg) 152 143 151 130 150 120
Average pore diameter (nm) .67 7.5 7.4 7.3 7.2 7.3
Pore volume (ml/g) 0.40 0.35 0.36 0.32 0.36 0.32

*PC400C5 indicates that the CoMo/8), catalyst was precoked at 4Wfor 5 hrs with cyclohexene as coke precursor.
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resulted in different amount and aromaticity of coke deposit, which  acterization in Aged Residue Hydrotreating Catalysts by Solid-State
was the major source of the catalyst deactivation in the light ol HDS *C-NMR Spectroscopy and Temperature-Programmed Oxidation;
process. The heavier coke precursor such as anthracene inducedAppl. Catal. A218 181 (2001).

more carbon deposit with higher aromaticity, leading to a signifi- Choi, J.-G., “Influence of Surface Composition on HDN Activities of
cant reduction in the thiophene conversion, the surface area and pore Molybdenum Nitrides). Ind. Eng. Chem8, 1 (2002).

volume of the catalysts. The precoking condition D, which showsKim, D.-W., Lee, D.-K. and Ihm, S.-K., “Preparation of Mo Nitride Cat-
deactivation properties similar to those of spent commercial cata- alysts and Their Applications to the Hydrotreating of Indole and
lysts used for 2 years, can be proposed as a reference method of BenzothiopheneKorean J. Chem. Endl9, 587 (2002).
accelerated deactivation for predicting the life of CoM@idat- Li, D., Xu, H. and Guthrie, Jr., G. D., “Zeolite-Supported Ni and Mo

alysts in the thiophene HDS. Catalysts for Hydrotreatments Il. HRTEM Observatich<Catal,
189 281 (2000)
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