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Cobalt ol gaF& HEAAH 719 y-aluminaol] HAH Co-Mo #°4& 34 2)3le dibenzothiophene
(DBT)®] 4A=3ubs-3 4% 38 ukg7lolA #319ct. DBT £ n-heptane o] L8| Ao},

222719 Wele 2= 533K, 553K, 573K oA FEE 20X10°Paci4) 60X10° Paztx #3Alz
ot ol wfidelA A4dEe] d¥-E-& biphenyl # cyclohexylbenzene ¢|i, bicyclohexyl & tetra-
hydrodibenzothiophene & ©|8 #2s]%ic},

553K, 40x10°Pa, W/F=1,457gcatalyst hr/gmol DBT 58] =ztz73lol|A] Zo] 4L Co/
(Cot+Mo)=0.20.314 714 Fke},

4k DBT 9 =0 sl 12ha YA slolvix& 23.4keal/gmol ©|gloxf wig Az E Haiut

< (sequential reaction)°]ict,

Abestract— A series of supported sulfided Co-Mo/*Al,0; catalysts of different cobalt contents were tested in a fixed
bed flow reactor for the hydrodesulfurization of dibenzothiophene(DBT) dissolved in n-heptane.

Reaction temperatures were between 533 K ane 537 K, and total reaction pressures were from 20 to 60 x 10% Pa.
Most of the products observed were biphenyl and cyclohexylbenzene, and only negligible amount of bicyclohexyl and
tetrahydrodibenzothiophene were detected.

The catalytic activities with different cobalt contents were shown to be maximum in the range of R=Co/{Co+
Mo0)=0.2-0.3 under standard condition. The reaction was first order with respect to DBT concentration, and the
average activation energy was 23.4 kcal/gmole.
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sei Chem. Co., Extra Pure], cobalt nitrate[Co
(NO,), - 6H,0, Hayashi Pure Chem. Extra Pure]
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oz ghAAZIEH10, 11]. Fig.1e Az3}HE 2o

srstEs Mi27H M3z 19897 63

—
Drying ¥-alumina at 110 °C for 24hr }—1

| I

lapregnation AM solution in 7-alumina at 25°C

—1 Drying at 110°C for 12 hr |

Calcination bypass air at 300°C for 3 hr
rising temperature 4 °C/min

T

Impregnation CN solution in 1st calcinated
catalysts at 25°C

Drying at 110°C for 12 hr

Calcination bypass air at 500°C for 3 hr
rising temperature 4 °C/min

Fig. 1. Representation of preparation procedure
of catalysts.
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molybdate, CN: cobalt nitrate
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Table 1. Physical properties and compositions of
catalysts

Y-Al,03 R=0 R=0.2 R=0.3 R=05 R=1.0

Surface area 1168 90.1 845 848 836 887
(ml/'g)

Co304 (Wt %) - — 37 56 95 200
MoO3 (Wt %) — 200 163 144 105 -
Color white ivory greyish greyish greyish black

blue blue black

Apparent density 1.36 1.60 159 152 155 1.58
(g/cal)

Bulk density 072 0.79 077 074 076 078
(g/cal)

Pore volume 0.66 052 050 049 049 0.52
(cal/g)

Porosity 047 0.42 039 039 040 042

o 7EAS

sintering @4 S22 <lg

7] dEoleh,

£47 g3kt Por-

Alg F3 FHL

Sl 317

osimeter (Pore Sizer 9300, Micromeritics) 2 =73}
A}, y-alumina 9} 708 £4x& Tablelol
ebligled] <ol EAal wet AT 5, 589
g PSR el delAe Sk

2-2-3, XA 34 ¥4

Zalo] AAEAS sl XA A FAHAA
(XRD, Nigaku)& *H3-3l592vt Co-Mo/y-AL0:%
MoOs+ XAl 34 EAAAZE o] ohg oA
t}, Massoth[2]9] 7l 94‘3}"4 molebdena %+
MoOQ,/y-AlL,O, JEiE =Hx Qlckx 3 Rat-
nasamy[11]ell 213k 500Col|4 4447 cobalt 4
g 2ol AAM o Co0,9 FEIE 712z Qla,
1000C °olAe} A4 e=olMe gatlez CoOo 3
g5 epdicte dget, £ Feis 500 - 3%
Moz veltovz Co0,2 Fehz glgol il°151°‘
£ALE 5 1000C, £AAIZRE 244)7ko = o}-o%
753} ARG 7A sjabdoz wslsl=s A
O] A3} 247} 715 oet cobalt

25 +27t2 delde = A

T
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1. H, gas tank 7. Capillary tube

2. Pressure regulator 8. Supply tank

3. Deoxo unit 9. Supply pump

4. Drying column 10. Feed tank

5. Gas mass flowmeter 11. Feed tank level controller
6. Pressure gauges 12. Metering pump

. Preheater
. Stainless steel reactor 20.
. Temperature regulator 21.

@
: |

<>—> liquid

19. H.P. sep. level controller
Back pressure regulator

Level control electrovalve

. Temperature recorder 22. L.P. separator
. Condenser 23. Gas sampler
. H.P. separator 24. Wet gas meter

Fig. 2. Schematic diagram of experimental apparatus.

HWAHAK KONGHAK Vol. 27, No. 3, June 1989



318 AN ZE -

Table 2. Ranges of operating conditions and stan-
dard conditions

Process variables Ranges
Reactor loading (g) 15,3
Purticle size (xm) 177-297 (50-80 mesh)
Temperature (K) 533, 553, 573

Total pressure x 10-5 (Pa) 20, 30, 40, 50, 60
DBT in n-heptane (mol%) 0.5
W/F (g catalyst) /(gmol/hr) 400, 600, 800, 1000,

1457, 2000
Hy/DBT (gmoV/hr)/(gmol/hr) 540
Standard Condition
Temperature (K) 553
WI/F (g catalyst)/(gmol/hr) 1457
Total pressure x 10-5 (Pa) 40
HyDBT (gmol/hr) (gmol/hr) 540

-3, A=A

LPD (Light Petroleum Distillate) Catatest unit
(Model C, IFP licence, Geomecanique)s AF-& 3}
gk, o] Ax|e] EEEE Fig. 20l A3, F
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sei Kogyo Co., above 98%)% 0.5mol% 2 &3HA1#
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Fig. 3. Effect of particle size.
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Fig. 4. Effect of film diffusion.
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HDS ul3oll4l cobalt 9l X EFAE e oy
Aatsle] ghr[2]. o] A¥elE R=Co/(Cot+Mo),
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2 Ao uwtzgl R=0.2-03004 Ae] 713 4
velgtch, o] A#E Fig. 7o) =A5ct

10 T A T T T T
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Fig. 5. Catalyst stabilization.
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0
| k=03 m

e
>

r. -

Conversion, X
o
'S
T
L]
i

0.2 n

L P ' a 2 1

0 2 4 6 g 10

gmol/hr
10~ x H,/DBT (—————
Fa (gmol/hr)

Fig. 6. Effect of H,/DBT ratio.

4-5. DBT 2| Reaction Network

Fig.8 & F4AEoc] biphenyl(BP)® cyclo-
hexylbenzene(CHB) 2l 2§ ®oiFct, Tetrahy-
drodibenzothiophene (THDBT) 2}t bicyclohexyl
(BCH)¥ =3 3=ist, CHB® BP9 A4l
Zotahl wet Alg Fislgedt o wshke vinlElg
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Table 3. Rate constants in model 1

Total press. Temp. kyx10% kyx 105 k3x 104
x10-5(Pa) (K) ( g mol ) gmol Y gmol )
g catalyst-hr’ "g catalyst-hr’ ‘g catalyst-hr

20 533 1.0945 0.8276 0.1800
553 2.1363 0.4911 0.9985

573 5.3768 4.3595 1.2667

30 533 1.4480 0.4933 0.8749
553 2.4624 1.2150 1.0840

573 6.8004 2.6501 1.9196

40 533 1.8394 0.7200 0.9727
553 2.8880 0.6661 1.7258

573 7.2867 11.3328 0.1058

50 533 2.1980 1.2482 0.8185
553 2.9878 3.0148 1.0298

573 9.2554 12.9300 0.5834

60 533 2.4584 0.5015 1.3262
553 3.0771 6.7252 0.3490

573 11.0656 18.6987 -0.1782

DBT —5BP X% CHB
dp

- 2D
dt k,ps
d
- dli;n = —k,pp+kiDs
d
- Cﬁc = -K,Ds
£ 3 A= Table 4-01] °€7154°4"+

& Himmelblau 5[14]ell
g uho 3] 3 741/&‘% 4 girh, Table 33
4ol Qe SEA4YS vlmsl ol dhEARE FAHY
4 A

Model 1 9] £EA5-2 Aadubge] wubguct
243+ BedZ3 DBT oA THDBT 29| #3lo|
DBT o4l BP 29| Aol vlal FA1& 4 oA 3
2ukgo] Eld3hg BT

Fig.10-2 model 2014 DBT ¢l 9] pseudo
first order & A#E Ro3Fch Fig.11 2 model 2
o419 Arrhenius plot ¢ 275 RojFch DBTel
4 BP =29 A3kl activation olvizlE IF 234
kcal/gmol °[%ich,

5. 2 &

1. ZolzAdel Y=l &, Co/(Co+Moj7t 6.2-0.3

Zojlo]| 2|3 Dibenzothiophened] 4 awtshuk-gol A A+ 321

Table 4. Rate constants and activation energies

in model 2
Total press.Temp. ky x 104 Ea, kpx10¢
x105(Pa) (K) (22 (ke gmol_,
g cata-hr gmol g cata-hr
20 533 1.1726 24.1 1.0252
553 2.1827 1.2651
573 5.7850 2.5196
30 533 1.4949 234 1.2688
553 2.1827 1.6591
573 7.0485 2.5355
40 533 1.9076 22.2 1.4281
553 2.9507 2.0047
573 8.3316 2.3108
50 533 2.3155 22.7 1.4684
553 3.2695 2.1902
573 10.440 2.5784
60 533 2.5058 244 1.5667
553 3.6994 2.7278
573 12.748 2.0729
Avg. 234
-6. T B T T o
o OP; =20x105Pa 7
i AP, =30x105Pa |
i ®P; =40x10°Pa |
-7.L B P; =50x10% Pa |
- O P, =60x105 Pa -
L R=03 -
'; -8.:— ——
-9.¢- 3
P B B L, _
1.7 1.75 1.8 1.85 1.9
103x = K)

Fig. 11. Arrhenius plot in model 2.

o o Zujo} FAje] A Fhrh

2. DBT ¢ 4272+ DBTel4 BP, THDBT
2 7}= w249 DBT o4 BP,CHBZ 7= 3
2jukgo] FAo] dojrh}t DBTelA THDBT = 7}
= ulg2 DBTel4 BPZ 7He whol vlsl F413
% 9y oo|ln gy e Azuigules &
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k.
DBT— BP— CHB

DBT oil4] BP 29| Adle] 3A3lolvix]= HT 234

kcal/gmol o} 3ict,

BCH
BP

CHB
DBT

HHDBT

o-PT!
THD

)R-

=

st

P
BT

NOMENCLATURE

: bicyclohexyl (1)
: biphenyl ({3 )
. cyclohexylbenzene ( 1)

: dibenzothiophene ( )
: 1, 2, 3, 4, 10, 11-hexahydrodibenzothio-

phene ( C10)

: ortho-phenyithiophenol ( CJ510)
: 1,2, 3, 4-tetrahydrodibenzothiophene

QD)

: energy of activation [kcal/gmol]
: molar flow rate of DBT at reaction inlet

[gmol/hr]

: rate constants of ith species [gmol/g

cat-hr]

. partial presure of ith species (Pa]

: initial partial pressure of ith species [Pa]

: total pressure [Pa]

: atomic ratio [Co/(Co + Mo)]

: reaction rate [gmol of DBT/g of cat-hr}

: temperature [K]

: conversion, mole fraction of DBT con-

verted

1 weights of catalyst in reactor [g]

10.

11

12.

13.

14.
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