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%3} CoMo/y-ALOs &1l & AHg-3te] 473~723 K o] €59} 10~15X10°Pa 9] ¢+ 223 %413} 0.0125~0.
03 g-cat hr/ml-feed #9191 A4 pyridine ] F 32 AW m-cresol & FAEAA 910 F5 248 R I =)
#3te) A7t Pyridine o 3228933 m-cresol 9 FHBALNEE M2 FIWHEE AR A S
Q.o.9, pyridine o 213 m-cresol 8] FH G449 JA| EHE= m-cresol ol 2] F pyridine &) FHBAE
JAEAED o Fovh AL mcresol ©l T E%th Pyridine o) #EEAWMS £54 Z m-cresol 9
A2 £5 4% LHHW 222 0|48t 78 27} yupy = ko KeCr/(1+KcCe+KeCp)s Yapo=FEmmo*
KcCo/(1+KcCc+KeCp) Bth 24 2504 w355 A4 2 FAHYPLSFE T3 Arrhenius plot 3 Van't
Hoff plot < 83ted 73 #4138} X2 pyridine  m-cresol °] %7 16.21 Kcal/mole, 13.83 Kcal/mole ©]
A3, FFEL 747 —6458 Keal/mole, —5.045 Kcal/mole ] Tt

Abstract : Interactions between pyridine hydrodenitrogenation (HDN) and m-cresol hydrodeoxygenation
(HDO), and the kinetic analysis were studied over sulfided CoMo/y-AlOs catalyst at the range of temperatures
between 473 K and 723 K, the total pressures between 10X 10° Pa and 50X 10° Pa, and the contact times between
0.0125 g-cat. hr/ml-feed and 0.03g-cat. hr/ml-feed. HDN of pyridine and HDO of m-cresol were inhibited by
each other and the inhibition effect of HDO by pyridine is higher than that of HDN by m-cresol. But reactivity
of m-cresol is higher than that of pyridine. The rate equations of pyridine and m-cresol were given to be
Yron=kupn* KpCp/(1+ KcCc+ KpCp) and yipo=Fkupo* KcCo/(1+KcCo+ KeCp) in terms of Langmuir-Hinshellwood-
Hougen-Watson model. At each temperature, reaction rate constants and adsorption equilibrium constants were
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determined and the activation energies of pyridine HDN and m-cresol HDO are 16.21 and 13.83 kcal/mol, respec-
tively and the heat of adsorptions are —6.458 and —5.045 kcal/mole, respectively.
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2.1. E0o| M=
0= excess solution impregnation method 2
AZSHADL FAZE y-ALO, & AHEFP o1, Ao}

% 2% Ammonium molybdate[ (NHz)g* 6M0;Oys* 4H.
019} Cobalt nitrate[ Co(NO3),6H;015 Ar-&31%th

Zdio] A=FTAHL Fig. 13 2oy &9} F
9] atomic ratio © 0.2 2 3t}

l Drying y-AlO3 at 110°C for 24 hrs.1

Impregnation A.M. & C.N. solution in y-Al,03 at 50°C
for 1 hrs. with Rotary Vacuum Evaporator

|

LDrying at 110°C for 12 hrs. ]

L Calcination at 500°C for 5 hrs. in air stream —I

A.M. ! Ammonium molybdate
C.M. : Cobalt nitrate

Fig. 1. Preparation procedure of catalyst.

2. 2. &0jo| 24

o] BH3F 232 FHHEM7)(Surface area
analyzer, micromeritics) & AH&3le] AFR 3, A2
o AVEE, FFE, UE 5L =HsQon, Ta
Aol FAE FE50) L 2F0)9] &S 223} 95
LC.P(Inductively Coupled Plasma)2 E43}] o]
ZAHEE Table 19 YA,

Table 1. Physical Properties of Catalyst

Item Y-AlLLO; CoMo/7-Al,Os
Co (wt%) 224

Mo (wt%) 6.79
Surface area(m?/g) 211 163

Pore volume(cm®/g) 0.8917 0.6732
Porosity 0.605 0.58
Bulk density(g/cm?) 0.68 0.74
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Fig. 2. Details of reactor.
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Fig. 3. Schematic diagram of.experimental appara-
tus.
1. H; gas tank 2. Pressure regulator 3. Daxox
unit 4. Drying column 5. Gas mass flowmeter
6. Pressure gauges 7. Capillary tube 8. Supply
tank 9. Supply pump 10. Feed tank 11. feed
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tank level controller 12. Metering pump 13.
Preheater 14. Stainless steel reactor 15. Tem-
perature regulator 16. Temperature recorder
17. Condenser 18. H. P. separator 19. H. P.
sep. level controller 20. Back pressure regula-
tor 21. Level control slectrovaive 22. L. P.
separator 23. Gas sampler 24. Wet gas me-
tor

Table 2. Reactor Operation Specifications

1. Maximum working pressure : 150 bar(2200psig)
2. Maximum working temperature : 550 °C
3.Liquid flow rate : 10— 750 cm®/hr

4, Maximum gas flow rate(STP) : 250 I/hr

5. Reactor volume : 0.14 1

2. 4. Agur

)2 284 242 carborundum(SiC) & F-AlH]
1:10 22 EF3to] FAAR =8 Az S
AR 2 EASEE F3pad FAIMEE E
HrU o] FAE slFojor dch. AL, 380°
C oA 10vol % H,S+90vol % H; &) E&712E 151
/hr8 §&oz 7TAL B FHAA FuE B3}
292 "Agy AA FUAg. 223 oo A
32 9aix FERoexAdAM 72hrs T Aging
AAZE Fo| 489S skt

Frasl AANHSEL HA EFH o] dd7]d
A 71345 0] Zvjurg-e VA4 BEFY whgo] HEE

Table 3. Ranges of Operating Conditions

Operat in variable Level
Catalyst weight(g) 05, 1.0
Particle size(mesh) 30/50, 50/80, 80/100
Temperature(K) 423—1723
Total pressure X 10~%(Pa) 10—50
1/LHSV X 10%(g cat. hr/ml feed) 125—30
Pyridine in n-heptane(mol%) 05—3.0
m-cresol in n-heptane(mol%) 05—3.0
Standard condition
Temperature(K) 573
Total pressure X10~3(Pa) 30
1/LHSV X 10%g cat. hr/ml feed) 20
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5 1=0
TATH U 20 L BE22A ZAL Table 33
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2.5 2 &

HEE H ANEY EHL Gas chromatography &
©]8-3t<] F.LD.(Flame Ionization Detector) 2 &) 5}
. WE L AHEEA ) dHHL 22798 co-
lumn £ 2}7] ©& packing material & ¢ 2 7} =
AHESHATE Tl MBS UE PR
BEE AFFHNE o) &3yt
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T A2 IY, By s, yYue
Adgade} R edALay S uaYe 5
A Aol ul, WA BPY2 A carborundum
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& A8AM AR 7hEd 22190 723K, 50X10°
PaclX 8¢ Pstgoy 2des 280 o
1~02% "¢z A ZAE 4 k. =3
€A 7= Fig. 4, Fig. 5 9l Vel gl A @ Zuj) Q) =}
271G Eefe] ko] Wl mslge] Ao RIS
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Fig. 4. Internal mass transfer effect.

€} FATNE B8 4o Ag 111

T=s573K
P =30 x 108
1™
FEED
PYR CRE CAT.WT.
0 osg
99 4 A 10
® ]
" 1
k-t
!
¢
2 1
5
[ ) f
f
22] 2
2
o T T T y
19 15 23 E:] 3 3

1/LUSV X 1000, G CAT,HR/ML FEED

Fig. 5. External mass transfer effect.
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3. 2. Pyridine 2| +=FelAHIS

HHIA LZE WA &4 pyridine # pyri-
dine+m-cresol 9 EX/EF& wEA)A, onjo] ztz}to)
3 pyridine o €A g9 Was Fig. 6 3 Fig. 7
HERIRIT ol 2YO2RE 4% pyridine &
A 227} G52 Aslgo) ZlEgn. o
] 3L pyridine + m-cresol &} &8 o A 9] pyridine 9
€E8 &0 5% pyridine o GHER o7t wo}
A& ¢+ AT B2 mecresol o] pyridine &
HDN &8 ofztojun} oz ghttm 228}, con.
tact time & 0.02 g-cat. hr/ml feed £ 42 30X 10°
Pa2, 3N & 258 W71 WA mecresol 9
5 Wate] @E pyridine o] 2L S Fig. 8¢ v}
BRI, pyridine 3 m-cresol ©] o] 1 mol/% ¥
W 2dLe ZaZo] w9 2gtort, mocresol o]
3mol % ¥4 Wole #A3) Fages Ba 2o,
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1/UISV = 0,02 G CAT. HR /ML FEED
197,
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PRESS, PYR
5 X 10°Pa &
30 X 10°P2a O

W 10x10°Pa O /n

%
B
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Fig. 6. HDN of pyridine.

1/USY = 0,02 G CAT, IR /ML FEED

Y

%
n
H]

HDN Conversion,
B

) S sh s AN h mon

Temperature, K

Fig. 7. HDN of pyridine in mixed feed.
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3. 3. m-cresol 2] F=FEMA dl

HE 7% 2= ¥ 7)Y &4 m-cresol & m-cre-
sol+pyridine E£&25 ¥H-&A1A olwe] Zz}o 3k
m-cresol 2 ©4tA& 2] WElE Fig 9, Fig 1091 Y
et ol2 RE m-cresol+pyridine EFE 9]
A= &5 m-cresol ¥+¢] HDO ¥+34H ¢z}
227} 71842 mecresol & A3Hgo] Frhslge
Y £ m-cresol 9 HA3L B} EFENX Y m-cre-
sol & Astgel AA ZAA3IFoY pyridine ©] 3
mol % ¥ WY Ma&HE o7t 18 AXNE It

Fhse, A2A A235, 199

P =30 X 108
. 1/LISY = 0.02 G CAT. HR /HL FEZD
153
FEFISTOCR  WOLE %
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1.0 0.0 &
1.0 1.0 1
1.0 3.0
n °
w6
-
o
=
"
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[=]
=
29
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Fig. 8. Effect of m-cresol concentration on HDN of

pyridine.

1/U5V = 0,02 G CAT. WR /ML FEED

TOTAL FERD
PRESS. cRE
50 X 105Ps &
0 X10°Pa 0
sa] 10%x105Pa O
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-
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Fig. 9. HDO of m-cresol.
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3. 4. Pyridine 2| HDN I} m-cresol 2| HDO t}
39 H|m U A5 A

Fig. 6 % Fig. 98 ¥ 23 29 m-cresol & HDO
¥h-8-2] A3} o] pyridine ¢ HDN ®H-8-¢] Hslgnt}
€ ¢ F Adth ol m-cresol 9 W40l pyri-
dine & ¥R o $3& B4E,
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Temperature, K

Fig. 10. HDO of m-cresol in mixed feed.
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1
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5]

0.
az a3 sh sh 18 2N S
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Fig. 11. Effect of pyridine concentration of HDO of

m-cresol.

Fig. 73 Fig. 10 & 4¥EH EFEZNNE m-cre-
sol °] pyridine 2t} wh3-AJo] Fgror} I jol:
T B Ztzte] w4 AoluoE 2
gtk ol= EFEQ WgolA m-cresol A <& pyri-
dine ¢} HDN ®+3-9] A& 2t} pyridine o 23+ m-
cresol ] HDO ®¥+-& Al &o] t] 7] wj&o|t}, Fig.
8 7 Fig. 11 & 9B ¥ m-cresol & HDO &< py-
ridine °] 257 H7belole I A G go] WA st
pyridine 2] HDN %8 m-cresol ©] ®o] H7}5 o)

W3 FAEA vhE o) 4 Eg 113

3. 5. X7 AHZz}

m-cresol & F=7F AT o pyridine & H=7}
F7VEE pyridine B4 €L Fig 12 28H 7#4%
€ ¢ F AU °lE= Gates & Boderick[32]0] &
AR XA dsiA EEI v o8 Mcllvried
[15] 2} Sonnemans et al.[33]2 pyridine 7+¢] HDN
¥H-3-9] self-inhibition & FFE 3§ v} Sl B 439
ARZRE A% FEZ mecresol ] EXFE A
$-ol %= pyridine ¢ self-inhibition E#HE #FAF 4
Fied=N

P =30 X 10%

1/1HSV = 0.02 G CAT. HR /ML FEED
0.2

FFEDSTOCK  MOLE %

Lo~

ocood

- )

coof
-
}

T T
8 é ll:l 15 23 22,
+1/LHSV X 1000, G CAT HR/ML FEED

Fig. 12. Self-inhibition of HDN of pyridine.
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FHIMLBISO 2R
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£ 8% 1FME intrinsic reaction rate const-
rant ! kupy, kupo & A7)0 WE A SR E 7
3}3 adsorption equilibrium constrant 91 Kp, Kc 9
1719 2 F&AEE F3te] 7 v 2o weAo)
271 2 FAA 50 e J3urse] JAAEE O
JR-R =

£ ATlME F428 AT mol¥l2 FFoz
EH B W I pyridine 3 m-cresol & WS A4S 1 X2
7Hg8ta ohet 2 2789 E2l® active site &
%= LHHW(Langmuir-Hinshelwood-Hougen-Wat-
son) Kinetic model & 2 4 AUt 26~28].
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a) HDN of pyridine in pyridine-only feed.

F, pr — kHDNKpKHCPPH (1)
" dw ~ (1+KeCpt+KnusCnrs) (1+KuPr)

b) HDN of pyridine in mixed m-cresol-pyridine

feed.
F dxe _ kupnKpKuCePy
"dw  (1+KeCot KnusOnitst KuCor+KeCo) (14 KetP)
)
¢) HDO of m-cresol in m-cresol-only feed.
Fe dxc _ KipoKcKuCcPx 3)

dw  (1+KcCctKwCw) (1+KuPy)

d) HDO of m-cresol in mixed m-cresol-pyridine

feed.
F. dxc _ kupoKcKuCcPu
©dw  (+KCo+KwlwKnusCnastKeCe) (1+KisPr)

@

©]& LHHW 2]& tt2-3z-e 71g¢ o8] zhets)
2 71 Ao

1 529 1+KnusCnmz & YA & 488
HDO ¢ HDN ol 93§ vt}

2) Odebumi 9 Ollis[26]= H.:0 & m-cresol &
HDO %83 A43}32 9] HDN ¥hgo] 18] ok
)X ety PR KyCh e FAT 4 )
o}

3) FaE FFo|EE KuPy 7t 433 n B £
o™ o] #-& kion & kupo ol EFAE 5 Utk

4) ©] model £E XA ERE ExEc} Wals
T7} B el g BRE 272 H g A7
olglg 7tAgd A £x4L gL g ALY &
2o ez & F gl

a) HDN of pyridine in pyridine-only feed.

W _ _ 1+KeCro —

Fro kuonKeCro n(1=Xe) (5a)
-1 —-
=~ Y In(1—Xp) (5b)

b) HDN of pyridine in mixed m-cresol-pyridine
feed.

Fgse, A2A A 2E, 1991
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W 1+ KpCro+ KcCoo
- n(1-X) (6
Fro knKeCro  MOTXR) (6
1
= — ——In(1—X; 6b,
K'upnmCro n( ) (6b)

¢) HOD of of m-cresol in m-cresol-only feed.

W 1+KcCeo

JE i %At % Y — 7.
Feo kupoKcCeo In{1-Xc) (7a)
1
= — ———In(1- T
o In(1—Xe) (7b)

d) HDO of m-cresol in mixed m-cresol-pyridine

feed.
W 1+ KcCeo+ KeCro
= n(1-Xo) (8
Feo kinoKcCeo n(1-Xo) - (@)
__ 1 _ ’
= T W In(1—Xp) (8b)

714 kK'uon, K'nonms K'wpo & K'ipom & BE7|ER
4= (apparent rate constant) Zte] ®rl},

(5b), (6b), (7b), (8b) <] Alo] A H3=71E Holr )
H8te] Z4Z<] Ao B s) A pseudo first order kinetics
test & 3} Fig. 13, Fig 14, Fig. 15, Fig. 16l
e, olE HoA Cpo &% Ceo & pyridine &
m-cresol 9] feed ol A1) Z}zye] A& vepdth. 1
22 kK'ton, K'tosm, K'wpo, K'ivom © BRI $E457F
Ho] £%249] parameter & T3 o] Aigo]
ER =

1) 6a), 6b) A2 ZX2E (1/K'spnm) vs. Cro E plot
31 Fig. 17 & 2] Yeljolx =y o]4de) 7127
S & o3 o] dr,

S1=1/kepn

a3 o H4) AR i A Ke 9 Ke o) BAS
% 4 gk

_ 1+KeCoo
kHDNKP

2 K& ol 2o,

1+KcCco
irkupn

Ke = . pyridine binding constant.
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-t
)
0.2
o s
’ B 5 D oz
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Fig. 13. Test of pseudo first order kinetics of pyri-

dine.
P30 X 108
1
b7
A smax
8 sax
0.t 0 413K
O.5.
~
*.
0.4
3
1
0.2 /
T
o 39—
3 ) 15 EEES

1/LUSV X 1000, GCCAT HR/ML FEED
Fig. 14. Test of Pseudo first order kinetics of pyri-
dine in mixed feed.

2) 2] 5a), 5b) 9} 6a), 6b) = F-H

1 __1 N KcCeo
K'HDNm K'npN k’nonKe
L
_ 1 1 Kepx
=Kp[ = —
Ke el K’ Hptm Kk'upn ] Ceo

. m-cresol binding constant

° - N
e FHEIAE NS 4548 115
P=30 X 10°
1
TE®
4 sm3x
0 s3r
o) 0 473X
0.6.
2?
Lo
ot
z
-
1
0.2,
[
3 s 15 0z

1/LHSV X 1000, G CAT HR/ML FEED

Fig. 15. Test of pseudo first order kinetics of m-cre-

sol.
P =30 X 10%

TEXP
4 573K

g 523X
o8] 0 4mX

0.6,

~LN( 1.=X¢)
o
>

0.2

P et S e
{ P 15 RS
1/LHSY X 1000, G CAT HR/ML FEED

Fig. 16. Test of pseudo first order kinetics of m-cre-
sol in mixed feed.

714 k upx, K'rosm, Keow, Ceo, S; 28T 4, & &
& 3em 4 10b), 11b) = F 7N} w1 A5 Kp & K &
X3 F e Yol HBE R o] F A& Ayl K 9
Kc & AXE + o

3) A 8a) ¢} 8b) 2HH 1/k'kpom vs. Cro 9 plot 7}
Fig. 17 ol el e ol 47149 71871 S, 9 2H
e Thed 2t

S2 = Kp/knpo Kc
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P=20 X 109

17UV = 0.02 G CAT. HR /ML FEED
0.5 — 0.5

e PR
s A
)

0.4, 0.4

-

i 0’5
a3 o™
S £
s £
< ©
: L
< 0.2 o2 i
i ¥
x <
X =

°
\
2

{ 13 1) Y 2
Cpo X 10° pyzidine conc,, mol/ml

Fig. 17. Inverse apparent first order rate constants
vs. pyridine feed concentration.

-3

tn k (mL/g cat hr)

=19, T
1.7 18 1.9
1000/7, 1/K

Fig. 18. Arrhenius plot for kupny and kupo.

P = 1+KcCeo
2 kHDNKC
e tomo = <7} BT,

olZA 3 kupn, kupo, Kp, Kc & @& 7319 1
ZATE Table 4 o JeRNA

& In kipw, In kepo vs. 1/T = Fig. 18 il plot 3t
3 ZZbe] 71 V2RE 843 JduA(Ba) o e
T3t Table 59 VERNAT) vlxgtos F333
’44& Van't Hoff plot 3t} Fig. 19 o JeEll oo

FQ3e A2A A 23, 1991

LnK (ml/mol)

15 i 2.
1000/7, 1/K

Fig. 19. Van't Hoff plot for adsorption equilibrium
constant Kp and Kc.

Table 4. Rate Constant Parameter for PYR & CRE

Temp. —Inkupy —In kupo Kp(ml/mole) Kc(ml/mole
573K 561 429 3572 1824
523K  6.98 548 7256 3460
473K 862 6.86 12014 4721

Table 5. Activation Energy for PYR & CRE
Component

Activation energy E, (kcal/mole)

Pyridine 16.21
m-cresol 13.83

Table 6. Heat of Adsorption from ads. equil. const.

Component Heat of adsorption (kcal/mole)
Pyridine —6.458
m-cresol —5.045

a1 349 7187122 244 F349E 73t Ta-
ble 6 ol JYERAT.

Table 4 oA B uke} 2] intrinsic reaction rate
constant & m-cresol ©] pyridin 2t} Zte A& ¢
4 ARtk BEhA mecresol & WAl © F5&
& F SI3L, ol Table 5914 B upe} o]
A8l A|(Ea) ] = mecresol ©| pyridine Xt}
e ZAFx Xt EF Table 4 1A binding cq
nstant = pyridine ¢] m-cresol 2t} F& ¢ 4 A,
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Table 6 2 H¥ &2 9] pyridine ©] m-cresol Xt}
o & Ao 2XE Zv) site o pyridine ©] m-cresol
2o} o ZeA st 31s ¢ F AT 2
olfre Fule FHEEYH L & EWY zYde=
%79 interaction & & X.o}A pyridine o] °F3
4714¢ Wi e o mcresol HohE 25 ¢ A
A FHe 242 Algdr.

w2} pyridine ©1 )3 m-cresol & HDO %39
I A A7} m-cresol | 2§ pyridine ] HDN ¥+-5-9]
AAARE F o] FE o|ZRYH FEZF F U

4.4 £

%3} CoMo/y-ALOs i“ﬂ’z’%ﬂ Al pyridine & +3€
A2 m-cresol & FHENHLRS 0 A5 EL0
#3 AFE 539 g 2 AES ¥duh
(D B 479 w849 pyridine & 322
¥ % m-cresol & FHEAALNSS N2 FFukg

AR AASH ™, pridine ol 23 m-cresol 9

%"‘l WHg-9] A AFE m-cresol ol &3 pyri-
g JAAARY © Ao,
m-cresol ©] pyridine 2ot © £
o ‘i‘}%%i’—] 57} xze“l‘—u qﬁ}%o E‘ ./_'1\_6_]'

—l> tlo [

(3) FAEYS AFo g 1PAZ A £F
EJ A9 pyridine & 3 YA v 243, mcre-
sol o] FHENAE WEEE e g7 2k

kupn KeCp _

__ XHDN BPLP _ __ kapo KeCe
1+KcCo+ KpCp * 100

1+KcCe+KeCp

YHDN =

(4) pyridine & #HEE -8 m-cresol o] 43}
oA gt-& 2z} 16.21 keal/mole, 13.83kcal/mole ©]
At B FAHFENS K 9 K 25 FFde
AHp= —6,458kcal/mole ©] 3L, AH¢= —5,045 kcal/
mole ©] 1t}
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PYR pyridine

PIP  piperidine

PA pentylamine

NPP  N-Pentylpiperidine

DPA  dipentylamine

CRE m-cresol

MCH methylcyclohexane

TOL  toluene

dp catalyst particle diameter, cm

h heat transfer coefficient between gas and par-
ticle, cal/sec. cm’K

LHSV liquid hourly space velocity, ml-feed/g-cat. hr.

p total pressure, Pa

yeon  HDN reaction rate, g-mol/g-cat. hr.

yapo  HDO reaction rate, g-mol/g-cat. hr.

R gas constant, cal/g-mol. K

T temperature, K

4 catalyst weight, g

A thermal conductivity of particle, cal/sec. cm
K

kipy  intrinsic reaction rate constant pf HDN, g-
mol/g-cat. hr.

kupo  intrinsic reaction rate constant of HDO, g-
mol/g-cat. hr.

k'upn apparent reaction rate constant of HDN, g-
mol/g-cat. hr.

k'upo apparent reaction rate constant of HDO, g-
mol/g-cat. hr.

K'upn» apparent reaction rate constant of HDN in mi-
xed feed, g-mol/g-cat. hr.

K'npom apparent reaction rate constant of HDO in mi-
xed feed, g-mol/g-cat. hr.

Ke adsorption equilibrium constant of pyridine,
ml/mole.

Kc adsorption equilibrium constant of m-cresol,
m/mole.
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