
CHAPTER II

LITERATURE REVIEWS

2.1 H ydrodesulfurization Reaction.

Petroleum as w e ll as coal derived liq u id s  contain 

a wide v a r ie ty  o f s u lfu r  conta in ing  compounds. S u lfu r 

compounds must be removed to  improve q u a lit ie s  o f both 

feedstocks and products and to  p ro te c t the performance of 

c a ta ly s t in  downstream processes. The most im portant 

method to  remove s u lfu r  compounds is  c a ta ly t ic  HDS pro

cess .

In  th is  process, the s u lfu r  conta in ing compounds 

react w ith  hydrogen and produce hydrogensulfide, re s u lt 

ing in  a reduction o f s u lfu r  content in  feedstocks.

R-S + H2 --------- > R-H + H2S

D iffe re n t s u lfu r  compounds have d if fe re n t  reac

t i v i t i e s  and can be removed w ith  d if fe re n t  extents in  HDS 

process. The d if fe re n t in  the extent o f removal o f 

s u lfu r  compounds depends on i t s  b a s ic ity  and s tru c tu re .

H ydrodesulfuriza tion  reaction  is  exothermic and 

ir re v e rs ib le  under the reaction  cond itions employed in  

in d u s tr ie s  (e.g. 340-425°C and 55-170 atm) (Gates e t a l . ,  

1979; Speight, 1981, and V rin a t, 1983). Hydrodesulfur

iz a tio n  reaction  consists o f two types o f reactions, 

thermal decomposition reaction  and hydrogenolysis reac

t io n . Thermal decomposition reaction  occured by thermal
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a t preheater or vaporizer section . The products from 

thermal decomposition reac tion  are hydrogen s u lf id e  and 

o le f in s . Hydrogenolysis reac tion  is  exothermic and 

occured over su ita b le  c a ta ly s t under hydrogen ambient.

The products from hydrogenolysis reac tion  cons is t o f 

hydrogen s u lf id e  and saturated hydrocarbons.

Recent researches in  HDS rea c tio n  have been 

d irec ted  a t the chemistry o f th iophen ic  compounds, 

because these are the le a s t re a c tive  organosulfur com

pounds in  petroleum and other fo s s i l  fu e ls  (Gates e t a l.  

,1971).

Mechanism in  HDS o f h e te ro cyc lic  s u lfu r  compounds 

consists o f two pathways. F ir s t  pathway occured v ia  r in g  

hydrogenation p r io r  c-s bond sc iss ion  w hile  second path

way occured d ire c t ly  on c-s bond sc iss ion . The pathway 

in vo lv in g  p r io r  hydrogenation o f r in g  can be a ffec ted  by 

thermodynamics because hydrogenation o f s u lfu r  conta in ing 

rin g s  o f organosulfur compounds is  in  e q u ilib riu m  a t 

p ra c tic a l HDS temperature (V rin a t, 1983).

2.2 H ydrodesulfuriza tion  o f Thiophene.

The removal o f s u lfu r  compounds from hydrocarbon 

streams by HDS on CoMo c a ta ly s ts  has been extensive ly  

studied (P a rijs  and Froment, 1986; Daly, 1978; Geneste, 

1980, e tc . ) .  Many researchers (S a tte r f ie ld  and La Vopa, 

1988; Massoth and M ic iuk iew icz , 1986, e tc .)  in  HDS reac

t io n  has been d irected  a t the chemistry o f th iophenic 

compounds because these are the le a s t re a c tive  organo

s u lfu r  compounds in  petroleum. In  th is  study, thiophene 

was chosen to  study the in fluence  o f n itrogen  compounds
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on i t s  HDS rea c tio n .

Thiophene, C4H4ร as a h e te rocyc lic  s u lfu r  com

pound, is  a v o la t i le ,  co lo rle ss  l iq u id  w ith  a s l ig h t  aro

m atic odor resembling th a t o f benzene (Drew, 1982) .

H ydrodesu lfu riza tion  o f thiophene is  exothermic 

and e s s e n tia lly  ir re v e rs ib le  under wide range o f condi

tio n s  employed in d u s tr ia l ly  a t the temperature ranges 

between 340 and 425°c and the pressure between 55 and 170 

atm (Gates e t a l . ,  1979; Speight, 1981 and V rin a t, 1983). 

In  IC I research (P h illip s o n , 1971), there is  a re p o rt 

which showed th a t the exothermic reaction  o f thiophene 

HDS had heat o f reaction  o f -66.98 kcal/m ol a t 700 K.

There are many cond itions in  studying HDS o f 

thiophene. The experimental conditions depend on the 

b o ilin g  p o in t range and c h a ra c te r is tic s  o f the feed

stocks, the degree o f d e s u lfu r iz a tio n  requ ired, type o f 

reacto rs  used, and the c a ta ly s t employed. in d u s tr ia l HDS 

is  genera lly  ca rrie d  out a t temperature between 573 and 

698 K and pressure between 10 and 200 atm. (Gates e t a l . ,  

1979 ; Speight, 1981 and V rin a t, 1983).

Nevertheless, although in d u s tr ia l HDS is  a middle 

or high pressure process, most o f labora to ry  k in e tic s  

studies have been made a t atmospheric pressure. However, 

the newly recognized importance o f heavy petroleum fra c 

tio n s  and a lte rn a tiv e  fo s s il  fu e l source have shown the 

need fo r  k in e t ic  data fo r  the hydrotreatment o f th io -  

phenic s u lfu r  compounds under conditions s im ila r  to  those 

used in  in d u s try . Thus an im portant e ffe c t has re c e n tly  

been made in  the construction  o f new labo ra to ry  reacto rs  

able to  provide reaction  data free  from mass and heat
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tra n s fe r  e ffe c ts . Gradientless reacto rs fo r  vapor phase 

or multiphase systems have been reported by Mahony e t a l.  

(1978) and new labora tory  high pressure flow  m icroreac

to rs  have been described by E liz e r e t a l.  (1977) and by 

V rin a t and De Mourgues (1980).

Product d is tr ib u t io n  and rea c tio n  interm ediates 

during thiophene HDS have been thoroughly reviewed in  

some papers (Tanaka and Okhura, 1977; Massoth and M urali 

Dhar, 1982; Weisser and Landa, 1973; Gates e t a l . ,  1979 

and Ohtsuka, 1977) and the general reac tion  network o f 

thiophene by Massoth and M urali Dhar (1982) is  given in  

Figure 2.1.

There are two pathways in  th is  re a c tio n . The 

f i r s t  pathway is  ca lled  hydrogenolysis and the second 

pathway is  ca lle d  hydrogenation. The second path is  not 

rap id  compared w ith  the f i r s t  path, so th a t c 4 products 

obtained consists of butane and m ixture o f butene 

isomers. Two interm ediates, 1,3-butadiene and te t r a -  

hydrothiophene, are genera lly  observed in  trace  amount. 

Because, they are ra p id ly  hydrogenated to  butene isomers. 

I t  appears th a t HDS o f thiophene may proceed by two inde

pendent routes: i )  adsorption o f thiophene through s u lfu r  

fo llow ed by loss of s u lfu r  or i i )  adsorption o f thiophene 

p a ra lle l to  the c a ta ly s t surface fo llow ed by hydrogena

t io n  and fu r th e r  c-s bond rup ture .
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Figure 2.1 Pathways fo r  thiophene h yd rod e su lfu riza tio n  

(from Massoth and M aruli Dhar, 1982)

HDS o f thiophene occured e ith e r w ith  or w ithou t 

hydrogenation o f h e te rocyc lic  r in g . Hydrogenation path

way could be a ffected  by thermodynamic, and favoured only 

a t low temperatures and high pressures. An example is  

reported in  Figure 2.2 in  which the temperature depend

ence o f the equ ilib riu m  constants fo r  the various reac

tio n s  involved in  thiophene is  shown. I t  can be seen 

th a t the form ation of tetrahydrothiophene (reac tion  2) is  

only favoured fo r  temperature below 623 K.
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Figure 2.2 E quilib rium  constants (K) o f reactions

involved during thiophene h yd rod e su lfu riza tio n  

(From Weisser and Landa, 1973)

1. C4H4ร + 4H2 - ------> n-C4H10 + H2ร

2 . C4H4ร + 2H2 — -----> C4H8ร

3 . C4H8ร + 2H2 -■----- > n-C4H10 + h2s

Products d is tr ib u t io n  and amount o f each product 

depending upon cond itions, type o f rea c to r used, and 

c a ta ly s ts  employed. Tables 2.1 and 2.2 show e ffe c t o f 

pressure and temperature on the y ie ld  o f te tra h y d ro th io - 

phene and butenes in  thiophene HDS on CoMo/Al203 cata

ly s ts  .



TABLE 2.1 E ffe c t o f Pressure and Temperature ๐ท The Y ie ld  of
Tetrahydrothiophene in  Thiophene H ydrodesu lfu riza tion  
on Co-Mo/Al20-( C atalysts

Pressure
(MPa)

Temperature 
(๐C)

conversion (%) Reference
O verall to  THT1—1๐ 400 40 0.03 Kraus and Zdrazil,1977

0.1 350 20 0.10 Kraus and Zdrazil,1977
0.1 300 22 0.40 Kraus and Zdrazil,1977\—1๐

260-360 3-10 not found Morooka and Hamrin,1977
0.1 250-310 0-10 max. 3 Lee and B u t t ,1977
0.9 200 0-100 max. 9 Devanneux and Maurin,1981
1.75 220 0-100 max. 12 Devanneux and Maurin,1981
1.5 250 17 10 Kraus and Zdrazil,1977
2.1 260 0-100 max. 4 Pokorny and Zdrazil,1977

N) 00 290 0-100 max. 10 Pazos and Andreu,1977



TABLE 2.2 E ffe c t o f Pressure and Temperature ๐ท The Y ie ld  o f Butenes 
in  Thiophene H ydrodesu lfu riza tion  on Co-Mo/Al^O-^ C atalysts

Pressure
(MPa)

Temperature
(°C)

100 X mol butenes
mol hydrocarbon

Reference

0.1 350
At 20% thiophene conversion 

95 Massoth and Chung, 1981
0.1-0.3 320-430 93 Blake, 1981\—1 ๐ 350 90 Wakabayashi and O rito , 1971

0.1 400 88 B laduri and M itc h e ll,  1980

ts
j

CD 290 50 Pazos and Andreu, 1984

0.1 350
At 40% thiophene conversion 

93 M itc h e ll and Scott, 1984
0.2 305 87 Van Parys, 1984CO๐ 282 75 Van Parys, 1984
1 . 8 282 66 Van Parys, 1984
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The gas-phase HDS e q u ilib riu m  constants of 

thiophene a t d if fe re n t temperature are l is te d  by Speight 

(1981).

Thiophene + 4H2  > n-butane + H2S

logK a t 227°c = 12.07

a t 427°c = 3.85

The standard enthalpy o f reaction  (H ) = -68 kca l/m ol,

H (300K) = -62 kcal/m ole, H (700 K) = -66.98 kca l/m ol.

The re a c t iv i ty  o f thiophene was determined by 

Nag e t a l.  (1979). I t  showed th a t thiophene has pseudo- 

f i r s t  order ra te  constant equal 1 .38*103 1/g o f cata

ly s ts .

Van P a rijs  and Froment (1986) had studied the 

k in e tic s  of HDS o f thiophene in  vapor-phase flow  re a c to r. 

They studied in  a wide range o f cond itions (Temperature 

between 260 and 350°c, Pressure between 2 and 30 atm, and 

molar H2/thiophene ra t io  of 4-9) on CoMo/Al203 c a ta ly s t. 

They showed th a t, since amount o f 1,3-butadiene and 

tetrahydrothiophene are less than butene in  the e ff lu e n t 

stream, the fo llo w in g  consecutive scheme was adopted fo r  

the hydrogenolysis of thiophene (T) in to  hydrogen s u lf id e  

( ร ) , butene (B), and butane (A).

The hydrogenolysis of thiophene to  butenes and 

the hydrogenation of butenes to  butane are considered to  

take place on d if fe re n t kinds o f a c tive  s ite s ; (Hydroge

n o lys is  s ite s  and Hydrogenation s i t e s ) . The existence of 

two d if fe re n t  types o f s ite s  in  CoMo c a ta lys ts  under HDS 

cond itions has been evidenced by Owens and Amberg (1961), 

Z d ra z il (1975), and Delmon (1977). On both types o f
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a c tive  s ite s  the surface reactions between the reactions 

and com petitive ly  adsorbed hydrogen are ra te  determ ining 

step. Hydrogen can be adsorbed in  both molecular and 

atomic form which gave d if fe re n t kinds o f ra te  equation 

as fo llo w s.

I .  K in e tic  Model v ia  hydrogen M olecu la rly  adsorption.

a. For the hydrogenolysis o f thiophene on the 0- s ite s .

H2 + 20 , H 2 . 0

T + a 7- -  — > T .o

T . 0  + H2 .a -> ร . o + BD + 2a

ร . 0 + H2 -> H2 ร + 0

b. For the form ation o f butane through hydrogenation o f 

butene on the X s ite s .

H2 + T h 2 - t 

B + X -> B . X

B.r + Ĥ.x ) A .r + X

<-A. X -> A + X
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I I .  K i n e t i c  m o d e l v i a  h y d r o g e n  a t o m i c a l l y ( d i s s o c i a t i v e l y )  

a d s o r p t i o n .

a .  F o r  t h e  h y d r o g e n o ly s is  o f  t h io p h e n e  o n  t h e  a - s i t e s .

H2  + 2 a — > 2 H . a

T + a — > T . a

T .a  + 2 H . a -■■■ -----> s . a  + BD + 2 a

ร - 0  + H2  — — » H2 ร + a

๖ . F o r  t h e  f o r m a t i o n  o f  b u ta n e  t h r o u g h  h y d r o g e n a t io n  o f  

b u te n e  o n  t h e  T - s i t e s .

H2  + 2 r  

B + r

B . r  + 2 H . r

A .T

2 H . T

B . z

A . r  + r  

A + T

w h e re  T = t h io p e n e  ; B = b u te n e  ; A= b u ta n e  ;

ร =  H2S ; BD = 1 , 3 - b u t a d ie n e  ;

=  h y d r o g e n o ly s is  s i t e s  

= h y d r o g e n a t io n  s i t e s

T h e r e  a r e  m any i n v e s t i g a t o r s  w ho  s t u d ie d  k i n e t i c  

e q u a t i o n s  o f  t h io p h e n e  HDS a s  sh o w n  i n  T a b le  2 . 3 .
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TABLE 2 . i  K in e t ic  E qua tions  f o r  Th iophene H y d ro d e s u lfu r iz a t io n

R eference Date S o lv e n t
Terap./K

C a ta ly s t
Used

E a/
k c a l mol

3 Rate E xp re ss io n  

r  = rHDS
P re s s ./a tm r ° = i n i t i a l  ra te

S a t t e r f ie ld

\

1968
508-538

1

C o-M o/A l203 3 .7

r= k ( M TP1,*KsPs ) 2Ph

Ozimek 1975
580-673

1

C o-M o/A l20 3 2 1 .6

H asso th 1977
673

1

M o /A l20 3
r= k  V t  p:

Morooka 1977 benzene
523-623

1

Co-M o/A l 2 €>3 20

r = k ( l + W KsP5 ) 2 Ph

C h a k ra b o rty 1978 naphtha
510-563

1

N i-M o /A l20 3 3

■■■ '■

Kawaguchi 1978 n-hexane
543-623

N i-M o /A l20 3 16 1 1  V t  - V h

1 ‘ พ ร 1' 17 W

V y s k o c il 1979
623

1

C o-M o /A l20 3

Lee 1977
523-586

1

C o-M o/A l20 3 1 1  V t  V h  (  1

( 1+kt pt +khp h ) ^ +kh ph

0 t a  3

0 1 9 3 8 8
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R a te  e q u a t io n s  f r o m  k i n e t i c  s t u d i e s  a s  sh o w n  i n  

T a b le  2 .3  i n d i c a t e d  t h a t  t h io p h e n e  i n h i b i t s  i t s  own HDS 

a t  lo w  p r e s s u r e  e x p e r im e n t .  H y d ro g e n  s u l f i d e  a l s o  i n h i b 

i t e d  HDS r e a c t i o n .  H y d r o g e n a t io n  a n d  h y d r o g e n o ly s i s  

r e a c t i o n  a r e  i n f e r e d  t o  o c c u r  o n  tw o  d i f f e r e n t  k in d s  o f  

a c t i v e  s i t e s  s in c e  h y d r o g e n  s u l f i d e  a f f e c t e d  r a t e s  o f  

t h io p h e n e  h y d r o g e n o ly s is  a n d  o l e f i n  h y d r o g e n a t io n ,  d i f -  

f e r e r e n t l y .

2 .3  H y d r o d e s u l f u r i z a t i o n  C a t a l y s t s .

T h e  m o s t  c o m m o n ly  u s e d  HDS c a t a l y s t s  c o n s i s t  o f  

c o b a l t  o x id e  a n d  m o ly b d e n u m  o x id e (C o M o )  o r  n i c k e l  o x id e  

a n d  m o ly b d e n u m  o x id e  (N iM o ) 1 d i s p e r s e d  o n  h ig h  s u r f a c e  

a r e a  a lu m in a  s u p p o r t s  ( M c K in le y ,  1 9 5 7 ) . M o ly b d e n u m  i s  

g e n e r a l l y  r e g a r d e d  a s  t h e  a c t i v e  d e s u l f u r i z a t i o n  com 

p o n e n t ,  w i t h  c o b a l t  o r  n i c k e l  a c t i n g  a s  a p r o m o te r  w h ic h  

in c r e a s e s  c a t a l y t i c  a c t i v i t y .  T h e  r a t i o  o f  M o /C o  i s  

a lw a y s  c o n s i d e r a b l y  g r e a t e r  t h a n  1 , a r e p r e s e n t a t i v e  com 

p o s i t i o n  b e in g  3 wt%  CoO a n d  12 wt%  M0 O3 . A n  a l t e r n a t e  

c a t a l y s t  c o m p o s i t io n  i s  N iM o / A l20 3, u s e d  e s p e c i a l l y  i f  HDN 

o r  h y d r o g e n a t io n  r e a c t i o n s  a r e  t o  b e  e m p h a s iz e d .  A s  w i t h  

C oM o, t h e  r a t i o  M o /N i e x c e e d s  1 ,  l e s s  w id e l y  u s e d  a r e  

N iw /A 1 20 3 c a t a l y s t s ,  w h ic h  a r e  q u i t e  a c t i v e  b u t  m o re  

c o s t l y .  S o , CoMo c a t a l y s t s  a r e  b y  f a r  t h e  m o s t  p o p u la r  

c h o i c e  f o r  d e s u l f u r i z a t i o n ,  p a r t i c u l a r l y  f o r  s t r a i g h t  r u n  

p e t r o le u m  f r a c t i o n s ,  (D re w , 1 9 8 2 ) .

T h e  c a t a l y s t s  a r e  m a n u fa c tu r e d  w i t h  t h e  m e t a ls  i n  

a n  o x id e  s t a t e .  I n  t h e  a c t i v e  f o r m  t h e y  a r e  i n  t h e  s u l 

f i d e  s t a t e ,  w h ic h  i s  o b t a in e d  b y  s u l f i d i n g  t h e  c a t a l y s t  

e i t h e r  p r i o r  t o  u s e  o r  w i t h  t h e  f e e d  d u r i n g  a c t u a l  u s e ,
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t h e  m e th o d  o f  p r e s u l f i d i n g  t h e  c a t a l y s t  i s  c o n s id e r a b ly  

m ore  im p o r t a n t  i n  t h e  c a s e  o f  N iM o /A l20 3 t h a n  w i t h  CoMo/ 

A 1 20 3 c a t a l y s t s .  I f  n o t  p r e s u l f i d e d  b e fo r e  u s e ,  N io  may 

be re d u c e d  t o  m e t a l l i c  N i b y  t h e  r e d u c in g  e n v ir o n m e n t  i n  

t h e  r e a c t o r ,  a n d  t h i s  may th e n  be  d i f f i c u l t  t o  c o n v e r t  t o  

t h e  s u l f i d e .  M e t a l l i c  N i may c a u s e  u n d e r s id e r a b le  

r e a c t io n s  and  p r o b a b ly  s i n t e r s  m o re  r a p i d l y  th a n  a n i c k e l  

s u l f i d e .  The s t r u c t u r e  o f  t h e  a c t i v e  c a t a l y s t s  h a s  b e e n  

s u b je c te d  t o  m uch d is c u s s io n ,  b u t  t h e r e  i s  no  c o n s e n s u s  

y e t .  W ith  a CoMo c a t a l y s t  t h e  s u l f i d e d  fo rm s  may be  

r e p r e s e n te d  a s  MoS2 a n d  Co9S8, b u t  t h e i r  c o m p o s i t io n s  

a c t u a l l y  a r e  c o m p le x .  MoS2 b y  i t s e l f  i s  c o n s id e r a b ly  m ore  

a c t i v e  th a n  Co,S8, b u t  a m ix t u r e  o f  t h e  tw o  i s  m o re  a c t i v e  

t h a n  e i t h e r  a lo n e .  T he  m e ch a n ism  o f  t h e i r  i n t e r a c t i o n  i s  

s t i l l  s p e c u la t i v e .  T he  s u l f i d e d  c a t a l y s t  i s  q u i t e  d i f 

f e r e n t  i n  s t r u c t u r e  f ro m  th e  o x id e  p r e c u r s o r s .  MoS2 fo rm s  

la y e r e d  t y p e  s t r u c t u r e s  i n  w h ic h  la y e r s  o f  ร a to m s  a l t e r 

n a te  w i t h  la y e r s  o f  m e ta l  a to m s . I t  h a s  b e e n  s u g g e s te d  

t h a t  a t  t h e  e d g e s  o f  s u c h  a s t r u c t u r e ,  a to m s  o f  Co m ig h t  

i n t e r c a l a t e  i n t o  t h e  MoS2 s t r u c t u r e ,  f o r m in g  t h e  a c t i v e  

s i t e s  (W e is s e r  a n d  L a n d a , 1973) . I n  c o m p a r is io n  o f  CoMoS 

/ A l , 0 3, N iM oS / A 1 ,0 3 and  N iw s / A l20 3 w i t h  r e s p e c t  t o  t h e i r  

s p e c i f i c  a c i t v i t y  f o r  h y d r o g e n a t io n  a nd  c - s  b o n d  s p l i t 

t i n g  d u r in g  c o n v e r s io n  o f  2 - m e th y l t h io p h e n e  was o b s e rv e d  

b y  D u c h e t (1 9 8 3 ) and  D a ly  ( 1 9 8 7 ) .  The  r e s u l t s  show ed  

t h a t  CoMoS /A 1 20 3 g i v e  m ore  th a n  t w ic e  c o n v e r s io n  d u r in g  

t h e  same s p a c e  t im e  th a n  th e  tw o  o t h e r  c a t a l y s t s .  O b v i

o u s ly  CoMoS /A 1 20 3 was t h e  m o s t a c t i v e  HDS c a t a l y s t  a n d  was  

c o n f i r m e d  b y  many r e s e a r c h e r s  (Owens and  A m b e rg , 1961  ; 

S a t t e r f i e l d ,  1981 and  F ir m s k y ,  1 9 8 3 ) .
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2 .4  D e a c t i v a t io n  o f  c a t a l y s t s

I n  c a t a l y t i c  p r o c e s s ,  c a t a l y s t s  u s u a l l y  lo s e  

t h e i r  a c t i v i t i e s  w h i le  i n  o p e r a t io n  o v e r  a p e r io d  o f  

t im e .  The t im e  r e q u i r e d  f o r  t h e  a c t i v i t y  t o  f a l l  t o  an  

u n d e s i r a b le  l e v e l  v a r ie d  w i t h  t h e  s e v e r i t y  o f  t h e  p r o c e s s  

c o n d i t io n s  and  t h e  t y p e  o f  r e a c t i o n .  T h re e  k in d s  o f  

c a t a l y s t  d e a c t i v a t i o n  may o c c u r :  a ) s i n t e r i n g  o r  t h e r m a l  

d e a c t i v a t i o n ,  ๖) f o u l i n g  o r  c o k in g  a nd  c )  p o is o n in g .

T h e se  phenom ena may o c c u r  s i n g l y  o r  i n  c o m b in a t io n  b u t  

t h e  o v e r a l l  r e s u l t  i s  t h e  re m o v a l o f  a c t i v e  s i t e s  f ro m  

t h e  c a t a l y s t  s u r f a c e .  (H u g e s , 1 9 8 4 ; P e te r s e n  and  B e l l ,  

1987 and  B u t t  e t  a l . ,  1 9 8 8 ) .

2 . 4 . 1 .  D e a c t i v a t io n  b y  s i n t e r i n g

S in t e r i n g  o r  t h e r m a l  d e a c t i v a t i o n  o f  t h e  c a t a l y s t  

i s  a p h y s ic a l  p r o c e s s  r a t h e r  t h a n  a c h e m ic a l p r o c e s s .  

N o r m a l ly ,  t h e  te rm  s i n t e r i n g  i s  a p p l ie d  i n  d e s c r ib in g  

t h e  lo s s  o f  a c t i v e  s u r f a c e  a re a  o f  t h e  c a t a l y s t  w h ic h  

o c c u r  t h r o u g h o u t  t h e  c a t a l y s t  o r  may be  l o c a l i z e d  a t  t h e  

i n d i v i d u a l  a re a s  w h e re  r e a c t i o n  o c c u r s .  s i n t e r i n g  c a n  

o c c u r  i n  t h e  s u p p o r t  w h ic h  c a u s e  t o  c h a n g e  t h e  p o re  

s t r u c t u r e  o r  a g g lo m e ra te  th e  a c t i v e  m e ta l  w h ic h  c a u s e  t o  

lo s e  th e  d i s p e r s io n  o f  t h e  m e ta l  c r y s t a l l i t e s .  The o t h e r  

was t h e  in c o r p o r a t i o n  o f  t h e  a c t i v e  m e ta l  i n t o  t h e  s u p 

p o r t  t h a t  t h e  new fo rm  i s  i n e r t  f o r  t h e  r e a c t i o n .  

S in t e r i n g  ca n  be a v o id e d  b y  w o r k in g  a t  o p e r a t in g  te m p e r 

a t u r e  b e lo w  th e  n o rm a l r a n g e  o f  t e m p e r a tu r e .
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2 . 4 . 2 .  D e a c t i v a t io n  b y  f o u l i n g  o r  c o k in g

F o u l in g  i s  a p r o c e s s  o f  c a t a l y s t  d e a c t i v a t i o n

t h a t  may be e i t h e r  p h y s i c a l  o r  c h e m ic a l i n  n a t u r e .  I n  

g e n e r a l ,  much l a r g e r  a m o u n ts  o f  m a t e r i a l  a r e  r e s p o n s ib le  

f o r  d e a c t i v a t i o n  i n  f o u l i n g  p ro c e s s e s  th a n  i n  p o is o n in g .  

The m o s t t y p i c a l  o f  f o u l i n g  p r o c e s s e s  i s  t h a t  o f  t h e  c a r 

b o n a c e o u s  d e p o s i t  o f  c o k e  t h a t  fo rm s  on  m o s t c a t a l y s t s  

u s e d  i n  t h e  p r o c e s s in g  o f  p e t r o le u m  f r a c t i o n s  o r  o t h e r  

o r g a n ic  c h e m ic a l f e e d s t o c k s .  The f o r m a t io n  o f  c a r b o n 

a c e o u s  o r  c o k e  d e p o s i t s  ( c o n t a in in g  i n  a d d i t i o n  t o  c a r 

b o n , s i g n i f i c a n t  a m o u n ts  o f  h y d ro g e n  p lu s  t r a c e s  o f  o x y 

g e n , s u l f u r ,  a n d  n i t r o g e n )  on t h e  c a t a l y s t  s u r f a c e  d u r in g  

t h e  p r o c e s s in g  o f  o r g a n ic  b a s e d  c h e m ic a l f e e d s to c k s  i s  

t h e  u s u a l  e x a m p le  o f  f o u l i n g .  I t  i s  im p o r t a n t  t o  r e c o g 

n iz e  t h a t  t h e  c o k e  d e p o s i t  i n  t h i s  o r i g i n a t e s  f ro m  t h e  

r e a c t io n s  o c c u r in g ,  i s  n o t  an  i m p u r i t y .  B e ca u se  o f  t h i s  

i n t r i n s i c  a s s o c ia t io n  w i t h  t h e  m a in  c h e m ic a l r e a c t i o n s ,  

f o u l i n g  b y  c o k e  c a n n o t  be  e l im in a t e d  b y  p u r i f i c a t i o n  o f  

t h e  fe e d  o r  u s e  o f  a g u a rd  c a t a l y s t .  I f  r e a c t i o n  o c c u r s ,  

c o k e  d e p o s i t io n  m u s t a ls o  n e c e s s a r i l y  o c c u r  a c c o r d in g  t o  

t h e  c h e m is t r y  o f  t h e  p r o c e s s .  H o w e v e r, c o k e  f o r m a t io n  c a n  

be m in im iz e d  b y  a p p r o p r ia t e  c h o ic e  o f  r e a c t o r  and  o p e r 

a t i n g  c o n d i t i o n s ,  and  i n  some c a s e s  b y  m o d i f i c a t i o n  o f  

t h e  c a t a l y s t  (T h o m a s, 197 8 ) .

2 . 4 . 3 .  D e a c t i v a t io n  b y  p o is o n in g .

P o is o n in g  i s  t h e  c a t a l y t i c  d e a c t i v a t i o n  d u e  t o

s m a l l  a m o u n ts  o f  m a t e r i a l ,  s p e c i f i c  t o  a s p e c i f i c  c a t a 

l y s t  and  a s s o c ia t e d  w i t h  t h e  a d s o r p t io n  o f  t h e  p o is o n  on  

t h e  a c t i v e  s i t e s  o f  c a t a l y s t .  P o is o n  i s  o f t e n  a s s o c ia t e d
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w i t h  c o n ta m in a n ts  s u c h  as  s u l f u r  com pou nds  i n  t h e  fe e d  

s t re a m  o f  p e t r o le u m  f r a c t i o n  w h ic h  i s  th e n  te rm e d  im p u r i 

t y  p o is o n in g .  T h o u g h , t h e r e  a r e  m any w e l l  d o c u m e n te d  and  

b e s t  i d e n t i f i e d  o f  p o is o n in g  p r o c e s s e s ,  i t  i s  im p o r t a n t  

t o  r e c o g n iz e  t h a t  o t h e r  fo rm s  o f  p o is o n in g  may o c c u r .  

T h e s e  in c lu d e  p o is o n in g  b y  a p r o d u c t  o f  t h e  d e s i r e d  and  

u n d e s ir e d  r e a c t i o n  w h ic h  may be  p r e f e r e n t i a l l y  a d s o rb e d  

on  t h e  a c t i v e  s i t e s  o f  t h e  c a t a l y s t ,  t h u s  r e t a r d i n g  t h e  

a d s o r p t io n  o f  r e a c t a n t .

C a t a l y s t  p o is o n s  ca n  be  c l a s s i f i e d  i n  v a r io u s  

w a y s , s u c h  a s  b y  t h e i r  d e g re e  o f  a f f i n i t y  f o r  t h e  s u r 

f a c e ,  a s  te m p o ra ry  o r  p e rm a n e n t,  o r  a s  s e l e c t i v e  o r  n o n -  

s e l e c t i v e .  I n  p a r t i c u l a r ,  we w i l l  m ake a d i s t i n c t i o n  

b e tw e e n  te m p o ra ry  and  p e rm a n e n t p o is o n ,  a p o i n t  w h ic h  

r e s t s  u p o n  t h e  d e g re e  o f  r e v e r s i b i l i t y  o f  c h e m is o r p t io n  

on  t h e  s u r f a c e ,  and  i n h i b i t o r s  o f  r e a c t i o n  r a t e  w h ic h  a re  

e i t h e r  r e a c t a n t s  o r  p r o d u c ts  o f  t h e  m a in  r e a c t i o n  b e in g  

c a r r i e d  o u t .  The d e s c r i p t i o n  o f  a p o is o n  a s  s e l e c t i v e  o r  

n o n s e le c t i v e  i s  r e la t e d  t o  t h e  n a t u r e  o f  t h e  s u r f a c e  and  

t h e  d e g re e  o f  i n t e r a c t i o n  o f  p o is o n  w i t h  t h e  s u r f a c e .  A 

n o n s e le c t i v e  c a s e  i s  t h e  c h e m is o r p t io n  o f  p o is o n  on  t h e  

s u r f a c e  w h ic h  re m o v e s  a c t i v e s  s i t e s  i n  a u n i f o r m  m a n n e r,  

s u c h  t h a t  t h e  n e t  a c t i v t y  o f  t h e  s u r f a c e  i s  a d i r e c t  

f u n c t i o n  o f  t h e  a m o u n t o f  p o is o n  c h e m is o rb e d .  I n  

e s s e n c e ,  e v e r y  a c t i v e  s i t e s  lo o k s  l i k e  e v e r y  o t h e r  a c t i v e  

s i t e s  t o  t h e  p o is o n  m o le c u le .  C o n v e r s e ly ,  i n  s e l e c t i v e  

p o is o n in g  t h e r e  w i l l  be some d i s t r i b u t i o n  o f  p r o p e r t i e s  

o f  t h e  a c t i v e  s i t e s ,  s u c h  as a c id  s t r e n g t h  w h ic h  c a n  be  

t h e  r e s u l t  o f  a n y  member o f  f a c t o r s  b u t  w h ic h  r e s u l t s  i n  

n o n u n i fo r m  d e a c t i v a t i o n  o f  t h e  s u r f a c e .  O f te n  th e s e  w i l l
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a p p e a r  a s  e x p o n e n t ia l  o r  h y p e r b o l i c  r e l a t i o n s h i p s  b e tw e e n  

t h e  n e t  a c t i v i t y  o f  t h e  s u r f a c e  and  t h e  a m o u n t o f  p o is o n  

c h e m is o rb e d .

M o s t p o is o n in g  p ro c e s s e s  a r e  e f f e c t i v e l y  i r r e v e r 

s i b l e ,  b u t  t h e r e  i s  an im p o r t a n t  c la s s  o f  p o is o n s  t h a t  

a r e  r e v e r s i b l e  i n  a c t i v i t y  (M a s s o th  a nd  M ic iu k ie w ic z , 

1 9 8 6 ) .

S in c e  t h e  e f f e c t s  o f  d e a c t i v a t i o n  b y  n i t r o g e n  

p o is o n in g  i s  r e c ie v e d  m ore  a t t e n t i o n  th a n  t h e  s t r u c t u r a l  

c h a n g e s , t h e  f o lo w in g  l i t e r a t u r e  w i l l  be  fo c u s e d  o n ly  on  

n i t r o g e n  p o is o n in g  i n  HDS p r o c e s s .

2 .5  E f f e c t  o f  n i t r o g e n  com pounds on  h y d r o d e s u l f u r i z a t i o n  

r e a c t i o n s .

M any in v e s t i g a t o r s  s t u d ie d  e f f e c t s  o f  n i t r o g e n  

com pou nds on  HDS r e a c t io n s  ( B h in d e ,  1 9 7 9 ; L o , 1 9 8 1 ;  

S a t t e r f i e l d ,  1 9 7 5 , 1 9 8 0 . e t c . ) .  O n ly  r e c e n t l y  q u a n t i 

t a t i v e  i n h i b i t i o n  e f f e c t s  h a v e  b e e n  r e p o r t e d .  V a r i a b le  

i n  e a c h  s t u d ie d  a r e  c a t a l y s t s ,  s u l f u r  m o d e l com pounds  

u s e d ,  n i t r o g e n  m o d e l com pounds u s e d , c a t a l y s t s ,  t y p e  o f  

r e a c t o r  a n d  c o n d i t i o n .

S tu d ie s  on i n h i b i t i o n  e f f e c t s  o f  n i t r o g e n  com 

p o u n d s  on  HDS r e a c t io n  a ls o  show ed  t h a t  HDS c a t a l y s t s  

h a v e  tw o  a c t i v e  s i t e s ,  o .ie  f o r  h y d r o g e n a t io n  w h ic h  o c c u r  

on  b r o n s te d  a c id  s i t e s  and  t h e  o t h e r  f o r  h y d r o g e n o ly s is  

w h ic h  o c c u r  on le w is  a c id  s i t e s ,  b e c a u s e  n i t r o g e n  p o i 

s o n e d  e a c h  a c t i v e  s i t e  d i f f e r e n t l y .  N i t r o g e n  com pounds  

i n h i b i t e d  HDS r e a c t io n  b y  c o m p e t i t i v e  a d s o r p t io n  t o  

a c t i v e  s i t e s  ( K r is c h ,  1 9 5 9 ) .  D e g re e  i n  i n h i b i t i o n  o f  

n i t r o g e n  com pounds d e p e n d s  on i t ' s  t y p e  a nd  m o le c u la r
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s t r u c t u r e .  The f o l l o w i n g  l i t e r a t u r e  w i l l  be  s u p p o r te d  

t h i s  r e a s o n .

B h in d e  (1 9 7 9 ) a n a ly z e d  i n h i b i t i o n  o f  q u i n o l i n e  on  

d ib e n z o th io p h e n e  HDS b y  k i n e t i c  t r e a t i n g  e a c h  r e a c t i o n  i n  

d ib e n z o th io p h e n e  n e tw o r k .  The n e tw o r k  o f  d ib e n z o t h io 

p h e n e  c o n s i s t s  o f  b o th  h y d r o g e n a t io n  and  h y d r o g e n a o ly s is  

r e a c t i o n s .  He c o n c lu d e d  t h a t  h y d r o g e n a t io n  r e a c t io n s  

w e re  i n h i b i t e d  m ore  th a n  h y d r o g e n o ly s is  r e a c t i o n ,  and  

a p p r o x im a te ly  2 - f o l d  d i f f e r e n c e  i n  t h e  d e g re e  o f  t h e  r a t e  

c o n s t a n t s  was in t e r p r e t e d  e v id e n c e  o f  s e p a r a te  s i t e s  o f  

h y d r o g e n a t io n  a n d  h y d r o g e n a o ly s is .  U s in g  B h in d e 'ร  d a t a ,  

L o  (1 9 8 1 ) d e v e lo p e d  a m o d e l b a s e d  on  L a n g m u ir -H in s h e lw o o d  

r a t e  e x p r e s s io n s  f o r  e a c h  r e a c t io n  o f  t h e  d ib e n z o t h io 

p h e n e  n e tw o rk  ; an  a d v a n ta n g e  o f  t h i s  a p p ro a c h  was t h e  

s im u l ta n e o u s  m o d e l in g  o f  HDS and  HDN. I t  w as fo u n d  t h a t  

a s i n g l e - s i t e  m o d e l f o r  t h e  h y d r o g e n o ly s is  r e a c t io n s  i n  

t h e  d ib e n z o th io p h e n e  n e tw o rk  (s u c h  a s  t h e  one  u s e d  t o  

m o d e l n a p h th a le n e  h y d r o g e n a t io n )  g a v e  a p o o r  f i t  t o  t h e  

d a t a .  A t w o - s i t e  m o d e l,  w i t h  m o re  p a r a m e te r s ,  g a v e  a 

b e t t e r  f i t .  T he  fo rm  o f  t h e  e q u a t io n s  i s  s u g g e s t iv e  o f  

t h e  tw o  s i t e s  m o d e l a ls o  p ro p o s e d  e a r l i e r  b y  D e s ik a n  and  

A m berg  ( 1 9 6 4 ) .

I n  1 9 8 3 , t h e  c o u rs e  o f  p o is o n in g  s t u d y ,  N a g a i and  

K abe  n o t ic e d  s e l e c t i v e  p o is o n in g  p a t t e r n s  f o r  HDS 

d ib e n z o th io p h e n e  on a Mo /A 1 20 3 c a t a l y s t  b a s e d  on  t h e  

k i n e t i c s  o f  t h e  p o is o n in g  e f f e c t  on  t h i s  r e a c t i o n s .  

S t u d ie s  w e re  c a r r i e d  o u t  i n  a h ig h  p r e s s u r e  f l o w  m ic r o 

r e a c t o r  and  u s e d  v a r io u s  p o is o n in g  a g e n ts ,  s u c h  as  

n i t r o g e n ,  p o ly a r o m a t ic ,  s u l f u r ,  and  o x y g e n  co m p o u n d s .

T h e y  fo u n d  t h a t  n i t r o g e n  com pounds a ls o  i n h i b i t e d  t h e
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h y d r o g e n a t io n  o f  d ib e n z o th io p h e n e  m o re  s t r o n g l y  a t  lo w e r  

t e m p e r a tu r e s .  A t  h ig h e r  t e m p e r a tu r e s ,  t h e  n i t r o g e n  

com pou nds a ls o  h in d e r e d  t h e  d e s u l f u r i z a t i o n  t o g e t h e r  w i t h  

t h e  h y d r o g e n a t io n  o f  d ib e n z o th io p h e n e .  The r e a c t io n s  o f  

t h e  d e s u l f u r i z a t i o n ,  t h e  d e n i t r o g e n a t io n ,  and  d e o x y g e n 

a t i o n  p ro c e e d e d  on one  t y p e  o f  s i t e s  a n d  t h e  h y d ro g e n 

a t i o n  r e a c t io n s  p ro c e e d e d  on a n o th e r  t y p e  o f  s i t e s .  I n  

t h e  s t u d ie s  a b o u t  s e l e c t i v e  p o is o n in g  o f  n i t r o g e n  com

p o u n d s  on  HDS r e a c t io n  w e re  d e v e lo p e d  a t  d i f f e r e n t i a l  i n  

c a t a l y s t ,  t y p e  o f  r e a c t o r  and  c o n d i t i o n .  I n  1 9 8 6 , N a g a i 

and  A ib a  s t u d ie d  s e l e c t i v e  p o is o n in g  on  v a r io u s  n i t r o g e n  

com pou nds on  h y d r o d e s u l f u r i z a t io n  s i t e s  o f  N iM o /A l20 3 i n  a 

f l o w  m ic r o r e a c t o r  a t  2 2 0 -3 4 0 °C  a nd  1 0 .1  MPa t o t a l  p r e s 

s u r e .  T h e y  c o n c lu d e d  t h a t  n i t r o g e n  com pounds w e re  e f f e c 

t i v e  p o is o n s  f o r  d ib e n z o th io p h e n e  h y d r o g e n a t io n  b u t  n o t  

f o r  t h e  d e s u l f u r i z a t i o n  r e a c t io n  a t  lo w e r  t e m p e r a tu r e s .  

T h e y  a ls o  s u g g e s te d  t h a t  t h e  p o is o n in g  e f f e c t  o f  n i t r o g e n  

com pou nds was n o t  c o r r e la t e d  w i t h  t h e i r  s o l u t i o n  b a s i c 

i t i e s  b u t  w i t h  t h e i r  g a s  p h a s e  b a s i c i t i e s .  Gas p h a s e  

b a s i c i t y ,  w h ic h  c a l l e d  p r o t o n  a f f i n i t y ,  w as o b t a in e d  b y  

m e a s u r in g  t h e  e q u i l i b r i u m  c o n s t a n t s  f o r  t h e  p r o t o n  t r a n 

s f e r  r e a c t i o n s .  T h is  v a lu e  d e f in e d  f ro m  d i r e c t  m e a s u re  

o f  t h e  b r o n s te d  b a se  s t r e n g t h  o f  t h e  m o le c u le .  T h e se  

r e s u l t s  in d ic a t e d  t h a t  h y d r o g e n a t io n  o c c u re d  on b r o n s te d  

s i t e s  t h a t  a p p e a re d  on s u l f i d e d  N iM o /A l20 3 c a t a l y s t s .  

H e n c e , i t  a p p e a re d  t h a t  a n i t r o g e n  com pounds a d s o rb e d  

s t r o n g l y  on  B ro n s te d  a c id  s i t e s  r a t h e r  th a n  L e w is  a c id  

s i t e s  o r  c o o r d i n a t i v e l y  u n s a tu r a t e d  s i t e s .  I n  t h i s  

c o n d i t i o n s  ra n g e ,  n i t r o g e n  com pounds d e c re a s e d  th e  

c o n c e n t r a t io n  o f  u n r e a c t r e d  d ib e n z o th io p h e n e  s l i g h t l y .
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The in c r e a s e  i n  t h e  c o n v e r s io n  was n o t  o b s e rv e d  f o r  t h e  

s u l f i d e d  Mo /A 1 20 3 c a t a l y s t  (N a g a i a nd  K a b e , 1 9 8 3 ) .  I t  

seem ed t h a t  n i t r o g e n  com pounds e n h a n c e d  t h e  d e s u l f u r 

i z a t i o n  o n  t h e  N iM o /A l20 3 c a t a l y s t .  N i t r o g e n  com pounds  

d e c re a s e d  h y d ro g e n a te d  p r o d u c ts  i n  t h e  f o l l o w i n g  o r d e r  

a c r i d i n e  > q u in o l i n e  > P y r id in e  > p i p e r i d i n e  > c y c l o -  

h e x y la m in e  > p i c o l i n e  > d i c y c lo h e x y la m in e  > a n i l i n e .  The  

in c r e a s e  i n  d e s u l f u r i z a t i o n  p r o d u c t  was a ls o  i n  t h e  same 

o r d e r .

I n v e s t i g a t i i o n s  o f  i n h i b i t i o n  o f  t h e  HDS o f  some 

s u l f u r  co m pou nds b y  v a r io u s  n i t r o g e n  com pounds h a v e  a ls o  

b e e n  r e p o r t e d  ( G u t b e r le t  and  B e r t o l a c i n i ,  1 9 8 3 ;  

M ic iu k ie w ic z , 1 9 8 4 ; La  Vopa and  S a t t e r f i e l d ,  1 9 8 8 , e t c . ) .  

T h e s e  r e s u l t s  a r e  u s e f u l  f o r  c o r r e l a t i n g  m o le c la r  s t r u c 

t u r e  w i t h  i n h i b i t i o n ,  a nd  t h e y  p r o v id e d  i n s i g h t s  i n t o  

i n h i b i t i o n  m e c h a n is m s . The d e g re e  o f  i n h i b i t i o n  b y  o r g a -  

n o n i t r o g e n  com pou nds as  a f u n c t i o n  o f  s t e a r i c  h in d r a n c e  

a ro u n d  t h e  n i t r o g e n  a to m  was in v e s t i g a t e d  b y  G u t b e r l e t  

a n d  B e r t o l a c i n i  ( 1 9 8 3 ) ,  who m e a s u re d  i n h i b i t i o n  o f  t h e  

HDS o f  a p e t r o le u m  n a p th a  b y  v a r io u s  m e t h y l -  and  e t h y l -  

s u b s t i t u t e d  p y r i d i n e s .  I n  t h i s  w o rk ,  d i s t i n c t i o n  b e tw e e n  

s u l f u r  r e m o v a l v i a  d i r e c t  h y d r o g e n o ly s is  o f  t h e  o r g a n o -  

s u l f u r  s p e c ie s  o r  b y  i t s  p r i o r  h y d r o g e n a t io n  was n o t  

p o s s ib le .  U n d e r t h e  c o n d i t io n s  e m p lo y e d , t h e  o r g a n o -  

n i t r o g e n  com pounds a d d e d  t o  t h e  n a p th a  u n d e rw e n t  l i t t l e  

HDN. T he  n a p th a  HDS d a ta  w e re  f i t t e d  t o  t h e  f o l l o w i n g  

e q u a t io n :

k p„

(1 + KH2ร PH2ร ) ( U ร \ Pa° ‘ 5̂ Kc pc
0o5

T - ( 2 . 1 )
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w h e re  ร ,  A , B, and  c  d e n o te d  s u l f u r  c o m p o n e n ts  o f  

t h e  n a p th a ,  am m o n ia , n i t r o g e n  c o m p o n e n ts  o f  t h e  n a p th a ,  

and  n i t r o g e n  a d d e d  t o  t h e  n a p th a ,  r e s p e c t i v e l y .  D a ta  

f ro m  T a b le  2 .4  show ed t h a t  t h e  i n h i b i t i o n  p a r a m e te r  

c o r r e la t e d  w e l l  w i t h  t h e  d e g re e  o f  s t e r i c  h in d r a n c e  a b o u t  

t h e  n i t r o g e n  a to m  ; t h e  h in d e r e d  n i t r o g e n  com pounds w e re  

c h a r a c t e r iz e d  b y  r e l a t i v e l y  lo w  v a lu e s  o f  t h e  i n h i b i t i o n  

p a r a m e te r s .  T he  w eak i n h i b i t i o n  b y  t h e  u n h in d e r e d

4 - m e t h y l a n i l i n e  (T a b le  2 .4  ) was a t t r i b u t e d  t o  t h e  p a r t 

i a l  d e l o c a l i z a t i o n  o f  i t s  l o n e - p a i r  e le c t r o n s  a s s o c ia t e d  

w i t h  re s o n a n c e  i n t e r a c t i o n s .  I n h i b i t i o n  o f  h y d r o d e s u l 

f u r i z a t i o n  b y  am m onia (p ro d u c e d  b y  r a p id  h y d r o d e s u l f u r 

i z a t i o n  o f  b e n z y la m in e )  was c o m p a ra b le  t o  t h a t  c h a r a c t e r 

i z i n g  t h e  u n h in d e r e d  h e t e r o c y c l i c s ,  i n  q u a l i t a t i v e  a g r e e 

m e n t w i t h  L o 's  r e s u l t s  ( 1 9 8 1 ) .

The r e l a t i v e l y  w eak i n h i b i t i o n  b y  s t e r i c a l l y  h i n 

d e re d  s p e c ie s  h a s  a ls o  bee n  r e p o r t e d  f o r  t h io p h e n e  HDS b y  

La Vopa a n d  S a t t e r f i e l d  ( 1 9 8 8 ) .  As w i t h  t h e  w o rk  o f  

G u t b e r le t  and  B e r t o l a c i n i  ( 1 9 8 3 ) ,  i t  i s  n o t  c l e a r  w h e th e r  

t h e  HDS h e r e  in v o lv e s  h y d r o g e n o ly s is  o f  t h e  th io p h e n e  

d i r e c t l y  o r  d e s u l f u r i z a t i o n  o f  a h y d ro g e n a te d  t h io p h e n e .  

The p s e u d o - f i r s t - o r d e r  r a t e  c o n s t a n t  k '  f o r  t h io p h e n e  

d is a p p e a ra n c e  i n  t h e  p re s e n c e  o f  s e v e r a l  i n h i b i t o r s  was  

c o r r e la t e d  b y  t h e  f o l l o w i n g  e q u a t io n :

k '  = k  /  (1  +K jPj) ( 2 .2 )

w h e re  t h e  s u b s c r ip t  I  d e n o te d  an i n h i b i t o r .  A t  3 6 0 °c , t h e  

v a lu e s  o f  Kj f o r  p y r i d i n e ,  1 - m e t h y lp y r i d i n e ,  and  2 , 6 -  

d im e t h y lp y r id i n e  w e re  4 3 0 , 2 6 3 , and  110 a t m 1,



TABLE 2 . 4  C a l c u l a t e d  A d s o r p t i o n  C o n s t a n t s ,  p K a  V a l u e s  a n d
P r o t o n  A f f i n i t i e s  f o r  N i t r o g e n  C o m p o u n d s  s t u d i e d .

C o m p ou n ds K
(KPa )

pKa PA
( k c a l / m o l )

R e f e r e n c e

N a p t h a l e n e 0 . 0 1 1 1 9 9 . 8 L a u  e t  a l . , 1 9 7 8
A m m o n ia 0 . 0 4 8 9 . 2 4 207 M e o t - n e r , 1 97 9
P h e n a n t h r e n e 0 . 0 6 4 2 0 9  (๖) M e o t - n e r , 1 97 9
A n i l i n e 0 . 0 9 4 4 . 6 3 2 1 3 . 5 M e o t - n e r , 1 97 9
2 - E t h y l a n i l i n e 0 . 1 0 4 . 4 2
2 , 6 - D i m e t h y l p y r i d i n e  (a ) 0 . 1 1 6 . 7 1 2 3 1 . 5 A u e  e t  a l . , 1 9 7 6
1 - M e t h y l p i p e r i d i n e  (a) 0 . 2 6 1 0 . 1 9 2 3 3 . 2 A u e  e t  a l . , 1 9 7 6
P y r i d i n e 0 . 4 3 5 . 2 9 222 M e o t - n e r , 1 97 9
1 , 2 , 3 , 4 - T e t r a h y d r o q u i n o l i n e 0 . 4 6 2 2 5  (๖) L a u  e t  a l . , 1 9 7 8
C a r b a z o l e 0 . 5 1
P i p e r i d i n e 0 . 5 8 1 1 . 1 2 2 2 9 . 7 A u e  e t  a l . , 1 9 7 6
4 - M e t h y l p y r i d i n e 0 . 6 8 6 . 0 2 2 2 9 B r o w n  a n d  T s e ,  1 98 0
Q u i n o l i n e 0 . 9 8 4 . 8 0 2 2 7 . 6 M e o t - n e r , 1 97 9
5 , 6 , 7 , 8 - T e t r a h y d r o q u i n o l i n e 2 . 0
D e c a h y d r o q u i n o l i n e 2 . 0
1 , 8 - B i s ( N , N - d i m e t h y l a m i n o ) ท 3 . 1 2 4 6 . 2 L a u  e t  a l . , 1 9 7 8

(a )  = s t e r a r i c a l l y  h i n d e r e d  
(๖) = E s t i m a t e d  s p o n g e

ro
CD
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r e s p e c t i v e l y ,  i n  q u a l i t a t i v e  a g re e m e n t w i t h  t h e  d a ta  o f  

G u t b e r le t  and  B e r t o l a c i n i  ( 1 9 8 3 ) .  T h e re  i s  a p p a r e n t ly  a 

la c k  o f  q u a n t i t a t i v e  a g re e m e n t b e tw e e n  t h e  tw o  s e t s  o f  

r e s u l t s ,  h o w e v e r .

A r e l a t i v e l y  w eak i n h i b i t i o n  b y  s t e r i c a l l y  h i n 

d e re d  o r g a n o n i t r o g e n  com pounds h a d  e v e n  b e e n  r e p o r t e d  f o r  

lo w - p r e s s u r e  e x p e r im e n ts  ( M ic iu k ie w ic z  e t  a l . ,  1 9 8 4 . The  

a d s o r p t io n  o f  n i t r o g e n  com pounds on th e  c a t a l y s t  a t  

s te a d y  s t a t e  was d e te r m in e d  w i t h  fe e d s  c o n t a in in g  a 

n i t r o g e n  com pounds a n d  e i t h e r  t h io p h e n e  o r  1 -h e x e n e .  The  

i n h i b i t i o n  was e x p re s s e d  i n  te rm s  o f  r a t i o s  o f  p s e u d o -  

f i r s t - o r d e r  r a t e  c o n s t a n t s  f o r  d is a p p e a ra n c e  o f  t h io p h e n e  

( o r  1 -  h e x e n e ) w i t h  and  w i t h o u t  n i t r o g e n  co m p o u n d s . The  

h in d e r e d  n i t r o g e n  com pounds w e re  m ore  w e a k ly  a d s o rb e d  

th a n  t h e  o t h e r s  (a s  m e a s u re d  g r a v i m e t r i c a l l y ) a nd  i n h i 

b i t e d  t h e  th io p h e n e  h y d r d e s u l f u r i z a t i o n  le s s .  S u r p r i s 

i n g l y ,  t h e  h in d e r e d  n i t r o g e n  com pounds i n h i b i t e d  1 -h e x e n e  

h y d r o g e n a t io n  m o re  th a n  th io p h e n e  h y d r o d e u l s u r i z a t i o n .

The c o r r e l a t i o n  o f  t h e  d e g re e  o f  s t e r i c  h in d r a n c e  

w i t h  t h e  i n h i b i t i o n  p a ra m e te r  ( i d e n t i f i e d  w i t h  t h e  

a d s o r p t io n  e q u i l i b r i u m  c o o n s ta n t  o f  t h e  i n h i b i t i o n )  f o r  

s u l f u r  re m o v a l s u g g e s te d  t h a t  t h e  n i t r o g e n  com pounds  

i n h i b i t e d  r e a c t i o n  b y  a d s o r p t io n  th r o u g h  t h e  s p 2 l o n e - p a i r  

e le c t r o n s  o f  t h e  n i t r o g e n  a to m . T h is  p r o p o s a l  a t  f i r s t  

m ig h t  a p p e a r  t o  c o n t r a d i c t  t h e  h y p o th e s is  o f  M a th u r  e t  

a l .  (1 9 8 2 ) t h a t  h e t e r o c y c l i c  n i t r o g e n  com pounds w e re  

a d s o rb e d  f l a t  th r o u g h  t h e i r  e l e c t r o n s .  H o w e v e r, i n  t h e  

i n h i b i t i o n  e x p e r im e n ts  j u s t  d e s c r ib e d ,  h y d r o g e n a t io n  o f  

t h e  n i t r o g e n  com pounds d id  n o t  o c c u r  t o  a s i g n i f i c a n t  

e x t e n t ,  and  t h e  a d s o r p t io n  le a d in g  t o  i n h i b i t i o n  m ig h t
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w e l l  h a d  bee n  d i f f e r e n t  f ro m  t h a t  le a d in g  t o  c a t a l y t i c  

h y d r o g e n a t i io n  o f  t h e  i n h i b i t o r s .  M o re o v e r ,  as  

K w a r t  e t  a l .  (1 9 8 2 ) h a d  p o in t e d  o u t  t h a t ,  2 , 6 - d im e t h y l -  

p y r i d i n e  was h y d ro g e n a te d  a t  h ig h e r  t e m p e r a tu r e s  and  

p r e s s u r e  th a n  th o s e  o f  t h e  i n h i b i t i o n  e x p e r im e n ts ,  and  

t h e  2 , 6 - d im e t h y lp ip e r i d i n e  th u s  fo rm e d  was a s t r o n g  i n h i 

b i t o r  o f  h y d r o d e s u l f u r i z a t i o n  b e c a u s e  i t s  s p 3 lo n e  p a i r  

e le c t r o n s  w e re  n o t  h in d e r e d  o w in g  t o  t h e  p u c k e re d  n a t u r e  

o f  t h e  p i p e r i d i n e  r i n g .

A fe w  s t u d ie s  h a d  a ls o  a t te m p te d  t o  m e a s u re  t h e  

r e l a t i v e  p o is o n in g  e f f e c t s  o f  a v a r e i t y  o f  n i t r o g e n  com 

p o u n d s  u p o n  a s p e c i f i c  r e a c t i o n .  Lo  (1 9 8 1 ) s t u d ie d  

m u tu a l i n h i b i t i n g  e f f e c t s  t h a t  o c c u r e d  i n  b in a r y  r e a c t i o n  

s y s te m s  c o n s i s t i n g  o f  p a i r s  o f  h y d r o g e n a t io n  o f  n a p th a -  

le n e ,  HDS o f  d ib e n z o th io p h e n e , o r  HDN o f  q u i n o l i n e  and  

i n d o le .  S tu d ie s  u s e d  a N iM o /A l20 3 c a t a l y s t  i n  a b a tc h  

r e a c t o r  a t  3 50°c and 3 .4  MPa. F o r  n a p th a le n e  h y d ro g e n 

a t i o n  i n h i b i t i o n  e f f e c t s  in c r e a s e d  i n  t h e  o r d e r  o f  d ib e n 

z o th io p h e n e  < am m onia < in d o le  a nd  in t e r m e d ia t e s  < q u in o 

l i n e  and  in t e r m e d ia t e s .  The d e g re e  o f  i n h i b i t i o n  was  

e x p re s s e d  i n  te rm  o f  an  a p p a r e n t  a d s o r p t io n  c o n s t a n t  

d e r iv e d  f ro m  th e  k i n e t i c s .  T h e s e  v a r ie d  o v e r  tw o  o r d e r s  

o f  m a g n itu d e .

M ic iu k ie w ic z  e t  a l .  (1 9 8 4 ) s t u d ie d  t h e  i n h i b i t i n g  

e f f e c t s  o f  s e v e r a l  n i t r o g e n  com pounds on th io p h e n e  HDS on  

a C oM o/A120 3 c a t a l y s t  a t  350°c  a nd  1 a tm  and  c o m p a re d  th e m  

t o  i n h i b i t i o n  o f  1 -h e x e n e  h y d r o g e n a t io n .

For a given nitrogen compounds deactivation of
HDS was greater than of hydrogenation in absence of
stearic effects and deactivation was generally greater
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f o r  th o s e  n i t r o g e n  com pounds h a v in g  h ig h e r  pKa v a lu e s .

N a g a i a n d  c o - w o r k e r s ,  (1 9 3 3  and  198 6 ) h a v e  

r e p o r t e d  s t u d ie s  o f  HDS o f  d ib e n z o th io p h e n e  i n  t h e  p r e 

s e n c e  o f  v a r io u s  n i t r o g e n  co m p o u n d s . U n d e r some c o n d i 

t i o n s  h e t e r o c y l i c  n i t r o g e n  com pounds a c t u a l l y  in c r e a s e d  

t h e  r a t e  o f  r e a c t i o n  o f  d ib e n z o th io p h e n e .  I n  t h e  N a g a i 

s t u d ie s ,  w h e th e r  t h e  d ib e n z o th io p h e n e  d is a p p e a ra n c e  r a t e  

in c r e a s e d  o r  d e c re a s e d ,  t h e  n i t r o g e n  com pounds c o n s i s t 

e n t l y  i n h i b i t e d  t h e  f o r m a t io n  o f  p a r t i a l l y  h y d r o g e n a te d  

p r o d u c t s .  T h u s , t h e  r a t i o  o f  b ip h e n y l  t o  c y c lo h e x y l -  

b e n z e n e , t h e  p r i n c i p a l  p r o d u c ts  i s o l a t e d ,  in c r e a s e d ,  and  

t h e  a m o u n ts  o f  h e x a h y d r o d ib e n z o th io p h e n e , i s o l a t e d  i n  

s m a l l  a m o u n ts , d e c r e a s e d .  I n  one  s tu d y  w i t h  M0 /A IO 3 a t  

3 00°c and  10 MPa th e  e f f e c t  o f  n i t r o g e n  com pounds i n  

r e d u c in g  t h e  h y d r o g e n a t io n  f u n c t i o n a l i t y  in c r e a s e d  i n  t h e  

o r d e r  p h e n a n th re n e  < c a r b a z o le  < a c r i d i n e .  I n  a l a t t e r  

s tu d y  u s in g  a N iM o /A l20 3 c a t a l y s t  a t  260°c  and  10 MPa t h e  

e f f e c t  in c r e a s e d  i n  t h e  o r d e r  a n i l i n e  < p y r i d i n e  < q u in o 

l i n e  < a c r i d i n e .  A p p a r e n t  a d s o r p t io n  c o n s t a n t s  w e re  

m e a s u re d  f ro m  t h e  i n h i b i t i o n  o f  t h e  s e c o n d a ry  r e a c t i o n  o f  

t e t r a h y d r o d ib e n z o t h io p h e n e  t o  fo rm  h e x a h y d r o d ib e n z o th io 

p h e n e , b o th  in t e r m e d ia t e s  b e in g  p r e s e n t  a t  r e l a t i v e l y  lo w  

c o n c e n t r a t io n s .  T h e s e  a d s o r p t io n  c o n s ta n t s  in c r e a s e d  

l i n e a r l y  w i t h  g a s -p h a s e  b a s i c i t y  ( p r o to n  a f f i n i t y ) , b u t  

d id  n o t  c o r r e l a t e  w e l l  w i t h  s o l u t i o n  b a s i c i t y  ( p K a ) .

T h e y  o b s e rv e d  t h a t  c y c lo h e x y la m in e  and  p i p e r i d i n e  d id  n o t  

f i t  t h e  c o r r e l a t i o n  a nd  s u g g e s te d  t h a t  t h e y  m ig h t  h a d  

d e c o m p o s e d .
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The f o r e g o in g  r e s u l t s  s u g g e s te d  r e l a t i o n s  b e tw e e n  

t h e  b a s i c i t y  o f  u n h in d e r e d  o r g a n o n i t r o g e n  com pounds and  

t h e  s t r e n g t h  o f  t h e i r  i n h i b i t i o n  f o r  c o n v e r s io n  o f  o r g a -  

n o s u l f u r  c o m p o u n d s . S uch  r e l a t i o n s  w e re  s o u g h t  b y  LaV opa  

a nd  S a t t e r f i e l d  (1 9 8 8 ) f o r  t h io p h e n e  HDS and  b y  N a g a i e t  

a l .  (1 9 8 6 ) f o r  d ib e n z o th io p h e n e  h y d r o g e n a t io n  t o  g i v e  

h e x a h y d r o d ib e n z o th io p h e n e  LaV opa  a nd  S a t t e r f i e l d  r e p r e 

s e n te d  t h e  i n h i b i t i o n  w i t h  w i t h  e q u a t io n  2 . 2 ; p a r a m e te r s  

a r e  l i s t e d  i n  T a b le  2 . 4 .  A t  t h e  r e l a t i v e l y  lo w  te m p e r 

a t u r e  o f  2 6 0 °c , N a g a i e t  a l .  (1 9 8 6 ) o b s e rv e d  t h a t  n i t r o g e n  

com pounds i n h i b i t e d  h y d r o g e n a t io n  b u t  n o t  h y d r o g e n o ly s is  

o f  d ib e n z o th io p h e n e .

I n  b o th  s t u d ie s ,  t h e  e s t im a te d  a d s o r p t io n  p a r a 

m e te rs  c o r r e la t e d  p o o r l y  w i t h  b a s i c i t i e s  o f  t h e  n i t r o g e n  

com pounds i n  a q u e o u s  s o l u t i o n  ( i . e . , p K a  v a lu e s ) .

I n s te a d ,  t h e s e  p a r a m e te r s  g e n e r a l l y  c o r r e la t e d  w e l l  w i t h  

g a s -p h a s e  p r o t o n  a f f i n i t i e s ,  w h ic h  e v i d e n t l y  b e t t e r  

r e p r e s e n t  t h e  i n t e r a c t i o n  b e tw e e n  an  o r g a n ic  b a s e  a n d  a 

s u r f a c e  c a t a l y t i c  s i t e .  D a ta  c h a r a c t e r i z i n g  h in d e r e d  

s p e c ie s  d id  n o t  f o l l o w  t h e  c o r r e l a t i o n ,  as  e x p e c te d .  As  

t h e  g a s -p h a s e  p r o t o n  a f f i n i t i e s  a r e  e n t h a lp y  c h a n g e s  f o r  

p r o t o n - t r a n s f e r  r e a c t io n s ,  i t  was s p e c u la te d  t h a t  t h e  

h y d r o g e n a t io n  s i t e s  p o is o n e d  b y  t h e  n i t r o g e n  com pounds  

w e re  B r o n s te d  a c id  s i t e s .

The i n h i b i t i o n  e f f e c t  o f  t h e  n o n b a s ic  c o r b a z o le  

a p p e a re d  u n e x p e c te d ly  s t r o n g .  T a b le  2 . 4 ,  f o r  e x a m p le ,  

i n d i c a t e d  t h a t  t h e  a d s o r p t io n  p a ra m e te r  c h a r a t e r i z i n g  

c a r b a z o le  was c o m p a ra b le  t o  t h a t  c h a r a t e r i z i n g  m uch m o re  

b a s ic  s p e c ie s  ( e . g . ,  p i p e r i d i n e ) .  s t r o n g  i n h i b i t i o n  b y  

c a r b a z o le  h a d  a ls o  b e e n  o b s e rv e d ,  f o r  d ib e n z o th io p h e n e
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I n h i b i t i o n  o f  d ib e n z o th io p h e n e  h y d r o g e n a t io n  t o  

g iv e  t e t r a h y d r o d ib e n z o t h io p h e n e  was r e p r e s e n te d  w i t h  a 

L a n g m u ir -H in s h e lw o o o d  r a t e  e x p r e s s io n .  T he  i n h i b i t i o n  

p a r a m e te r s  w e re  d e te r m in e d  t o  be  6 9 0 , 6 5 0 , 6 2 , a n d  41  

a tm ' 1 f o r  a c r i d i n e ,  c a r b a z o le ,  p h e n o t h ia z in e ,  a nd  d i c y -  

c lo h e x y la m in e ,  r e s p e c t i v e l y .  T he  h ig h  v a lu e  o f  t h e  

a d s o r p t io n  c h a r a c t e r i z i n g  c a r b a z o le  w as a t t r i b u t e d  t o  

p r o d u c t s  o f  a r a p id  h y d r o g e n a t io n  c o n v e r t in g  i t  t o  b a s ic  

c o m p o u n d s , a l th o u g h  t h e  i d e n t i t i e s  o f  t h e  b a s ic  com pounds  

a n d  t h e  k i n e t i c s  o f  t h e i r  f o r m a t io n  w e re  n o t  d e te r m in e d .  

T h is  h y p o th e s is  a p p e a re d  r e a s o n a b le  i n  l i g h t  o f  t h e  n e t 

w o rk s  o f  n o n b a s ic  n i t r o g e n  co m p o u n d s . T h u s , t h e  d i s t i n c 

t i o n  b e tw e e n  n o n b a s ic  and  b a s ic  o r g a n o n i t r o g e n  c o m p o u n d s , 

a s  f a r  a s  i n h i b i t i o n  was c o n c e rn e d  was l o s t  a f t e r  h y d r o 

g e n a t io n  o f  t h e  n o n b a s ic  s p e c ie s  t o  g iv e  b a s ic  o n e s .

A d d i t i o n a l  r e s u l t s  o f  N a g a i and  K a b e 's  s t u d y  w e re  

i n  a g re e m e n t w i t h  o t h e r  i n v e s t i g a t i o n s  i n c lu d in g  (a )  t h e  

m uch w e a k e r  i n h i b i t i o n  o f  d ib e n z o th io p h e n e  h y d r o g e n a t io n  

b y  p h e n a n th re n e  ( a d s o r p t io n  p a r a m e te r  e q u a l t o  1 0  a tm  x) 

c o m p a re d  t o  n i t r o g e n  i n h i b i t o r s  a n d  (b )  t h e  w e a k e r  i n h i 

b i t i o n  b y  d ic y c lo h e x y la m in e  c o n s i s t e n t  w i t h  s t e r i c  h i n 

d ra n c e  a b o u t  i t s  n i t r o g e n  a to m . LaV opa  and  S a t t e r f i e l d  

(1 9 8 8 ) d e m o n s tra te d  t h a t  t h e  a p p ro a c h  o f  r e p r e s e n t in g  t h e  

i n h i b i t i o n  b y  e q . 2 .2  had  some g e n e r a l i t y .  U s in g  t h e  

i n h i b i t i o n  te rm s  f o r  q u i n o l i n e  a n d  i t s  n i t r o g e n  c o n t a i n 

in g  p r o d u c ts  d e te r m in e d  i n  t h e  HDS e x p e r im e n ts ,  t h e y  w e re  

a b le  t o  g e n e r a te  c o n c e n t r a t io n  p r o f i l e s  f o r  d ib e n z o fu r a n  

c o n v e r s io n  t h a t  m a tc h e d  w e l l  d a ta  f r o m  d ib e n z o fu r a n  

c o n v e r s io n  w i t h  q u in o l i n e  i n  t h e  fe e d .
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F o r  s e l e c t i v e  p o is o n in g  o f  n i t r o g e n  com pounds on  

HDS r e a c t i o n  h a s  bee n  s t u d ie d  b y  many i n v e s t i g a t o r s .  (F u ,  

1 9 8 9 ; N a g a i e t  a l . ,  1 9 8 3 , 1 9 8 6 ) .

Fu and  S c h a f f e r ,  1989 s t u d ie d  t h e  e f f e c t s  on  c o n 

v e r s io n  a n d  s e l e c t i v e t y  o f  a b o u t  30 d i f f e r e n t  n i t r o g e n  

com pou nds on c r a c k in g  c a t a l y s t s .  The e x p e r im e n t  was  

c o n d u c te d  i n  a m ic r o - c o n f in e d  f l u i d  b e d  u n i t  (MCBU) i n  

r e a c t i o n  te m p e r a tu r e  ra n g e d  f ro m  950 t o  105 0°F . T h re e  

c a t a l y s t s  u s e d  w e re  a l l  z e o l i t i c  c r a c k in g  c a t a l y s t s  w i t h  

a s i l i c a - a l u m i n a  b in d e r .  T h e y  fo u n d  t h a t  t h e  e f f e c t  o f  

n i t r o g e n  com pound on c r a c k in g  y i e l d s  s t r o n g l y  d e p e n d s  on  

i t s  m o le c u la r  s t r u c t u r e .  s ix -m e m b e r  h e t e r o c y c l i c  n i t r o 

g e n  com pou nds i n h i b i t  r e a c t io n  c o n v e r s io n  m o re  th a n  f i v e -  

m em ber h e t e r o c y c l i c  n i t r o g e n  c o m p o u n d s . T he  a d d i t i o n  o f  

one  o r  m o re  tw o  fu s e d  r i n g s  t o  p y r i d i n e  s u b s t a n t i a l l y  

in c r e a s e s  t h e  p o is o n in g  e f f e c t .  T h e y  c o n f i r m e d  t h a t  t h e  

n i t r o g e n - c o n t a in i n g  h e t e r o c y c l i c s  w e re  s t r o n g e r  p o is o n s  

th a n  t h e  p u re  a r o m a t ic  com pou nds . I t  s h o u ld  be  n o te d  

t h a t  t h e  s u b s t i t u t i o n  o f  a s e c o n d  c a rb o n  w i t h  n i t r o g e n  i n  

t h e  a r o m a t ic  r i n g  a c t u a l l y  d e c re a s e d  t h e  p o is o n in g  

e f f e c t .  I n  c r a c k in g  c o n d i t io n s  n i t r o g e n  com pounds may be  

h y d r o g e n a te d  t o  o t h e r  fo rm s  w h ic h  g e n e r a te  s l i g h t l y  m ore  

p o t e n t  p o is o n s  f o r  c r a c k in g  c a t a l y s t s .  A l k y l  s id e  c h a in s  

c o n t a in  i n  n i t r o g e n  com pounds in c r e a s e  p o is o n in g .  

M o re o v e r ,  c o n v e r s io n  d e c re a s e s  i n  a f a i r l y  r e g u la r  

f a s h io n  w i t h  t h e  s iz e  o f  s id e  c h a in .  T h e y  a ls o  fo u n d  

t h a t  t h e  n i t r o g e n  b a s e s  p o is o n  o n ly  t h e  a c id  s i t e s  and  

n o t  t h e  m e ta l  s i t e s  r e s p o n s ib le  f o r  h y d r o g e n a t io n  p r o d u c 

t i o n .  The e x t e n t  o f  p o is o n in g  s h o u ld  d e p e n d  on t h e  

a v e ra g e  r e s id e n c e  t im e  o f  t h e  n i t r o g e n  m o le c u le s  on  t h e
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c a t a l y s t  s u r f a c e .  I n  v a r y in g  te m p e r a tu r e s  , n i t r o g e n  

a d s o r p t io n  ( th e  num ber o f  a c id  s i t e s  c o v e re d  b y  n i t r o g e n )  

d e c re a s e  a t  h ig h e r  t e m p e r a tu r e .  I n  v a r y in g  c o n c e n t r a 

t i o n ,  b o th  c o k e  and  h y d ro g e n  in c r e a s e d  s i g n i f i c a n t l y  when  

t h e  c o n c e n t r a t io n  o f  m u l t i - r i n g  n i t r o g e n  com pounds w as  

in c r e a s e d .  I t  s h o u ld  be  p o in t e d  o u t  t h a t  t h e s e  s t u d ie s  

w e re  n o t  d e s ig n e d  t o  d e te r m in e  t h e  e f f e c t  o f  d i f f u s i o n  on  

t h e  p o is o n in g  b e h a v ie r  b e tw e e n  s i n g l e  r i n g  a n d  m u l t i - r i n g  

n i t r o g e n  co m p o u n d s . T h e y  c o n c lu d e d  t h a t  t h e r e  w e re  a t  

l e a s t  t h r e e  in d e p e n d e n t  p a r a m e te r s  t h a t  c o u ld  d e te r m in e  

t h e  e x t e n t  o f  n i t r o g e n  p o is o n in g :  t h e  s t r e n g t h  o f  

n i t r o g e n  b a s e s ;  t h e  n a tu r e  o f  t h e  c a t a l y s t ;  a n d  t h e  

i n h e r e n t  p r o p e r t i e s  o f  a f e e d s t o c k .  T h e y  a ls o  p ro o v e d  

t h a t  t h e  p r o t o n  a f f i n i t y ,  w h ic h  was d e te r m in e d  b y  

m e a s u r in g  th e  g a s -p h a s e  p r o t o n  t r a n s f e r  r e a c t i o n  b e tw e e n  

a b a s e  and  t h e  NH4+ io n ,  s h o u ld  be  a b e t t e r  i n d i c a t o r  f o r  

a c a t a l y s t  p o is o n in g  th a n  s o l u t i o n  b a s i c i t y  (Kb) . T he  

p o o r  c o r r e l a t i o n  w i t h  Kb was n o t  u n e x p e c te d  i f  o n e  c o n s i 

d e r s  t h e  s t r o n g  in f l u e n c e  t h a t  i o n - s o l v e n t  i n t e r a c t i o n  

h a d  on  t h e  b a s i c i t y  d e te r m in e d  i n  a q u e o u s  s o l u t i o n .

I n  1 9 8 5 , N a g a i s t u d ie d  a c t i v i t y  and  s e l e c t i v i t y  

o f  a p o is o n e d  N iM o /A l20 3 f o r  HDS o f  d ib e n z o th io p h e n e . The  

e x p e r im e n ts  w e re  c a r r i e d  o u t  i n  a c o n t in u o u s - f lo w  m ic r o 

r e a c t o r  a t  a h ig h  p r e s s u r e  w i t h i n  t h e  te m p e r a tu r e  r a n g e  

o f  2 2 0 -3 0 0 °C  w i t h  a 30 L / h  h y d ro g e n  f l o w  r a t e  , 1 0 .1  t o t a l  

p r e s s u r e ,  and  a w e ig h t  h o u r l y  s p a c e  v e l o c i t y  o f  7 . 5 .  A 

s o l u t i o n  c o n t a in in g  5 wt% o f  d ib e n z o th io p h e n e  i n  x y le n e  

w as in t r o d u c e d  i n t o  t h e  r e a c t o r .  The  s o l u t i o n  was  

r e p la c e d  b y  a s o l u t i o n  c o n t a in in g  5 wt% o f  d ib e n z o t h io 

p h e n e  and  0 .5  wt% o f  a c r i d i n e  a f t e r  3 h .  F rom  th e
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r e s u l t s  show ed t h a t  i n  t h e  i n i t i a l  s ta g e  o f  a d d i t i o n  (a  

s m a l l  a m o u n t o f  a n i t r o g e n  com pound on t h e  s u r f a c e  o f  t h e  

c a t a l y s t ) , t h e  p o is o n in g  e f f e c t  on  t h e  c a t a l y s t  s u g g e s ts  

t h a t  t h e  p o is o n s  b lo c k  t h e  a c t i v e  s i t e s  a n d  t h u s  p r e v e n t  

t h e  h y d r o g e n a t io n  o f  d ib e n z o th io p h e n e  (N a g a i e t  a l . ,

1 9 8 6 ) .  As t h e  a m o u n t o f  n i t r o g e n  com pou nds  in c r e a s e d  

o v e r  t h e  s u r f a c e ,  i t  a p p e a re d  t h a t  t h e  p o is o n s  r e a r r a n g e  

t h e  s u r f a c e  s t r u c t u r e  [ a c t i v e  s i t e s  N i-M o -S  t y p e  s t r u c 

t u r e  on  t h e  e d g e  o f  MoS2 (T o p s e  e t  a l . ,  1984 a nd  T o p s e ,  

1 9 8 6 ) t o  becom e m ore  a c t i v e  f o r  t h e  d e s u l f u r i z a t i o n  o f  

d ib e n z o th io p h e n e .  I n  a d d i t i o n ,  t h e  p o is o n s  m ig h t  h e lp  i n  

t h e  d e s o r p t io n  o f  s u l f u r  a d s o rb e d  on  t h s  d e s u l f u r i z a t i o n  

s i t e s  o f  t h e  c a t a l y s t .  T h is  phenom enon  w as a l s o  o b s e rv e d  

f o r  a s u l f i d e d  N iw / A l20 3 c a t a l y s t  b u t  n o t  f o r  CoMo /A 1 20 3 

c a t a l y s t  (N a g a i e t  a l . ,  1 9 8 6 ) .  T h e y  c o n c lu d e d  t h a t  t h e  

a d d i t i o n  o f  n i t r o g e n  com pounds im p ro v e d  d e s u l f u r i z a t i o n  

a c t i v i t y  w i t h  h ig h  s e l e c t i v i t y  t o  a b ip h e n y l  f r o m  d ib e n 

z o th io p h e n e  .

N a g a i e t  a l . , 1986 s t u d ie d  t h e  s e l e c t i v i t y  o f  s u l 

f i d e d  N iw / A l20 3 c a t a l y s t  i n  d e s u l f u r i z a t i o n  o f  d ib e n z o 

th io p h e n e  i n  t h e  p re s e n c e  o f  n i t r o g e n  co m pou nds  i n  a 

c o n t in o u s - f l o w  m ic r o r e a c t o r  a t  260 t o  360°c a n d  1 0 .1  MPa 

t o t a l  p r e s s u r e .  The r e s u l t s  show ed t h a t  a d d i t i o n  o f  

n i t r o g e n  com pounds s u c h  as  a c r i d i n e ,  p y r i d i n e ,  p i p e r i d i n e  

a nd  q u in o l i n e  on s u l f i d e d  N iw / A l20 3 c a t a l y s t  h i g h l y  

in c r e a s e  t h e  s e l e c t i v i t y  f o r  d e s u l f u r i z a t i o n  w h i l e  

d e c r e a s in g  t h e  c o n c e n t r a t io n  o f  d e co m p o se d  a n d  h y d r o g e n 

a te d  co m p o u n d s . The s t r o n g  a c id  s i t e s  on  t h e  c a t a l y s t  

s u r f a c e  w e re  d im in is h e d  a f t e r  t h e  a d d i t i o n  o f  n i t r o g e n  

co m p o u n d s . I n  1 9 8 8 , L a vo p a  and  S a t t e r f i e l d  s t u d ie d
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r e s p o n s e  o f  d ib e n z o th io p h e n e  h y d r o d e u l s u l f u r i z a t i o n  t o  

p re s e n c e  o f  n i t r o g e n  com pounds on s u l f i d e d  N iM o /A l,0 3 a t  

2 60°c and 7 MPa. T h e y  fo u n d  t h a t  a t  t h e  same t o t a l  p r e s 

s u r e  7 .0  MPa, t h e  a d d i t i o n  o f  q u i n o l i n e  a t  260°c in d e e d  

m a rk e d ly  in c r e a s e d  t h e  h y d r o d e u l s u l f u r i z a t i o n  o f  d ib e n z o 

th io p h e n e .  H o w e v e r, a t  3 60°c i t  m o d e r a te ly  d e c re a s e  t h e  

h y d r o d e s u l f u r i z a t i o n  r e a c t i o n .  T h e y  c o n c lu d e  t h a t  i n h i 

b i t i o n  e f f e c t s  f ro m  c o m p e t t i t i v e  a d s o r p t io n  w o u ld  be  

e x p e c te d  t o  d im in is h  w i t h  in c r e a s e  t e m p e r a tu r e .  A d d i t io n  

o f  am m onia a t  360°c a n d  p a r t i a l  p r e s s u r e  u p  t o  96 KPa h ad  

no  e f f e c t  on  t h e  r a t e  o f  d is s a p p e a r a n c e  o f  d i b e n z o t h io 

p h e n e . T h e y  show ed t h a t  b o th  n i t r o g e n  com pounds s u p 

p re s s e d  f o r m a t io n  o f  p a r t i a l l y  h y d r o g e n a te d  p r o d u c t s .

The  a c c e le r a t in g  e f f e c t  o f  q u i n o l i n e  may be  c a u s e d  b y  i t s  

r e d u c in g  t h e  c o m p e t i t i v e  a d s o r p t io n  o f  s t r o n g l y  a d s o rb e d  

p r o d u c t s .
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