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EFFECT OF CATALYST COMPOSITION ON 
QUINOLINE AND ACRIDINE HYDRODENITROGENATION 

BY 
b S. Shih,a E.  Reiff,- R .  Zawadzki2 and J .  R .  Katzer 

Newark, Delaware 19711 
Department of Chemical Engineering, University o f  Delaware 

INTRODUCTION 

Recently there  has been increased i n t e r e s t  i n  t h e  hydrodenitrogena- 
t i o n  of nitrogen-containing aromatic compounds t y p i c a l  of  those found i n  
petroleum, coal-derived l i q u i d s  and sha le  o i l .  Because of t h e  high ni t rogen 
contents  of coal-derived l i q u i d s  and sha le  o i l ,  hydrodenitrogenation w i l l  
become increasingly important i n  t h e  f u t u r e ,  Mars and Coworkers (1-4) have 
c l a r i f i e d  t h e  reac t ion  network and k i n e t i c s  assoc ia ted  with t h e  hydro- 
denitrogenation of pyridine.  Their work was done on unsulf ided Co-Mo/A1203 
c a t a l y s t .  Although severa l  authors  (5-9) have s tudied  hydrodenitrogenation, 
ne i ther  the  reac t ion  network, nor t h e  reac t ion  k i n e t i c s  have been adequately 
defined f o r  anything but  pyridine.  
networks and reac t ion  k i n e t i c s  of t h e  hydrodenitrogenation of quinol ine 
(10, 11) and of acr id ine  (12) over su l f ided  hydroprocessing c a t a l y s t s  under 
high-pressure liquid-phase conditions. 

Both t h e  pr ior  l i t e r a t u r e  and our  work shows t h a t  hydrodenitrogena- 
t ion  of nitrogen-containing compounds occurs via a complex reac t ion  network 
involving hydrogenation of t h e  aromatic r i n g s  followed by carbon-nitrogen 
bond breaking. This is i n  cont ras t  t o  hydrodesulfur izat ion,  i n  which s u l f u r  
removal occurs d i r e c t l y  without hydrogenation of t h e  associated aromatic 
r ings  (13). 
t ion  a f fec ts  t h e  r e l a t i v e  rates of hydrogenation and of  bond breaking i n  t h e  
complex nitrogen-removal reac t ion  network. 
reac t ion  network requi res  an appropriate  balance between t h e  c a t a l y s t  
hydrogenation and c a t a l y s t  bond-breaking func t ions  t o  provide t h e  most a c t i v e  
c a t a l y s t .  A quant i ta t ive  d e f i n i t i o n  of t h e  r e l a t i v e  k i n e t i c  r o l e  of the  two 
c a t a l y s t  func t ions  i n  hydrodenitrogenation is  not  ava i lab le .  

a c t i v e  f o r  hydrodenitrogenatlon than Co-Mo)A1203, t h e  c a t a l y s t  of choice f o r  
hydrodesulfurization, and the  enhanced behavior is of ten  assuwd t o  be due 
t o  higher hydrogenation a c t i v i t y  (9,  14, 15). 

We have recent ly  es tab l i shed  the  reac t ion  

It is  therefore  important t o  understand how c a t a l y s t  composi- 

This b i func t iona l  nature  of t h e  

Generally Ni-Mo/A1203 o r  Ni-W/A120 have been reported t o  be more 

This is not  confirmed by 

3 u r r e n t l y  a t  Mobil Research and Development Corp., Paulsboro, N .  J . 
-Currently a t  Dept. Chem. Eng., Univ. of Mass., Arnherst, Mass. 
%Currently a t  American Cyanamid, Bound Brook, N.J. 
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quant i ta t ive  experimental da ta ,  p a r t i c u l a r l y  under typ ica l  hydroprocessing 
conditions with multi-ring nitrogen-containing compounds. In t h i s  work we 
have evaluated the r e l a t i v e  behavior of commercial hydroprocessing c a t a l y s t s  
of d i f fe r ing  metal composition and support under high-pressure liquid-phase 
conditions. 
form and  t h e  sulf ided form with H2S i n  the system. 
f o r  a l l  hydrogenation and bond breaking s t e p s  i n  t h e  reac t ion  networks were 
determined as a funct ion of c a t a l y s t  type and c a t a l y s t  pretreatment. 
object ives  were t o  determine how t h e  c a t a l y s t  type and pretreatment a f fec ted  
the  r a t e  of  each individual  s t e p  i n  t h e  hydrodenitrogenation reac t ion  network 
and thus t o  e lucidate  the  fundamental differences i n  the c a t a l y s t s ,  

The c a t a l y s t s  were examined in  the  oxidic  fo rm,  the  sulf ided 
First-order r a t e  constants 

Our 

EXPERIMENTAL 

The experiments were c a r r i e d  o u t  i n  a one- l i te r  s t i r r e d  autoclave 
(Autoclave Engineer) with g l a s s  l i n e r ;  the autoclave was operated i n  batch 
mode. A spec ia l  reac tan t -o i l -ca ta lys t  in jec t ion  system was at tached t o  t h e  
autoclave t o  i n j e c t  c a t a l y s t  and r e a c t a n t  (nitrogen-containing compound) i n  
c a r r i e r  o i l  in to  t h e  autoclave after it had been s t a b i l i z e d  a t  the  operating 
temperature and pressure.  Consequently, the  problems of reac t ion  and 
ca ta lys t  deact ivat ion during t h e  long heat-up time frequent ly  encountered 
i n  autoclave s tudies  were el iminated,  and zero time was prec ise ly  defined. 
The system has been described elsewhere ( I O ,  11); operat ing conditions 
were: 

Temperature: quinoline, 342 + l O C ;  ac r id ine ,  367 +1*C 
Tota l  pressure: quinol ine,  34 atm; acr id ine ,  136 atm 
Reactant concentration: quinol ine,  1.0 wt%; acr id ine  0.5 w t  % 
Catalyst :  0.5 w t  % i n  c a r r i e r  o i l ;  150-200 mesh; 

su l f ided  (quinol ine,  2 hr a t  325OC; acr id ine  2 h r  a t  
425OC) i n  160 cc/min of 10% HzS i n  H2 

Carr ie r  O i l :  500 cc highly p a r a f f i n i c  White O i l ;  
0.05 w t  % CSz added t o  give 1.4 vol  % H2S i n  the  
gas phase 

One-liter autoclave, s t i r r e d  at 1700rpm 

Analysis of  reac t ion  products was by G. C .  using a IO' X 1/8' 
Chromosorb l o 3  g l a s s  column f o r  quinol ine,  a 5Om O V l O l  SCOT g l a s s  column 
f o r  acr id ine  and a ni t rogen-specif ic  de tec tor  so  t h a t  individual  nitrogen- 
containing compounds could be i d e n t i f i e d .  

RESULTS 

The react ion network f o r  quinol ine hydrodenitrogenation with spec i f ic  
rate constants ident i f ied ,  as es tab l i shed  by Shih & a. (10, li), is! 
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The behavior of d i f f e r e n t  c a t a l y s t s  i n  quinol ine hydrodenitrogena- 
t i o n  i s  given i n  Table I. Ni-Mo/A1203 is a s l i g h t l y  b e t t e r  c a t a l y s t  f o r  
t h e  removal of  nitrogen from quinoline than Co-Mo/A1203 o r  Ni-W/A1203 a s  
shown by the  pseudo f i r s t -order  rate constants  f o r  t o t a l  ni t rogen removal. 
The Ni-containing c a t a l y s t s  appear t o  be more a c t i v e  f o r  hydrogenating the  
benzenoid r i n g  ( k l  and k3) ;  whereas the Mo-containing c a t a l y s t s  appear t o  
be more a c t i v e  i n  hydrogenating the  heteroaromatic r i n g  (k2) .  The pseudo 
f i r s t -order  r a t e  constants  f o r  the  cracking s t e p s  (k4  and kg) a r e  more 
dependent on the  source of the alumina ( c a t a l y s t )  than on the metals present  
as demonstrated b e t t e r  by other  s tud ies  not  reported here .  

TABLE I 

HYDRODENITROGENATION OF QUINOLINE OVER DIFFERENT CATALYSTS 

Ni-Mo/A1203 Co-Mo/A1203 Ni-W/Al203 
Rate (Cyanamid (Cyanamid (Nalco 
constant, min-l HDS-9A) HDS-16A) NT-550) 

kl 3.10 1.49 2.17 

k2 1.11 1.51 0.52 

k3 0 -63 0.26 0 -33 

k4 0.077 o .067 0.073 

k5 0.61 1.51 0.36 

k6 2 -54 3.56 I .ll 

kTotal N-removal 0.30 0.20 0 -19 

Operating conditions: Catalysts  were presulf ided,  no CS2 added t o  the 
system, T = yLZ0C, P = 34 atm. 
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F'resulfiding has a marked e f f e c t  on the  t o t a l  nitrogen removal r a t e  
(Table 11) ; t h e  r a t e  constant  f o r  t o t a l  ni t rogen removal almost doubles. 
However there  seems to be l i t t l e  o r  no gain i n  going from t h e  oxidic  form 
t o  the sulf ided form of the  c a t a l y s t  i n  s t e p s  t h a t  involve carbon-nitrogen 
bond breaking. 
can be seen upon comparing k5 and k6 f o r  the  oxidic  and sulf ided c a t a l y s t  
i n  Table 11. 
hydrogenation of  t h e  benzenoid and heteroaromatic r i n g  (ki, k2 and k3). 
However, t h e r e  seems t o  be a preference f o r  hydrogenation of  the  benzenoid 
r i n g  over t h e  heteroaromatic r i n g  i n  quinoline; there  i s  a 4-fold increase 
i n  t h e  value of  k l  and k3 as compared to  only a l .5-fold increase i n  k2. 
The react ion path involving 2-propylaniline i s  of negl ig ib le  importance 
f o r  t h e  oxid ic  form, 

The r a t e s  f o r  these s t e p s  remain bas ica l ly  the  same, as 

Presulf iding has  a marked inf luence on t h e  r a t e  of 

TABLE I1 

EFFECT OF PRESULFIDING ON THE HYDRODENITROGENATION OF QUINOLINE 

Ni-Mo/A1203 (Cyanamid HDS-9A) 

Rate constant, min-' o x i d i c  presulfided 

0.72 3.10 (4.3X) 

0.75 1.11 (1.5X) 

0.18 0.63 (3.5X) 

kl 

k2 

3 k 

k4 0.00235 0.077 

5 k 

k6 

kTotal N-removal 

0.75 

2.2 

0.17 

0.61 

2.54 

0.3 

Operating conditions: 

%'his value w a s  so  small f o r  the oxidic  form t h a t  i t s  value is uncertain.  

c a t a l y s t  presulf ided at  325OC f o r  2 h r  i n  10% H2S/H2, 
no CS2 added, T = 342OC, P = 34 atm. 

The e f f e c t  o f  CS2 (H2S) on the  reac t ion  system is shown i n  Table 111. 
H2S increases  t h e  r a t e  of  t o t a l  ni t rogen removal. 
enhances the carbon ni t rogen bond breaking r a t e s  ( i  .e . ,  % and par t icu lar ly  
k4) .  However, k i s  negatively a f fec ted  s ince the transformation of 
- 0-propylaniline 20 a hydrocarbon and ammonia involves f i r s t  a hydrogenation 

The presence of  H2S 
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s tep  (IO, 11); k 
advantage of havmg H2S present is  seen i n  the  hydrogenation r a t e s  ( k i ,  
k2 and k ) .  
hydrogenJtion of the  heteroaromatic r ing ,  bu t  the benzenoid r i n g  hydrogena- 
t ion  capaci ty  i s  s l i g h t l y  enhanced. For the  Ni-Mo/Al,03 and Ni-W/A1203 
c a t a l y s t s  the  converse is  t r u e )  they experience a decrease i n  t h e i r  benzenoid 
r i n g  hydrogenation a c t i v i t y  and an increase i n  t h e i r  heteroaromatic r i n g  
hydrogenation a c t i v i t y  with gas-phase H2S. 

is a compound pseudo f i r s t - o r d e r  r a t e  constant .  L i t t l e  5 
For t h e  Co-Mo/A1203 c a t a l y s t  there  is  no enhancement of the  

TABLE I11 

EFFECT OF H2S ON THE HYDRODENITROGENATION OF QUINOLINE 

Rate constant ,  Ni-Mo/A1203 Co-M0/A1203 Ni-W/A1203 

A B A B A B 

min-1 (Cyanamid HDS-9A) (Cyanamid HDS-I6A) (Nalco NT-550) 

3.10 3.09 1.49 1.51 kl 

k2 

k3 

1.11 1.57 1.51 1.51 

0.63 0.32 0.26 0.24 

k4 0.077 0.13 0.067 0.18 

0.61 0.13 1.51 0.78 k 5 
k6 2.54 3.89 3.56 3.64 

0.20 0.41 k t o t a l  N removal ''3' '-57 2 

2.17 1.71 

0 4 2  1.24 

0 -33 0.21 

0.073 0.15 

0.36 0.38 

1 .il 2.94 

0 -19 0.60 

Operating condi t ions,  A l l  c a t a l y s t s  were presulf ided 
f o r  2 hrs .  T = '342OC. P = '34 a t m .  
A:  
gas phase H2S. 

without CS21 B: 'with 6.05 w t  % of CS2 i n  white o i l  t o  give 

The d i f fe rences  between Co-Mo/A120 and Ni-Mo/A120 increase with 
sever i ty  of operat ing conditions as shown ?n Table IV. 
severe operat ing conditions Ni-Mo/A120 
f o r  t o t a l  ni t rogen removal rate. The zydrogenation r a t e s  ( k l ,  k2, k3 and k& 
a r e  a l l  s i g n i f i c a n t l y  higher over the  Ni-MoIA1203 than over Co-Mo/A1203. 
behavior f o r  nitrogen-carbon bond rupture  is  cons is ten t  w i t h  the  r e l a t i v e  
behavior observed for the  less severe condi t ions,  

UnJer the  more 
is  superior  by a f a c t o r  of  about 2 
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TABLE IV 

CATALYTIC HYDRODENITROGENATION OF QUINOLINE AT MORE SEVERE CONDITIONS 

Rate co s t a n t ,  Ni-M0/Al203 Co-Mo/A1203 
min- P (Cyanamid HDS-9A) (Cyanamid HDS-16A) 

severe** severe** %* - ' mild* - 
kl 3.09 4.95 1.51 0.69 

k2 1.57 10.55 1.51 2 -95 

k3 0.32 4.67 0.24 2.28 

k4 0.13 0.jO 0.18 0.51 

0.13 3 .40 0.78 1.91 k 5 
k6 3.89 10.58 3 -64 3 -45 

t o t a l  N-removal 0.57 2.42 0 .&I 1.22 

A l l  c a t a l y s t s  presulf ided a t  325°C i n  10% H2S/H2 f o r  2 h r s ,  0.05 w t  % CS2 

*mild opera t ing  conditions: temp., 342OC; total pressure,  9 atm. 
*severe operating conditionst temp, 3 6 7 0 ~ ;  t o t a l  pressure,  136 atm. 

was added t o  a l l  runs.  

For acr id ine  t h e  hydrodenitrogenation reac t ion  involves the  
following reac t ion  network (12) I 
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The ef fec t  o f  d i f f e r e n t  ca ta lys t s  on the hydrodenitrogenation of acr id ine  
is shown i n  Table V .  
typ ica l ly  more rap id  over the  Ni-Mo/A120 and Ni-W/A%O c a t a l y s t s  than 
over the  Co-Mo/A120 
over Ni-W/Al203, T?: Ni-Mo/A120 ca?alyst shows d i s t i n c t l y  higher a c t i v i t y  
f o r  the  carbon-nitrogen bond rupzure s teps  and thus is overa l l  the  superior  
of  the c a t a l y s t s  used i n  these s tud ies .  

Hydrogenation r a t e s  ( k l ,  k2, k , kq and k5) a r e  

t h e  Ni-Mo/A120 ca?alysts has  a sg ight  advantage 

TABLE V 

EFFECT OF CATALYST TYPE ON THE HYDRODENITROGENATION OF ACRIDINE 

Rate constant ,  
min-1 

'kl 

k2 

klL 

3 
5 

k 

k 

k6 
kg 
'"7 

k t o t a l  N-removal 

Ni-Mo/AlzO 
(Cyanamid HDZ-YA) 

5 -0 

36.2 

7 - 2  
0.38 
8.8 
1.14 
2.20 

2.19 

1.25 

Co-Mo/A1203 
(Cyanamid HDS-16A) 

3.1 
19.0 

3.67 
0.015 

2.91 

0.43 

0.79 
0.73 
0.48 

Ni-W/A1203 
(Nalco NT-550) 

7 -7 
43 .O 

4.0 

0 -15 
3.77 
0 -41 
0 -77 
0 -76 

0.54 

Operating conditions: T = 367oc; P = 136 atm; A l l  c a t a l y s t s  presulf ided 
a t  425OC f o r  2 hr  i n  10% H2S i n  H2; 0.05 w t  % of CS2 i n  white o i l  
w a s  used i n  a l l  runs. 

Because o f  the  complexity of the  hydrodenitrogenation reac t ion  
network, involving hydrogenation and carbon-nitrogen bond rupture  a s  
d i s t i n c t  reac t ion  s teps ,  the  evaluation and f u r t h e r  development of 
hydrodenitrogenation c a t a l y s t s  can be grea t ly  aided by knowledge of the  
r a t e  of t h e  var ious intermediate  reac t ion  s t e p s  i n  t h e  reac t ion  network, 
This work shows t h a t  Ni-Mo/A1203 i s  typica l ly  b e t t e r  f o r  hydrodenitrogena- 
t i o n  because it has higher hydrogenation a c t i v i t y  than Co-Mo/A1203; Ni-W/A1203 
appears t o  be s l i g h t l y  l e s s  a c t i v e  than Ni-Mo/A1203. 
appear t o  be more dependent on t h e  source of the support and a r e  a l s o  very 
important i n  determining the  r e l a t i v e  ranking of overa l l  c a t a l y s t  behavior, 
This aspect  of  c a t a l y s t  behavior w a s  not  s u f f i c i e n t l y  invest igated i n  t h i s  
work t o  a l l o w  f o r  f i r m  conclusions. 

The cracking a c t i v i t i e s  
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