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The cost of hydro t r ea t ing  coa l  l i q u i d s  or  heavy crudes i s  considerably higher 
than f o r  l i g h t  crudes because of the s i g n i f i c a n t l y  h igher  amounts of sulfur, 
ni t rogen  and oxygen found i n  these  hydrocarbon sources  r e l a t i v e  t o  l i g h t  crudes. I n  
p a r t i c u l a r ,  the  c u r r e n t  processes f o r  t h e  c a t a l y t i c  removal of n i t rogen  (HDN) and 
oxygen (HDO) consume excess ive  amounts of hydrogen due t o  concurrent hydrogenation 
of aromatics. The i d e a l  HDN or HDO c a t a l y s t  would be one t h a t  s e l e c t i v e l y  c leaves  
C-N or C-0 bonds v i t h  minimum consumption of hydrogen. This would reduce the  
o v e r a l l  hydro t rea t ing  cos t s  fo r  r e f in ing  crude o i l  and could make synfue ls  a 
competit ive energy source .  

I n  t h i s  paper,  we d i scuss  the  r e s u l t s  of two approaches to  the  development of 
improved HDN c a t a l y s t s .  One approach focuses on the syn thes i s  of h igh-ac t iv i ty ,  
h ighly  dispersed. " su r face  confined",  c a t a l y s t s  using organometall ic complexes. The 
o t h e r  approach examines the hydro t rea t ing  a c t i v i t i e s  of metals not cu r ren t ly  used In 
HDN and HDO c a t a l y s i s .  This l a t t e r  i nves t iga t ion  a r i s e s  as a consequence of our 
e f f o r t s  t o  develop mechanis t ic  models of HDN through s tud ie s  of the  homogeneous 
c a t a l y s i s  of the  t r a n s a l k y l a t i o n  reac t ion ,  (1.2) equat ion  1, 

and through s t u d i e s  of quinol ine  HDN by bulk metals (3).  In  both t h e  trans- 
a lky la t ion  and the  bulk metal  s t u d i e s ;  ruthenium e x h i b i t s  t he  h ighes t  a c t i v i t y  f o r  
C-N bond cleavage. T h i s  sugges ts  t ha t  it may be use fu l  as a n  HDN c a t a l y s t .  

We descr ibe  here  the  syn thes i s  and HDN a c t i v i t i e s  of c a t a l y s t s  prepared 
according t o  the  p r i n c i p l e s  e s t ab l i shed  by these  two sepa ra t e  approaches. 

Experimental 

Mater ia l s  

The Cob10 c a t a l y s t  (HT-400, 3 w t X  COO, 15.1 w t %  MOO , on A1 03) was donated by 
Harshaw Chemfcal Company. 
descr ibed  p r e ~ i o u s l y . ~  

oxide  was ca lc ined  a t  400OC f o r  2h under flowing syn the t i c  a i r .  
obtained from Strem Chemical, and was heated a t  4OO'C f o r  12 h f i r s t  wi th  flowing 
syn the t i c  a i r  t o  remove any sur face  s u l f u r ,  and then v i t h  flowing hydrogen t o  form 
the  reduced metal. 
[Ni(COD)2] were obta ined  from Strem Chemicals an8 used a s  received. Molybdenum(I1) 
a l l y l  dimer was prepared  by modifying the  method of Cotton and P i p a l  ( 5 ) .  

The prepara t ion  of t he  su l f i aed  c a t a l y s t  has  been 
y-aluminum x ide  was donated by Kaiser  Aluminum and was made 

from Gibbs i te  ( su r face  a rea  = 210 m 4 / g  and passed 400 mesh s ieve . )  The aluminum 
Ruthenium was 

Ruthenium carbonyl [Ru3(CO)l ] and n icke l  cyclooctadiene 

Preparation of a Conventional NiMo Ca ta lys t  

Ammonium molybdate t e t r ahydra t e  (2.10 g,  1.7 mol) and n i c k e l  n i t r a t e  hexa- 
hydra te  (1.34 g ,  4.6 m o l )  were d isso lved  i n  200 mL of water. Alumina, 10 g ,  was 
added to  the metal sa l t  so lu t ion  and s t i r r e d  f o r  24 h. 
from the mixture. and the  res idue  was slowly heated t o  400 C under flowing syn the t i c  
a i r  Over a 2-h period. 
repeated fo r  another 1 2  h wi th  flowing H2S (10X)/H2. 

The water was evaporated 

The hea t ing  was continued f o r  12 h. The process  was 
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Prepara t ion  of Supported Organometall ic Ca ta lys t s  

Molybdenum Supported on Alumina. Molybdenum a l l y l  dimer (1.0 g) disso lved  
i n  10 mL of hexane was slowly added t o  a s t i r r e d  slurry of 10 g of alumina i n  20 mL 
of hexane. The mixture was s t i r r e d  overn ight ,  then washed wi th  20 mI, of hexane t o  
give a gray so l id .  
12 h. 

The product was then heated a t  200 C i n  flowing H2S (10%)/H2 fo r  

Bimeta l l ic  Metal Supported Ca ta lys t s .  An a l iquo t  (1 g) of the  su l f ided  
supported molybdenum c a t a l y s t  was suspended i n  10  mL of hexane. 
of N i  ( a s  NI(CODl2) i n  THF was added t o  the  suspension and the  mixture s t i r r e d  
overnight,  washed with hexane, d r i ed ,  and su l f ided  a t  200 C a s  descr ibed  above. 

The des i r ed  amount 

Ruthenium doped CoMo Ca ta lys t  (RuCoMo). Under n i t rogen ,  ruthenium carbonyl 
(0.053 g), dissolved i n  5 mL of hexane, w a s  added t o  a s t i r e d  s l u r r y  of  2.00 g of 
t he  su l f ided  CoMo c a t a l y s t  i n  10  mL of hexane. The mixture was allowed t o  s t i r  f o r  
7 2  h. The hexane was then evaporated and the  res idue  heated under vacuum a t  76OC 
f o r  6 h. A por t ion  of the  doped c a t a l y s t  was su l f ided  by t r e a t i n g  wi th  a flowing 
mixture of H2S(10%)/H2 a t  200'C f o r  1 2  h. 

Standard HDN Reaction Procedures 

The following ma te r i a l s  were placed i n  a quar tz  l i n e r ,  under n i t rogen  i n  a 
45-mL Parr  bomb: the  c a t a l y s t  (0.100 t o  -250 g), a s t i r b a r ,  and 10 mL of 0.197 M 
qu inol ine  (0.151 M THQ f o r  Ru r eac t ions )  and 0.098 M n-dodecane ( a s  i n t e r n a l  
s tandard)  i n  n-hexadecane. 
a t  the des i red  temperature.  

Resul t s  and Discussion 

The bomb w a s  p ressur ized  wi th  500 p s i a  of H2,  and heated 

The HDN a c t i v i t i e s  of the c a t a l y s t s  prepared by the  var ious  syn the t i c  techni- 
ques were compared using a quinoline/hexadecane so lu t ion  f o r  model s t u d i e s .  
shown i n  Figure 1, quinol ine  HDN l eads  t o  two major HDN products;  propylcyclohexane 
(PCH) and propylbenzene (PB). In comparing the  c a t a l y t i c  p rope r t i e s  of the  var ious  
c a t a l y s t s ,  we use two criteria, r a t e  of HDN and, a s  discussed above, hydrogen 
consumption. The production of PCH requ i r e s  7 moles of H per qu inol ine  and 
t y p i f i e s  aromatic hydrogenation, whereas the  production o$ PB r equ i r e s  only 3 moles; 
thus the  r e l a t i v e  r a t i o s  of PCH t o  PB a r e  an exce l l en t  measure of hydrogen 
consunp t ion .  

A s  

Comparison of Conventional NiMo and Organometall ic Origin 
NiMo Ca ta lys t s  

Table 1 l i s t s  the  estimated turnover f requencies  (TF = moles THQ reacted/mole 
of metal  ca t a lys t lhour  f 10%) f o r  THQ disappearance,  and the  appearance of PCH, 
PCHE, and PB, ca l cu la t ed  based on i n i t i a l  r a t e s .  From t h i s  da ta  we see  t h a t  the  
organometall ic o r ig in  or sur face  confined NiMo c a t a l y s t s  exh ib i t  higher hydrogena- 
t i o n  a c t i v i t y  than a convent iona l ly  prepared NiMo c a t a l y s t .  
from Figures  2a-c, i t  can be seen  t h a t  t h e  sur face  confined c a t a l y s t s  a r e  super ior  
i n  terms of C-N bond cleavage a c t i v i t y .  

I n  a s i m i l a r  manner and 

The t o t a l  metal conten t  i n  t h e  c a t a l y s t s  i s  approximately t h e  same, so t h a t  the 
Figure 3 a c t i v i t y  and s e l e c t i v i t y  of these  c a t a l y s t s  can q u a l i t a t i v e l y  be compared. 

p re sen t s  ca l cu la t ions  of the  t o t a l  hydrocarbon conversion a s  a sum of PCH, PB and 
propylcyclohexene (PCHE) a s  a func t ion  of time. 

TO compare the  r e l a t i v e  PCH, PCHE and PB s e l e c t i v i t i e s  f o r  t he  va r ious  
c a t a l y s t s ,  the r e l a t i v e  d i s t r i b u t i o n s  of these  products,  normalized t o  5% t o t a l  
hydrocarbon conversion. were ex t r ac t ed  from Figure  3 and a r e  l i s t e d  i n  Table 2. 
see ,  i n  Table 2, t ha t  the  product s e l e c t i v i t i e s  f o r  t he  NiMo c a t a l y s t  of organo- 

We 
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metallic o r ig in  ( su r face  confined c a t a l y s t )  a r e  e s s e n t i a l l y  the  same as  those found 
wi th  the conventionally prepared NiMo c a t a l y s t .  

Table 1 

TURNOVER FREQUENCIESa 

Ca ta lys t  nrq PCH PB PCHE 

NiMo 67.4 8.2 0.3 1.4 
(conventional)  

NiMo 111 26.f 1.4 
(0.83, 2.63) 

NiMo 104 16.6 0.7 1.7 
(0.37, 2.81) 

CoMo 54.0 8.9 0.5 0.8 

RuCoMo 141 26.9 8 .O 0 

-- 

aMoles productlmoles meta l  c a t a l y s t l h .  

Table 2 

HYDROCARBON DISTRIBUTION AT 5 mol% 

HDN  CONVERSION^ 

%PCH %PB XPCHE ~- - Cata lys t  

NiMo 76.2 5.2 18.6 

(convent iona l )  

NiMo 81.4 3.1 15.5 
(0.37% N i .  2.81% Mo) 

NiMo 76.0 5.0 19.0 
(0.83% N i ,  2.63% Mo) 

CoMo 82.2 4.6 13.2 

RuCoMo 76.6 23.4 0 

aReaction of 10 mL 0.197 M quinol ine  i n  n-hexadecane and 
c a t a l y s t  a t  35OoC and 500 ps ig  H2. 

Bulk Ruthenium HDN Ca ta lys i s  

Figure 4 shows t h e  product d i s t r i b u t i o n  from t h e  r eac t ion  of bulk ruthenium 
wi th  l'Kq st 200, 250 and 300°C. 
f o r  C-N bond cleavage even a t  temperatures of 2OOOC. 
products a r e  propyl- or e thyl -  and methyl-cyclohexylamine, but a t  30OoC almost no 
n i t rogen  containing spec ie s  remain a f t e r  3 hours of reac t ion  t i m e  due t o  extensive 

These r e s u l t s  demonstrate ruthenium's high a c t i v i t y  
At 200 and 25OoC the  major HDN 
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C-N and C-C bond hydrogenolysis.  
form of CSz (20 p l  t o  the  standard r eac t ion ) ,  then even a t  t-peratures up t o  35OoC, 
no r eac t ion  of any type is observed. 
t o  catalyze both hydrogenation and C-N bond cleavage. 

I f  the bulk ruthenium is  exposed t o  e u l f u r  i n  the  

Thus, s u l f u r  p i s o n s  bulk ruthenium's a b i l i t y  

Ruthenium-Doped Harshaw COHO Ca ta lys t s  

I n  an attempt t o  overcome the  d i f f i c u l t y  of s u l f u r  poisoning with the  rutlre- 
nium. we doped a commercial CoMo e a t a l y a t  with a ruthenium con ta in ing  o rganmeta l -  
?ic. Figure Sa and b show t h e  product d i s t r i b u t i o n  a f t e r  r eac t ion  wi th  a w l f i d e d  
Harshaw CoMo c a t a l y s t  and t h e  same c a t a l y s t  doped with ruthenium. 
? ' t r i r e s ,  t he  doped c a t a l y s t  i s  s i g n i f i c a n t l y  m r e  ac t ive ,  produces no PCHE, and 
0,tves a much higher  r a t i o  of propylbenzene t o  propylcyclohexane than  does th. 
"unpromoted" CoMo c a t a l y s t .  As shown i n  Figure 3, t h e  t o t a l  hydrocarbon production 
is grea te r  for  the ruthenium-"promoted" c a t a l y s t  than any of t he  o the r  c a t a l y s t s  
s tudied.  Th i s  c a t a l y s t ,  as shown in Table 2 .  a l s o  produces the  most prspylbenzene 
of any of the c a t a l y s t s  s tud ie s .  For i n s t ance ,  a f t e r  5% conversion, t h e  f r a c t i o n  of 
propylbenzene in t he  hydrocarbon products has increased from 4.6% f o r  t h e  CoMo 
c a t a l y s t  t o  23 .4% f o r  the RuCoMo c a t a l y s t .  
t r e a t e d  with carbon d i s u l f i d e ,  as vas  t h e  bulk ruthenium, t h e  c a t a l y s t  was oven more 
a c t i v e  towards HDN a c t i v i t y .  

b seen i n  these  

Furthermore, when t h i s  c a t a l y s t  was 

Conclusions 

We have shown t h a t  t h e  a c t i v i t y  of HDN c a t a l y s t s  ur ing convent ional  oetals,  
such as n i cke l  and molybenum can be improved using organometal l ic  p recu r so r s ;  
although, in our hands, t he  s e l e c t i v i t y  of aromatic  and a l i p h a t i c  hydrocarbon 
products remained unchanged from t h a t  of conventional based c e t a l y s t s .  Houcver, 
through the  use of more a c t i v e  metals  such as ruthenium, we can promote a conven- 
t i o n a l  type c a t a l y s t  t o  give a c a t a l y s t  which is not  only more a c t i v s .  but is more 
s e l e c t i v e  towards aromatic products,  and remains s u l f u r  t o l e r a n t .  
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4 PRODUCT DISTRIBUTION FROM REACTION OF THO WITH RUTHENIUM 
AND 500 psi of H2 

10 mL of 0.1506 M THO and 0.100 g of Ru in hexadecane. 
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