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INTRODUCTION 

The deposition of carbonaceous material on direct coal 
liquefaction catalysts is known to cause rapid and significant 
catalyst deactivation (1,2). Studies of hydrotreater catalyst 
samples from several different runs at the Wilsonville Advanced 
Coal Liquefaction R & D Facility have shown that greater than 75% 
of their hydrogenation activity and 50% of their hydrodesulfuri- 
zation activity were lost within the first few days of coal 
processing ( 3 ) .  Hydrotreating light thermal resid from the third 
stage of the Kerr McGee critical solvent deasher yielded the least 
deactivation whereas hydrotreating the heavier nondeashed resid 
yielded the largest buildup of carbonaceous deposits and the 
greatest deactivation. These trends were due to differences in 
the compositions of the hydrotreater feeds. Previously reported 
work (4) has shown that carbonaceous deposits cause homogeneous 
poisoning of active sites and about a 50% decrease in the catalyst 
effective diffusivity, which is the diffusion coefficient within 
the extrudates. 

initiated a program to identify the hydrotreater feed components 
that are most detrimental to catalyst activity. Studies of the 
effect of hydrotreater feed boiling point cut on catalyst activity 
(5) have shown that processing a -550F component yields a 23% 
decrease in extrudate hydrogenation activity whereas hydrotreating 
an 850F+ component results in an 82% loss. Although hydro- 
desulfurization activity was not affected by the low boiling 
fraction, a 70% loss resulted from hydrotreating the highest 
boiling fraction. 

In this paper we report the impacts on catalyst activity of 
four different chemical classes of compounds found in hydrotreater 
feeds. These chemical classes included the aliphatic hydro- 
carbons, neutral polycyclic aromatic compounds (PAC), nitrogen 
polycyclic aromatic compounds (N-PAC) and hydroxy polycyclic 
aromatic hydrocarbons (HPAH). 

As a result of the work on the Wilsonville catalysts, we have 

EXPERIMENTAL PROCEDURES 

A hydrotreater process stream obtained from the Wilsonville 
facility and four classes of chemical compounds separated from 
this stream were each catalytically hydrogenated in microreactors. 
The starting feeds and used catalysts from these experiments were 
then characterized and the catalysts were tested for hydrogenation 
activity. 

* This work supported by the U. S. Dept. of Energy at Sandia 
National Laboratories under Contract DE-AC04-76DP00789. 
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M a t e r i a l s  

The c a t a l y s t  was s h e l l  324M w i t h  1 2 . 4  w t %  Mo and 2 .8  w t %  N i  on 
an alumina s u p p o r t  i n  t h e  form o f  e x t r u d a t e s  measuring about  0.8 
mm i n  d i ame te r  and 4 mm i n  l e n g t h .  P r i o r  t o  use ,  t h e  c a t a l y s t  was 
p r e s u l f i d e d  w i t h  a 1 0  mol% H2S i n  H 2  mix tu re  a t  400C and 
a tmospher ic  p r e s s u r e  f o r  two hours .  The V-178 h y d r o t r e a t e r  
p rocess  s t r e a m  used  i n  t h i s  s t u d y  was o b t a i n e d  from t h e  
W i l s o n v i l l e  f a c i l i t y ' s  run  247, w h i c h  p rocessed  I l l i n o i s  # 6  
b i tuminous  c o a l  i n  t h e  Reconf igured  I n t e g r a t e d  Two-Stage 
L i q u e f a c t i o n  p r o c e s s  c o n f i g u r a t i o n ( 6 ) .  The V-178 s t r e a m ,  
i d e n t i f i e d  by t h e  number of t h e  s t o r a g e  tank  from which it was 
de r ived  p r i o r  t o  e n t e r i n g  t h e  h y d r o t r e a t e r ,  i s  t h e  l i g h t  p o r t i o n  
of t h e  h y d r o t r e a t e r  f eed  and compr ises  about  35 w t %  of t h e  t o t a l  
feed .  D i s t i l l a t i o n  of t h e  V-178 showed t h a t  t h e  i n i t i a l  b o i l i n g  
p o i n t  was 400F a n d  9 6 . 1  w t %  b o i l e d  below 850F ( 5 ) .  

The V-178 p r o c e s s  s t r eam was s e p a r a t e d  i n t o  f o u r  chemica l  
c l a s s e s  by a d s o r p t i o n  column chromatography u s i n g  n e u t r a l  aluminum 
oxide  (7). A 1 0  g sample was d i s s o l v e d  i n  ch loroform and adsorbed  
onto  50 g a lumina ,  which was t h e n  d r i e d  and p l aced  on t o p  of 1 0 0  g 
alumina i n  a 22 mm i d  column. The a l i p h a t i c  hydrocarbon f r a c t i o n  
was e l u t e d  f i r s t  u s ing  hexane, t h e n  t h e  PAC us ing  benzene, 
fo l lowed by t h e  N-PAC us ing  ch lo ro fo rm and t h e  HPAH us ing  1 0 %  
e thano l  i n  t e t r a h y d r o f u r a n .  So lven t  was removed from each  
f r a c t i o n  by e v a p o r a t i o n  under vacuum. 

Hydrotr e a t  i n g  Fxper i m e n t s  

h y d r o t r e a t e d  w i t h  p r e s u l f i d e d  c a t a l y s t  i n  2 6  cc ba t ch  
m i c r o r e a c t o r s  a t  300C f o r  2 h o u r s  w i t h  a 1100 p s i g  H 2  co ld  
charge  p r e s s u r e .  The m i c r o r e a c t o r s  were charged w i t h  0.5 g f e e d ,  
0 . 1 7  g p r e s u l f i d e d  c a t a l y s t  and 1 .5  g hexadecane, which was added 
t o  p rov ide  a d e q u a t e  mixing i n  t h e  r e a c t o r s  because  of t h e  sma l l  
amounts of f e e d  a v a i l a b l e .  The aged c a t a l y s t s  were S o x h l e t  
e x t r a c t e d  w i t h  t e t r a h y d r o f u r a n  p r i o r  t o  a n a l y s i s  or  a c t i v i t y  
t e s t i n g .  E lemen ta l  a n a l y s e s  of t h e  V-178 s t r eam,  t h e  f o u r  
f r a c t i o n s  and t h e  aged c a t a l y s t s  were performed us ing  s t a n d a r d  
methods. 

A c t i v i t y  T e s t i n g  

Each chemica l  c l a s s  and t h e  V-178 p r o c e s s  s t r eam were 

Hydrogenat ion  a c t i v i t i e s  of f r e s h  and aged c a t a l y s t s  were 
de te rmined  by measur ing  t h e  r a t e  of hydrogenat ion  o f  py rene  t o  
d ihydropyrene  (4) i n  2 6  c c  m i c r o r e a c t o r s  a t  3 0 0 C  w i t h  450 p s i g  H 
co ld  cha rge  p r e s s u r e .  Experiments w i th  c a t a l y s t  ground t o  -200 
mesh  and whole e x t r u d a t e s  enabled  d e t e r m i n a t i o n  of t h e  l o s s e s  of 
both i n t r i n s i c  and e x t r u d a t e  a c t i v i t i e s  r e s p e c t i v e l y .  

RESULTS AND DISCUSSION 

Feed and C a t a l y s t  Compositions 

The compos i t ions  o f  t h e  V-178 s t r e a m  and t h e  amounts and 
composi t ions  of t h e  fou r  s e p a r a t e d  chemica l  c l a s s e s ,  g iven  i n  
Table  1, show t h a t  t h e  V-178 c o n t a i n s  s i g n i f i c a n t  amounts of 
a l i p h a t i c  hydrocarbons  and t h e  PAC f r a c t i o n ,  and on ly  low 
c o n c e n t r a t i o n s  of n i t r o g e n  and hydroxy compounds. 
recovery  f o r  t h e  fou r  chemica l  c l a s s e s  is good f o r  t h i s  t ype  of 

T h e  95% t o t a l  
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separation. The high quality of the separations of the aliphatic 
hydrocarbons and PAC fraction is indicated by the much higher H/C 
ratio of the aliphatic fraction (1.70) compared to the PAC 
fraction (1.16) and the low concentrations of nitrogen and oxygen 
in these two fractions. In contrast, the N-PAC and HPAH fractions 
both have significant amounts of' oxygen and nitrogen indicating 
the presence of compounds that contain both heteroatoms or 
possibly some overlap of the fractions. 

show that catalytic hydrotreating of the aliphatic and PAC 
fractions yielded lower carbon accumulations on the catalysts than 
hydrotreating the V-178 or  the N-PAC and HPAH fractions. 
Likewise, the catalysts used to hydrotreat the N-PAC and HPAH 
fractions have significantly higher accumulations of nitrogen than 
the catalysts used to hydrotreat the aliphatics and the PAC 
fractions. The 0.6 and 0.5 wt% accumulations resulting from our 
two hour experiments are comparable to the levels (0.5 to 0.6 wt%) 
observed on the first catalysts, with catalyst ages of about 20 lb 
resid/lb catalyst, withdrawn from Wilsonville runs. These results 
show that the nitrogen buildup on the catalyst under process 
conditions must be very rapid. 

Results of analyses of the aged catalysts, given in Table 2, 

Hydrogenation Activity 

The measured intrinsic activity losses (a) and the measured 
remaining extrudate activities (F) are given in Table 3 .  A 
quantitative mathematical expression, reported previously (E), 
relates F to a and effective diffusivity. Use of this equation 
enabled us to determine the catalyst effective diffusivities. The 
catalysts used to hydrotreat the V-178 and the aliphatic 
hydrocarbon and PAC fractions showed a 20% decrease in effective 
diffusivit from the fresh catalyst value of 5x10-6 
cm2/sec/cm3, whereas those used to hydrotreat the HPAH and 
N-PAC fractions had greater than a 50% decrease. Recalculating 
the F values without these changes in effective diffusivity (i.e. 
with fresh catalyst effective diffusivity) (Table 3 )  shows that 
less than 10% of the loss of fresh extrudate activity is due to 
the changes in effective diffusivity. 

diffusivity) and a also enabled us to differentiate the two 
limiting modes of deactivation -- homogeneous and shell- 
progressive poisoning. A plot of F vs a for the results from the 
hydrogenation activity testing of the V-178 and the four chemical 
classes is shown in Figure 1. Since the a values increase more 
rapidly than the F values, the dominant mode of deactivation for 
these catalysts is homogeneous poisoning of active sites (9). As 
can be seen in Figure 1, the aliphatic hydrocarbons and the PAC 
fraction caused less deactivation than the V-178, whereas the 
N-PAC and HPAH caused more deactivation. This trend in 
deactivation is inversely correlated with the carbon contents of 
the aged catalysts given in Table 2. The catalysts used to process 
the aliphatics and the PAC fraction have lower carbon contents 
than the catalyst used to hydrotreat the V-178, whereas the 
catalysts used to hydrotreat the N-PAC and HPAH fractions have 
higher carbon contents. Hydrotreating the N-PAC fraction yields 
the greatest deactivation with about an 87% loss of extrudate 
hydrogenation activity and 98% of the active sites poisoned. 

The relationship between F (corrected for changes in effective 
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CONCLUSIONS 

S e p a r a t i o n  o f  a l i g h t  h y d r o t r e a t e r  p r o c e s s  stream i n t o  f o u r  
chemica l  c l a s s e s  h a s  shown t h a t  a b o u t  h a l f  o f  t h e  s t r e a m  is 
composed of a l i p h a t i c  hydrocarbons.  T h e r e  a r e  a l s o  small amounts 
o f  N-PAC a n d  HPAH f r a c t i o n s .  H y d r o t r e a t i n g  each  o f  t h e s e  f o u r  
f r a c t i o n s  and t h e  whole process s t r e a m  w i t h  c a t a l y s t  h a s  shown 
t h a t  a l l  f o u r  f r a c t i o n s  c a u s e  d e a c t i v a t i o n .  The g r e a t e s t  
d e a c t i v a t i o n  is d u e  t o  t h e  N-PAC f r a c t i o n ,  a l t h o u g h  t h e  HPAH 
f r a c t i o n  a l s o  y i e l d s  g r e a t e r  d e a c t i v a t i o n  t h a n  t h e  whole process 
s t r eam.  The d e a c t i v a t i o n  i s  caused  p r i m a r i l y  by a c t i v e  s i t e  
p o i s o n i n g ,  w i t h  a lesser amount d u e  t o  a d e c r e a s e  i n  e f f e c t i v e  
d i f  f u s i v i t y .  
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Table 1. Compositions of the V-178 stream and the four chemical classes in 
weight percents. 

C H N o H / C  - - -  
V-178 87.69 10.05 0.23 1.08 1.38 

wt a 
of V-178 

Aliphatic hydrocarbons 46 87.27 12.36 c O . 1 0  0.10 1.70 

Neutral polycyclic 35 90.15 8.70 0.10 0.17 1.16 
aromatic compounds (PAC) 

aromatic compounds 
(N-PAC) 

Nitrogen polycyclic 5 83.60 7.93 3.61 2.81 1.14 

Hydroxy polycyclic 9 78.18 8.25 1.13 9.44 1.27 
aromatic compounds 
(HPEH) 

Table 2. Analyses of aged catalysts from 
microreactor runs (reported as 
weight percents). 

C N - -  Catalyst 

V-178 run 3.87 0.3 

Aliphatic hydrocarbon run 2.36 0.1 

PAC run 2.71 0.1 

N-PAC run 4.53 0.6 

HPAH run 5.02 0.5 

i 
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Table 3. Results of activity testing experiments 
(for fresh catalyst F = 1.00, a = 0.0) 

F a F* 
Reactor Feed measured measured - 

V-178 0.44 0.72 0.52 

Aliphatic 0.72 0.39 0.78 
hydrocarbons 

PAC 

m-PAC 
0.59 0.58 0.64 

0.05 0.90 0.13 

HPAH 0.19 0.92 0.26 

* Corrected for changes in effective diffusivity. 

F 

0.2 

O - t  

hydrocarbons 

V-l78\ a, N-PAC 

01 
0.2 0.4 0.8 0.8 1 .o 0 

a 

Figure 1. F vs a plot for V-178 and the four chemical 
classes. 

I 
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