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INTRODUCTION 
A research program has been developed a t  the  Un ive rs i t y  o f  North Dakota (UND) 

f o r  the  upgrading o f  nor thern  Great P la ins  Province Coals t o  premium fue l s .  
Department o f  Chemical Engineering w i t h  support o f  the O f f i c e  o f  Coal Research 
and the  Bur l ing ton  Northern Railroad, has developed a process f o r  so lvent  r e f i n i n a  
North Dakota l i g n i t e .  The s o l i d ,  low-melt ing product, so lvent - re f ined 1 i g n i t e ,  
(SRL) has considerable p o t e n t i a l  f o r  use as a c lean burn ing  s o l i d  fue l .  However, 
due t o  i t s  high r e a c t i v i t y ,  h igh s o l u b i l i t y ,  low ash, and l o w  s u l f u r ,  i t  i s  a lso  
a reasonable s t a r t i n g  ma te r ia l  f o r  c a t a l y t i c  hydrogenation t o  c lean l i q u i d  fuels. 
Thus, the Department o f  Chemistry has been studying SRL hydrogenation, chemistry, 
and s t ruc tu re .  

a re  discussed. 
pressure, ca ta l ys t ,  and so l  vent medium a re  examined, 
has been the  % conversion o f  SRL t o  d i s t i l l a b l e  l i q u i d s  p lus  gases. 
the SRL and l i q u i d  f r a c t i o n s  have a l s o  been c a r e f u l l y  examined by spectroscopic 
and a n a l y t i c a l  chemical methods. 
v e r t  SRL t o  d i s t i l l a b l e  l i q u i d s  and gases i n  over 90% conversion. 

The 

. 

I n  t h i s  repo r t  a s e r i e s  o f  batch autoclave hydrogenation experiments on SRL 
I n  these experiments the e f f e c t  o f  va r ia t i ons  i n  temperature. 

The most important c r i t e r i o n  
However, 

I t  i s  o f  i n t e r e s t  t h a t  we can now r e b d i l y  con- 

EXPERIMENTAL 

Solvent Refined L i g n i t e  (SRL) 

and Midway Coal Company, Kansas City, Mo., from North Dakota L i g n i t e  i n  c h i l l e d  
anthracene o i l .  I t  has the f o l l o w i n g  elemental 
ana lys is :  C, 85.57; H, 5.62; 0, 6.99; N, 1.41; S ,  0.3; ash, 0.11. (2 )  

Catalysts 

HT-100 E were purchased f rom Harshaw chemical Company. Cata lys ts  HZ-1 was 
suppl ied by A i r  Products and Chemicals, Houdry D iv is ion .  
CO-Mo-0402 T, Ni-4301 E, Ni-4303 E, and HT-100 E were p resu l f i ded  by the  procedure 
described by P.M. Yarvorsky and co-workers (3 ) .  
neat powder i n  run 25, and i n  run  26, i t  was impregnated on alumina support. 
procedure f o r  impregnation was a lso  given i n  Yavorsky's paper (3 ) .  
ca ta l ys ts  were prepared and used immediately unless spec i f ied .  
the  ca ta l ys ts  i n  d e t a i l .  

The SRL used i n  these hydrogenation experiments was prepared by the  P i t tsburg  

The SRL was ground t o  100 mesh. 

S ix  ca ta l ys ts ,  Co-Mo-0401 T, Co-Mo-0402 T, Ni-4303 E, Ni-4301 E, A1-1404 T, 

Four Harshaw ca ta lys ts ,  

The 

Table I describes 

Stannous ch lo r i de  was used as 

The presu l f ided  

Hydrogenation Equipment and Procedures 

batch autoclave purchased from Autoclave Engineers, Inc.  Er ie ,  Pa. 
The hydrogenation reac to r  employed i s  a 1 - l i t e r  Has te l loy  C, MagneOrive 

I n  most o f  the  experiments, the  autoclave was charged wi th 75 g o f  SRL, 
150 m l  o f  solvent,  a c a t a l y s t  (1, 10, o r  50% by weight based on 75 g o f  SRL) 
purged o f  a i r  and pressur ized  w i t h  hydrogen (1000-2500 p s i )  f r o m  commercial 
cy l i nde rs  ( f o r  pressure h igher  than 2,000 ps i ,  a hydrau l i c  jack  from American 
Instruments was employed). The reac t ion  mixture was normal ly s t i r r e d  overnight, 

/ 
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heated s lowly  t o  the  desired reac t i on  temperature (375", 425", 450°C) i n  about 
50-60 minutes and then he ld  a t  t h i s  temperature f o r  a per iod  o f  2 hours. 
reac tor  was cooled s lowly  t o  about 150°C. It was then depressurized by passing 
the reac t ion  gas mix tu re  through an a c i d  t r a p  f o r  ammonia removal, and then 
through two 0°C traps, two -78°C t raps  and was f i n a l l y  co l l ec ted  i n  a 2 0 0 - l i t e r  
gas bag. 

t rap .  
chromatograph t o  determine the  amounts o f  s p e c i f i c  gases produced (Table 11). 

A f t e r  removal of t he  gases, the  l i q u i d  l e f t  i n  t he  reac to r  was separated 
from the  c a t a l y s t  by decantation. The ca ta l ys t ,  a f t e r  being washed w i t h  40 m l  
of solvent,  was t rans fe r red  t o  a Soxh le t  ex t rac to r  and ex t rac ted  w i t h  THF u n t i l  
the solvent was co lo r less .  The THF e x t r a c t  was then d i s t i l l e d  up t o  260°C a t  
1 mm. 
and added t o  the  t o t a l  unconverted SRL f o r  conversion ca l cu la t i ons .  

combined and then d i s t i l l e d  f i r s t  a t  atmospheric, then a t  reduced pressure (a t  
1 t o r r ) .  When THF was used as a so lvent ,  t he  reac t ion  mix tu re  was f i r s t  d i s t i l l e d  
up t o  135" a t  atm. pressure t o  remove the  solvent,  and then vacuum d i s t i l l e d  up 
t o  260°C a t  1 t o r r .  
was d i s t i l l e d  up t o  200°C a t  atmospheric pressure and then cont inued a t  a pressure 
of 1 toar  t o  y i e l d  t h e  fo l l ow ing  f r a c t i o n s :  
89-139", 139-200°, 200-260°C, and above 260°C ( t h e  vacuum bottom). 
w i t h  a b o i l i n g  p o i n t  h igher than 260°C a t  1 t o r r  was considered t o  be unconverted 
SRL. Total  conversions were ca lcu la ted  from the  unconverted SRL. These d i s t i l l -  
a t i o n  and conversion data are tabu la ted  i n  Table 111. We d i d  no t  l i s t  t he  
atmospheric and the  f i r s t  vacuum d i s t i l l a t i o n  f r a c t i o n s  because they  consisted 
o f  mainly solvents and a l i t t l e  o f  the lower b o i l i n g  l i q u i d  which was der ived 
from the  cracking o f  e i t h e r  the  SRL o r  the so lvent  o r  both. 

I n  our hydrogenation experiments we have recovered b e t t e r  than 95% o f  the 
i npu t  mater ia l  a t  lower reac t i on  temperatures (375 and 425°C). 
reac t ion  temperature (45OOC) the  percent recovery was lower (about 93%). 
missing mater ia l  i s  due p a r t l y  t o  the  l oss  through handl ing and p a r t l y  t o  e r r o r  
i n  the  absolute determinat ion o f  t he  gas content.  
we can on ly  determine the  absolute amount of  methane, ethane, ni t rogen, and 
hydrogen gas i n  the  gas bag. 
produced, bu t  a t  h igher reac t i on  temperatures the gas product ion was l a r g e r  
(Table I V ) .  

Product Analyses 
The elemental analyses o f  the  d i s t i l l a t i o n  and the vacuum bottom f r a c t i o n s  

are  recorded i n  Table V. The aromatic hydrogen t o  a l i p h a t i c  hydrogen r a t i o  was 
obtained by NMR spectroscopy, (Table V ) ,  and phenol and basic amine content 
(Table V )  by t i t r a t i o n .  The carbon and hydrogen analyses were performed i n  our 
labora tory  i n  semi-microscale (10-20 m i l l i g rams  sample) i n  dup l i ca te  o r  t r i p l i -  
cate. The analyses were p e r i o d i c a l l y  checked with standard samples (benzoic 
acid, and glucose). The NMR data were taken from a Varian A60 NMR spectrometer. 
For these spectra the  SRL and vacuum bottom s o l i d s  were normal ly d isso lved i n  
deuterated py r id ine  and the  l i q u i d  samples i n  deuterated chloroform. For the  
s o l u b i l i t y  determinations o f  SRL and vacuum bottoms, a 0.15-2.0 g sample was 
s t i r r e d  i n  30 m l  o f  benzene f o r  30 minutes, and then f i l t e r e d .  The f i l t r a t e  
was evaporated t o  dryness. 
calculated, Table V.  
ac id  i n  a mix tu re  o f  50 m l  o f  nitrobenzene and 5 m l  o f  g l a c i a l  a c e t i c  ac id ,  and 
the end po in ts  were determined by po ten t iomet r ic  techniques ( 4 ) .  The phenols 

The 

The ammonia was determined by back t i t r a t i o n  o f  t h e  :excess ac id  i n  the a c i d  
The gas i n  t h e  gas bag was immediately analyzed by a dual-column gas 

The n o n - d i s t i l l a b l e  residue was considered as p a r t  o f  the  unconverted SRL 

The l i q u i d  f r a c t i o n  from the  reac t i on  mix tu re  and the  washing so lvent  were 

When t e t r a l i n  was used as the  solvent,  the  r e a c t i o n  mix tu re  

The f r a c t i o n  
i n i t i a l  b o i l i n g  p o i n t  (IBP)-89", 

However, a t  h igher 
The 

By our  gas ana lys is  technique 

A t  lower reac t i on  temperatures, l i t t l e  gas was 

The residue was weighed, and the  s o l u b i l i t y  was 
The basic amines were t i t r a t e d  w i t h  0.1 molar pe rch lo r i c  

4 
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were t i t r a t e d  po ten t i omet r i ca l l y  w i t h  0.1 molar tetrabutyl-ammonium hydroxide 
under n i t rogen  atmosphere i n  p y r i d i n e  solvent (5 ) .  

The l i q u i d  product composi t ion analyses were performed by Gulf Research 
and Development Company, P i t t sburgh,  PA ( run  31 on ly ) .  The r e s u l t s  a re  present 
i n  Table V I .  

RESULTS AND DISCUSSION 

A t o t a l  of t h i r t y - s i x  batch autoclave hydrogenation experiments were 
performed t o  determine the  e f f e c t  o f  solvents,  ca ta lys ts ,  temperature, and pres- 
sure on conversion of SRL t o  d i s t i l l a b l e  l i q u i d  and gases. 
ana lys is ,  t i t r a t i o n  and s o l u b i l i t y  o f  vacuum bottoms data were obtained t o  g i ve  
i n s i g h t  i n t o  the na ture  o f  t he  hydrogenation reac t ions .  

The NMR, elemental 

I .  Solvent Studies 

l i q u i d s .  
I t  i s  best i f  no so l ven t  were t o  be used f o r  t h e  conversion o f  SRL i n t o  

P r a c t i c a l l y  t he  r e s u l t s  i l l u s t r a t e  t h a t  t he  y i e l d s  a re  j u s t  t oo  low when 
no'solvents are used-. 
genat ion which a re  h e l p f u l  t o  the reduct ions.  
a hydrogen c a r r i e r  f rom t h e  c a t a l y s t  surface t o  the  ma te r ia l  t o  be reduced. 
secondary func t ion  i s  t o  cause the  mix tu re  t o  a t t a i n  a f l u i d  s t a t e  a t  t he  reac t i on  
cond i t ions .  

were used as solvents. 
hydrogenation product, and can be removed eas i l y .  
well-known hydrogen donat ing a b i l i t y  (6 )  and i t s  h igher  c r i t i c a l  temperature. 
conversion data o f  runs 1, 6 and 44 o f  Table I 1 1  show t h a t  t e t r a l i n  i s  a b e t t e r  
so lvent  i n  terms o f  h igh  conversion i n  the absence o f  a c a t a l y s t  ( t e t r a l i n ,  40% 
and THF, 13-17.5%). 

The conversion data again reveal  t h a t  t e t r a l i n  i s  a b e t t e r  s t a r t i n g  so lvent  ( t e t r a -  
l i n ,  88% and naphthalene, 66%). The idea l  so lvent  i s  no solvent.  However, t h i s  
appears imprac t ica l  as the  experiments i l l u s t r a t e .  
was next t o  be establ ished. 
A1203 c a t a l y s t  a t  45OOC w i t h  a maximum pressure o f  4150 ps i ,  i n  t h e  absence o f  a 
solvent.  The conversions were 50%. Under s i m i l a r  cond i t ions ,  w i t h  150 m l  o f  
t e t r a l i n  a conversion o f  88% was found ( run  35). 
the conversion was 93%. I n  run  48 i n  which the  so lvent  volume was 37 m l ,  the  
conversion was 91%. Thus, t e t r a l i n  i s  a b e t t e r  so lvent  than THF and naphthalene, 
probably due to a combination o f  i t s  hydrogen donat ing charac ter  and h igher  
c r i t i c a l  temperature. The so lvent  t o  SRL r a t i o  studies showed t h a t  t h e  highest 
conversion was found when t h e  so lvent  t o  SRL r a t i o  was 1:1, bu t  a r e l a t i v e l y  h igh  
conversion (91%) cou ld  be ob ta ined w i t h  a r a t i o  o f  1:2. The lower conversion with 
l a r g e r  solvent r a t i o s  suggests t h a t  t he  so lvent  i s  i n  compet i t ion wSth the  SRL 
dur ing  the  hydrocracking process. 

Presumably t h e  solvent has several ro les  dur ing  the  hydro- 

I t ' s  
Most important i t  can func t i on  as 

I n  our i n t i a l  hydrogenation experiments, te t rahydro furan  (THF) and t e t r a 1  i n  
THF was employed because i t  dissolves both the  SRL and 

T e t r a l i n  was used because o f  i t s  
The 

We have a lso  compared naphthalene w i t h  t e t r a l i n  i n  run  39 and 35, respect ively.  

The minimum so lvent  1 SRL r a t i o  
Runs 41 and 42 were performed w i t h  p resu l f i ded  Ni-Mo- 

I n  run 47 w i t h  75 m l  o f  t e t r a l i n  

11. Cata lys t  Studies 

presu l f ided  and no t  which had promise o f  e f fec t i veness  from previous repor ts .  The 
ob jec t i ve  was t o  ob ta in  h igh  conversions o f  SRL. 
determinat ion,  a l l  cond i t ions  were kept constant except f o r  the  amount o f  c a t a l y s t  
present. 
change s i g n i f i c a n t l y  on changing t h e  ca ta l ys t  concentrat ion from 1 t o  10%. i.e., 
26 and 27%, respec t ive ly .  However, there i s  a s i g n i f i c a n t  change from the  s e n c e  
o f  a c a t a l y s t  t o  a 1% concentrat ion,  found i n  runs 1, 6, and 7 w i t h  THF as solvent,  
( L e . ,  from 12.5-17.5% t o  25.7%). 

I n  these studies,  a t t e n t i o n  has been focussed on ava i l ab le  ca ta l ys ts  both 

I n  the i n i t i a l  cata1yst:SRL r a t i o  

From runs 7 and 10 (Table 111), the  percent conversion o f  SRL d i d  no t  
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With t e t r a l i n  as the  so lvent  the  c a t a l y s t  concentrat ions o f  10% ( r u n  15) 
and 50% ( run  16) and an i n i t i a l  pressure o f  2500 p s i  were made. Th is  increase gave 
an increase i n  conversion o f  41 t o  48%. Though a 50% c a t a l y s t  concentrat ion may 
no t  be optimum, as compared t o  the  continuous f l o w  systems i n  which the  c a t a l y s t  to 
subs t ra te  r a t i o  i n  the  reac to r  i s  much higher, t h i s  percent r a t i o  was maintained f o r  
the  remainder o f  the  experiments i n  order t o  evaluate the  e f fec t i veness  o f  a given 
c a t a l y s t  on the weight basis. 

The next ser ies  o f  batch autoclave experiments were performed t o  evaluate 
several Proven commercial ca ta l ys ts  w i t h  SRL. The s i x  commercial c a t a l y s t s  a re  
the . fo l low ing :  
A120 , Ni-Mo-A1203. The i r  corngositions a re  given i n  f a i l l e  I .  I n  t h i s  ser ies,  ( runs 
16, ?8, 19, 20, 21, 22, and 24) the  h ighes t  conversion (54.5%) was found i n  run 24 
w i th  Ni-Mo-A12O3. The lowest conversion (45.6%) was w i t h  Ni-W-Si02-Al203. The 
others a re  about 48 t o  50% conversions. The lower conversion might be due t o  the  
fac t  t h a t  Ni-W-Si02-A1203 i s  r e l a t i v e l y  sens i t i ve  t o  n i t rogen poisoning (1.4% o f  
N i n  SRL), wh i le  on the  o ther  hand, Ni-Mo-Al203 i s  l e s s  sens i t i ve  t o  n i t rogen  
poisoning (7).  

Al203, Co-Mo-A1 0 0402 T, and Ni-Mo-Al203) were p resu l f i ded  and immediately used 
fo r  hydrogenat i in? Among the  th ree  ca ta l ys ts  used a t  reac t i on  temperature o f  375°C. 
p resu l f i ded  Ni-Mo-A1 0 , the best under non-presul f ided cond i t ions ,  a l lowed the  
highest conversion o f  ZRL (62.1%, run  32) This i s  a d i f f e rence  o f  7% f r o m  the  non- 
p resu l f i ded  run. For the  p resu l f i ded  Ni-\j-A1203 and Co-Mo-A1203-0402 T ca ta l ys ts  
(runs 27, 28, and 29), there  was an increase o f  11% and 10% respec t ive ly .  In run  
34, 7.5 g o f  acid-washed molecular seives was added along w i t h  the  p resu l f i ded  
Ni-Mo-A1 0 ca ta l ys t ,  and the  conversion was about the  same as t h a t  o f  Ni-Mo-A1 03 
by i t s e l f  !run 31). I n  general, the  p resu l f i ded  ca ta l ys ts  provided a 10% incregse 
i n  conversion. Impor tan t ly  the  volume o f  lower b o i l i n g  f r a c t i o n s  ( d i s t i l l a t i o n  
f r a c t i o n  1, 2 ,  and 3 i n  Table 111) were genera l l y  l a r g e r  and the  l a s t  d i s t i l l a t i o n  
f r a c t i o n  ( f r a c t i o n  4 i n  Table 111) was smal ler  than those from the  non-presul f ided 
c a t a l y s t  runs. Figures 1, 2, and 3 demonstrate the  f a c t  t h a t  a l l  th ree  p resu l f i ded  
c a t a l y s t s  produced greater amounts o f  l i g h t e r  d i s t i l l a t e  than the  regu la r  comner- 
c i a 1  ca ta l ys t  a t  the  same experimental cond i t i ons .  
i n d i c a t e  t h a t  the  p resu l f i ded  c a t a l y s t s  promote a more extensive hydrogenation and 
cracking. Frac t ion  1 i n  the  graphs o f  Figures 1, 2, and 3 was obtained by subt rac t ing  
the  sum o f  f r a c t i o n  2, 3, and 4 from t h e  t o t a l  conversion. This f r a c t i o n  includes 
the  gas y ie lds ,  mechanical l o s s  and products t h a t  b o i l  lower than 89°C a t  1 t o r r .  
Mechanical losses are  probably the  same f o r  both the  p resu l f i ded  and regu la r  c a t a l y s t  
runs, and there fore  f o r  comparison purposes, they a re  constants. 

A t  higher reac t i on  temperatures (425OC and 450°C) t h e  p resu l f i ded  Ni-Mo-A1203 
c a t a l y s t  (runs 31, 35) and Ni-W-Si0 -A1 0 
known as a dua l - func t ion  hydrocrackfng ga?alyst)  has been tested. The d i s t i l  l a t i o n  
data show t h a t  the p resu l f i ded  Ni-Mo-A1 03 c a t a l y s t  o f  runs 31 and 35 a t  both temp- 
e ra tu res  gave higher conversions than t f e  p resu l f i ded  Ni-W-Si02-Al203 c a t a l y s t  o f  
runs 33 and 46 a t  425OC, 76% vs 68.5% and a t  45OoC, 88% vs 84%. 
reac t i on  temperature o f  45OOC and w i t h  no ca ta l ys t ,  the conversion was o n l y  60%, and 
therefore a d i f f e rence  o f  more than 25% was due t o  the  e f f e c t  o f  t he  c a t a l y s t  ( run  
35 and 46). 
a re  necessary f o r  h igh  conversions. 

Ni-W-SiOz-Al20 , Ni-W-Al203, Co-Mo-A1 0 -0401 T and -0402 T, 

TO determine the  e f f e c t  o f  p resu l f i d ing ,  th ree  o f  the  above c a t a l y s t s  (Ni-W- 

Thus the  d i s t i l l a t i o n  data 

(runs 33, 43, 46) c a t a l y s t  (which i s  

I n  run  45, wi th  

Thus, p r e s u l f i d i n g  the  ca ta l ys ts  and a reac t i on  temperature o f  45OOC 

Zinc ch lo r i de  i s  another c a t a l y s t  which has an i n t e r e s t i n g  a c t i v i t y  f o r  both 

Two runs were c a r r i e d  ou t  a t  375°C with t h i s  
hydrogenation and cracking, and i t  i s  o f  spec ia l  i n t e r e s t  s ince i t  appears t o  be l ess  
s e n s i t i v e  t o  n i t rogen poisoning (8). 
ca ta l ys t ;  run  25 as neat ZnC12 (10%) powder, and the  other,  run  26, 6.4% ZnC12 
impregnated on alumina (Harshaw A1-1404 T). 
53.5% conversion which i s  as h igh  as t h a t  o f  Ni-Mo-A1203 ca ta l ys t .  

Run 25, w i t h  neat ZnC12 powder, gave a 
The impregnated 
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ZnC12 ca ta l ys t  y i e l d e d  a lower conversion (47% from run  26). 
s ion  i s  perhaps due t o  a smal le r  amount o f  ZnC12 t h a t  was used. Work was discont inued 
w i t h  t h i s  ca ta l ys t  due t o  an t i c ipa ted  c a t a l y s t  recovery problems. 

A cracking ca ta l ys t ,  HZ-1, from Houdry Cata lys ts  was a lso  tes ted  a t  425°C w i th  
SRL. The conversion was n o t  as h igh  (52.5%) as those w i t h  p resu l f i ded  ca ta l ys ts  i n  
general ( run  36). 

Thus f a r ,  t he  p resu l f i ded  Ni-Mo-A1 0 c a t a l y s t  i s  t h e  best c a t a l y s t  i n  terms 
o f  h igh  conversion o f  SRL t o  gaseous and21?quid products, and t h a t  t he  presu l f ided  
ca ta l ys ts  general ly g i v e  a h igher  y i e l d  o f  lower b o i l i n g  f r a c t i o n s  than the non- 
p resu l  f i ded  type. 

This smal ler  conver- 

111. Pressure E f f e c t  

on conversion o f  SRL t o  d i s t i l l a t e  l i q u i d s  and qases. I n  runs 10 and 11, an increase 
Runs 10, 11, 12, 13, 14, and 15 were performed t o  study the e f f e c t  o f  pressure 

of i n i t i a l  pressure from 1000 t o  1800 ps i ,  w i t h  THF as solvent,  d i d  g i ve  an increase 
i n  conversion o f  27.3% t o  38%. However, i n  t h e  case o f  t e t r a l i n  as solvent,  there 
was no s i g n i f i c a n t  e f f e c t  on conversion w i t h  an increase i n  i n i t i a l  hydrogen pressure 
from 1750, 2060 t o  2500 p s i  (40%, 43%, and 40.9% respec t ive ly ) .  

I V. Temperature Studies 

t u r e  w i t h  a r e l a t i v e l y  h igh  conversion. 
reac t i on  temperatures o f  375O, 425O, and 450' respec t i ve l y  wh i l e  a l l  o ther  condi t ions 
remained constant. 
e ra tu re  as i l l u s t r a t e d  i n  F igure  4. 
76% f o r  425OC, and 88% f o r  45OOC. 
n o t  proceed r e a d i l y  u n t i l  t he  reac t i on  temperature reaches 450°C. 

The t o t a l  y i e l d s  o f  methane and ethane f o r  reac t ions  a t  375O, 425O, and 450°C were 
0.40 9, 1.78 g, and 5.48 g, respec t i ve l y  ( run  32, 31 35, Table 11). 
reac t i on  temperature i s  t h a t  where gas product ion i s  a t  a minimum and the  t o t a l  
conversion i s  a t  a maximum. Perhaps, the  i d e a l  case may n o t  be obtainable, bu t  
the  gas product ion o f  5.48 g i s  s t i l l  to le rab le ,  and the re fo re  the  reac t ion  temp- 
e ra tu re  o f  450°C appears t o  be most favorable.  

V.  Analy t i ca l  Methods f o r  Mon i to r ing  Reaction Products 

solvents, temperature, pressure, and ca ta l ys ts  on the  hydrogenation o f  SRL, we also 
used and developed o the r  a n a l y t i c a l  methods t o  monitor t h e  ex ten t  o f  these hydro- 
genations. These methods c o n s i s t  o f  carbon and hydrogen analyses (Table V ), NMR 
data (Table V ), bas ic  amine and phenol determinat ions (Table V ), and gas pro- 
duc t ion  (Table I 1  ). 

The atomic H/C r a t i o s  were ca lcu la ted  from hydrogen and carbon elemental 
analyses. These r a t i o s  d i d  no t  vary too  much u n t i l  r un  27 ( the  presu l f ided  ca ta l ys t  
run)  and they appeared t o  be h igher  f o r  a l l  t he  runs with p resu l f i ded  ca ta l ys ts  

1?6:90, and f o r  the  p resu l f i ded  c a t a l y s t  run 27, f r a c t i o n  (2) 1.45, (3 )  1.26, 
(4) 1.15, and (5 )  0.96). Runs 27 t o  33 gave the  t y p i c a l  h igh  atomic H/C r a t i o s .  

We have a l so  analyzed the  d i s t i l l a t i o n  f r a c t i o n s  by NMR spectroscopy. The 
aromatic t o  a l i p h a t i c  r a t i o s  reveal  t he  same general t rend  as found i n  the  atomic 
H/C r a t i o  studies, t h a t  i s ,  t h e  aromatic t o  a l i p h a t i c  hydrogen r a t i o s  are h igh  
f o r  e a r l i e r  runs (up t o  run  26) and a re  low,from run  27 t o  run  34. These data 
suggest t h a t  the p resu l f i ded  ca ta l ys ts  promote the  hydrogenation of the aromatic 
system i n  the SRL t o  a g rea te r  ex ten t  t han  the non-presul f ided ca ta l ys ts  (g., 

Several experiments were c a r r i e d  out t o  determine t h e  i dea l  reac t i on  tempera- 
Runs 32, 31, and 35 were c a r r i e d  o u t  a t  

The percent conversions increased l i n e a r l y  w i t h  reac t i on  temp- 
The percent conversions are 62% f o r  375OC, 

These r e s u l t s  suggest t h a t  hydrocracking does 

As the reac t i on  temperature increased, gas product ion a l so  increased rap id l y .  

The idea l  

Besides using percent  conversion as our gu ide l ine  t o  determine the  e f f e c t  of 

regular comnercial c a t a l y s t  run, 26, f r a c t i o n  (2) 1.22 (3) 1.00, (4 )  0.97 
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run  18, w i t h  the  regu la r  commercial ca ta l ys t ,  f r a c t i o n  (2 )  0.56, (3) 1.00, (4 )  1.15, 
and run  27 w i t h  a p resu l f i ded  c a t a l y s t  (2)  0.19, (3 )  0.21, (4 )  0.24). These r e s u l t s  
i n d i c a t e  t h a t  there i s  more a l i p h a t i c  hydrogen i n  the d i s t i l l a t i o n  f r a c t i o n s  o f  the  
presul f ided c a t a l y s t  runs. 

eratures tend t o  y i e l d  a l a r g e r  amount o f  gases. 
375', 21 a t  425O, and 35 a t  45OOC w i t h  the  t o t a l  methane and ethane y i e l d s  o f  0.40 g, 
1.78 g, and 5.48 g respec t ive ly .  
the  l i q u i d  y i e l d ,  and thus the  reac t i on  temperature should probably no t  be much 
h igher  than 450°C. 

the re fo re  we a re  n a t u r a l l y  concerned w i t h  the  bas ic  n i t rogen  conten t  i n  t h e  SRL 
and i n  the  hydrogenation products. 
c a p a b i l i t y  o f  the ca ta l ys ts .  
t i t r a t i o n  method f o r  t he  determinat ion o f  t he  basic n i t rogen.  
a re  l i s t e d  i n  Table V. 
and i n  some cases, some o f  t he  d i s t i l l a t i o n  f r a c t i o n s  were a l s o  analyzed i n  t h i s  
way. 

o f  regu la r  commercial c a t a l y s t  runs were e i t h e r  about the  same as i n  the  o r i g i n a l  
SRL (0.54 meq/g SRL) o r  s l i g h t l y  below. For the  p resu l f i ded  c a t a l y s t  runs o f  
Ni-4303 E Co-Mo-0402 T and Ni-4301 E, the  t i t r a b l e  amine content remained about the  
same as the o r i g i n a l  SRL, bu t  t h a t  o f  the p resu l f i ded  HT-100 E (Ni-Mo-A1 03) was 
reduced by 50% o r  more ( run  31, 32, and 34, Table V). Thus, t h i s  suggesfs t h a t  
NiS-MoS2-A1203 i s  a b e t t e r  deni t rogenat ion c a t a l y s t  than NiS-WS2-Si02-A1203 and 

The gas ana lys is  data a re  tabu la ted  i n  Table X I .  The h igher  r e a c t i o n  temp- 
This i s  demonstrated i n  run  32 a t  

Our aim was t o  minimize the  gas y i e l d  and maximize 

I n  general, n i t rogen  compounds are  known as ca ta l ys t  poisoning agents, and 

We are  a l so  i n te res ted  i n  the  deni t rogenat ion 
We have adopted the  non-aqueous po ten t iomet r ic  

The t i t r a t i o n  data 
Most o f  the vacuum bottoms were analyzed f o r  basic amines 

I n  general, t i t r a t i o n  data i n d i c a t e  t h a t  t he  basic amines i n  the  vacuum bottoms 

CoS-MoS2-A1203. 

The phenolic content o f  t he  SRL and i t s  hydrogenated products were a l so  de- 
termined by non-aqueous po ten t iomet r ic  t i t r a t i o n s .  
was t i t r a t e d  f o r  phenols so t h a t  the  phenol ic content cou ld  be compared w i t h  t h a t  
o f  SRL (1.34 meq/g SRL). 
much lower than t h a t  o f  the  SRL (Table V ) .  
the  runs w i t h  a high conversion usua l l y  produced a vacuum bottom w i t h  a lower 
phenol ic content. 

I n  most cases, t he  vacuum bottom 

I n  general, the  phenol ic content i n  the  vacuum bottom was 
I t  i s  a l so  i n t e r e s t i n g  t o  no te  t h a t  

i 

The compositional ana lys is  f o r  t he  f o u r  d i s t i l l a t i o n  f r a c t i o n s  from run  31 
was ca r r i ed  ou t  by the  Gu l f  Research and Developmant Company. 
shown i n  Table V I .  
(by weight)  o f  fused aromatic systems. 

ana ly t i ca l  methods. 
more so lub le  than the  o r i g i n a l  SRL (62.2% f o r  SRL). 

The product ion o f  water i s  no t  too p red ic tab le  although i t  seems i n  general 
t o  be higher f o r  the  l a t e r  runs ( f rom run  26 on). 
small and the  f l u c t u a t i o n  i s  la rge .  

Thus, t o  sum up, a ser ies  o f  batch autoclave hydrogenation experiments were 
performed f o r  convert ing so lvent  re f i ned  l i g n i t e  
t o t a l  of t h i r t y - s i x  experiments were performed t o  accomplish the fo l l ow ing :  
(1) 
commercial ca ta lys ts ,  (3)  i nves t i ga te  the in f luence of p resu l f i ded  ca ta lys ts ,  and 
(4) study the  e f f e c t  o f  the  reac t i on  temperature and solvent.  
runs, we have establ ished the  general cond i t ions  f o r  t he  c a t a l y s t  comparison, 

The r e s u l t s  a re  
The higher b o i l i n g  f r a c t i o n  appear t o  have grea ter  amounts 

Thus, f u r t h e r  reduc t ion  i s  needed. 

From the  benzene d i sso lu t i on  data, no no t i cab le  t rend i s  found as i n  o ther  
One t h i n g  worth no t i ng  i s  t h a t  the vacuum bottoms a re  normal ly 

The d i f f e rence  i n  water y i e l d  i s  
Thus, no cons t ruc t ive  conclusion can be drawn. f, I 

p -  
(SRL) t o  premium l i q u i d  fue ls .  A 

es tab l i sh  the  general cond i t ions  f o r  t he  hydrogenation, (2)  survey s u i t a b l e  

From the  i n i t i a l  
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t h a t  i s ,  an i n i t i a l  hydrogen pressure o f  2500 ps i ,  50% c a t a l y s t  by weight, 150 m l  
t e t r a l i n ,  and 375°C for reac t i on  temperature. 
e i g h t  ca ta l ys ts  were tes ted  w i t h  SRL. The best two o f  these runs are Ni-Mo-A1203 
(Harshaw HT-100) and stannous ch lo r i de  ca ta l ys ts  f o r  h igh  conversion o f  SRL t o  
products. The next se r ies  o f  batch autoclave experiments u t i l i z e d  presu l f ided  
ca ta l ys ts .  
conversion. The reac t i on  temperature s t i d j e s  demonstrated t h a t  t he  percent con- 
version o f  SRL t o  d i s t i l l a b l e  l i q u i d  and gases increases l i n e a r l y  with the  increase 
o f  reac t i on  temperature, w i t h  a h igh  o f  88% conversion a t  450°C. 
experiments, t e t r a l i n  i s  shown t o  be necessary f o r  the  h igh  conversion. 
experimental cond i t ions  f o r  the  highest conversion, thus f a r  at ta ined, a re  the  
fo l low ing :  
p resu l f i ded  HT-100 ca ta l ys t ,  a t  450OC f o r  2 hours. 

For these cond i t ions ,  a t o t a l  o f  

Result showed t h a t  Ni-Mo-A1 0 c a t a l y s t  s t i l l  gave the  h ighes t  

From the  so lvent  
Thus, t he  

i n i t i a l  hydrogen pressure o f  2500 ps i ,  75 g o f  SRL, t e t r a l i n ,  
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TABLE I 

Cata lys ts  Used i n  SRL Hydrogenation 

Cata lys t  Suppl ier  Trade Name Composition Pore Val. SA Shape 
W t .  p c t .  cc/g m 2  /g. 

I .  
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TABLE I1 

Gas and Water Production 

Run Methane, g Ethane, g Ammonia, g Water, g 
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TABLE I V .  Mass Calculat ions 

Calcu lat ion o f  i n p u t  and output 
o f  the hydrogenation autoclave 

SRL 

T e t r a l i n  

Catalyst  

HZ 
T e t r a l i n  wash 

Total 

Raw Mater ia l  
(hydrogenation 
products) 

Catalyst  

Autoclave 
co ld t raps 

Ad here t o  
autoclave 

Gases from 
react ion 

Total 

Run 27 
75.0 

145.5 

43.1 

10.8 

38.8 

313.2 

- 

228.6 

64.0 

1.1 

1 .o 

7.1 

301.8 

96.4% 

Run 31 
75.0 

145.5 

40.5 

10.8 

38.8 

310.6 

- 

Run 35 
75.0 

145.5 

40.6 

10.8 

38.8 

310.7 

- 

233.4 210.1 

62.8 60.3 

0.0 3.3 

1.2 1 .o 

7.5 14.5 

304.9 288.2 
- - 

98.2% 92.7% 
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TABLE V 

Tabulation o f  H/C Ratio, Aromatic t o  A l i p h a t i c  Hydrogen Ratio, and T i t r a t i o n  Data 

H/ C - Ar-H Benzene 
Run Fract ion Rat io  A1-H Amines Phenols Dissolut ion,  % 

11 

12 

13 

14 

16 

SRL 

10 2 

3 

4 

5 

2 

3 

4 

5 

2 

3 

4 

5 

2 

3 

4 

5 

2 

3 

4 

5 

2 

3 

4 

5 

2.57 

1 .81 

2.82 

0.81 

1.69 

--- 
.96 

1.58 

0.69 

1.19 

0.65 

1.05 

1.12 

0.53 

0.98 

1.09 

0.54 

0.09 

0.47 

0.51 

0.53 

0.58 

1.34 62.2 

0.055 

0.73 

1.09 

0.96 

0.87 

0.57 0.87 69.8 

d 
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TABLE V Continued 

Ar -H Benzene 
Run Fract ion Rat io H’C A1-H Amines Phenols Dissolut ion,  % 

\ 

- 

R 

’r’ 

i :i 

18 2 

3 

4 

5 

\ 19 2 

3 

4 

5 

20 2 

3 

4 

5 

2 

3 

4 

5 

2 

3 

4 

5 

2 

3 

4 

5 

\ 

\ 

21 

22 

24 

1.12 

0.97 

0.93 

0.88 

1.11 

0.98 

0.91 

0.78 

1.14 

1.13 

0.98 

0.81 

1.16 

1.03 

0.91 

0.86 

1.02 

0.84 

0.82 

0.85 

1.20 

1.07 

0.96 

0.91 

0.56 

1 .oo 
1.15 

0.56 

0.88 

0.96 

0.50 

0.82 

0.91 

0.647 

1.21 

0.90 

1.05 

1.93 

2.01 

0.44 

0.67 

0.76 

0.52 

0.55 

0.56 

0.48 

0.54 

0.97 

0.91 

0.73 

1.32 

1.12 

0.45 0.52 

71.1 

55.1 

78.4 

, 
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TABLE V Continued 

H/C Ar-H Benzene 
Run Fract ion Rat io A1 -H Amines Phenols Dissolut ion,  X 

26 

25 2 

3 

4 

5 

2 

3 

4 

27 

29 

3.0 

5 

2 

3 

4 

5 

28 2 

3 

4 

5 

2 

3 

4 

5 

2 

3 

4 

5 

1.24 0.42 

1.31 0.76 

1.04 0.80 

1.22 0.48 

1 .oo 0.81 

0.96 0.88 

0.90 

1.46 0.19 

1.26 0.21 

1.15 0.24 

0.96 

1.42 0.16 

1.25 0.23 

1.16 0.27 

0.92 

1.40 0.21 

1.17 0.32 

1.06 0.42 

0.87 

1.34 0.40 

l .17 0.39 

1.03 0.54 

0.90 0.65 

0.46 0.66 

0.36 0.66 

0.41 0.47 

0.49 0.45 

0.19 0.08 

0.21 0.16 

0.25 0.24 

0.53 0.79 

0.16 0.33 

82.9 

94.9 

85.3 

81.9 

67.9 
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TMlE V Continued 

H! c AT-H Benzene 
Run Sract ion Ratio Manes ~ ~ n o l s ’  Dissolution. % 

31 2 

3 

4 

5 

32 2 

3 

4 

5 

34 2 

3 

4 

5 

0.23 

87.6 

1.37 0- ia  

1.25 0. a0 

3-14 0.35 

a -02 0.45 0.20 0.32 

1.40 0.14 

1.32 0.16 

1.17 6). 23 

1.01 Q.2 0.23 

0.39 

0.33 

0.34 

8.28 0.27 

86.4 

The basic amjnes and Phenols am expnessed as mq. per gram of SRC or other distillation 
fractions. 
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- -x = presulfided catalyst 

- o = regular catalyst 

Fraction 
Figure 1. Comparison of d is t i l la t ion  fractions 

from Ni-Mo-A1203 catalyst.  

p Fraction 1 2 3 4 
Figure 2 .  Comparison o f  dist i l lat ion fractions 

from Co-Mo-A1203-0402 T catalyst.  
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Figure 3. Comparison o f  d i s t i l l a t i o n  fractions 
from Ni-W-A1203 cata lyst .  

100% 
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Figure 4.  Percent Conversion vs. Reaction Temperature 
For Presulfided HT-100 Catalyst.  I i 
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