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The United S ta tes  e n e r a  requirements have refocused a t t e n t i o n  on c o a l  
Hydrogena- processing for f u e l s  i n  forms o ther  than  for d i r e c t  combustion. 

t i o n  of coal  and coal  l i q u i d s  i s  included i n  t h i s  renewed i n t e r e s t .  Many 
repor t s  (1, 2, 3) a r e  ava i lab le  on s tudies  d i rec ted  toward upgrading coa l  
and coal  l i q u i d s  by hydrogenation. A good por t ion  of these  e f f o r t s  is  d i rec t -  
ed toward t e s t i n g  and developing var ious active metals f o r  c a t a l y s t s .  
nature  and character  of t h e  c a r r i e r  o r  support mater ia l  have received somewhat 
less a t t e n t i o n .  With coal  l i q u i d s ,  removal of ni t rogen i s  p a r t i c u l a r l y  
important, ye t  almost no work has been reported i n  t h i s  a rea .  

c a l l y  t a i l o r  ca ta lys t s  f o r  upgrading coa l  der ived l iquids.’  At ten t ion  here is  
given t o  t h e  removal of  s u l f u r  and ni t rogen atoms from a coal  l i q u i d .  

The 

The work reported i n  t h i s  paper i s  p a r t  o f  an o v e r a l l  program t o  spec i f i -  

The Pi t t sburg  & Midway Loa1 Mining Company has developed a process  t o  
produce an ash less ,  l o w  s u l f u r  f u e l  from coal  (4 ,  5 ,  6 ) .  
o i l s  are a l s o  co-products from t h i s  solvent  r e f i n e d  c o a l  process .  However, 
t h e  ni t rogen and s u l f u r  i n  these  o i l s  must be removed i f  these o i l s  are t o  
be of value for f u r t h e r  f u e l  processing. O u r  c a t a l y s t  development work w a s  
a t  f i r s t  d i rec ted  toward upgrading t h e s e  oils by the removal of t h e i r  hetero- 
atoms, p a r t i c u l a r l y  sulfur and ni t rogen.  

coal  process were a v a i l a b l e  from a c t u a l  laboratory and p i l o t  product ion,  our 
i n i t i a l  work was performed on a coa l  l i q u i d  which has somewhat s i m i l a r  prop- 
e r t i e s .  For a comparative b a s i s ,  results a r e  reported on two c a t a l y s t s  which 
were obtained from Nalco Chemical Company. The f i rs t  objec t ive  i s  t o  compare 
operat ing c h a r a c t e r i s t i c s  of these  two c a t a l y s t s ,  which have e s s e n t i a l l y  
i d e n t i c a l  composition but contain a r a t h e r  d i f f e r e n t  pore volume and pore , 
s i z e  d i s t r i b u t i o n .  The c a t a l y s t  p roper t ies  a r e  discussed below. The apparatus 
used i n  t h e  study was a downflow, packed-bed r e a c t o r ;  d e t a i l s  are also given 
below under experimental. 

Feedstock. The feedstock used i n  this experiment w a s  a r a w  anthracene 
o i l  which was obtained from t h e  R e i l l y  Tar & Chemical Corporation. The feed 
proper t ies  a r e  given i n  Table 1, showing t h a t  t h e  sulfur l e v e l  w a s  0.45 w t %  
and ni t rogen was 0.8 w t % .  

Light o i l s  and gas  

Since only l imi ted  q u a n t i t i e s  of t h e  o i l  products from t h e  solvent  r e f i n e d  
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Cata lys t s .  The two Nalco Cata lys t s  which were t e s t e d  were Nalcomo 474 
These were both compounded with 3.5 w t %  of cobalt  oxide and Sphericat  474. 

and 12.5 wt%molybdeum oxide on alumnia support .  
per gram f o r  t h e  Nalcomo 474 and 0.981 cc per gram f o r  t he  Sphericat  474. 
A s  shown i n  Figure 1, t h e  Sphericat  has a bimodal pore d i s t r i b u t i o n  w i t h  
modes at about 30 angstroms f o r  micropores and at 850 angstroms f o r  mcro -  
pores. The Nalcomo c a t a l y s t  had a s ingular  and r a t h e r  narrow d i s t r i b u t i o n  
a t  about 33 angstroms. These pore s i z e  d i s t r i b u t i o n s  were determined f r o m  
mercury penet ra t ion  da ta  t o  60,000 p s i .  Figure 1 i s  a p l o t  of dV/d ( l n r ) ,  
where 

Pore volume w a s  0.463 c c  

V = accumulative pore volume 
r = pore radius 

The t o t a l  sur face  area per  gram was about t h e  same f o r  both c a t a l y s t s ,  and an 
8/10 mesh s i z e  w a s  used. Proper t ies  a r e  shown i n  Table 2. 

cene o i l  was f ed  from a Ruska pump through preheated l i n e s  i n t o  the  r eac to r .  
The f eed  o i l  was contacted with hydrogen j u s t  before  the  r eac to r  i n l e t .  The 
4 inch diameter r e a c t o r  was packed with from 13.7 t o  15.8 grams of ca t a lys t  
and had pre- and pos thea t  zones of i n e r t  mater ia l .  The r eac t ion  temperature 
w a s  monitored with a t r ave r s ing  thermocouple i n  a thermowell loca ted  within 
the center of t h e  r e a c t i o n  tube. Excellent temperature cont ro l  w a s  obtained 
by th ree  massive aluminum blocks which were grooved andwound with res i s tance  
hea t ing  wires. 
t u r e  by a c o n t r o l l e r ,  while t h e  smaller top and bottom blocks were controlled 
manually t o  obta in  f l a t  temperature p r o f i l e s .  
Figure 3. Hydrogen flow was monitored by observing r a t e s  on a wet t e s t  meter 
placed i n  the  e x i t  l i n e .  
back pressure r egu la to r  and was read on a Heise gage loca ted  a t  t h e  reac tor  
i n l e t .  

Su l fu r  analyses were made on a Leco Model 634-700 automatic 
su l fu r  analyzer which had been modified f o r  r e l a t i v e  low su l fu r  determina- 
t i o n s .  These modifications include s l i g h t  adjustment i n  t h e  techniques which 
a r e  out l ined  i n  ASTM D 1552-64, and t h e  addi t ion  of sodium az ide  t o  eliminate 
nitrogen in t e r f e rence .  
and by our own l abora to ry ,  both using .a modified micro Kjeldhl technique. 
D i s t i l l a t i o n s  were performed according t o  ASTM D 1160 technique. Catalysts 
proper t ies  were obta ined  from information supplied by Nalco Chemical Company 
and by commercial l abora tory  analyses.  

t o  8 0 0 " ~ ,  a t o t a l  p ressure  range of 500 t o  2000 p s i g ,  and space times (based 
on rec iproca l  l i q u i d  hourly space v e l o c i t i e s )  of 34 t o  2 hours. 
experiments were made on Nalcomo 474 over t hese  var iab le  ranges,  and the  
comparison of  t h e  two c a t a l y s t s  was made from da ta  taken a t  a f i x e d  s e t  of 
conditions.  
hour space time. 
40 hours o i l - ca t a lys t  contact.  
t hese  experimental runs .  
of comparison, t h e  experiments on these  two 40-hour runs were performed a t  
i d e n t i c a l  weight hourly space v e l o c i t i e s .  
space ve loc i t i e s  were d i f f e r e n t  because of a d i f fe rence  i n  the  c a t a l y s t  p e l l e t  
dens i ty .  

Apparatus. The experimental apparatus is  diagramed i n  Figure 2. Anthra- 

The l a r g e r  center  block was maintained a t  t h e  desired tempera- 

A t yp ica l  p r o f i l e  i s  shown i n  

The des i red  operating pressure w a s  c o n t r o l l e d b y  a 

Analysis. 

Nitrogen analyses were made by a commercial laboratory 

Experimental. Experiments were made over a temperature range of 600 

Most of t he  

These conditions were 70O0F, 2000 p s i  p ressure ,  and about one- 

There were seve ra l  planned shutdowns during 
These two comparative runs each covered a t o t a l  o f  over 

The c a t a l y s t s  were presu l f ided  before use. For ease 

This means t h a t  t he  volume hourly 

I n  t r i c k l e  flow reac to r s  t he re  i s  always a question of adequate contacting 



3 

\ 

of oil and solid particles. 
size, superficial oil velocity, and superficial gas velocity may influence 
the nature of oil-solid contacting. 
gas velocity by a factor of 10, and no noticeable influence on desulfurization 
or denitrogenation was observed over this range. 
contacting of oil and solids for the particle sizes and velocities used within 
the study. 

of the Nalcomo 474 catalyst are shown in Figures 4, 5, and 6. 
desulfurization is rapid within the first 0.5 to 1.0 hours space time, and 
becomes quite slow thereafter. The maximum desulfurization appears to be 
fixed at around 90-95 percent removal. However, at 90 percent removal of 
sulfur from the feed oil, the product sulfur level is in the range of 400 
parts per million. This is within the region where reporducibility of sulfur 
analyses is becoming limited by the techniques used. The effect of pressure 
between 500 and 2000 psi on desulfurization is the greatest at 680'~ operation; 
whereas, there was little pressure responge noted at 700 and 800 F. The 
multiple points shown in Figure 6 for 700 F and one hour space time were 
duplicates except for a difference of over 60 additional hours of oil- 
catalyst contact. There was negligible loss of catalyst desulfurization 
activity during the 70 plus hours total oil-catalyst contact of this sequence 
of experiments. 

for operation at 800 F and two hours space time. 
temperature and times used in the experiments. The extent of hydrocracking 
is quite dependent upon the pressure of the experiment. 
are listed in the table. 
which was converted to lower boilers, and the other reference point is the amount 
of 500°F+ material converted.o Note that the data indicate significant quantities 
of material boiling above 650 F were converted to lower boilers, but very little 
of ;his was converted to material boilin below 500°F. However, at 2000 psi and 
800 F, significant hydrocracking to -500 F material occurs. The extent of 
hydrocracking at lower temperatures and pressures was, of course, lower than 
those shown in Table 3. 

both the Nalcomo 474 and the Sphericat 474 catalysts. 
activity of the Nalcomo catalyst achieved a level of about 92 percent removal 
after 10 hours on oil, and remained relatively steady between 88 t o  90 percent 
for over 50 hours. The Sphericat 474 showed almost identical desulfurization 
characteristics from ten through 42 hours on oil. The Sphericat data tends 
to be slightly higher than those of the Nalcomo; however, within the limits 
of this study this is not shown unequivocally. For both catalysts, there is 
no noticable loss in desulfurization over 40-50 hours. 

Figure 8 presents a comparison of the two catalysts for denitrogenation 
for over 40-50 hours oil-catalyst contact. 
maintained a stable denitrogenation activity , the Sphericat denitrogenation 
activity dropped rather quickly. Further, the ability of the Sphericat to 
remove nitrogen was always lower than that of the Nalcomo catalyst. In both 
cases the ability to remove nitrogen was limited. For Nalcomo this was no 
more than 60 percent at best; and for the Sphericat, no more than about 
50 percent. 

and nitrogen removal is representative of one of the most complex reaction 

In addition to other variables, particle 

Tests were made by varying superficial 

There seemed to be adequate 

Results. The pressure, time and temperature effects for desulfurization 
The rate of 

The extent of h drocracking with the Nalcomo catalyst is shown in Table 3 8 These represent maximum 

Two reference points 
One shows the amount of 650°F+ material in the feed 

8 

Very little hydrocracking takes place at 600'~. 
Shown in Figure 7 is a comparison of the desulfurization levels for 

The desulfurization 

Although the Nalcomo 474 catalyst 
' 

Yl Discussion. The hydroprocessing of heavy liquid feedstocks for sulfur 

, 
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systems t o  b e  encountered. 
a r e  many res i s tance  zones which can l i m i t  mass t r a n s f e r .  
dimensions of t h e  r eac t ion  system must be considered. 

With s o l i d ,  l i q u i d  and vapor phases present ,  t he re  
Several  c r i t i c a l  

Among these  a r e :  1 

r eac to r  bed length  and diameter 
c a t a l y s t  p a r t i c l e  s i z e  
l i q u i d  f i l m  thickness surrounding t h e  so l id s  
c a t a l y s t  pore s i z e  and pore s i z e  d i s t r i b u t i o n  
s i z e  of t h e  su l fu r  and nitrogen compounds 

I n  processing heavy feedstocks t h e  c a t a l y s t  pores w i l l  be f i l l e d  with 
l i qu ids .  
f i lm  surrounding the  p e l l e t s  i n t o  the  r e l a t i v e l y  quiescent l i q u i d  within t h e  
pores. 
s o l i d  sur face .  
l i q u i d  f i lm,  and f i n a l l y  through t h e  l i q u i d  f i l l e d  pores t o  t h e  reac t ion  
sur face .  
of heteroatoms : 

The sulfur and nitrogen compounds must then t r a n s f e r  from t h e  l i q u i d  

These molecules then must d i f fuse  through the  l i q u i d  t o  the  ac t ive  
Hydrogen must t r a n s f e r  from the  bulk gas phase i n t o  t h e  ex terna l  

There a r e  t h r e e  primary zones which may cont ro l  t he  ove ra l l  removal 

' 1. I n t e r p a r t i c l e  Resistance - t he  ex te r io r  c a t a l y s t  sur face  must be 
supplied with r eac t an t s  ; gaseous o r  l i q u i d .  

I n t r a p a r t i c l e  Resistance - t he  r eac t an t s  must d i f fuse  through the  
porous c a t a l y s t  s t ruc tu re .  

2. 

3. Surface Phenomena - molecules must adsorb, desorb and reac t  on the  
surface.  

I n  t h i s  coa l  l i q u i d  study with t h e  c a t a l y s t  pores f i l l e d  with l i q u i d ,  and 
assuming t h a t  many of t h e  s u l f u r  and nitrogen containing molecules are r e l a t i v e l y  
bulky spec ies ,  t h e  most l i k e l y  con t ro l l i ng  r e s i s t ance  of the  ove ra l l  process 
i s  the  t ranspor t  of t h e s e  bulky molecules through the  pores.  

d i s t r ibu t ion  over t he  s o l i d s ,  hydrogen t r a n s f e r  from t h e  bulk phase, and 
l i q u i d  supply t o  t h e  ex te rna l  p e l l e t  surface were probably not cont ro l l ing .  
This is shown, i n  p a r t ,  when no e f f e c t  was observed when hydrogen f l o w  r a t e  
w a s  var ied  by a f a c t o r  of t e n .  
cont ro l led  by the  r a t i o  of r eac to r  diameter t o  t h a t  of t h e  ca t a lys t  ( 7 ) .  
Numbers from 5 t o  25 have been suggested f o r  t h i s  r a t i o  f o r  adequate l i q u i d  
d i s t r ibu t ion .  The va lue  i n  t h i s  study w a s  6.2. The e f f e c t  of backmixing i n  
tr ickle-flow labora tory  r eac to r s  has r ecen t ly  been discussed by Mears (8).  
For freedom from backmixing a value of 350 has been suggested as a conserva- 
t i v e  estimate f o r  t h e  r a t i o  of reac tor  length  t o  p a r t i c l e  s i z e .  
t h i s  study was about 144.  

s i z e s  i n  order t o  determine a ca t a lys t  e f fec t iveness  f a c t o r ,  a f i r s t  estimate 
suggests t h a t  t h e  e f fec t iveness  f a c t o r s  f o r  both desu l fu r i za t ion  and denitro- 
genation of t h i s  coa l  l i q u i d  f a l l  between 0.3 and 0.6. 
based on only very approximate estimates of e f f e c t i v e  d i f f u s i v i t i e s .  Typical 
desu l fur iza t ion  data taken under s i m i l a r  conditions , but  on petroleum stocks' 
f a l l  i n t o  t h i s  range. There a r e ,  of course,  s ign i f i can t  d i f fe rences  between 
these  general  feed types. 

f i c a n t  reac tan t  concentration gradien ts  can e x i s t  within the  so l id s .  The 
smaller and more mobile hydrogen molecules can penet ra te  f a r  deeper i n t o  the  
c a t a l y s t  p e l l e t s  than can the  much l a r g e r  l i q u i d  r eac t an t s .  
l a r g e r  nitrogen and s u l f u r  containing molecules believed t o  be i n  high temperature 

Interphase and i n t e r p a r t i c l e  mass t r a n s f e r  i n  the  form of adequate l i qu id  

Liquid d i s t r i b u t i o n  over s o l i d s  i s  p a r t l y  

The value i n  

Although s p e c i f i c  experiments were not performed on various p a r t i c l e  

These numbers a re  

For c a t a l y s t s  operating with e f fec t iveness  f ac to r s  i n  t h i s  range, s ign i -  

Some of t he  
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coal  tar l i q u i d s  a r e  shown i n  Table 4 ( 9 ) .  
of molecular s i z e s ,  and these  shown i n  Table 4 nay only be representa t ive  
of t h e  l a r g e r  su l fur  and ni t rogen spec ies ,  bu t  not necessar i ly  i n  anthracene 
o i l .  
i s t i c  o r  c r i t i c a l  diameter i n  t h e  range of 10-15 AC. 

diameters for  smaller compounds a r e  shown i n  Table 5.  When t h e  s i z e  of t h e  
diffusing molecules begin t o  approach t h e  pore s i z e ,  then d i f f u s i o n  becomes 
s t rongly retarded.  
t h e  Nalcomo and Sphericat 474 c a t a l y s t s .  
of both c a t a l y s t s  have modes a t  about 30 Ao rad ius .  
a s igni f icant  d i f fus ion  l i m i t a t i o n  e x i s t s  f o r  t h e  l a r g e r  reac tan t  species .  

There i s ,  of course,  a spectrum 

For i l l u s t r a t i v e  purposes, consider a reac tan t  molecule wi th  a character- 
For comparison, c r i t i c a l  

This s o r t  o f  re ta rda t ion  was probably operat ive with both 
As shown i n  Figure 1, t h e  micropores 

Thus it seems l i k e l y  t h a t  

The end r e s u l t  t o  be expected i s  r e l a t i v e l y  l o w  a c t i v e  surface u t i l i z a t i o n  
Values of 0 .3  o r  lower can b e  

In a t r ickle-f low reac tor  operat ing on a gas o i l ,  e f fec t iveness  
which i s  revealed i n  a low ef fec t iveness  f a c t o r .  
expected. 
fac tors  as low as 0.3 were reported (10). The major l i m i t a t i o n  was s a i d  t o  be 
sulfur compound t ranspor t  wi th in  t h e  pores.  Molecular s i z i n g  e f f e c t  was shown 
by Maxted and Elkins (11) i n  comparing c a t a l y t i c  hydrogenation o f  cyclohexene 
and ethyl crotonate  with supported platinum. 
were equally a c t i v e  i n  hydrogenating t h e  smaller cyclohexene molecule; how- 
ever ,  those of f i n e  pore s t ruc tures  revealed a lower a c t i v i t y  f o r  hydrogenating 
t h e  l a r g e r  e t h y l  crotonate  molecule. 

I n  comparing the  performance of t h e  Sphericat  and Nalcomo c a t a l y s t s ,  
t h e  increased pore volume and bidispersed character  of t h e  Sphericat  provided 
no advantage i n  t h e  l i m i t e d  tests performed. Considerable evidence suggests 
t ha t  first expectations would be t h a t  t h e  macropore s t r u c t u r e  and increased 
pore volume of t h e  Sphericat would provide g r e a t e r  access t o  the a c t i v e  sur- 
face ;  thus ,  increased desul fur iza t ion  and deni t rogenat ion.  A t  least gaseous 
d i f fus ion  i s  enhanced by increased macropore volumes (12, 13) .  
t i o n  s tudies  on s t ra ight-run Kuwait gas  o i l ,  a n  increase  i n  c a t a l y s t  macro- 
pores resu l ted  i n  increased s u l f u r  removal ( 1 4 ) .  
ments were conducted under l i q u i d  f i l l e d  pore condi t ions.  I n  work by Beuther 
e t  a l .  (l5), t h e  hydrodesulfur izat ion of a l i g h t  c a t a l y t i c  gas o i l  increased w i t h  
an increase i n  c a t a l y s t  poros i ty  up t o  a maximum and then f e l l  o f f .  However , 
t h i s  comparison w a s  made a t  a constant l i q u i d  hourly space v e l o c i t y  such t h a t  
a simple loss i n  t o t a l  c a t a l y s t  mass would eventual ly  o f f s e t  any ga in  i n  poros i ty  
enhancement. I n  a recent  study on desul fur iza t ion  of d i e s e l  o i l ,  those 
c a t a l y s t s  with l a r g e r  pore volumes were reported t o  be more a c t i v e  i n  removal 

Supports of varying pore s t r u c t u r e  

I n  desulfur iza-  

S i g n i f i c a n t l y ,  t h e s e  experi- 

(16). 
Contrary t o  t h i s  evidence, t h e  advantages of increased pore volume were 

not shown on t h e  Sphericat  c a t a l y s t  when processing t h i s  c o a l  l i q u i d .  
s t r u c t u r e  of t h e  spher ica l  c a t a l y s t  i s  a poss ib le  explanation. 
e t  a l .  ( 7 )  reported t h a t  spher ica l ,  palladium-on-alumina pellets showed a 
layer ing e f f e c t  w i t h  respect  t o  pore regions.  These p e l l e t s  contained a n  
outer ,  f i n e  pore region followed by a coarser sec t ion ,  and then a second 
f i n e  pore region. If t h e  Sphericat c a t a l y s t  used i n  t h i s  study contained 
such amiCr0pOre outer  region,  then a t  low ef fec t iveness  f a c t o r s  t h e r e  would 
be no advantage shown by those coarser  regions which cont r ibu te  t o  t h e  higher 
pore volume. 
e f f e c t  i n  another study u t i l i z i n g  spher ica l  c a t a l y s t s  (17). 
i s t ics  could possibly be unique t o  spher ica l  c a t a l y s t  support preparat ion 
techniques. 

Figure 1 indica tes  t h a t  both c a t a l y s t s  have a micropore s t r u c t u r e  i n  
t h e  order of 30-35 A' rad ius ,  which w i l l  account f o r  most of  t h e  270 m 
surface per  gram of c a t a l y s t .  Note i n  Figure 10  t h a t  t h e  cumulative pore 

Anisotropic 
S a t t e r f i e l d  

S a t t e r f i e l d  has a l s o  mentioned t h i s  an iso t ropic  pore layer ing  
Such character- 
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volume curves are q u i t e  similar through about 0.37 cc/g ( a t  about 45 A'). 
Up through t h i s  p o i n t ,  most of t h e  sur face  w i l l  have been accounted f o r .  
cumulative volumes beyond cont r ibu te  r e l a t i v e l y  l i t t l e  t o  t o t a l  surface a r e a  
(volume i n  a hypothe t ica l  pore vyl inder  w i l l  be increas ing  with rad ius  
squared, but a r e a  w i t h  rad ius  t o  only t h e  first power). 
f u r i z a t i o n  l i m i t a t i o n s  l i e  i n  the micropore region and not i n  t h e  macropore 
region. 

The cause of t h e  d i f fe rence  i n  deni t rogenat ion behavior of t h e  two 
c a t a l y s t s  i s  d i f f i c u l t  t o  resolve.  Thus fa r ,  t h e  e f f e c t i v e  reac t ion  zones 
wi th in  these  c a t a l y s t s  have been assumed t o  be the same. The i n i t i a l l y  
lower ni t rogen removal of t h e  Sphericat  suggests t h a t  the  pretreatment might 
have been s u f f i c i e n t l y  d i f f e r e n t  t o  a f f e c t  ni t rogen but not sulfur removal. 
I n  any case, t h e r e  is a loss i n  a c t i v i t y  which i n d i c a t e s  a g r e a t e r  carbon 
formation by t h e  Sphericat .  The immediate cause of t h i s  increased cracking 
t o  form carbon i s  not evident .  A r e l a t i v e  measure of t h e  amount of carbon 
formed on each c a t a l y s t  was not ava i lab le  s ince experiments were s t i l l  under- 
way on t h e  Sphericat .  

I n  general ,  s a t i s f a c t o r y  ni t rogen removal i s  more d i f f i c u l t  t o  ob ta in  
than  t h a t  f o r  s u l f u r .  From s t u d i e s  made on pure compounds, the removal of 
ni t rogen from l a r g e  he te rocycl ic  r i n g s  i s  a step-wise hydrogenation process 
(18, 19). Carbazole i s  a ni t rogen containing compound found i n  coal  l iqu ids .  
F l inn ,  e t  a l .  (18) discussed a f ive-s tep,  dual  p a t h  sequence leading t o  t h e  
deni t rogenat ion of  t h i s  compound. 
sequance f o r  pyr id ine .  
apparently more s e n s i t i v e  t o  subtle c a t a l y s t  property d i f fe rences  t h a t ,  i n  
t u r n ,  have l i t t l e  e f f e c t  i n  desu l fur iza t ion .  

proper t ies  e x p l i c i t l y  t o  removal of  heteroatoms from c o a l  l i q u i d s .  Although 
a vas t  amount of work has  been given t o  processing p e t r o l e m  
some of t h i s  information can be appl ied t o  coal  l i q u i d s ,  t h e r e  are s i g n i f i c a n t  
d i f fe rences  between c o a l  and petroleum derived materials which requi re  s p e c i f i c  
c a t a l y s t  t a i l o r i n g  f o r  t h e s e  coal  l i q u i d s .  
c o a l  l i q u i d s  w i l l  demand p a r t i c u l a r  a t t e n t i o n .  

The 

Apparently t h e  desul- 

This i s  shown i n  Figure 9 along wi th  a 
These complex sequences f o r  denitrogenation are 

Rela t ive ly  l i t t l e  work has been done t o  t a i l o r  c a t a l y s t s  and support / 

s tocks ,  and 

The removal of ni t rogen from 
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TABLE I 

FEED OIL PROPERTIES 

Hydrogen 5.76 

S U l f W  0.45 

Nitrogen 0.8 

Ash - N i l  

API Gravity @ 60°F - -7 

*Distillation 

I n i t i a l  - - '380'F 
, 10 vo1$ - 450 

30 - 570 

50 650 

70 

90 

700 

815 - 

* N O W  boiling data determined from ASTM D ll60 data. 
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*coo, wt$ 

*Moo3, w t $  

Support 

Pore Volume, cc/g 

*Surface Area, m /g 2 

Pellet  Density, g/cc 

*Packed Bed Density, g/cc 

Pel le t  Size 

TABLE 2 

CATALYST PRDPERTIES 

Nalcomo 474 Sphericat 474 

3.5 3.5 

12.5 1 2 . 5  

Alumina Alunrlna 

0.463 0.981 

270 270 

1.31 0.77 

0.73 0.48 

8/10 Mesh 8/10 Mesh 

*Nalco Data 
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TABLE 3 

Hydrocracking On 

NALCOM) 474 a t  ~OO'F, 

2 H r .  (l iquid hourly space time) 

1000 Pressure, psi  yo0 - 
650 F+ Boilers 20 36 

*Pergent Loss i n  

Pergent Lops i n  
500 F+ Boilers 5 8 

300 

57 

20 

*Percent Loss = ( f rac t ion  65OoF+ boi lers  i n  feed) - ( f ract ion 65OoF+ 
boi le rs  i n  product1 

(fract ion 65OoF+ boi le r  i n  feed) 
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Large Coal Liquid Compounds Containing Heteroatoms 

c11+l+H8$J307 

Phenant hridine 

2, 4 - Dimethylbenzoquinoline 

Average Formulas Suggested 
For Coal Tar Components (9)  
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TABLE 5 

CRITICAL DIAMETERS OF 
SOME FEPFXXNTATIVE MOLECULES 

Molecule Cr i t i ca l  Diameter (A) 

Hydrogen 

Hydrogen Sulfide 

Methyl Mercaptan 

Ethyl Mercaptan 

Thiophene 

Triethylamine 

2.4 

3.6 

4.5 

5.1 

5.3 

8.4 

I 

I 

i 
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CARBAZOLE - T€MHYDROCARBAZOLE - HWWYDROCARBPZOLE 

2-rnLIND0l.E 
H 

2 - B W L I  MX3LI IVE 

(N-HEXYL, PHENYLAMINE + 0-HEXYLANILINE + HEXYL ~6-pHENYU AMINE) 

WTDNIA + HYDROCARBONS) 

1 

PYRIDINE - PIPERIDINE - N-PENTYLAMINE-N- PENTANE + ATDNIA I 

FIGURE 9 
REACTION SEQUENCES FOR DENITROGENATION 
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'DEPLETED URANIUM AS A CATALYST FOR HYDROCRACKING SHALE OIL 

P. L. Cottingham and L. K. Barker 

Bureau of Mines, Laramie, Wyoming 82070 
Laramie Energy Research Center,  U.S.  Department of t he  I n t e r i o r ,  

INTRODUCTION 

Crude shale o i l ,  as produced by many r e t o r t i n g  processes ,  conta ins  cons iderable  
n i t rogen  and s u l f u r ,  has  a lower hydrogedcarbon r a t i o  than most h igh-qual i ty  p e t r o l -  
eum o i l s ,  and has l i t t l e  m a t e r i a l  b o i l i n g  i n  t h e  gaso l ine  range. Reduction of t he  
b o i l i n g  range and e l i m i n a t i o n  of most of  t h e  n i t rogen  and s u l f u r  a r e  necessary i n  
producing l i q u i d  products  s u i t a b l e  f o r  f u r t h e r  process ing  t o  motor f u e l s  by modern 
r e f i n e r y  methods. Hydrogenation under c rack ing  cond i t ions  (here  termed "hydrocrack- 
ing") i s  one way of accomplishing these  ob jec t ives .  
c a t a l y s t s  f o r  t h i s  purpose i s  important t o  f u t u r e  commercial use o f  t h e  o i l .  

Development of hydrocracking 

Uranium compounds have, a t  va r ious  times , been t e s t e d  a s  hydrogenation c a t a l y s t s .  
P r i o r  t o  World War 11, uranium was gene ra l ly  be l ieved  t o  occupy a p o s i t i o n  i n  t h e  
per iodic  t a b l e  a s  a member of t he  chromium subgroup of elements toge ther  wi th  chro- 
mium, molybdenum, and tungs ten .  I n  forming a c h a r a c t e r i s t i c  s o l i d  t r i o x i d e  and i n  
d i sp l ay ing  oxida t ion  va lences  from 3 t o  6 (11,13), uranium resembles molybdenum and 
tungs ten ,  whose compounds have found cons ide rab le  a p p l i c a t i o n  a s  c a t a l y s t s  f o r  hydro- 
genation-dehydrogenation r e a c t i o n s .  These f a c t s  prompted t h e  t e s t i n g  of uranium com- 
pounds f o r  similar uses ,  and s e v e r a l  p a t e n t s  were i ssued  f o r  t hese  uses (1). Modern 
ve r s ions  of the  pe r iod ic  t a b l e  p lace  uranium i n  the a c t i n i d e  s e r i e s  of elements i n  
a pos i t i on  analogous t o  t h a t  o f  neodymium i n  t h e  lan thanide  s e r i e s ,  which a l so  has 
been reported t o  be a c a t a l y s t  f o r  hydrogenation-dehydrogenation r eac t ions  (14). 

A s  a r e s u l t  of t h e  atomic energy program, the  Federa l  government has accumulated 
a l a rge  s t o c k p i l e  of "depleted uranium" -- t he  m a t e r i a l  remaining a f t e r  t h e  U-235 
i so tope  has  been removed. The ex t r ao rd ina ry  p u r i f i c a t i o n  procedures used i n  i t s  
prepara t ion  encourage a p p l i c a t i o n s ,  such -as  c a t a l y s t  use,  where r e l a t i v e l y  high 
freedom from contaminants might be advantageous. 

This  paper r e p o r t s  t h e  p repa ra t ion  and t e s t i n g  of two deple ted  uranium oxide 
c a t a l y s t s  f o r  u se  i n  hydrocracking crude sha le  o i l .  
i ng  experiments were t o  conver t  h igh -bo i l ing  s h a l e  o i l  i n t o  gaso l ine-boi l ing- range  
products and t o  e l i m i n a t e  s u l f u r  and n i t rogen  from the  gaso l ines  produced. 

The ob jec t ives  of t he  hydrocrack- 

CATALYST PREPARATION 

One of the  s imples t  methods of prepar ing  a c a t a l y s t  f o r  heterogeneous c a t a l y t i c  
r e a c t i o n s  involves  impregnating a porous s o l i d  m a t e r i a l  t h a t  se rves  a s  a c a t a l y s t  
support  wi th  a s o l u t i o n  of t h e  a c t i v e  ing red ien t s ,  d ry ing  t h e  impregnated support  
i n  an oven, and a c t i v a t i n g  the d r i e d  c a t a l y s t  by "ca lc in ing"  o r  hea t ing  it i n  a fu r -  
nace a t  a temperature t h a t  i s  u s u a l l y  a t  least as h igh  as t h a t  t o  be used i n  the  
ca ta lyzed  r eac t ion .  When meta l  oxides a r e  t o  be depos i ted  on the  suppor ts ,  s o l u t i o n s  
of t he  n i t r a t e s  o f t e n  are used a s  the  impregnating media because t h e  n i t r a t e s  u sua l ly  
have exce l l en t  s o l u b i l i t y  i n  water  and a r e  e a s i l y  decomposed t o  the  oxides by hea t ing  
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(2,4,6,9,15,18). 
a c t e r i s t i c  of t h e  metals , a r e  formed. 

During the c a l c i n i n g  s t ep ,  t he  most s t a b l e  oxides, which a r e  char- 

When the  c a t a l y s t s  a r e  t o  be used f o r  r e a c t i o n s  t h a t  a r e  conducted i n  hydrogen 
atmospheres, they  o f t en  a r e  p r e t r e a t e d  with hydrogen gas t o  reduce t h e  c h a r a c t e r i s t i c  
oxides t h a t  were formed dur ing  the  c a l c i n i n g  s t e p  t o  lower oxides,  o r  t o  oxygen-free 
metals (2-4). 

The uranium oxide c a t a l y s t s  tested i n  t h i s  work were prepared by t h e  above 
methods. 
t i o n  temperature (about 662°F (ll)), was used f o r  impregnating porous s o l i d  supports 
f o r  the  t e s t s .  

Uranyl n i t r a t e ,  which has a high s o l u b i l i t y  i n  water and a low decomposi- 

Ca ta lys t  Supports 

Two d i f f e r e n t  m a t e r i a l s  were used a s  c a t a l y s t  supports.  These were F-10 a c t i -  
va ted  alumina, on which t h e  uranium oxide was the  s o l e  added ing red ien t ,  and c o b a l t  
molybdate hydrodesul fur iza t ion  c a t a l y s t  wi th  an alumina base.  

The F-10 alumina was a s tandard ,  low-soda alumina, i n  the  form of 8- t o  14-mesh 
granules  having approximately 100 square meters of su r f ace  a rea  p e r  gram. It was 
descr ibed  by t h e  manufacturer as a ca t a ly t i c -g rade  alumina, and has been used exten- 
s i v e l y  as a c a t a l y s t  support .  

The c o b a l t  molybdate c a t a l y s t  was i n  the  form of 6- t o  10-mesh g ranu les  having 
a su r face  a r e a  of about 350 square meters per gram. It contained 2.3 percent  c o b a l t  
and 15.5 percent  molybdenum i n  the  form of t h e  oxides  on alumina. The uranium oxide 
c a t a l y s t  us ing  coba l t  molybdate c a t a l y s t  as a support  was prepared fo l lowing  the  
experimental  work with uranium oxide on alumina, which showed t h a t  t h e  a d d i t i o n  of 
uranium oxide t o  alumina increased  t h e  hydrocracking of h igh-boi l ing  s h a l e  o i l  to  
lower b o i l i n g  ma te r i a l .  It was hoped t h a t  t h e  presence o f  uranium oxide  on coba l t  
molybdate would combine t h e  b e n e f i t s  of e x c e l l e n t  s u l f u r  and n i t r o g e n  e l imina t ion  
provided by the coba l t  molybdate wi th  the increased  conversion t o  lower b o i l i n g  f r ac -  
t i o n s  provided by the uranium oxide. 

Use of one c a t a l y t i c  agent depos i ted  on ano the r  c a t a l y s t  i s  f a r  from new. 
Hendricks (8), i n  a Union O i l  Co. pa t en t  f o r  preparing coba l t  molybdate c a t a l y s t ,  
descr ibed  a procedure f o r  success ive  impregnation of a c a r r i e r  by sa l t s  of molybdenum 
and c o b a l t  with dry ing  and c a l c i n i n g  s t e p s  in t e r spe r sed .  
func t iona l"  naphtha-reforming c a t a l y s t s  prepared by adding m e t a l l i c  a g e n t s  t o  
s i l i ca -a lumina  c racking  c a t a l y s t s  a r e  examples of  such prepara t ions .  

Also, t he  numerous "poly- 

Impregnation Procedure 

In  prepar ing  the c a t a l y s t s ,  a weighed amount of  deple ted  uranium t r i o x i d e  was 
d isso lved  i n  a s to i ch iomet r i c  q u a n t i t y  of 1.0 N n i t r i c  a c i d  t o  form u rany l  n i t r a t e  
s o l u t i o n  which was then d i l u t e d  wi th  s u f f i c i e n t  water t o  cover  t h e  s e l e c t e d  quan t i ty  
of c a t a l y s t  support .  
overn ight ,  and any unabsorbed s o l u t i o n  was decanted. 
d r i e d  f o r  24 hours a t  250°F and cooled, and t h e  prev ious ly  unabsorbed s o l u t i o n  was 
slowly poured onto i t  while t h e  support  w a s  be ing  s t i r r e d .  
ing  of t h e  s o l u t i o n  and support  was completed, a l l  of t h e  s o l u t i o n  w a s  absorbed. 
The impregnated support  w a s  r ed r i ed  and then  ca l c ined  overn ight  a t  1,050'F i n  a 
stream of 2 volumes of d r y  a i r  per volume of c a t a l y s t  per minute t o  conve r t  t he  
u rany l  n i t r a t e  t o  oxides. 

The support  was immersed i n  t h e  s o l u t i o n ,  and allowed t o  remain 
The impregnated suppor t  was 

When t h i s  second con tac t -  

A s  a matter of convenience, t h e  oxides on t h e  c a t a l y s t  suppor ts  are r e fe r r ed  t o  
a s  UO3, and t h e  percentages repor ted  a s  being present  on t h e  alumina and c o b a l t  
molybdate are the  amounts of o r i g i n a l  uranium t r i o x i d e  expressed as percentages  of 
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t h e  o r i g i n a l  d r y  c a r r i e r  weights.  Uranium t r i o x i d e  lo ses  oxygen a t  temperatures 
above 660'F to  form lower oxides  of complicated composition (11-13). Because of 
t h i s  loss ,  the uranium oxides  on t h e  ca l c ined  c a t a l y s t s  d i d  no t  have the  exac t  com- 
p o s i t i o n  represented  by t h e  formula, UO3. 
they  were p re t r ea t ed  overn ight  i n  t h e  hydrogenation r e a c t o r ,  a treatment which would 
tend t o  remove some oxygen. 

Also, be fo re  the  c a t a l y s t s  were used 

Ca ta lys t s  con ta in ing  u03 equa l  t o  10 percen t  of  t h e  weight of t h e  F-10 alumina 
and of t h e  cobal t  molybdate suppor t  were prepared. This  percentage was used a f t e r  
e a r l i e r  a t t empt s  t o  p repa re  a c a t a l y s t  con ta in ing  a monomolecular l a y e r  of u03 , 
fo l lowing  the  work of Russe l l  and Stokes (16) a s  a gu ide l ine ,  were unsuccessfu l .  
was  ca l cu la t ed  by t h e  method of Innes (10) t h a t  a q u a n t i t y  of U03 equal  t o  29 per- 
c e n t  of t h e  weight of t h e  c a r r i e r  would be  needed t o  form a monomolecular l a y e r  on 
F-10 alumina. In  a t t e m p t s  t o  prepare a c a t a l y s t  con ta in ing  t h i s  amount of UO3, i t  
was found t h a t  the  oxide  formed a loose,  bulky d e p o s i t  t h a t  d i d  not adhere w e l l  t o  
t h e  alumina. Other p repa ra t ions  conta in ing  15 t o  20 percent  u03 a l s o  were unsuccess- 
f u l  f o r  t h e  same reasons .  A c a t a l y s t  con ta in ing  u03 equal  t o  10 percent  of the  
alumina weight appeared t o  have a s t a b l e  depos i t  of uranium oxide t h a t  d id  not shed 
from t h e  alumina. 
t h e r e f o r e  used i n  p repa r ing  catalysts from F-10 alumina and from c o b a l t  molybdate 
f o r  use i n  hydrocracking experiments. 

It 

Uranium oxide  amounting t o  10 percent  of t h e  c a r r i e r  weight was ' 

HYDROCRACKING EXPERIMENTS 

Equipment and Procedure 

A flow diagram of  t h e  equipment used f o r  t h e  hydrocracking tes ts  i s  shown i n  ' 
f i g u r e  1. 

The type 347 s t a i n l e s s  steel r e a c t i o n  v e s s e l ,  40 inches  long and 13 inches in  
i n t e r n a l  diameter,  conta ined  a thermowell 9/16 inch  i n  diameter.  
long beginning 8 inches  from t h e  bottom of the  r e a c t o r  contained 300 cc  of t h e  
c a t a l y s t  supported i n  t h e  hea ted  zone of a n  e l e c t r i c  furnace,  and a n  upper 19-inch 
s e c t i o n  serv ing  a s  t h e  p r e h e a t e r  contained 4-mesh Alundum gra in .  
t u r e s  were measured by thermocouples placed $ inch  below t h e  top  of t he  c a t a l y s t ,  
3 inch above t h e  bottom of t h e  c a t a l y s t ,  and a t  2%-inch i n t e r v a l s  i n  t h e  c a t a l y s t  
bed. 
used wi th  a n  au tomat ic  c o n t r o l l e r  t o  r e g u l a t e  c u r r e n t  t o  t h e  elements of t h e  e l e c t r i c  

A s e c t i o n  12 inches 

Ca ta lys t  tempera- 

Addi t iona l  thermocouples, placed a long  the ou te r  wa l l  of t he  r eac to r ,  were 

furnace surrounding t h e  r eac to r .  I 

Hydrogen was measured  by displacement with co r ros ion - inh ib i t ed  water  from a 
Hydrogen and o i l  were "f low-hydrogen" c y l i n d e r  maintained a t  r e a c t i o n  pressure .  

mixed a t  t h e  i n l e t  t o  t h e  r e a c t o r ,  and t h e  mixture flowed downward through the  p r e -  
hea t ing  and c a t a l y s t - c o n t a i n i n g  sec t ions  of t h e  r e a c t o r .  

Products from t h e  r e a c t o r  passed i n t o  a h igh-pressure  sepa ra to r  maintained a t  
r e a c t i o n  pressure  and 350'F where t h e  h igh-boi l ing  o i l s  were condensed. Vapors from 
t h e  top of t h i s  s e p a r a t o r  passed i n t o  ano the r ,  kep t  a t  40°F, f o r  s epa ra t ion  of l o w e r  
b o i l i n g  o i l s  from t h e  gas  stream. 
by b leeding  gas from t h e  co ld  sepa ra to r  through a meter  and i n t o  a ho lde r  f o r  sam- 
p l ing .  Liquid products were kept  i n  the  s e p a r a t o r s  u n t i l  t h e  end of each run, a t  
which time t h e  l i q u i d  products  from the  co ld  sepa ra to r  were dra ined  i n t o  a r ece ive r  
maintained a t  a tmospher ic  p re s su re  and temperature.  Light ends ( c h i e f l y  butanes 
and pentanes) l i b e r a t e d  du r ing  t h i s  d ra in ing  were condensed i n  a Dry I ce  t r a p .  Light 
ends from d i s t i l l a t i o n  of  t h e  combined l i q u i d  products were added t o  these  l i g h t  ends 
before  mass spec t rometer  ana lys i s .  

Backpressure on the  system was maintained constant 

Gasolines c o n s i s t i n g  of  a l l  l i q u i d s  d i s t i l l i n g  up  t o  a d i s t i l l a t i on -co lumn head 
temperature of 400'F were sepa ra t ed  by d i s t i l l a t i o n  of t he  combined l i q u i d  products , 



27 

i n  a n  a d i a b a t i c  g l a s s  l abora to ry  column packed with s t a i n l e s s  s teel  h e l i c e s .  
m a t e r i a l  heav ie r  than gaso l ine  was reported as "recycle  o i l . "  

A l l  

Gases and l i g h t  ends were analyzed wi th  a mass spectrometer .  Carbon d e p o s i t s  
on t h e  c a t a l y s t s  were determined by measuring t h e  carbon d iox ide  obtained when a i r  
was passed through t h e  r e a c t o r  (which had been purged wi th  helium a t  t h e  end of  each 
run) t o  r egene ra t e  t h e  c a t a l y s t .  
of t h e  feed and products.  

Hydrogen consumption w a s  c a l c u l a t e d  from a n a l y s i s  

A l l  of t h e  hydrocracking experiments were conducted a t  3,000 p s i g  p re s su re  wi th  
a hydrogen feed r a t e  of 6,000 s c f  pe r  b a r r e l  and a space v e l o c i t y  of 1.0 volume of  
o i l  per volume of c a t a l y s t  per hour (Vo/Vc/hr), but  d i f f e r e n t  r e a c t i o n  temperatures  
were used f o r  t h e  ind iv idua l  experiments. Each experiment had a n  o p e r a t i n g  per iod 
of 6 hours.  

Hydrocracking experiments with s h a l e  o i l  were made over  uranium oxide on the  
alumina c a r r i e r  a t  temperatures ranging from 890" t o  1,002'F. 
were made with t h e  alumina c a r r i e r  a t  temperatures  o f  890" t o  1,004'F. Hydrocrack- 
ing  experiments with uranium oxide on c o b a l t  molybdate were made a t  temperatures  of 
807' t o  987'F; experiments with c o b a l t  molybdate were run  a t  a s l i g h t l y  h i g h e r  range 
of temperatures,  842' t o  1,01O0F, producing approximately t h e  same degree  of hydro- 
c rack ing  as obtained with t h e  uranium oxide on t h e  c o b a l t  molybdate. 

Comparison experiments 

Feedstock 

The sha le  o i l  used f o r  t h e  c a t a l y t i c  hydrocracking experiments was crude o i l  
produced i n  t h e  gas-combustion r e t o r t ,  from which t h e  small q u a n t i t y  of naphtha had 
been removed i n  a topping d i s t i l l a t i o n .  An excep t ion  t o  t h i s  was t h e  untopped feed 
used f o r  t h e  experiments with t h e  c o b a l t  molybdate c a t a l y s t .  Cor rec t ions  f o r  t h e  
7.4 weight-percent naphtha i n  t h i s  feed ,were made i n  t h e  conversion and y i e l d  calcu-  
l a t i o n s  f o r  t h i s  c a t a l y s t .  
untopped feeds were e s s e n t i a l l y  t h e  same. 
t o  those of crude s h a l e  o i l s  produced by many aboveground r e t o r t s .  

Nitrogen and s u l f u r  percentages i n  t h e  topped and 
The a n a l y s i s  shown in t a b l e  1 i s  similar 

CATALYST EVALUATION 

Uranium Oxide on F-10 Alumina 

To eva lua te  uranium oxide on F-10 a.lumina a s  a c a t a l y s t ,  i n fo rma t ion  on t h e  use 
of t h e  alumina without t h e  uranium oxide w a s  necessary.  Seve ra l  experiments i n  
hydrocracking s h a l e  o i l  over alumina were made a t  temperatures  of  890" t o  1,004'F 
t o  o b t a i n  t h i s  information. Comparable experiments were made w i t h  10 pe rcen t  uranium 
oxide on F-10 alumina a s  t h e  c a t a l y s t  a t  temperatures of 890" t o  1,002"F. Yields  and 
p r o p e r t i e s  of  t h e  l i q u i d  products  from t h e  experiments a r e  shown i n  t a b l e s  2,  3, and 
4. 

Figure 2A shows t h e  weight-percent conversion obtained a t  d i f f e r e n t  temperatures 
i n  t h e  experiments with the  alumina. 
b o i l i n g  above 400'F t h a t  i s  converted t o  a l l  o t h e r  products.)  A l i n e a r  r e g r e s s i o n  
curve f i t t e d  t o  t h e  d a t a  by t h e  method of least squares  (7) had a c o e f f i c i e n t  of  
de t e rmina t ion  (r2) of 0.97, showing t h a t  97 percent  of  t h e  v a r i a t i o n  i n  conversion 
a t  t he  d i f f e r e n t  temperatures was accounted f o r  by t h e  r e g r e s s i o n  l i n e .  

(Conversion i s  t h e  weight-percent  of feed 

Figure 2B shows t h e  weight-percent conversion obtained when t h e  same s h a l e  o i l  
was hydrogenated a t  a corresponding temperature range over alumina t o  which 10 weight- 
percent  UO3 had been added. 
with a c o e f f i c i e n t  of determinat ion of 0.96 drawn through t h e  d a t a  were s e v e r a l  per- 
c e n t  h ighe r  than those obtained with the  alumina support  a t  corresponding tempera- 
t u r e s .  

Weight-percent conversion va lues  f o r  a s t r a i g h t  l i n e  
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Figure  3 shows t h e  l i n e a r  r eg res s ion  l i n e s  of f i g u r e s  2A and 2 B  wi th  the 95- 
percent  confidence l i m i t s  f o r  each l i ne .  
were e l imina ted  from t h i s  f i gu re .  The c e n t r a l  l i n e  i n  each group of t h ree  l i n e s  is  
the  r eg res s ion  l i n e ,  and t h e  two l i n e s  above and below i t  a r e  t h e  95-percent conf i -  
dence l i m i t s  f o r  t h a t  l i n e .  These curves  may be in t e rp re t ed  a s  meaning t h a t  t he  
chances are 95 o u t  of 100 t h a t  t h e  t r u e  s t r a i g h t - l i n e  r eg res s ion  f o r . t h e  uranium 
c a t a l y s t ,  a f t e r  a l lowing  f o r  exper imenta l  e r r o r  i n  ga ther ing  t h e  d a t a ,  f a l l s  between 
i t s  95-percent conf idence  l i m i t s ,  and s i m i l a r l y ,  t h a t  t h e  chances a r e  95 out of 100 
t h a t  t h e  t r u e  s t r a i g h t - l i n e  r e g r e s s i o n  f o r  t h e  alumina c a t a l y s t  support  f a l l s  between 
i t s  95-percent conf idence  l i m i t s .  An apprec iab le  gap i s  observed t o  e x i s t  between 
the  lower 95-percent conf idence  l i m i t  f o r  the  uranium curve and the  upper 95-percent 
conf idence  l i m i t  f o r  t h e  alumina curve.  From t h i s ,  i t  is concluded t h a t  a s i g n i f i -  
c a n t  d i f f e r e n c e  e x i s t s  between t h e  convers ions  obtained wi th  t h e  deple ted  uranium 
c a t a l y s t  and those  obta ined  wi th  t h e  alumina suppor t  a t  the same opera t ing  tempera- 
t u re s .  

To prevent  confusion, t he  d a t a  p o i n t s  

The r eg res s ion  equa t ion  f o r  convers ion  ve r sus  temperature wi th  t h e  UOg-contain- 
i ng  c a t a l y s t  i s  

C = -335.9 +.0.4158tJ 

and t h a t  wi th  t h e  alumina is  

C = -302.6 + 0.3730t, 

where C = weight pe rcen t  convers ion ,  
and t = r eac t ion  tempera ture  i n  OF. 

The h igher  convers ions  obta ined  wi th  the  U03-containing c a t a l y s t  permit t he  use 
of apprec i ab ly  lower o p e r a t i n g  tempera tures  t o  ob ta in  a given degree  of conversion 
than a r e  necessary when us ing  the  alumina a s  a c a t a l y s t .  FOT e x a m p l e ,  t o  ob ta in  a 
60-percent conversion of c rude  s h a l e  o i l  with t h e  alumina, t h e  requi red  opera t ing  
tempera ture  i s  972°F as c a l c u l a t e d  by  equat ion  (2). 
obtained when us ing  t h e  U03-containing c a t a l y s t  a t  952°F a s  ca l cu la t ed  by equat ion  

The same conversion may be 

(1). 

A po r t ion  of t h e  d i f f e r e n c e  i n  conversions obtained a t  corresponding tempera- 
t u r e s  wi th  the two c a t a l y s t s  i s  accounted f o r  by a d i f f e r e n c e  i n  t h e  amounts of 
gaso l ine  produced. F igu re  4A shows t h e  gaso l ine  y i e l d s  obtained a t  var ious  r eac t ion  
temperatures with both  c a t a l y s t s .  
t h a t  more experiments would be needed t o  o b t a i n  unqua l i f i ed  s t a t i s t i c a l  v e r i f i c a t i o n  
of t h e  r e s u l t s ,  it appea r s  t h a t  gaso l ine  y i e l d s  obtained when us ing  t h e  uranium 
c a t a l y s t  were g r e a t e r  a t  cor responding  temperatures up to about 990°F. 

Although s c a t t e r  of t h e  d a t a  w a s  g r e a t  enough 

A t  t h e  h igher  p a r t  of t h e  tempera ture  range s tud ied ,  gaso l ine  y i e l d s  w i t h  both 
c a t a l y s t s  decreased because of a n  i n c r e a s e  i n  the  formation of low-molecular-weight 
gas. The decrease i n  g a s o l i n e  y i e l d  appeared t o  be more rap id  f o r  t he  uranium ca ta -  
l i s t  than  f o r  t h e  alumina suppor t  a t  temperatures above about 980°F. 
sugges ts  t he  poss ib l e  a p p l i c a t i o n  of uranium oxide  f o r  c a t a l y t i c  u s e  i n  hydrogas i f i -  
c a t i o n  of o i l s  t o  produce s y n t h e t i c  p i p e l i n e  gas. 

This e f f e c t  

Y ie lds  and p r o p e r t i e s  of products  from hydrogenation experiments may be con- 
v e n i e n t l y  expressed a s  func t ions  of conversion. F igure  5 shows the  r e l a t i o n s h i p s  
between weight-percent convers ion  and the  gaso l ine  y i e l d s ,  s u l f u r  and n i t rogen  con- 
t e n t s  , hydrocarbon types  , and oc tane  numbers of t h e  gaso l ines  when using the  uranium 
c a t a l y s t .  Figure 6 shows similar r e l a t i o n s h i p s  obtained when us ing  t h e  F-10 alumina. 

A comparison of t h e  two f i g u r e s  shows t h a t  t h e  gaso l ine  y i e l d s  obtained with 
t h e  two c a t a l y s t s  appeared t o  be about  t h e  same a t  corresponding conversion l e v e l s ;  
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however, a s  prev ious ly  d i scussed ,  corresponding convers ions  were obta ined  a t  lower 
temperatures with the  uranium c a t a l y s t .  The uranium c a t a l y s t  appeared t o  show some 
a c t i v i t y  f o r  e l imina t ion  of s u l f u r  frofn the  gaso l ine ,  but had a nega t ive  e f f e c t  on 
the  e l imina t ion  of n i t rogen .  
w i t h  t h e  two c a t a l y s t s  were about t he  same a t  corresponding convers ion  l e v e l s ,  and 
the  t r ends  e s t ab l i shed  a t  t h e  lower convers ion  l e v e l s  continued a t  t h e  h igher  con- 
v e r s i o n  l e v e l s  obtained wi th  t h e  uranium c a t a l y s t .  Unleaded oc tane  numbers of the 
gaso l ine  f r a c t i o n s  produced wi th  the two d i f f e r e n t  c a t a l y s t s  were n e a r l y  the  same 
a t  corresponding conversion l e v e l s ,  bu t  t h e  leaded-octane numbers of t h e  gaso l ines  
from t h e  uranium-catalyzed experiments were h ighe r  (probably because of t h e i r  lower 
s u l f u r  percentages) than  those  of t h e  gaso l ines  produced wi th  t h e  alumina. 

Hydrocarbon-type compositions of t h e  gaso l ines  produced 

The gaso l ine  obtained a t  t h e  h ighes t  temperature (1,002'F) and convers ion  (about 
78 weight-percent) wi th  t h e  uranium c a t a l y s t  had research-method oc tane  numbers of 
87.6 unleaded and 98.8 wi th  3 m l  of t e t r a e t h y l l e a d ,  bu t  t h e  g a s o l i n e  had poor c o l o r  
and c o l o r  s t a b i l i t y  (probably because of i t s  h igh  n i t rogen  con ten t  of over  1 percent )  
and h igh  gum content .  
be used i n  motor fue l .  

It would, t he re fo re ,  r e q u i r e  f u r t h e r  r e f i n i n g  be fo re  it could 

Uranium Oxide on Cobalt Molybdate Ca ta lys t  

The e f f e c t  of uranium oxide i n  promoting t h e  convers ion  of h igh -bo i l ing  s h a l e  
o i l  t o  lower b o i l i n g  material, as shown by t h e  r e s u l t s  obtained w i t h  uranium oxide  
on alumina, sugges ts  t h a t  i t  might b e n e f i c i a l l y  be combined wi th  a good hydrogenation 
c a t a l y s t  t o  ob ta in  the  b e n e f i t s  of both m a t e r i a l s ,  i .e. ,  g r e a t e r  convers ions  than  
obtained wi th  the  hydrogenation c a t a l y s t  and b e t t e r  q u a l i t y  g a s o l i n e  f r a c t i o n s  than 
obtained wi th  t h e  uranium oxide c a t a l y s t .  
prepared c o n s i s t i n g  of 10 pe rcen t  uranium oxide  depos i ted  on c o b a l t  molybdate c a t a l y s t .  

To t e s t  t h i s  hypothes is ,  a c a t a l y s t  was 

Y i e l d s  and p rope r t i e s  of l i q u i d  products from hydrocracking s h a l e  o i l  over t h e  
uranium on c o b a l t  molybdate a r e  given i n  t a b l e  5. Yields and p r o p e r t i e s  of products 
from hydrocracking sha le  o i l  over the c o b a l t  molybdate without t h e  added uranium a r e  
given i n  t a b l e  6. 

F igure  2C shows the  weight-percent convers ion  when sha le  o i l  w a s  hydrogenated 
over t h e  uranium oxide on coba l t  molybdate. 
s h a l e  o i l  w a s  hydrogenated over a sample of t h e  c o b a l t  molybdate c a t a l y s t  without 
the  uranium. Least-squares r eg res s ion  l i n e s  shown i n  the  f i g u r e s  had c o e f f i c i e n t s  
of de te rmina t ion  of 0.96 f o r  t he  uranium oxide on c o b a l t  molybdate and 0.97 f o r  t he  
c o b a l t  molybdate da t a .  

F igure  2D shows the  convers ion  when 

Figure  7 shows the  r eg res s ion  l i n e s  from f i g u r e s  2C and 2D with  t h e i r  95-percent 
From t h e  sepa ra t ion  between the  two s e t s  of curves ,  it i s  con- confidence l i m i t s .  

cluded t h a t  t h e  a d d i t i o n  of uranium oxide t o  t h e  c o b a l t  molybdate c a t a l y s t  r e su l t ed  
i n  a h igher  percent conversion of h igh-boi l ing  feed  t o  o the r  products  than  obtained 
wi th  t h e  o r i g i n a l  c o b a l t  molybdate a t  corresponding temperatures.  

The r eg res s ion  equa t ion  f o r  conversion ve r sus  temperature wi th  the  UOg-contain- 
ing c a t a l y s t  is  

C = -264.6 + 0.3645t, 3) 

and t h a t  wi th  t h e  c o b a l t  molybdate i s  

C = -296.1 + 0.3876t, 

where, as  be fo re ,  C = weight percent conversion, 
and t = r e a c t i o n  temperature i n  O F .  

4 )  
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A s  a n  example of t h e  d i f f e r e n c e  i n  t h e  temperatures r equ i r ed  t o  ob ta in  a given 
degree  of conversion of heavy sha le  o i l  when ope ra t ing  wi th  the  experimental  condi- 
t i o n s  of t h e  da t a ,  i t  i s  c a l c u l a t e d  from equat ions  (3) and (4) t h a t  a 60-percent 
convers ion  could be obta ined  a t  890'F with  the  uranium-containing c a t a l y s t ,  but a 
tempera ture  of 919°F would be requi red  with the  c o b a l t  molybdate c a t a l y s t .  
d i f f e r e n c e  of 29°F i n  r equ i r ed  opera t ing  temperatures would be a d i s t i n c t  advantage 
f o r  t h e  uranium-promoted c a t a l y s t .  

The 

Yie lds  of C5+ g a s o l i n e  produced from t h e  +400°F feed a t  d i f f e r e n t  r e a c t i o n  tem- 
pe ra tu res  when us ing  t h e  two c a t a l y s t s  a r e  shown i n  f i g u r e  4B. It is observed t h a t  
y i e l d s  of gaso l ine  produced a t  corresponding temperatures were g r e a t e r  when using 
the  uranium-promoted c a t a l y s t  a t  temperatures up t o  about 940'F. A t  h igher  operat-  
i ng  temperatures, g r e a t e r  gaso l ine  y i e l d s  were obtained wi th  the  unpromoted coba l t  
molybdate c a t a l y s t .  
h ighe r  tempera tures  because  of t he  formation of l a r g e  amounts of gas, but  t h e  per- 
cen tages  o f  gas were much g r e a t e r  wi th  the  uranium-promoted c a t a l y s t  than  wi th  the 
c o b a l t  molybdate, 
could be b e n e f i c i a l  i n  hydrogas i f i ca t ion  of heavy o i l  t o  produce p ipe l ine  gas. 

Gasol ine  y i e l d s  wi th  both  c a t a l y s t s  decreased  r a p i d l y  a t  t he  

This e f f e c t  i n d i c a t e s  t h a t  t he  a d d i t i o n  of uranium t o  t h e  c a t a l y s t  

F igu res  8 and 9 show the  y i e l d s  of gasoline produced from t h e  +400'F feed, and 
p r o p e r t i e s  of t h e  g a s o l i n e s  p l o t t e d  as func t ions  o f  convers ion  f o r  t he  experiments 
w i t h  t h e  two c a t a l y s t s .  
about t he  same wi th  both  c a t a l y s t s  up t o  a convers ion  of about  65  percent.  (As 
prev ious ly  shown, lower tempera tures  were used t o  a t t a i n  t h e  conversion levels with 
t h e  uranium-promoted c a t a l y s t . )  
g r e a t e r  w i t h  t h e  c o b a l t  molybdate, owing t o  the  format ion  of gas  when us ing  t h e  
uranium-containing c o b a l t  molybdate. 
two c a t a l y s t s  were 45.1 weight-percent (58 volume-percent) produced wi th  t h e  uranium- 
con ta in ing  c a t a l y s t  a t  a convers ion  of 76.7 weight-percent (obtained a t  a temperature 
of 922'P) and 46.6 weight -percent  (61.4 yolume-percent) produced wi th  the  c o b a l t  
molybdate at  a conve r s ion  l e v e l  of 85.6 weight-percent (obtained a t  a temperature of 

Gasol ine  y i e l d s  a t  corresponding convers ion  l e v e l s  were 

A t  h ighe r  convers ion  l e v e l s ,  gaso l ine  y i e l d s  were 

Maximum exper imenta l  gaso l ine  y i e l d s  wi th  the  

974'P), 

The a d d i t i o n  of uranium t o  the c a t a l y s t  had an apparent  nega t ive  e f f e c t  on 
e l i m i n a t i o n  of n i t r o g e n  at t h e  lower convers ion  l eve l s ,  bu t  a t  t h e  h igher  conversion 
levels the d i f f e r e n c e s  i n  n i t r o g e n  percentages of the gaso l ines  were very  small. 
Ni t rogen  percentages of  t h e  gaso l ines  a t  conversion levels of 65  percent  o r  more 
were from 0.01 pe rcen t  to  0.02 percent  f o r  t he  experiments w i th  uranium-containing 
c o b a l t  molybdate, compared wi th  about  0.005 percent  f o r  t h e  experiments wi th  coba l t  
molybdate. 
t h e  experimental  range wi th  both  c a t a l y s t s .  A t  t h e  h ighe r  convers ion  l eve l s ,  a ro-  
mat ic  con ten t s  of t h e  g a s o l i n e s  produced wi th  the  uranium-containing c a t a l y s t  were 
g r e a t e r  than  those  of t h e  gaso l ines  produced wi th  t h e  c o b a l t  molybdate, and oc tane  
numbers of the  gaso l ines  produced wi th  t h e  uranium-containing c a t a l y s t  were s l i g h t l y  
h ighe r  than those  of t h e  gaso l ines  produced with c o b a l t  molybdate, 

S u l f u r  c o n t e n t s  of  t h e  gaso l ines  were 0.02 percent  o r  l e s s  throughout 

S M R Y  AND CONCLUSIONS 

The a d d i t i o n  of 1 0  percent  deple ted  uranium oxide t o  F-10 alumina' and t o  c o b a l t  
molybdate increased  t h e  hydrocracking a c t i v i t y  of t hese  c a t a l y s t s ,  permi t t ing  t h e  
use  of lower ope ra t ing  tempera tures  t o  a t t a i n  t h e  same degree  of conversion. 
ope ra t ing  temperatures below about 940'F with  uranium oxide  on c o b a l t  molybdate and 
about  990'F w i t h  uranium oxide  on alumina, t h e  inc reases  i n  conversion caused 
increases in gaso l ine  y i e l d s ,  A t  h igher  temperatures,  t h e  uranium-containing 
c a t a l y s t s  l o s t  t h e i r  advantage  f o r  gaso l ine  production because of increased  conver-, 
s i o n  of products t o  gas. These r e s u l t s  suggest a n  i n v e s t i g a t i o n  be made of deple ted  
uranium f o r  h y d r o g a s i f i c a t i o n  of heavy o i l s  to  produce p i p e l i n e  gas. 

A t  
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Depleted uranium oxide d isp layed  a c t i v i t y  f o r  hydrodesu l fu r i za t ion  when on a n  
alumina support ,  bu t  d i d  not  enhance the  a l r eady  h igh  d e s u l f u r i z a t i o n  a c t i v i t y  of 
t he  coba l t  molybdate. 
from the  l i qu id  products.  

The added uranium showed no advantage f o r  n i t r o g e n  e l imina t ion  
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TABLE 1. - Properties  of topped crude shale  o i l  

ASTM d i s t i l l a t i o n  a t  760 mm: S p e c i f i c  gravi ty  at  60/60"F 0.9408 

I.B.P., OF 407 Sulfur, w t .  % 0.68 

5% rec . ,  "F 

10% rec. ,  "F 

20% rec. ,  " F  

30% rec. ,  "F 

40% rec. , "F 
E . P . ,  O F  

Rec., vol. % 

Res., vol. % 

502 

538 

601 

648 

Cracking 

695 

38 

62 

Nitrogen, w t .  % 

Carbon, w t .  % 

Hydrogen, w t .  % 

Oxygen by d i f f . ,  w t .  % 

H/C atom r a t i o  

Vis., kinematic, c s .  : 

A t  140"F 

A t  210"F 

Carbon res. (Rams.), w t .  % 

2.18 

83.'96 

11.40 

1.78 

1.62 

28.30 

8.23 

3.5 
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EXPERIENCE WITH METHANATION CATALYSTS 

W. P. Haynes, J. J. Elliott, and A .  J. Forney 

Pittsburgh Energy Research Center, Bureau of Mines 
U. S .  Department of the Interior, Pittsburgh, Pa. 

Introduction 

Nearly all process schemes for making synthetic natural gas from coal include a 
catalytic methanation step for upgrading the raw synthesis gas to a high Btu pipe- 
line gas. The Bureau of Mines, Pittsburgh Energy Research Center, has conducted 
bench-scale and pilot-plant studies of the methanation reaction with a variety of 
catalysts and reactors. This report discusses some of the work, comments on the 
preparation of the various types of catalysts and their performance, and outlines 
results of a recent tube-wall reactor pilot-plant test. 

Laboratory-Scale Fixed-Bed Studies 

1/ Greyson and coworkers (2)- examined the performance of many catalysts both in 
fixed-bed and fluidized-bed reactors. The fixed-bed reactors were single, steel- 
tube reactors, 0.622 inch ID by 12 inches long, cooled by boiling Dowtherm. Fig- 
ure 1 shows a schematic diagram of the fixed-bed Catalyst reactor. Various cata- 
lysts were tested in this unit. 

' 

Preparation of impregnated catalysts involved impregnating a catalyst support 
material with metal and promoters. To do this, a solution of the nitrate salts of 
the desired metals was added to a quantity of support to form a slurry. (Catalyst 
supports were cracking catalyst base and activated charcoal.) The slurry was then 
evaporated to dryness over a steam bath and then dried further in an oven at 6000 C 
to convert the nitrate salts to oxides. The oxidized material was crushed to 6 to 8 
mesh (U.S . ) .  Activation of the catalyst for synthesis was achieved by reduction 
with hydrogen for 8 hours at 350 to 4000 C and atmospheric pressure. 

If a precipitated material was desired, the slurry of nitrate salts and support 

The filter cake 
was treated with a solution of potassium carbonate. The treated slurry was then 
heated to the boiling point with constant stirring and filtered. 
was washed with hot water and dried in an oven for about 16 hours. Supports for 
the precipitated catalysts included kaolin, kieselguhr, alumina, silica gel, and 
zirconia cement. The precipitated catalysts were crushed to 6 to 8 mesh sizes and 
then reduced with hydrogen prior to synthesis in the same manner as were the impreg- 
nated catalysts. 

\ 

I 

Preparation of iron nitride catalyst involved first a hydrogen reduction of 90 
percent of the iron oxide and then treatment of the reduced iron with anhydrous 
amnonia at 3500 C and atmospheric pressure until X-ray analysis showed that Fe2N 
was obtained. 

A magnetite and ball clay catalyst was prepared by firing a dried mixture of 
magnetite and ball clay at about 6000 C. 
nitrided. 

\ 
The sinter was then crushed, sized, and 

+ 
Raney nickel and Raney cobalt catalysts were partially oxidizedwithsteam and then 

reduced with hydrogen. 
ation treatment before the methanation reaction. 

1/ Numbers in parentheses refer to list of references at the end of this paper. 

Plain nickel pellets were also subjected to the same activ- 

' . -  
t 

i 
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Raney catalysts were also activated by extraction of the aluminum. A solution 
of sodium or potassium hydroxide was used to remove part of the aluminum from the 
alloy. The reactions proceeding during leaching are: 

2 A1 
2 A1 + NaOH + 4 H20 
2 AL + 3 H20 

+ 2 NaOH + H20 = 2 NaA102 + 3 H2 
= NaA102 + Al(OHI3 + 3H2 
= A1203 + 3 H2 

The remaining catalyst material consisting of unreacted alloy, AL203, and elemen- 
tal nickel or cobalt was washed with water and charged wet into the reactor. 

The simplest catalyst prepared was iron ore reduced with hydrogen. Table 1 lists 
some typical catalysts treated, the space velocities, and ratio of H2 to CO of the 
feed gas. 
tests are also shown. These tests showed that the precipitated nickel catalysts 
and the extracted Raney nickel catalyst were the most active, yielding methane con- 
centrations of more than 90 percent. The nickel impregnated catalysts ranked second 
in activity, generally yielding 40 to 60 percent methane in the product gas. The 
iron catalysts were third, yielding product gas with less than 40 percent methane. 
The iron catalysts also produced a considerable amount of liquid hydrocarbon, which 
is an undesirable byproduct with respect to a high-Btu gas plant. 
was excessive on all catalysts whenever H2/CO ratio in feed gas was 1. When the 
H2/CO ratio was 2.5, carbon deposition was still excessive on iron catalysts but 
nearly eliminated on the nickel catalysts. 

Laboratory-Scale Fluidized-Bed Studies 

Selected methanation conditions as well as causes for termination of 

Carbon deposition 

Various iron and nickel catalysts were prepared and studied in laboratory-scale 
fluidized-bed reactors. 
long fluidized-bed reactor used in the tests. This reactor introduced the feed gas 
at three locations to minimize the temperature gradient in the catalyst bed. Pro- 
visions were also made for recycling the cold product gas. 
preheated before entering the catalyst bed. 

Figure 2 is a sketch of a 0.96-inch diameter by 72-inch 

The recycle gas was 

Iron catalysts were reduced or nitrided for fluidized-bed operation in the same 
manner as for fixed-bed operation, except that the catalyst particle size <80 mesh 
was smaller for fluidized-bed operation. 
included synthetic ammonia, Alan Wood magnetite, steel shot, and magnetite in ball 
clay. 
as it was during fixed-bed oper tion. At typical o erating conditions of 3400 Cy 
300 psig, and space velocitied’ of 880 to 3000 hr-?, carbon deposition was exces- 
sive, even with H20 ratios in the feed gas as high as 3;  methane content of the 
product gas was generally less than 30 percent; heating value of the product gas 
was 400 to 600 Btu/scf, well below the desired minimum of 900 Btu/scf; and yields 
of higher molecular weight hydrocarbon, C3 , were still high, amounting to up to 3 
wt pct of the fresh feed. 

Initial forms of iron catalyst tested 

Performance of both the reduced and the nitrided iron catalysts was the same 

Addition of over 2.6 percent steam to the feed gas prevented carbon deposition, 
but it also decreased the catalyst activity. 
did not reduce carbon deposition. 

Addition of up to 5 percent carbon 

The procedures for preparing the nickel catalysts was essentially the same as 
that followed in the series of fixed-bed tests, except that ingredients and propor- 
tions were varied, and particle size was kept below 80 mesh. 

- 2/Space velocity is volume per hour of fresh feed gas at standard conditions 

Because the nickel 

Coo C y  1 atm.) per settled volume of catalyst. 
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catalysts were extremely active in comparison with the iron catalysts, the feed gas 
was more evenly distributed in the fluidized-bed reactor by a multiple feed system 
as shown in figure 2 rather than by a single feed system. Provision was also made 
to recycle product gas. 
reactor and variation of the ratio of recycled product gas to fresh feed permitted 
minimizing the temperature gradients in the catalyst bed to within 100 to 150 C y  as 
opposed to the temperature gradients in excess of 1000 C obtained when the fresh 
gas was introduced through a single port. 

i Variation of the distribution of fresh feed gas in the 

1 
I 
I 

Table 2 describes the nickel catalysts tested and summarizes their performance. 

The thorium-promoted nickel-alumina catalyst (L-6053) proved to be very active 
and, chemically, one of the most stable catalysts of the precipitated and impreg- 
nated type nickel catalysts. Special tests with the thorium-promoted nickel alumina 
catalyst suggests that drying the catalyst at 180° C, as compared with drying at 
1200 C or 2200 C, resulted in an optimum in ca alyst life. Operating at 3700 C, 
300 psig, fresh gas space velocity of 7000 hr- , H2/CO ratio of 3.0, and recycle 
ratio of 1:1, maximum life of the thorium-promoted nickel alumina catalyst (dried 
at 1800 C) was 550 hours, giving a methane productivity of 6500 lb/lb Ni (145,000 
scf CHh/lb N i l .  
percent. ( 

1 

E 
1 

Methane content of the product gas was generally more than 80 

In fluidized-bed operation, partially activated Raney nickel catalyst (80-230 1 
mesh size) performed as well a s  the Yhorium-promoted nickel catalyst ( 2 ) .  
nickel catalyst was activated by extracting about 3 to 5 percent of the aluminum 
with caustic solution, and then washing the extracted material with water until the , 
wash water gave a neutral reaction with litmus or pH paper. The wet catalyst was I 

then charged into the reactor and dried with a flow of hot hydrogen until the cata- ' 
lyst bed became fluidized. The reactor was put into operation by pressurizing it 
to 300 psig under hydrogen, starting the flow of synthesis gas, and finally heating ( 
the catalyst from room temperature up to operating temperature. Operating at 370- 1 
3940 C y  300 psig, H2/CO = 2.94, a settled-bed space velocity of 7700 to 10,000 hr-l, 
and recycle-fresh feed ratio ranging from 0.4 to 1.0, production of high-Btu prod- 
uct gas proceeded for a total of over 1000 hours. To achieve this length of service, 
the catalyst required two additional partial activations with caustic solution, one 
after 492 hours and another after 964 hours of operation. 

Particle attrition is a suspected cause of substantial losses of nickel catalysts 
operating in fluidized-bed reactors. Weight loss in catalysts ranged from 8 percent 8 

for 6 hours of operation for an impregnated catalyst (L-6092) to 37 percent for 220 
hours of operation for a precipitated catalyst (L-6036). An attrition-resistant 
nickel catalyst needs to be developed for fluidized-bed reactor operation. 

Hot-Gas Recycle Reactor Catalyst 

The Raney 

1 

i 

Catalysts for use in hot-gas recycle reactors were developed especially to give 
a low-pressure drop across the reactor ( 4 ,  2). 
the exothermic reaction heat by utilizing the sensible heat capacity of large vol- 

stream is cooled to remove the reaction heat and to condense out product water. 
Figure 3 shows a simplified sketch of the hot-gas recycle (HGR) methanator system. 

The hot-gas recycle reactor removes 1 
umes of recycle gas passing through the catalyst bed. A fraction of the recycle I 

One type of iron catalyst used in the HGR system consisted of lathe turnings cut 1 
from either 1018 carbon steel or wrought iron. 
to give acceptably low-pressure drops. 

400 hr-I and then reducing the turnings with hydrogen for 60 hours at 4000 C at a 
space velocity of over 4000 hr-1. 

Void volumes were about 87 percent 
The turnings were activated by oxidizing 

20 percent of the iron to FejO4 with 6000 C steam flowing at a space velocity of t 

I 
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Nickel c a t a l y s t s  t e s t e d  i n  the HGR system were i n  the  form of p a r a l l e l  p l a t e  
assemblies .  The assembl ies  were made of  p l a t e s  sawed from an ingot  of Raney n icke l  
o r  of carbon s t e e l  p l a t e s ,  s t a i n l e s s  s t e e l  p l a t e s ,  o r  aluminum p l a t e s  t h a t  had been 
thermal-sprayed wi th  e i t h e r  Raney n i c k e l  o r  n i c k e l  oxide powder. 
s o l i d  Raney n i c k e l  p l a t e s  w a s  1 /8- inch;  th ickness  o f  the  sprayed coa t ings  ranged 
from 0.020 t o  .040 inch.  Distance between p l a t e s  w a s  1/8- inch.  The Raney nickel  
c a t a l y s t s  were a c t i v a t e d  by c a u s t i c  leaching of 10 t n  20 percent  of the  aluminum 
followed by water washing to  remove a l l  c a u s t i c  as previously descr ibed.  The wet 
a c t i v a t e d  c a t a l y s t  w a s  charged t o  t h e  r e a c t o r  f o r  s y n t h e s i s .  The sprayed nickel  
oxide coa t ings  were a c t i v a t e d  i n  t h e  r e a c t o r  by reduct ion wi th  hydrogen i n  the  same 
manner as t h a t  used to  reduce t h e  i r o n  c a t a l y s t s .  

Tes t  r e s u l t s  on performance of t h e  i r o n  and n i c k e l  c a t a l y s t s  confirmed t h e  general  

Thickness of t h e  

s u p e r i o r i t y  of t h e  n i c k e l  c a t a l y s t s  over t h e  i r o n  i n  s e v e r a l  r e s p e c t s .  A c t i v i t i e s  
o f  t h e  n icke l  catalysts were severa l - fo ld  t h a t  of  t h e  i r o n  c a t a l y s t s .  
upon r e a c t o r  condi t ions ,  es t imated rates of conversion of CO + H2 p e r  u n i t  geometric 
s u r f a c e  area were about  20 t o  50 s c f h / f t  
s c f h / f t 2  f o r  t h e  s t e e l  l a t h e  turn ings  ca ta lys t s .  

Depending 

2 f o r  t h e  n i c k e l  c a t a l y s t s  and about 2 

Carbon depos i t ion  w a s  n e g l i g i b l e  f o r  t h e  n i c k e l  c a t a l y s t s ,  whereas carbon deposi- 
t i o n  continued t o  b u i l d  up on t h e  i r o n  c a t a l y s t  and, i n  some cases, plugged the 
r e a c t o r .  

Nickel c a t a l y s t s  y i e l d e d  the  higher  hea t ing  value product gas  wi th  no o i l  byprod- 
u c t s ,  whi le  the  i r o n  c a t a l y s t s  tend t o  y i e l d  about 3 t o  4 percent  of t h e  hydrocarbon 
product as o i l .  Table  3 shows t y p i c a l  product gas  y i e l d s  over s t e e l  tu rn ings ,ca ta -  
l y s t ,  t h e  s o l i d  Raney n i c k e l  p l a t e ,  and the  sprayed n icke l  oxide p l a t e s .  Much of 
the hea t ing  value of t h e  product gas  from the  s t e e l  c a t a l y s t  is  due t o  the  presence 
of C2-C5 hydrocarbons r a t h e r  than a high y i e l d  of methane. 

Tube-Wall Reactor C a t a l y s t s  

The tube-wall r e a c t o r  (TWR) system was developed t o  provide highly e f f e c t i v e  cool-  
i n g  of the  c a t a l y s t  by means of h e a t  t r a n s f e r  through c a t a l y s t - c o a t e d  tubes t o  b o i l -  
ing  Dowtherm and thereby extend catalyst l i f e .  
and permits  opera t ion  wi th  a much lower gas recyc le  r a t i o  than t h a t  required i n  t h e  
HGR system; t h e  r e c y c l e  r a t i o  ranges from 0 t o  5 f o r  t h e  TWR system as compared with 
a range of 1 2  t o  20  f o r  t h e  HGR sys tem.  

This  type of cool ing  is  e f f i c i e n t  

Figure 4 shows a s k e t c h  of a mult i - tube ' tube-wall  r e a c t o r  p i l o t  p l a n t .  The meth- 
a n a t i o n  r e a c t i o n  occurs  on t h e  o u t e r  sur face  of t h e  c a t a l y s t  coated tubes,  while 
b o i l i n g  Dowtherm removes t h e  h e a t  of r e a c t i o n  from the  inner  sur face  of t h e  tubes. 

, 
Prepara t ion  of t h e  flame-sprayed catalyst  tubes f o r  t h e  TWR involves  f i r s t  a 

sand-b las t ing  of t h e  tube-wall  sur face ,  followed by flame-spray a p p l i c a t i o n  of a 
commercial n icke l  a luminide about 0.003-inch t h i c k  f o r  bonding purposes. 
flame-spraying of t h e  s u r f a c e  is  done with Raney n i c k e l  t o  o b t a i n  a c a t a l y s t  thiFk- 
n e s s  of about .020 t o  .025 inch. The c a t a l y s t  i s  a c t i v a t e d  by t h e  previously 
descr ibed  procedure of a l k a l i  leaching a t  up t o  950 C followed by water  washing. 
Water washing must be s u f f i c i e n t  t o  remove a l l  excess  a l k a l i ,  as it i s  postulated 
t h a t  the  presence of  excess  a l k a l i  promotes formation of Ni3C during synthes is .  

A f i n a l  

r ' 
Bench-scale experiments  with TWR ind ica ted  t h a t  a rap id  d e c l i n e  i n  c a t a l y s t  a c t i v -  

i t y  occurred wi th  the  a c t i v a t e d  Raney n i c k e l  c a t a l y s t  i f  t h e  r e a c t i o n  temperature 
was below 390° C .  (L ) .  
r a p i d  d e c l i n e  i n  a c t i v i t y .  
r ia l  s p a l l e d  from t h e  spent  catalyst  tubes showed l a r g e  amounts of  N i 3 C .  
ca rb ide  formation i s  a l s o  a suspected cause of t h e  s h o r t  l i f e  of n i c k e l  c a t a l y s t s  

Nickel carb ide  formation w a s  the  suspected cause of such 

Nickel 
X - r a y  analyses  of t h e  spent c a t a l y s t  and of loose mate- , 
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Table V .  Catalyst Analysis - m - 6  

Surface area 
Chemical analysis.  W t .  percent X-ray determ na- 

!l,= Sample Description N i  A1  & C S & analysis t ion, M 

Upper 9" of tubes 
(Gas Out) 7 0 . 1  1 2 . 5  0 . 2  4 . 3  0.1  0.1 N i j C  31.4 

Middle 9" of tubes 67.9 14.4 .2  4.7 . 1  .1 N i 3 C  33.4 

(Gas In) 70.3 14.1 . 3  5.4 .2 .1  N i j C  33.9 
Lower 9" of tubes 

Loose material from 
baffles 68.7 11.3 . 5  7.2 .1 .1  N i 3 C  30.3 

Raney nickel 
unac t iva t ed 41.4  55.6 . l  -- .19 - - - 

I 
I 

I 

f 
I, 



Conclusions 

Suitable methanation catalysts of various forms can be prepared from iron or 
nickel, but nickel is far more effective in yield, activity, and desired selectiv- 
ity. The activity of nickel catalysts is highly sensitive to sulfur poisoning and 
carbide formation; other important factors yet undetermined m y  exist. 
lyst improvements needed include greater attrition resistance for fluidized-bed 
operation, less sensitivity to catalyst poisons and to temperature gradients for 
the HGR operation, and less sensitivity to catalyst poisons for TWR operation. 

Major cata- 

In the Bureau of Mines program, flame-sprayed bney nickel catalyst in the TWR 
system has given the best methanation system thus far. 
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BEHAVIOR OF NICKEL METHANATION CATALYSTS 

I N  COAL-STEAM REACTIONS 

E. J. Hoffman, J .  L. Cox, R. W .  Hoffman, 

1. A. Roberts,  and W. G. Willson 

Na tu ra l  'Resources Research I n s t i t u t e  
Univers i ty  of  Wyoming 

Laramie, Wyoming 82070 

In t roduc t ion  

The p r i n c i p a l  o b j e c t i v e  o f  t h e  i n v e s t i g a t i o n  is t h e  d i r e c t  con- 
ve r s ion  of coa l -s team systems on t o  hydrocarbons i n  a s i n g l e - s t a g e  
r eac to r  us ing  m u l t i p l e  c a t a l y s t s .  
previous ACS symposium (l), and is  sponsored by the  Of f i ce  of  Coal 
Research o f  t h e  United S t a t e s  Department of t h e  I n t e r i o r  by c o n t r a c t  
w i th  the  Un ive r s i ty  o f  Wyoming. 

The work has  been desc r ibed  a t  a 

Depending upon c a t a l y s t s  and cond i t ions ,  e i t h e r  gaseous o r  l i q -  
uid hydrocarbon products  predominate. 
using n i c k e l  c a t a l y s t ,  methane i s  the  p r i n c i p a l  hydrocarbon product.  
Excess steam r a t e s  w i l l  y i e l d  hydrogen, p r i n c i p a l l y .  In  t h i s  r e p o r t -  
ing,  however, g a s i f i c a t i o n  t o  produce methane w i l l  be the  ove r r id ing  
cons i d e r a t i o n .  

I n  t h e  case  of  g a s i f i c a t i o n  

A p o t e n t i a l  advantage t o  t h e  o v e r a l l  r e a c t i o n  is  t h a t  t h e  pro- 
duc t ion  of methane and carbon d i o x i d e  tends  t o  be au to thermal .  The 
l a r g e  h e a t  requirement f o r  g a s i f i c a t i o n  t o  only  carbon monoxide and 
hydrogen could  be  avoided. The r e l a t i v e l y  small amount o f  h e a t  needed 
t o  s u s t a i n  t h e  r e a c t i o n  would poss ib ly  be added t o  t h e  r e a c t a n t s  p r i o r  
t o  i n j e c t i o n  i n t o  t h e  c a t a l y s t  bed proper .  

In a d d i t i o n  t o  t h e  convers ion  of  c o a l  and l i g n i t e ,  o the r  carboni -  
ferous m a t e r i a l s  have been g a s i f i e d .  These inc lude  waste paper,  t i r e  
rubber,  po lye thylene  p l a s t i c ,  and even manure and sewage sludge. 
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Descr ip t ion  of Reactions 

While t h e  exac t ,  s tep-wise  sequence may n o t  y e t  b e  known, obser -  
v a t i o n s  on in t e rmed ia t e  products  ob ta ined  by ope ra t ing  t h e  o v e r a l l  
r e a c t i o n  i n  s t a g e s  i n d i c a t e  two p o s s i b i l i t i e s :  

\ 
0 

o r  

C + H20 = GO + H2 

= %cH4 + %COP 

C + H 2 0  = #CH + %GO2' 

C + H20 = GO + H2 

GO + H 2 0  = CO + H 2 2  
+GO2 + 2H2 = %CH4 + H20 

GO + H2 

4 

C 4- H20 = fCH4 -F #GO2 

The i n i t i a t i o n  r e a c t i o n  between coa l  and steam w i l l  occur  a t  
lower temperatures i n  t h e  presence  of a l k a l i  materials, c h i e f l y  po ta s -  
sium o r  sodium carbonate .  
u se  of n i c k e l  c a t a l y s t s .  
been found t o  work. 
reduced oxides on va r ious  suppor t  materials, which a r e  r e l a t e d  t o  
c a t a l y s t  d u r a b i l i t y .  

Experimental Systems 

The sequence i s  c a r r i e d  t o  completion by 
Various c o m e r c i a l  n i c k e l  c a t a l y s t s  have 

These c a t a l y s t s  i n  the  a c t i v e  form are p a r t i a l l y  

S tud ie s  on t h e  i n t e g r a t e d  coa l - s t eam-ca ta lys t s  systems have been 
c a r r i e d  ou t  i n  a one-inch d iameter ,  semi-continuous flow r e a c t o r  des-  
c r ibed  previous ly  (1). Superheated s t e a m  a t  r e a c t o r  cond i t ions  i s  
introduced cont inuous ly  i n t o  a charge of coa l  and c a t a l y s t s .  
s ion  i s  also made f o r  s t r a t i f i c a t i o n  or i s o l a t i o n  of t he  n i c k e l  c a t a -  
l y s t  from t h e  c o a l  and a l k a l i .  

Provi -  

S tud ie s  on n i c k e l  c a t a l y s t  behavior a lone  have been c a r r i e d  ou t  
i n  a h a l f - i n c h  d iameter  flow r e a c t o r .  Provis ion  i s  made f o r  i n t r o -  
ducing var ious  gases  as r e a c t a n t s ,  c h i e f l y  GO, H2, GO2. and H S i n  
varying combinations.  

In  a l l  cases ,  r e a c t o r  p re s su re  is maintained by back-pressure  

2 

r egu la to r s ,  and r e a c t i o n  tempera ture  may b e  v a r i e d  by t u b u l a r  h e a t e r s .  
Pressures  from atmospheric t o  800 p s i  have been used, and temperatures 
up t o  1500'F. 
su re ,  bu t  methane production qu ick ly  f a l l s  o f f  above 1400OF. 

The o v e r a l l  r e a c t i o n  i s  l a r g e l y  independent of p r e s -  

Ca ta lys t  Behavior 

Normally, n i c k e l  methanation c a t a l y s t s  a r e  e f f e c t i v e  on streams 

The H /CO r a t i o  must be  kept  up t o  avoid 
of GO and H2 a t  temperatures i n  the  neighborhood o f  700'F and are 
e a s i l y  poisoned by s u l f u r .  
carboniza t ion  and breakdown o f  t he  c a t a l y s t  -- and may be reso lved  
by t h e  add i t ion  o f  steam, 

2 



I n  t h e  i n t e g r a t e d  system, however, with a l l  r e a c t a n t s  mixed, oper- 
a t i n g  temperatures  of 1300°F can be maintained with no c a t a l y s t  break- 
down. Furthermore,  a t  t h e  h igher  temperature,  equi l ibr ium i s  away 
from the formation of s u l f u r  compounds w i t h  t h e  c a t a l y s t  (2). 

Hence, as a r e s u l t ,  the  e f f e c t  of s u l f u r  from t h e  low-sulfur coa ls  
genera l ly  used has been n i l .  The s u l f u r  content  of the  spent  c a t a l y s t  
has been de tec ted  at  0.3%, o f  t h e  same o r d e r  as i n i t i a l l y  present .  

As an a d d i t i o n a l  b e n e f i t ,  t h e  presence of s u l f u r  may a l l a y  decar- 
bonizat ion o f  the  c a t a l y s t  (3 ,4) .  This has  been found t o  be t r u e  i n  
our own work. 

The low-sulfur  Wyoming c o a l s  have been found t o  r e t a i n  much of  
t h e i r  s u l f u r  i n  t h e  ash a t  these  r e a c t i o n  condi t ions  (possibly due 
i n  p a r t  t o  s u l f u r  occuring as t h e  s u l f a t e ) .  

The mechanical s t r e n g t h  of the  c a t a l y s t  i s  of  some concern a t  
t h i s  p o i n t  of the  i n v e s t i g a t i o n .  It is  a n t i c i p a t e d  t h a t  a f l u i d i z e d  
or e b u l l a t i n g  bed w i l l  be u t i l i z e d ,  and a high degree o f  s t r e n g t h  i s  
needed. Toward t h i s  end, techniques a r e  being followed f o r  depos i t -  
ing n i c k e l  on spheres  of  var ious  m a t e r i a l s .  Perhaps ceramic supports 
w i l l  be requi red  u l t i m a t e l y .  

Experimental Resul t s  

The u l t i m a t e  o b j e c t i v e  of  most recent  work on c o a l  g a s i f i c a t i o n  
is the  product ion of a high-Btu gas.  For a product of the  order  of  
900 Btu/SCF, no modi f ica t ion  of e x i s t i n g  burners  and j e t s  would be 
required.  The technology of  CO -removal is a l ready  well-developed. 2 Hence, on a C02-free b a s i s ,  any product which i s  l a r g e l y  methane 
could be used as a f u l l  s u b s t i t u t e  f o r  n a t u r a l  gas .  With t h i s  i n  
mind, a s e l e c t e d  group o f  r e s u l t s  a r e  presented i n  T a b l e  I. 

Table I 

GASIFICATION OF COAL STEAM SYSTEMS 

Run Number  274 36 1 312 
Coal Glenrock Reynolds Consol 
Rank Sub-bi t  Sub-bi t  L i g n i t e  
Cata lys t  Ni-0104 Ni-0104 G-65RS 
Pressure (ps i )  250 250 250 
Temperature (OF) 1200" 1400" 1350" 

Gas Comp. 

c02 

.H2 
c1 

co 

SCF H / t o n  2 SCF Hydroc/ ton 
Theo. C1 y i e l d  
B tu/SCF (Cog- f r e e )  

48.0 

1.8 
50.4 

562 
15,725 
16,600 

977 

-- 46.9 44.2 

3.1 8.7 
50.0 47.1 

855 2,733 
13,783 14,795 
16,100 15,900 

962 899 

-_  -- 

356 
Minnkota 

L i g n i t e  
Ni-0104 

250 
1400 O 

44.9 

5 . 1  
50.0 

1,689 
16,556 
18,400 

939 

. ,  

-- 
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I 

The c o a l s ,  a s  used, were a i r  d r i e d  from 25-30% mois ture  t o  about  5- 
20%. Yields  are repor ted  on an "as used" b a s i s .  

A d i f f e r e n t  comparison i s  presented i n  Table I1 on average  r e p r e -  
s e n t a t i v e  y i e l d s  from v a r i o u s  organic  m a t e r i a l s .  

Table I1 

Y I E L D  OF HIGH BTU GAS 
(Standard Cu. F t .  p e r  Ton) 

COAL 
PAPER (RAW) 

TIRE RUBBER 
POLYETH. PLASTIC 

SFNAGE SLUDGE 
(TREATED) 

(CHAR) 

MANURE (CHAR) 

(CHAR) 

Actual  

15,000 
12,000 
20,000 
24,000 
24,000 
14,000 

6,000 
7,000 

T h e o r e t i c a l  

18,000 -- -- 
25,600 
27,100 -- 

7,000 
9,000 

I n  a d d i t i o n ,  v a r i o u s  coa l -der ived  c h a r s  and tars have been g a s i -  
f i e d ,  and a l s o  o i l  s h a l e .  

Conclusions 

The i n v e s t i g a t i o n s s o  f a r  i n d i c a t e  without  a doubt  t h a t  i t  is  
chemical ly  p o s s i b l e  t o  convert  c o a l  and o t h e r  carbonaceous materials 
wi th  s team to d i r e c t l y  y i e l d  hydrocarbons. It i s  a ques t ion  now o f  
demonstrat ing t h a t  t h i s  can be done f e a s i b l y  i n  a fu l ly-cont inuous  
system, with h e a t  added only t o  t h e  r e a c t a n t s .  Toward t h i s  end, t h e  
d e t a i l e d  engineer ing des ign  i s  underway f o r  f a b r i c a t i o n  of a f u l l y -  
continuous u n i t  wi th  a 6- inch diameter ,  f l u i d i z e d  r e a c t o r .  Various 
ways o f  in t roducing  t h e  pulver ized-coal  feed w i l l  a l s o  be i n v e s t i -  
gated w i t h  t h i s  u n i t .  
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I, INTRODUCTION 

I n  t h e  P&M Solvent Refined Coal Process,  coal is d isso lved  i n  a coal-derived solvent 
t o  produce a f i l t e r a b l e  l i qu id .  This is accomplished by mearm of a mild l i q u i d  
phase hydrogenation o f  t h e  coal.  F i l t e r a b l e  so lu t ions  can b e  made by r eac t ing  about 
1.0% t o  1.5% by weight  of hydrogen based on the moisture-ash-free (MAF) coal. The 
l i q u i d  is separa ted  from t h e  inso luble  minerals and unreacted organic  matter by 
f i l t r a t i o n ,  
product is recovered(1).  

Su f f i c i en t  so lven t  range l i q u i d  m u s t  b e  made from t h e  coal t o  rep lace  any mechanical 
l o s ses  and those l o s s e s  due t o  formation of gas and low b o i l i n g  l i qu ids  by fu r the r  
r eac t ion  of t h e  so lven t .  When the  hydrogenation is adequate,  85% to  95% of the  MAF ' 

organic  matter i n  t h e  coa l  is  reacted.  I n  t y p i c a l  experiments,  about 60% t o  70% 
of t h e  organic  matter in  coa l  can be recovered as a s u b s t a n t i a l l y  ash-free residue 
from the vacuum f l a s h  opera t ion .  From 5% t o  10% of t h e  MAF coal w i l l  b e  d i s t i l l e d  
as l i q u i d  b o i l i n g  i n  t h e  so lven t  range. 
s u l f i d e ,  and l i q u i d s  b o i l i n g  below the  so lvent  range account f o r  t h e  remainder of 
t he  reacted o rgan ic  matter. The o v e r a l l  conversion o f  organic  matter and the  
d i s t r i b u t i o n  o f  products which is formed can be  a l t e r e d  by changing the  opera t ing  
conditions.  When condi t ions  favor increased hydrogenation, t h e  y i e l d  o f  l i q u i d  
products is increased  with a simultaneous reduction i n  t h e  amount of vacuum f l a sh  
res idue .  

The so lven t  is recovered f o r  r ecyc le  by vacuum f l a sh ing  and the  residue 

Some hydrocarbon gas ,  water, hydrogen 

It is a matter of exper ience  thaK these  r eac t ions  can b e  run  with many coa l s  without 
the addi t ion  of c a t a l y t i c  agents.  
been done t o  demonstrate t h e  n a t u r e  of  the c a t a l y t i c  e f f e c t s  which can b e  a t t r i b u t e d  
t o  mineral  phases normally resent  in coals .  These experiments treat hydrogenation 

described by H. Appell  a n d  I. Wender(2). P a r t  of t h e  work w a s  done by P&M and p a r t  
by University of North Dakota s t a f f  i n  the Chemical Engineering Laboratories of the 
University o f  North Dakota. A l l  of t h e  work was supported by t h e  U. S.  Office of 
Coal Research as p a r t  of t h e  development of t h e  Solvent Refined Coal Process. 

This paper r epor t s  some experiments which have 

by the  use o f  hydrogen gas( F and also by means of carbon monoxide a n d  wa te r  as , 

11. EXPERIMENTAI, 

A. SOLVENT 

The so lvent  u s e d  i n  these experiments is t he  middle f r a c t i o n  obtained by r e d i s t i l l i n g  
anthracene o i l  under vacuum. 
230OC. a t  a p re s su re  l e s s  than 3 mm of mercury. 
s tandard ize  t h e  material  and f a c i l i t a t e  s t u d i e s  of y i e l d  and conversion when coal is f 

i 

The f r a c t i o n  i n  ques t ion  b o i l s  between 1OOOC. and 
The d i s t i l l a t i o n  is done t o  

dissolved. Normally a 
t h e  o r i g i n a l  solvent. 
t o  f u r t h e r  r eac t ion  of 

f i l t r a t e  w i l l  conta in  lower -and h igher  . bo i l i ng  mater ia l s  than 
These are presumed t o  be  der ived  from t h e  coa l  o r  t o  be due 
t h e  so lvent .  
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Anthracene o i l  is a complex mixture of aromatic hydrocarbons obtained by d i s t i l l i n g  
coal t a r .  
anthracenes,  phenanthrenes, and pyrenes. 
substances are a lso  present .  
-OH, -SH, o r  -NH2, f o r  example, o r  may b e  heteroatoms wi th in  t h e  c y c l i c  s t r u c t u r e s .  
Carbazole is a typ ica l  compound of t h i s  type. 
in anthracene o i l  range from about 150 t o  about 400 with a mean value of about 200. 
A usefu l  co l lec t ion  of s p e c t r a  has been publ ished by Karr and o thers  which t r e a t s  
many compounds of t h i s  type( l4) .  

Many of t h e  aromatic s t r u c t u r e s  present  have t h e  a b i l i t y  t o  reac t  with hydrogen 
t o  form hydroaromatic der iva t ives .  
substances can t r a n s f e r  hydrogen to  o ther  molecules and t h e  hydroaromatic mater ia l  
rever t s  t o  t h e  aromatic form. 

It is therefore  p r a c t i c a l  t o  use the  composition changes in  t h i s  so lvent  t o  measure 
c e r t a i n  hydrogenation e f f e c t s  i n  coal  s o l u t i o n s .  
solvent  samples can be measured by combustion a n a l y s i s ,  These r e s u l t s  have also 
been c o r r e l a t e d  with i n f r a r e d  s t u d i e s  of anthracene o i l  and solvent  reclaimed from 
coal  so lu t ions .  It is ncw p r a c t i c a l  t o  make  q u i t e  p r e c i s e  es t imates  of hydrogen 
content by means of these  i n f r a r e d  c o r r e l a t i o n s .  Changes of hydrogen content of 
0.01% t o  0.02% can be measured with confidence by t h i s  means. 
method has been used t o  eva lua te  many of the  experimental  r e s u l t s  discussed in t h i s  
paper,  t h e  c a l i b r a t i o n  da ta  and the combustion methods required t o  develop t h e  
working curves w i l l  be discussed in  some d e t a i l .  

It may contain indenes,  naphthalenes,  acenaphthalenes , f luorenes , 
These elements may be s u b s t i t u t e d  on t h e  r ings  as 

Sulfur ,  n i t r o g e n ,  and oxygen containing 

The molecular weights of the  compounds 

Under the  inf luence  of heat  these hydroaromatic 

The t o t a l  hydrogen content of 

Since the i n f r a r e d  

\ 

B. COMBUSTION ANALYSIS OF SOLVENT 

The apparatus used f o r  carbon and hydrogen determination follows t h e  recommendations 
of ASTM D 271 with a few modif icat ions designed t o  favor  increased p r e c i s i o n  and 
accuracy in rout ine ana lys i s (3) .  
samples ins tead  of the  200 mill igram samples s p e c i f i e d  i n  t h e  ASTM method. 

This is done by using 300 to  500 mil l igram 
1 

C. SOLVENT AND RECLAIM SOLVENT ANALYSIS BY INFRARED 

It has  been observed t h a t  t h e  r e l a t i v e  i n t e n s i t y  of t h e  absorbance a t  3.28 microns 
compared t o  the  absorbance a t  3.41 microns changes as anthracene o i l  i s  hydrogenated. 
Raw anthracene o i l ,  a s  received,  tends t o  be lean i n  hydrogen while t h e  so lvent  
reclaimed from coal  s o l u t i o n s  made with raw anthracene o i l  tends t o  contain more 
hydrogen. When anthracene o i l  is c a t a l y t i c a l l y  hydrogenated, the r a t i o  of the 3.281 
3.41 micron absorbances decreases due t o  a considerable  increase  in the  i n t e n s i t y  of 
the 3.41 micron band and a small  decrease i n  t h e  3.28 band. 

As experience and samples run under var ious condi t ions accumulated, i t  became 
.., poss ib le  t o  observe t h i s  r a t i o  over a considerable  range of  hydrogen content.  

I Representative samples were run on t h e  Perkin E l m e r  237 g r a t i n g  spectrophotometer 
a t  slow speed. Using t h e  general  techniques of i n f r a r e d  q u a n t i t a t i v e  ana lys i s  as 
presented in ASTM E-168, a base l ine  was drawn from t h e  v i c i n i t y  of 2 .8  microns to  
the v i c i n i t y  of 4.5 microns. 
measured and the r a t i o  of Absorbance C! 3.281Absorbance C! 3.41 w a s  ca lcu la ted .  This 

The absorbance at 3.28 and a t  3.41 microns was 

\ 
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r a t i o  w i l l  b e  ca l l ed  t h e  I R  Ratio he rea f t e r .  
were obtained for these  samples by combustion ana lys i s .  
on a chart  as percentage hydrogen versw the  I R  Ratio. A l i n e  w a s  then drawn t o  
establish a working curve. D a t a  f o r  t he  p l o t  are shown i n  Table I and t h e  working 
curve is shown as Figure 1. Sample s p e c t r a  showing the  appearance o f  the 3.28 and 
3.41 micron region a t  d i f f e r e n t  percentages o f  hydrogen in anthracene o i l  a r e  
presented i n  Figure 2 .  

Prec i se  values f o r  t o t a l  hydrogen 
The r e s u l t s  were p lo t t ed  

TABLE I 

ANALYTICAL DATA - ANTHRACENE O I L  AND VARIOUS RECLAIM SOLVENTS 

SUBSTANCE REPORTED % CARBON %HYDROGEN I R R A T I O  

Middle f r a c t i o n  o f  hydrogenated reclaim so lven t  
R u n  PA 39 r e d i s t i l l e d  reclaim so lven t  
UND 373 reclaim solvent  
UND 377 reclaim so lven t  
UND 376 reclaim so lven t  
Run PA 74 reclaim solvent  
UND 277 reclaim solvent  
R u n  PA 72 reclaim solvent  
Continuous Run 2 rec la im so lven t  
Process Development P lan t  Run 66 reclaim so lv .  
Continuous Run 8 rec la im so lven t  
Run PA 73 reclaim so lvent  
Continuous Run 11 Sample 17 reclaim solvent  
UND anthracene o i l  r e d i s t i l l e d  at atmos, p re s s .  
Continuous Run 7 rec la im so lven t  
Continuous Run 12 reclaim so lven t  
UND 357 reclaim solvent  
Middle f r a c t i o n  of raw anthracene o i l ,  sample 1 
Middle f r a c t i o n  o f  raw anthracene o i l ,  sample 2 

91.42 
91.38 
90.64 
90.59 
90.85 
90.46 
90.33 
90.78 
90.65 
90.41 
90.93 
90.90 
91.35 
90.91 
91.05 
91.20 
91-09 
91.32 
91.01 

6.901 
6.616 
6.412 
6.428 
6.407 
6.281 
6.132 
6.158 

. 6.092 
5.987 
5.925 
6.151 
6.024 
5.916 
5.895 
5.896 
5.828 
5.731 
5.741 

0.431 
0.674 
0.792 
0.794 
0.818 
1.03 
1.06 
1.18 
1.28 
1.29 
1.33 
1.36 
1.40 
1.44 
1.54 
1.64 
1.75 
1.79 
1.78 

Samples shown in  Table I were taken from seve ra l  d i f f e r e n t  sources.  PA runs are 
P6M batch autoclave materials. 
Dakota ba tch  autoclave runs.  
continuous experiments. 
s tud ie s (5 ) .  
p l a n t s  a t  Cleveland, Ohio o r  Granite Ci ty ,  I l l i n o i s ,  
richer i n  carbazoles and t h i s  cont r ibu tes  some scatter t o  t h e  data.  

The IR Ratio changed from 0,43 t o  1.8 whi le  hydrogen changed from 5.73% t o  6.90X. 
Thus, t h e  p rec i s ion  of t h e  I R  Ratio corresponds t o  about 0.01% hydrogen. 
of the combustion hydrogen va lue  is  about 0.03Z t o  0.05%. 
s e n s i t i v e  observation w i t h  a less s e n s i t i v e  one is  d i f f i c u l t .  
s lope  es tab l i shed  i s  the  important information requi red  and t h e  number o f  da t a  poin ts  
ava i l ab le  should e s t a b l i s h  t h i s  w i t h  acceptable accuracy. 

UND mater ia l s  are from t h e  University o f  North 
Continuous run samples are from PhM labora tory  

Some ma te r i a l s  are r e t a ined  from the  Process D evelopment 

The Grani te  City material I s  
The o r i g i n a l  anthracene o i l s  were from the Rei l ly  Tar 6 Chemical Corp. 

f 

The p rec i s ion  
The c a l i b r a t i o n  of a 

However, t h e  average 
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It is a l s o  poss ib l e  t o  run s p e c t r a  i n  s o l u t i o n  t o  obtafn  q u a n t i t a t i v e  r e s u l t s .  
Anthracene o i l  and reclaim so lvent  are so lub le  i n  carbon t e t r a c h l o r i d e  and s p e c t r a  
can the re fo re  be  run using a s o l u t i o n  in one c e l l  and carbon t e t r a c h l o r i d e  in a 
matching cel l  i n  t h e  re ference  beam. 
can be obtained by using t h e  same concentration of raw so lven t  i n  the re ference  
beam and reac ted  solvent i n  t h e  measuring c e l l .  
relate t h e  gain i n  hydrogen t o  a l i n e a r  i nc rease  i n  t h e  absorbance at  3.41 microns. 
Examples of t h i s  kind o f  d a t a  are presented  i n  Table 11. 

A more soph i s t i ca t ed  d i f f e r e n t i a l  measurement 

In t h i s  system i t  is poss ib l e  t o  

TABLE I1 

DIFFERENTIAL ABSORBANCE AND HYDROGEN GAIN DATA 
GAIN I N  % DIFFERENTIAL 

ABSORBANCE SUBSTANCE REPORTED % HYDROGEN HYDRL)Gm 

Continuous Run 14 Sample 11 
Continuous Run 15 reclaim so lvent  
Continuous Run 11 Sample 17 
UND Run 360 rec la im so lven t  
Continuous Run 18 Sample 7 
Run PA 74 reclaim so lvent  
Continuous Run 19 Sample 40 reclaim so lv .  
UND Run 376 reclaim solvent  
Run PA 39 reclaim solvent  
Middle f r a c t i o n  of hydrogenated reclaim 
so lvent  

'a 

5.736 
5.938 
6 024 
6.112 
6.148 
6.281 
6 e 267 
6.407 
6.616 
6.901 

-00- 
0.202 
0.288 
0.316 
0.413 
0.545 
0.531 
0.671 
0.880 
1.165 

Reference 
0.135 
0.195 
0.314 
0.298 
0.362 
0.396 
0.467 
0.670 
1.13 

1 
\ 

These co r re l a t ions  are based on anthracene o i l  o r  anthracene o i l -der ived  solvents 
which have been used and reclaimed a l imi t ed  number of times. 
conditions were mild and some s u l f u r ,  oxygen, and n i t rogen  remains i n  t h e  so lvent  

genated material has  no t  been done. 

Hydrogenation 
, 

' being recycled. The appl ica t ion  of t h i s  kind of method t o  o t h e r  ex tens ive ly  hydro- 

When these  r e s u l t s  a r e  p l o t t e d ,  most of t h e  po in t s  f a l l  on a straight l i n e ,  as 
presented i n  Figure 3. It would be reasonable t o  assign most o f  t h e  scatter observed 
t o  t h e  errors inherent  i n  t h e  measurements made. This probably is n o t  t h e  case f o r  
t he  middle f r a c t i o n  of hydrogenated reclaim s o l v e n t ,  however. This observa t ion  
devia tes  from t h e  t rend  of the  o t h e r  d a t a  by an amount w e l l  ou t s ide  t h e  p rec i s ions  
of t h e  elemental  ana lys t s  and i n f r a r e d  measurement. The d i f f i c u l t y  m u s t  b e  qua l i -  
t a t i v e .  Probably the  r e s u l t  observed is an ind ica t ion  t h a t  more than one kind of 
s t r u c t u r e  can con t r ibu te  to  the  absorbmce a t  3.41 microns and t h a t  new s t r u c t u r e s  
are being developed i n  t h e  sample. The middle f r a c t i o n  o f  reclaim s o l v e n t ,  i n  
ques t ion ,  w a s  c a t a l y t i c a l l y  hydrogenated under severe  condi t ions  which r e su l t ed  in 
removal of s u l f u r ,  oxygen, and n i t rogen  as w e l l  as hydrogenation of the o i l .  The 
formation of a l k y l  groups during t h i s  process could probably account f o r  t he  
d i f f e rence  observed. 
measurements from being usefu l  in t h e  d i r e c t  observa t ion  of hydrogen t r a n s f e r  
reactions between anthracene o i l  and coal .  

Problems of t h i s  kind are no t  s e r i o u s  enough t o  keep i n f r a r e d  
' 
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I 

D. CATALYSIS OF REACTION WITH HYDRDGEN 

A diagram of  t h e  continuous r eac to r  syscem used at  the  Kansas C i t y  Laboratory w i l l  
be  found at  t h e  end o f  t h i s  paper as Figure 4 ,  
high pressure  tub ing ,  1 inch  O.D. x 11/16 inch I.D. and 7 f e e t  long. 
was designed t o  study the  mixing behavior of ma te r i a l s  in t h e  d i s so lve r  tube using 
anthracene o i l  as t h e  so lven t  and coa l  fnso lubles  88 t he  tracer. It w a s  a l so  
expected t h a t  some information about t h e  c a t a l y t i c  e f f e c t s  of t h e  coa l  inso lubles  
could be  obtained by a n a l y s i s  of t h e  so lvent  a f t e r  processing through t h e  d i s so lve r .  

The coal in so lub le s  were recovered from t h e  s o l u t i o n  made i n  Process Development 
P lan t  Run 66 which has  been reported previously(5) 
ca re fu l ly  pyr id ine  washed, followed by benzene and acetone r i n s e s  before  being dr ied  
i n  a vacuum oven. F ina l1  
the  inso lubles  were ground t o  pass a 100 mesh sieve before  use. 
of t h i s  material w a s  46,14%. 
which contains about 15% i ron .  Typical inso lubles  contain about 40% carbon and 2% 
hydrogen. 
0.5% s u l f a t e  s u l f u r ,  1.9% organic  s u l f u r ,  and 3.0% s u l f i d e  s u l f u r .  Therefore, much 
of t h e  i ron  is presen t  as FeS although t h e  presence o f  some oxide is not precluded. 
The organic  material p re sen t  is t h e  most re f r ac to ry  carbonaceous p a r t  of t he  coa l  an 
has almost no tendency to  react t o  f u r t h e r  processing. 

The d i s so lve r  tube i s  a p iece  of 
An experiment 

These inso lubles  had been 

The oven w a s  cooled before  removing the  d r i ed  inso lubles .  
The ash content 

This l o t  of Kentucky No. 11 hvBb coal y i e lds  an aeh 

The 5.5% to t a l  s u l f u r  present  w a s  d i s t r ibu ted :  0.1% p y r i t i c  s u l f u r ,  

Experimental Procedure : 
I 

The reac to r  was l i n e d  ou t  us ing  the  middle f r a c t i o n  o f  raw anthracene o i l ,  MFRAO, 
as feed. 
of 5.736% and I R  Ratio of 1.79. 
temperature 425OC. , l i q u i d  space ve loc i ty  0.60/hr. ,  gas space ve loc i ty  239/hr. 
The e f f l u e n t  l i q u i d  w a s  sampled a t  ha l f  hour i n t e r v a l s  and an i n f r a red  spectrum 
w a s  run t o  measure t h e  I R  Ratio.  A t  t he  end o f  5 hours a sample w a s  co l lec ted  f o r  
a per iod  of one hour and t h i s  sample showed an I R  Ratio of 1.80 which w a s  only a 
minor change when compared t o  t h e  input  so lvent  sample, 

During this pe r iod ,  the weighed s l u r r y  feed vessel w a s  f i l l e d  with 3800 grams of 
MFRAO and 200 grams of washed coal inso lubles .  
feed loop  a t  t h e  end o f  t h e  6 hour l i n e  out period. 
were taken at 5 minute i n t e r v a l s  (samples being co l l ec t ed  f o r  4 minutes o f  each 
i n t e r v a l )  f o r  t h e  first hour. 
a p a r t  ( f o r  5 minutes i n t e r v a l s ) .  During the  t h i r d  hour,  samples were taken 30 
minutes apa r t  ( f o r  5 minutes i n t e r v a l s ) .  
t he  I R  Ratio appeared t o  b e  near ly  constant.  F ina l ly  a sample was co l l ec t ed  f o r  
a f u l l  hour t o  conclude t h e  experiment. 
hours. A l l  material not co l l ec t ed  a8 samples w a s  accumulated i n  a waete vessel .  
The i n f r a r e d  spectrum o f  s e l e c t e d  samples w a s  recorded. 
analyzed fo r  i n so lub le  mater ia l  by f i l t r a t i o n  followed by ashing the  f i l t e r  paper. 
In some cases t h e  minerals were s o  f i n e  t h a t  p a r t  of t h e  material passed through 
the  f i l t e r  paper.  
as w e l l .  
previously determined ash content of t h e  in so lub le  material. 

' 
This so lvent  was reported at t h e  end o f  T a b l e  I with an average hydrogen 

Operating conditions were: 1000 p s i g  hydrogen, 

This s l u r r y  w a s  switched in to  the  
Beginning immediately, samples 

During t h e  second hour,  samples were taken 15 minutes 

Samples were taken hourly the rea f t e r  un t i l  

The s l u r r y  w a s  pumped f o r  a t o t a l  of seven 

The samples were then 
f 

In these  cases the  r e s u l t s  were cor rec ted  by ashing t h e  f i l t r a t e  
The r e s u l t s  were expressed as w e i g h t  percent  coal inso lubles  by using t h e  

/ 
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Discussion: 

The experiment generated a t o t a l  o f  33 samples. Eleven o f  t hese  were used t o  l i n e  
ou t  the r eac to r  and were only analyzed by in f r a red .  
o f  t h e  samples made with coal-insolubles s l u r r y  feed. The i n f r a r e d  spectrum was 
run on se l ec t ed  samples as requi red  t o  develop a smooth curve showing the  change 
i n  solvent composition, The r e s u l t s  a r e  given i n  Table 111. 

An ash ana lys i s  w a s  done on al l  

TABLE 111 

DATA FOR HYDROGEN CONTENT OF EFFLUENT SOLVENT VS PERCENT INSOLUBLES 
SAMPLE TIME FROM I R  RATIO % HYDROGEN FROM GAIN IN % % INSOLUBLES 
NUMBER SLURRY START OF SAMPLE WORKING CURVE HYDROGEN I N  EFFLUENT 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

‘‘j 25 
26 
27 
28 
29 
30 
31 
32 
33 

L a s t  Lineout 
5 min. 
10 mfn. 
15 min. 
20 min. 
25 min. 
30 min. 
35 mfn, 
40 mfn. 
45 min, 
50 min. 
55 min. 
60 mine 
65 min, 
80 min. 
95 min. 
110 min. 
125 mino 
155 min. 
185 min. 
245 min. 
305 min. 
360 t o  420 

1.80 

1.79 

1.76 
1.73 
1.69 
1.68 
1.61 
1.58 
1.56 
1.47 
1,49 
1.46 

5 725 

5.733 

5 750 
5.770 
5 790 
5 800 
5 845 
5.863 
5.875 
5,935 
5.921 
5.940 

Reference 

0.008 

0.025 
0.045 . 
0.065 
0.075 
0.120 
0.138 
0.150 
0.210 
0.196 
0.215 

None 
N i l  
N i  1 
0.001 
0.035 
0.093 
0.133 
0.234 
0.305 
0.339 
0.475 
0.614 
0.64 1 
0.747 
0.949 
1.19 
1.37 
1.61 
1.89 
2.19 
2.90 
2.60 
3.16 
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Figure 5 i s  a g raph ica l  presenta t ion  of t h e  course o f  t h e  I R  Rat io  and the  percent 
i n so lub le s  as a func t ion  of t i m e .  I t  can be seen t h a t  che r a t i o  decreases as the 
concenrrarion o f  i n so lub le s  increases .  It is noteworthy t h a r  f luc tua t ions  i n  
t h e  concencratlon of in so lub le s  a l s o  correspond t o  f luc tua t ions  in t h e  I R  Ratio. 

Figure 6 is a g raph ica l  presenta t ion  of rhe g a m  in percentage hydrogen in  t h e  

It can be seen t h a t  t h e  amount of hydroaromatic hydrogen, as indica ted  by t h e  
i n f r a r e d  spectrum, increased  in propor t ion  t o  the concent ra t ion  o f  fnso lubles .  
Without t h e  in so lub le s  p re sen t  t h e  so lvent  showed almost no tendency f o r  th is  
reac t ion  t o  take p lace  under the  same operacing condi t ions .  

The c a t a l y t i c  p r o p e r t i e s  of i ron  a r e  w e l l  documented i n  t h e  l i t e r a t u r e ( l O *  11312s13). 
Probably FeS is  the  a c t i v e  compound s i n c e  i t  is t h e  most abundant form of i r o n  I 

present under these  condicions.  This is a l s o  t h e  form i s o l a t e d  a t  the end o f  t he  
reac t ion .  
e x i s t s  for s u l f i d e  formation by reacr ion  wi th  hydrogen s u l f i d e  from coal.  

The inso lubles  fed  in this  experiment contained 5.5% i ron ,  The s lope  o f  t h e  
s t r a i g h t  l i n e  shown i n  Figure 6 the re fo re  i s  t h e  response due t o  bui ld ing  up a 
concentration o f  only 0.15% of i r o n  in che e f f l u e n t  product. This corresponds 
t o  a r a t e  of hydrogen add i r ion  of about 1.4% pe r  percentage of i ron  i n  the  s l u r r y  
under these  opera t ing  condi t ions .  Many high s u l f u r  bituminous coa ls  fed in a 2:1 
so lvent  t o  coal s l u r r y  w i l l  l i n e  our with 0.5% t o  1.0% of i r o n  i n  the  s l u r r y .  The 
reac t ion  r a t e s  which are observed i n  uncaralyzed sysrems are i n  accord with the  
idea  t h a t  iron is rhe p r i n c i p a l  a c t i v e  agent involved. 

so lven t  as a func t ion  o f  t h e  percentage of i n so lub le s  in the r eac to r  e f f luen t .  I 

1 

I Act iv i ty  has  been reported f o r  i ron  oxide ,  bu t  considerable opportunity 

i 
I 

E. CATALYSIS OF HYDRDGENATlON BY REACTlON WlTH CARBON MONOXIDE’AND WATER 

It has  been previously reporred that coa l  can b e  hydrogenated by reac t ion  with carbon 
monoxide and water (2) .  
s l u r r i e d  in a solvenc. Anthraeene oil is s u i t a b l e  fo r  t h e  purpose and the  so lu t ions  
which r e s u l t  have s u b s r a n t i a l l y  the same p rope r t i e s  observed when hydrogen i s  used 
t o  produce similar conversions.  Appell and Wender have reported a l k a l i  m e t a l  
carbonates as caca lyscs  and have mentioned the  a l k a l i n e  ash content of l ign i teC6) .  
Increased conversion wi th  increased  sodium content has  been demns t r a t ed  by York 
who a l s o  comments on i r o n  oxide as a c a t a l y s t ( 7 ) .  None of t he  r e s u l t s  given a re  
very de ra i l ed  and f u r t h e r  s t u d i e s  were the re fo re  done ro de f ine  the  requirements 
f o r  c a t a l y s i s  of t h e  carbon monoxide-warer reagent system more c lear ly .  

These s t u d i e s  involved a program of chemical ana lys i s  and autoclave s t u d i e s  which 
were conducted as a coopera t ive  e f f o r t  by P&M and University o f  North Dakota workers. 

This reac t ion  may be done with coa l  alone, o r  with coal 

An exce l lenr  series of l i g n i t e  samples wi th  varying sodium content was provided by 
the  Grand Forks S t a t i o n  of the  Bureau of Mines. These w e r e  sub-sampled to provide 
both  groups with comparable materials. 

Preliminary work e s t a b l i s h e d  t h a t  s u b s t a n t i a l l y  all of t he  sodium, reported by the  
Bureau o f  Mines ash a n a l y s i s  f o r  these  samples, could be  ex t r ac t ed  by exchange 
with 0.01 molar calcium chlor ide  so lu t ion .  
gram sample of the  l i g n i t e  was s t i r r e d  with 125 m l .  of Lhe 0.01 molar calcium 
chlor ide  so lu t ion .  which w a s  then f i l t e r e d  i n t o  a 200 m l .  volumetric flash 
The material i n  t h e  f i l t e r  was rhen r insed  with add i t iona l  calcium chlor ide  
s o l u t i o n  u n t i l  t h e  f l a s k  w a s  f i l l e d  t o  the  mark. The sodium content of the  
f i l t r a t e  was determined by means of t h e  Technicon Au toha lyze r  flame photo- 

To accomplish t h i s  exchange a 6.000 
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meter system using lithium as the  i n t e r n a l  scandard. 
t h a t  recommended by Ussary and Gehrke f o r  f e r t i l i z e r  ana lys i s (8) .  
showed that r e s idua l  ch lo r ide  in t h e  exchanged l i g n i t e  could b e  reduced t o  t r a c e  
l eve l s  by c a r e f u l  washing with d i s t i l l e d  water. 

Seven l i g n i t e  samples were ava i l ab le  f o r  chese s t u d i e s .  
samples 71-1 through 71-7. Some of chese have been repor ted  i n  Bureau o f  Mines 
l i t e r a t u r e  whi le  o the r s  have been repor ted  only informally by means o f  a n a l y t i c a l  
repor t  shee ts ,  The d a t a  and ava i l ab le  c ross  re ference  numbers w i l l  b e  found in 
Table I V .  
t o t a l  sodium as ca l cu la t ed  from t h e  ash and proximate ana lys i s .  
noted i n  the  case of  t h e  71-1 sample which w a s  t r aced  t o  a lower ash  conten t  combined 
with a s l i g h t l y  higher water cbntent i n  t h i s  subsample. Since t h i s  sample had 
a l ready  been used i n  a number of d i f f e r e n t  experiments, i t  w a s  necessary t o  use 
cor rec ted  va lues  f o r  t h e  sodium and i ron  concent of c h i s  sample. 

The UND workers a l s o  prepared a calcium exchanged and a hydrochlor ic  ac id  washed 
sample of the 71-1 l i g n i t e .  Both were c a r e f u l l y  washed with d i s t i l l e d  w a t e r  and 
d r i ed  t o  about the  o r i g i n a l  moisture conten t -  A d e t a i l e d  comparison o f  t h e  71-1 
sample, t h e  calcium exchanged sample 
be found in Table V, 

The manifold w a s  e s s e n t i a l l y  
Fur ther  work 

These were coded UND 

I n  mst cases,  t he  sodium ana lys i s  by the e x t r a c t i o n  method checked 
A d i f f e r e n c e  was 

and rhe  hydrochlor ic  a c i d  washed sample w i l l  

TABLE V 

COMPOSITION OF TREATED 71-1 LIGNITE SAMPLES 

ANALYSIS AS RECEIVED CALCIUM EXCHANGED H C 1  WASHED 

% Moisture i n  l i g n i t e  32,94 29.73 30.98 
% Ash i n  lignite 6 .63  6 .058  2.896 
% Iron in ash 4.96 5.04 4.69 
% Chloride in  l i g n i t e  0.0058 0.091 0.024 
% Tota l  sodium in lignite 0.686 0.019 0.017 
% Sodium i n  ash 10.35 0.3 0 . 6  

The results o f  the  calcium exchange experiments toge ther  with the  HC1 -wash experiment 
suggest some ru les  which may be appl icable  t o  l i g n i t e s  i n  general .  It appears l i k e l y  
that mst of t h e  sodium is  i n  t h e  material as a counter i o n  to  polymeric ac ids  which 
make up a considerable p a r t  of t he  func t iona l  groups in l i g n i t e .  
r ead i ly  added by exposing the l i g n i t e  t o  calcium ion  and can be r e a d i l y  r emved  by 
ac id  washing t h e  l i g n i t e .  P a r t  of the  i ron  is removed by HC1 washing. This obser- 
va t ion  suggests t h a t  i r o n  and perhaps o the r  elements may a l s o  serve as counter i ons  
t o  a c i d i c  functions.  Residual i r o n  a f t e r  t he  H C 1  wash i s  probably p re sen t  as p y r i t e .  
The loca t ion  of potassium and magnesium has  not  been s tudied .  
have been reported i n  recent  l i g n i t e  symposia(15 y16). 

C a l c i u m  can be  

Ion exchange p rope r t i e s  

,Experimental Procedures: 

A one ga l lon  batch autoclave w a s  used to  conduct a number of experiments designed 
t o  study t h e  c a t a l y t i c  e f f e c t s  involved i n  t h e  s o l u t i o n  o f  lignite us ing  carbon 
mnoxide and water as hydrogenation reagents.  This apparatus has been previous ly  
described(9).  In  these  experiments charges of  l i g n i t e ,  s o l v e n t ,  and water were 
ad jus ted  so t h a t  weights of MAF l i g n i t e ,  so lvent  , and water were t h e  same from 
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TABLE IV 

BUREAU OF MINES DATA - PRDXIMATE, ULTIMATE, AND ASH ANALYSIS OF LIGNITE SAMPLES 

UND SAMPLE NO. 71-1 71-2 71-3 71-4 71-5 71-6 71-7 

Mine 

Comty 
S t a t e  
B. of M. Designation 
B. o f  M. Sample No. 

Moisture 
Vola t i le  Matter 
Fixed Carbon 
Ash 

Ultimate Analysis 

Carbon 
Hydrogen 
Nitrogen 
Sul fur  

Ash 
Oxygen 

Ash Analysis 

si02 
A1203 
Fe203 
Ti02 
p2°5 
CaO 

Na20 
MgO 

K20 
so3 
Other 
I g n i t i o n  Loss 

N a  ca lcu la ted  from ash 
N a  by calcium exchange 

Baukol- Baukol- 
Noonan Beulah Noonan Velva 

Ward 
N.D. N.D. N.D. N.D. 
BN 4 B-STD BN 2 V 5 

GF7 1- GF67- GF70- 
476 685 652 

28.46 30 27.95 28.33 
28.83 29.09 29.28 31.74 
34.62 33.40 36.48 34.88 
8.09* 7.51 6.29 5.15 

48.44 46.58 
6.18 6.40 

, 0.83 0.78 
0.36 0.72 0.35 0.40 

37.91 40.74 
8.09* 7.51 6.29 5.15 

27.2 20.2 16.4 
15.9 11.3 7.7 
7.1 9.8 1.6 
0.3 0.4 0.2 
0.1 0.5 0.2 

16.7 21.8 18.4 
4.3 8.0 4.1 

13.5* 6.3 26.8 
0.5 . 0.3 0.3 

13.4 21.4 13.1 
0.6 -- 2.1 
0.4 -- 3.1 
0.809* 0.351 1.25 
0.681 0.433 1.26 

18.8 
8.6 
6.6 
0.4 
0.2 

32.5 
8.1 

10.0 
0.5 

12.6 
1.2 
0.5 
0.382 
0.380 

Knife 
River 
Mercer 
N.D. 
BHL 
GF70- 
12 89 

28.33 
30.76 
33.82 

7.09 

46.89 
6.24 
0.68 
0.85 

38.25 
7.09 

Savage Savage 

Mont. Mont. 
s-1 s-2 

i 

34 ' 30 
27.05 29.53 
31.19 30.82 

7.77 9.65 

0.67 0.56 

7.77 9.65 

16.1 21.3 
10.5 13.0 
9.6 10.0 
0.2 0, 3 
0.3 0.8 

23.2 22.7 
7.4 9.3 
4.8 0.4 
0.3 0.3 

25.2 21.9 
1.9 
0.5 
0.252 0.023 
0.252 0.028 

-- 
-- 

35.7 I 

20.3 
5.3 
0.6 
0.6 

16.4 
7.0 
0.4 
0.9 

12.8 -- ' - 
0.028 
0.028 4 

*Na analysis for 71-1 subsample w a s  revised.  
contained 10.35% t o t a l  sodium. 
t h e  calcium exchange value of 0.681%. 

Ash on t h i s  sample w a s  6.63% and 
This is 0.686% sodium in the  lignite compared t o  

I 



77 

tr ial  t o  t r ia l .  
the  hea t ing  was scandardized i n  an e f f o r t  t o  reproduce average and peak temperature 
P r o f i l e s  throughout the two hour r eac t ion  period. 
reproduced because var iab le  amounts o f  carbon monoxide and water were consumed and 
va r i ab le  amounts of  gaseous r eac t ion  products were made. 
by elemental and in f r a red  ana lys i s  of reclaim so lven t  and the  vacuum bottoms samples 
produced. 

The experiments were done with s e v e r a l  kinds of materials. 
t h e  following paragraphs to  relate run numbers, marer ia l s  , and procedure d e t a i l s .  

1. 
grams o f  d i s t i l l e d  water p lus  500 grams of raw anthracene o i l .  
p ressur ized  wi th  1200 ps ig  of carbon monoxide. The reac to r  w a s  heated t o  795OF. and 
he ld  ac temperature f o r  cwo hours.  
c o r r e l a t i n g  d a t a  f o r  comparison t o  t h e  continuous un f t  opera t ing  a t  425OC.I 

2. UND Run 360. 
t h a t  1.25 grams o f  sodium bicarbonate  were added. 

3. 
sodium contents  supplied by Bureau of Mines. These were charged t o  t h e  r e a c t o r  
in  amounts ca lcu la ted  t o  conta in  a cons tan t  weight of  MAF lignite, so lven t ,  and 
water, The so lvent  f o r  a l l  runs was che middle f r a c t i o n  of raw anthracene o i l  
supplied by the  Kansas Ct ty  group. See Table I f o r  dup l i ca t e  ana lys i s  o f  t h i s  o i l .  
Bureau o f  Mines ash and proximate ana lys i s  d a t a  toge the r  with t h e  checking sodium 
and i ron  ana lys i s  where approprfa te  have been used t o  ca l cu la t e  t h e  minera l  phase 
compositions. The r eac to r  w a s  brought t o  an average temperature o f  716OF. wi th  peak 
temperatures o f  7250F, t o  7300F. Reaction temperature w a s  maintained f o r  2 hours t o  
allow comparison with o the r  UND runs. UND Runs 378, 379, 380, 382, 387, 388, and 
389 comprise the experiments i n  t h i s  series. 

4. UND sample 71-1 was used to  s tudy  the  e f f e c t  o f  added sodium bicarbonate  on 
the reac t ion .  These experiments are UND R u n s  373, 375, and 376. One t r ia l  used 
potassium carbonate. 
described i n  paragraph 3 above were used f o r  a l l  runs. 

5. 
experiment. The s tandard  charges and ope ra t ing  condi t ions  used were t h e  same 
as those  ou t l ined  i n  paragraph 3 above. This was  UND Run 390. 

6. The calcium exchanged 71-1 l i g n i t e  w a s  used as t he  feed lignite i n  the 
s tandard  experiment. 

Discussion: 

An i n i t i a l  p re s su re  of  1200 p s i g  of carbon monoxide w a s  used and 

Peak pressures  could not  be 

The r e s u l t s  are eva lua ted  

Conversion and y i e l d  d a t a  were obtained. 

These are descr ibed  i n  

UND Run 357. This was a blank run i n  which t h e  autoclave w a s  charged wi th  150 
The r e a c t o r  w a s  

(This f i n a l  temperature w a s  used t o  ob ta in  some 

The conditions and charges were t h e  same as UND Run 357 except 

A series o f  experiments was  done by using t h e  l i g n i t e  samples wi th  a range of 

This w a s  UND Run 3?7. The s tandard  ope ra t ing  condi t ions  

The HC1 washed sample of 71-1 l i g n i t e  was used as t h e  feed l i g n i t e  i n  an 

This w a s  UND Run 391. 

Table V I  p re sen t s  
The number o f  m i l l i m l e s  of sodium, potassium, calcium, and i r o n  i n  each reactor 
charge i s  a l s o  presented. 
reclaimed so lvent  and vacuum d i s t i l l a t i o n  res idues  f o r  each run are a l s o  included. 

a summary of  run numbers, ope ra t ing  coddi t ions ,  and materials used. 

The results o f  i n f r a r e d  o r  elemental ana lys i s  of 

Inspec t ion  o f  the 
hydrogen and increased sodium in  the charge. 

da ta  d isc losed  t h a t  a s t rong  co r re l a t ion  e x i s t e d  between gain i n  
In t h e  so lvent  reclaimed f r o m ' t h e ,  
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solvent  blank run (UND 357) the  change in hydrogen content w a s  hardly measurable. 
Adding only 1 . 2 5  g r a m  of sodium bicarbonate t o  t h i s  same charge caused the solvent  
alone to  gain a r e a d i l y  measurable amount of hydrogen. 
using lignites with a range of sodium contencs,  o r  where sodium bicarbonate w a s  
added, an increase  i n  reac t ion  cor re la ted  with an increase  i n  sodium content. 
Subs t i tu t ion  of potassium carbonate for  sodium bicarbonate  did not  appear t o  make 
a s u b s t a n t i a l  d i f fe rence  (Run UND 377 versus UND 373). 

The e f f e c t  of removing s u b s t a n t i a l l y  a l l  o f  the  sodium from a l i g n i t e  was i n v e s t i -  
gated by t h e  calcium exchange and the  hydrochloric ac id  washing experiments. 
both cases the lignites remained reac t ive  although a marked reduction in r e a c t i v i t y  
w a s  observed. The gain i n  hydrogen by the  reclaim so lvent  c o r r e l a t e s  with t h e  
amunt of i r o n  i n  the  l i g n i t e  while the considerable  d i f fe rence  i n  t h e  amount of 
calcium in the  samples does not  seem to have much e f f e c t  on t h e  so lvent  composition 
(Runs UND 390 and UND 391 versus UND 378). 

It w a s  found by t r i a l  t h a t  the  gain i n  hydrogen by t h e  reclaimed solvent could be 
f i t t e d  t o  a smooth curve i f  t h e  gain i n  hydrogen w e r e  p l o t t e d  versus the sum of 
t h e  mill imoles of sodium, potassium, and i ron .  This p l o t  is given as Figure 7. 

After  some speculat ion it  w a s  decided t h a t  a p l o t  of the H / C  mole r a t i o  in t h e  
vacuum d i s t i l l a t i o n  res idues  versus the t o t a l  m i l l i m o l e s  of sodium, potassium, and 
i ron  charged would be an appropr ia te  data  t reatment  f o r  t h i s  material. The curve 
f o r  t h e  vacuum d i s t i l l a t i o n  residues is  given as Figure 8. The H / c  mole r a t i o  is 
not  a f fec ted  by the presence of var iab le  r e s i d u a l  amounts of  ash ,  s u l f u r ,  oxygen, 
o r  n i t rogen  which might be f a c t o r s  i n  comparing mater ia l s  from d i f f e r e n t  l i g n i t e s .  
The presence of ash i n  some residues was not  thought t o  b e  p a r t i c u l a r l y  s i g n i f i c a n t  
because its presence is l a r g e l y  due t o  f a i l u r e  t o  completely de-water some of the  
so lu t ions  before f i l t r a t i o n ,  As a result of t h i s  data  t reatment  only two poin ts  

I n  the var ious experiments 

In 

are o f f  the  curve by s i g n i f i c a n t  amounts. 
i n  which the  71-3 sample w a s  used, and UND Run 391, i n  which the  calcium exchanged 
l i g n i t e  was used. The s o l v e n t  from these runs seems to  f i t  t h e  cor re la t ion  curve 
b e t t e r  than does the  d i s t i l l a t i o n  residue data .  
e f f e c t  o f  d i s t i l l a t i o n  technique on the residues s ince  i t  is d i f f i c u l t  to br ing  all 
materials t o  exac t ly  t h e  same end point .  

These are the  mater ia l s  From UND Run 382, 

This may be due t o , t h e  g r e a t e r  1 

. 

An a l t e r n a t i v e  would b e  to  assume t h a t  the  calcium remained i n  contact  with the  
l i g n i t e  phase and exer ted  a small s e l e c t i v e  e f f e c t  on t h e  material which tended 
t o  remain i n  the vacuum res idue .  
material d a t a  point  t o  t h e  line by a r b i t r a r i l y  ass igning a r e l a t i v e  w e i g h t  of 
about 0.3 times t h e  number of millimoles of calcium i n  each sample and adding 
these values t o  t h e  t o t a l  millimoles o f  sodium, potassium, and i r o n  charged. This 
moves a l l  points  outward and produces some change i n  the  curve shape. The i n i t i a l  
po in ts  a r e  near ly  linear on such a p l o t .  

Another aspect  of  t h e  r e a c t i o n  can be s tudied  by observing t h e  composition of the 
gas which is vented a t  the  end of  the reac t ion .  The o r i g i n a l  gas charge w a s  
10.545 moles of carbon monoxide. 
r e a c t s  with the l i g n i t e  and the  so lvent  and p a r t  remains unreacted i n  t h e  gas 
phase. Carbon dioxide is  formed i n  t h i s  reac t ion  and may a l s o  be formed by 
decarboxylation reac t ions  as a r e s u l t  of h e a t i n g  the  l i g n i t e .  Some unreacted 
carbon mnoxide remains. Table VI1 gives t h e  d a t a  f o r  vent gas composition ae 
a function of the sum of sodium, potassium, and i ron .  

It i s  poss ib le  to  move t h e  calcium exchanged 

4' 
The reac t ion  generates  hydrogen. Par t  of t h i s  

A graphical  presenta t ion  of 



79 

Q 

5 
5 
I 

0 

E 
C E 
P 
L 

c 
I 

e 
c 

< 

E 
l 

i 
U 

E 
P 
P 
E 
E > 

5 

z C 

E 

c 

-4 

m m 

0 
m m 

m 03 
m 

03 
03 m 

h 

m 

m 
03 m 

N 
03 
m 

0 
03 m 

m 
h 
m 

03 
h 
m 

h 
h 
m 

x 
m 

m h 

m 

m 
h 
m 

0 
W 0 

h 

m m 

z 

2 

m m  

4 m  

w m  m . m  
d m  m w m  
h3  m - l u  
I P i  0 - m  

rn 

m m  

m m o -  
. I  . . .  

\-I I o m q  

. I I ? ?  

I -  

O 
4 1  l u m  

I I  

N m m h w  
m o m m m  u m m  03 

. . . . .  

u p I I .  m 
u I I I U  
d I  I I - l  

d 
H 

m 
&I 

n 
U 

rl 
0 
m 

a 
d 

4 

fi 

N 

0 

03 
N 

0 

? 

m 

0 
P 

h 
m 
0 

P- 

O 

e 

2 
0 

0 

m m 
0 

,i? 
0 

03 
h 

0 
U h  m m w w  
-uuh  
o w w o  
a h  
- 4 9 o m  
03ueh 

o w w o  
m m  h - l w w  

o w w o  
N N  

. . . .  

. . . .  

'1??": 

" 7 " :  
m m - t w  

o w w o  
e 
d 4 - 4 U  
m m + w  . . .  
A w w o  



t h e  daca is given as Figure 9. 

TABLE VI1 

MOLES CARBON 
"k%Xf#" M3NOXIDE RUN Nor igtgE Na-%% VENTED HYDROGEN - MILES MOLES 

378 7 1-1 60 e 1 11.46 3.01 4,20 4.25 
379 71-5 31.8 11.04 1.53 4.03 5.47 
380 71-6 19.0 9.67 1.01 2.23 6.42 
3 82 7 1-3 93.5 12.74 3.78 6.15 2.80 
383 71-2 40.9 13.53 2.52 4.80 6.15 
387 71-1 60.1 11.96 2.40 5 .OO 4.35 
388 7 1-6 19.0 10*35 0.63 2.88 6.53 
3 89 7 1-7 16.6 10.06 0.275 2 "40 7.38 
39 0 71-1 HC1 5.0 10.06 0 -  168 1.56 8.21 
39 1 71-1 Ca 10,3 10.16 0.222 2.03 7.85 

When coal is dissolved fn  a so lven t  system of t h i s  k ind ,  a complex product d i s t r i b u t i o n  
i s  formed. As the  organic  matter i n  t h e  coa l  is  r eac t ed  it tends t o  l o s e  oxygen and 
s u l f u r  with t h e  formation o f  water ,  carbon d ioxide ,  and hydrogen s u l f i d e .  As t h e  
organic  phase becomes hydrogenated i t  d i s so lves  i n  t h e  so lvent  and b o t h  so lvent  
and coal derived material break  down i n t o  smaller and m r e  hydrogen r i ch  m l e c u l e s  
i f  conditfons are favorable ,  A t  t h e  temperatures which p r e v a i l ,  many thermal bond 
ruptures  are produced and repolymerization may produce h igher  molecular weight 
produccs i f  t h e  f r e e  r a d i c a l s  formed are not  e f f i c i e n t l y  terminated. 
e f f e c t  of these competing r eac t ions  can be a l t e r e d  by changing process conditions.  
The product d i s t r i b u t i o n ,  (hydrocarbon gas ,  l i g h t  l i q u i d s ,  so lvent  range l i q u i d s ,  
heavy o i l s ,  vacuum d i s c i l l a t f o n  r e s idue ,  unreacted organic  mat te r ,  and minera ls ) ,  
m u s t  be  def ined  i n  d e t a i l  t o  ob ta in  a complete desc r ip t ion  of t h e  chemical changes 
which occurc  
involve much d e t a i l  and t end  t o  e lude  simple expos i t ion .  

One kind of experimental product can b e  eva lua ted  by f a i r l y  d i r e c t  and simple methods. 
The r eac t ion  can be  run on lfgnfte without t h e  use of so lvent  and t h e  conversion can 
be  measured d i r e c t l y  by observ ing  t h e  s o l u b i l f t y  o f  t h e  reac t ion  product i n  appro- 
p r i a t e  so lvents .  Benzene i s  conventional f o r  t h i s  purpose, bu t  it is usual t h a t  
t h e  res idue  from such e x t r a c t i o n s  w i l l  s t i l l  be  f u r t h e r  a t tacked  by o the r  so lvents  
such as acetone o r  pyr id ine .  
j u s t i f i c a t i o n  for use of any p a r t i c u l a r  so lvent  depends on a co r re l a t ion  with some 
proposed sepa ra t ion  process  or p o t e n t i a l  end use app l i ca t ion .  Pyridine s o l u b i l i t y  
c o r r e l a t e s  w e l l  w i th  product s o l u b i l i t y  i n  ho t  anthracene o i l .  
t hese  samples have been run  i n  the  non so lven t  system. 
Table VIII. 

The net  

Meaningful d i scuss ions  o f  conversion and y i e l d  m u s t  o f  necess i ty  
/ 

Such conversion da ta  is a r b i t r a r y  in  na ture  and the  

Only th ree  of 
The r e s u l t s  are found in 

f 
Again i t  is observed t h a t  the conversion increases  a s  t h e  t o t a l  sodium, potassium, ( I  

and iron content o f  t he  r e a c t o r  charge increases .  
t h e  r e s u l t  f o r  Run 385, us ing  71-3, is again  low compared t o  t h e  t rend  of o the r  
da ta .  
i n  t h i s  l i g n i t e  is mre d i f f i c u l t  t o  convert. The so lvent  phase run i n  contact 
with t h i s  lignite i n  Run 382 seems to have gained a normal amount of  hydrogen. 
This kind of a problem may b e  an ind ica t ion  of t h e  risks involved i n  attempting 

(See Runs 384 and 386.) However, 

1 
(See also Run 382. ) The cause is unknown, bu t  perhaps the organic matter 
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c lose  comparisons using differenr:  coa l s  as source  marer ia l s .  
p roper t fes  of l i g n i t e  should allow f a c i l e  add i t ion  o f  con t ro l l ed  amounts of 
metallic ions to  produce macerials i n  which t h e  organic  phase would b e  s t r i c t ly  
comparable. Such materials could become t h e  b a s i s  for q u i t e  s o p h i s t i c a t e d  
c a t a l y s i s  and reac t ion  rate s tud ie s .  

The ion  exchange 

TABLE VI11 

NON SOLVENT RUN YIELDS 

RUN NO. LIGNITE TOTAL MILLIMILES PRODUCT YIELD - PERCENT OF MAF COAL 
UND SAMPLE Na+K+Fe Vo 1 a c i  le  Benzene Pyr id ine  

Matter Ext rac tab le  Ext rac tab le  

384 71-6 19.0 
385 71-3 93-5 
386 71-1 60.1 

24.8 42,O 50.0 
38.2 57.7 64.1 
42.9 66.4 67.8 

111. SUMMARY AND CONCLUSIONS 

\\ 

\\ 
The information presented in  t h i s  paper is rhe r e s u l t  of a number of explora tory  
experiments designed t o  reconfirm o r  amplify d e t a i l  f o r  a number o f  e f f e c t s  reported 
in  the  l i t e r a t u r e .  
u se fu l  i n  eva lua t ing  t h e  e f f e c t  of c a t a l y s t s ,  and process va r i ab le s ,  on the  r eac t ions  
o f  coal and assoc ia ted  so lvent  or l i qu id ,phases .  
work has been s t r e s sed .  

The secondary ob jec t ive  has been to  add techniques which may be  
, I  

For t h i s  reason some of the ana ly t i ca l  

, The c a t a l y t i c  p rope r t i e s  of i ron ,  and FeS i n  p a r t i c u l a r ,  f o r  hydrogenation o f  coal a r e  
e s t ab l i shed  beyond question in the  l i t e r a t u r e .  
r eac to r  o u t l i n e s  a r a t h e r  d i f f e r e n t  way t o  show t h i s  a f f e c t  and a l s o  i l l u s t r a t e s  the 
u t i l i t y  o f  an instrumental  method which is s e n s i t i v e  and q u i t e  rapid. It h a s  been 
e s t ab l i shed  t h a t  the hydrogen t r a n s f e r  capac i ty  of t h e  anthracene o i l -der ived  so lvent  
changes i n  response t o  process var iab les .  (It may gain o r  l o s e  hydrogen depending 
on cond i t ions - )  
t r a n s f e r  e f f e c t s  are important but rehydrogenation of so lvent  appears t o  depend on 
c a t a l y s i s  by t h e  coa l  minerals. 

The reac t ion  of carbon monoxide and water a l s o  depends on catalysis. This reagent 
system f a i l e d  to  r eac t  with anthracene oil u n t i l  sodium bicarbonate was introduced. 
The a l k a l i  content of l i g n i t e  appears t o  be the  main source of  a c t i v i t y  i n  t h i s  coa l .  
Most lignites do concdn  some i r o n  which con t r ibu te s  t o  the o v e r a l l  e f f e c t .  L ign i t e s  
copta in  some potassium but genera l ly  the  amun t  is too small t o  be  usefu l .  The o the r  
e x t r a c t a b l e  ion  generally present  is  calcium. Its probable loca t ion  as a counter i on  
t o  polymeric ac id  functions sugges ts  t ha r  it may a l s o  become c a t a l y t i c a l l y  a c t i v e  as 
t h e  lignite is decomposed. 
o rde r  o f  a c t i v i t y  f o r  calcium seem probable. 

The hydrogenation e f f e c t s  may be followed by observing so lvent  o r  vacuum bottoms 
compositions. 
is a l s o  obtainable.  
d i s t r i b u t i o n  and y i e l d  o f  l i q u i d  and vacuum d i s t i l l a t i o n  products although such 
d e t a i l  has not  been presented  here. 

The experiment done wi th  t h e  continuous 

\ 

When t h i s  material is used as a so lvent  f o r  coal, the hydrogen 

~ 

These experiments have not  been conclus ive ,  bu t  a lower 

Corre la t ing  conversion da ta  based on composition o f  gaseous products 
These changes can a l s o  be shown by observation of t h e  de t a i l ed  

~ 

, 



82 

It seems probable that the ion exchange properties o f  lignite could be  util ized to  
prepare carefully controlled materials for reactivity s t u d i e s .  
could be used  in the autoclave or in  the continuous reactor to  develop quantitative 
relationships for the elements o f  interest.  

These .materials 
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DEVEL0PPlE:iT fiF CATALYSTS FOR TtIE tiYDR0CRACKI;IG OF 
POLYYUCLEAR AROMATIC HYDROCARBONS 

S. A. Qader and G.  R. Hill  
Department of Mining, Metallurgical and Fuels Engineering 

University of Utah 
S a l t  Lake City, Utah 84112 

INTRODUCTION 

Hydrocracking reactions of polynuclear aromatic hydrocarbons and 
heterocycli c compounds proceed essenti  a1 ly  t h r o u g h  a multi -step mechanism 
of hydrogenation, isonierization , cracking and rehydrogenati on i n  t ha t  
order . 
and cracking ac t iv i t i e s  will  thus be the most su i tab le  catalysts f o r  
reactions of t h i s  type. Cracking ca ta lys t s  like the silica-aluminas and 
molecular sieves and hydrogenation ca ta lys t s  l i ke  meta l l ic  platinum, 
palladitmynickel and oxides and su l f ides  of cobalt ,  molybdenum, nickel 
and tungsten were used i n  su i t ab le  combinations i n  the preparation of 
multi-functional ca ta lys t s  used i n  the indus t r ia l  processing of petroleum 
feed stocks (1-3). The indus t r ia l  ca ta lys t s  may not be quite su i tab le  
f o r  use in the processing of highly aromatic feed stocks l ike  the coal 
o i l s  and t h e i r  ac t iv i t i e s  and  s e l e c t i v i t i e s  may have t o  be modified t o  
make them su i tab le  f o r  use. Not much work was published i n  the open 
l i t e r a tu re  on the a c t i v i t i e s  and- se l ec t iv i t i e s  of d i f fe ren t  catalysts 
i n  the hydrocracking of polynuclear aromatic hydrocarbons. F l i n  e t  a1 
(4 )  and Sullivan e t  a1 (5)  studied the hydrocracking of d i f fe ren t  aromatic 
hydrocarbons over ca ta lys t s  containing nickel su l f ide  on silica-alumina 
i n  flow sys tem.  The principal reactions occured during hydrocracking 
were found t o  be hydrogenation, cracking, isomerization, alkylation 
and paring. Qader and Hi l l  (6 )  l a t e r  reported product d i s t r ibu t ions  
obtained in the hydrocracking of naphthalene and anthracene over dual 
functional ca ta lys t s  containing oxides of cobalt ,  molybdenum, nickel 
and silica-alumina. 
kinetics and mechanisms of hydrocracking of naphthalene, anthracene and 
pyrene are reported. The a c t i v i t i e s  and s e l e c t i v i t i e s  of oxides and 
su l f ides  of cobalt, molybdenum, nickel and tungsten and d i f fe ren t  cracking 
ca ta lys t s  are a l so  discussed. 

EXPERIMENTAL 

Pure grade hydrocarbons and catalysts were used. The ca ta lys t s  
contained 20 and 80 per cent by weight of hydrogenation and cracking 
ca ta lys t s  respectively. The hydrocracking work was done i n  a s t i r r e d  
tank reactor of 300 C.C.  capacity. Experiments were done w i t h  10 gm 
of the  hydrocarbon and 2.5 gm. of the ca ta lys t s  i n  the temperature 
range of 450' - 501)OC and pressure o f  500 - 1250 psi .  

RESULTS AND DISCUSSION 

Mu 1 t i  - f u n  c t  i on a1 ca t  a 1 y s t s  con t a i  n i ng hydrogen a t  i on, i s om ri z a t  i on 

In the present communication, the  data on the 

Coal o i l s  contain large quant i t ies  of polynuclear aromatic hydro- 
carbons and heterocyclic compounds. An understanding o f  the conversion 
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of polynuclear structures t o  Smaller molecules will help i n  developing 
e f f i c i en t  processes fo r  the Conversion of coal o i l s .  Hydrocracking i s  
a versa t i le  mthod fo r  the conversion of higher aroniatics t o  lower 
Ones and catalysts containing hydrogenation and cracking ac t iv i t i e s  will  
be the  most suitable f o r  t h i s  reactlon. In t h i s  work, Naphthelene was 
hydrocracked over ca ta lys t s  Containing prereduced oxides and sulfides 
of Mo, ;ii, Co and W and silica-alumina. The product distributions 
obtained w i t h  the oxide catalysts are given in Tables I and 11: 
principal products of naphthalene hydrocracking are Tetra1 in ,  indanes, 
ethylbenzene, toluene and benzene (Table I ) .  A t  higher conversion 
levels (Table 11), butyl benzenes and compounds boiling higher than 
naphthalene were a l so  formed. 
mainly alkyl naphthalenes and Tetralins. Similar product distributions 
were obtained when naphthalene was hydrocracked over sulfide catalysts 
as shown in Tables I11 and IV. The data show t h a t  the oxide and 
su l f ide  catalysts a f f e c t  the hydrocracking reaction in a similar way. 
The product d i s t r ibu t ion  data obtained w i t h  different cracking catalysts 
and molybdenum oxide a r e  given in Table V. 
catalysts have d i f f e ren t  ac t iv i t i e s  but y ie ld  s imi la r  products. 
therefore, evident t ha t  the hydrocracking pattern of naphthalene remains 
same irrespective of the ca ta lys t  used. The ca ta lys t s ,  however, vary i n  
t h e i r  ac t iv i t ies  and s e l ec t iv i t i e s .  
naphthalene hydrocracking suggest a three s tep  reaction mechanism as 
shown i n  Figure 1. In the f i r s t  s t ep ,  naphthalene gets hydrogenated 
t o  Tetralin which then gets isomerized i n  a second step t o  methylindan. 
Methylindan will then crack i n  a t h i rd  s t ep  to  indan and alkylbenzenes. 
The indan further cracks t o  alkylbenzenes. The  analysis o f  the gaseous 
products given i n  T a b l e  VI a l so  supports the mechanism given in Figure 
1. A similar mechanism was e a r l i e r  proposed by Qader e t  a1 ( 7 )  i n  the 
hydrocracking of naphthalene over a H-mordenite ca ta lys t .  The kinetics 
of each individual s t e p  o f  the naphthalene hydrocracking reaction were 
evaluated in the temperature range of 450' - 5OOOC a t  a constant hydrogen 
pressure o f  1000 psi. 
w i t h  respect t o  the concentration o f  naphthalene and the activation 
energies were calculated from plots of Arrhenius equation. The ra te  
constants of the hydrogenation, isomerization and cracking reactions 
were found t o  be consistent w i t h  equations 1 - 3. 

The 

The higher compounds were found t o  be 

The data show tha t  the 
I t  i s ,  

The product distribution data of 

All the s teps  were found t o  be f i r s t  order reactions 

(1) kHydrogenation: 1 x 10 e -8,600/RT min.-l 

( 2 )  kIsomerization: 1 x 10 1.6 e -18,47O/RT min-l 

(3) kcrack i ng: 1 x 10 3.8,-28,1OO/RT min-l 

The activation energies indicate tha t  hydrogenation i s  controlled by 
both physical and chemical processes , isomerization and cracking 
mainly by chemical reaction. The e f f e c t  of hydrogen pressure on the 
first order ra te  constants i s  shwn i n  Figure 2. The r a t e  constants 
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increased almost l i nea r ly  w i t h  pressure. 
constant increased re la t ive ly  more when compared t o  the isomerization 
r a t e  constant which increased more than the cracking constant. The 
data ind ica te  tha t  the overall order of the reaction i s  m r e  than 
one, being grea te r  t h a n  zero w i t h  respect t o  hydrogen concentration 
and the rates are influenced t o  d i f fe ren t  degrees by physical and 
chemical processes. 

The hydrogenation r a t e  

The product d i s t r ibu t ions  o f  anthracene hydrocracking are given 
i n  Tables VII-IX. 
hydroanthracene isomers containing 5 member saturated rings of the 
acenaphthene type, naphthalenes , Tetralins and alkylbenzenes. Some 
conipounds h i g h e r  than anthracene were a l so  formed. 
pattern was found t o  be the  same i r respec t ive  of the ca ta lys t  type 
used. ' The hydrocracking r a t e ,  however, varied w i t h  the ca ta lys t  type. 

The product d i s t r ibu t ion  data suggest a multi-step reaction mechanism 
occuring i n  the hydrocracking of anthracene as shown i n  Figure 1 .  

The main products obtained were hydrogenated anthracenes , 

The hydrocracking 
-\ 

The principal reactions occuring during anthracene hydrocracking 
are  hydrogenation, ske l e t a l  isomerization and cracking. The hydrogenation 
of anthracene was e a r l i e r  reported (8) to  take place i n  a stepwise manner 
forming d i - ,  t e t r a -  and octahydroanthracenes i n  t ha t  order. B u t  a t  h i g h  
temperatures, the  dihydroanthracene did not form t o  any s ign i f i can t  
extent.  Under the conditions (450" - 500°C) used i n  t h i s  work, dihydro- 
anthracene d i d  not appear i n  the product t o  any s ign i f i can t  extent.  
No isomerization of the hydroanthracenes t o  acenaphthene type s t ruc tures  
was reported i n  the above work (8).  However, Sullivan e t  a1 (5) reported 
the  forniati on of isomeric hydrophenanthrenes containing 5-member saturated 
rings i n  the hydrocracking o f  phenanthrene. In this work, the isomeric 
hydroanthracenes containing 5-menher saturated rings were formed as shown 
i n  Figure 1. Though compounds containing one 5-member ring are shown 
i n  the mechanism, i t  i s  possible t h a t  compounds containing two 5menher 
rings might form from octahydroantihracene. The naphthalenes and Tet ra l i  nes 
will undergo hydrocracking according to  the mechanism shown i n  Figure 1. 
The kinetics of the overall hydrogenation and cracking s teps  of the 
anthracene hydrocracking reaction were evaluated i n  the temperature range 
of 450" - 5OOOC a t  a constant pressure of  1000 psi. Both the  steps were 
found t o  be f i rs t  order reactions w i t h  respect t o  the concentration o f  
anthracene and the ac t iva t ion  energies were calculated from p l o t s  of 
Arrhenius equation. 
equations 4 and 5 i n  the temperature range 450" - 500°C. 

' 

The r a t e  constants were found t o  be represented by 

kHydrogenation: 1 x e-llyloo'RT min-l  (4) 

kCracki ng: (5) 1 1o0.2 ,-16,20O/RT ,,,in-l 

The activation energies indicate tha t  hydrogenation and cracking are  
mainly controlled by chemical processes. The e f f ec t  of hydrogen pressure 
on the f i r s t  order r a t e  constants i s  shown i n  Figure 3. The r a t e  constants 
increased l inear ly  w i t h  pressure. The r e l a t ive  increase i n  the  r a t e  
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constants was large i n  case of hydrogenation when compared t o  cracking. 
The data indicate t h a t  t he  reactions are controlled by chemical processes 
t o  d i f fe ren t  degrees The niechanism of anthracene hydrocracking remained 
same irrespective of the ca t a lys t  used. 
cracking varied w i t h  the ca ta lys t  type. 
t h a t  cobalt su l f ide  i s  t h e  most active hydrogenation ca ta lys t  followed 
by tungsten su l f ide ,  nickel su l f ide  and molybdenum sul f ide  i n  t ha t  order. 
The hydrocracking a c t i v i t i e s  a l so  decreased i n  the same order thou?!] 
the same cracking ca t a lys t  i s  used. 
\vi t h  hydrogenation probably due t o  the increased formation of hydroanthracenes. 
It, therefore,  appears that  a more active hydrogenation ca ta lys t  also 
enhances cracking reactions indirectly.  The hydrogenation and cracking 
r a t e  constants of anthracene a l so  varied w i t h  the type of cracking ca ta lys t  
used as shown i n  Table XI. The low alumina catalyst  exhibited higher 
cracking ac t iv i ty .  The hydrogenation r a t e  constant was also h i g h  i n  
case of the lav alumina ca ta lys t  though the same hydrogenation catalyst  
is used i n  both the cases. Th i s  indicates tha t  cracking increases hydro- 
genati on indirectly . 

The product d i s t r ibu t ion  data of pyrene hydrocracking (Table XI1 
and XIII) indicate t h a t  the  oxide and su l f ide  catalysts yield s imi la r  
product distributions.  
a multi-step mechanism of hydrogenation, isomerization and cracking. 
The pyrene gets converted to  phenanthrenes through a two step mechanism 
of hydrogenation and cracking. 
verted to naphthalenes which i n  t u r n  ge t  converted t o  alkylbenzenes. The 
principal steps involved i n  the conversion of pyrene t o  benzenes are 
shown i n  Figure 1. 
order kinetics and the f i r s t  order r a t e  constants were found t o  be 
represented by equations 6 and 7: 

However, the  rates of hydro- 
The data given i n  Table X show 

This indicates that  cracking increases 

The hydrocracking reaction proceeds t h r o u g h  

Then the phenanthrenes formed get con- 

T h e  pyrene hydrocracking data were evaluated by f i rs t  

kHydrogenation: 1 x e-7s100/RT min-’ (6) 

( 7 )  

The activation energies ind ica te  that hydrogenation i s  controlled by 
both physical and chemical processes and cracking by chemical reaction. 

vary due to differences i n  their chemical ,physical and e lec t ronic  
properties.  
i n  Table XIV ind ica te  t h a t  anthracene is the most reactive hydrocarbon 
and naphthalene the l e a s t  reactive.  

The r eac t iv i t i e s  of the d i f fe ren t  polynuclear aromatic hydrocarbons 

The f i r s t  order r a t e  constants of the hydrocarbons given 
. 
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TABLE I .  NAPHTHALENE HYDROCRACKING 

Cracking Catalyst: Silica-(High) Alumina 

Hydrogenation Catalyst: Mo O3 N10 Co 0 W03 

Liquid P r o d u c t  Analysis, Mole % 

Benzene 
Toluene 
Ethyl benzene 
Xylenes 
Propyl benzenes 
Decal i ns 
Butyl benzenes 
Indan 
I4ethyl Indan 
Tetra1 i n 
Naphthalene 
Higher Compounds 

0.75 
0.75 
0.5 - 
- 

Traces 
1.6 
3.42 
5.02 

87.93 
Traces 

0.69 
1.39 
Trace - - - - 
0.5 
2.28 
2.78 

90.59 
1.74 

0.97 
1.30 
0.65 

- 
1.2 
3.68 
4.88 

84.69 
2.6 

Trace 
Trace 
0.27 

Traces 
1.09 
3.0 
2.73 

92.89 - 

TABLE 11. NAPHTHALENE HYDROCRACKICiG 

Cracking Catalyst: Silica-(High) Alumina 

Hydrogenation Catalyst : Mo O3 N10 Co 0 W03 

Liquid Product Analysis, Mole % 

Benzene 
To1 uene 
Ethyl benzene 
Xy 1 enes 
Propyl benzenes 
Decali ns 
B u  ty  1 benzenes 
Indan 
Methyl Indan 
Te t r a l  i n 
Naphthalene 
Higher Compounds 

0.63 
1.19 
2.54 

0.63 
Trace 
5.09 
3.45 
6.1 

35.66 
38.85 
5.09 

- 
1.7 0.37 
3.1 0.79 
5.5 3.47 

0.56 Trace 
0.9 Trace 
4.9 4.17 
4.0 2.46 

- - 

5.11 4.0 
27.9 37.26 
41.37 41.25 
4.9 5.98 

0.47 
1.25 
0.78 

Trace 
Trace 
1.41 
1.72 
3.0 

22.04 
60.62 

8.66 

- 
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TABLE 111. NAPHTHALENE HYDROCRACKING 

Cracking Catalyst: S i l i ca - (  High)  A1 umina 

Hydrogenati on Catalyst: MoS2 N1S Cos ws2 - 

Liquid Product Analysis, Mole % 

Benzene 
Toluene 
Ethyl Benzene 
Xylenes 
Propyl benzenes 
Cecal ins 
6 utyl benzenes 
Indan 
Methyl Indan 
Te t ra l  i n 
riaphthal ene 
Higher Compounds 

3.8 
3.04 
1.90 

- 
- 

Trace 
2.74 
6 .O 

74.14 
a. 36 

Traces 

1.49 Trace 
1.49 Trace 
1.49 Trace 

- - 
Trace - 
1.30 1.5 
3.17 2.94 
4.47 3.11 

85.56 92.44 
Traces Traces 

1.34 
1.67 
0.67 - - -  - 
Trace 
1.70 
5.01 
6.71 

4.02 
81 .a5 

TABLE IV. NAPHTHALENE HYDROCRACKING 

Cracking Catalyst: Silica-(High) Alumina 

Hydrogenation Catalyst M0S2 

L i q u i d  Product Analysis, Mole % 

Benzene 
Toluene 
Ethylbenzene 
Xy 1 e nes 
Propy lbenzenes 
Decalins 
B uty 1 benzenes 
Indan 
Methyl Indan 
Te t ra l  in  
Naphtha1 ene 
Higher Compounds 

0.16 
0.48 
0.8 - - - 
1.61. 
0.8 
1.61 

28.98 

3.7 
61.85 

N1S Cos 

0.44 Trace 
1.17 0.52 
0.88 0.87 - - 

- - - - 
2.2 1.05 
2.1 1.02 
6.0 1.6 

25.32 21.89 
55.22 66.9 
6.62 6.12 

ws2 

Trace 
0.47 
0.94 - - - 
2.36 
1.30 
2.17 

29.69 
58.45 
4.58 
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TABLE V. NAPHTHALENE HYDROCRACKING 

Hydrogenation Catalyst: Reduced Mo O3 

Cracking Catalyst: Sio2-(Hi  gh) A1203 Sio2-(Low) A1203 XZ-36 H-Zeolon 

Liquid Product Analysis, Mole % 

Benzene 
Toluene 
Ethylbenzene 
Xylenes 
Propyl benzenes 
Deca 1 i ns 
Butylbenzene 
I ndan 
Methyl Indan 
Tet r a l i  n 
Naphthalene 
Higher Compounds 

0.66 
3.34 
3.78 - 

- 
- 

4.45 
1.58 
5.10 

34.52 
44.54 

2.0 

6.15 
6.15 
5.64 

Traces 
Traces 

4.61 
6.23 

12.23 
17.94 
35.68 

5.33 

- 

TABLE VI. NAPHTHALENE HYDROCRACKING 

PRODUCT NUMBER: 1 2 3 4  

Analysis, Vol. % 

Methane Ni'l Trace 6.2 13.6 
Ethane Trace 4.25 15.6 16.6 
Propane 100 95.75 78.1 62.5 
Butane Trace Trace Trace 8.3 

8.86 
6.66 
3.33 - 

- 
- 

2.22 
7.32 
9.34 

20.00 
33.33 

8.88 

11.94 
5.11 
2.73 - - 
- 

1.7 
3.41 

13.65 
23.89 
32.42 

5.11 

J 
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TABLE VII. ANTHRACENE HYDROCRACKING 

Cracking Catalyst: Si 1 i ca- ( H i  gh ) A1 umi na 

Hydrogenation Catalyst: rdo o3 1110 co o 
Composition of Liquid Product, Mole % 

An tli racene 
Tetrahydroanth racene 
Octahydroanth racene 
Hydroanth racene isomers 
Naph t h  a1 enes 
Benzenes 

4.46 5.57 5.9 
20.6 25.80 19.5 
13.9 8.62 8.2 
3.2 2.80 3.27 

41.95 43.14 '  44.1 
13.50 13.20 18.5 

TABLE VIII. ANTHRACENE HYDROCRACKING 

Cracking Catalyst: S i  lica-(High) Alumina 

Hydrogenation Catalyst: Mo s2 NlS cos ws2 
Composition of L i q u i d  Product, Mole % 

Higher Boiling Compounds 3.69 5.15 6.66 2.51 

Antli racene 32.28 23.71 20.0 22.61 
Tetrahydroanth racene 6.45 4.63 2.85 5.40 
Octahydroanthracene 13.83 15.86 14.27 14.56 
Hydroanth racene Is ome rs 1.10 2.87 3.80 5.01 
Naphthalenes 37.24 40.17 43.21 41.04 
Benzenes 4.54 7.52 9.13 8.77 

(Unidentified) 
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TABLE IX. ANTHRACENE HYDROCRACKING 

Hydrogenation Catalyst: MoS2 

Cracking Catalyst: 

Composition o f  Liquid Product, Mole % 

High 3 o i  l ing Components 
( u n i  denti f i  ed)  

Anthracene 
Tetrahy droanth racene 
Octahydroanth racene 
Hydroanth racene i s o ~ r s  
Haph tha l  enes 
Benzenes 

S i  lica-(High) S i  lica-(Low) 
Alumina A1 umi na 

3.69 6.11 

32.28 22.77 
6.45 3.88 

13.83 16.66 
1.10 6.32 

37 * 24 35.42 
5.34 8.76 

H- Ze 01 on 

0.85 

19.17, 
21.92 
27.50 
9.1 

16.30 
5.05 

I 

TABLE X. RATE CONSTANTS OF ANTHRACENE 

Temp: 453°C Press: 1000 psi 
Cracking Catalyst: Si lica-(High) Alumina 

Hydrogenation Catalyst  kHydrogenation x 10 4 kHydrocracking x 10 4 

cos 
M o S ~  
N1S 
\.IS2 

650 
510 
590 
600 

268 
136 
206 
263 
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TAELE XI. RATE CCNSTANTS OF ANTHRACENE 

Temp: 475"C, Press: 1000 psi 

Hydrogenation Catalyst: MoS2 

kHydrogenation x 10 4 

SS lica-(High) Alumina 510 

Si  1 i ca- (Lav) Alumi na 610 

TABLE XI I .  PY RENE HYDROCRACKING 
I 

j \.* Hydrogenation Catalyst: Mo O3 

Liquid Product Composition, Mole % 

Hydropyrenes 21.09 
Phenanthrenes 3.12 
Hydro Phenanthwnes N i  1 
Hydrophenanthrene I somrs  7.03 

* Naphthalenes 1.56 , Benzenes X i  1 

Pyrene 67.18 

kHydrocracking x 10 4 

136 

208 

N10 coo wo3. 

73.72 83.27 71.64 
16.94 13.50 15.5 
1.69 1.35 3.86 
Ni 1 Ni 1 5.97 
4.14 1.5 N i  1 
3.29 0.37 2.97 
0.16 Ni 1 Ni 1 

\ 
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Figure 2. Effect of hydrogen pressure on rate constant 
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Figure 3. Effect of pressure on rate constant 
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FUTURE CATALYTIC REQUIREMENTS FOR SYNTHETIC ENERGY FUELS 

G. Alex M i l l s  

Bureau o f  Mines 
U.S. Department of the I n t e r i o r  

Washington, D. C. 20240 

ENERGY FUEL NEEDS 

Until  recent ly ,  any d iscuss ion  of energy f u e l  requirements would have fea tured  such 
t o p i c s  a s  higher octane f o r  gasoline,  lower c o s t  f u e l s  f o r  genera t ion  of e l e c t r i c i t y ,  
and incent ives  f o r  increas ing  f u e l  consumption. Now, dominant i s sues  a r e  pro tec t ion  
of t h e  environment, provision of f u e l s  secure  wi th in  our  na t iona l  borders,  and more 1 

e f f i c i e n t  use of fue l s .  These new i s sues  have been d i c t a t e d  by the r e a l i z a t i o n  t h a t  
t h e  growth of energy u t i l i z a t i o n  i n  t h e  United S t a t e s  is so g rea t  as t o  exceed our 
c a p a b i l i t y  t o  produce t h e  pro jec ted  needs of o i l  and gas ,  t h e  b e l i e f  t h a t  increasing 
importation i s  reaching a l eve l  unacceptable from t h e  viewpoints o f  both na t iona l  
s e c u r i t y  and balance of t r ade ,  and t h e  growing determination t o  prevent po l lu t ion  
even a t  r e l a t i v e l y  high cos t .  

O i l  and gas now supply 75 percent of energy needs i n  t h e  United States, whereas coa l  
suppl ies  only 20 percent.  Our energy resources  are about t h e  r eve r se ,  c o a l  repre-  
sen t ing  about 75 percent of t h e  cu r ren t ly  used f o s s i l  f u e l  resources.  Addi t iona l ly ,  
l a r g e  suppl ies  of o i l  sha le  ex i s t .  

The s o l u t i o n  t o  these problems, a t  least f o r  many decades, i s  the la rge-sca le  manu- 
f a c t u r e  of syn the t i c  f u e l s  t h a t  are c lean  burning, toge ther  wi th  more e f f i c i e n t  f u e l s  
u t i z i z a t i o n  i n  generating e l e c t r i c i t x  using systems such a s  advanced power cyc les  o r  
magnetohydrodynamics. 

Recent pro jec t ions  by t h e  Bureau of Mines a n t i c i p a t e  a 3.5 percent annual increase  
i n  demand f o r  energy. Hence, our energy needs w i l l  double in  t h e  next  15 years ,  and 
a r e  expected t o  t r i p l e  by the end of the century.  I n  1970, 
69 quadr i l l i on  Btu's were used i n  t h e  U.S. I n  p r a c t i c a l  terms t h i s  i s  equiva len t  t o  
consumption f o r  every person, every day, o f  50 pounds o f  f o s s i l  f u e l s ,  namely, 22 of 
o i l ,  14 of coa l ,  and 14 of gas. By t h e  end o f  t h e  century,  coal, o i l ,  and gas needs 
are each projected t o  double. Nuclear power generation, while growing r ap id ly ,  w i l l  
then s t i l l  supply only one-fourth of energy needs. 

The fu tu re  supply of f u e l s  must a l s o  take i n t o  account various consumer groups o r  use 
s e c t o r s  of energy (2). The four sec to r s  home and commercial, i n d u s t r i a l ,  t ranspor ta -  
t i on ,  and generation of e l e c t r i c i t y  (Table 11) now are f a i r l y  evenly divided. Each 
is  expected t o  grow, although f u e l s  f o r  genera t ing  e l e c t r i c i t y ,  inc luding  nuc lear ,  
w i l l  assume a much l a r g e r  r e l a t i v e  importance, being twice any of t h e  o the r  s ec to r s  
by t h e  year 2000. Each of t h e  energy uses has s p e c i a l  requirements which are 
r e f l e c t e d  i n  d i f f e r e n t  f u e l s  c h a r a c t e r i s t i c s .  For tuna te ly ,  syn the t i c  f u e l s  can pro- 
v ide  f o r  each of t h e  energy use s e c t o r s  a s  summarized below: 

(Figure I and Table I). 

I. Home, commercial, some indus t r i a l :  
High-Btu gas 
( e s s e n t i a l l y  methane, 1000 Btu/Ft3) 

11. Generation of e l e c t r i c i t y ,  some i n d u s t r i a l :  
( a )  Low-sulfur, low-ash o i l  
(b) Low-Btu gas  

( C H q ,  %, CO mixture, w i t h  o r  without N 2 ,  
150-400 Btu/Ft3) 
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U.S. DEMANDS - QUADRILLION Btu 

Petroleum 

Natural Gas 

Coal 

Hydro power 

Nuclear 

TOTAL 

1970 1975 1985 2000 

30 36 47 66 

23 29 39 51 

14 16 22 26 

2.6 2.8 3.5 5 

0 . 2  4 .8  21  43 

68.8 89 133 192 

- - - -  

Table I - Reference, U.S .  Bureau of Mines. 



Home & C m e r c i a l  

Industrial 

Transportation 

E l e c t r i c i t y  
Generat ion 

110 

QUADRILLION BTU 

1970 

14.0 21 - 41 

20.3 32 - 59 

2000 - - 

16.5 36 - 52 
16.5 75 - 85 
67.3 165 - 239 - 

Table 11. Energy Consumption by Major Consumer Groups. 
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111. Transportation: 
(a) Gasoline 
(b) Gaseous f u e l  such as methane and/or hydrogen 

GASIFICATION OF COAL 

P ipe l ine  gas now suppl ies  one-third of our na t iona l  energy needs and i n  use i s  by f a r  
t he  f a s t e s t  growing of a l l  ou r  f o s s i l  fue ls .  
Figure 2 ,  r evea l s  t h a t  a shor tage  has a l ready  begun and the re  w i l l  be a l a r g e  d e f i c i t  

The demand/supply s i t u a t i o n ,  shown i n  

by 1985. Recently, plans have been announced by a number of companies t o  manufacture 
syn the t i c  gas from naphtha and c o a l  (4). 
process of g a s i f i c a t i o n  used i n  Europe i s  t h e  only technology proven commercially. 
There i s  a g rea t  opportunity t o  improve technology i n  modern conversion processes now 
under development, and s p e c i f i c a l l y  through t h e  use of c a t a l y s t s .  
v ide  a bas i s  f o r  t h e  r o l e  which improved c a t a l y s t s  could play, t h e  s t eps  of t he  
Bureau of Mines SYNTHANE coa l  g a s i f i c a t i o n  process (5,6,7) are shown i n  Figure  3. 
The process s t e p s  are pretreatment of t he  coa l  w i t h  oxygen ( t o  prevent caking and 
s t i ck ing ) ,  g a s i f i c a t i o n  ( r eac t ion  wi th  steam and oxygen), p u r i f i c a t i o n  (removal of 
CO2, HzS), s h i f t  (CO + H20-+H2 + C02) t o  br ing  H2/CO r a t i o  t o  3/1, and f i n a l l y  
methanation (CO + 3 H 2 + C b +  + H20). 

Insofar  as coa l  is concerned, the o l d e r  

In order  t o  pro- 

Gas i f i ca t ion  Cata lys i s  

The most des i r ab le  s i t u a t i o n  would be  t o  have t h e  r eac t ion  between coa l  and steam 
proceed as follows: But th i s  does not  happen r ap id ly  enough 
a t  lower temperatures, whi le  at h igher  temperature thermodynamic e q u i l i b r i a  a r e  
unfavorable f o r  high methane y i e lds .  Ind iv idua l  r eac t ions  important i n  g a s i f i c a t i o n  
are : 

C + 2H20 + CQ + CO2). 

(1) c + o2 4 c02 
(2) C H 2 e ,  CO + H2 
(3) C -I- 2H2+CHq 

It is endothermic r e a c t i o n  (2)  which is  too  slow. A p a r t i a l  s o l u t i o n  t o  t h i s  pro- 
blem i s  provided i n  t h e  SYNTHANE process by having t h e  s i n g l e  f l u i d  bed g a s i f i e r  
opera te  wi th  two zones. 
t u r e  r e a c t i o n  (2) occurs r e l a t i v e l y  rap id ly .  The upper zone, from which t h e  gas 
e x i t s ,  is a t  about 1400°F (76OoC), so t h a t  t h e  methane formed by coa l  devo la t i l i za -  
t i o n  and r eac t ion  (3) is  maximized. 

There is a need t o  ca t a lyze  r e a c t i o n  (2) t o  decrease e q u i k n t  needs and, more 
importantly, t o  permit opera t ion  a t  a lower temperature, because of thermodynamic 
equilibrium cons idera t ions ,  a higher methane content of t h e  gases leaving t h e  gas i -  
f i e r  is  achieved a t  lower temperatures. 

Catalysis o f  the steam carbon r eac t ion  has been repor ted  r ecen t ly  by t h e  Bureau of 
Mines (8), and i s  a l s o  discussed later i n  t h e  sec t ion  concerned wi th  t h e  r e l a t e d  
process o f  naphtha gas i f i ca t ion .  
age of  methane i n  water gas made from coke can be increased s i g n i f i c a n t l y  by adding 
l i m e  or certain o ther  salts t o  coke. 
and 300 ps ig ,  Haynes, Nelson, and F ie ld  (8) passed steam over a p re t r ea t ed  bituminous 
coa l  t o  which w a s  admixed 5 wt% added mater ia l  whose c a t a l y t i c  p rope r t i e s  were t o  be 
determined. The r e s u l t s  are given i n  p a r t  i n  Table 111. 

Additional experiments were c a r r i e d  out using n i cke l ,  e i t h e r  as an added sa l t  o r  i n  
a novel  approach i n  which an i n e r t  probe coated wi th  Raney n i cke l  was  i n se r t ed  i n t o  
t h e  g a s i f i e r .  

The lower zone is at about 1800°F (98Z0C), a t  which tempera- 

Earlier inves t iga to r s  have shown t h a t  the percent- 

In experiments c a r r i e d  out a t  850°C (1562OF) 
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C H 4  H2 co C g a s i f i e d  

Li2CO3 - 21 K2CO3 - 83 K2CO3 - 91 K2CO3 - 62 

Pb3O4 - 20 Li2CO3- 55 Li2C03- 72 Li2CO3- 40 
1 

FegQ4 - 18 Pb3O4 - 39 Fe304 - 60 Pb304 - 30 

Mgo - 17 CUO - 37 Cr2O3 - 55 Cr2O3 - 26 

CrpO3 - 16 Mgo - 3 5  Pb304 - 52 MgO - 26 

.l 

I 

1 
CUO - 15 Fe304 - 33 CUO - 49 Fe304 - 23 

A1203 - 14 A1203 - 33 A1203 - 45 CUO - 22 

K2CO3 - 6 CrpO3 - 25 Mgo - 2 8  AI203 - 22 

Table 111. 
) 

Coal G a s i f i c a t i o n  - Percentage Increase of  CH4* H2* CO and 
Carbon Gas i f ied  Upon Addition o f  5% of S a l t s  Shown. 



The o v e r a l l  r e s u l t s  of t h i s  i nves t iga t ion  show t h a t  t h e  use of s u i t a b l e  addi t ives  
improves t h e  steam-coal g a s i f i c a t i o n  r eac t ion  considerably.  
poss ib l e  bene f i t s  t o  t h e  "SYNTHANE" process, it appears t h a t  appropr ia te  add i t ives  
could s i g n i f i c a n t l y  increase  production of methane and hydrogen i n  t h e  gas i f i ca t ion  
s t e p ,  thereby reducing both the s i z e  of g a s i f i e r  requi red  and the processing work 
requi red  downstream of t h e  g a s i f i e r ,  such as t h e  s h i f t  r eac t ion ,  COP removal, and 
c a t a l y t i c  methanat ion. 

The study of g a s i f i c a t i o n  c a t a l y s t s  thus  f a r  has shown t h e  following: 

I n  connection with 

' 

c 

1. Alka l i  metal compounds and many o the r  materials such as oxides of iron, 
calcium, magnesium, and zinc s i g n i f i c a n t l y  increase t h e  ra te  of carbon g a s i f i -  
ca t ion  and t h e  production of des i r ab le  gases such a s  methane, hydrogen, and 
genera l ly  carbon monoxide during steam-coal g a s i f i c a t i o n  a t  85OOC (1562OF) and 
300 psig.  

2. The g r e a t e s t  y i e l d  of methane occurred wi th  t h e  use of a probe i n s e r t  
flame-sprayed wi th  Raney n i cke l  c a t a l y s t  which has a l imi ted  l i f e  of a c t i v i t y .  
S igni f icant  methane increase  r e su l t ed  from t h e  addi t ion  of 5 percent by weight 
of Li2C03, Pb304, FE304, NO, and many o ther  materials, 

3. 
w a s  small or grea t .  

The increased g a s i f i c a t i o n  r e su l t ed  whether t h e  ex ten t  of c o a l  g a s i f i c a t i o n  

4. Ca ta ly t i c  e f f ec t iveness  decreased above 75OoC (1382OF). 

5. Residue from to t a l  g a s i f i c a t i o n  of coa l  mixed wi th  potassium compounds s t i l l  
contained a s i g n i f i c a n t  concentration o f  potassium (over 10 percent )  and was 
e f f e c t i v e  as an add i t ive  i n  increasing production of hydrogen and methane. 

S h i f t  Cata lys i s  

I 
I 

The s h i f t  reac t ion ,  CO + H20 + COq + H2, is  moderately exothermic, and t h e  equi l ib-  
rium is a f f ec t ed  by temperature t o  a considerable extent as follows: 

AH (CO ) (H 
c a l o r i e s  pe r  mole =-e 

227OC (440'F) - 9,520 12 6 
327OC (620'F) - 9,294' 27 
427OC (790'F) - 9,051 7 

Although high opera t ing  temperatures a r e  des i r ab le  from t h e  s tandpoin t  of r a t e  o f  
c a t a l y t i c  r eac t ion ,  t hey  are undes i rab le  from the  viewpoint of equi l ibr ium which 
becomes unfavorable w i t h  increas ing  temperature. 

3 i o r  t o  1963 the "standard" s h i f t  c a t a l y s t  was  a r e l a t i v e l y  s u l f u r - r e s i s t a n t  
c a t a l y s t  o f  70-85% i r o n  oxide promoted by 5-15% Chromia. 
650°F (343OC). 
t u re ,  it w a s  t h e  p rac t i ce  t o  use  two c a t a l y s t  beds wi th  in te rbed  cool ing  and C02 
removal. 

I n  naphtha gas i f i ca t ion ,  a guard case has been advocated t o  prevent foul ing  of t h e  

t i o n  of oxygen and d io l e f in s .  
suboxide on s e p i o l i t e  (9). 

~ 

It was operated a t  about 
Because of equi l ibr ium l imi t a t ions  a t  t h i s  r e l a t i v e l y  high tempera- 

Y 

\ s h i f t  c a t a l y s t  by unsaturated hydrocarbons, e s p e c i a l l y  ace ty lenes ,  o r  by a combina- 
Examples of t h e  guard c a t a l y s t  are Ni-Mo-Al203 or  N i  ,\ 
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The s h i f t  conversion processing s t e p s  were g r e a t l y  s impl i f ied  when c a t a l y s t  manufac- 
turers made low-temperature s h i f t  c a t a l y s t  a v a i l a b l e  t o  t h e  indus t ry  i n  1963. 
is a copper-zinc based c a t a l y s t ,  sometimes containing chromia which is a c t i v e  a t  
temperatures a s  low a s  375OF (10). It i s  used i n  t h e  375-450 F (200-232'C) range 
where the equilibrium of the s h i f t  r e a c t i o n  i s  so favorable  t o  carbon dioxide and 
hydrogen formation t h a t  the  carbon monoxide content can b e  reduced t o  t h e  0.3-0.5 
mole percent  range without intermediate  removal of  Cog. 
t i v e  t o  poisons, p a r t i c u l a r l y  s u l f u r  and chlor ide,  than the  high-temperature s h i f t  
c a t a l y s t .  

Recently,  s h i f t  c a t a l y s t s  have been described which a r e  very a c t i v e  so t h a t  they can 
opera te  a t  low temperatures,  a r e  a c t i v e  i n  t h e i r  su l f ided  form, and a r e  r e s i s t a n t  t o  
l o s s  of a c t i v i t y  and l o s s  hardness,  even i f  contacted inadver ten t ly  wi th  l i q u i d  water. 
Auer, h r e n z ,  and Grundler (11) described a new type  of c a t a l y s t  - a cobalt/molybde- 
num c a t a l y s t  supported on s p i n e l  - which can be operated successfu l ly  below 600°F 
(316OC). 
? S / % O  r a t i o  a r e  important.  It was reported t h a t  s t a r t - u p  procedure is  of c r i t i c a l  
importance, s ince  t h e  c a t a l y s t  i n  i t s  oxidized form is  a c t i v e  t o  t h e  exothermic 
methanation react ion.  Unless care  i s  taken i n  s u l f i d a t  ion, temperatures increase t o  
about 1700% (927OC) , which deac t iva tes  t h e  c a t a l y s t .  
that avoided overheating, an a c t i v e  c a t a l y s t  was put  on stream and long p lan t  l i f e  
w a s  a t t a i n e d .  

This 

b 

The c a t a l y s t  is  more sensi-  

The c a t a l y s t  is  a c t i v e  a s  a s u l f i d e ,  so t h a t  H2S p a r t i a l  pressure and  t h e  

Using a s t a r t - u p  procedure 

S h i f t  c a t a l y s t  work has been d i r e c t e d  p a r t i c u l a r l y  t o  t h e  manufacture of hydrogen. 
However, t h e  improvements made a l so  demonstrate the opportuni ty  for  developing 
improved c a t a l y s t s  f o r  manufacture o f  synthe t ic  f u e l s  - namely, those a c t i v e  a t  
lower temperatures,  a b l e  t o  withstand s u l f u r ,  and capable of avoiding coke formation. 

Methanation 

The methanation reac t ion ,  CO + 3 % 4  CH + 0, is  highly exothermic. The heat of 
r e a c t i o n  i s  minus 50, 353 c a l o r i e s  at 1 2 h  $6OoF). C a t a l y t i c  methanation has been 
known f o r  70 years  and has been u t i l i z e d  extensively in removing small amounts of CO 
from hydrogen-containing gases .  For every 1% CO t h e  temperature rise is  over 100°F 
(38OOC). The equi l ibr ium is unfavorable a t  high temperatures,  so a temperature over 
825'F (440OC) i s  avoided, and a maximum of 2% (CO + C02) i n  t h e  feed i s  usual.  The 
composition of a t y p i c a l  c a t a l y s t  is 77% N i  oxide and 22% Al2O3: It i s  e a s i l y  
poisoned by s u l f u r  and a l s o  rendered inac t ive  by carbon depos i t ion  and by s in te r ing .  
Greyson (12) has reviewed methanation thoroughly from thermodynamic and c a t a l y t i c  
viewpoints.  
appear t o  be t h e  most s u i t a b l e  f o r  use a s  methanation c a t a l y s t s .  
of c a t a l y s t s  has been repor ted ,  e s p e c i a l l y  by memebers of t h e  B r i t i s h  Gas Research 
Board and the  U.S. Bureau of  Mines. 
used t o  overcome t h e  severe problems of t h e  high heat  re lease .  

The U.S. Bureau of Mines made a f a i r l y  complete study of a reduced and n i t r i d e d  
s t e e l - s h o t  c a t a l y s t .  
this c a t a l y s t  in  a f lu id ized-ca ta lys t -bed  r e a c t o r  a r e  shown i n  Figure 4. 
t i o n  of hydrocarbons higher  than methane is indicated,  and is  a reminder of t h e  other  
type of r e a c t i o n  - namely, t h e  Fischer-Tropsch r e a c t i o n  - i n  which t h e  synthes is  of 
hydrocarbons i n  the g a s o l i n e  range i s  t h e  objec t ive .  Greyson a l s o  discussed c a t a l y s t  
l i f e  i n  terms of s u l f u r  poisoning, thermal s t a b i l i t y ,  and carbon deposi t ion.  

Recently,  Forney and a s s o c i a t e s  (13, 14) have described a very i n t e r e s t i n g  c a t a l y s t  
termed t h e  tube-wall r e a c t o r .  This c a t a l y s t  i s  prepared by flame-spraying a nickel-  
aluminum a l l o y  on tubes  of 2-inch diameter so as t o  form a bonded layer .  
is then  p a r t i a l l y  leached w i t h  c a u s t i c  t o  form a Raney-type c a t a l y s t  adherent t o  t h e  
tube  w a l l .  
tube,  which makes f o r  a more p r a c t i c a l  engineering system, and the  SYNTHANE p i l o t  
p l a n t  i s  being designed w i t h  t h i s  f o r a  of a tube-wall reac tor .  

The group VIII t r a n s i t i o n  elements mainly i ron ,  n icke l ,  and cobal t ,  
A very wide range 

Likewise a v a r i e t y  of reac t ion  systems has been 

The e f f e c t s  o f  temperature on t h e  a c t i v i t y  and s p e c i f i c i t y  of 
The forma- 

The coating 

By having a hea t  t r a n s f e r  mater ia l  such a s  Dowtherm on one s i d e  of the  
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Further  improvements i n  methanation c a t a l y s t s  a r e  one of the most f e r t i l e  f i e l d s  for  
research. 
requirement is  about 0.1 ppm H2S) and t h a t  a r e  ab le  t o  withstand higher  temperature 
increases  without s i n t e r i n g  and l o s s  of a c t i v i t y .  Also needed a r e  c a t a l y t i c  reac tor  
systems capable of removing h e a t  without c o s t l y  equipment o r  high recyc le  gas r a t e s .  

Catalysts  a r e  needed t h a t  a r e  much l e s s  s e n s i t i v e  t o  s u l f u r  (present  

Catalysis  f o r  Synthet ic  Fuels  Manufactured by Naphtha Reforming 

Reforming naphtha c o n s i s t s  of i t s  r e a c t i o n  wi th  steam t o  produce a gaseous mixture 
containing C02, CO, H2, and CHq. 
t u r e  o r  f o r  t h e i r  f u e l  gas  u t i l i t y .  
permitted t h e  in t roduct ion  of a continuous process in England w i t h  grea t  success (15). 

For manufacture of hydrogen, a low area c a t a l y s t  operat ing at high temperature is  
most s u i t a b l e .  
a c t i v e  a t  lower temperature is. preferable .  Elevated pressure and temperature a r e  
employed. 
have been announced f o r  naphtha g a s i f i c a t i o n  i n  t h e  U.S. using t h e  B r i t i s h  CRG 
Process. 

These gases  may be employed f o r  hydrogen manufac- 
The development of nickel-containing c a t a l y s t s  

For maximum production of methane however, a high a rea  c a t a l y s t  

Recently (1971), w i t h  the c r i t i c a l  shortage of gas i n  the  U.S., six plants  

The re la t ionship  between c a t a l y t i c  formulation and c a t a l y t i c  performance is c r u c i a l  
(16). The main causes  of c a t a l y s t  f a i l u r e  a r e  s i n t e r i n g ,  with r e s u l t a n t  loss  of 
a c t i v e  area,  and foul ing by t h e  deposi t ion of coke. F i r s t  of a l l ,  it is  necessary t o  
keep t h e  (CO)/(COz) r a t i o  l o w  enough t o  prevent t h e  r e a c t i o n  2 CO-C + C02 from 
occurring. More important it is necessary t o  ca ta lyze  t h e  oxidat ion of carbon with 
steam (C + H20+C0 + 3) .  
r a t i o  (defined as moles  of steam per  carbon a tom i n  t h e  feed) w i t h  a supported n icke l  
c a t a l y s t ,  using a bas ic  support .  

The inf luence of supports  on carbon-forming tendencies  has been t e s t e d  (17), and the 
r e s u l t s  a r e  expressed as  minimum steam r a t i o  t o  prevent coking. For china clay sup- 
por t  it is about 10, f o r  alumina about 4.3, and f o r  magnesia 3.7,  under one s e t  of 
condi t ions.  Prom these  r e s u l t s  it was deduced t h a t  the g r e a t e r  t h e  a c i d i t y  of the 
support ,  t h e  grea te r  t h e  ease of carbon formation. This cons is ten t  w i t h  the  f a c t  
t h a t  s i l ica-alumina is a good cracking c a t a l y s t .  

Urania and alumina have been used as supports  f o r  nickel-containing steam-reforming 
c a t a l y s t s  (17). It has been reported t h a t  uran ia  i s  more a c t i v e  i n  promoting steam 
cracking than gamma-alumina, because it i s  an oxygenodeficient compound. 

I n  order t o  opera te  at  an even lower steam r a t i o ,  a f u r t h e r  c a t a l y t i c  species  must be 
incorporated which ca ta lyzes  t h e  steam oxidat ion of carbon. (16, 18). This becomes 
more important as the moleculer s i z e  of t h e  hydrocarbon charge increases ,  s ince  
l a r g e r  molecules crack and form polymers more rap id ly .  
rate must exceed the r a t e  of hydrocarbon cracking and carbon deposi t ion.  
a l k a l i e s  f u l f i l l  t h i s  funct ion without excessively poisoning t h e  reforming a c t i v i t y  
of the  n icke l ,  

Probably t h e  success of a l k a l i z e d  nickel-reforming c a t a l y s t s  i s  due primari ly  t o  
t h e i r  a b i l i t y  t o  increase  t h e  r a t e  of removal of carbon res idues  from t h e  n icke l  sur-  
face  by steam g a s i f i c a t i o n  (C + H 2 0 j  CO + €12). 

The a v a i l a b l e  evidence suggests  t h a t  the  mobil i ty  of a l k a l i e s  on the c a t a l y s t  surface 
accounts f o r  t h e i r  e f f e c t i v e n e s s  i n  ca ta lyz ing  t h e  steam-carbon r e a c t i o n .  
mobil i ty  of the a l k a l i e s  has severa l  other  e f f e c t s ,  including some l o s s  in  a c t i v i t y  
of t h e  n icke l ,  n e u t r a l i z a t i o n  o f  a c i d  c a t a l y s t  sites, and physical  l o s s  of a l k a l i .  
Incorporat ion of a non-vola t i le  a lka l i -conta in ing  cons t i tuent  has been reported 
which, during t h e  operat ion of the  reformer, very slowly decomposes, l i b e r a t i n g  
a l k a l i  (15). 

It has been found possible  t o  operate  a t  a lower steam 

The steam-carbon reac t ion  
The group I 

The 
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Although t h e  exce l len t  c a t a l y t i c  work on steam-reforming c a t a i y s i s  i s  of g r e a t  
i n t e r e s t  f o r  reforming naphtha, t h e  ideas  and f ind ings  should a l s o  be  app l i cab le  i n  
fu tu re  development of c a t a l y s t s  f o r  s o l i d  and r e s idua l  f u e l s  gas i f i ca t ion .  
a l so ,  t h e  incorporation of a l k a l i  substances can become of g rea t e s t  importance. 

Coal Liquefaction Cata lys i s  

Coal l iquefac t ion  has assumed a new importance i n  i t s  p o t e n t i a l  f o r  manufacture of a 
clean-burning fue l  fo r  powerplants. There i s  a g rea t  need f o r  a low-sulfur,  low-ash 
syn the t i c  f u e l  t o  s a t i s f y  environmental requirements. The r ap id ly  e s c a l a t i n g  p r i ces  
of such a f u e l  now make coa l  l i que fac t ion  a t t r a c t i v e  f o r  t h i s  purpose. 

Here, 

As i s  w e l l  known, coa l  l i que fac t ion  has a l ready  been demonstrated i n  t h e  remarkable 
German achievement of providing syn the t i c  f u e l s  from coa l  during World War 11. I ron  
o r  t i n  c a t a l y s t s  were used success fu l ly  t o  hydrogenate coa l  t o  l i q u i d  form. 
t h a t  t i m e ,  g r ea t  improvements have been made by t h e  petroleum indus t ry  i n  providing 
c a t a l y s t s  such as platinum alumina and cobalt-molybdena-alumina capable of upgrading 
crude o i l s .  These c a t a l y s t s  w i l l  con t r ibu te  g r e a t l y  i n  converting low-quality tar 
from coa l  i n t o  high-quality petroleum products including gasoline.  

A number of new c a t a l y t i c  systems have been reviewed r ecen t ly  (19). These include 
t r a n s i t i o n  metal complexes, a l k a l i  metals, v o l a t i l e  c a t a l y s t s ,  hydrogen-donor 

, l i qu ids ,  reductive a lkyla t ion ,  hydrogen generated by r eac t ion  of CO and w a t e r ,  and 

\) Since 

~ bas i c  c a t a l y s t s .  

Pa r t i cu la r  mention should be made of t h e  invent ion  of t he  ebul la ted  c a t a l y s t  bed 
r eac to r  u t i l i z e d  by t h e  €I-Coal process. (20) The c a t a l y s t  brings about coa l  l ique-  
f ac t ion  and hydrodesulfurization. A unique f e a t u r e  of t h i s  r eac to r  system is  the  
a b i l i t y  t o  operate a c a t a l y s t  system continuously wi th  a feed cons i s t ing  of so l id s ,  
l iqufd ,  and gas. The upward flow of t h e  feed maintains t h e  c a t a l y s t  i n  a s ta te  of 
random motion tha t  r e s u l t s  i n  a system of m i n i m u m  pressure drop, isothermal condi- 
t i ons ,  and continuous passage of unconverted coa l  and ash  from t h e  r eac to r .  Cata lys t  
can be added t o  and removed from the  r e a c t o r  during operation. 

Another process of considerable promise is  known a s  t h e  PAMCO o r  so lvent  r e f ined  c o a l  
process ( 2 i ) .  A mixture of coa l  and o i l  i s  contacted wi th  hydrogen a t  1000 p s i  o r  

' more, bringing about coa l  l iquefac t ion .  A tar is produced which can be f i l t e r e d  when 
hot s o  as t o  make a low-ash f u e l  product. Some desu l fu r i za t ion  occurs  a l s o ,  so t h a t  
by s t a r t i n g  wi th  a f a i r l y  low s u l f u r  coa l  such as l i g n i t e ,  a low-sulfur syn the t i c  
f u e l  i s  obtained. While no c a t a l y s t  is added, it seems l i k e l y  t h a t  c e r t a i n  elements 
i n  t h e  ash  are e f f ec t ive  i n  hastening t h e  a c t i o n  of hydrogen. 

' 

Recent work a t  the  Bureau of Mines has  shown t h a t  under similar condi t ions  CO contain- 
ing gases p lus  water bring about coa l  l i que fac t ion  even more r e a d i l y  than  hydrogen 
a lone  (22).  

In another approach by t h e  Bureau of Mines (23) ,  it w a s  reported that  under condi- 
t i o n s  of highly turbulen t  f l m  of hydrogen, a h igh-su l fur  bituminous coa l  suspended 
i n  coa l  t a r  can be hydrodesulfurized by continuous processing through a f ixed  bed of 
pe l l e t i zed  cobalt-molybdena-alumina c a t a l y s t .  
obtained. For example ( t a b l e  I V ) ,  using t h e  feed containing 30% coa l  of 3.4% s u l f u r  
suspended i n  a t a r  of 0.6% s u l f u r  and process condi t ions  of 200' ps ig  and 450% 
(842OF), the whole l i que f i ed  product was 93% of the  feed and had 0.4% s u l f u r .  The 
benzene-soluble f r ac t ion  of t h i s  product gave an 87% y i e l d  of fue l  o i l  having only 

' 
High y i e l d s  of low-sulfur o i l  were 

4 

' 
' 

'\ 0.14% su l fu r .  



1 20 

Sulfur  i n  Feed - w t .  pct.  

Sul fur  i n  Whole Product - w t .  pc t .  

OPERATING PRESSURE 
p s i  

4000 2000 

1.41 1.41 

0.30 0.42 

Yield of Whole Product - w t .  pct.  feed 94.0 92.9 

O i l  (Hexane + Benzene Sol) - wt. pct.  product 91.2 87.1 

Sul fur  i n  O i l  - w t .  pct .  0.09 0.14 

Residue (Ash +Organic)  - w t .  pct .  product 8.8 12.9 

Sul fur  i n  Residue - wt. pc t .  2.91 1.88 

Product, wt. pct .  
Hexane Sol 
Benzene Sol, Hexane  i n so l .  
Benzene Insol.  Residue 

82.. 1 69.2 
9.1 17.9 
8.8 12.9 

Table I V .  I iydrodesulfurization of Indiana No. 5 Steam Coal Suspended in  
Tar (30:70 Coal: Tar)  a t  45OoC Over Co-Mo-Al203 Cata lys t .  
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Special  c a t a l y s t  and process techniques a r e  needed because of t h e  unusual chemical 
na ture  of coa l ,  which conta ins  f a i r l y  l a r g e  molecules containing c l u s t e r s  of aromatic 
nuc le i ,  and r e l a t i v e l y  high q u a n t i t i e s  of heteroatoms, and because of t h e  presence of 
ash. 

Such c a t a l y s t s  should have a pore size d i s t r i b u t i o n  so t h a t  l a r g e  coa l  molecules 
en ter  f ree ly ,  but ash,  cons is t ing  of f i n e  clay p a r t i c l e s ,  i s  excluded. Cata lys t s  a r e  
needed t h a t  a r e  capable of breaking up t h e  nuclear  c l u s t e r s ,  and t h a t  have a high 
r a t i o  of hydrogenation/cracking funct ions so a s  t o  minimize hydrogen consumption. 
Maintenance of a c t i v i t y  i s  most important. 
needed; for  example, a lkyla t ion ,  which is now known t o  cause s o l u b i l i z a t i o n ,  pre- 
sumably by bringing i r r e g u l a r i t i e s  t o  the  coa l  s t r u c t u r e .  

In  summary, c a t a l y t i c  coal  l iquefac t ion ,  although having an outs tanding h i s t o r y ,  
p resents  a tremendous f i e l d  f o r  f u t u r e  c a t a l y t i c  developments using modern 
technology (24).  

Possibly e n t i r e l y  novel chemistry i s  

Y 

, 
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THERMAL ANALYSIS OF THE COAL-ZINC CHLORIDE SYSTEM 
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INTRODUCTION 
Zinc chloride i s  knwn to be an effective catalyst for coal hydrogenation and 

Weller e t  a l l  studied the batch hydrogenation of for  hydrocracking coal extracts. 
coal and found t h a t  zinc showed appreciable catalyt ic  act ivi ty  i n  the presence o f  
ammonium chloride. 
i n  a tin-ammonium chloride catalyst  w i t h o u t  appreciable loss of catalytic activity.  
Zielke e t  a1233 have studied the hydrocracking of coal, coal extracts and poly- 
nuclear hydrocarbons by molten s a l t  catalysts. They found zinc chloride t o  be an 
effective hydrocracking catalyst  for  polynuclear hydrocarbons , b u t  inactive for the 
hydrogenation or hydrocracking of single-ring aromatic molecules. Stannous Chlo- 
ride was relatively inactive for  hydrocracking although i t  i s  a good hydrogenation 
catalyst  for  coal. Zinc chloride and stannous chloride are both found t o  e good 
catalysts for  the hydrogenation of coal i n  a short-residence-time reactor.Q This 
study of the coal-zinc chloride system was ini t ia ted because of the potential use 
of zinc chloride as a catalyst  for  the large-scale hydrogenation of coal. 
present investigation covers the thermal behavior of the coal-zinc chloride system 
i n  the absence of hydrogen. 

They also found that  zinc could replace up t o  90% of the t in  

The 

EXPERIMENTAL 
Hiawatha, Utah coal was used i n  these experiments. This i s  a high volatile 

bituminous coal of 47% volat i le  matter (dry, ash free basis). The particle size 
was -60 + 100 mesh. 

MCB reagent grade zinc chloride was impregnated on the coal from aqueous 
solution. The coal was mixed with just  enough solution t o  thoroughly wet the coal 
and the mixture was dried for two hours a t  100°C i n  a vacuum desiccater. This was 
found t o  give a uniform distribution of the zinc chloride. 

Thermgravimetric analysis was performed on a Fisher TGA System. A Cahn model 
RG microbalance was used t o  measure weight changes. A Fisher model 360 temperature 
programmer was used t o  control the temperature. The temperature was programed a t  
a linear rate from 105 t o  900°C. Nitrogen gas flowed over the sample a t  a rate of 
0.2 l/min. Approximately ten milligrams'of sample were used i n  these experiments. 
Weight losses a r e  corrected for  the effect  of nitrogen gas flow and for a non-vola- 
t i l e  residue i n  the zinc chloride. 

Pyrolysis products were analyzed on a Packard model 7401 gas chromatograph. 
An eight foot column of activated alumina was used for separation and a flame 
ionization detector was employed. 

RESULTS AND DISCUSSION 

The integral and differential  weight losses of a sample of Hiawatha coal are 
shwn in Figure 1. The curves are corrected for  moisture, b u t  n o t  for  the ash 
content of the coal. The heating rate  I s  10°C/min. As zinc chloride is  impreg- 
nated on the coal, the thermograms are altered. The weight loss below 400°C 
increases due to  the loss of zinc chloride. The maximum in the differential weight 
loss curve is lcwered and the loss of weight by the coal i s  significantly reduced. 
Table I shws the ef fec t  of increasing amounts of zinc chloride. The effect  of the 
heating rate  i s  also shmn. The heating rate has l i t t l e  effect  on the weight loss 
of pure coal, b u t  increasing heating rates increase the weight loss of coal impreg- 
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TABLE I 
Thermogravimetri c Analys is  o f  Coal-Zinc Chlor ide 

Heat ing Rate,"C/Min. 

5 
5 
5 
5 
5 
5 
5 
5 

10 
20 
10 
20 

5 
5 
5 
5 

Weight % ZnC12 %Weigh t  Loss o f  Coal a t  900°C 

0 40.4 
2 36.9 
5 33.5 
8 30.6 

12 28.6 
15 26.5 
20 25.4 
25 25.2 
0 40.1 
0 40.7 

12 29.5 
12 30.1 
5 (Phys ica l  M ix tu re )  33.1 

12 (Phys ica l  M ix tu re )  29.7 
20 (Phys ica l  M ix tu re )  28.1 
25 (Phys ica l  Mix ture)  26.6 

nated w i t h  z i n c  ch lo r i de .  

another  Lewis acid, shms a s i m i l a r  e f f e c t ,  b u t  comparison i s  d i f f i c u l t  because 
of the g rea te r  v o l a t i l i t y  o f  aluniinum ch lo r i de .  
c a t a l y s t  f o r  coal hydrogenation b u t  chemical ly  d i f f e r e n t  from z i n c  c h l o r i d e ,  
shows t h e  s a w  e f f e c t  as z i n c  ch lo r i de .  A coal sample w i t h  5% SnCl impregnated 
from s o l u t i o n  shms  a weight  loss o f  32.9%. 
i s  reduced t o  27.2%, and w i t h  20% SnC12, the  weight  l oss  i s  on,ly 21.7%. 

h a l i d e s  by molten z i n c  ch lo r i de .  
b y  t r a n s f e r  o f  t he  h a l i d e  t o  t h e  ZnC12 t o  form a carbonium-ion and Z n _ C l j .  
h a l i d  s decreased t h e  a c t i v i t y ,  presumably by  fo rm ing  ZnC13 and ZnC14. Z i e l k e  

molecules t o  be H (ZnC13) o r  H'(ZnC12Otl ) fcrmed by t h e  r e a c t i o n  o f  ZnClp w i t h  
HC1 o r  w i t h  H 0. The p o s s i b l e  r o l e  of ZnClg i n  reducing the  v o l a t i l i t y  o f  coal 
was i n v e s t i g a f e d  by impregnat ing sodium c h l o r i d e  and z i n c  c h l o r i d e  on t h e  coal. 
The z i n c  c h l o r i d e  was h e l d  a t  12% b y  we igh t  o f  t h e  coal  and the sodium c h l o r i d e  
was 10, 20, 30 and 50% by  weight  o f  t h e  z i n c  ch lo r i de .  There was no d i f f e r e n c e  
i n  the weight  l oss  o f  coal i n  these samples and t h a t  o f  coal  w i t h  12% z i n c  c h l o r i d e  
When sodium c h l o r i d e  alone i s  impregnated on coal ,  t h e  weight  loss i s  t he  same as 
f o r  pure coal. 

z i n c  c h l o r i d e  onto the  coal. The thermal a n a l y s i s  r e s u l t s  are shown i n  Table I .  
The r e s u l t s  are s i m i l a r  t o  those f o r  impregnated samples although the  phys i ca l  
m ix tu re  i s  s l i g h t l y  l ess  e f f e c t i v e  i n  reducing v o l a t i l i t y  a t  h i g h e r  percentages. 

Analys is  o f  t he  gaseous p y r o l y s i s  product  was performed b y  gas chromatography. 
Methane i s  t h e  major  gaseous product  over  t h e  e n t i r e  temperature range. Ethane, 
propane, and butanes are produced i n  s i g n i f i c a n t  q u a n t i t i e s  b e l w  500°C. In com- 
p a r i n g  the  gaseous products from coal  w i t h  those from z i n c  ch lor ide- impregnated 
coal, very l i t t l e  d i f f e rence  i s  noted. The t o t a l  amount o f  gases i s  decreased i n  
t h e  presence o f  z i n c  c h l o r i d e  b u t  t he  composit ion o f  t he  gas i s  unchanged. 

Z i n c  bromide shows the  same e f f e c t  as z i n c  c h l o r i d e .  Aluminum c h l o r i d e ,  

Stannous c h l o r i d e ,  a good 

With 12% Sn C12, t he  w i i g h t  loss 

Kenney and Takahashi5 s t u d i e d  t h e  c a t a l y t i c  dehydrohalogenation o f  a l k y l  
They suggested t h a t  an i o n i c  complex i s  formed 

A l k y l  

e t  a1 5 postu la ted+the a c t i v e  species i n -hyd roc rack ing  o f  po l ynuc lea r  aromati c 

Coal and z i n c  c h l o r i d e  were p h y s i c a l l y  mixed r a t h e r  than impregnat ing the 
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Zinc chloride i s  a relatively stEong Lewis acid. Stannous chloride is  only 
a moderately active Lewis acid. 
Zn12 a* good catalysts f o r  coal hydrogenation i n  a short-resident time reactor. 
Ferric chloride, which i s  a Lewis Acid, did not show appreciable activity.  Stan- 
nous chloride was comparable t o  zinc chloride. 
rides such as CuC12, CrC13 and CdC12 show l i t t l e  catalyt ic  activity.  

not certain that zinc chloride and stannous chloride function by the same mechanism. 
The decreased volat i l i ty  of coal, caused by impregnating catalyst on the surface, 
appears t o  be a chemical effect  rather than a physical effect. Physical entrapment 
of reactive fragments from pyrolysis does not appear t o  be the major factor, since 
physical mixtures behave very nearly l ike impregnated samples and because impreg- 
nated sodium chloride is uneffective. Weller e t  a17 proposed a mechanism fo r  coal 
hydrogenation in which t i n  acts t o  s tabi l ize  reactive fragments w i t h  the addition 
of hydrogen. The zinc chloride also appears t o  s tabi l ize  reactive fragments i n  
this  study. In the absence of-hydrogen, these reactive fragmnts polymerize t o  
produce non-volatile products, thus  reducing the volati le content of the coal. 
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MEMBWSHIP IX ‘llliE DIVISION OF liUEL CHEMISTRY 

m e  ml Chemistry Division of the *ican Chemical Society is an internationally 
recognized farum for scientists, engineers, and technical economists concerned with 
the conversion of fuels  t o  energy, chemicals, or other farms of fuel. Its interests 
center on the  chemical pblerma, but definitely include the engineering and economic 
aspects as  w e l l .  
and water pollution, gasiflcation, and related areas. 

chemist, chemical engineer, geologist, technical economist, or other scient is t  
concerned w i t h  either the  conventional fo s s i l  Fuels, or the new high-energy fuels-- 
whether he be i n  government, industry, or independent professional organization-- 
would benefit greatly from participation in the progress of the Fuel Chemistry 
Division. 

, 

‘ 
Further, the Division is strengthening its coverage of areas of a i r  

! 

B e  Fuel Chemistry Division offers at leas t  two annual programs of symposia and gen- 
eral papers, extending over several days, usually at National Meetings of the American 4 
Chemical Society. These include the results of research, developaent, and snalysis in 
the many fielda relat ing t o  *le which are so vital in  today’s energy-dependent economy. 
Members of the Division have the oppartUnity t o  present papers of the i r  own, or partici- 
pate in discussions With experts i n  their field. 
Division pruvides a permanent record of a l l  of this m t e r i a l  in the form of preprints, 
which are sent f ree  t o  a l l  members several weebe before each meeting. 

Symposia of significant content and broad interest have been published as part of the 
Advances i n  Chemistry Series and by other sc ien t i f ic  book publishers. 
posia on Fuel Cells, Advanced Propellant Chemistry, Gasification, and Spectrometry are 
already i n  print. When these volumes are available they are usuaUy offered first t o  
Division members a t  greatly reduced cost. 

~n adaition t o  receiving several vol~naes of preprints each year, as w e l l  as regular 
news of Division ac t iv i t ies ,  benefits of Wmbership include: 
rates for %el” and ‘%csnbuation and Flame,” (2) Reduced rates for volumes i n  the 
“Advances i n  Chemistry Series” based on Division symposia, and (3) The receipt card 
sent i n  acknowledgment of Division dues is good for  $1.00 towmd a complete set of 
abstracts of all papers presented a t  each of the National be t inge .  

To jo in  the Pael Chemistry Division as a regular member, one must also be or become a 
member of the American Chemical Society. Those not e l igible  for  ACS membership because 
they are  not practicing sc ien t i s t s ,  engineers, o r  technical economists in areas re- 
lated t o  chemistry, can become Mvision Affiliates. They receive all benefits of a 
regular member except that they cannot vote, hold office, or present ather than imited 
ppers. 
l ibrary  sciences who must maintain awareness of the fuel area. 
act ive in  the  fuel  area and living outside of the United States a re  also invited to  
become Division Aff l l ta tes .  

Memberahip i n  the Fuel Chemistry Division coats only $4.00 per year, or $11.00 for 
three YcBz.8, I n  Saa+tion t o  ACS membership. 

Most important, the Fuel Chemistry 

i 
Undmark 8ym- 

(1) Reduced subscription 

Aff i l ia te  meriberahip is of‘ particular value t o  those i n  the information and f 
Non-ACS scient is ts  

The cost for a Division Affiliate, wi th -  
aut johing ACS, is $10.00 per year. For further infonuation write to: / 

Dr. Rsrold L. Lovell 
Secretary- Troaeurar 
ACS Divlsion of Fuel Chemistry 
Pennsylvania State University 
log Mynsral Induotrlas Buildla8 
University F’ark, Pennsylvania 16002 
Telephone: Area 814 - 8652372 
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Volume 

Vol. 14, No. 1 

Vol. 14, No. 2 

Vol. 14,  No. 3 

vol. 14, No. 4 
Parts I and I1 

V o l .  15, No. 1 

Vol .  15, No. 2 

Vol. 15, No. 3 

V O ~ .  16, NO. 1 

Vol. 16, NO. 2 

VOI. 16, NO. 3 

V O ~ .  16, NO. 4 

RECENT rmFL DIVISION SyMPoSU 

Ti t le  

Symposium on Coal and C o a l  Based Carbons 
Symposium on Petrographic, Chemical, and 

Physical Properties of Coal 

Symposium on Coal Combustion in hesen t  and 
Future Power Cycles 

Synthetic Fuels Symposium No. 3 - Economics 

General Papers 

Symposium on Hydrogen Processing of Solid 

of Solid Fuel Conversion Processes 

and Liquid Fuels 

Symposium on High Temperature and Rapid 

Symposium on Shale O i l ,  Tar Sands and 

Heating Reactions of Fuels 

Related Materials 

Symposium on Combustion 
Symposium on Pollution Control in Fuel 

Combustion, Mining and Processing 

Symposium on Gasification of Coal 
General Papers 

Symposium on Quality of Synthetic Fuels, 
Especially Gasoline and Diesel Fractions , 
and Pipeline Gas 

symposium on Preparation and Froperties of 
Catalysts for Synthetic Fuel Production 

General Papers 

symposium on Modern IkthOaS of Fuel Analysis 

Symposium on Non-Fossil Chemical Fuels 

Presented A t  

Toronto, C a n a d a  
May, 1970 

Toronto , Canada 
w, 1970 

Chicago , I l l ino is  
September, 1970 

Chicago , I l l ino is  
September, 1970 

Chicago , I l l ino is  
September, 1970 

Los Angeles 
March, 1971 

Washington, D. C .  
September, 1971 

Washington, D. C. 
September , 1971 
Boston, Mass. 

A p r i l ,  1972 

Boston, Wss. 
1972 

Boston, Mass. 
. A p r i l ,  1972 

BOston, Msss. 
A p r i l ,  1972 



DIVISION OF FUEL CHEMISTKY 

PROJECTED P R m m  

Environmental Pollution Control - Part I. Remmal of 
Oxides of Sulf'ur and Nitrogen from Combustion Product 
Gases 

Environmental Pollution Control - Part 11. Removal  
of Sulfur frm the Fuel 

Robert M. Jimeson 

- 
Robert M. Jimeson 

Storch Symposium 

General Papers 
Wendell H. Wiser 

Symposium on the Parer Industry of the Future - 
Fossil and Fission Fuels 

Joint w i t h  IM: Division - Develop by IM: 

N o w 1  Combined Power Cycles 
S. Fred Robson 

Fuel from Waste Products 
H. R. Appell 

Carbon Monoxide Fmduction and New Uses 
J. S. Mckay 

Synthetic Fuel Gas Purification 
H. S. Vierk 

Coal  Gasification 
L. G. WSsw 

General Papers 
F. Schora 

New York, N. Y. 
Au@;ust, 1972 

New York, N. Y. 
A u g u s t ,  1972 

New York, N. Y. 
August, 1972 

New York, N. Y. 
August, 1972 

New York, N. Y. 
August, 1972 

Dallas, Texas 
A p r i l ,  1973 

Dallas, Texas 
A p r i l ,  1973 

Dallas, Texas 
A p r i l ,  1973 

Dallas, Texas 
A p r i l ,  1973 

Dallas, Texas 
A p r i l ,  1973 

Dallas, Texas 
April, 1973 


