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INTRODUCTION 

A novel process  c a l l e d  t h e  Synthoi l  process is being developed by t h e  Bureau of 
Mines f o r  converting c o a l s  i n t o  low-sulfur nonpolluting f u e l  o i l  by hydrodesulfuriza- 
t i o n  (HDS). Development of the  process t o  commercial s c a l e  would provide e l e c t r i c  
power p lan ts  wi th  clean f u e l  der ived from abundant high-sulfur coa ls  present ly  unac- 
ceptab le  as  f u e l s  because of a i r  q u a l i t y  s tandards.  

I n  the Synthoi l  p rocess ,  coa l  s l u r r i e d  i n  recyc le  o i l  i s  t ranspor ted  by a high- 
v e l o c i t y ,  turbulent-flow of hydrogen through a r e a c t o r  containing a fixed-bed o f  
p e l l e t e d  c a t a l y s t  (L) . I  
donor compounds and is r a p i d l y  l i q u e f i e d  and desul fur ized  i n  a s i n g l e  s tage .  Reac- 
t i o n s  occur in t h e  l i q u i d  phase, but  the  mixture a l s o  includes a gas phase and both 
organic  and inorganic  s o l i d  phases. High turbulence i n  t h e  r e a c t o r  se rves  t o  mini- 
mize t h e  inf luence  of i n t e r p a r t i c l e  mass t r a n s f e r  on r e a c t i o n  r a t e s ,  while s h o r t  reac- 
t i o n  times and t h e  moderate temperatures used tend t o  keep hydrogen consumption a t  a 
minimum. 

The coa l  r e a c t s  wi th  hydrogen and probably with hydrogen 

Much work has  been done recent ly  on c a t a l y s t s  f o r  coa l  hydroliquefaction and 
d e s u l f u r i z a t i o n ,  p a r t i c u l a r l y  on c a t a l y s t s  used i n  an ebul la ted  o r  highly f l u i d i z e d  
s t a t e .  However, most of t h e  work has  been propr ie ta ry  and t h e r e  a r e  no published 
d a t a  t h a t  would a s s i s t  researchers  i n  t h e  s e l e c t i o n  of t h e  b e s t  e x i s t i n g  c a t a l y s t s  
o r  guide the way t o  t h e  design of new c a t a l y s t s .  This study was undertaken t o  pro- 
v i d e  a bas is  f o r  s e l e c t i n g  the  b e s t  c a t a l y s t  f o r  use i n  the  Synthoi l  process. Cata- 
l y s t s  were prepared by impregnating commercial supports  with compounds of metals 
known t o  be a c t i v e  i n  c o a l  hydrogenation. 
l y s t s  were then t e s t e d  i n  a batch nonflow r e a c t o r  t o  eva lua te  compositions and phys ica l  
p r o p e r t i e s  with regard t o  a c t i v i t i e s  f o r  coa l  conversion t o  o i l  and s u l f u r  removal. 

These and a number of commercial HDS ca ta -  

EXPERIMENTAL 

Hydrogenation Feed Stocks 

Pittsburgh-seam high-vola t i le  A bituminous (hvab) coa l  from t h e  Bureau's experi-  
mental mine at  Bruceton, Pennsylvania was used i n  most hydrogenation tests of c a t a l y s t  
a c t i v i t i e s .  One t e s t  was made with Indiana 65 hvbb coa l .  Both coals  were pulver ized 
t o  minus 60 mesh, and t h e  hvab coa l  was d r i e d  i n  a i r  a t  70" C f o r  20 hours p r i o r  t o  use. 
A s  shown i n  t a b l e  1, s u l f u r  contents  of t h e  coa ls  were 1.1 and 3.5 percent  by weight 
f o r  the hvab and hvbb c o a l s ,  respec t ive ly .  
coa ls  w a s  organic .  

About 60 percent  of t h e  s u l f u r  i n  both 

A l s o  shown i n  t a b l e  1 a r e  analyses  of topped high-temperature c o a l  t a r  used a s  
a vehic le  o i l  i n  hydrogenation experiments. The t a r  w a s  produced i n  a commercial 
s lo t - type  coke oven and cons is ted  of about 15 percent  by weight of mater ia l  inso luble  
i n  benzene and 85 percent  of benzene-soluble o i l  (asphal tene p lus  pentane-soluble 
o i l ) .  

Underlined numbers i n  parentheses  r e f e r  t o  t h e  l i s t  of re ferences  a t  t h e  end of 
t h i s  repor t .  



Cata lys t  Descr ipt ions and Preparat ion 

Screening tests were made w i t h  f i v e  commercial c a t a l y s t s  and with 74 c a t a l y s t s  
prepared by impregnating 17 commercial supports  wi th  compounds o f  Mo, Sn, N i ,  Co, and 
Fe both s ingly  and i n  combination. In a d d i t i o n ,  one c a t a l y s t  w a s  prepared by impreg- 
na t ing  Sn on a c o m e r c i a l  Co-Mo c a t a l y s t .  

Descr ipt ions of a l l  c a t a l y s t s  used are given i n  t a b l e  2. Most of the  support 
analyses  a r e  manufacturer's da ta  whereas most of the  sur face  areas and pore volumes 
l i s t e d  were determined a t  t h i s  labora tory .  Surface a reas  were measured by t h e  BET 
method using low-temperature n i t rogen .  Pore volumes of  supports  were determined by 
a water r e t e n t i o n  method, and pore volumes of commercial c a t a l y s t s  were determined 
by low-temperature adsorpt ion of n i t rogen .  
diameters above 10 t o  14 %. Average pore diameters  were ca lcu la ted  from pore volume 
and sur face  a r e a  d a t a  by determining t h e  diameter of a cy l inder  having the  ind ica ted  
volume and area. Physical  p roper t ies  of  impregnated c a t a l y s t s  l i s t e d  in t a b l e  2 a r e  
values  f o r  supports before  addi t ion  of m e t a l l i c  hydrogenation components. 

Pores measured by these methods have 

Commercial c a t a l y s t s  t e s t e d  included two Co-Mo and two Ni-Mo c a t a l y s t s  on alumina 
supports .  A f i f t h  commercial c a t a l y s t  cons is ted  of Fe  on alumina. A l l  had high sur -  
face a reas  and r e l a t i v e l y  small pores .  

Support materials w e r e  s e l e c t e d  so as t o  cover wide ranges of  compositions, a r e a s ,  
and pore volumes i n  order  t o  eva lua te  these proper t ies .  
99.3 percent  and s i l i c a  contents  were 0 . 1  t o  96.0 percent .  
carbide as t h e  p r i n c i p a l  component. 
sur face  a r e a  (55 t o  425 mz/g) o r  low-surface a r e a  (0.04 t o  1.23 m2/g) m a t e r i a l s .  

Alumina contents  were 3.1 t o  
Three contained s i l i c o n  

The supports  could be c l a s s i f i e d  a s  e i t h e r  high- 

Metal compounds used i n  impregnations were ( N H ~ M o ~ O ~ L + . ~ H Z O ,  SnC12.2H20, 
Ni(N03)~.6H20, Co(NO3)2.6HzO, and FeS04.7H20. 
the  required amount of metal compound w a s  dissolved i n  a so lvent ,  and t h e  s o l u t i o n  
was added dropwise t o  200 t o  300 g of predried support while  s t i r r i n g  cons tan t ly  
under a n i t rogen  atmosphere. Mo, N i ,  Co, and Fe compounds were d isso lved  i n  water 
while  stannous ch lor ide  was dissolved i n  aqueous ethanol .  
Support pore volumes p lus  a s e v e r a l  percent  excess t o  a l low f o r  handl ing losses .  
impregnation w a s  completed by drying the  c a t a l y s t  t o  constant  weight a t  70" C under 
ni t rogen.  

When impregnating a s i n g l e  component, 

Solut ion volumes equal led 
An 

Co-Mo c a t a l y s t s  78, 79, 80, 81, and 82 were prepared by t h e  same s i n g l e  impreg- 
na t ion  method using a s o l u t i o n  containing both Co and Mo. 
c a t a l y s t s  79 and 81 were calcined i n  a i r  a t  600" C f o r  about 8 hours. 

Sn and Mo i n  c a t a l y s t s  83 and 84 were impregnated s tepwise.  
t h e  procedure consis ted of adding ammonium molybdate and drying,  then adding stannous 
ch lor ide  i n  aqueous e thanol  and re-drying. 
procedure. One-third of t h e  Sn i n  d i l u t e  aqueous H C 1  and one-third of t h e  Mo i n  
water were combined and added t o  t h e  support .  
repeated two more times. 

Following impregnation, 

In preparing 83, 

Cata lys t  84 was prepared by a three-s tep 

Af te r  drying,  t h e  procedure was 

A l l  c a t a l y s t s  except 2 and 10 were presu l f ided  i n  t h e  batch hydrogenation reac tor  
(before  charging with coa l  and vehic le  o i l )  f o r  4 hours a t  260" C with a gaseous mixture 
t h a t  i n i t i a l l y  was composed of 15 percent  HzS  and 85 percent  H z .  Su l f id ing  of s i n g l e  
component c a t a l y s t s  averaged more than 90 percent  of amounts needed t o  form MoS2, SnS, 
NiS, COS, and FeS. 
Actual forms of  metal s u l f i d e s  were not determined. 

The average f o r  multi-component c a t a l y s t s  was more than 75 percent .  
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HydroZenation Equipment and Procedures 

The hydrogenation r e a c t o r  w a s  a 1.2-liter batch autoclave t h a t  was placed i n  a 
hor izonta l  pos i t ion  and r o t a t e d  during an experiment. 
vesse l  and accessory equipment has been publ ished (2). 

A d e t a i l e d  descr ip t ion  of t h e  

Charges were contained i n  a g lass  l i n e r  t h a t  f i t t e d  c lose ly  t o  t h e  autoclave w a l l .  
The charge i n  most experiments w a s  50 g of c o a l ,  75 g o f  t a r ,  and 50 cc of c a t a l y s t .  
A constant  c a t a l y s t  volume was used so t h a t  t h e  f l u i d i t y  of t h e  ca ta lys t - reac tan t  
mixture and, hence, t h e  degree of mixing would b e  n e a r l y  t h e  same i n  a l l  experiments. 
In addi t ion ,  c a t a l y s t  e x t e r n a l  sur face  a reas  would not  d i f f e r  g r e a t l y .  The amount 
of c a t a l y s t  2 charged w a s  25 cc, and i n  experiments w i t h  c a t a l y s t s  79 and 81, charges 
cons is ted  of 25 g of c o a l ,  37.5 g of tar and 25 cc of  c a t a l y s t .  

Af te r  charging, t h e  autoclave was purged of a i r  and pressurized t o  about 1,900 p s i  
wi th  e l e c t r o l y t i c  hydrogen from commercial cy l inders .  Hydrogen charge weights which 
averaged 9.8 g were determined from p r i o r  c a l i b r a t i o n s  of hydrogen weight v s  charge 
pressure  for  t h e  au toc laves  used. Rotat ion was s t a r t e d  and t h e  autoclave was heated 
t o  400" C i n  about 55 minutes. 
a t  400" C ,  the  autoclave was cooled t o  room temperature a t  a somewhat s l o w e r  r a t e .  

Gases were depressurized,  scrubbed t o  remove C O z  and HzS, metered and analyzed. 

Pressure  increased t o  about 4,000 p s i .  After  30 minutes 

Light o i l  and w a t e r  were then removed by vacuum d i s t i l l a t i o n  t o  about 110" C and 2 t o  
3 mm of Hg. Sol ids  and higher-boi l ing l i q u i d s  remaining i n  t h e  autoclave w e r e  washed 
out  with benzene and separa ted  by hot benzene e x t r a c t i o n  i n t o  inso luble  and soluble  
f r a c t i o n s .  Insolubles  were f u r t h e r  separated by screening i n t o  a f r a c t i o n  of f i n e s  
cons is t ing  mostly of coa l -  and tar-der ived s o l i d s  and a f rac t ion  cons is t ing  of p e l l e t s  
of used c a t a l y s t .  F ines  included small  but undetermined amounts of c a t a l y s t ,  while 
t h e  p e l l e t s  contained coa l -  and tar-derived s o l i d s  i n  t h e i r  pores i n  amounts up t o  
about 15 percent  depending on t h e  poros i ty  o f  t h e  c a t a l y s t .  Benzene so lubles  were 
separated i n t o  f r a c t i o n s  inso luble  and so luble  i n  n-pentane. Both f r a c t i o n s  of s o l i d s  
and a l l  organic l i q u i d  f r a c t i o n s  were analyzed f o r  s u l f u r .  
benzene inso lubles  i n  t h e  f i n e s  was ca lcu la ted  as t h e  d i f fe rence  between t h e  weights 
of t h e  f i n e s  and ash i n  t h e  f i n e s .  An es t imate  of t h e  weight of organic  benzene inso l -  
ubles  i n  used c a t a l y s t  p e l l e t s  w a s  made on t h e  b a s i s  of the carbon and hydrogen content  
of t h e  p e l l e t s .  

The weight of organic  

An autoclave w a s  weighed on a b u l l i o n  balance t o  wi th in  2 0.1  g before  charging 
with hydrogen, a f t e r  depressur iz ing ,  and a f t e r  vacuum d i s t i l l i n g .  From these  weigh- 
ings  and known weights of  a l l  m a t e r i a l s  charged, accurate  weights f o r  groups of pro- 
duc ts  were determined as follows: (1) Gases and vapors depressurized,  (2) vacuum 
d i s t i l l a t e ,  and (3)  s o l i d s  and heavy l i q u i d s .  
i zed)  t o  correspond t o  t h e  weights of these  groups of  products  by assuming t h a t  l o s s e s  
(or  gains)  i n  each group of products  w e r e  d i s t r i b u t e d  among t h e  components of t h a t  
group i n  the  same proport ions as a c t u a l  recoveries .  Adjustments made t o  normalize 
recover ies  averaged about 2 percent  of t h e  t o t a l  charge. 

Actual recoveries  were ad jus ted  (normal- 

I n  the hydrogenation da ta  shown i n  t a b l e  3 ,  product d i s t r i b u t i o n s  are expressed 

Asphaltene 
as weight-percent of moisture- and ash-free (maf) charge. 
are t h e  sum of organic  i n s o l u b l e s  i n  t h e  f i n e s  and i n  t h e  used c a t a l y s t .  
i s  o i l  so luble  i n  benzene but inso luble  i n  pentane. 
inc ludes  pentane-soluble o i l  recovered i n  t h e  benzene e x t r a c t i o n  s t e p  and l i g h t  o i l  
recovered by vacuum d i s t i l l a t i o n ,  while benzene-soluble o i l  i s  t h e  sum of asphal tene 
and pentane-soluble o i l .  Conversion of organic  benzene inso lubles  is  the  d i f fe rence  
between organic benzene inso lubles  charged (maf coa l  p lus  inso lubles  i n  t h e  t a r )  and 
organic  benzene i n s o l u b l e s  recovered expressed as percent  of organic benzene insolubles  
charged. 

Organic benzene insolubles  

The pentane-soluble o i l  i n  t a b l e  3 
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Resul ts  f o r  seven of the experiments l i s t e d  i n  t a b l e  3 a r e  average values  of 
dupl ica te  tests. 
ca tes  w a s  2.3 percent  and t h e  s u l f u r  conten ts  of t h e  o i l s  d i f f e r e d  by an  average of 
0.04 percent .  

Average d i f fe rences  i n  y i e l d s  of benzene-soluble o i l  i n  these dupl i -  

RESULTS AND DISCUSSION 

Of primary i n t e r e s t  i n  hydrogenation tests w e r e  c a t a l y s t  a c t i v i t i e s  f o r  coa l  l ique-  
f a c t i o n  as measured by o i l  production and f o r  d e s u l f u r i z a t i o n  as indica ted  by t h e  sul-  
f u r  content  of the  product oil. The t o t a l  amount of s u l f u r  removed was t h e  prefer red  
i n d i c a t o r  of d e s u l f u r i z a t i o n  a c t i v i t y  but  t o t a l  s u l f u r  removal from coal  and t a r  could 
not  be determined accura te ly .  Coal- and tar-der ived s o l i d s  and t h e  used c a t a l y s t  both 
contained s u l f u r  and i t  w a s  not  p o s s i b l e  t o  c l e a r l y  d i s t i n g u i s h  between t h e  two. Coal 
conversions were n o t  reported but  can be  est imated from t h e  hydrogenation r e s u l t s  shown 
i n  t a b l e  3 by assuming t h e r e  was no conversion of inso lubles  i n  the  t a r .  This assump- 
t i o n  i s  probably j u s t i f i a b l e  f o r  most experiments by r e s u l t s  of batch experiments made 
with tar  and an a c t i v e  Co-Mo c a t a l y s t  i n  t h e  absence of c o a l  a t  4,000 p s i  and 425" C .  
Conversions of inso lubles  were n e g l i g i b l e .  

The mild condi t ions used i n  t h i s  s tudy (30 minutes a t  400" C) were chosen so tha t  
moderate l e v e l s  of l iquefac t ion  and d e s u l f u r i z a t i o n  would be obtained wi th  good cata-  
l y s t s ,  and consequently higher  as w e l l  a s  lower a c t i v i t i e s  of o ther  c a t a l y s t s  could 
be readi ly  discerned.  

The feed composition provided one of  t h e  base comparison poin ts  needed f o r  evalua- 
t i o n  of  hydrogenation r e s u l t s .  When P i t t s b u r g h  coa l  was used, t h e  maf feed contained 
52 percent  benzene-soluble o i l  ( h e r e a f t e r  ca l led  o i l )  t h a t  o r ig ina ted  w i t h  t h e  tar 
used as vehic le  oil. 
feed contained 0.64 percent  s u l f u r .  

This o i l  contained 0.56 percent  s u l f u r ,  while  t h e  t o t a l  maf 

As shown by t h e  hydrogenation r e s u l t s  of t h e  f i r s t  experiment i n  t a b l e  3 ,  some 
HDS occurs without an added c a t a l y s t .  
production of 8 percent ,  and t h e  oil contained 0.06 percent  less s u l f u r  than oil i n  
t h e  feed.  
of base da ta  f o r  comparison purposes. 

The o i l  y i e l d  of  60 percent  represented a n e t  

These r e s u l t s  provided a second s e t  T o t a l  s u l f u r  removal was 24 percent .  

Commercial C a t a l y s t s  

The most e f f e c t i v e  p e l l e t e d  c a t a l y s t  t e s t e d  based on a c t i v i t i e s  f o r  both o i l  pro- 
duct ion and desul fur iza t ion  was c a t a l y s t  No. 1, a silica-promoted Co-Mo on alumina (Har- 
shaw 0402T).2 O i l  containing 0.15 percent  s u l f u r  w a s  produced i n  a y i e l d  of 80 percent .  
Estimated c o a l  conversion w a s  78 percent .  
i v e  i n  developing new c a t a l y s t s  became one of t r y i n g  t o  ge t  r e s u l t s  super ior  t o  those 
obtained with 0402T. Cata lys t  0402T has been used i n  a l l  recent  Synthoi l  p i l o t  p lan t  
experiments. 
experiment with c a t a l y s t  2 showed t h a t  t h e r e  w a s  a response t o  a change i n  c a t a l y s t  con- 
cent ra t ion  between 25 and 50 cc and i n d i c a t e s  t h a t  50 cc probably does n o t  c o n s t i t u t e  
an excess of  c a t a l y s t .  

After  these  r e s u l t s  were obtained,  t h e  object-  

Cata lys t  2 cons is ted  of 25 cc  of 0402T O K  h a l f  t h e  s tandard charge. The 

The e f f e c t  of presu l f id ing  0402T can be seen by comparing r e s u l t s  wi th  c a t a l y s t  1 
and c a t a l y s t  3 which w a s  no t  presu l f ided .  
and, hence, p resu l f id ing  is c l e a r l y  d e s i r a b l e  i n  batch tests. Apparently i n - s i t u  a c t i -  
va t ion  does not  occur quickly enough t o  reach maximum a c t i v i t y  i n  a batch r e a c t o r  where 
only t h e  i n i t i a l  a c t i v i t y  can be t e s t e d .  
bed of c a t a l y s t ,  p resu l f id ing  w a s  found t o  be de t r imenta l  t o  s teady state c a t a l y s t  
a c t i v i t y  (2). 

Cata lys t  3 was considerably less e f f e c t i v e  

I n  continuous flow experiments with a f ixed 

Reference t o  s p e c i f i c  brands of m a t e r i a l s  is made f o r  i d e n t i f i c a t i o n  only and 
does not  imply endorsement by t h e  Bureau of Mines. 
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Catalyst  4 cons is ted  of Co-Mo 0402T pulver ized t o  minus 200 mesh before  presu l -  
f i d i n g .  
and a small but  poss ib ly  i n s i g n i f i c a n t  increase  i n  o i l  production. 
a decrease i n  c a t a l y s t  p a r t i c l e  s i z e  ind ica tes  the  d e s u l f u r i z a t i o n  reac t ion  i s  retarded 
o r  possibly c o n t r o l l e d  by i n t r a p a r t i c l e  d i f fus ion .  
i n  view of t h e  numerous ins tances  of d i f f u s i o n  r e t a r d a t i o n  reported i n  HDS s t u d i e s  
of high-molecular weight petroleum f r a c t i o n s  (5). It was found, f o r  example, t h a t  
i n  t h e  HDS of r e s i d u a i  o i l s  i n  an e b u l l a t i n g  bed r e a c t o r ,  decreasing the  s i z e  of  cata-  
l y s t  p a r t i c l e s  increased t h e  r a t e  of desu l fur iza t ion  (5). However, the use of small 
c a t a l y s t  p a r t i c l e s  t o  lessen  d i f f u s i o n  r e t a r d a t i o n  i n  a fixed-bed reac tor  such as is 
used i n  the Synthoi l  process  vould be  imprac t ica l  because of the r e s u l t a n t  higher  
pressure  drop across  t h e  bed and the  increased r i s k  of flow and temperature cont ro l  
problems. 

The use of smal le r  c a t a l y s t  p a r t i c l e s  r e s u l t e d  i n  increased s u l f u r  removal 
This e f f e c t  of  

This  r e s u l t  is  e n t i r e l y  reasonable 

h experiment w a s  made with c a t a l y s t  0402T (No. 5 i n  t a b l e  3) t o  determine i t s  
e f fec t iveness  f o r  HDS of a high-sulfur  coal--Indiana 115 hvbb coal  containing 3.4 per- 
cent s u l f u r .  The c a t a l y s t  proved t o  be highly e f f e c t i v e  f o r  l iquefac t ion  and desul-  
f u r i z a t i o n  i n  t h e  batch r e a c t o r ,  and l a t e r  w a s  found t o  be very e f f e c t i v e  i n  t h e  HDS 
of t h e  same c o a l  i n  a continuous-flow fixed-bed r e a c t o r  (6) .  

Commercial HDS c a t a l y s t s  6 (Co-Mo), 7 (Ni-Mo), and 8 (Ni-Mo) were a s  e f f e c t i v e  
a s  c a t a l y s t  0402T f o r  d e s u l f u r i z a t i o n ,  bu t  c a t a l y s t  0402T produced 1 2  percent  more 
o i l  than c a t a l y s t  6 ,  and 3 percent  more than the  Ni-Mo c a t a l y s t s .  Even though t h e  
Ni-Mo c a t a l y s t s  were somewhat l e s s  e f f e c t i v e  than c a t a l y s t  0402T i n  these batch tests,  
f i n a l  se lec t ion  of one f o r  use i n  a l a r g e  s c a l e  Synthoi l  p l a n t  would depend on t h e i r  
aging and regenerat ion c h a r a c t e r i s t i c s .  Cata lys t  9 (Fe on alumina) was moderately 
a c t i v e  for  o i l  production but  i n e f f e c t i v e  f o r  s u l f u r  removal. 

High-Surface Area Impregnated Cata lys t s  

Supports f o r  c a t a l y s t s  10  through 30 were t h r e e  high-surface a rea  aluminas con- 
t a i n i n g  small amounts of  s i l ica .  The test with c a t a l y s t  10,  which consis ted of UOP 
alumina without an added hydrogenation component, showed t h a t  high-surface area 
alumina has no a c t i v i t y .  Resul ts  were v i r t u a l l y  t h e  same as i n  t h e  experiment wi th  
coa l  and tar alone ( f i r s t  experiment i n  t a b l e  3 ) .  
Sn, N i ,  Co, o r  Fe impregnated on these aluminas, there were no d i f fe rences  i n  r e s u l t s  
t h a t  were c l e a r l y  a t t r i b u t a b l e  t o  t h e  support p r o p e r t i e s  shown i n  t a b l e  2 .  
did  show tha t  when t h e s e  metals  a r e  used a s  s i n g l e  components on high area  aluminas, 
Mo is the  b e s t  c a t a l y s t  for s u l f u r  removal and Sn i s  t h e  b e s t  c a t a l y s t  f o r  the con- 
vers ion  of coa l  t o  o i l .  

In experiments with 5 percent  Mo, 

The r e s u l t s  

F a i r l y  high o i l  y i e l d s  were a l s o  obtained with Mo and N i .  

MO and Sn concentrat ions w e r e  inves t iga ted  with c a t a l y s t s  11-16, 20, and 2 1  using 
1, 5, and 10 percent  on UOP and ALCOA H-151 aluminas. A s  t h e  Mo concentrat ion was 
increased,  the  d e s u l f u r i z a t i o n  a c t i v i t y  a l s o  increased but  d i d  not  approach the 
a c t i v i t y  of c a t a l y s t  0402T. 
with higher  concent ra t ions ,  b u t  with 14 percent  o r  more of Mo, complete coverage of  
t h e  support sur face  wi th  a monolayer of MoS2 could occur with consequent l o s s  of any 
c a t a l y t i c  cont r ibu t ion  of t h e  sur face  toward s u l f u r  removal. 
with increas ing  Mo concent ra t ion  t o  5 percent ,  but a f u r t h e r  i n c r e i s e  was of no b e n e f i t .  
Sn c a t a l y s t s  w e r e  h ighly  e f f e c t i v e  f o r  o i l  production a t  a l l  ccmellcrat ions used, but 
desu l fur iza t ion  a c t i v i t i e s  were poor and decreased as t h e  Sn concentrat ion increased.  
Supported Mo or Sn used a s  s i n g l e  components do not appear t o  be promising coa l  HDS 
c a t a l y s t  candidates .  

Higher l e v e l s  of d e s u l f u r i z a t i o n  could probably be obtained 

O i l  production increased 

Cata lys t s  3 1  and 32 contained 5 percent  Mo on s i l ica-alumina supports t h a t  had 

Hydrogen.ition r e s u l t s  with 
t h e  same composition b u t  wide d i f fe rences  i n  s u r f a c r  a reas  (80 and 425 M2/g) and some 
d i f fe rences  i n  pore volumes and average pore diameter?. . 



these catalysts were similar indicating little or no effect of their differences 
in physical properties. 
supported catalysts were lower than activities of alumina-supported catalysts con- 
taining 5 percent Mo. 

Low-Surface Area Catalysts 

However, desulfurization activities of these silica-alumina- 

Supports for catalysts 33-77 all had low surface areas. They had widely different 
compositions, pore volumes that ranged from 0.07 to 0 . 5 6  cc/g, and average pore dia- 
meters that were two to three orders of magnitude larger than those of the high-surface 
area supports. Whereas all high-surface area catalysts contained less than the amounts 
of metals needed for a monomolecular layer after sulfiding, the low-surface area cata- 
lysts (except for No. 42) contained metals in amounts that could provide from 50 to 1500 
layers of metal sulfides. It is therefore likely that in experiments with the low- 
surface area catalysts, support surfaces were completely covered and had no catalytic 
or promotional effect on reactions. 

Catalysts 33-41 contained 5 percent of impregnated metals. Although their desul- 
furization activities were very poor (catalyst 34 may be an exception), high oil yields 
of 80 to 84 percent were obtained with three of the catalysts. 
that a high level of activity for oil production requires neither a high-surface area 
catalyst nor the availability of a support surface. On the other hand, the low levels 
of sulfur removal indicate that a high activity for desulfurization may require (in 
addition to the metal component surface) access to the support surface or a high area 
or both. 

This is evidence 

Catalysts 43-77 were impregnated with 1 percent of the metal components. Support 
combinations AELT-AEHT, SELT-SEHT, and CELT-CEHT were pairs having identical composi- 
tions but differing in areas and porosities. Comparisons of hydrogenation results 
with supports having the same compositions showed no consistent trends attributable 
to differences in areas or porosities. The most significant features of the experi- 
ments were the consistently high yields of oil obtained with Sn catalysts and the l o w  
average level of desulfurization with all metal components. Oil yields of 80 percent 
were obtained in two experiments with Sn catalysts. Thus, in addition to not requir- 
ing high surface areas, high metal concentrations are also not required for high coal 
conversions when Sn is used. 

To determine whether the desulfurization activity of a low-surface area catalyst 
would increase if the support surface was not completely covered, catalyst 42 was pre- 
pared using less than 0.002 percent Mo. Fractional coverage of the surface of catalyst 
42 was approximately equal to that of catalyst 12 containing 5 percent Mo on UOP alum- 
ina. Catalyst 42 was ineffective for oil production but was apparently more active 
for sulfur removal than catalyst 43 which contained 1 percent Mo on the same support. 
In fact the 0.36 percent sulfur in the oil was lower than the sulfur content of oil 
obtained with any low-surface area catalyst containing 1 percent of metal. This 
result strongly suggests that Mo-catalyzed desulfurization reactions of coal are 
promoted by the surface of an acidic support. 
in several recent studies of the mechanism of HDS of thiophene compounds wherein it 
was reported that the reactions include steps occurring at acid sites on catalyst 
surfaces (4). 
Multicomponent Catalysts 

The result is consistent with findings 

The effectiveness of UOP and H-151 aluminas as supports for Co-Mo catalysts was 
investigated with catalysts 78-81. 
ages as catalyst No. 1 (0402T). 
fiding and were less active than catalyst 1. 

These contained Co and Mo in the same percent- 
Catalysts 78 and 80 were not calcined before sui- 

Catalysts 79 and 81 were calcined 
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before  s u l f i d i n g  but  were otherwise i d e n t i c a l  t o  78 and 8 0 ,  respec t ive ly .  Both of 
t h e  calcined c a t a l y s t s  showed higher  a c t i v i t i e s  f o r  o i l  production b u t  only 79 showed 
improved d e s u l f u r i z a t i o n  a c t i v i t y .  A c t i v i t i e s  of 79 were v i r t u a l l y  equal t o  those 
of c a t a l y s t  1 i n d i c a t i n g  t h a t  t h e  UOP alumina i s  highly s u i t a b l e  as  a support .  Cal- 
c i n a t i o n  i s  widely recognized as a b e n e f i c i a l  a c t i v a t i o n  s t e p  f o r  HDS c a t a l y s t s  and 
i s  general ly  a p a r t  of commercial p repara t ion  procedures. 
sumably a r e  t h e  r e s u l t s  of  improved d ispers ions  of Co and Mo and i n t e r a c t i o n s  of Co, 
Mo, and the  support t h a t  occur during ca lc ina t ion .  S t r u c t u r a l  s t u d i e s  have ind ica ted  
t h a t  Mo becomes d i s t r i b u t e d  i n  a monolayer and t h a t  p a r t  of the  Co is converted t o  
a form comparable t o  t h a t  i n  CoA120,+. In  a recent  i n v e s t i g a t i o n  using e lec t ron  s p i n  
resonance s p e c t r a ,  i t  w a s  reported t h a t  t h i s  form of Co p e r s i s t s  even a f t e r  s u l f i d -  
i n g  Q). 

Act iv i ty  increases  p r e -  

Catalyst  8 2 ,  conta in ing  2.4 percent  Co and 10 percent  Mo on a low-surface a r e a  
support ,  w a s  i n e f f e c t i v e  f o r  coa l  l i q u e f a c t i o n  and only moderately a c t i v e  f o r  desul-  
f u r i z a t i o n .  Hydrogenation r e s u l t s  with t h i s  c a t a l y s t  showed t h a t  the  amounts and 
proport ion of C o  and Mo used are not  t h e  only proper t ies  t h a t  determine the  desul- 
f u r i z a t i o n  a c t i v i t y  of Co-Mo c a t a l y s t s .  
t h a t  a high sur face  area and a c c e s s i b i l i t y  of the support  sur face  may a l s o  be i m -  
por tan t .  

The experiment provided a d d i t i o n a l  evidence 

Cata lys t s  83 and 84 w e r e  prepared t o  i n v e s t i g a t e  combinations of Sn and Mo, 
t h e  b e s t  metal  component f o r  l i q u e f a c t i o n  and the  b e s t  metal component f o r  desul- 
f u r i z a t i o n  when used s i n g l y .  The support w a s  a high-surface a rea  alumina. Procedures 
used i n  preparing 83  and 84  d i f f e r e d  but  caused no s i g n i f i c a n t  d i f fe rences  i n  hydro- 
genat ion r e s u l t s .  
w a s  used a lone ,  but less s u l f u r  was removed than when Mo w a s  used alone. 
83  and 84 offered  no o v e r a l l  advantage. 

Both c a t a l y s t s  produced o i l  i n  t h e  high y i e l d s  obtained when Sn 
Cata lys t s  

Catalyst  85 represented an attempt t o  increase  t h e  l iquefac t ion  a c t i v i t y  of co- 
Mo c a t a l y s t  0402T by a d d i t i o n  of 5 percent  Sn. 
production w a s  equal  t o  t h a t  of Sn when used alone,  bu t  t h e  addition' of Sn decreased 
t h e  a c t i v i t y  of c a t a l y s t  0402T f o r  s u l f u r  removal. F i n a l  assessment of t h e  Sn-Co-Mo 
combination w i l l  r e q u i r e  experimentation with o t h e r  compositions and preparat ion 
procedures. 

The a c t i v i t y  of c a t a l y s t  85 for  o i l  

SUMMARY 

Based on a c t i v i t i e s  f o r  both l i q u e f a c t i o n  and d e s u l f u r i z a t i o n  of coa l ,  the  b e s t  
c a t a l y s t  t e s t e d  i n  t h i s  ba tch  s tudy was a commercial high-surface a r e a  silica-promoted 
c a t a l y s t  containing 2.4 percent  Co and 10 percent Mo on an alumina support .  This 
c a t a l y s t  has been used i n  a l l  recent  experiments i n  t h e  Bureau of Mines' Synthoi l  
p i l o t  p lan t .  The increased  d e s u l f u r i z a t i o n  t h a t  r e s u l t e d  when t h i s  c a t a l y s t  was pul- 
ver ized ind ica ted  t h a t  t h e  s u l f u r  removal r e a c t i o n s  were d i f f u s i o n  hindered. 

Experiments wi th  Mo, Sn, N i ,  Co ,  and Fe impregnated a s  s i n g l e  components on 
high- and low-surface area supports  showed t h a t  Mo c a t a l y s t s  were bes t  f o r  s u l f u r  
removal and Sn c a t a l y s t s  w e r e  b e s t  f o r  conversion of c o a l  t o  o i l .  Single  component 
c a t a l y s t s  d id  not  appear t o  be promising f o r  combined l i q u e f a c t i o n  and desulfur iza-  
t i o n .  

Maximum d e s u l f u r i z a t i o n  a c t i v i t y  apparent ly  requi res  a high-surface a rea  cata-  
l y s t  and r e s u l t s  from a combination of t h e  c a t a l y t i c  a c t i v i t y  of supported metal 
components and t h e  promotional e f f e c t  of t h e  support sur face .  High desul fur iza t ion  
a c t i v i t i e s  were achieved only when l e s s  than a monolayer of metal component was 
deposited on the  support .  Even with a low-surface a rea  support ,  t h e  appl ica t ion  
of less than a monolayer increased t h e  d e s u l f u r i z a t i o n  a c t i v i t y .  
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A high surface area or high metal concentration is not essential for high 
conversions of coal to oil. High oil yields were obtained with several low- 
surface area catalysts, and', in the case of Sn, with only 1.0 percent of supported 
metal component. 

Sn-Mo and Sn-Co-Mo combinations were not highly effective, but final assess- 
ment of these combinations will require further experimentation. 
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TABLE 1.- Analyses of feed materials 
Basis: percent by weight 

P i t t sburgh-  Indiana High- 
seam 85 temp. 
hvab hvbb c o a l  

Material coa l  coal t a r  

Proximate a n a l y s i s ,  a s  received 
Moisture .................... 0.5 6.1 0.0 
Ash ......................... 6.0 8.9 0.04 
Vo la t i l e  matter ............. 35.8 38.6 - 
Fixed carbon ................ 57.7 46.4 - 

U l t i m a t e  ana lys i s ,  moisture-free 
Ash ......................... 6.0 9.5 
Hydrogen .................... 5.2 4.9 
Carbon ...................... 78.2 71.4 
Nitrogen .................... 1.5 1.5 
Oxygen (by d i f fe rence)  ...... 8.0 9.2 
Sul fur  ...................... 1.1 3.5 

as  s u l f a t e  ............. 0.04 0.38 
as p y r i t e  .............. 0.39 1.00 
as organic  ............. 0.67 2.12 

0.04 
4.9 

92.8 
1.1 
0.56 
0.6 - 
- 

0.6 

Solvent a n a l y s i s  
Benzene inso lubles  ............................... 15.1 
Asphaltene ....................................... 39.8 
O i l ,  n-pentane-soluble ........................... 45.1 
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