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Introduction 

Certain coal minerals a r e  well-known t o  catalyze l iquefaction and hydrode- 
sulfurization in coal conversion processes (1,2,3,4).  I t  i s  generally understood 
i n  connection w i t h  1 iquefaction processes t h a t  heating coal t o  temperatures in 
the range of 350°C and higher produces f r e e  rad ica ls  by thermal bond rupture. 
These f r ee  rad ica ls  are then s t ab i l i zed  by abs t rac t ing  a small e n t i t y  such as  a 
hydrogen atom from some source. 
w i t h  the ca t a lys t  (coal minerals o r  o ther  added c a t a l y s t s ) ,  hydrogen on the  hydro- 
aromatic portion of a hydrogen donor solvent o r  perhaps hydrogen on the  hydroaroma- 
t i c  portion of coal (5,6,7).  
coal -solvent s lur ry  systems have been done w i t h  various comnercial ca t a lys t s  (8,9, 
10).  Instead of voluminous work w i t h  good hydrogenation and hydrodesulfurization 
ca ta lys t s ,  l i t t l e  a t t en t ion  has been paid t o  coal mineral ca t a lys i s .  Coal mineral 
ca ta lys i s  m i g h t  be important i n  t h e  Solvent Refined Coal (SRC) process, i n  which 
so l id  boi le r  fuel i s  produced through mild o r  l i t t l e  hydrogenation of coal - pro- 
bably mainly through d isso lu t ion  of coa l .  

To be t te r  understand theimportanceof coal mineral ca t a lys i s  in the SRC pro- 
cess ,  t h i s  work presents comparative r e s u l t s  of t h e  r a t e s  of hydrogenation and 
hydrodesulfurization of coa l /o i l  s l u r r i e s  under d i f f e ren t  reaction conditions and 
i n  the presence of d i f f e ren t  coal minerals. The se l ec t iv i ty  of coal minerals such 
as  reduced iron and SRC residue (Wilsonville SRC p i l o t  p lan t )  f o r  hydrodesulfuri- 
zation as opposed t o  hydrogenation has been determined based on product d i s t r ibu -  
t i on  ( o i l ,  asphaltene and preasphaltene),  su l fu r  content o f  each product and ana- 
lyses of l iquid products. 
affected by ca t a ly t i c  a c t i v i t y  of coal minerals have a l so  been examined. 

The source may be hydrogen chemically interacted 

Some s tudies  of c a t a l y t i c  hydrodesulfurization of 

The r a t e  l imi t ing  s t eps ,  o r  the reaction s t ep  most 

Experimental 

Equipment 
All autoclave s tudies  were performed in  a commercial 300 cc magnedrive auto- 

clave (Autoclave Engineers). 
furnace, cooling co i l ,  gas i n l e t  and sampling l i nes .  
studied in a small tubing-bomb reactor (%'I O.D. s t a in l e s s  s t ee l  tube w i t h  0.035" 
wall thickness).  
lock caps on b o t h  ends. Hydrogen gas was introduced in to  a smaller tubing-bomb 
reactor (about 13  m l ) ,  sealed w i t h  Swagelock cap on one end ,  through 1/16" tube 
which was connected t o  the  pressure ind ica tor  to  read pressure change during reac- 
t ion .  Varian gaschromatographs (Model 1800) were used f o r  analysis of o i l  fraction. 
A Leco su l fur  determinator (Model 532) was used f o r  ana lys i s  of su l fu r  i n  each product. 

The autoclave was equipped with a s t i r r e r ,  thermowell, 
Coal-tetralin systems were 

Under a i r  atmosphere about 16 ml reac tors  were used w i t h  Swage- 

Materials 
Creosote o i l  (Allied Chemical Company) and l i g h t  recycle o i l  ( L R O )  used in th i s  

study were obtained from Southern Services, Inc. The creosote o i l  has a carbon-to 
hydrogen r a t i o  of 1.25 (90.72% C and 6.05% H) ,  a spec i f i c  gravity of 1.10 a t  25OC, 
and a boiling point range of 175 t o  35OoC. The creosote o i l  cons is t s  of 96.1% o i l ,  
3.5% asphaltene, 0.2% preasphaltene and 0.3% pyridine insolubles.  
o i l  (LRO) contains mainly o i l  (99.4%) and a l i t t l e  asphaltene (0.6%). 

The l i g h t  recycle 
The values 4 
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were obtained following the solvent extraction scheme, which  will be described i n  
the experimental procedure section. 
o i l  and 0.26% i n  the l i g h t  recycle o i l  ( L R O ) .  

used i n  a l l  experiments (67.8% C ,  4.9% H ,  2.69% S and 12% mineral mat te r ) .  
coal samples were dried overnight a t  lOOOC and 25 inches Hg vacuum before use. 

and studied as ca t a lys t s  f o r  the reactions of hydrogenation and hydrodesulfurization. 
Co-Mo-A1 i s  a comnercial ca t a lys t  from Laporte Indus t r ies ,  Inc. (Comox 451). Iron 
i s  a reagent grade hydrogen reduced iron from Mallinckrodt, Inc. 
obtained from f i l t e r  cake from Wilsonville SRC p i l o t  plant (2.48% S) .  All ca ta lys t s  
were screened t o  -325 mesh before use. Presulfided Co-Mo-A1 was prepared by 
co l lec t ion  of so l id  residue a f t e r  reaction of creosote o i l  with Co-Mo-A1 i n  the autoclave 
reac tor .  Sulfur content i s  about 2.76%. 

The following chemicals were used: benzene (Mallinckrodt, nanograde o r  Fisher Cey- 
t i f i e d  A.C.S.), pentane (Mallinckrodt, nanograde), hexane (Fisher Cer t i f i ed ) ,  pyri-  
dine (Fisher Certif ied A.C.S.) and t e t r a l i n  (J.T. Baker, practical  grade). 

Procedures 
A 2:l solvent-to-coal weight r a t i o  (40 grams o f  coal,  80 grams of solvent-LRO 

or creosote o i l )  was charged t o  the  autoclave. In some cases,  a 3:l solvent-to-coal 
weight r a t i o  was used. The  reaction conditions used f o r  most of runs were 41OoC, a 
stirrer se t t ing  of 1000 rpm, and an i n i t i a l  hydrogen o r  nitrogen pressure of 2000 
ps ig .  A heat-up r a t e  of about 12 t o  20OC per minute was used, t h u s  requiring a 
to ta l  heat-up time of about 30-35 minutes. After two hours of reaction, the auto- 
clave contents were quenched to  below l O O O C  within 15 minutes. Then a l l  reaction 
products were collected i n  a container and conlecl down to  room temperature. Imne- 
d i a t e ly ,  the products were subjected toana lys is  following the solvent extraction 
scheme. Each separated product was collected fo r  su l fu r  analysis.  

small tubing-bomb reactor (2.4 grams o f  coal and 4.8 grams of t e t r a l i n  u n d e r  hydro en 
atmosphere). The reaction experimental procedures were s imi la r  t o  Neavel ' s  (77. 
The ver t ica l  s t i r r i n g  r a t e  was i n  the  range o f  100-500 times a minute. Immediately 
a f t e r  reaction fo r  30 minutes i n  a f lu id ized  sandbath and cooling down, a l l  reaction 
products were collected by cleaning w i t h  benzene f i r s t  and then with pyridine,  t h e n  
analyzed following the  solvent extraction scheme. 
su l fur  analysis.  The o i l  f r ac t ion  was analyzed by gas chromatograph t o  see t e t r a l i n  
consumption during reaction. 

About 9 grams of reaction products from the  autoclave reactor or a l l  products 
from the small tubing-bomb reac tor  were separated following a conventional solvent 
extraction scheme w i t h  pentane or hexane, benzene and pyridine, as shown in Figure 
1. The actual weight of o i l  f rac t ion  was s l igh t ly  higher than the difference between 
the original sample amount and the  sum of asphaltene and benzene insolubles,  indi-  
cating some solvent (benzene, hexane o r  pentane) remaining a f t e r  rotaevaporation u p  
t o  about 80-85OC under vacuum. To resolve t h i s ,  the t rue  value f o r  o i l  or preasphal- 
tene fraction was chosen as follows: 

The su l fur  content is 0.64% i n  the creosote 

Kentucky No. 9/14 mixture (-150+325 mesh, a high vo la t i l e  bituminous coa l )  was 

Co-Mo-A1 and representative coal minerals ( i ron  and SRC residue) were obtained 

All 

SRC residue was 

Hydrogen and nitrogen gas cylinders (6000 psi grade) were supplied by Linde. 

Usually 3 grams of coal and 6 grams of solvent ( t e t r a l i n )  were charged to  the 

Each product was collected f o r  

o i l  = sample - asphaltene - benzene insolubles 
preasphaltene = benzene insolubles - pyridine insolubles 

Good reproducibil i ty was obtained w i t h  51% deviation, based on percentage of each 
separated product (+3% deviation, based on dmmf coa l ) .  

Results and Discussion 

Liquefaction 

a s p h a l t e n m i l  route,  by breaking C-0, C-S, C-C and possibly C - N  bonds and s tab i l iz ing  
coal-derived f r e e  rad ica ls  by hydrogen t ransfer  from hydrogen chemically interacted 
with the ca t a lys t  (coal minerals o r  o ther  added c a t a l y s t ) ,  hydrogen on the hydroaromatic 
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portion of a hydrogen donor solvent o r  perhaps hydrogen on the hydroaromatic portion 
of coal (5 ,  6, 7 ,  10, 11).  The major ro l e  of ca t a lys t  i n  l iquefaction appeared t o  
be the replenishment of the hydrogen donor solvent i n  order t o  maintain the proper 
level of hydroaromatics (1 ,  12).  The hydrogen atmosphere, the hydrogen donor a b i l i t y  I 
of the  solvent and the  hydrogenation a c t i v i t y  o f  the  ca t a lys t  seem t o  be most impor- 
t a n t  variables among others i n  l iquefaction process. 

A s e r i e s  o f  experiments using the  autoclave reac tor  was performed to  evaluate the  
sens i t i v i ty  of the  r a t e s  of hydrogenation and hydrodesulfurization and t o  a lesser  
degree, 1 iquefaction of a coal/oil  s l u r r y  t o  var ia t ions  i n  atmospheric composition 
(H2 o r  Nz), type o f  solvent ( l i  h t  recycle o i l ,  LRO, o r  creosote o i l ) ,  and presence 
of d i f f e ren t  ca t a lys t s  (Table I s .  The s e l ec t iv i ty  of d i f f e ren t  ca t a lys t s  in terms 
of overall e f f ec t  on product d i s t r ibu t ion  (gas ,  o i l ,  asphaltene, preasphaltene, and 
pyridine insolubles) was a l so  examined. 
t o  ex is t  as  o i l  a f t e r  reaction. Creosote o i l  contains, however, about 3.5% by weight 
of asphaltene, a f fec t ing  s igni f icant ly  the o i l  and asphaltene portions i n  runs B 
and D. In runs A ,  B ,  C ,  and D, as  t o  be expected, both l iquefaction (based on 
pyridine soluble degree) and hydrogenation (based on benzene soluble degree) occurred 
t o  a larger extent i n  a hydrogen atmosphere than i n  an i n e r t  nitrogen atmosphere -- 
the pyridine solubles yield being 35% higher and the  benzene solubles y i e ld ,  25% 
higher -- i r respec t ive  of the type of solvent used, LRO o r  creosote o i l .  

Hydrogen donor species l i ke  t e t r a l i n  and hydrophenanthrene a r e  present in sig- 
nificant amounts i n  LRO; whereas only t race  amounts of these species a re  present in 
creosote o i l .  As a r e s u l t ,  LRO i s  considered t o  be a much be t te r  SRC solvent than 
creosote o i l ,  which is used a s  an SRC s t a r tup  and makeup solvent. Extent of lique- 
faction and hydrogenation a r e  strongly dependent on solvent cha rac t e r i s t i c s ,  or 
type. For example, the  pyridine soluble y ie ld  was increased by 27% and the  benzene 
soluble y i e ld  was increased by 21% -- i r respec t ive  of the atmosphere, H2 o r  N2 -- 
when LRO was used instead of creosote o i l .  

The r e su l t s  of runs A and E c l ea r ly  demonstrate the pronounced e f f e c t  of the 
presence of presulfided Co-Mo-A1 -- a well known hydrogenation ca t a lys t  -- on product uJ 
dis t r ibu t ion:  
the absence of the  ca t a lys t s ;  the preasphaltene f r ac t ion  i s  decreased by about 71%; 
and the pyridine insoluble f rac t ion  i s  decreased from 12.5% t o  prac t ica l ly  zero 
percent, with the  asphaltene f rac t ion  remaining e s sen t i a l ly  the  same. The presence 
of Fe ( r u n  F)  and SRC residue ( r u n  G )  had, on the  other hand, a much l e s s  pronounced 
e f f ec t  on product d i s t r ibu t ion .  
dine insoluble f rac t ion  decreased t o  prac t ica l ly  zero; and the o i l  f rac t ion  increased 
by about 27%, w i t h  t he  asphaltene and preasphaltene f rac t ions  remaining essent ia l ly  
the same. W i t h i n  the l imi t s  of experimental e r ro r ,  in the presence of SRC residue 
product d i s t r ibu t ion  remained prac t ica l ly  the same. 
t o  be more e f f ec t ive  than SRC residue i n  accelerating o i l  and pyridine soluble y ie lds ,  
w i t h  b o t h  being much l e s s  e f f ec t ive  than presulfided Co-Mo-Al. 

In Table I1 hydrogen consumption during reaction was compared, based on H f / H o  
value ( the  r a t i o  of f ina l  hydrogen pa r t i a l  pressure t o  t h a t  i n  the i n i t i a l  charge 
a t  reaction temperature). The j u s t i f i c a t i o n  fo r  u s i n g  this value t o  gauge hydrogen 
consumption was presented in  an e a r l i e r  work (13) i n  which the k ine t ics  of hydrogena- 
t i on  were described i n  d e t a i l .  The presence of SRC residue and coal ash had s igni f i -  
cant e f f ec t s  on hydrogen consumption, being next t o  tha t  of presulfided Co-Mo-A1 and 
s ign i f i can t ly  higher than t h a t  of Fe. I n  f a c t ,  the presence of Fe had l i t t l e ,  or 
no e f fec t  on hydrogen consumption ( H f / H o )  a s  compared t o  t h a t  occurring during non- 
ca t a ly t i c  reaction. Apparently, based on the gas analyses and i n  l i g h t  of the above 
resu l t s  with regard t o  product d i s t r ibu t ion  (Table I ) ,  the higher hydrogen consumption 
t h a t  resulted i n  the presence of SRC residue a r e  due par t ly  t o  higher y ie lds  of 
gaseous products (HzS, CH4, C02. C2-C5, e t c . ) .  The r e su l t s  from previously reported 
( 1 )  ca t a lys t  screening s tudies  (Table IV) a l s o  support the hydrogen consumption data 
in  Table 11. In addition, the r e s u l t s  of e a r l i e r  HPLC analyses of creosote o i l  
a f t e r  hydrogenation i n  the presence o f  d i f f e ren t  ca t a lys t s  (Table V)(14) indicated 
t h a t  the degree of hydrogenation was grea te r  i n  the  presence of SRC residue and coal 

Creosote o i l  and LRO were simply assumed 

I 

the  o i l  f r ac t ion  i s  increased by about 76% over t h a t  resu l t ing  i n  

Most in te res t ing ly ,  i n  the  presence of Fe the pyri- 

Based on these results, Fe appears 
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ash than in the  presence of Fe (py r i t e ) .  
napthalene i n  the gas chromatographic analyses of the l iqu id  products (Table 11) 
indicated a similar trend t o  t h a t  observed i n  the  HPLC analyses (Table IV) and the  
Hf/Ho values (Table 11), t h a t  i s ,  t h a t  hydrogenation reactions a re  accelerated s igni -  
f i can t ly  more by SRC residue and coal ash than by Fe. In conclusion then, desp i te  
the more s igni f icant  e f f ec t  of Fe than tha t  of SRC res idue  on overall product dis-  
t r i b u t i o n ,  as  was discussed e a r l i e r ,  the presence of Fe during reaction has l i t t l e  
e f f e c t  on hydrogen consumption; whereas t h a t  of SRC residue causes a s ign i f i can t  
increase in hydrogen consumption. Also, apparently based on the  r e s u l t s  given i n  
Table 111, solvent-to-coal r a t i o  has l i t t l e  e f f e c t  on hydrogen consumption. 

were reacted i n  the presence of d i f f e ren t  concentrations of Fe ca t a lys t .  Samples 
used t o  perform gas analyses and f o r  determining the su l fu r  content of the l iqu id  
f rac t ion  ( t h a t  f rac t ion  which passed through Whatman #51 f i l t e r  paper) were collected 
immediately upon completion of the specified reaction period ( 2  hrs ) .  In agreement 
w i t h  the  findings of the other s tud ies  discussed e a r l i e r ,  the presence of Fe ca ta -  
l y s t  did not have an appreciable e f f ec t  on gas make (CH4, C02, and c2-C5) or Hf/Ho 
values. Also, as  was observed e a r l i e r ,  Fe served t o  completely scrub out any H2S 
produced. 

Table VI1 shows the r e su l t s  of a s e t  of experiments i n  which a small tubing- 
bomb reactor was used. 
per minute was used, w i t h  an a i r  atmosphere the presence of Fe ca t a lys t  did not 
a f f e c t  the product d i s t r ibu t ion .  More importantly, even w i t h  a hydrogen atmosphere 
and in the presence of Co-Mo-A1 ca t a lys t ,  the  product d i s t r ibu t ion  was not d ra s t i ca l ly  
d i f f e ren t  from tha t  obtained rith an a i r  atmosphere and in  the absence of the ca ta lys t .  
This in sens i t i v i ty  apparently i s  due t o  the poor mass t r ans fe r  obtained a t  t h i s  
low agi ta t ion  r a t e ;  f o r  w i t h  an ag i t a t ion  r a t e  of above 1000 cycles per minute, the 
product d i s t r ibu t ion  changed s igni f icant ly ,  with subs tan t ia l ly  more hydrogenation 
occurring. Further reaction s tudies  using the tubing-bomb reactor a re  cur ren t ly  i n  
progress. 

The peak height r a t i o  of t e t r a l i n  t o  

Table VI shows the  r e s u l t s  from a se r i e s  of runs in  which 2:l coa l /o i l  slurries 

When a ver t ica l  ag i t a t ion  r a t e  i n  the range of 100-500 cycles 

Hydrodesu 1 f u r  i za t i on 

s lu r ry  was the same i n  a N2 atmosphere a s  t h a t  in a H2 atmosphere when no ca t a lys t  
was present during reaction. 
(13) showed t h a t  the r a t e  of HDS i s  indeed insens i t ive  t o  not only hydrogen par t ia l  
pressure b u t  a l so  the  concentration of hydrogen donor species in the  solvent.  
as  shown i n  b o t h  Table I and VIII, i n  the' presence of Co-Mo-A1 ca t a lys t  the r a t e  of 
HDS was s igni f icant ly  higher i n  the  presence of a H2 atmosphere than t h a t  i n  a N2 
atmosphere. I n  f a c t ,  f o r  a 3:l coal/oil  s lu r ry  the su l fu r  content of the l iqu id  
reaction products was lower even under a N2 atmosphere when Co-Mo-A1 ca t a lys t  was 
present during reaction. For a 2:l coa l /o i l  s lu r ry ,  i n  the other hand, no detectable 
lowering i n  the  su l fu r  content of the l iqu id  products due t o  ca t a ly t i c  ac t iv i ty  
under a NE atmosphere was observed (Table I and VII I ) .  This i n sens i t i v i ty  of HDS 
reactions t o  ca t a ly t i c  a c t i v i t y  a t  t he  lower solvent-to-coal r a t i o  could be due to  the 
rapid depletion of hydrogen donor species tha t  occurs under a N2 atmosphere. For 
instance,  as  shown i n  Table IX, the degree of conversion of coal t o  l iqu ids  (cresol 
solubles) under a nitrogen atmosphere was the same a f t e r  two hours of reaction as  
t h a t  a f t e r  15 minutes, presumably because of the rapid depletion o f  donor species;  
f o r ,  in the presence of a H2 atmosphere, a s ign i f i can t  increase in conversion resulted 
when the reaction time was increased from 15 minutes t o  two hours. If  the ca t a lys t  
can serve t o  acce lera te  HDS reactions by f a c i l i t a t i n g  the t ransfer  of hydrogen from 
donor species t o  ac t ive  sulfur bearing species,  then t h e  concentration of donor species 
does take on importance, and the observed decrease i n  c a t a l y t i c  ac t iv i ty  w i t h  a 
decrease i n  the solvent-to-coal r a t i o  should be expected. Further experiments a r e  
i n  progress t o  ascer ta in  the  extent t o  which HDS ca ta lys t s  can serve t o  acce lera te  
reactions i n  t h i s  capacity.  The major ro l e  of HDS ca t a lys t s  appears nevertheless t o  
be the acceleration of the t ransfer  of gaseous hydrogen t o  reac t ive  su l fu r  bearing 

As shown i n  Table VI11 the r a t e  of hydrodesulfurization (HDS) of a 3:l coa l /o i l  

An e a r l i e r  more de ta i led  study of non-catalytic HDS 

However, 
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I species, T h u s ,  a H2 atmosphere must be present f o r  a ca t a lys t  t o  be most effective 
i n  accelerating HDS reac t ions ,  

ca t a lys t  a s  did presulfided Co-Mo-Al. Among the  l iqu id  products, Co-Mo-A1 was 
se lec t ive  i n  accelerating desul fur iza t ion  reac t ions  i n  t h a t  i t  a f fec ted  the  asphaltene 
f rac t ion  the most i n  both percentage of su l fu r  (0.92 -f 0.50%) and absolute weight 
of sulfur (0.12 -+ 0.07 gr). The s e l e c t i v i t y  of Fe ca t a lys t  among the l iquid products 
was n o t  as apparent as t h a t  of Co-Mo-A1 ca t a lys t .  

I n  an e a r l i e r  study (13) H2S was shown t o  i n h i b i t  the ac t iv i ty  of HDS ca ta lys t s .  , ' T h i s  inhibit ion by H2S could be due to  e i t h e r  the blocking of ac t ive  hydrogenation , centers or back reaction by HzS product. 
stoichiometric FeSl+x, and a s  a r e s u l t ,  i s  a much more e f f ec t ive  HDS ca t a lys t  than 
e i the r  pyr i te  or reduced pyr i te  (Table IV), each of which rapidly form non-stoich- a' 
iometric FeSl+x during HDS (13). 
ac t iv i ty  by H2S i s  provided by comparing the r e su l t s  given in Table I1  and IV: 
during the HDS of a coa l /o i l  s l u r r y  in the  presence of coal ash too much H2S was 
apparently produced fo r  the  ash t o  scrub out  (Table I I ) ,  and because of H S i n h i b i t i o r l )  
the coal ash was t o t a l l y  ine f f ec t ive  as  an HDS ca ta lys t ;  whereas during t i e  HDS of 
creosote o i l  a l l  of the H2S product was scrubbed out by the coal ash (Table IV), and 
the  coal ash was a very e f f ec t ive  HDS ca t a lys t .  
Table 11, SRC residue is  e s s e n t i a l l y  inef fec t ive  a s  a HDS ca ta lys t .  

reactions more than hydrogenation reac t ions ,  i n  t h a t  as  i t s  concentration was 
increased from one t o  13.3 percent, su l fur  removal increased s igni f icant ly  w i t h  l i t t l e  
change i n  hydrogen consumption (Hf/HO). 

Apparently from Table 11, Fe proved t o  )be about as  e f fec t ive  as  a desu l fur iza t io  g, 
I 

i 
Fe r eac t s  w i t h  product H2S t o  form non- 

Further evidence of the inhib i t ion  of ca t a ly t i c  J 

, 
For s imi la r  reasons, as  shown in 

Because of the 
scrubbing ac t ion  of H S product by Fe then, i t  i s  a very e f f ec t ive  HDS ca ta lys t .  In 
f a c t ,  a s  shown in Tab?e VI, Fe Cata lys t  appears t o  be se lec t ive  i n  accelerating HDS 

Process Application I 

During s t a r tup  of the Wilsonville SRC p i l o t  p lan t  i t  has been observed tha t  
mineral matter accumulates i n  the d isso lver  un t i l  steady state conditions a re  achieved 
This mineral matter h a s  been found t o  exer t  some ca t a ly t i c  ac t iv i ty ,  par t icu lar ly  
with regard t o  l iquefaction and hydrogenation reactions.  
agrement with the results discussed above. Actual SRC residue obtained from the 
Wilsonville plant a s  well a s  several  minerals indigenous t o  coal and even coal ash, 
f o r  example, were shown t o  a c t  a s  e f f ec t ive  hydrogenation c a t a l j s t s . .  However, two 
major disadvantages t o  the use of SRC residue were observed: 1 
a HDS ca ta lys t ;  2 )  i t  i s  not s e l ec t ive  i n  the ca t a ly t i c  ac t iv i ty  and contributes t o  
excess hydrogen consumption due t o  excess gas formation, etc.  The r e su l t s  obtained 
fo r  SRC residue should be ind ica t ive  of the ca t a ly t i c  behavior of the mineral matter 
t h a t  ex is t s  i n  the  SRC disso lver .  To i l l u s t r a t e :  
ex i s t s  i n  the  SRC dissolver during normal steady s t a t e  operation. 
pyrite,  and coal ash as well as SRC residue then -- a l l  of which were observed to  
be inef fec t ive  HDS ca ta lys t s  in a H2S atmosphere -- indigenous mineral matter does 
not scrub out  H2S product, and a s  a r e s u l t ,  should not exert  a s ign i f i can t  ca ta ly t ic  
ac t iv i ty  fo r  HDS reactions.  In addi t ion ,  the  hydrogen consumption required t o  obtain 
the  typical conversion y i e lds  obtained a t  Wilsonville have been estimated us ing  non- 
ca t a ly t i c  kn ie t ics  t o  be about one half  of t h a t  ac tua l ly  required (15). The ca ta ly t ic  
ac t iv i ty  existed by indigenous coal minerals was suggested to  be the major cause of 
t h i s  higher hydrogen consumption, 

most a t t r ac t ive  a s  a ca t a lys t  fo r  t h e  SRC process: 1 )  i t  i s  an e f f ec t ive  HDS c a t a l y s a  
2 )  i t  i s  somewhat s e l ec t ive  w i t h  regard t o  accelerating hydrogenation reactions,  w i t h  
minimal contribution t o  increased hydrogen consumption, 

This finding is i n  complete 

I,, 

i t  i s  ineffective a s  

, (  an appreciable H2S atmosphere 
Like pyr i te ,  reduc 

1 

I _  
I n  cont ras t  t o  the minerals indigenous t o  coa l ,  Fe has been shown here to  be 
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Table 1 .  Pr(ldu:t and Sul fu r  01~trlbvtl00 by Different 
so lven t  m e  ca:a!yst in Autoclave Reactor 

ro lven t l coa l  m 2 .  1 - 4lOoC. 120 minutes. 1000 rpn 

- A - 8 - C 0 E F G - - - 
LRO creosote LRO creosote LRO LRO LRO - Ca-*o-Al' Co-Po-Al' Co-Pb-Al' Fe SRC residue 

H2 (2000) H2 (2000) N 2  (1000) N 2  (low) HZ (2000) H2 (2000) H2 12000) 

7.1 16.5 4.0 57.4 41.4 33.0 
45.2 
12.8 
9.1 

38.5 
19.3  
0 .9  

32.6  
37.8 42.5 28.7 19.3 38 .4  

4.8 ?1.1 8.5 2.3 16.6 
1 2 . 5  39.3 46 .3  1 4 . 4  0.0 

0.49 0.34 0.51 0.25 0.25 0.31 
0.90 
0.63 
3.82 

0.31 
0.98 0.89 0.78 0.50 0.75 

0.30 
0.92 

0.78 0.63 0.65 0.99 
4.00 

0 .55  
4.07 2 .46  2.82 2 .42  4 .01 

1.28 1.59 1.84  1.84 1 .28  1.78 
1.60 

2.14 
1.36 

0.29 
1.71 

0.24 
0.80 1 .03  1.56 

0.41 
0.28 0.40 0.29 0.42 
0.40 0.55 0.38 0.47 0.32 0.34 

0.44 0 . 4 3  0 . 5 1  0.40 0.48 0.33 0.36 

1.12 
0.25 

-: p r e r u l f i d e d  co-*-A1 
**: b a s t 4  on dnmf coal an4 solvent- free 
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Table I!. Effect  of Type o f  Cata lys t  on nydragen tonrumptlon 
and  Rate of i l yd rode ru l fu r i~a t lon  of  a CoallOll S lu r ry  

solvent  ( L R O ) I C O ~ I  - 2, T - 410%. 120 minuter. 1000 rpn 

Co-no-Al. 

5RC Residue " "  . "  
Coal Ash . .. . "  
F C  

Nene 

2.00 1.32 0.783 70 48 172 108 0.24 0.42 
2.02 1.32 0.523 151 97 234 175 0.19 0.28 

2.01 1.52 0.842 41 115 244 132 0.18 0.45 
2.00 1.36 0.739 35 115 206 125 0.37 0.40 
2.02 1.51 0,834 48 132 219 137 0.39 0 .44  

2.02 1.38 0.812 23 131 168 106 0.37 0.43 
2.00 1.48 0.919 2 5  80 190 127 0.37 0.49 
2.01 1.32 0.830 11 57 178 104 0.37 0.44 

2.00 
1.99 
2.01 

1 .48  
1.44 
1.46 

1.08 0.0 4 2  136 a7 
1.01 0.0 4 5  156 92 
1.02 0.0 45  157 99 

0.24 
0.27 
0.24 

0.58 
0.55 
0.55 

2.28 1.71 1.21 35 49 167 114 0.374 0.57 
1.92 1.59 1.11 37 5 6 1 5 5  95 0.417 0.62 
2.09 1.70 1.25 36 4 4 1 3 5  90 0.350 0.64 

0.63 1.65 1.19 48 53 141 83 0.411 
1.54 _ _  -. .. .. .. 0.402 

2.0: 
2.01 _ _  

0.49 

0.33  

0.29 

0.25 

0.16 

Table 111. t f f e c t  of Ca ta lys t  and Solvent  (LR0)-to-Coal 
Ratio on Hydrogen Consumption 

T = 4100C. 120 minutes, 1000 rpn 

I n l t i a l  Flnal  P a r t i a l  Pressures (psfq) 
Co-.m-Al* Solvent- to-  Prerrurc  P T ~ S S U ~ L  
Ca ta lys t  Coal Rat io  (10-3 p i g )  [lo-, ps ig )  (IF3) n2S ' cHq t2-C5 

None 3 : l  2.02 1.72 1.16 31.3 37.4 280 73 
None 3 : l  2.00 1.70 1.34 7.4 41.8 108 68 

15.0% 3:l 
15.0s  3:l 

2.00 1.229 0.56 127 58 198 144 
2.02 1.360 0.82 54 55 169 118 

N O W  2:l 2.00 1.48 0.95 50 4 5  137 93 

15.02 2:l 
15.02 2:l 

2.00 1.320 0.783 70  48 172 108 
2.02 1.320 0.523 151 97 234 175 

Hfllb" 

0.62 
0.72 

0.30 
0.44 

0.62 

0.42 
0.28 
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Table I v .  Catalyst Screening Runs: L i q u i d  I Sulfur. Final Total 
Pressure. F ina l  Gas tanposi t ion.  and Frrc t lonal  Decrease i n  
Hydrogen Pressure 

15 g r a m  cata lyst .  100 grams creosote o i l .  T - 425'C. 
p i  - 3000 p s j g  m2. 120 ninutcs. zoo0 rpl 

Final  

None 

N0"L 

r v l c O I l t e  1-80) 

Iran (-325) 

Reduced Pyr i te  

coa l  Ash 

S i d e r i t e  

SRC Sol ids 1-325) 

Co-%-A1 1-80. ,150) 

Co-%-A1 (-325) 

0.52 2.40 2.13 

0.46 2.42 2.23 

0.39 2.18 1.94 

0.27 1.98 1.75 

0.36 1.96 1.85 

0.23 1.92 1.72 

0.34 1.81 1.61 

0.32 1.73 1.48 

0.02 1.12 0.92 

0.02 1.02 0.73 

10. 

7.1 

8.5 

c 1. 

17. 

< 1. 

< I .  

13. 

' 1. 

1.7 

2.5 

2.0 

1.0 

12. 

0.4 ' 

1.4 

67. 

24. 

1.9 

1.3 

64. 18. 

62. 24. 

51. 20. 

16. 20. 

61. 18. 

57. 15.3 

93. 29. 

85. 30. 

128. 74. 

130. 79. 

f t i  u i d  products: those that  ass through a YhaOMn 151 f i l t e r  paper 
** HfTH,,: the r a t i o  o f  the fins? hydrogen p a r t i a l  pressure t o  the orlglnal 

Table V .  HPLC Analysis O f  Treated Creosote O i l  

0.78 

0.M 

0.81 

0.65 

0.60 

0.32 

CCW0""d ut. I 
A B c 0 E F 

1 and 2-naphthani t r i le  
c a r b z o l e  
napnthalenr 
Z-nethyl csrbs lo le  
I -wchylnaptns lene  
2-wethyl ndpIhal enc 
acenlphthinc 
flvorene 
dlbenmthiophene 
Phenantnrene 
anthracene 

0.611 
0.423 

0.106 
5.23 
8.00 
6.28 
5.22 
1.27 

1.06 

e.92 

12.4 

0.458 
0.386 
7.49 
0.084 
4.56 
6.21 
4.15 
5.02 
0.888 
9.10 
1.88 

0.243 
0.418 
6.55 
0.059 
3.14 
7.63 
1.56 
3.78 
0.720 
7.95 
1.31 

t r a c e  
0.386 
4.16 
0.067 
3.13 
5.42 
2.38 
3.62 
t r a c e  
8.05 
2.17 

O.Ll46 
0.143 
4.01 
0.102 
2.33 
4.61 
2.24 
3.64 
0.576 
7.11 
1.50 

t race 
0.526 
4.17 
t race 
2.08 
4.37 
2.08 
4.55 
0.622 
5.96 
1.53 

1.t.l 50.32 40.23 33.36 29.39 26.61 25.89 

A-or ig ina l  o l l  
0 - o i l  heated w i t h  hydmgen. no c a t a l y s t  
C-oil heated w i t h  hydrogen and p y r i t e  
%Oi l  neatto w i t h  hydmgen and Cobalt m 1 y W a t e  
I - O i l  hedted U i t h  hyalogen and coal ash 
F-o l l  heated w i t h  hydmgen and SRC solids 

Three runs were 
detzmined w a n  

mde for each t r e a m n t  
weight per cent. 

w i t h  re1 a t l Y l  standard dev iat ion between runs O f  2 8X O f  the 



Table  VI. Ef fec t  of l ron  Concentration on Hydrogen Canivmption 
and Rate of  Hydrodesul fur iza t ian  of  a Coal/Oil S l u r r y  

so lvent  [LRO)/coal - 2,  T 410oC. 120 minutes. 1WO rpn 

0. 2.28 1.11 1.21 35 49 161 114 0.314 0 .51  
0. 1 .92  1.59 1 .11  31 56 155 95 0.417 0.62 0 .62  
0. 2.09 1.10 1 .25  36 44 135 90 0.350 0.39 0.64 
0. 1.65 1.19 48 53 141 83 0.411 0.63 
0. 2.01 1.54 . - . . _ _  -. . 0,402 

2.0: 

1.0 2.21 1 . 7 0  1.19 5.9 54 ZOO 114 0.374 0.31 0.51 0.57 

2.0 1.52 1 . 2 3  0.113 0.0 42 172 102 0.318 0.35 0.56 0.56 
2.0 1.66 1.34 0.851 0.0 64 1R9 112 0.313 0.56 

4.0 1.98 1.41 0.923 0.0 50 189 101 0.360 0.35 0.50 0.57 
4 .0  1.48 1.22 0.863 0.0 24 120 13 0.329 0.64 

1.1 2.10 1 . 6 2  1.15 0.0 49 112 101 0,294 0 .28  0.59 0.59 
1.1 2.m 1.55 1.11 0 , 0 4 6 1 5 2  98 0.213 0.58 

13.3 2.01 1 . 4 6  1 .02  0 . 0 4 5 1 5 1  99 0.237 0.55 
13.3 1 .99  1.42 1.01 0.0 5 5  156 92 0.271 0.25 0.55 0.56 
13.3 2.@0 1.48 1 .08  0.0 42 136 81 0.24 0.58 

product. I* 

asphaltene 
predlphdliene 
in io luble i  

011 + gases 

total r v l f u r .  grams 
Tedctdntl 
products (except gases1  
o i l  
benzene IOlubleS 
pyrld?ne r o l u b l e s  

naphtha lene l te t ra l ln  
(GC peak r a t i o )  

*: f. : 

Table Vll. Product a n d  Sulfur  Dis t r ibu t ion  i n  
Small Tublng-6omb Reactor 

r o l v e n t ( t e t r a l i n ) / c o a l  = 2. 7 - 4lOoC, 30 minutes 

A" B - c - 0 
Fe to-m-A1 to-no-A1 

H2 (1360 ps lg)  H2 (1200 psig) a i 7  ( l a m )  a i r  ( l a m )  
100-500 1w 100 -1000 

21 .0  23.0 
18 .2  17.4 
45 .8  43.4 
15.1 16.2 

0.14 
1.16 
0.53 
4.29 

0.13 
1.41 

3.66 
0.31 

22.4 
23.8 
31.4 
22.4 

0.06 
1.39 
0.91 
3.38 

0.080 0.081 0.065 
0.055 0.015 0.062 
0.009 0.009 0.W3 
0,011 0.015 0.010 
0.023 0.019 0.016 

0 . 5 1  0.59 0.29 

baled on dmnf coal and so lvent - f ree  
average  value Of 4 runs at 100. 250. 350 and 500  c y c l e s  per minute. 
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31.4 
33.3 
24.8 
10.5 



weight Percent of 
Catdlyr t  ICO-%-Al.) 

none 
None 

!lone 

1 5 . 0  
15.0 

1 5 . 0  
15.0 

None 

!5.0 
15.0 

1 5 . 0  
15 .0  

Table V I I I .  Effecl of Cata lys t .  Hydrogen Atmsphere.  and 
Solvent-to-Coal Ral io  on Rate of Hydmdesulfur izat lon o f  D 
Coal/Oil S lu r ry  

T = 41OoC, 120 mlnutes. 1000 rpm 

Percent Sulfur  content  
Solvent- to-  of  Liquid Fract ion o f  Tetra1 I n /  

Atmasphere Coal Ratio Reaction PmduCt ** Naphthalene Ratio*** 

2000 psig H 3 : 1  0 .42  0 . 1 9 0  
2000 p s i g  H: 3 : l  0.42 

1000 prig N: 3 : l  0.29 

2000 ps ig  N2 3 : l  0 .42  0.066 

1000 pr ig  N 3 : l  0.30 0.066 

2000 psig H 3 : l  0.17 
2000 pr ig  H: 3 : l  0.11 

ZOO0 psig H2 2 : l  0.39(avp o f  4 r u m )  0.16 

2000 pr ig  H 2 : l  0 .24  0.49 
2000 p s i g  H: 2 : 1  0 .19  

2 :1  0.36 
2:1  0 . 3 8  

Table I X .  f f f e c t  O f  Reaction Time and A t m s p h e r e  on 
Conversion of Coal t o  Liquid 

Cresol Soluble  
Atmorphere Reaction T i m  Cresol Solublesl:) Yield (:I* 

2 hrs .  96.20  95 .81  

2 hrs .  8 9 . 7 8  6E.81 

15 mi". 92.3 78.23 

I 5  mi". 89.73 66.58 

"2 

N2 

H2 

N2 

Reaction Condit ionr:  

TemPerdture = 4lOoC 
Solvent-to-Coal Ra t io  = 2:1 
Won-Catalytic 

*Cresol S o l u b l e  Yield 

= t h e  recovered i n so lub le  r e s idue ;  
coa l .  

~ C - A lM) 
where C = charge of m i s t w e  free c o a l ;  A 

M- t h e  f ract ion O f  mineral matter f n  dry 

130 


