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ABSTRACT 

Coal  and model compounds were hydrogenathd and d e s u l f u r i z e d  i n  tlie p r e s e n c e  of 
petroleum s o l v e n t s  and c a t a l y s t  under  coprocess ing  cond i t ions  by using syngas w i t h  steam 
i n  p l a c e  o f  hydrogen. Nickel molybdate  and c o b a l t  molybdate  c a t a l y s t s  impregnat.ed with 
potassium c a r b o n a t e  e x h i b i t e d  good a c l i v i l i t s  f o r  hydrogena t ion  and d c s u l f u r i z a l i o n  of 
c o a l  and model compounds(ant1iracene and I~enzo th iop l i ene )  a1  400-425E w i t h  t h e  u s e  o f  
syngas .  Some wa te r  g a s  s h i f t  conve r s ion  a l s o  took place s imul t aneous ly .  l h e  e x t m i t  of 
h y d r o g e n a t i o n  a n d  d e s u l f u r i z a t i o n  o b t a i n e d  a r e  c o m p a r a b l e  t o  t h o s e  o b t a i n e d  i n  
c o p r o c e s s i n g  u s i n g  pure hydrogen. I ron  c a l a l y s l s  such as s y n t h e t i c  p y r i t e  cxh ib i  Led good 
a c t i v i t i e s  f o r  c o a l  c o n v e r s i o n  i n  c o ~ r n c e s s i n g  u s i n g  hydrogen .  b u t  o n l y  moderate  
a c t i v i t i e s  i n  coprocess ing  u s i n g  syngas.  Results from c o p r o c e s s i n g  of model compounds 
i n d i c a t e  t h a t  t h e s e  i r o n  c a t a l y s t s  have r e l a t i v e l y  low a c t i v i t i e s  i n  the  desu l fu r i za t ion  
of benzothiophene. 

INTRODUCIION 

I n  coprocessing of coa l  and petrnleum r e s i d u e s  t o  produce 1 iquid fue l s .  tlie prncess  
economics could b e  improved s i g n i f i c a n t l y  by us ing  syngas  ( I l n t C O )  and s team i n s t e a d  o f  
hydrogen a s  f eed  g a s  Lo t h e  r e a c t o r .  The u s e  of  syngas.  even unly a t  t he  f i r s t  slage of 
t h e  c u r r e n t  two-stage p r o c e s s  b e i n g  developed.  cou ld  s u b s t a n t i a l l y  r educe  t h e  hydrogen 
consumption and improve t h e  o v e r a l l  thermal  e f f i c i e n c y .  I t  h a s  been demons t r a t ed  t h a t  
l i g n i t e '  and bi tuminous c o a l 2  are l i q u e f i e d  and c o a l  l i q u i d 3  is hydrogenated by the  use 
of carbon monoxide o r  carbon monoxide-containing gas .  

I n  t h i s  s tudy .  c o a l  model compoiinds ( a n t h r a c e n e  and benzolhiophene) a r e  coprocessed 
with petroleum s o l v e n t s  i n  t h e  presence of c a l o l y s l .  and the  results of hydrogenat.ion and 
d e s u l f u r i z a t i o n  d u r i n g  c o p r o c e s s i n g  u s i n g  s y n g a s  and  hydrogen  were compared.  The 
ca l . a lys t s  used i n c l u d e  NiMo. CIJMO. and d i s p o s a b l e  Pe and ZnClz c a t a l y s t s .  In gene ra l  t h e  
c a t a l y s t  a c t i v i t i e s  a r e  somewhat lower with t h e  use of  syngas  than with hydrogen. I t  is 
shown. however, Lhat- NiMo and CoMo c a t a l y s L s  e x h i b i t  good a c t i v i t i e s  with syngas and tlie 
p e r f o r m a n c e s  a r e  c o m p a r a b l e  t o  t h o s e  o b t a i n e d  w i t h  h y d r o g e n .  Some c o p r o c e s s i n g  
expe r imen t s  u s i n g  c o a l  and petroleirm s o l v e n t s  with s y n g a s  y i e l d e d  moderately good coal 
conversions.  but  r e a c t i o n  c o n d i t i o n s  r e l a t i n g  t o  Hn/CO r a t i o ,  steam/syngas r a t i o ,  s o l v e n t  
c o m p o s i t i o n .  c a t a l y s t .  and p r o c e s s  s e v e r i  t y  s h o u l d  b e  o p t i m i z e d  t o  a c h i e v e  bel t .er  
results. 

EXPERIMENTAL 

The c o p r o c e s s i n g  r e a c t i o n s  o f  model compounds were conduc ted  i n  a s h a k i n g  20-ml 
m i c r o r e a c t o r  w i t h  syngas (H2:Cf l=1 : I )  o r  111 a t  i n i t i a l  p r e s s u r e s  o f  70 Kg/cm2 and 
t e m p e r a t u r e s  of 350-400°C f o r  4 5  minutes .  Aiithrocene and benzolhiophene were used as the  
model compounds. and m i x t u r e s  of  n - p a r a f f i n  and cycloalkane and t h a t  added with t e k a l i n  
were used a s  petroleum s o l v e n t s .  l h e  r a l i o  o f  s o l v e n t  t o  c o a l  model compounds was 5 : l .  
With syngas.  10 weigh t  16 of 1120 based on t h c  t o t a l  amounts  of t h e  model compounds and 
s o l v e n t  was added. The amount of ground c a t a l y s t  powder added was a l s o  10 weight 'X. 
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The conventional NiMo/AlzOa and CoMo/AlzOo catalysts and disposable synthetic 
pyrite(Mitsui Coal Liquefaction Co.) were used for coprocessing experiments using Hz. For 
experiments using syngas. the NiMo/AlzOs and CoMo/AlnO3 catalysts and synthetic pyrite 
were impregnated with aqueous potassium carbonate solution (10 at%). Additional catalysts 
tested for comparison purpose included a solid superacid catalyst of sulfate-promoted 
iron oxide'.5 and a zinc chloride catalyst'(30 wt%) supported on silica-alumina. The 
FezOJ/SO,'- (2 wt%) was prepared starting from ironla) nitrate precipitated with an 
aqueous ammonia. The powdered precipitate was treated with ammonium sulfate. and then 
dried and calcined at 500%. 

Some coprocessing experiments using coal and petroleum solvents with syngas were 
also conducted. Illinois No. 6 bituminous coal (River King) with an ultimate analysis of 
C. 78.3: H. 5 . 4 :  N. 1.32: 0. 11.12: S. 3.86: Ash. 10.9(mafebasis) was used. The coal 
conversion was determined from tetrahydrofuran insolubles. and the solubles were analyzed 
by Yanaco C-6800 gas chromatograph using OV-1701 fused silica capillary column (600 
x 0.25em0). 

RESULTS AND DISCUSSION v 

Hydrogenation of Antbracene. Anthracene was initially hydrogenated in the presence 
of petroleum solvents and synthetic pyrite using H2 and syngas. The results in Table 1 
show that the hydrogenation proceed well at 3509: with Hz irrespective of the type of 
solvent used. Paraffins and cycloalkanes did not participate in the reaction and hydrogen 
transfer from tetralin was not an important factor. The reaction with syngas at the same 
temperature gave only 65.9% anthracene conversion. It is observed that the conversion 
increased as the temperature increased to 400C. and that this was accompanied by the 
increase of CO shift conversion. 

Coprocessing of  Yodel Compounds. Anthracene and henzothiophene were coprocessed 
with petroleum solvents to study the hydrogenation and desulfurization during 
coprocessing. It is seen in Table 2 that anthracene was hydrogenated easily with H2 in 
the presence of synthetic pyrite. but desulfurization of benzothiophene did not take 
place easily. In the presence of NiMo/AlzOo and CoMo/AlzOa. both hydrogenation and 
desulfurization progressed markedly. In the run using an n-dodecane/decalin mixture as 
the solvent. 23.8% of decalin was dehydrogenated(l7.7X to tetralin and 6.1% to 
naphthalene). It is of interest to note that trans/cis ratio of the remaining decalin has 
increased to 4.6 from the original trans/cis ratio of 1.6 after the coprocessing 
reaction. Similar increase of trans/cis ratio was also nbserved in the run using an 
n-dodecane/decalin/tetralin solvent mixture. The occurrence of isomerization to trans 
decalin during extraction of coal was also observed by Clarke et all. 

For comparison purpose. a sulfate-treated iron oxide catalyst and a 
ZnCla/Si02-A1~03 catalyst were prepared and tested. Both catalysts showed moderately good 
activities for hydrogenation and desulfurization in coprocessing using Hz. 

In coprocessing using a paraffin/ethylcyclohexane/tetralin solvent with syngas. 
NiMo and CoMo catalysts impregnated witb KPCOB exhibited good activities for both 
hydrogenation and desulfurization. as shown in Table 3. When a paraffin/decalin/tetralin 
solvent was used. the extent of hydrogenation and desulfurization decreased. It was 
noticed that no net conversion or dehydrogenation of decalin took place in this case. The 
trandcis ratios of the remaining decalin were much lower than those observed for 
coprocessing using He. indicating limited occurrence of isomerization during coprocessing 
with syngas. As was suggested by Clarke et alT. decalin could participate in hydrogen 
donation reactions in the presence of polyaromatic compunds. and this was more pronounced 
in the reaction witb HZ than with syngas. It is speculated that hydrogen donation 
reactions of decalin somehow relate to the occurrence of isomerization. With syngas. 
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s y n t h e t i c  p y r i t e .  s u l f a t e - t r e a t e d  i r o n  ox ide .  and ZnC1z/SiOz-A1~03 e x h i b i t e d  moderate  
a c t i v i t i e s  f o r  h y d o g e n a t i o n .  b u t  p o o r  a c t i v i t i e s  f o r  d e s u l f u r i z a t i o n .  P r e s e n c e  of 
s i g n i f i c a n t  concen t r a t ions  o f  hydrogen dona t ing  t e t r a l i n  a l o n e  was no t  s u f f i c i e n t  t o  g i v e  
h i g h  c o n v e r s i o n  i n  c o p r o c e s s i n g  u s i n g  s y n g a s .  I t  is a l s o  obse rved .  i n  g e n e r a l .  t h a t  
hydrogenat ion and d e s u l f u r i z a t i o n  p rogres s  with t h e  p rogres s  o f  CO s h i f t  conve r s ion .  

Coproceas ing  of Coal  with Petroleum S o l v e n t s .  T a b l e  4 shows t h e  t e s t  r e s u l t s  o f  
coprocess ing  bi tuminous c o a l  w i th  p a r a f f i n / d e c a l i n / t e t r a l  i n  s o l v e n t s .  F a i r l y  high coal  
c o n v e r s i o n s  were ob ta ined  w i t h  NiMo/AhOa. CoMo/AhOo. and s y n t h e t i c  p y r i t e  u s i n g  1 1 ~ .  
The coa l  conversions obtained with syngas were only moderete. bu t  i t  should be emphasized 
t h a t  t h e  r e a c t i o n  c o n d i t i o n s  have n o t  been opt imized i n  these  runs. Improved conversions 
shou ld  be o b t a i n a b l e  i f  v a r i a b l e s  i n c l u d i n g  s t e a d s y n g a s  r a t i o .  IIz/CO r a t i o . '  s o l v e n t  
composition. c a t a l y s t .  and p rocess  s e v e r i t y  are p rope r ly  chosen. 

I n  t h e  run us ing  a n  n-dodecane/decalin/l-methylnaphthalene mixture as t h e  so lven t .  
h i g h  c o a l  c o n v e r s i o n  was o b t a i n e d  even w i t h o u t  t h e  u s e  o f  t e t r a l i n .  P r o d u c t  a n a l y s i s  
i n d i c a t e s  t h a t  s i g n i f i c a n t  amoun t s  o f  I - m e t h y l n a p h t h a l e n e  may h a v e  p a r t i c i p a t e d  i n  
hydrogen exchanges  wi th  d e c a l i n  and c o a l .  I n  t h e  s i m i l a r  run  w i t h  syngas .  t h e  a c t i v e  
p a r t i c i p a t i o n  o f  I - m e t h y l n a p h t h a l e n e  was n o t  e v i d e n t .  a n d  t h e  d e c a l i n  c o n v e r s i o n  
decreased.  For  syngas runs. a g a i n  t h e  t r a n s / c i s  r aL io  o f  Lhe remaining d e c a l i n  was lower, 
p r o b a b l y  s u g g e s t i n g  t h a t  o n l y  l i m i t e d  p a r t i c i p a t i o n  o f  d e c a l i n  i n  hydrogen d o n a t i o n  
r e a c t i o n s  h a s  taken place.  
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Table 1 llydrogenation of Anthracene Using JIz and Sytwas 
( I n i t i a l  Pressure: 70Ks/un2 .Time:45min) 

Gas 

Catalyst 

Solventc 

Trmperarure. T 350 350 350 350 400 350 400 
Anthracene conversion.% 92.8 92.2 90.0 92.4 82.8 65.9 81.0 
DIN fonned.96 68.8 74.3 14.3 66.8 47.2 65.9 67.6 
Conversion of t e t r a l in .% 3.8 - ].Ad 6.7 20.2 1.5 8.3 

2.0 8.3 CO conversion.% - -  

a Synthetic pyri te  Impregnatal with K P C O ~  soliitian 

' Fqual wt% nf each component 
D:n-Decane. E:Ethulcyclohexane. T:Tet,nlin. DL: Deralin. DIM: 9. IO-Di hydroanthracene 

Conversion of decal in  

Table 2 Coprocessing of Model Cowoonds Using lb 

(Coal Model: AnLhracene/Uenzothiophene. I n i  t ial Pre.ssurc:7OKg/anZ, Tinw45min) 

Catalyst PeS. FeSx Pel02 
/Sod'- 

Solvent' D / r ; i r  w v r  DDYI 
Tenperatwe. T 350 400 400 
Anthracene conversion.% 90.8 81.7 68.4 
Benzothiophene conversion.% 10.2 26.0 80.8 
Conversion of te t ra l in .% 11.5 13.8 13.5 
D e c a l i n  remained.% 

cis 
t r a n s  

t r a n d c i s  r a t i o  

N i b  C o b  NiMo 

D / w r  n m  m/niJr 
400 400 400 

97.0 96.8 97.2 
96.2 100 100 
38.5 33.0 16.7 

86.4 
15.0 
71.4 

4.8 

N i M o  

n o m  
400 
89.4 

100 

76.2 
13.7 
62.5 
4.6 

a hual wt% of each m n e n t  

T:Tetralin. D:n-Decane. E:Ethulcyclohexarie. W:n-Dcdemne. DL:Decalin 
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Table 3 Coprowsing of Model Canpounds Using Syngas(112:Co=1:1) 
(Coal M c d e 1 : A o t h i o p l m e .  
Initial Pressure:7OKg/an2.112O:IOwt% of Reactank. Time:45min) 

Solventb D/IX D N r  D/Yr oO/DL"I TD/DlJr D P A  Do/FJT WFJI  
Temperature. "c 350 400 400 400 400 400 400 400 

Anthracene wnv., % 80.1 70.990.1 78.9 77.8 88.3 50.2 65.6 
Benzothiophene conv..% 4.1 11.7 90.4 67.6 66.6 100 28.3 22.6 
Conversion of tetralin.96 15.4 4.0 11.3 6.6 11.4 22.1 2.6 23.2 
CO conversion.% 2.0 7.715.3 10.4 15.9 18.3 16.4 2.8 
Decalin remained 102.4 102.4 

cis 33.4 30.8 
trans 69.0 71.6 
trans/cis ratio 2. I 2.32 

a Catalyst impregnated with K2CfJ3 solution 
D:n-Decane. E:Ethylcyclohexane. T:Tetralin. a):n-Dodecane. DL:Decalin. TD:n-Tridecane 

Equal wl% of each compOnent 

Table 4 &processing of Bitminous rml with Petroleurn Solvents(425T.45min) 
(Solvent: n-Dodecane/Decalin/letral in. Solvent :Coal=4: 1) 

Hz 

Catalyst FeS. Nib NiMo" 
Coal conversion. % n9.3 87.6 84.9 
H2 coomtion.wt% of mf coal 3.1 3.1 3.9 
CO conversion.% 
Conversion of tetralin.91 17.3 10.1 - 
Conversion of I-methylnaphthalene.% - - 17.4 
Decalin renained.96 98.6 90.7 88.6 

cis 16.8 27.4 25.3 
trans 81.8 6 3 . 3  6 3 . 3  
trans/cis ratio 4.9 2.3 2.5 

cob 
83. I 
5.3 

12.9 

95.8 
27.3 
68.5 
2.5 

Fdrb Nibb 
63.7 '19.8 62.6 
0.8 -0.3 -0.2 
6.2 22.1 19.3 

14.1 8.2 - 

- 1.2 
95.7 87.2 94.5 
22.2 30.3 32.4 
73.5 56.9 62.1 

3 .3  1.9 1.9 

a Solvent: n-Lbdewne/Decalin/l -kthylnaph thal ene ' Imprwiated with I096k2UJa 
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