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ABSTRACT 

The C o l o r a d o  School  o f  Mines i s  Derforming a r e s e a r c h  
c o n t r a c t  u n d e r  t n e  s p o n s o r s h i p  of t h e  O f f i c e  o f  Coal  R e s e a r c h ,  
t h e  S t a t e  o f  C o l o r a d o ,  and t h e  O f f i c e  of  Research  S e r v i c e s  of  
t h e  Colorado  S c h o o l  of Mines t o  d e t e r m i n e  t h e  i m p o r t a n c e  of 
o p e r a t i n g  v a r i a b l e s  and raw material  p r o p e r t i e s  upon c o a l  
d e s u l f u r i z a t i o n  v i a  t h e  s o l v e n t  r e f i n i n g  p r o c e s s .  

s c a l e ,  h i g h - p r e s s u r e ,  h i g h - t e m p e r a t u r e ,  rocking-bomb a u t o c l a v e  
b a t c h  r e a c t o r s .  The l i q u i d  p r o d u c t  from t h e  r e a c t o r  is vacuum 
d i s t i l l e d  t o  g i v e  a s o l v e n t  r e f i n e d  c o a l  and t h e  r e f i n e d  c o a l  
p r o d u c t  i s  analyz'ed f o r  s u l f a t e ,  n y r i t i c ,  and t o t a l  s u l f u r  
c o n t e n t ,  w i t h  o r g a n i c  s u l f u r  c o n t e n t  b e i n g  d e t e r m i n e d  b v  d i f -  
f e r e n c e .  I n i t i a l l y  f i v e  v a r i a b l e s  were s t u d i e d ;  t e m D e r a t u r e ,  
p a r t i a l  p r e s s u r e  of hydrogen ,  s o l v e n t - t o - c o a l  r a t i o ,  s o l v e n t  
t y p e ,  and r e a c t i o n  time. The r e a c t i o n  t i m e  was d e t e r m i n e d  t o  
be  s t a t i s t i c a l l y  u n i m p o r t a n t ;  and a n t h r a c e n e  was shown t o  be  
t h e  b e t t e r  s o l v e n t .  F u r t h e r  e x p e r i m e n t a l  work has been  com- 
p l e t e d  t o  i n v e s t i g a t e  t h e  t h r e e  remain ing  o p e r a f i n g  v a r i a b l e s .  
S t a t i s t i c a l  a n a l y s i s  o f  e x p e r i m e n t a l  data i s  now b e i n g  p e r -  
formed t o  i n v e s t i g a t e  t h e  n o n - l i n e a r i t y  o f  s u l f u r  removal  from 
c o a l  as i n f l u e n c e d  by t h e  o p e r a t i n g  v a r i a b l e s .  

The s o l v e n t  r e f i n i n g  p r o c e s s  i s  b e i n g  s t u d i e d  i n  bench 
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BACKGROUND 

The Colorado  S c h o o l  o f  Mines i s  c u r r e n t l y  engaged i n  a t h r e e  
y e a r ,  t h r e e - p h a s e  r e s e a r c h  program t o  s t u d y  c o a l  d e s u l f u r i z a t i o n  
v i a  t h e  s o l v e n t  r e f i n i n g  p r o c e s s .  The imoor tance  o f  o p e r a t i n g  
v a r i a b l e s  and raw mater ia l  p r o p e r t i e s  i s  b e i n g  i n v e s t i g a t e d  t o  
a s c e r t a i n  t h e i r  i n f l u e n c e  on t h e  d e g r e e  o f  d e s u l f u r i z a t i o n .  

Bench-sca le ,  h i g h - p r e s s u r e ,  h i g h - t e m p e r a t u r e  r o c k i n g  bomb 
a u t o c l a v e  b a t c h  r e a c t o r s  are  b e i n g  used  t o  s t u d y  t h e  s o l v e n t  
r e f i n i n g  p r o c e s s .  Coal  o f  a s p e c i f i c  s i z e  f r a c t i o n  (-28 
mesh) i s  mixed w i t h  a n  o r g a n i c  s o l v e n t  and c h a r g e d  t o  t h e  r e a c t i o n  
bomb. The c o a l - s o l v e n t  s l u r r y  i s  a g i t a t e d  and brought  t o  r e a c t i o n  
t e m p e r a t u r e  u n d e r  a hydrogen b l a n k e t .  A f t e r  a 15 minute  time 
i n t e r v a l  a t  t h e  r e a c t i o n  c o n d i t i o n s ,  t h e  bomb i s  p u l l e d  and t h e  
r e a c t i o n  quenched b y  r a p i d  c o o l i n g .  The l i a u i d  product  ( i n c l u d i n g  
u n d i s s o l v e d  a s h )  i s  t h e n  c h a r g e d  t o  a d i s t i l l a t i o n  f l a s k  and vac- 
uum d i s t i l l e d  t o  r e c o v e r  t h e  s o l v e n t  and  a s o l i d  c o a l  p r o d u c t ,  
a t  a maximum t e m p e r a t u r e  of 300°C and a n  u l t i m a t e  a b s o l u t e  p r e s -  
s u r e  of 3 mm o f  mercury .  The r e f i n e d  c o a l  o r o d u c t  i s  a n a l y z e d  f o r  
s u l f a t e ,  p y r i t i c  a n d  t o t a l  s u l f u r  c o n t e n t ,  w i t h  o r g a n i c  s u l f u r  
c o n t e n t  b e i n g  d e t e r m i n e d  by t h e  d i f f e r e n c e  between t o t a l  s u l f u r  
and  i n o r g a n i c  ( s a l f a t e  + p y r i t i c )  s u l f u r  c o n t e n t .  Recovered so l -  
v e n t  is a n a l y z e d  f o r  t o t a l  s u l f u r  c o n t e n t  by i n d u c t i o n  f u r n a c e  
t e c h n i q u e s  and f o r  hydrogen  c o n t e n t  by i n f r a - r e d  s p e c t r o s c o p y .  

Phase  I ( f i r s t  year  e f f o r t )  s t u d i e d ,  i n  a s t a t i s t i c a l l y  
d e s i g n e d  e x p e r i m e n t ,  t h e  impor tance  o f  f i v e  o p e r a t i n g  v a r i a b l e s .  
These v a r i a b l e s  were s t u d i e d  a t  t!io l e v e l s ,  as l i s t e d  below: 

1) T e m p e r a t u r e :  3 2 5 ,  4 O O 0 C  

2 )  Pa r t i a l  p r e s s u r e  o f  hydrogen ( a t  r e a c t i o n  c o n d i t i o n s ) :  

3 )  S o l v e n t  to co21 r a t i o :  2/1, 3.5/1 
4 )  S o l v e n t  t y p e :  A n t h r a c e n e ,  t e t r a l i n  
5 )  Q.eact ior!  t l z e :  7 . 5  n i n u t s ? . ,  1.5 x i n u t e s  

6 0 0 ,  1 2 0 9  psip;  

The r e s u l t s  o f  t h e  f ' a c t o r l r !  ans1; ;s is  f o r  s i g n i f i c a n c e  shoved tem- 
o e r a t u r e ,  p ressur le  25d s c l v e n t - t , o - c o a l  r a c i o  t o  b e  s i g n i f i c a n t  a t  
t h e  9 0 %  c o n f i d e n c e  levi;. ..j.nthx'acene o i l  was also shown t o  bo a 
e l e a r l : !  s u n e v i o r  solvent k : ~  the Piiase I s i g n i f i c a n c e  t e s t s .  

The o p e r a t i n g  v a r i a b l e s  chosen  as  s i g n i f i c a n t  from t h e  Phase 
I e x p e r i m e n t a l  i n v e s t i g a t i o n  a re  b e i n g  f u r t h e r  examined i n  Phase 
I1 ( second :?ear )  of  t h e  r e s e a r c h  program. Phase II is examining  
t h e  n o n - l l n e a - i t r  o f  t h e  reaoval- o f  j c l f u r  fro!: c o a l  . v i a  t h e  so l -  
v e n t  r e f i n i n g  ?rcces ;  a3 i n f ' l g e c c e d  b y  t h e  o p e r a t i n s  v r r i a b l e s .  



The conditions chosen from the Phase I study for the Phase I1 study 
were as follows: 

1) Temperature: 375, 400, 425OC 
2) Partial pressure of hydrogen (at reaction conditions): 

3 )  Solvent-to-coal ratio: 2/1, 3/1, 4/1 
1 0 0 0 ,  1500 ,  2000 psig 

Anthracene o i l ,  the better Phase I solvent, vas chosen for use in 
the Phase I1 experimental progran. The onerating variables have 
been studied at three levels in a full-factorial, triply-replicated 
experimental design to gather the data necessary to Derform the 
significance tests and construct a mathematical model for desul- 
furization of coal via the solvent refining process. Initial data 
reduction and significance testing of the variables has allowed 
significant linear and quadratic effects of the operating variables 
and interactions (through second order) to be identified in each 
of the four data sets (total sulfur, sulfate sulfur, pvritic 
sulfur, organic sulfur) for one bituminous and 3ne sub-bituminous 
coal. The main effects and interactions will be used as indepen- 
dent variables in a mathematical model for the desulfurization of 
coal via the solvent refining technique. 
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LITERATURE SURVEY 

i n g  P r o c e s s  

The  Pot t -Broche  (1) p r o c e s s  was d e v e l o p e d  i n  Germany fo r  u s e  
i n  o b t a i n i n g  a n  a s h - f r e e  p r o d u c t  t h a t  c o u l d  be  r e a d i l y  hydrogenated  
t o  a l i q u i d  hvdrocarbon.  Ground c o a l  was mixed w i t h  a middle  o i l  
i n  a 1 : 2  r a t i o  and h e a t e d  t o  40O-42O0C a t  1 0 0  a tmospheres .  The 
s o l u t i o n  was f i l t e r e d  t o  remove ash and t h e  s o l v e n t  was r e c o v e r e d  
by  vacuum d i s t i l l a t i o n .  KloepDer e t  a l .  ( 2 )  have c a r r i e d  o u t  e x t e n -  
s i v e  r e s e a r c h  on t he  s o l v e n t  r e f i n i n g  o r o c e s s .  The ash c o n t e n t  of  
a raw c o a l  was r e d u c e d  from 1 2 %  t o  0 . 2 % ,  w i t h  a c o n c u r r e n t  reduc-  
t i o n  i n  t o t a l  s u l f u r  c o n t e n t  f rom 1 . 4 %  t o  0 .5%.  The P i t t s b u r g h  and 
Widway Coal  Mining Company ( 3 , 4 , 5 , 6 )  d e v e l o p e d  a s o l v e n t  r e f i n i n g  
p r o c e s s  t h a t  u s e d  an i n t e r n a l l y  g e n e r a t e d  s o l v e n t  and hydrogen t o  
d i s s o l v e  t h e  c o a l  and produce  a low-ash,  l o w - s u l f u r  c o a l .  Cudmore 
and Guyot ( 7 )  s t u d i e d  t h e  s o l v e n t  e x t r a c t i o n  o f  c o a l  u n d e r  a hydro-  
gen  b l a n k e t  u s i n g  a n t h r a c e n e  o i l  as a s o l v e n t .  The t o t a l  s u l f u r  
c o n t e n t  o f  a raw c o a l  was r e d u c e d  from 1.1% t o  0 . 4 %  i n  a b a t c h  
a u t o c l a v e .  Gary e t  a l .  ( 8 )  have s t u d i e d  t he  s o l v e n t  r e f i n i n g  pro-  
c e s s  i n  b a t c h  a u t o c l a v e s ,  u s i n g  a n t h r a c e n e  o i l  a s  t he  s o l v e n t ,  w i t h  
t h e  d i s t r i b u t i o n  of a l l  s u l f u r  t y p e s  ( t o t a l ,  o r g a n i c ,  p y r i t i c ,  
s u l f a t e )  i n  t h e  r e f i n e d  c o a l  p r o d u c t  b e i n g  i n v e s t i g a t e d .  

K l r c h n e r  ( 9 )  s t u d i e d  s o l v e n t  tyDe,  s o l v e n t - t o - c o a l  r a t i o  and  
c o a l  r a n k  i n  a s t a t i s t i c a l l y  d e s i g n e d  se t  o f  exper iments  t o  d e t e r -  
mine t h e  e f f e c t s  o f  these t h r e e  v a r i a b l e s  o n  t h e  removal  o f  t o t a l  
s u l f u r ,  o r g a n i c  s u l f u r ,  and i n o r g a n i c  s u l f u r  ( s u l f a t e  and p y r i t i c )  
f rom f o u r  raw c o a l s .  The a n a l y s i s  o f  t h e  data showed b o t h  s o l v e n t  
t y p e  and c o a l  r a n k  t o  b e  s t a t i s t i c a l l y  s i g n i f i c a n t  a t  t h e  0.95 
c o n f i d e n c e  l eve l  f o r  t h e  removal  o f  s u l f u r  f rom c o a l .  

F e r r a l l  ( 1 0 )  a l s o  s t u d i e d  t h e  d e s u l f u r i z a t i o n  o f  c o a l  i n  
a n t h r a c e n e  u n d e r  a hydrogen  b l a n k e t  and found t h a t  p r e s s u r e  and 
t e m p e r a t u r e  were s i g n i f i c a n t  v a r i a b l e s  i n  t h e  u r o c e s s ,  b u t  t h a t  
r e a c t i o n  t imes i n  e x c e s s  of  15 minutes  were n o t  s t a t i s t i c a l l y  s ig-  
n i f i c a n t .  

D e s u l f u r i z a t i o n  b!: O t h e r  Vethcds 

The A t l a n t i c  F i iChf te ld  Comcany (11) was g r a n t e d  a p a t e n t  f o r  a 
p r o c e s s  which s i m u l t a n e o u s l y  d e s u l f u r i z e s  and d e a s h e s  c o a l .  T o t a l  
s u l f u r  c o n t e n t  xa3 r e d u c e 3  by 511T and es:? c o n t e r t  by 27% by s i n p l g  
t r e g t i n g  t h e  c o a l  i n  a b a t c h  r e a c t o r  f o r  one h o w  w i t h  water a t  
650 F and a p r e s s u r e  o f  2350 ps i? ; .  F l o t a t t o n  methods have  been  
examined and d e v e l o p e d  by Miller and Baker  (12) ,  Gal iguzov (13), 
Leonard and C o c k r e l l  ( 1 4 ) -  and T e r c h i k  (15) .  Detirbrouck ( 1 6 )  made 
an e x t e n s i v e  computer  s t u d y  of t h e  removal  of p y r i t i c  ' s u l f u r  by 
f l o t a t i o n .  A c n r t o n i z a t i o n  p rocess  :.la? used by Van Hbess le  and 
a u a d r i  (17) t 3  produce  a s n c k e l e s s  f u e l  f rom s u t - b i t u n i n o u s  c o a l  
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and r e s u l t e d  i n  a 95% r e d u c t i o n  o f  p y r i t i c  s u l f u r  and 60-70% r e d u c -  
t i o n  on  b o t h  o r g a n i c  and s u l f a t e  s u l f u r .  A l k a l i  metal h y d r o x i d e s  
have been  used  by Murphy and Messman (18) i n  a p a t e n t e d  p r o c e s s  
t h a t  r e d u c e s  t h e  t o t a l  s u l f u r  c o n t e n t  o f  c o a l  by 35-50%. A pro-  
c e s s  h a s  b e e n  p a t e n t e d  by L e f r a n c o i s ,  B a r c l a y  and Van Hook (19) , 
i n  which s u l f u r  i s  l e a c h e d  from c o a l  w i t h  a sodium c a r b o n a t e  m e l t .  
Nagy and Ezz ( 2 0 )  s t u d i e d  t h e  t h e r m a l  d e s u l f u r i z a t i o n  o f  u l t r a - h i g h  sul- 
fur-Detroleum coke ,  w h i l e  S i n h a  and Walker ( 2 1 , 2 2 )  c a r r i e d  o u t  
e x t e n s i v e  r e s e a r c h  on t h e  d e s u l f u r i z a t i o n  of  c o a l s  and c h a r s  u s i n g  
v a r l o u s  g a s e o u s  a tmospheres  a t  t e m p e r a t u r e s  r a n g i n g  from 355 t o  
60O0c. 

P y r i t i c  S u l f u r  Removal 

I 

Given and J o n e s  ( 2 3 )  have  found t h a t  some o f  t h e  p y r i t i c  s u l f u r  
r e l e a s e d  i s  f i x e d  i n  t h e  o r g a n i c  matter of c o a l  and c o n t r i b u t e s  t o  
t h e  h i g h e r  o r g a n i c  s u l f u r  c o n t e n t  o f  t h e  t r e a t e d  c o a l .  T h i s  o b s e r -  
v a t i o n  a g r e e d  w i t h  r e s u l t s  r e p o r t e d  by Smith ( 2 4 ) .  Hydrogen con- 
t a c t i n g  was Esed by McKinley and Henke ( 2 5 )  i n  a o a t e n t e d  p r o c e s s  
a c h i e v i n g  a 53% s u l f u r  removal  on  a c o a l  w i t h  h i g h  p y r i t i c  s u l f u r  
c o n t e n t .  Blum and Cindea ( 2 6 )  o p t i m i z e d  a n  a i r - s t r e a m  f l u i d i z e d  
p r o c e s s  and r e p c r t e d  removal  of up t o  90-95% o f  t h e  p y r i t i c  s u l f u r .  
Abel e t  a l .  ( 2 7 )  used  a c e n t r i f u g a l - e l e c t r o s t a t i c  method w i t h  s t a g e  
g r i n d i n g  and  removed 50-70% o f  p y r i t i c  s u l f u r  and 30-40% t o t a l  
s u l f u r .  N e a r l y  90% o f  t h e  p y r i t i c  s u l f u r  w a s  removed from a 
P i t t s b u r g h  seam r o o f  c o a l  w i t h  t h i s  t e c h n i a u e .  Meyers e t  a l .  ( 2 9 )  
a c h i e v e d  a 40-79% s u l f u r  r e d i l c t i o n  on c o a l  by t r e a t m e n t  w i t h  a 
f e r r i c  i o n  s o l u t i o n .  The p y r i t i c  s u l f u r  i n  t h e  c o a l  m a t r i x  was 
o x i d i z e d  and  e l e m e n t a l  s u l f u r  and i r o n  s u l f a t e  were r e c o v e r e d .  A 
subsequent  p a t e n t  was i s s u e d  t o  Yeyers ( 2 9 ) .  F u r t h e r  work on t h e  
Meyers p r o c e s s  has  been  done by Hamersma e t  a l .  ( 3 0 ) .  

Organic  S u l f u r  Removal 

A U . S .  p a t e n t  was g r a n t e d  t o  Mayland ( 3 1 )  f o r  a p e b b l e  h e a t e d  
g a s i f i c a t i o n  u n i t .  Mayland o b s e r v e d  t h a t  a major  p o r t i o n  of t h e  
o r g s n i c  s u l f u r  i n  t h e  c o a l  :;as c o n v e r t e d  t o  H2S during t h e  p ? o c e s s .  
Inuka; and h i s  co-workers ( 3 2 )  r e p o r t e d  t h a t  the:; removed 100% o f  t h e  
o r g a n i c  sulfur from a bituminous cga: by t r e a t i n g  a t  room t empera -  
ti:re w i t h  a 3% s o l u t i o n  of h?-:droge!i s e r o x i e e .  Ye:iers,  L,a?!d, anc? 
F l e q a l  ( 3 3 )  i n v e z c i g a t e d  s e v e r a l  c o e l ~ ,  and found ::?at, i e ~ c ! - i n q  
w i t h  a 1;;cak o r g z n i c  a:id :.iodld rel?ove a",-fi0% o f  t h e  o r g a n i c  s u l f 7 i r .  
P h e n y l - n i t r a t e  'vas t h e  nosr: e f f i c i e n t  s o l v e n t  t e s t e d  f c r  o r g a 3 l c  
s u l f u r  rernoval and a p a t e n t  :ias l a t e r  i s s u e d  t c  Yevers  ( 3 h ) .  Organ- 
i c  sul?.ir r e r o v e l  f rom :ccsl ha: 3130 been i n v e s t i g a t e d  by 
KaxinskLi  ( 3 5 ) .  

C a t a l y s t  A p p l i c a t i o n  

Winkler  ( 3 6 )  found t h a t  a n  a c t i v a t e d  i r o n  poijeer c a t a l y s t  used  
o n  f i n e l : ;  g rcund  b i tuminous  c o a l  in a ! lo t ,  1::ghl:i a r o i m t i c  oi.1 c a n  
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r e d u c e  t h e  c o a l ' s  t o t a l  s u l f u r  c o n t e n t  by 56%. A F r e n c h  p a t e n t  
was g r a n t e d  t o  F o h l e n  ( 3 7 1 ,  who l i s t s  c a t a l y s t s  c a p a b l e  of  s p l i t -  
t i n g  o r g a n i c  s u l f u r  l i n k a g e s  p r i o r  t o  d e s u l f u r i z a t i o n .  These  
c a t a l y s t s  i n c l u d e  t h e  o x i d e s  and s a l t s  o f  c a l c i u m ,  magnesium, l ead ,  
c o p p e r ,  z i n c ,  and molybdenum. Manmohan and Goswami ( 3 8 )  found t h a t  
sodium c h l o r i d e  gave  80% t o t a l  s u l f u r  removal  d u r i n g  c a r b o n i z a t i o n .  
D e p o l y m e r i z a t i o n  c a t a l y s t s  f o r  c o a l  have b e e n  s t u d i e d  by  Ouchi, 
Imuta, and Yamashita ( 3 9 ) .  

K i n e t i c  C o n s i d e r a t  i o n s  

T h e  k i n e t i c  s t u d i e s  o f  t h e  d i s s o l u t i o n  of  b i t u m i n o u s  c o a l  i n  t e t -  
r a l i n  by H i l l  ( 4 0 )  have  shown t h a t  t h e  A H  (heat of  a c t i v a t i o n )  and 
AS ( e n t r o p y  o f  a c t i v a t i o n )  c a n  be d e t e r m i n e d  from t h e  t e m p e r a t u r e  
dependence o f  t h e  r a t e .  Kloepper  e t  a l .  ( 2 )  conc luded  t h e  t r a n s -  
f e r  of hydrogen  f rom t h e  s o l v e n t  phase  was t h e  most i m p o r t a n t  
mechanism of f ree  radical  t e r m i n a t i o n  f o r  t he  d i s s o l v e d  c o a l .  
Format ion  o f  low m o l e c u l a r  weight  compounds d u r i n g  t h e  d i s s o l u t i o n  
o f  c o a l  a t  h i g h  t e m p e r a t u r e s  was f a v o r e d  by u s i n g  a s o l v e n t  which 
t r a n s f e r s  hydrogen  o r  by h a v i n g  a v a i l a b l e  a h i g h l y  a c t i v e  hydrogen 
a tmosphere  d u r i n g  t h e  r e a c t i o n .  The amount o f  c o a l  i n  s c l u t i o n  
i n c r e a s e d  markedly  w i t h  a n  i n c r e a s e  i n  t h e  p a r t i a l  D r e s s u r e  of  
hydrogen i n  a b a t c h  a u t o c l a v e  sys tem.  C h a r l o t  ( 4 1 )  o b s e r v e d  t h e  
d i s s o l u t i o n  p r o c e s s  had a n  a v e r a g e  a c t i v a t i o n  e n e r g y  o f  7 kca l /mole .  

Non-isothermal  r e a c t i o n  k i n e t i c s  have  been  used  i n  t h e  s t u d y  
o f  c o a l  g a s i f i c a t i o n  and  d e s u l f u r i z a t i o n  b y  J u n t g e n  e t  a l .  ( 4 2 1 ,  
and V e s t a l  and  Johnson ( 4 3 ) .  H i l l  ( 4 0 )  s t u d i e d  t h e  d i s s o l u t i o n  o f  
coal i n  t e t r a l i n  s o l v e n t ,  and proposed  a m u l t i p l e  r e a c t i o n  scheme 
t h a t  i n v o l v e s  a se r ies  o f  f i r s t  o r d e r  r e a c t i o n s  and i n c r e a s i n g l y  
a c t i v e  i n t e r m e d i a t e s  as c h e m i c a l  bonds a r e  broken  a t  h i g h  tempera-  
t u r e s .  

Effect o f  H y d r o g e n  

Blackwood a n d  McCarthy ( 4 4 )  c o n s i d e r e d  the r e a c t i o n  o f  c o a l  and 
hydrogen t o  b e  a t w o - s t a g e  p r T c e s s ,  w i t h  t h e  f i r s t  s t e p  b e i n g  v e r y  
r a p i d  h y d r o g e n a t i o n  o f  t h e  oxygen-containing f u n c t i o n a l  groups  o f  
t h e  c o a l ,  f o l l o w e d  by a s low r e a c t i o n  between t h e  hydrogen  and 
r e s i d u a l  c h a r .  The hvdrogen i n  t h e  p r o c e s s  s e r v e d  t v o  n u r ? o s e s :  
t o  s a t u r a t e  t h e  s o l v e n t  u s e d ,  and t o  form H-,S w i t h  s u l P i r  compounds 
p r e s e n t .  C u r r a n  et a l .  ( 4 5 )  found t h a t  ver;r l i t t l e  h!:droo;en t r a n s -  
f e r  was necessar:: t o  d i s s o l v e  t h e  f irst  505 of  t h e  c o a l  b u t  t h e  
amount o f  hydrogen  r e q u i r e d  i n c r e a s e d  by  a f a c t o r  of s e v e n  f o r  t h e  

. n e x t  50% of t h e  c o a l .  The!J p roposed  the d i s s o l u t i o n  was a pseudo- 
f i r s t  o r d e r  r e a c t i o n .  

Cudmore and  Guyot ( 7 3 ,  i n  t h e i r  s t u d y  of  t h e  d i s s o l u t i o n  o f  
c o a l  i n  a n t h r a c e n e  o i l ,  n o t e d  t h e  o v e r a l l  h e a t  o f  combust ion  o f  
t h e  p r o d u c t s  e x c e e d s  t h e  heat o f  combust ion o f  t h e ' r e a c t a n t s .  
Kloepper  e t  a l .  ( 2 )  a l s o  found t h e  s o l v e n t  re f inec?  c o a l  t o  have 
a heat:ng v a l u e  " 7 %  hi .n; ier  t h a n  t h a t  o f  t h e  p a r e n t  c o a l .  Kloepcer  

1 

\ 
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e t  a l .  ( 2 )  a t t r i b u t e d  t h i s  e f f e c t  t o  t h e  l o s s  o f  oxygen and s u l f u r  
a toms from t h e  c o a l  m a t r i x  d u r i n g  t h e  t r e a t m e n t ,  which l e f t  po ly-  
n u c l e a r  a r o m a t i c  p r o d u c t s - i n  t h e  s o l v e n t - r e f i n e d  c o a l  p r o d u c t .  
These  compounds have v e r y  h i g h  r e s o n a n c e  e n e r g i e s ,  and t h e r e f o r e  
a h i g h  h e a t  o f  combust ion .  T h i s  c o n c l u s i o n  i s  s u p p o r t e d  by Cud- 
more and Guyot ( 7 ) ,  who o b s e r v e d  a n  enr ichment  i n  p o l y c y c l i c  a r o -  
m a t i c  compounds i n  t h e i r  s o l v e n t  r e f i n e d  product  and a c o r r e s p o n d -  
i n g  i n c r e a s e  i n  t h e  h e a t i n g  v a l u e  o f  t h e  t r e a t e d  c o a l .  

; 

I Hydrogenat ion  o f  c o a l  i n  t e t r a l i n  s o l v e n t  h a s  been  s t u d i e d  b y  
\ P o t z i e t e r  ( 4 6 1 ,  and L i e b e u b e r g  and P c t z i e t e r  ( 4 7 ) .  K i r k  and 

S e i t z e r  ( 4 8 )  s t u d i e d  t h e  h y d r o g e n a t i o n  p r o c e s s  a t  750-84OoP and 
2500 p s i g ,  w i t h  a l i q u i d  p r o d u c t  r e s u l t i n g .  

Choice o f  Organic  S o l v e n t  

Orechkin  ( 4 9 )  found t h e  p r e s e n c e  o f  hvdrogen i n  t h e  r e a c t i o n  
a5mosphere i s  n o t  a l w a y s  r e q u i r e d  for a n  e f f e c t i v e  e x t r a c t i o n .  
S o l v e n t s  o f  s u f f i c j e n t l y  h i g h  hydrogen c0nter . t  mav e f f e c t i v e l v  
d i s s o l v e  t h e  c o a l ;  however, t h e  ave-age m o l e c u l a r  weight  o f  t h e  
p r o d u c t  i s  h i g h  due t o  t h e  f a c t  t h a t  hydrogen r e a u i r e d  t o  r e d u c e  
t h e  c o a l  t o  low m o l e c u l a r  weight  ComDounds i s  s u p p l i e d  e n t i r e l y  
by t h e  s o l v e n t  and t h i s  q u a n t i t y  i s  l i m i t e d  bv t h e  s o l v e n t  c h a r a c -  
t e r i s t i c s ,  e s p e c i a l l y  t h e  d e g r e e  o f  u n s a t u r a t i o n .  
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STATISTICAL THEORY 

The g o a l  o f  the  Phase  I1 e x p e r i m e n t a l  i n v e s t i g a t i o n  was t o  
examine t h e  n o n - l i n e a r i t y  o f  c o a l  d e s u l f u r i z a t i o n  v i a  t h e  s o l v e n t  
r e f i n i n g  p r o c e s s ,  as a f u n c t i o n  o f  t h e  o p e r a t i n g  v a r i a b l e s  found 
t o  be  importar l t  i n  t h e  Phase 1 e x p e r i m e n t a l  program. Phase I 
i n v e s t i g a t e d  f i v e  o p e r a t i n g  v a r i a b l e s  a t  two l e v e l s ,  and a f u l l  
f a c t o r i a l  e x p e r i m e n t a l  d e s i g n  was comDleted t o  a l l o w  a l l  main 
e f f e c t s  and i n t e r a c t i o n s  t o  be s t a t i s t i c a l l y  examined f o r  impor t -  
a n c e .  Four c o a l s  were s t u d i e d ,  two b i tuminous  and two sub- 
b i tuminous  w i t h  s u l f u r  c o n t e n t s  r a n g i n g  from 0.76% t o  4.20%. 
V a r i a b l e s  and l e v e l s  s t u d i e d  were as f o l l o w s :  

1) Tempera tu re :  325, 4OO0C 
2 )  Pa r t i a l  p r e s s u r e  of hydrogen:  600,  1200 p s i  
3) S o l v e n t - t o - c o a l  r a t i o :  3/1, 4.5/1 
4 )  S o l v e n t  t y p e :  Anthracene,  t e t r a l i n  
5 )  Time ( a t  r e a c t i o n  t e m p e r a t u r e ) :  7 . 5 ,  1 5  minu tes  

The s t a t i s t i c a l  r e d u c t i o n  o f  t h e  Phase I d a t a  was accompl i shed  b y  
Y a t e s l  t e c h n i q u e ,  and t h e  sum o f  t h e  f o u r  and f i v e - f a c t o r  i n t e r -  
a c t i o n s  was lumped t o  g i v e  a n  e s t i m a t e  o f  t h e  e r r o r  mean s q u a r e .  
'IF" t e s t s  x e r e  t h e n  performed on t h e  mean s q u a r e s  f o r  t h e  main 
e f f e c t s  and i n t e r a c t i o n s  ( t h r o u g h  o r d e r  31, and  t h e  f o l l o w i n g  
r e s u l t s  were o b t a i n e d :  

I. V a r i a b l e s  Very High ly  S i g n i f i c a n t  ( 9 9 %  c o n f i d e n c e  l e v e l )  
A ,  Bi tuminous ' 

1. S o l v e n t  t y p e  
2. Tempera tu re  

1. S o l v e n t  t y p e  
2. Tempera tu re  

B.  Sub-bi tuminous 

11. V a r i a b l e  LTighly S i g n i f i c a n s  (95': cor.?idence l e v e l )  
A .  Bi tuminous 

1. S o l v e n t  t y p e  
2 .  Tempera tu re  

E. Sub-b i tun inous  
1. S o l v e n t  t y p e  
2 .  Tempera tu re  
3. S o l v e n t  t y p e / t e m p e r a t u r e  i n t e r a c t i o n  
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111. Variables Significant (90% confidence level) 
A .  Bituminous 

1. Solvent type 
2. Temperature 
3. Solvent type/temperature interaction 

1. Solvent type ' 

2. Temperature 
3. Solvent type/temperature interaction 
4. Solvent-to-coal ratio 
5. Pressure 

B. Sub-bituminous 

Accordingly, the solvent type for the Phase I1 study was fixed as 
anthracene oil (the better Phase I solvent) and the variables 
temperature, pressure and solvent-to-coal ratio were chosen f o r  
further investigation in the non-linearity studies of Phase 11. 

The Phase I1 non-linearity studies consisted of two major 
parts, the first being a re-examination of the significance of  the 
three process variables chosen f o r  study, and the second being 
mathematical modeling of the process based on the results o? the 
Phase I1 significance tests. A full-factorial, triply-replicated 
experimental design o f  the three variables at three levels allowed 
all the necessary data to be gathered for the significance testing 
and mathematical modeling. The design was applied to one bitumin- 
ous and one sub-bituminous coal. Variables and levels chcsen were 
as follows: 

1) Temperature: 375, 400, 425OC 
2 )  Partial pressure of hydrogen (at reaction temperature): 

3) Solvent-to-coal ratio: 2 / 1 ,  3/1, 4/1 
1000, 1500, 2000 psi 

The data from the Phase I1 experimental design were initially 
reduced b y  hypothesis testing, and outliers were identified and 
rejected from the data field. An analysis of variance on the 
experimental design was then performed by means of constructing 
comparisons from a table of  orthogonal polynomials. A Fortran 
computer program allowed the data and the orthogonal polynomials 
to be manipulated, and the sun of squares of each main effect and 
interaction (through second order) to be calculated. An estimate 
of the mean square error was then obtained from the sum of  squares 
within treatments, and "F" tests allowed the siqnificance levels 
for the main effects and interactions to be identified for each 
data set. Data sets collected from the Phase I1 study were as 
follows: 

J 
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A .  Bituminous  Coal  
1. S u l f a t e  s u l f u r  
2. P y r i t i c  s u l f u r  
3. O r g a n i c  s u l f u r  
4.  Total s u l f u r  

B. Sub-bi tuminous Coal  
1. S u l f a t e  s u l f u r  
2. P y r i t i c  s u l f u r  
3. O r g a n i c  s u l f u r  
4. T o t a l  s u l f u r  

Mathematical model ing  of  t h e  s o l v e n t  r e f i n i n g  p r o c e s s  w i l l  
n e x t  be  a t t e m p t e d  u s i n g  t h e  main e f f z c t s  and i n t e r a c t i o n s  found t o  
be i m p o r t a n t  i n  t h e  s i g n i f i c a n c e  t e s t s  as t h e  independent  v a r i a b l e s  
f o r  t h e  model. The Omnitab computing programs w i l l  be  used  t o  f i t  
t h e  data by means o f  m u l t i p l e  l i n e a r  r e g r e s s i o n ,  and models and 
terms w i l l  be a c c e p t e d  o r  r e j e c t e d  b a s e d  on  t h e  s i g n i f i c a n c e  of 
t h e  r e g r e s s i o n  c o e f f i c i e n t s  and  t h e  goodness  of f i t  as i n d i c a t e d  
by t h e  m u l t i p l e  c o r r e l a t i o n  c o e f f i c i e n t .  Models o f  t h e  f o l l o w i n g  
form w i l l  b e  i n v e s t i g a t e d :  

mn 
Y i = ai + BiXl + YiX2m* + ... sixn 

where Yi = s u l f u r  removal ,  $, dependent  v a r i a b l e  
ai,Bi,y i . . . .<i  : r e g r e s s i o n  c o e f f i c i e n t s  
Xl,X 2 . . . X n  = i n d e p e n d e n t  v a r i a b l e s  and i n t e r a c t i o n s  from 

ml , m 2 .  . - mn = exponents  o f  t h e  e f f e c t s  and i n t e r a c t i o n s  
s i g n i f i c a n t  t es t s  

Equipment 

Four  major eqa ipment  sys tems were employed i n  t h e  s t u d y ,  t h e  
r e a c t o r  s y s t e m ,  t h e  o f f - g a s  s c r u b b e r  s y s t e m ,  t h e  s o l v e n t  r e c o v e r y  
s y s t e m ,  atid t h e  LECO t o t a l  s u l f u r  a n a l y s i s  systen?. A b r i e f  
d e s c r i p t i o n  o f  t h e  components o f  each s y s t e m  i s  g i v e n  below.  

\ 
T'nree r e a c t o r  s y s t e m s  were used  i n  t h e  z t u d g ,  a l l  o f  t h e  b a t c h  

a u t o c l a v e  g e n e r i c  t y 3 e .  For  e a c h  r e a c t o r  s y s t e m ,  a g a s  d e l i v e r y  
s y s t e m ,  a r e a c t i o n  v e s s e l ,  anc? a s h a k i n g  sssembly  e x i s t e d  as  3. 
f u n c t i o n a l  p a r t  o f  t h e  e x p e r i m e n t a l  complex. The r e a c t i o n  v e s s e l s  
were manufac tured  by t h e  American I n s t r u m e n t  Comany :A.minco) of  
S i l v e r  S p r i n g ,  Maryland ,  and were from t h e  4 3/8 i n c h  se r ies .  The 
r e a c t i o n  v e s s e l s  had  i n s i d e  d e p t h s  of' ic! i n c h e s ,  i n s i d e  diameters \ 

o f  3 5/16 i n c h e s  and  approximate  w e i g h t s  o f  50 pounds. The 
v e s s e l s  had a working  p r a s s u r e  r a t i n g  of 5,C50 p s i  a t  ;lOO°F and 
had  e f f e c t i v e  volumcs o f  a p p r o x i m a t e l y  1510 m i l l i l i t e r s .  
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Three  s h a k i n g  a s s e m b l i e s  were employed i n  t h e  r e a c t o r  complex. 
Two of t h e  a s s e m b l i e s  were s t a n d a r d  Aminco 4 3/8 i n c h  se r ies  
a s s e m b l i e s  w h i l e  t h e  o t h e r  was manufac tured  by High P r e s s u r e  Equip-  
ment Company, I n c .  The s h a k i n g  assembly  from H I P  Comoanv o f  E r i e ,  
P e n n s y l v a n i a ,  c o n s i s t e d  of a 6 ,000  w a t t ,  208-vol t  h e a t i n g  j a c k e t  
mounted on a r o c k e r  assembly .  The h e a t i n g  j a c k e t  was r o c k e d  by 
means o f  a l / 3  hp,220 v o l t  e l e c t r i c  motor  a c t u a t i n g  a n  e c c e n t r i c  
l e v e r  d r i v e  c o n n e c t e d  t o  t h e  h e a t i n g  j a c k e t .  The Aminco s h a k i n g  
a s s e m b l i e s  c o n s i s t e d  of 3000 w a t t ,  208-vol t  h e a t i n g  j a c k e t s  mounted 
on  r o c k e r  assemblies. The r o c k e r s  f o r  t h e  Aminco s h a k i n g  assem- 
b l i e s  were a c t u a t e d  by 1 / 3  hp,  110 v o l t  motors  d r i v i n g  e c c e n t r i c  
l e v e r s  c o n n e c t e d  t o  t h e  h e a t i n g  j a c k e t s .  The low v o l t a g e  h e a t i n g  
j a c k e t s  had t h e  c a p a c i t y  t o  h e a t  f rom room t e m p e r a t u r e . t o  400°C i n  
a p p r o x i m a t e l y  1 1 / 2  h o u r s  w h i l e  the  h i g h  v o l t a  e HIP h e a t i n g  

h o u r s .  All s h a k i n g  a s s e m b l i e s  were equipped  w i t h  0 t o  3000 p s i  
p r e s s u r e  gauges ;  a n d  30,000 p s i  v a l v e s  and f i t t i n g s  f rom t h e  Aminco 
l i n e  were used  t o  r e g u l a t e  t h e  i n l e t  and e x i t  o f  t h e  r e a c t i o n  g a s e s  
from t h e  r e a c t i o n  v e s s e l s .  Tubing used  on  t h e  s h a k i n g  assemblies 
was 304 s t a i n l e s s  s t e e l ,  1 / 4  i n c h  o . d . ,  and r a t e d  f o r  o p e r a t i o n  a t  
100 ,000  p s i  a t  100°F. 

I n  t h e  6000-watt sys tem t h e  t e m p e r a t u r e  was c o n t r o l l e d  by  a 
Leeds and N o r t h r u p ,  S e r i e s  60 c o n t r o l l e r ,  w i t h  a Yodel 11906  S C R  
f i n a l  c o n t r o l  e l e m e n t .  TemDerature r e s p o n s e  o f  t h e  ? ? a c t i o n  
v e s s e l  w a s  r e c o r d e d  on  a Leeds and  N o r t h r u p  Speedomax H c o n t i n u o u s  
r e c o r d e r .  I n  t h e  3000-watt  s y s t e m s ,  Leeds and Morth-up Elec t romax 
I11 c o n t r o l l e r s ,  w i t h  Model 1 1 9 0 6  SCR f i n a l  c o n t r o l  e l e m e n t s  were 
used f o r  t e m p e r a t u r e  c o n t r o l .  Tempera tures  were r e c o r d e d  on  a 
Honeywell E l e c t r o n i k  I11 two-channel  c o n t i n u o u s  r e c o r d e r .  

j a c k e t  c o u l d  h e a t  f rom room t e m p e r a t u r e  t o  400 % C i n  a b o u t  2 1/4 

A l l  s h a k i n g  a s s e m b l i e s  were connec ted  t o  p u r g i n g - c h a r g i n g  g a s  
d e l i v e r y  s y s t e m s .  Each o f  t h e s e  s y s t e m s  c o n s i s t e d  o f  a n i t r o g e n  
c y l i n d e r ,  a hydrogen gas  c y l i n d e r ,  p r e s s u r e  r e g u l a t o r s  f o r  e a c h  
c y l i n d e r  and  Aminco s t a i n l e s s  s t e e l  t u b i n g  and f i t t i n g s  s imilar  t o  
t h o s e  used  on t h e  s h a k i n g  a s s e m b l i e s .  

A d iagram o f  t h e  o f f - g r s  c o l l e c t i o n  s y s t e ? ?  i s  g i v e n  i n  F ig l i re  
1. A 0-3000 p s i g  Duragauge r r ressure  gauge - 2 s  used  t o  measure  
p r e s s u r e .  R e a c t i o n  -?esse1 t e 3 p e r a t u r e  ;.!as n e i s u r e d  bv a Foxbcro  
Dgnalog 6-poin t  c i r c u l a r  r e c o r d e r  ~ L t h  2 rsnge c f  0 t r J  1 !0 ,3OC.  
Thermocouples used  as t e n p e r s f u r e  sensc)rs  ?:ere i r o n - c o n s t a n t a n .  
The c o l l e c t i o n  v e s s e l  was a 2 5 5 - m l  Er lenmeyer  f l a s k  a g i t a t e d  by 
means o f  a magnet ic  s t i r r e r .  Gas volume was measured u s i n g  weter 
d i s p l a c e m e n t  i n  a 250-ml g r a d u a t e d  b u r e t .  

The s o l v e n t  r e c o v e r y  sys tem used  i s  shown i n  F i g u r e  2 .  The 
d i s t i l l a t i o n  v e s s e l  was a 500-r?l Hempel f l a s k .  The v e s s e l  was 
h e a t e d  u s i n g  a 330 wa t t ,  1 1 5  v o l t  h e a t i n g  m a n t l e  c o n t r o l l e d  w i t h  
a P o w e r s t a t ,  a ,110-vol t  and 7 1 /2  amp v a r i a b l e  t r a n s f o r m e r .  Two 
1000-ml f l a s k s  wePe used  t o  t r a p  t h e  r e c l a i n e d  s o l v e n t .  .4 c o ~ d e n -  
ser was used  t o  p r e v e n t  any  low b o i l i z g  s o l v e n t  f r a c t i o n s  f r c n  
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FIGURE 1 
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FIGURE 2 
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l e a v i n g  t h e  d i s t i l l a t i o n  s y s t e m  and  e n t e r i n g  t h e  vacuum pump. 
The vacuum f o r  t h e  s y s t e m  was s u p p l i e d  by  a Cenco Mega-Vac pump 
d r i v e n  by  a 1/4 h p ,  1 1 0  v o l t  e l e c t r i c  motor .  The vacuum on t h e  
sys tem was measured w i t h  a 0 t o  30 i n .  H g  Duragauge vacuum gauge .  
The t e m p e r a t u r e  o f  t h e  d i s t i l l a t i o n  f l a s k  was c o n t i n u o u s l y  moni tored  
by a Foxboro Dynalog & p o i n t  c i r c u l a r  c h a r t  r e c o r d e r .  I r o n -  
c o n s t a n t a n  t y p e  t h e r m o c o u p l e s  were used  f o r  t h e  i n p u t  t o  t h e  r e c o r d -  
e r .  

The Leco t o t a l  s u l f u r  a n a l y s i s  sys tem c o n s i s t e d  o f  t h r e e  com- 
p o n e n t s ,  a g a s  p u r i f i c a t i o n  t r a i n ,  a n  i n d u c t i o n  f u r n a c e ,  and a 
semi-automatic  t i t r a t o r  u n i t .  The g a s  p u r i f y i n g  t r a i n  c o n t a i n e d  
a n  acid tower ,  a d r y  r e a g e n t  t o w e r ,  and a r o t a m e t e r  and was used  
t o , m e a s u r e  and s c r u b  a n y  r e s i d u a l  s u l f u r  from t h e  e n t e r i n g  oxygen. 
The i n d u c t i o n  f u r n a c e  was a Leco model 521,  equipped  w i t h  t h e  "L" 
m o d i f i c a t i o n  o n  t h e  combust ion  chamber. A s p e c i a l  f e a t u r e  o f  t h e  
"L" m o d i f i c a t i o n  i s  t h e  i n c l u s i o n  o f  a h i g h  t e m p e r a t u r e  i g n i t e r  i n  
t h e  combust ion chamber .  The e x h a u s t  g a s e s  from t h e  i n d u c t i o n  
f u r n a c e  combust ion chamber were s e n t  t h r o u g h  a n  e l e c t r i c a l l y  
h e a t e d  g l a s s  d e l i v e r y  t u b e  and i n t o  t h e  Leco semi-automat ic  t i t r a -  
t o r  model 518. The semi-automat ic  t i t r a t o r  u s e d  a n  i d i o m e t r i c  
r e a c t i o n  w i t h  a c o l o r  change  e n d p o i n t  t o  a n a l y z e  t h e  combust ion  
g a s e s .  The t i t r a t o r  p r o v e d  t o  b e  a r a p i d  and r e l i a b l e  method f o r  
a n a l y z i n g  t h e  s o l v e n t  f o r  t o t a l  s u l f u r .  

E x p e r i m e n t a l  P r o c e d u r e  

a t  which s u l f u r  a n a l y s e s  a r e  p e r f o r m e d ,  i s  g i v e n  b y  F i g u r e  3 .  The 
e x p e r i m e n t a l  p r o c e d u r e  c a n  be  d i v i d e d  i n t o  f o u r  major  a r e a s  o f  
d i s c u s s i o n :  s u l f u r  a n a l y s i s ,  d e s u l f u r i z a t i o n  p r o c e d u r e ,  o f f - g a s  
c o l l e c t i o n ,  and s o l v e n t  r e c o v e r y .  The d e s u l f u r i z a t i o n  p r o c e d u r e  is 
g i v e n  below. 

a )  F i f t y  grams o f  raw d r i e d  c o a l ,  -28 mesh, and t h e  a n n r o -  
p r i a t e  amount o f  s o l v e n t  ( 1 0 0 ,  150 ,  o r  200 grams o f  
a n t h r a c e n e  o i l )  a re  weighed,  mixed, and p l a c e d  i r ,  t h e  
r e a c t i o n  v e s s e l .  

An o v e r a l l  view o f  t h e  e x p e r i m e n t a l  p r o c e d u r e ,  i n c l u d i n g  s t a g e s  

b )  The  r e a c t i o n  v e s s e l  is s e a l e d  and connec ted  i n t o  t h e  
h e a t i n g - r o c k i n g  assemi?;:;. 

c )  T t e  r e a c t i c n  v e s s e l  i s  Durged w i t h  n i t r o g e n  b!r p r e s s u r i z -  
i n g  t h e  s y s t e m  t o  2 0 0  p s i g  and v e n t i n g  t o  a t m o s p h e r i c  
p r e s s u r e  t 5 r e e  c o c s e c u t l v e  t i m e s .  P . f te r  p u r g i n g ,  t h e  
system i s  p r e s s u r i z e d  :.lit3 hvdrogen;  t h e  i n i t i a l  c r e s s u r e  
i s  p r e d e t e r n i n e d  and  i s  a f u n c t i o n  of  r u n  t e m ? e r a t u r e ,  r u n  
p r e s s u r e ,  c c n p r e s s i b i l i t y  f a c t o r s ,  an?. i n i t i a l  t e m n e r a t u r e .  
fit t h i s  time i n i t i a l  p r e s s u r e  acd t e m p e r a t u r e  a r e  r e c o r d e d ,  
and the  system i s  checked f o r  l e a k s .  
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d )  The t e m p e r a t u r e  r e c o r d e r ,  c o n t r o l  s y s t e m ,  r o c k e r  assembly  , 
and t h e  r e a c t o r  h e a t e r s  a r e  swi tched  on  and h e a t i n g  b e g i n s .  
When t h e  s y s t e m  r e a c h e s  t h e  d e s i r e d  maximum t e m p e r a t u r e ,  
t h e  p r e s s u r e  o f  t h e  r e a c t i o n  v e s s e l  is r e c o r d e d .  The r e a c -  
t o r  is h e l d  a t  t h e  maximum t e m p e r a t u r e  f o r  1 5  m i n u t e s ;  a t  
t h i s  t ime t h e  system t e m D e r a t u r e  and D r e s s u r e  a r e  a g a i n  
r e c o r d e d .  

e )  The r e a c t i o n  v e s s e l ,  s t i l l  p r e s s u r i z e d ,  is removed from 
t h e  h e a t i n g - r o c k i n g  sys tem and c o o l e d  b y  f o r c e d  c o n v e c t i o n .  

The o f f - g a s  c o l l e c t i o n  s t e p  i s  g i v e n  by t h e  f o l l o w i n g  Dro- 

a )  The p r e s s u r i z e d  r e a c t i o n  v e s s e l  is .connected t o  t h e  s c r u b b e r  

b )  R e a c t i o n  vessel  t e m p e r a t u r e  and p r e s s u r e ,  ambient  t e n p e r a -  

c e d u r e :  

sys tem ( s e e  F i g u r e  1). 

t u r e ,  and b a r o m e t r i c  p r e s s u r e  a r e  r e c o r d e d .  Four  g a s  
samples  a r e  b u b b l e d  t h r o u g h  t h e  s c r u b b e r  s o l u t i o n ,  a n  
ammonical z i n c  s u l f a t e  s o l u t i o n .  The volume o f  g a s  is 
d e t e r m i n e d  by w a t e r  d i s p l a c e m e n t .  

c )  The r e a c t i o n  v e s s e l  i s  v e n t e d  and d i s c o n n e c t e d  from t h e  
s c r u b b e r  s y s t e m .  

A diagram o f  t h e  s o l v e n t  r e c o v e r y  sys tem i s  g i v e n  by F i g u r e  2 .  
The s o l v e n t  r e c o v e r y  t e c h n i q u e  u t i l i z e d  vacuum d i s t i l l a t i o n  t o  
s e D a r a t e  t h e  a n t h r a c e n e  o i l  from t h e  s o l v e n t  r e f i n e d  c o a l  p r o d u c t .  

a )  The p r o d u c t - s p l v e n t  s l u r r y  i s  removed from t h e  r e a c t i o n  
v e s s e l ,  p l a c e d  i n  a 500-ml Hempel d i s t i l l a t i o n  f l a s k ,  and 
weighed.  

b )  The f l a s k  i s  p l a c e d  i n  t h e  h e a t i n g  m a n t l e ,  and connec ted  
t o  t h e  vacuum s;:ster;. 

c )  The h e a t i n g  m a n t l e  i s  t u r 2 e d  on and t h e  s g s t e a  i s  h e a t e d .  

d )  At a p p r o x i n a t e l y  150°C t h e  vacuum. ~ u n p  i s  t u r n e d  02 a n e  a 

e )  The d i s t i l l a t i o n  is comoleted a t  a o p r o x i n a t e i v  3G03C and 

C )  The s o l v e n t  r e c o v e r e d  i n  t h e  r e c e i v l n g  f l a s k s  i s  rerno:$ed 

g) The s o l v e n t  r e f i n e d  c o a l  p r o d u c t  is t a k e n  from t h e  f l a s k ,  

vacuum i s  s13.::1:: Sra:.;n. 

3 mm Hg p r e s s u r e .  

f o r  w e i g h i n g .  

weighed., c r u s h e d ,  and p l a c e d  i n ’ a  s e a l e d  sample b o t t l e  f o r  
f u r t h e r  u s e .  
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The f o l l o w i n g  a n a l y s i s  t e c h n i q u e s  were used  f o r  s u l f u r  d e t e r  
m i n a t i o n :  

I. T o t a l  s u l f u r  - Eschka method ASTM D 271 - 68 

11. I n o r g a n i c  s u l f u r  
A .  P y r i t i c  - ASTM D 2492 - 68 
0.  S u l f a t e  - ASTY D 2492 - 68 

111. Organic  - D i f f e r e n c e  ( I  - 11) 
IV. H2S - An a d a p t a t i o n  o f  ASTM D 2385 - 66 as d e v e l o p e d  by 

P i t t s b u r g h  and Midway Coal  Mining Co., Merriam, 
Kansas 

V. S o l v e n t  s u l f u r  c o n t e n t  - LECO method ASTM D 1 5 5 2  - 64 .  



186 

RESULTS 

A F o r t r a n - I V  computer  program has been w r i t t e n  t o  per form t h e  
a n a l y s i s  o f  v a r i a n c e  ( A N O V A )  c a l c u l a t i o n s  d e s c r i b e d  i n  t h e  s t a t i s -  
t i c a l  a n a l y s i s  s e c t i o n .  T a b l e  I p r e s e n t s  t h e  r e s u l t s  from the  ANOVA 
s t u d y  performed o n  t h e  Phase  I1 e x p e r i m e n t a l  r e s u l t s .  

For b o t h  t h e  b i t u m i n o u s  and sub-bi tuminous c o a l ,  t h e  p y r i t i c  
s u l f u r  a n a l y s i s  and  t h e  s u l f a t e  s u l f u r  a n a l y s i s  showed none of t h e  
e f f e c t s  s t u d i e d  t o  b e  s i g n i f i c a n t .  T h i s  r e s u l t  i n d i c a t e s  t h a t  
w i t h i n  t h e  l i m i t s  o f  v a r i a t i o n  o f  t h e  th ree  v a r i a b l e s ,  t e m p e r a t u r e ,  
p r e s s u r e ,  and s o l v e n t  t o  c o a l  r a t i o ,  no t r e n d  i n  s u l f a t e  s u l f u r  o r  
p y r i t i c  s u l f u r  removal  c o u l d  b e  s t a t i s t i c a l l y  d e t e r m i n e d  as a func-  
t i o n  o f  t h e s e  o p e r a t i n g  v a r i a b l e s .  The r e s u l t s  do not  i n d i c a t e  t h a t  
there was no removal  o f  p y r i t i c  or s u l f a t e  s u l f u r .  F o r  example,  
i n i t i a l  c a l c u l a t i o n s  f o r  t h e  b i tuminous  c o a l  show maximum p y r i t i c  
s u l f u r  removal  t o  b e  a p p r o x i m a t e l y  70 p e r c e n t .  

The ANOVA c a l c u l a t i o n s  f o r  t o t a l  s u l f u r  removal  i n  t h e  b i t u -  
minous c o a l  showed t h e  f o l l o w i n g  e f f e c t s  t o  b e  s i g n i f i c a n t  a t  a 90% 
c o n f i d e n c e  l e v e l :  t h e  l i n e a r  t e m p e r a t u r e  e f f e c t ;  t h e  l i n e a r  t e m -  
p e r a t u r e ,  a u a d r a t i c  p r e s s u r e  i n t e r a c t i o n  e f f e c t :  and t h e  l i n e a r  
t e m p e r a t u r e ,  q u a d r a t i c  p r e s s u r e ,  and l i n e a r  s o l v e n t - t o - c o a l  r a t i o  
i n t e r a c t i o n .  These i n t e r a c t i o n s  were a l s o  shown t o  b e  s i g n i f i c a n t  
f o r  t h e  ANOVA c a l c u l a t i o n s  f o r  t h e  b i tuminous  c o a l  o r g a n i c  s u l f u r  
removal .  S i n c e  no e f f e c t s  were s i g n i f i c a n t  f o r  t h e  p y r i t i c  and 
s u l f a t e  s u l f u r ;  and  t h e  o r g a n i c  s u l f u r  removal  i s  de te rmined  by 
t h e  d i f f e r e n c e  i n  t o t a l  s u l f u r  removal  and p y r i t i c  p l u s  s u l f a t e  
s u l f u r  removal ,  t h e  c o v a r i a n c e  between t h e  t o t a l  s u l f u r  removal  
and o r g a n i c  s u l f u r  removal  i s  s t a t i s t i c a l l y  c o r r e c t  and e x p e c t e d .  

sub-b i tuminous  c o a l  showed t h e  f o l l o w i n g  e f f e c t s  t o  be s i g n i f i c a n t  
a t  a 9 0 %  c o n f i d e n c e  l e v e l :  t h e  l i n e a r  t e m p e r a t u r e ,  q u a d r a t i c  
p r e s s u r e  i n t e r a c t i o n ;  and  t h e  l i n e a r  t e m p e r a t u r e ,  q u a d r a t i c  p r e s -  
s u r e ,  and l i n e a r  s o l v e n t - t o - c o a l  r a t i o  i n t e r a c t i o n .  ?or t h e  
o r g a n i c  s u l f u r  removal  o n l y  t h e  i i n e a r  t e m p e r a t u r e ,  a u a d r a t i c  
p r e s s u r e  i n t e r a c t i o n  was shown t o  b e  s i g n i f i c a n t .  These r e s u l t s  
a r e  a l s o  s t a t i s t i c a l l y  e x p e c t e d .  

The ANOVA c a l c u l a t i o n s  f o r  t h e  t o t a l  s u l f u r  removal  i n  t h e  

F u r t h e r  r e s u l t s  w i l l  b e  o r e s e n t e d  a f t e r  t h e  mathematic  model- 
i n g  work i s  c o m p l s t e d .  
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TABLE I 

Phase I1 R e s u l t s  - E f f e c t s  S i g n i f i c a n t  in ANOVA C a l c u l a t i o n s  

where: T = Tempera ture  
P = P r e s s u r e  
S = S o l v e n t  t o  Coal  R a t i o  
L = L i n e a r  E f f e c t  o f  V a r i a b l e  
Q = Q u a d r a t i c  E f f e c t  of V a r i a b l e  

\ 
S i g n i f i c a n t  @ 

90% 9 5% 99% 

S u l f u r  Type E f f e c t  1 , 5 &  1,54 1,54 
F(90%)=2.805 F(g5%)=4.026 F(99%)=7.148 

Bituminous Coal  

T o t a l  S u l f u r  Yes No No 

Yes Yes No 

T ~ P ~ S ~  Yes No No 

TL 

T ~ P ~  

S u l f a t e  S u l f u r  None 

P y r i t i c  S u l f u r  None 

Yes 

T ~ P ~  Yes 
% L  Organic  Su I f  u r  

T ~ P ~ S ~  Y € S  

Sub-Eituminoas C o a l  

" D  Yes iL- c T o t s 1  S u l f u r  

T ~ P g S ~  Y P S  
I 

S u l f a t e  Mane 

! p y r i t i c  >Jane 

Yes 
I T ~ p ~  

Organic  

No 

Yes 

N O  

Pes  

N 0 

NO 

No 

17 0 

No 

Yes 

No 

No 
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