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BACKGROUND 

The r e a c t i v i t y  o f  t h e  organic  s u l f u r  i n  coal  and cha r  cont inues t o  be t h e  
major  chal lenge t o  f i n d i n g  an economical method t o  produce a compliance b o i l e r  
f ue l ,  i.e., t o  remove n i n e t y  percent  o f  t h e  s u l f u r  f rom run-of-mine coal p r i o r  t o  
combust ion. 

Two recen t  s tud ies,  one by Contos, Frankel  and McCandless(1) and another  by 
A t t a r  and Dupuis(Z), o f f e r  c lues  t o  what w i l l  be needed i n  an improved method t o  
meet these goals  f o r  coa l  d e s u l f u r i z a t i o n .  The s tudy by Contos, e t  a l . ,  descr ibed 
t h e  economic and t e c h n i c a l  s t reng ths  o f  e x i s t i n g  processes f o r  chemical coal  
c leaning.  The s tudy concludes, "Chemical Coal Cleaning Processes can remove as 
much as 95 t o  99 percent  o f  p y r i t i c  s u l f u r  and up t o  about 40 percent  o f  t h e  
o rgan ic  s u l f u r  f rom run-of-mine coal ." The comparison o f  t h e  ma jo r  processes f rom 
t h i s  study i s  shown i n  Table 1. 

Table 1 

COMPARISON OF MAJOR CHEMICAL COAL CLEANING PROCESSES* 

Max. % Removal Product Cost 

Process P y r i t e  Organic S $/Ton 

Magnex 
Syracuse 
Meyers 
Ledgemont 
DOE 
GE 
B a t t e l  l e  
JPL 
I GT 
KVB 
Arc0 

90 
50-70 
90-95 
90-95 

95 

95 
- 

90 
95 
95  
95 

0 
0 
0 
D 

40 
75% To ta l  

25-50 
70 
85  
40 

"some " 

40.70 
37.00 
43.40 
46.90 
51.60 
41.80 
55.90 
46.00 
65.80 
47.50 

46.00-58.00 

* Ref. (1) 

Wi th t h e  excep t ion  o f  IGT, a l l  of t h e  processes i n  Table 1 which remove organic  
s u l f u r  r e l y  on o x i d i z i n g  agents. The evidence seems q u i t e  conv inc ing  t h a t  t h e  most 
d i f f i c u l t  t o  remove o rgan ic  s u l f u r  i s  n o t  r e a c t i v e  t o  o x i d i z i n g  agents. This, i n  
tu rn ,  leads us t o  pursue reduc ing  agents. 

Recent research by A t t a r  and Dupuis(2) o f f e r s  ev idence f o r  t h e  c a p a b i l i t y  o f  
reducing agents f o r  o rgan ic  s u l f u r  removal. A t t a r  d. used s t r o n g  reducing 
agents w i t h  c a t a l y s t  a t  temperatures up t o  400°C as a method t o  i d e n t i f y  and 
q u a n t i f y  o rgan ic  s u l f u r  groups i n  coal. A t t a r  e t  a l .  found t h a t  almost h a l f  o f  t h e  
o rgan ic  s u l f u r  i n  h igh  s u l f u r  b i tuminous , , c o a E  T i d  n o t  reac t  under t h e i r  t e s t  
cond i t i ons .  A t t a r  and Dupuis conclude, An upper bound e x i s t s  on t h e  maximum 
p o r t i o n  o f  t h e  orga;ic s u l f u r  t han  can be removed w i t h o u t  t h e  complete d e s t r u c t i o n  
o f  t h e  coal  ma t r i x .  
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These s t u d i e s ,  t h e n ,  p o i n t  t o  a coa l  d e s u l f u r i z a t i o n  method which uses 
reducing agents  a t  temperatures which destruct  the  coal matrix. The technology t o  
be reported i s  one such approach t o  t h e  problem. The conventional approach which 
incorporates these fea tures  i s  hydrodesulfurization (HDS). This i s  used in the 
IGT process l i s t e d  in Table 1 with t h e  hishest  product cost o f  a l l ,  $GG/ton, and 
before t h a t  was the major s t e p  in t h e  Clean Coke Process. HDS uses very high 
hydrogen t o  so l ids  r a t i o s  t o  remove su l fur .  An example of IiDS w i t h  char i s  shown 
i n  Fisure 1. Here, almost 200,000 SCF H2/ ton  was required t o  take  2.4% sul fur  
t o  0.7% su l fur .  In  t h i s  example, even with large volumes of hydrogen, a com- 
pliance fuel  was not produced. The main chemical reaction which controls  the 
s u l f u r  removal in HDS and demands t h e  high hydrogen capaci ty  i s  the equilibrium 
reaction between ferrous s u l f i d e  and  hydrogen, 

FeS t ti2 = Fe + H2S. Eq. (1) 

A t  800"C, the concentration of hydrogen su l f ide  in hydrogen would have t o  be less  
t h a n  2000 ppm before t h i s  reacticn would proceed forward. To keep the hydrogen 
s u l f i d e  d i lu te  enough f o r  s u l f u r  removal t o  occur requires 125,000 SCF of hydrogen 
per ton of coal t o  remove one percent of sulfur .  

CHEMISTRY OF THE "CONVERT-REMOVE" TECHNOLOGY 

The "Convert-Remove" technology uses two types o f  treatment s teps  t o  produce 
a low su l fur  product. The Convert s t e p  i s  concerned with lowering the  organic 
s u l f u r  while t h e  Remove s tep  only a f f e c t s  inorganic sulfur .  

THE CONVERT STEP 

The chemistry of the Convert step includes two reactions. F i r s t ,  hydrosen, 
reacts  with organic s u l f u r  (RS) t o  form hydrogen s u l f i d e ,  

RS + H2 = R' t HpS. Eq- ( 2 )  

Next, the hydrogen s u l f i d e  i s  f r e e  t o  reac t  with in-s i tu  su l fur  scavengers t o  
form inorganic su l f ides  because the hydrogen t o  so l ids  r a t i o  i s  low, 

FeO t 1!2S = FeS t R20. Eq. ( 3 )  

The overall resu l t  of hydrosen treatment i s  the  conversion of organic su l fur  
t o  inorganic s u l f u r  with t o t a l  s u l f u r  remaining constant. This i s  in extreme 
contrast  t o  t h e  conventional approach t o  hydrogen treatment (HDS) where much 
higher hydrogen t o  so l ids  r a t i o s  are used and s u l f u r  i s  removed. 

THE RENOVE STEP 

The removal of  t h e  i n o r g a n i c  s u l f i d e  s u l f u r  could be accomplished i n  a 
number of ways, e.g., acid leach(3) ,  oxidation. However, we have chosen a n  
approach which regenerates t h e  s u l f u r  scavensers, i .e.,  steam displacement using 
the  reverse of the  react ion by which i t  was formed, 

FeS t H20 = FeO + H2S. Eq. ( 4 )  

While high flow ra tes  of stean, are now required t o  sweep o u t  the  hydrosen su l f ide  
t o  maintain removal, very l i t t l e  water i s  ac tua l ly  consumed - probably no more 
t h a n  a Sallon per ton of char. 

E X  PER IM ENTAL 

Two laboratory batch reactor  systems are  used f o r  desulfur izat ion s tudies .  
One o f  the  reactor Figure 2 shows the schematic d i a g r a m  of the reactor  setup. 
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systems i s  equipped w i t h  two gas chromotographs f o r  o n - l i n e  gas ana lys i s .  One gas 
chromatograph (a P e r k i n  Elmer Sigma 1 )  i s  used t o  mon i to r  hydrocarbons and f i x e d  
gas composi t ion i n  steam and hydrogen t rea tmen ts  o f  s o l i d s .  The s u l f u r  spec ies 
such as HzS, S02, COS, CH3SH, CH3SCH3, CH3SSCH3 and CS2 o f  t h e  gas stream a re  
measured by a Tracor  gas chromatograph w i t h  a H a l l  de tec to r .  

The h igh  s u l f u r  chars used i n  t h e  experiments r e p o r t e d  i n  t h e  next s e c t i o n  
were produced i n  a bench s c a l e  e n t r a i n e d  f l o w  r e a c t o r  us ing  an a i r - n i t r o g e n  
m i x t u r e  as c a r r i e r  gas. Pu lve r i zed  West Kentucky No. 9 seam coa l  ( t i am i l t on  Mine) 
a t  1075°F f o r  0.69 sec. w i t h  3% oxygen f o r  decaking was used t o  produce t h e  coa l  
char. 

RESULTS .-___. 

The s t r e n g t h  o f  t h e  "Convert-Remove'' technology comes f rom t h e  d i scove ry  t h a t  
r e p e t i t i o n  o f  s h o r t  cyc les  o f  t h e  two t reatment  s teps  i s  more e f f e c t i v e  f o r  s u l f u r  
removal than i s  a s i n g l e  two-step c y c l e  w i t h  l o n g  t rea tmen t  t imes. A lso we f i n d  
t h a t  when an i n i t i a l  coal  d e v o l a t i l i z a t i o n  s tep has produced a char  w i t h  a h i g h  
s u l f i d e  s u l f u r  con ten t ,  an i n i t i a l  Remove t reatment  s tep  p r i o r  t o  t h e  "Convert- 
Remove" c y c l e  w i l l  produce a l ower  s u l f u r  product .  The r e s u l t s  which e s t a b l i s h e d  
these e f fec ts  a r e  g i v e n  i n  Table 2. 

Table 2 

CONVERT ( C )  AN0 REMOVE (R) TREATMENT STEPS 

CHAR DESULFURIZATION RESULTS 

Process 
Steps 

To ta l  S u l f i d e  Organic SCF H2 
____ S u l f u r  .___ S u l f u r  S u l f u r  Ton MMBTU __. 

Coal 2.75 0.04 1.74 --  4 . 3  
S t a r t i n g  Char 2.42 0.59 i . 73  -- 4.2 
CR 0.64 0.13 0.43 76,800 1.1 
R CR 0.49 0.03 0.37 76.800 0.9 
CRCR 0.34 0.04 0.29 153;600 0.6 
CRCRCR 0.23 0.05 0.13 230,400 0.4 
CCCRRR 0.46 0.18 0.18 230,400 0.8 

CR 0.94 0.34 0.52 12,800 1.6 
CCRRR 0.50 0.10 0.27 25,600 0.7 
CRCR 0.43 0.14 0.22 25,600 0.5 
RCRCR 0.27 0.11 0.09 25,600 0.4 

S t a r t i n g  Char 2.48 0.80 1.59 -- 4.3 

I n  t h e  f i r s t  s e r i e s  o f  t e s t s ,  h igh  volumes o f  hydrogen were used. I n  t h e  second 
se r ies ,  we reduced t h e  hydrogen volume by an o rde r  o f  magnitude. Fo r  an i n i t i a l  
Convert t rea tmen t  we have found t h a t  volumes as low as 1000 SCF/ton a re  e f f e c -  
t i v e .  

The technology has a l s o  been t e s t e d  on a Wyoming sub-bituminous coa l  and a "F lash 
P y r o l y s i s "  cha r  (4)  f rom t h i s  coal .  The r e s u l t s  o f  t hese  t e s t s  a re  shown i n  
Table 3. These data g i v e  s t r o n g  suppor t  t o  our  mechanism f o r  o rgan ic  s u l f u r  
removal v i a  an i n - s i t u  s u l f u r  scavenger. A l l  t r ea tmen t  t imes  - 5, 10, 15, o r  
30 min. - w i t h  hydrogen produced i d e n t i c a l  r e s u l t s .  The s u l f i d e  s u l f u r  c a p a c i t y  
o f  t h i s  m a t e r i a l  i s  q u i c k l y  sa tu ra ted  by t h e  hydrogen t reatment .  U n t i l  t h i s  
s u l f i d e  s u l f u r  i s  removed w i t h  steam, t h e  r e s i d u a l  o rgan ic  s u l f u r  i s  un reac t i ve  t o  
t h e  hydrogen. The t h r e e  s tep  RCR t rea tmen t  i s  marg ina l  f o r  n i n e t y  percent remo- 
v a l ,  w h i l e  t h e  f i v e  s tep RCRCR t reatment  accomplished almost complete removal. 

The r e s u l t s  a re  shown i n  F i g u r e  3. 
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Table 3 

"CONVERT - REMOVE" TREATMENTS OF 

WYOMING SUB-BITUMINOUS COAL AND CHAR 

F l a s h  P y r o l y s i s  Char Coal 

To ta l  
Treatment* S u l f u r  

Feed Coal 0.79 
Char 0.54 

0.64 
0.65 

C(5) 

0.58 
C(10) 

0.64 
C(15) 

0.36 
C(3P)  

0.35 R(30) 
RCR 0.11 
RCRCR 0.03 

~ ( 1 5 )  

Sul f i de 
S u l f u r  

0 
0.06 
C.13 
0.11 
0.15 
0.14 

0 
0 

0.03 
0.01 

Organic 
Sul f u r  

0.63 
0.41 
0.49 
0.51 
0.40 
0.47 
0.34 
0.32 
0.06 

0 

Tot a 1 
S u l f u r  

0.72 

0.74 
0.68 
0.59 
0.74 
0.55 
0.53 
0.16 
0.c7 

* C-10 min., R-30 min. unless g i v e n  i n  paren thes is  

A s ide  b e n e f i t  o f  t h e  "Convert-Remove'' techno loqv  i s  the 

S u l f i d e  Organic 
S u l f u r  S u l f u r  

0.02 0.61 

0.18 0.48 
0.19 0.40 
0.19 0.32 
0.21 0.46 
0.04 0.46 
0.06 0.40 
0.04 0.08 
0.04 0 

removal o f  n i  t rosen. 
The n i t rogen  conten ts  o f  t h e  coa ls ,  chars,  and d e s u l f u r i z e d  chars  a re  g i v e n  i n  
Table 4. 

Table 4 

"CONVERT - REMOVE" TCEATMENT 

ALSO TAKES OUT HALF OF THE COAL F!ITROGEN 

Z N (Dry  Bas is )  

Coal 
Cescr i  p t i  on 

Feed 
Coal Char - 

W. Ky. No. 9 Seam 1.55 1.65 
Wyoming Sub-b i t  umi nous 1.24 1.33 

D e s u l f u r i z e d  
Char 

0.77 
0.64 

F o r  both t h e  b i tuminous  and sub-bi tuminous c o a l s  about h a l f  o f  t h e  n i t r o g e n  was 
removed. 

CHAR REACTIVITY 

R e a c t i v i t y  o f  char  t o  bo th  combust ion and d e s u l f u r i z a t i o n  i s  impor tan t  t o  t h e  
u t i l i z a t i o n  o f  t h e  "Convert-Reri,ove" technology. A l l  o f  t h e  chars t e s t e d  i n  
o u r  program were d e v o l a t i l i z e d  i n  an e n t r a i n e d  f l o w  r e a c t o r  w i t h  h i g h  h e a t i n g  
r a t e s ,  shor t  r e s i s t a n c e  t i m e  and moderate temperature us ing  ORC's "F lash  Py ro l y -  
s i s "  techno losy  (4) .  Such c o n d i t i o n s  have been shown t o  be i d e a l  f o r  producing 
r e a c t i v e  chars (5,6,7,8). Essenhigh (5,6) found t h a t  a G a s i f i c a t i o n  char  had 
e q u i v a l e n t  r e a c t i v i t y  t c  colnbustion as coa l ,  w h i l e  a COED char  produced w i t h  
lower  h e a t i n s  r a t e s  and l o n s e r  res idence t imes had a much lower r e a c t i v i t y .  
Walker ( 7 3 )  i n  s t u d y i n g  r e a c t i v i t y  o f  chars t o  g a s i f i c a t i o n ,  found t h a t  both 
r a p i d  h e a t i n g  and low temperature a i r  o x i d a t i o n  o f  caking coa ls  enhance t h e  
r e a c t i v i t y  o f  t h e  chars  produced. 
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We have found t h a t  l ess  s u l f u r  i s  removed by  d i r e c t  "Convert-Remove" t reatment  o f  
a decaked h i g h  s u l f u r  b i tuminous coa l  than i s  removed f r o m  char. However, t h e  
same l e v e l  o f  s u l f u r  removal i s  found f o r  sub-bituminous coa l  and char. Conse- 
quen t l y  when cak ing  h i g h  s u l f u r  coals  are t o  be d e s u l f u r i z e d ,  an i n i t i a l  coa l  
d e v o l a t i l i z a t i o n  t rea tmen t  which produces a r e a c t i v e  char, e.g., p a r t i a l  g a s i f i c a -  
t i o n  o r  decaking and r a p i d  p y r o l y s i s ,  w i l l  be needed. Recovery of t h e  v o l a t i l i z e d  
coa l  f r a c t i o n  w i l l  be impor tan t  t o  good economics f o r  any coa l  feed. 

CONCLUSION 

The "Convert-Remove" techno losy  i s  e f f e c t i v e  i n  removins n i n e t y  percent  o r  more o f  
t h e  s u l f u r  i n  a r e a c t i v e  char  f rom h i g h  s u l f u r  b i tuminous c o a l s  and i n  sub-b i tumi-  
nous coals  o r  chars. 
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