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1.0 INTRODUCTION. 

  his . f i n a l  r e p o r t  con ta ins  t h e  r e s u l t s  o f  a  bench-scale program t o  

con t i nue  t h e  development o f  t h e  TRW p r o p r i e t a r y  G rav ime l t  Process f o r  

chemical  ly c l e a n i n g  coa l .  The development i s  under  t h e  spon-sorship o f  t h e  

U .S. Department o f  Energy, C o n t r a c t  No. DE-AC22-81PC42295. The r e p o r t  

i ntroduct i 'on con ta ins  a  b r i e f  d e s c r i p t i o n  o f  t h e  process, a  summary o f  t h e  

r e p o r t  con ten t  and recommendations f o r  f u r t h e r  work. . 

1.1 THE GRAVIMELT PROCESS 

The Grav ime l t  Process i s  a  method f o r  near-complete d e s u l f u r i z a t i o n  and 

d e m i n e r a l i z a t i o n  o f  c o a l  by a  s e r i e s  of t h r e e  l e a c h i n g  opera t ions .  The 

process i s  p r o p r i e t a r y  t o  TRW E l e c t r o n i c s  and Defense. o f  Redondo Beach, 

C a l i f o r n i a .  TRW conceived and t e s t e d  t h e  f e a s i  b i  1 i t y  o f  b o t h  process l e a c h i n g  

s teps  i n  1978 and t hen  approached t h e  Department o f  Energy i n  1979 f o r  t h e  

f u n d i n g  o f  a  l a b o r a t o r y  e f f o r t .  A c o n t r a c t  was awarded t o  TRW (DE-AC- 

80PC30141) on A p r i l  1, 1980 f o r .  t h e  con t inued  l a b o r a t o r y  t e s t i n g  o f  t h e  

Grav ime l t  Process. The success o f  t h a t  p r o j e c t .  r e s u l t e d  i n  award o f  t h e  

p resen t  e f f o r t .  

TRW has, by agreement w i t h  DOE, r e t a i n e d  i t s  background p a t e n t  r i g h t s  and 

i s  i n  t h e  process o f  o b t a i n i n g  p a t e n t  p r o t e c t i o n  on t h e  Grav ime l t  Process. . 

SRW. de f i nes  t h e  Grav ime l t  Process as " t r ea tmen t  o f  crushed ,coal w i t h  

mol ten a l k a l i  metal  hydrox ides  t o  remove o r g a n i c  and p y r i t i c  s u l f u r ,  removal 

o f  t h e  coal  f rom mo l ten  media, washing w i t h  wate r  t o  remove r e s i d u a l  media 

f rom t h e  coa l  and washing w i t h  d i l u t e  m ine ra l  a c i d  t o  remove r e s i d u a l  m ine ra l  

m a t t e r  t o  produce a  un ique coal  p roduc t  n e a r l y  f r e e  of s u l f u r  and mi'neral 

mat te r " .  A s imp l . i f . i ed  f l o w  scheme i s  shown i n  ~ d u r e  1. 

The complete process requ i  r es  r e g e n e r a t i  on o f  b o t h  t h e  a1 k a l  i metal  

hydrox ides  and t h e  n e u t r a l i z a t i o n  o f  t h e  d i l u t e  m ine ra l  a c i d  wash streams t o  

p r o v i d e  bo th  s u l f u r - c o n t a i  n i n g  and m ine ra l  process p roduc ts .  The r e s u l t s  o f  
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Figu-e 3 .  Schematic Flow Ciagram o f  the Gravimelt Process 



t h e  DOE l a b o r a t o r y  p r o j e c t  have shown t h a t  a  combina t ion  o f  normal mine 

c l e a n i n g  f o l l o w e d  by Grav ime l t  t r ea tmen t  can g i v e  a  removal o f  more t han  90% 

o f  t h e  s u l f u r  and about 99% o f  t h e  m ine ra l  m a t t e r  f rom coa l .  S u l f u r  r e d u c t i o n  

by t h i s  process produces p roduc t  coa l  which meets c u r r e n t  f e d e r a l  p o l l u t i o n  

c o n t r o l  s tandards as w e l l  as s t a t e  imp lementa t ion  s tandards f o r  s u l f u r  ox ides  

c o n t r o l .  The s u l f u r  and ash con ten t  o f  the .  r e s u l t i n g  coa l  p roduc t  i s  s i m i l a r  

t o  coa l  syn fue l s  p roduc ts  and thus  may be ano ther  method t o  produce b o i l e r  

f u e l  o f  s i m i l a r  q u a l i t y  t o  impor ted  o r  domest ic  res idua .  

The next  s tep  i n  development of t h e  Grav ime l t  Process technology was t o  

move t o  bench-scale t e s t i n g .  T h i s  i n v o l v e d  wo rk i ng  w i t h  l a r g e r  q u a n t i t i e s  o f  

coa l  i n  con t inuous  and semi -con t inuous  equipment, T h i s  t y p e  o f  t e s t i n g  

p rov ided  improved m a t e r i  a1 ba.lance data,  r e a c t o r  c o n f i  g u r a t i  on and equipment 

o p e r a t i o n  i n f o r m a t i o n  and o t h e r  da ta  necessary t o  t h e  f u r t h e r  development o f  

t h e  process a t  t e s t  p l a n t  sca le .  . I n  a d d i t i o n ,  it. becomes p o s s i b l e  t o  make 

i n c r e a s i n g l y  accu ra te  p r e d i c t i o n s  as t o  t h e  u l t i m a t e  c o s t  o f  t h e  process as 

w e l l  as i t s  a p p l i c a b i l i t y .  

Recent p r e l  i m i  nary conceptual  des ign  and economi cs s t u d i  es per formed by 

TRW i n d i  c a t e  t h a t  t h e  near-compl e t e  desul  f u r i  z a t i  on and demi n e r a l  i z a t  i o n  o f  

coa l  can be accompl ished a t  an upgrad ing  c o s t  o f  rough ly  $30 p e r  t o n  o f  coa l  

p roduc t  ($1.20/106 B t u )  w i t h  a  90% energy e f f i c i e n c y .  I f  t h i s  f o r e c a s t  i s  

accurate,  t h e  Grav ime l t  coa l  p roduc t  c o u l d  be q u i t e  advantageous ove r  o t h e r  

methods o f  s u l f u r  ox ides  c o n t r o l  o r  methods f o r  p rov i ' d i ng  a  f u e l  f o r  s w i t c h i n g  

o f  o i  1 - f i r e d  b o i l e r  i n s t a l  l a t i o n s  t o  coa l .  

1.2 SUMMARY AND RECOMMENDATIONS 

T h i s  p r o j e c t  cons i s ted  o f  two ma jo r  e f f o r t s ,  a  l a b o r a t o r y  s tudy aimed a t  

. i d e n t i f y i n g  parameters which would i n f l u e n c e  t h e  o p e r a t i o n  o f  a  bench u n i t  f o r  

d e s u l f u r i z a t i o n  and d e m i n e r a l i z a t i o n  of coa l  and t h e  design, c o n s t r u c t i o n  and 

ope ra t i on ,  of two t ypes  of cont inuous p l u g - f l o w  t y p e  hench-scale fused  c a u s t i c  

1  eachers. 



One hundred and twen ty - f  i ve 1 abo ra ta r y  s i z e  fused  c a u s t i c  e x t r a c t  'l ons 

were per formed and t h e  a n a l y t i c a l  r e s u l t s  were assessed d e f i n i n g  t h e  e f f e c t s  

o f  r e t e n t i o n  t ime,  temperature,  coa l  t o  c a u s t i c  r a t i o ,  r a t i o  of sodium t o  

po tass ium t iydrox i  des, p a r t i c l e  s i z e  d i s t r i b u t i o n  and coa l  t y p e  on s u l f u r  and 

ash removal and t h e  heat  con ten t  o f  t h e  p roduc t  coa l .  Coals f rom f o u r  seams 

were t e s t e d  as a p a r t  o f  t h i s . p r o j e c t .  I l l i n o i s  No. 6 and Kentucky No. 11, 

f r o m  the  DOE coa l  r e p o s i t o r y ,  represen ted  t h e  eastern.  i n t e r i o r  coa l  bas in ,  

P i t t s b u r g h  No. 8, a l s o  f r om t h e  r e p o s i t o r y ,  .and  Upper F reepo r t ,  s u p p l i e d  by 

t h e  DOE, represen ted  t h e  n o r t h e r n  Appalachian ' reg ion .  The Upper F r e e p o r t  coa l  

had b o t h  mine-cleaned and run-of-mine (ROM), samples t e s t e d  w h i l e  t h e  t h r e e  

r e p o s l t 6 r y  c o a l s  were a v a i l a b l e  o n l y  i n  mine-cleaned samples w i t h  ahout 10 

pe rcen t  ash. 

A goal of t h e  p r o j e c t  was t o  i d e n t i f y  G rav ime l t  r e a c t i o n  c o n d i t i o n s  t h a t  

would r e s u l t  i n  a p roduc t  coa l  meet ing t h e  EPA New Source Performance 

Standards (NSPS) f o r  SO2 emiss ions.  These a r e  . f o u r  c a t e g o r i e s  of coa l s  based 

on t h e i r  s u l f u r  and hea t  con ten t  as mined. Category 1 a p p l i e s  t o  coa l  t h a t  i s  

a l r e a d y  q u i t e  c l e a n  as mined and would emi t  no more t h a n  2 1b o f  SO2 p e r  
L 

mi 11 i o n  B t u  w i t h o u t  c l ean ing .  The s tandards r e q u i r e  t h a n  70% o f  t h e  p o t e n t i  a1 

SO2 emiss ion  be removed. Category 2 i s  h i g h e r  i n  s u l f u r  and i f  n ~ t  c leaned 

would em i t  between 2 and 6 pounds o f  SO2 p e r  m i l l i o n  Btu.  Coal i n  t h i s  range 

must be c leaned t o  y i e l d  a maximum o f  0.6 p a ~ ~ n c i  p e r  m i l l i n n  Btu.  T h i s  mearrv 

7'3% removal f r o m  t h e  2 pound p e r  m i l l i o n  B t u  and i n c r e a s i n g  t o  90% removal 

f rom t h e  6 pound p e r  m i l l i o n  B t u  coa l .  F o r  coa l  between 6 and 12 pounds o f  

SO2 pe'r m i l  l i o n  Btu,  t h e  requi rements o f  Category 3 a r e  90% removal. F i n a l l y ,  

t h e  h i g h e s t  s u l f u r  c o a l s  a r e  i n  Category 4 where t h e  as-mined emiss ion  o f  SO2 

wou ld  exceed 12 pounds p e r  m i l l i o n  Btu.  T h i s  must be c leaned t o  a l e v e l  o f  

1.2 pounds of SO2 p e r  m i l l i o n  Btu.  These a r e  summarized as f o l l o w s :  

SO2 E m i  s s i  on P a t e n t i  a1 SO2 Rcdu c t i  on 

Category , f o r  ~01.1 c o a l ,  ( 1  b/1o6 b t u  . Requi red 

1 0-2 7 0% 

2 2-6 t o  0.6 (70-90%) 

3 6-12 9U%. 

4 > 12 t o  1.2 1 b/106 B t u  



. The f o u r  coa l s  t e s t e d  d u r i n g  t h i s  s tudy  have t h e  f o l l o w i n g  ROM analyses 

and SO2 r e d u c t i  on r e q u i  rements. 

ROM Ana l ys i s  (MF)* so, EPA - Maximum SO7 

Seam - Ash - s ~ t u / l b  1  b/1u6 ~ t u  Category l b s / 1 0 ~  ~ t u  

Upper F  r e e p o r t  37.8 2.5 90 .39 , .  5.5 2  0.6 

P i t t s b u r g h  No. 8  30.2 3.7 8871 8.3 . 3  0.8 

Kentucky No. 11 29.0 4.6 9092 10.1 3 1 .O 

I l l i n o i s  No. 6  24.2 5.0 8272 12.1 4  1.2 

Reac t ion  c o n d i t i o n s  were found f o r  each o f  th.ese coa l s  t h a t  produced a  

SO2 comp l i an t  p roduc t  w i t h  a  concu r ren t  r e d u c t i o n  o f  ash by more t h a n  99%. 

Two fused c a u s t i  c / coa l  l e a c h i  ng r e a c t o r s  were b u i  1  t and operated. The 

f i r s t ,  des igna ted  Mod 1, i s  a  con t inuous  f l o w ,  g r a v i t y  d isp lacement ,  s t i r r e d  

p i p e  r e a c t o r  s i z e d  a t  up t o  5 pounds p e r  hour  o f  coa l  feed. The u n i t  was 

operated u t i  l i z i  ng mine c leaned I 1  li n o i s  #6, P i t t s b u r g h  #8 and Upper F r e e p o r t  

seam coa l s  as w e l l  as run  o f  mine Upper F reepo r t  seam coa l .  Wh i le  t h e  

o p e r a t i o n  o f  t h i s  u n i t  was found t o  be general1.y u n s a t i s f a c t o r y  due t o  foaming 

(which i n f l u e n c e d  t h e  feed  and d ischarge  r a t e s ) ,  95% ash removal and b e t t e r  

t han  90% s u l f u r  removal was o b t a i n e d  f o r  I l l i n o i s  #6 seam coa l  and 95% ash 

removal and near  90% s u l f u r  removal f o r  P i t t s b u r g h  #8 seam were ob ta ined .  It 

i s  b e l i e v e d  t h a t  a  l a r g e r  d iameter  v e r s i o n  o f  t h i s  r e a c t o r  would n o t  be -. 

impacted by foaming. M a t e r i a l  ba lance da ta  was obtained, f o r  t h e  P i t t s b u r g h  #8  

seam coa l  p rocess ing  as w e l l  as f o r  mine c leaned Upper F reepo r t  coal  

i nd i  c a t i  ng near  100% coa l  recovery.  

The second r e a c t o r ,  des igna ted  Mod 2, i s  a  con t inuous  f low,  open sur face ,  

s p i  r a l  p a t h  r e a c t o r  w i t h  sequen t i a l  p r e w e t t i n g  and r e a c t i o n  s e c t i o n s  s i z e d  a t  

1 t o  2  pounds o f  coal  p e r  hour. T h i s  r e a c t o r  was operated success fu l  l y  f o r  a  

------------- 
*Each mine t h a t  had supp l i ed  coa l  f o r  t h e  r e p o s i t o r y  was con tac ted  and a l s o  

s u p p l i e d  6 t o  36 months o f  ROM coa l  analyses. These were averaged by Dave 
Boron, ( t h e  TPO f o r  t h i s  p r o j e c t )  and p r o v i d e d  t o  TRW f o r  use i n  c a l c u l a t i n g  
t h e  SO2 removals th roughout  t h e  r e p o r t .  



s e r i e s  o f  n i n e  t e s t s  t o t a l  l i n g  98 hours d u r i n g  one week o f  24 hour  p e r  day 

o p e r a t i o n  on P i t t s b u r g h  #8 seam coa l .  The r e s u l t s  showed t h a t  80-90% o f  t h e  

s u l f u r  and b e t t e r  t h a n  90% of  t h e  ash was removed a t  steady s t a t e  d u r i n g  t h e  

l a s t '  two runs i n  t h e  sequence where 50/50 r a t i o  o f  po tass ium t o  sodium 

hyd rox ides  was u t i l i z e d  a t  370°. 

T h i s  p resen t  bench s c a l e  p r o j e c t  has demonstrated modes f o r  t h e  

con t i nuous  o p e r a t i o n  o f  fused  c a u s t i c  l e a c h i n g  o f  coa l  a t  coa l  th roughputs  o f  

1 t o  5 pounds p e r  hour.  The remain ing  process u n i t  ope ra t i ons  o f  leach  

s o l u t i o n s  r e g e n e r a t i o n  and coa l  washing and fi l t r a t i o n  shou ld  be t e s t e d  a t  

bench s c a l e  t o g e t h e r  w i t h  fused  c a u s t i c  l e a c h i n g  o f  coa l  t o  demonstrate t h e  

comple te  .Grav ime l t  Process. The t e s t i n g  o f  t hese  u n i t  ope ra t i ons  i n  a 

s e q u e n t i a l  mode w i l l  g i v e  da ta  f o r  assessment of ma jo r  process ques t i ons  such 

as: 

1 )  W i l l  r egenera ted  c a u s t i c  d e s u l f u r i z e  and dem ine ra l i ze  coa l  a t  t h e  same 
r a t e  and t o  t h e  same degree as t h e  f r e s h  chemica ls?  

2 )  To what l e v e l  do coa l  i m p u r i t i e s  b u i l d  up i n  t h e  v a r i o u s  r e c y c l e  streams 
and what e f f e c t  do t h e s e  i m p u r i  t i e s  have on t h e  p rocess?  

3 )  What i s  t h e  p u r i t y  o f  p roduc t  r e j e c t  m ine ra l  m a t t e r ?  
, ... 

4 )  Can 99%+ o f  t h e  sodium and po tass ium be recovered and r e c y c l e d ?  

5 )  Can c o a l - d e r i v e d  s u l f u r  be recovered and conver ted  t o  s u l f u r i c  a c i d  f o r  
i n t e r n a l  p rocess  use? 

6 )  how does microwave h e a t i n g  compare w i t h  thermal  h e a t i n g  o f  t h e  leach  
sy s  t em? 

7 )  Assu~lii ng t h a t  t h e  process u n i t  ope ra t i ons  opera te  we1 1  i n  a sequen t i a l  
mode, what i s  t h e  des ign  b a s i s  and c o s t  f o r  a  l a r g e r  p r o o f  of concept t e s t  
p l a n t ?  

It i s  recommended t h a t  a  bench s c a l e  p r o j e c t  be i n i t i a t e d  f o r  t h e  

s e q u e n t i a l  t e s t j n g  of a l l  G rav ime l t  Process u n i t  ope ra t i ons  a t  a  r ough l y  20 

pound p e r  hour  o f  coa l  des ign s i ze .  Th i s  s i z e  i s  s e l e c t e d  t o  p r o v i d e  

s u f f i c i e n t  p roduc t  f o r  u t i  1  i z a t i o n  o f  t h e  smal l e s t  s i z e  commercial f i l t r a t i o n  

and c e n t r i f u g e  equipment. ' The p r o j e c t  shou ld  be i n i t i a t e d  w i t h  a  s e r i e s  o f  

l a b o r a t o r y  s c a l e  regene ra t i on  t e s t i n g  and s c a l e  up t asks  ' f o l l o w e d  by 

e n g i n e e r i n g  des ign,  c o n s t r u c t i o n  and o p e r a t i o n  of t h e  suggested 20 pound p e r  

hou r  s i z e  system. 



2.0 LABORATORY EXPERIMENTATION 

The purposes o f  t h e  1  abo ra to r y  expe r imen ta t i on  were t o  p r o v i d e  suppor t  t o  

t h e  des ign  and o p e r a t i o n  o f  t h e  bench s c a l e  r e a c t i o n  u n i t s  and t o  conduct 

o t h e r  s t u d i e s  needed t o  i d e n t i f y  and i n v e s t i g a t e  process parameters impo r tan t  

t o  t h e  development o f  t h e  Grav ime l t  Process. T ime ly  l a b o r a t o r y  t e s t i n g  was 

v i t a l  t o  t h e  success fu l  s c a l e  up and t r a n s i t i o n  t o  con t inuous  o p e r a t i o n  o f  t h e  

r e a c t o r  system. Labo ra to r y - sca le  t e s t s  p r o v i d e d  t h e  q u i c k e s t  and l e a s t  c o s t l y  

way t o  o b t a i n  l a r g e  numbers o f  pa rame t r i c  da ta  a f t e r  t h e  s c a l e  up e f f e c t s ' w e r e  

understood. Each o f  t h e  general, 1abo.ratory t e s t s  i s  l i s t e d  i n  Appendix A and 

i d e n t i f i e d  a c c o r d i n g .  t o  t h e  ass igned t e s t  des igna t i on .  I n  t h e  d i s c u s s i o n  o f  

r e s u l t s ,  which f o l l  ow, a p p r o p r i a t e  da ta  have been a b s t r a c t e d  f r o m  t h e  Appendix 

and o rgan ized  t o  demonstrate t h e  s p e c i f i c  pa rame t r i c  e f f e c t  o r  concl .usion. 

Spec ia l  t e s t s  o r  analyses a r e  o c c a s i o n a l l y  p resen ted  i n  t h e  d i s c u s s i o n  and n o t  

l i s t e d  i n  t h e  Appendix because they  do n o t  f i t  we1 1  i n t o  a  s tandard  format.. 

I n  t h e  f o l l o w i n g  sec t i ons ,  t h e  l a b o r a t o r y - s c a l e  . r eac to r  w i  11 be b r i e f l y  

r e v i  ewed and r e s u l t s  of pa rame t r i c  t e s t s  a r e  presented. 

2.1 LABOHATORY-SCALE REACTOR 

Expe r imen ta t i on  d u r i n g  t h i s  e f f o r t  used t h e  l a b  s c a l e  apparatus developed 

on t h e  p rev ious  as desc r i bed  i n  d e t a i l  i n  i t s  f i n a l  r epo r t * .  Most o f  

t h e  p resen t  exper iments  were conducted i n  t h e '  3 - i  nch d iameter  by 12- inch  long, 

316L s t a i n l e s s  s t e e l  r e a c t o r .  T y p i c a l l y ,  800 grams o f  c a u s t i c  were me l t ed  and 

80 grams o f  coal  were added t o  t h e  s t i r r e d  r e a c t o r  under  a  n i t r o g e n  purge. A t  

t h e  conc lus ion  o f  t h e  t e s t s ,  t h e  coa l  was e i t h e r  skimmed f r om t h e  su r f ace ,  o r  

more f r e q u e n t l y ,  t h e  r e a c t o r  was coo led  and t h e  s u r f a c e  o f  s o l i d  c a u s t i c  

c o n t a i n i n g  t h e  f l o a t i n g  coa l  was removed. I n  e i t h e r  case, t h e  c o a l / c a u s t i c  

m i x t u r e  was d i s s o l v e d  i n  0.8 t o  1.0 l i t e r  o f  water ,  f i l t e r e d  and rewashed w i t h  

wate r  o r  aqueous a c i d  u s i n g  a  s i m i l a r  volume o f  l i q u i d ,  each t ime .  

*Laboratory  Study f o r  Removal o f  Organic  S u l f u r  f rom Coal,"  U.S. Department 
o f  Energy, Con t rac t  No. DE-AC22-80PC30141, dated J u l y  1, 1981. 



The wa te r  washed coa l  p roduc t s  were g i ven  one a d d i t i o n a l  wa te r  wash, 

a f t e r  t h e  i n i  t i a1 coa l  /aqueous c a u s t i c  separa t ion .  The a c i  d  washed coa l  

p r o d u c t s  were . g i v e n  .. one' wa te r  wash, t h e n  a wash w i t h  10% s u l f u r i c  a c i d  and 

f i n a l l y  two a d d i t i o n a l  wa te r  washes p r i o r  t o  d r y i ng .  D r y i n g  was per formed i n  

an a i  r oven a t  70°C, u s u a l l y  ove rn igh t .  The d r i e d  'coal  p roduc t  was r i f f l e d  

i n t o  samples f o r  a n a l y s i s  a t  TRW L a b o r a t o r i e s  and a t  Warne.r Labo ra to r i es ,  

C'resson, Pennsy lvania.  I n  a  few t e s t s ,  t h e  wet f i l t e r  cake, a f t e r  wa te r  

washing, was s p l i t  and about  one-hal f  was a c i d  washed w i t h  a  p r o p o r t i o n a t e l y  

reduced q u a n t i t y  o f  l i q u i d .  I n  s p l i t t i n g  wet cakes, a  t op - t o -bo t t om s l i c e  .of 

t h e  cake f r om a  f i l t e r  paper  was t aken  t o  m in im ize  t h e  e f f e c t  o f  l a y e r i n g .  

Changes f rom t h e  t y p i c a l  p rocess ing  method a r e  no ted  i n  t h e  Appendix. 

2.2 SEMI-CONTINUOUS OPERATION 
. . 

. . 
Exper imenta l  i n v e s t i g a t i o n s  were i n i t i a t e d  t o  suppor t  t h e  development o f  

t h e  c o n t i  nuou's bench-scale u n i t  f o r  coa l  l each ing .  A s e r i e s  o f  s t u d i e s  were 

i n  t h e  l a b o r a t o r y  r e a c t o r  ( 3 "  d iameter ,  12" deep) and t h e  TRW-owned 

l a r g e  Gravimel t Batch  Reac to r *  (18"  d iameter ,  24" deep). The s p e c i f i c  purpose 

o f  t h e  expe r imen ta t i on  was t o  i n v e s t i g a t e  t h e  p rocess ing '  o f  a  semi-cont inuous 

f l o w  o f  coa l  i n  a  s i n g l e  s tage  r e a c t o r  system. These da ta  were compared w i t h  

p r e v i o u s  ba tch  l a b o r a t o r y  s c a l e  da ta  t o  p r o v i d e  an i n d i c a t i o n  o f  t h e  

impor tance  o f  mai n t a i  n i  ng p l u g  f l o w  i n  t h e  c o n t i  nuous r e a c t o r  system. 

Exper ime 'n ta t ion  i n  t h e  3" d iameter  r e a c t o r  c o n s i s t e d  of two runs u s i n g  

N ~ O H ~ K O H  (80120) and Kentucky No. 11 coa l  (45 x  200 mesh) a t  350°C. Coal 

(409)  was added t o  '400 grams o f  NaOH/KOH me1 t. a t  35U°C. A t  t h e  conc lus ion  o f  

20 minutes,  about  3 grams o f  r eac ted  c o a l  were removed f r om t h e  r e a c t o r  ( g rab  

sample) and 3 grams o f  f r e s h  coa l  were added. Th i s  o p e r a t i o n  con t i nued  every 

20 minu tes  ( a p p r o x i m a t e l y )  f o r  180 minutes, a t  which t i m e  t h e  exper iment  was 

conc luded and t h e  f i n a l  p roduc t  was removed f rom t h e  r e a c t o r .  D u p l i c a t e  runs 

---d-**dddddaL 

*Th is  r e a c t o r  was f a b r i c a t e d  by TRW f o r  G rav ime l t  e v a l u a t i o n  o f  8 t o  10 pound 
. batches o f  coa l  on Independent Research and Development Programs and wak made 

. a v a i l a b l e  f o r  use i n  t hese  p r e l i m i  nary e v a l u a t i o n  s tud ies .  



were conducted and r e p r e s e n t a t i v e  samples were sen t  t o  Warner L a b o r a t o r i e s  f o r  

analyses. I t  i s  s e e n . i n  F i g u r e  2, t h a t  20 minutes a t  350°C i s  s u f f i c i e n t  t i m e  

t o  remove much o f  t h e  s u l f u r  ( t o  a  l e v e l  o f  about 1%) and n e a r l y  a l l  t h e  ash 

( t o  a  l e v e l  o f  about 0.2%) f rom t h e  45 x  200 mesh Kentucky coa l .  A d d i t i o n a l  

t ime ,  beyond 1 t o  2  hours, appears t o  g i v e  steady s t a t e  l e v e l s  o f  bo th  s u l f u r  

(0.7%) and ash (0.1%). 

Labora to ry  batch r e a c t o r  da ta  w i t h  t h i s  coa l ,  were r e p o r t e d  i n  t h e  

p rev ious  f i n ' a l  r e p o r t .  It was t e s t e d  a t  370°C r a t h e r  t han  3.50°C. The r e s u l t s  

o f  batches between 5  m inu te  and 60 minu te  res idence  t i m e  a r e  shown i n  F i g u r e  2  

f o r  comparison. The s u l f u r  removals a r e  a  l i t t l e  b e t t e r ,  as expec ted ' f r om t h e  

h i g h e r  temperatures,  b u t  t h e  ash l e v e l s  a r e  s l i g h t l y  poo re r  (0.2% f o r  t h e  one 

hour  ba tch  versus 0.1% f o r  t h e  semicont inuous t e s t ) .  

Two e x p e r i m e n t s . a l s o  were conducted i n  t h e  l a r g e  TRW-owned 18" d iameter  

G rav ime l t  r e a c t o r ;  The'  exper iments  were conducted w i t h  a  semicon t i  nuous 

r e m o v a l l a d d i t i o n  o f  coa l  u s i n g  p a r t i c l e  coa l  s i z e s  o f  200 mesh x  0  and 100 

mesh x  0. Bo th  coa l  s i z e s , s t a r t i n g  w i t h  8  pound batches, were processed sat 

350°C f o r  approx imate ly  t h r e e  hours where in  every 20 minutes about 1/2 pound 

was removed and one pound was added. It i s  seen i n  F i g u r e  2  t h a t  t h e  l a r g e  

r e a c t o r  p roduc t  coa l  s u l f u r  l e v e l s  were s im i  l a r  t o  l a b  r e a c t o r  r e s u l t s  b u t  t h e  

ash l e v e l s  were h i g h e r  even a f t e r  1 t o  2  hours when an apparent steady s t a t e  

was reached. The e f f e c t  i s  much l e s s  f o r  t h e  s m a l l e r  p a r t i c l e  s i z e  coa l  

samples (0.7% ash a t  100 mesh, 0.2% ash a t  200 mesh versus 0.1% ash l a b ) .  

Heat o f  combustion da ta  f o r  these  f ou r  t e s t s  ( c a l c u l a t e d  on a  m o i s t u r e  

and ash f r e e  b a s i s )  tended t o  show smal l  decreases w i t h  t ime.  There. were a l s o  

smal l  decreases w i t h  t i m e  i n  t h e  r e s i d u a l  s u l f u r ,  as d iscussed above. It was 

f e l t  t h a t  t h e  change i n  hea t  o f  combust ion was p robab l y  more r e l a t e d  t o  t h e  

s e v e r i t y  o f  t h e  r e a c t i o n ,  as measured by t h e  rema in ing  s u l f u r ,  t han  i t  was 

r e l a t e d  t o  t ime.  . A l l  f ou r teen  analyzed da ta  p o i n t s  a r e  shown i n  F i g u r e  3 as a  

p l o t  o f  the  mo i s tu re  and ash f r e e  (MAF) hea t  o f  combustion versus t h e  

rema in ing  t o t a l  s u l f u r  i n  t h e  process coa l .  A l s o  shown i s  t h e  s t a r t i n g  va lue  

f o r  t h e  o rgan ic  s u l f u r  and heat  con ten t  of t h e  unprocessed coa l .  
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The da ta  a r e  s c a t t e r e d ,  b u t  t h e r e  i s  a  weak t r e n d  toward lower  heat  of 

combust ion a t  l owe r  s u l f u r  l e v e l s .  An hypo thes is ,  which i s  f u r t h e r  examined 

th roughout  t h i s  r e p o r t ,  i s  summarized as f o l l o w s .  When coa l  i s  con tac ted  w i t h  

mo l ten  c a u s t i c  i n  t h e  Grav ime l t  Process, t h e  i n o r g a n i c  s u l f u r  ( p y r i t e  and 

s u l f a t e )  i s  r a p i d l y  removed, bu t  t h e  o rgan i c  s u l f u r  i s  more s l o w l y  removed by 

r e a c t i o n s  i n v o l  v i  ng t h e  o rgan i  c  mat r i  x. S ide  r e a c t i  ons which reduce t h e  heat  

o f  combust ion o f  t h e  o rgan i c  m a t r i x ,  may proceed c o n c u r r e n t l y  w i t h  t h e  d e s i r e d  

r e a c t i o n s  t h a t  remove s u l f u r  f r om t h e  o rgan i  x  m a t r i  x. T h i s  para1 l e l  r e a c t i o n  

behav io r  i s  be1 i eved t o  produce t h e  o f t e n  observed c o r r e l a t i o n  between heat  o f  

combust i  on and r e s i d u a l  t o t a l  ( o r g a n i c )  s u l f u r .  However, o c c a s i o n a l l y ,  an 

exper imenta l  run  g i ves  coal  which analyzes very low i n  s u l f u r  and has a  h i g h  

I l e a l  ~ u r 1 l e 1 1 1 .  

2.3 PITTSBURGH SEAM COAL PROCESSING 

Coals f r om t h e  same seam cover  l a r g e  geographica l  areas and samples may 

vary i n  t h e i r  response t o  chemical  c lean ing .  I n  an e f f o r t  t o  examine t h i s  

parameter,  f o u r  P i t t s b u r g h  #8 coa ls ,  a v a i l a b l e  a t  TRW, were processed i n  a  

u n i f o r m  manner. A l l  c o a l s  were prepared as d r i e d ,  45 mesh by 200 mesh 

samples, t h e n  processed f o r  one hour  w i t h  a  50150 NaOHIKOH c a u s t i c  me l t  i n  t h e  

l a b o r a t o r y  r e a c t o r .  Tab le  1  shows t h e  r e s u l t s  of d u p l i c a t e  t e s t s  a t  370°C and 

s i n g l e  o r  d u p l i c a t e  t e s t s  a t  340°C. The coa l s  a r e  l i s t e d  i n  t h e  t a b l e  i n  t h e  

o r d e r  of t h e i r  we igh t  average p a r t i c l e  s i z e s  ( F i g u r e  4 )  which range f rom 150 

microns f o r  t h e  l a b o r a t o r y  coa l  t o  200 microns f o r  bagged coa l .  

The t a b l e  shows t h a t  p r i o r  t o  process ing,  bo th  ash and s u l f u r  t e n d  t o  be 

h i g h e r  and t h e  mois ture-ash f r e e  (MAF) heat  of combustion tends t o  be lower  i n  

t h e  f i n e  c o a l s  t han  they  a r e  i n  t h e  coarser  bag and b a r r e l  coa ls .  As a  

r e s u l t  o f  370°C c a u s t i c  process ing,  t h e  heat  o f  combustion decreased by 

approx imate ly  1000 B t u / l b  (MAF b a s i s )  f o r  each of t h e  f i v e  processed coa l  

samples.* The f i n a l  ash and s u l f u r  con ten t  o f  t h e  processed samples showed no 

------------ 
*From t h e  users  p o i n t  o f  view, t h e  coal  i s  improved by chemical  c lean ing .  

There i s  about 10% l e s s  ash and t h e  chem ica l l y  c leaned p roduc t  has up t o  1300 
B t u l l b  h i g h e r  heat  of combustion t han  t h e  unprocessed, mine cleaned coa l .  



TABLE 1 .  PITTSBURGH 8 SAMPLE COMPARISONS 

(Condi t ions:  4 5  x 2 0 0  mesh', 50/50 caus t i c ,  1 hour, ac id  washed) 

(HF) (HF) (HF) (HAF) % Btu I b / m l l l l o n  Btu (HF) Z Re~noval -- 
Ash.% ST.% B i u / l b  B t u / l b  Retained Ash SC) Ash S 

1 S3v.unlreated Lab-A (Control)  12.37 1.58 12826 14637 - 9.64 7.14 
3 7 0 ' ~  GP206 .39 .]4 13727 13784 94.1 .28 .50 97.1 93.1 

370 GP207 .2 1 3 13724 13752 94.0 . I 5  .48 98.4 93.3 

:.* . .45 14002 14029 95.8 . I 4  .64 98.5 91 .0 

340 *= .21 I 13985 14011 95.7 . I 5  .44 9b.4 93.8 

9.19 4.45 13332 14681 - 6.89 6.68 1 5 8 ~ .  Repository-C (Control)  

3 7 0 " ~  ~ ~ z n n  .05 .52 13760 13832 94.2 .38 .76 94.5 80.7 

370 tP201 . I 5  .48 13868 I3088 94.6 I 1  .69 98.4 89.6 

340 CP208 .34 I. 3 14405 14454 98.5 .24 1.57 96.5 76.5 

i7714, Repository- 6 (Control)  11.24 4.00 12981 14625 - 8.66 6.16 

3 7 0 ' ~  GP198 .56 .80 13812 13889 95.0 .41 1.16 95.3 81.2 

370 GP199 .06 .54 13694 13702 93.7 .04 .79 99.5 87.2 

340 GP209 .34 L.05 14279 15327 98.0 .24 1.47 97.2 76.1 

340 CP2IO .47 1.27 14333 14401 98.5 .33 I .77 2 71.2 

* 
=The labcra lo ry  sample 1s 100% -45 mesh. 30% -200 mesh. s ieved t o  45 x 200. ' Reposlcory coa l  n a n l n a l l y  14 x 0 

( a c t u a l l y  about 6 mrsh < 0) was prepared: B sleved t o  -'IS x +200 and C ground t o  -115 mesh, then slev.,l t o  +2on 
mesh. i h r  Barre l  (nomlnally 14 mrsh x 0) was sleved t o  45 x 200. The Bag?ed samples. purchased f o r  Company 
Research nominal ly 50 nesh by 0 ( a c t ~ a l l ~  about 14 mesh top s ize) .  was sieved t o  45 x 200. 

* L  
These two 340PC tes ts  r p r e  performed under the previous l a t o r a t o r y  study Contract 0E-AC22-30-PC30141 F i n a l  Report, 
Page 29, using a d i f f e r e n t  natch o f  sleved coal  w i t h  s l l g h l l y  d i f f e r e n t  s t a r t i n g  ana lys is .  Resul ts are not 
completely canparable. 

L *f 
GP225 repeated t e s t  GPMS because the r e s u l t s  o f  205 were l l k e  a p a r t i a l l y  proccsscd coal .  
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s t a t i s , t i c a l l y  meaningfu l  t r e n d  w i t h  p a r t i c l e  s i ze .  A t  370°C, t h e  ash was 

reduced t o  a  mean va lue  o f  .26 - + .13 p o u n d s / m i l l i o n  B t u  and t h e  r e s i d u a l  

s u l f u r  t o  .70 - + .19 pounds S 0 2 / m i l l i o n  Btu.  Because t h e  s t a r t i n g  ash and 

s u l f u r  o f  t h e  mine-cleaned coa l  var ied,  t h e  removal e f f i c i e n c y  a t  370' 

( s t a r t i n g  w i t h  t h e  m i  ne-cleaned n o t  run-of-mi ne va lues)  ranged f r om about 92% 

t o  99%+ f o r  ash and 81% t o  93% f o r  s u l f u r .  

P rocess ing  t h e  coa l  samples a t  340' r e s u l t s  i n  a  hea t  o f  combust ion l o s s  

about o n e - f i f t h  as l a r g e  as 370" p rocess ing ,  b u t  leaves  about t w i c e  as much 

s u l f u r .  Res idual  ash a f t e r  ,340' t rea tment ,  v a r i e s  f rom about  t h e  same as a t  

370' t o  seve ra l  t imes  as much. I n  genera l ,  t h e  l owe r  tempera tu re  p rocess ing  

d i d  no t  meet t h e  p r o j e c t  s u l f u r  removal , g o a l s  (1.2 pound SOp /m i l l i on  B t u )  

whereas t h e  3 7 0 ° ~ r e s u l t s  a l l  a r e  below t h e  t a r g e t  and a l s o  exceed 90% removal 

i f  t h e  "as-mi ned" (ROM.) s t a r t i n g  l e v e l s  o f  s u l f u r  ( t y p i c a l  l y  8  t o  10 pounds .o f  

S 0 2 / m i l l i o n  B t u  a r e  cons idered.  However, i t  i s  obv ious t h a t  p rocess ing  t h e  

P i t t s b u r g h  #8 coa l  a t  340" can g i v e  a  p roduc t  w i t h  ex t reme ly  low ash (0.3%. 

w/w) w i t h  o n l y  1% t o  2% l o s s  o f  MAF hea t  con ten t .  A t  t hese  m i l d  c o n d i t i o n s ,  

p robab ly  a1 1  o f  t h e  p y r i t e ,  b u t  l i t t l e  o f  t h e  o rgan i c  s u l f u r ,  has been 

removed. 

2.4 PARTICLE SIZE EFFECTS 

The p a r t i c l e  s i z e  o f  coa l ,  processed by mo l t en  c a u s t i c  t o  remove ash and 

s u l f u r ,  i n f l u e n c e s  t h e  r a t e  o r  e x t e n t  o f  removal. A l i m i t e d ,  b u t  sys temat ic ,  

s tudy  o f  p a r t i c l e  s i z e  e f f e c t s  was under taken f o r  t h e  P i t t s b u r g h  #8 coa l  f rom 

t h e  r e p o s i t o r y .  A s i e v e  a n a l y s i s ,  f o r  t h e  nominal  14 mesh coa l ,  was p r o v i d e d  

by CT&E, f rom which f o u r  approx imate ly  eqdal q u a n t i t i e s  of coa l  were s e l e c t e d  

as shown i n  Tab le  2., A f t e r  d r y i n g  and s i e v i n g  t h e  coa l  a t  CTS, t h e  a c t u a l  

y i e l d  o f  each s i z e  i s  a l s o  shown. The coarse, +14 mesh, c u t  was s i e v e d  as 

shown, t o  f u r t h e r  d e f i n e  i t s  p a r t i c l e  s i ze .  Each s i z e  f r a c t i o n  was r i f f l e d  

i n t o  80 gram samples f o r ' p r o c e s s i n g .  S a m p l i . n g . v a r i a b i l i t y  was expected t o  be 

g r e a t e r  f o r  t h e  coarse samples; t h e r e f o r e ,  t h e  6 x 14 mesh and 14 x  24 mesh 

t e s t s  were run i n  d u p l i c a t e .  M i l d  p rocess ing  c o n d i t i o n s  o f  1-hour r e a c t i o n  

t i m e  a t  370' w i t h  an 80/20 NaOH t o  KOH r a t i o  were s e l e c t e d  i n  o r d e r  t o  o b t a i n  

a  d e f i n i t i v e  spread o f  removal r e s u l t s .  The e f f e c t  o f  more aggress ive  process 



TABLE 2.  S I E V E  A N A L Y S I S  OF PITTSBURGH NO 8 REPOSITORY COAL 

CTGE 
S i z e ,  m e s h  ( A s  R e p o r t e d )  

w t  ,% 

S I E V E  S I Z I N G  OF THE +14  MESH FRACTION 

S i z e ,  m e s h  

CTS 
( d r i e d )  

w t  ,% 



c o n d i t i o n s  ( t ime,  temperature,  and c a u s t i c  r a t i o )  on t h e  r a t e  o r  e x t e n t  o f  ash 

and s u l f u r  removal was n o t  determined. 

A n a l y t i c a l  r e s u l t s  a re  presented i n  Tab le  3. Data f o r  t h e  f ou r  s i z e  

f r a c t i o n s  o f  unprocessed and processed coa l s  a r e  g iven  i n  t h e  t o p  p a r t  o f  t h e  

t a b l e  and a r e  combined on a weighted average bas i s  t o  compare w i t h  f u l l - s i z e  

range unseparated coa l  i n  t h e  lower  p a r t  of t h e  t a b l e .  The good agreement 

between t h e  weighted average r e s u l t s  and t h e  unseparated coa l  r e s u l t s  g i ves  

reasonable con f idence  i n  t h e  i n d i v i d u a l  s i z e  f r a c t i o n  r e s u l t s .  

The t a b l e  shows t h a t  t h e  bes t  removal of bo th  s u l f u r  and ash occurs 

d u r i n g  p rocess ing  o f  t h e  24 x 100 mesh f r a c t i o n .  Ash and SO2 were c a l c u l a t e d  

on a pounds p e r  m i l l i o n  B t u  bas is ,  and t h e  correspondi.ng pe rcen t  removals f rom 

t h e  s t a r t i n g  va lue  a r e  as f o l l o w s :  

Mesh S i z e  

6 x 14 

% Removal ( l b / 106  B t u  b a s i s )  

Ash - S - 
70.6 54.5 

6 x 0 - unweighted average 84.8 

6 x O - unseparated 82.9 64.1 

Ash removal i s  more s e n s i t i v e  t o  s i z e  than  s u l f u r  removal under t h e  

c o n d i t i o n s  and ranged f rom 70% i n  t h c  coarse f r a c t i o n  t o  90% i n  t h e  two f i n e  

f r a c t i o n s .  I n  t h e  coarses t  f r a c t i o n  t h e  s u l f u r  removal (55%) i s  o n l y  s l i g h t l y  

more than  t h e  average i n o r g a n i c  s u l f u r  f o r  t h e  P i  t t s b u r y h  #8 coa l  (Appendix B 

shows 52%). I n  t h e  f i n e s t  f r a c t i o n s ,  t h e  s u l f u r  corresponds t o  removal of t h e  

i nnrgan ic  s u l f u r  p l u s  about one- th i  r d  o f  t h e  organic .  

2.5 UPPER FREEPUHT COAL EVALUATION 

Two samples o f  Upper F reepo r t  coal  were p rov ided  f o r  program use by t h e  

Department of Energy. One b a r r e l  con ta ined  run  o f  mine (ROM) coa l  a n a l y z i n g  

about 40% ash. A t y p i c a l  a n a l y s i s  o f  t h e  ROM coa l  was a l s o  p rov ided  by t h e  



TABLE 3 .  PROCESS1 N G  OF PITTSBURGH 8 S I Z E  FRACTIONS 

Test S i 'ze, Cond i t , ions TRW Warner- M F MP F 
No. Mesh Temp N~aOH/YOH Time Ash,% Ash ,% ST,% B t u / l b  B t u / l  b 

Con t ro l  6 .< 14 unprocessed - 10.40 4.11 13273 148:14 

. GPI71': sa 370" 69/20 1 3.12 3.21 2.25 13836 142% 

GF 185 I I 370" 8O/S 0 1 .2.20 3.06 1.58 13425 138i9 

mean va l ue  2.66 3 . 1 %  1.92 13630 1 40?2 

Con1 r o  l 113 x 24 unprocessed - 9.99 4.52 13207 146;j 

GP172 I I 370" BO/aI 1 2.09 2.45 2.22 14172 14534 

GP 136 I I 370" 80,/20 1 2.10 2.19 1.95 14083 1 4 3 9  

me3n va l ue  2.10 2.34, 2.08 14128 14467 

Cont ro l  241 x I 00  unprocessed - 10.63 4.40 13124 14685 

I I GP175 3 70; 2,o;za 1 1.19 .98 . 1.42 13335 13467 

Ca lcu la ted  Resul r,; f o r  Ful  l -Size R.3nge IJsing t he  We ighted,Average Values Found Above 

c o n t r o l  6x0 unprocessed - 11.20 t . 50  13034 14678 

Processed 620 370" 813/20 1 'I .74 1.78 1'. 76 13623 13872 

Meas'ured Resu l t s  f o r  F u l l  S i ze  Range Pr io r -  t o  S i ev i ng  i n t o  the  S ize  F r a c t i o n s  

Cont ro l  6x0 unprocessed - - 10.34 4.23 13265 14795 

Cont ro l  6x11 unprocessed - 10.34 . 4.20 13295 14832 
mea n daE ue 10.34 ' 4 . 2 2  13280 1481 2 

GP 167 6x0 370° 80/23 1 . 1L.67 1.56 1..59 13944 14208 

Analyses a r e  a . f t e r  double a c i d  washing. 



DOE. The second b a r r e l  con ta ined  mine c leaned coal  w i t h  about 10% ash. Two 

samples o f  each b a r r e l  were sent  t o  Warner L a b o r a t o r i e s  f o r  ana l ys i s .  These 

r e s u l t s  t o g e t h e r  w i t h  t h e  t y p i c a l  DOE a n a l y s i s  p rov ided  by t h e  DOE a r e  as 

f o l l ows :  

Upper F reepo r t  

Ash, % (MF) 

St, % (MF 

B t u l l b  .(MF) 

B t u l l b  (MAF) 

Sp, 4 (MF) 

ss, % (MF 

so, % (MAF ) 

so2, 1  b/106 B t u  

Mine Cleaned 

# 1  - #2 - 
9.90 . 9.53 

ROM 

# 1 - #2 . -  T y p i c a l  

37.48 38.03 40.00 

, 2.48 2.49 1.09 

9169 , 8908 8065 

14667 14374 13467 

1.98 1.93 - 
.03 .02 - 
.4 7:. .55 ' -  

5.41 5.59 2.70 

T h i r t y - t w o  l a b o r a t o r y - s c a l e  t e s t s  were conducted on t h e  Upper F reepo r t  

coa l .  Twenty-seven t e s t s  used mine-cleaned coa l  and f i v e  t e s t s  used ROM 

coa l .  The complete r e s u l t s  o f  each t e s t  a r e  shown i n  Appendix A, b u t  i n  t h i s  

sect i .on, t e s t  r e s u l t s  showing t h e  s u l f u r  da ta  and heat  o f  combustion da ta  have 

been o rgan ized  by t e s t .  c o n d i t i o n  f o r  g r e a t e r  c l a r i t y  i n  observ ing  t h e  e f f e c t  

o f  key parameters.  

I n  Tab le  4  a1 1  t h e  32 t e s t s  a r e  l i s t e d ,  f i r s t  by r e a c t i o n  tempera tu re  

(370°C and 390°C), then  by c a u s t i c  r a t i o  (which a l s o  i d e n t i f i e s  t h e  use o f  

commerci a1 grade o r  l a b o r a t o r y  grade)  and f i n a l  l y  by r e a c t i o n  t ime.  S t a r t i n g  

mesh s i z e  i s  shown and under t h e  " ~ e m a r k s "  a r e  the  f i v e  tes ts  u s i n g  ROM coa l ,  

two t e s t s  i n  which h y d r o c h l o r i c  a c i d  r a t h e r  t han  s u l f u r i c  a c i d  was used, one 

t e s t  s t i r r e d  s l o w l y  and one t e s t  s t i r r e d  i n t e r m i t t e n t l y .  The analyzed 

r e s i d u a l  t o t a l  s u l f u r  i s  l i s t e d  and t h e  measured heat  o f  combustion i s  g iven  

on a  mo i s tu re  and ash f r e e  bas is .  Tab le  4  a l s o  g ives  t h e  p o t e n t i a l  emiss ion 

of ash and s u l f u r  d i o x i d e  c a l c u l a t e d  on a  pounds p e r  m i l l i o n  B t u  b a s i s  and t h e  

cor respond ing  percen t  removal f r om t h e  KOM value. 



TABLE li . LA3'0RATORY RESULTS W l TH UPPER FREEPCiRT COAL 

b r h  
! lze 

100.0 

10010 

6.0 

6.0 

5.0 

5x0 

air0 

ixo 

Iblmll l lon Btu EJ 
- Ash SO) 

1.28 1.53 

2.86 1.16 

St l r  I /2  speed 

S l l r  I mln o f f  I 5  mlnr 

- -- 
* ~ = n o v a ~  calcalalej  f r m  ROH cnrb a l th  ash 41.77. 502 5.52 lb11o6 &u. Phyrlcal cleaning reduced (hc a,h 
83.4% and SO1: by 67.8: 



The s u l f u r  da ta  f rom Tab le  4  i s  p l o t t e d  i n  F i g u r e  5. The r e s i d u a l  s u l f u r  

. decreases w i t h  i n c r e a s i n g  r e a c t i o n  t i m e  and temperature and f u r t h e r  decreases 

when t h e  NaOHIKOH r a t i o  i s  changed f rom 80120 t o  50150. Except f o r  one da ta  

p o i n t  (GP185, S=0.25), t h e  da ta  f o l l o w  g e n e r a l l y  smooth and o r d e r l y  t r e n d s  

t y p i c a l  o f  p rev ious  l a b o r a t o r y  r e s u l t s .  The t y p e  of c a u s t i c  ( l a b o r a t o r y ,  

chem ica l l y  pure  grade versus commercial grade ob ta ined  i n  drums) seems t o  have 

no e f f e c t .  The da ta  do no t  d i s t i n g u i s h  a  d i f f e r e n c e  between 6  mesh x  0  and 

100 mesh x  0  p a r t i c l e  s i z e  o r  between h i g h  ash ROM and mine c leaned coa l .  

H a l f  speed s t i  rr i  ng (GPZ3O) and i n t e r m i t t e n t  s t i  rr i ng ( ~ ~ 2 3 1 )  gave 

s u b s t a n t i a l l y  the-  same r e s u l t s  as a  no rma l l y  s t i r r e d  t e s t  (GP176). Tes ts  

GP141 and 142 i n v o l v e d  s p l i t t i n g  t h e  wa te r  washed, f i l t e r  cake, washing one- 

h a l f  w i t h  h y d r o c h l o r i c  a c i d  and washing t h e  ' o t h e r  h a l f  no rma l l y  w i t h  s u l f u r i c  

ac id .  The hyd roch l ' o r i c  a c i d  wash produced coa l  about 20% lowe r  i n  s u l f u r  'and 

10% lower  i n  ash t h a n  t h e  s u l f u r i c  ac id .  Th i s  e f f e c t  i s  sma l l  and n e a r l y  

w i t h i n  t h e  exper imenta l  v a r i a t i o n ,  b u t  shou ld  be noted i n  f u t u r e  a c i d  wash 

s tud ies .  

E a r l i e r  i n  S e c t i o n  2.2, t h e  observed lower  heat  o f  combustion w i t h  l o w e r .  

r e s i d u a l  s u l f u r  f o r  a  Kentucky No. 11 coa l  was discussed. A s i m i l a r  e f f e c t  i s  

observed i n  F i g u r e  6 which a l s o  shows t h e  NSPS requi rements f o r  r e s i d u a l  SO2 

f o r  t h i s  coa l .  Even w i t h  t h e  low s u l f u r  s t a r t i n g  coa l ,  t h e  SO2 removal 

requi rements a r e  exceeded by 6* o f  t h e  t e s t s .  To meet t h e  standards, t h e  

c a u s t i c  needs t o  be 50% KOH o r  more and t h e  r e a c t o r  c o n d i t i o n s  e i t h e r  a t  390° 

f o r  2  hours o r  370' f o r  6 hours.  Near ly  t h ree -qua r te r s  o f  t h e  r e s u l t s  meet 

t h e  o l d e r  1.2 l b  o f  SO2 m i l  l i o n  B t u  l e v e l  (23 o f  .32), b u t  Category 2  coa l  must 

now meet t h e  t oughc r  0.6 I b / m i l l i o n  B t u  l e v e l .  

2.6 PITTSBURGH #8 REPOSITORY COAL EVALUATION 

S e c t i o n  2.3 compared f o u r .  d i f f e r e n t  l o t s  o f  P i t t s b u r g h  #8 coa l .  Th i s  

s e c t i o n  o f  t h e  r e p o r t  descr ibes  each o f  t h e  a d d i t i o n a l  t e s t s  conducted u s i n g  

*One t e s t ,  GP181, has an unexpected ly  low s u l f u r  a n a l y s i s  and may no t  be 
v a l i d .  



F i g u r e  5 .  S u l f u r  Removal f rom Upper F reepor t  Coal 
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P i t t s b u r g h  #8 coal  f rom t h e  coal  repos i to ry .  D u p l i c a t e  analyses were prov ided 

by Comrnercial T e s t i n g  and Engineering, Chicago, f o r  t h i s  6 mesh x O coal and 

t h e  average RUM val.ues were prov ided by t h e  DOE. 

P i t t s b u r g h  No. 8 Mine Cleaned - ROM 

#1 - #2 Average 

Ash, % (MF) 10.34 10.34 30.2 

sp, % (MF 1 
s,i Z (MF ) 

so, % (MF 
Mois ture ,  % 

SO2, 1 b/106 B t u  

A t o t a l  o f  28 l a b o r a t o r y  t e s t s  o f  r e p o s i t o r y  coal  were conducted over a  

wide range o f  cond i t i ons .  The t e s t  r e s u l t s ,  as abs t rac ted  f rom Appendix A, 

a r e  shown i n  Table 5, i n  t h e  same format as t h e  Upper Freepor t  r e s u l t s .  

Compared w i t h  t h e  Upper Freepor t  t e s t i n g ,  t h e  P i t t s b u r g h  coal  t e s t s  i nvo l ved  a  

g r e a t e r  emphasis on t h e  i n f l uence  of p a r t i c l e  s i z e  and method o f  p repa ra t i on  

( s i e v i n g  t o  s i z e  versus g r i n d i n g  t o  s i z e ) ,  as discussed i n  Sect ion  2.3 and 

2.4. As  a  resu ' l t ,  fewer t e s t s  were performed t o  show t h e  e f f e c t  o f  r e a c t i o n  

t ime,' temperature and c a u s t i c  r a t i o  on s u l f u r  removal. Nine t e s t s  were 

conducted w i t h  45 x ,  200 mesh p a r t i c l e  s i z e  coal  t he  same as was used du r ing  

Lhe prevlous l abo ra to ry  proyram. A l l  t e s t s  were one hour res idence t ime  and 

gave t h e  f o l l o w i n g  r e s u l t s :  

2 . 2  Removal , % , 

Tempe, c NaOH/KOH No. o f  Tests lb /mi  1  l i o n  B tu  ( f rom ROM) 



TABLE 5. LABORATORY RESULTS WITH PITTSBURGH 8 REPOSITORY COAL 

Test Temp Caust ic  Time, Mesh HF MAF Ib/mi l l i o n  Btu  (HF) 4 Removal* 
No. OC. NaOH/KOH Type h r  Size S.% B t u / l b  Ash 502 Ash SO2 Remarks 

' GPlOC 340 50/5C C I 45x200 I. 13 14454 .24 1.57 99.3 81.2 ground to -45. s ieved t o  +ZOO 

~ ~ 2 1 1 9  340 50/50 C 1 45x200 1.05 14327 99.3' 82.4 s ieved from 6x0 .24 1.47 

G P Z l O  340 SO/SO C I 45x200 1.27 14401 .33 1.77 99.0 78.8 s ieved from 6x0 

61 .O 

61.0 double a c i d  wash 

71.8 

62.4 

66.8 

74.5 

69.0 

72.7 

86.7 

83.0 

83.4 

90.5 

90.2 s ieved from 6x0 

86.1 s ieved from 6x0 

90.5 s ieved from 6x0 

90.9 ground to  -45. s ieved t o  +ZOO 

91.7 Ground to  -45. s ieved to +200 

92.7 

89.7 

90.5 

92.8 

- 
*~.tmoval  c a l c u l a t e d  from ROM coa l  w i t h  ash 34.0'1. So2 0.3'1 lh/106 Btu.  P l l vs ica l  c lean in?  reduced the ash by 77.12 and t h e  

s u l f u r  by 23.92. 



These r e s u l t s  show t h a t  90% removal o f  SO2 was ob ta ined  f o r  f i v e  sdmples 

a t  370' w i t h  a 50/50 c a u s t i c  r a t i o  and one hour  of r e a c t i o n  t ime.  The process 

coa l  had an average o f  0.2% ash (99+% removal )  drtd a 15,180 B t u / l b  hea t  o f  

combust ion on a m o i s t u r e  f r e e  bas is .  

E leven  t e s t s  were performed w i t h  t h e  f u l l  s i z e  range coa l  . (6  mesh x 0 )  

w i t h  s u l f u r  removal r e s u l t s  as shown i n  F i g u r e  7. A l s o  i n c l u d e d  i n  F i g u r e  7 

a r e  two f i n e  g r i n d  coa l  r e s u l t s .  The s u l f u r  removal t r ends  . a r e  r e l a t i v e l y  

smooth and as expected, except  t h a t  t h e  s i . ng le  t e s t  (GP196) a t  390°C w i t h  a 

50/50 c a u s t i c  r a t i o ,  appears t o  be about 0.31 hSyher i n  s u l f u r  t h a n  would be 

p r e d i c t e d .  The curves appear t o  e x t r a p o l a t e  t o  va lues above t h e  2.8% o rgan i c  

s u l f u r  l e v e l  a t  z e r o  t ime.  W.ith the r e l a t i v e l y  l a r g e  amount o f  p y r i t i c  s u l f u r  

(2.2%) i t  i s  supposed t h a t  complete p y r i t e  removal r c q u i r e s  l o n g e r  t han  one 

hour. Therefore,  t h e  s h o r t  r es i dence  t i m e  s u l f u r  values a r e  b e l i e v e d  t o  

i n c l u d e  p y r i t i c  s u l f u r  as w e l l  as o r g a n i c  s u l f u r ,  T h i s  assumption shou ld  be 

v e r i f i e d  by a d d i t i o n a l  t e s t i n g  i n  which s u l f u r  forms a r e  ob ta i ned  on samples 

processed ove r  a range of r e a c t i o n  t imes,  bu t  w i t h  o t h e r  parameters such as 

tempera tu re  and c a u s t i c  r a t i o  h e l d  cons tan t .  

F i g u r e  8 shows t h e  r e s i d ~ r a l  s u l f u r  l e v e l  dnd t h e  cor respond ing  heat  o f  

combust ion f o r  each o f  t h e  t e s t s  l i s t e d  i n  Tab le  5. It can be seen t h a t  11 a f  

t h e  28 samples P T Q ~ I J C P ~  coa l  t h a t  illeel; NSPb f o r  SO2 removal. T h i s  i n c l u d e d  

s i x  samples o f  t h e  f u l l  s i z e  range ( 6  mesh x 0 )  r e p o s i t o r y  coa l  wh ich  averaged 

0.6% ash (98+% remova l )  and 13,720 B t u / l b  (MF). To meetf t h e  NSPS, t h e  

coarser ,  f u l l - s i z e  range P i t t s b u r g h  No. 8 coa l  r e q u i r e s  about two hours o f  

p rocess ing  a t  370°C r a t h e r  than  one hour  needed f a r  t h e  45 x 200 mesh s i z e  

f r a c t i o n .  The r e s u l t i n g  coarse coal  con ta ins  about 0.6% ash r a t h e r  t h a n  0.2% 

f o r  t h e  f i n e r  coal .  T h i s  i s  c o n s j s t e n t  w i t h  t h e  p a r t i c l e  s i z e  e f f e c t  r e p o r t e d  

i n  S e c t i o n  2.4. 

2.7 OTHER REPOSITORY COALS 

I n  a d d i t i o n  t o  t h e  P i t t s h u r g h  #8 r e p o s i t o r y  coal  d iscussed i n  t h e  

p rev ious  sec t i on ,  two a d d i t i o n a l  r e p o s i t o r y  coa l s  were t es ted .  Fo r  each coa l ,  
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d u p l i c a t e  analyses of t h e  nominal 14 mesh s i z e  ( a c t u a l l y  6  mesh x  0 )  were 

s u p p l i e d  w i t h  t h e  coa l  by Commercial ~ e s t i n ' ~  and Eng inee r i ng  and t h e  average 

ROM va lues were p rov ided  by t h e  DOE. 

Ash, i (MF) 

st, % (MF 

B t u / l b  (MF) 

B t u l l b  (MAF) 

sp, % . (MF) 

Ss,  % (MF) 

So, % (MF) 

Mo i s tu re ,  % 

SO2, l b /106  B t u  

Kentucky No. 11 

Mine Cleaned - R OM 

#1 - #2 - Average 
10.72 10.76 29.0 

I l l i n o i s  No. 6  

Mine Cleaned R OM - 
#1 - #2 Average - 

10.03 9.91 24.2 

4.18 4.23 5.0 

12790 12755 8272 

14216 14158 10913 

1.35 1 ..36 - 
.04 .05 - 

2.75) 2.82' - 
15.99 15.99 - 
6.54 6.63 12.09 

A t o t a l  o f  twe l ve  l a b o r a t o r y  t e s t s  were conducted u s i n g  t h e  Kentucky coa l  

and t e n  t e s t s  u s i n g  t h e  I l l i n o i s  coa l .  These t e s t s  a r e  g i ven  i n  Tab le  6 as 

a b s t r a c t e d  f rom Appendix A. The Kentucky t e s t s  were conducted a t  35U°C w i t h  

an NaOHIKOH r a t i o  o f  80120, and a t  370°C w i t h  bo th  an 80120 and a 50150 r a t i o .  

F i g u r e  9 shows t h e  s u l f u r  removal r e s u l t s  f o r  t h e  Kentucky coa l .  Wi th  an 

80120 NaOHIKOH r a t i o ,  s u l f u r  reaches i t s  minimum va lue  f o r  ' the  coarse 6 mesh 

coa l  (shown as open symbols) a t  about t h r e e  hours and i s  no t  f u r t h e r  reduced 

by p rocess ing  f o r  seven hours, Fo r  b o t h  t h e  350°C, 80120 t e s t s  and t h e  370°C, 

50150 t e s t s ,  r e s i d u a l  s u l f u r  i n  t h e  f i n e r ,  45 mesh, coa l s  (one t e s t  p o i n t  a t  

each c o n d i t i o n )  was l owe r  t han  i n  t h e  coarse 6 mesh coa l .  A t  t h e  o t h e r  t e s t  

c o n d i t i o n  (370°C, 80/20),  t h e  t h r e e  f i n e  coa l  r e s u l t s  ( f i  1  l e d  square symbols) 

a r e  as expected b u t  t h e  s i n g l e  coarse coa l  r e s u l t  shows about one-ha l f  of t h e  

expected r e s i d u a l  s u l f u r  l e v e l .  The sma l l  i n f l u e n c e  of t h e  two p a r t i c l e  s i z e  

d i s t r i b u t i o n s  on s u l f u r  removal f rom t h e  Kentucky coa l  i s  s i m i l a r  t o  t h e  weak 

e f f e c t  r epo r ted  f o r  t h e  P i t t s b u r g h  coa l  i n  Sec t ions  2.4 and 2.6. Fo r  t h e  

Kentucky coa l ,  t h e  as'h removal i s  a f f e c t e d  about t h e  same as t h e  s u l f u r  

removal. A d d i t i o n a l  f i n e  coal  t e s t i n g  i s  needed t o  determine t h e  f i n a l  s u l f u r  

l e v e l  and. t h e  cor respond ing  minimum r e a c t i o n  t i m e  o b t a i n a b l e  w i t h  f i n e  coa l .  



T9BLE 6. LABORATORY RESULTS W l  TH KENTUCKY 1 1 AND IILL I NO! S 6 COALS 

Test Temp.. Caus:t i c Time, Mesh MF MAF - !b/ml ll i o n  9 tu  (MF) Z Removal* 
No. "C  NaOHIKOH 4sh so2 s h S02 Type":.: h r  Size S,% B tu / lb  . 

Kentucky tlo. II - Repository 

~ ~ 1 9 8  350 80/.?0 U 2 45x0 .76 14225 .. 30 1 -07 99.1 89.4 
GMl99 350 80l:O U 2 6x0 1.04 14241 .46 1.47 98.6 85.5 
W2Ol 350 80/:0 U ' 3.5 6x0 .52 13952 .24 -75 99.3 92.6 
~ ~ 2 0 2  350 80/;0 U 7.2 6x0 .51 13840 -32 .74 99.0 92.7 

I l l i n o i s  No. 6 - Re.pository 

C ~ 1 9 4  330 80!20 U 2 6x0 .93 14582 .67 1.29 97.7 
89.3 

,6xO 

6x0 

6x0 

5x0 

6x0 

,6xO 

i x o  

LxO 

' ~ e m v a l  ca lcu la ted  From RW coals .  Kentucky 111 ROR has ash 31.90. S 10.13 lb/106 Btu. '  Mime cleamlng reduced the  ash by 74.1% and 
s u l f u r  by 49.3%. I l l i n o i s  ROH has ash 29.26. S 12 09 lb/10€ Btu. Mine c lean ing  reduced ash by 7:..2% and s u l f u r  by 45.6%. 

* * 
taus t  l c  type in ,  add: t ion ao l abo ra to ry  grarfe (1) a d  commercial grade (C) , inc ludes  reused comnerc.lsl grade (u) t o  e v a l l l 3 t r  
she e f f e c t  of &era1 buil'dup. 
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Figure 9, Sulfur Removal from Kentucky 1 1  Coal 



The r e s i d u a l  s u l f u r  and corresponding heat of combustion on a mois tu re  

f r e e  bas is  a r e  shown i n  F i g u r e  10 f o r  t h e  Kentucky coal  t e s t s .  Four o f  t h e  

twe lve  t e s t s  meet t h e  NSPS. These data show t h a t  s u l f u r  i s  removed from t h e  

Kentucky coa l  u r~de r  m l l d e r  cond i t i ons  than requ i red  by t h e  Upper Freepor t  and 

P i t t s b u r g h  coals. For  t h e  45 x 200 mesh, one-hal f  hour a t  370' w i t h  a 50150 

c a u s t i c  r a t i o  gave 92% removal. The. f u l l  s i z e  range (6  mesh'x  0 )  processed 

w i t h  a m i l d e r  80120 c a u s t i c  r a t i o  needed one hour a t  370' t o  g i v e  90% removal 

o r  about 3 hours a t  350'. 

The f i n a l  r e p o s i t o r y  coal  t e s t e d  as a p a r t  o f  t h e  program was I 1  li no is  #6 

coal .  Tlie observed s u l f u r  removal as a f u n c t i o n  o f  t ime  i s  shown i n  F igu re  

11, A1 l o f  t h e  r e s u l t s  f o l l o w  t h e  t rends  t h a t  a r e  e.xp.ested cxcept f o p  ur~e 

t e s t  (GP-187) a t  350°C, 50150 which had 2 t o  3 t imes t h e  s u l f u r  va lue expected 

f o r  two hours o f  processing.  The. corresponding h igh  heat o f  combustion and 

h i g h  ash va lue  a r e  c o n s i s t e n t  w i t h  t h e  h i g h  s u l f u r  and would tend  t o '  i n d i c a t e  

t h e  e f f e c t i v e  processing t ime was about one-half an hour i ns tead  o f  two 

hours. Th i s  t e s t  r e s u l t  i s  c u r r e n t l y  ,unexplained. 

' The r e s i d u a l  s u l f u r  and corresponding heat o f  combustion (MF) f o r  t h e  

11 l i n o i s  coa l  t e s t s  a r e  shown i n  F i g u r e  12. Three of t h e  t e n  t e s t s  y i e l d  coal 
whiclr meets t h e  NSPS. I n  general, i t  has been found t h a t  t h e  I l l i n o i s  coal 

requ i res  processing c o n d i t i o n s  about t he  same a s  Kentucky coal t o  meet the 

same percent  removal. A t  370' and an 80120 c a u s t i c  r a t i o ,  two hours gave a 

compl.iant product .  A t  t h e  more aggessive 50150 c a u s t i c  r a t i o ,  two hours a t  

370" (96% removal ) and f o u r  hours a t  350" (93% removal ) gave g rea te r  s u l f u r  

removal . than requ i red  and probable standards cou ld  be met a t  about one-hal f  

t h e  res idence t ime  o f  t h e  t e s t s .  

2.8 SUMMARY OF LABORATORY RESULTS 

The gnal  o f  t h e  TRW Gravimel t Pr*ucess development e f f o r t  i s  t o  p rov ide  .a 

chemical coal  c l ean ing  technique t h a t  can produce compliance coal t o  meet t h e  

NSPS. Each o f  t h e  fpur  coals t e s t e d  du r ing  t h e  program were cleaned t o  t h e  

requ i red  l e v e l s .  As a b e n e f i t  o f  s u l f u r  removal, ash was a l s o  lowered, 

t y p i c a l l y .  by about 99% of i t s  s t a r t i n g  ROM value. F igu re  13 shows t h e  

r e s i d u a l  s u l f u r  l e v e l s  f o r  t h e  t e s t s  repor ted  i n  Sect ions 2.4 and 2.7. 
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I n  summarizing t h e  c l e a n i n g  r e s u l t s  f rom each of t h e  f ou r  coa l s ,  i t  i s  

c l e a r  t h a t  coa l  processed i n  an 80/20 NaOH/KOH m e l t  a t  350°C t o  370°C, t o  

reach t h e  t a r g e t  s u l f u r  l e v e l  u s u a l l y  r e q u i r e s  a  res idence  t i m e  o f  about f o u r  

hours o r  more, i f  i t  can be reached a t  a1 1. However, a t  370°C and a  50/50 

c a u s t i c  r a t i o ,  t h e  NSPS s u l f u r  l e v e l s  can be reached i n  t imes  i n  t h e  v i c i n i t y  

o f  two hburs. 

Coal Seam 

Upper F r e e p o r t  

P i t t s b u r g h  8  

I l l i n o i s  6 

  en tuck^ 11 

Reac t i on  Cond i t i ons  t o  Meet NSPS 

370°, 50/50 . o t he r ,  50150 

4 t o  5  h r s  390°, 2  h r s  

2 h r s  - 
1 t o  2 h r s  - 

.5 t o  1 h r s  350°, 2  h r s  

F u r t h e r  t r a d e - o f f s  of t ime,  tempera tu re  and c a u s t i c  r a t i o  w i t h  process 

economics wi 11 be requ i  r ed  t o  s e l e c t  t h e  bes t  c o n d i t i o n s  f o r  each p a r t i c u l a r  

feed coa l .  Be fo re  much a d d i t i o n a l  l a b o r a t o r y  da ta  i s  obta ined,  i t  i s  

suggested t h a t  ac tua l  o r  s imu la ted  r e c y c l e d  c a u s t i c  be examined as a  

parameter. Processed coa l  must be h o t  separated f r om t h e  m e l t  and t h e  m e l t  

r epea ted l y  reused t o  b u i l d  up i m p u r i t i e s .  Caus t i c  which s tays  w i t h  t h e  coal  

a l s o  shou ld  be washed f r om t h e  coa l  and reconcen t ra ted  f o r  reuse. Severa l  

t e s t s  w i t h  p r e v i o u s l y  used c a u s t i c  d i d  no t  have e i t h e r  t h e  mo i s tu re  o r  t h e  

s u l f u r  (sodium s u l f i d e )  con ten t  of r e c y c l e d  m a t e r i a l .  No e f f e c t  was found 

and no ma jo r  e f f e c t  i s  expected, b u t  i m p u r i t i e s  c o u l d  i n f l u e n c e  t h e  r a t e  o r  

u l t i m a t e  e x t e n t  o f  s u l f u r  removal. I f  a  d i f f e r e n c e  i s  found, t h e  o f f e n d i n g  

m a t e r i a l  shou ld  be i d e n t i f i e d  and t h e  e f f e c t  examined q u a n t i t a t i v e l y  i n  

s u i t a b l e  l a b o r a t o r y  exper iments.  



3.0 BENCH-SCALE TESTING 

A k t y  o b j e c t i v e  o f  t h i s ,  p r o j e c t  was t o  begin-.f'he t r a n s i t i o n s  from process 

s t u d i e s  performed a t  l a b o r a t o r y  sca le  t o  r e a c t i o n  s tud ies  conducted i n  bench 

s c a l e  reac to rs  capable o f  cont inuous, steady s t a t e  operat ion.  Most o f  t h e  

design concerns r e l a t e d  t o  producing a near p l u g  f l o w  o f  t h e  coal  through 

. caus t i c  and avo id ing  cak ing  o f  t he  dry feed coal ,  e s p e c i a l l y  d u r i n g  t h e  t imes 

.; - j u s t  b e f o r e  and immediate ly  f o l l  owi ng c a u s t i c  contac t .  

The f i r s t  design t o  be f a b r i c a t e d  and t e s t e d  i s  designated t h c  Mod 1 

r e a c t o r .  Based on exper ience qained du r ing  ope ra t i on  o f  the Mod 1 reactor ,  a 

second (Mod 2 )  r e a c t o r  was designed and operated. These reac to rs  and t h c  t e s t  

r e s u l t s  a r e  descr ibed i n  t h e  sec t i ons  which fo l l ow .  

3.1 MOD 1 REACTOR 

The f i r s t  r e a c t o r  consised of an u p r i g h t  feed tube p a r t i a l l y  f i  1 l e d  w i t h  

c a u s t i c  connected t o  t h e  t o p  of a l a r g e  c a u s t i c  f i l l e d  r e s e r v o i r  which a l s o  

had a v e r t i c a l  d ischarge tube p a r t i a l l y  f i l l e d  w i t h  caus t ic .  The reac to r  

d i s i l ~ d r y e  rube was connected t o  a p a r t l y  water  f i l l e d  quench tank by a scraper  

box as shown schemat ica l l y  i n  F i g u r e  14, Ths design d e t a i l s  and t he  t e s t  

r e s u l t s  a r e  prnv ided i n  t h e  subsect ions which fo l l ow .  

3.1.1 Design o f  t he  Reactor  System 

The r e a c t o r  system a t  two stdyes o f  i n s t a l l a t i o n  i s  shown i n  F igures  15  

aqd 16.. I n  t h e  f i r s t  photograph, t h o  welded s t d i n l e s s  s t e e l  r e a c t o r  p a r t s  and 

t h e  coal feeder are at tached t o  show t h e i r  r e l a t i v e  l aca t i ons .  The second 

photograph shows the  system w i t h  h e a t e m ,  mixers, coal feed ru r~ne l  and quench 
. .~ 

vessel (coal  r e c e i v e r )  attached. 

,J , 

The p r i n c i p l e  o f  operat ion, cons i s t s  the  f o l  low i  ng sequence o f  events. 

Caust ic  Is added t o  and mel ted i n  t h e  l e f t  s i de  vessel heated by s t r i p  heaters 

u n t i l  t h e  d e s i r e d .  l i q u i d  l e v e l  i s  reached. Band heaters,  at tached t o  

temperature c o n t r o l l e r s ,  cover  . a l l  p a r t s  of t h e  r e a c t o r  and scraper  box t o  
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Figure  1 4 .  Mod 1 Reactor System Schematic 



Fiaure  75. Mod 1 Reactor Weldment Assembly 
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Figure 16. Mod 1 Reactor Complete Without Insulat ion 
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ob ta in  the  des i red temperatures througnout t ne  reac to r  system. Coal i s  added 

t o  t he  funnel a t  t he  t o p  o f  the  l e f t  s ide feed tube,. Both the i n l e t  and t h e  

o u t l e t  mixers are  se t  a t  the  desi red speed. 

The s t i r r i n g  sha f ts  are made o f  s ta in less  s tee l  rods d r i l l e d  t o  accept 

s t a i n l e s s  s t e e l  p ins  as shown i n  F igure  17. These s t i r r e r s  are t o  prevent 

coal from caking and thereby t o  a s s i s t  t he  coal i n  passing down the  feed tube 

and i n t o  the molten caust ic.  As more coal i s  added t o  the feed side, i t s  

weight pushes t he  previous coal downward u n t i l  coal reaches the  reservo i r  a t  

t h e  bottom. I n  t he  reservo i r ,  coal spreads out across t he  top u n t i l  i t  

reaches the bottom o f  the  r i g h t  s ide  discharge tube. The buoyant coal 

p a r t i c l e s  f l o a t  up t he  tube and reach the sur fac .~ .n f  the caustic. As coal 

cont inues t o  f l o a t  upward i n  t he  discharge tube, i t ra ises t h e  previous coal 

above t h e  l i q u i d  l e v e l  wh r e  excess caust ic  drains from the  f l o a t i n g  coal. I n  

time, enough coal ente S the  tube t h a t  f l o a t i n g  coal reaches the  entrance t o  

t h e  scraper box. As o f  < en as needed, t he  coal i s  scraped from the  e x i t  o f  the 

discharge tube t o  t he  entrance o f  the  coal discharge chute and dropped i n t o  

quench water i n  t h e  coal receiver. Steam generated by the  hot coal and 

caus t i c  i s  condensed and returned t o  t h e  receiver. 

A t  the conclusion o f  a tes t ,  t he  coal, mixed w i t h  aqueous caustic, i s  

pumped t o  one of t he  th ree  wash tanks shown i n  Fiqure 18. Harp wster o r  

a c i d i f i e d  water i s  added as desired and the resu l tan t  s l u r r y  i s  separated i n  8 

cent r f fuge shown i n  F igure 19. The cen t r i fuge  cake may be reintroduced i n t o  

t h e  wash tanks f o r  f u r t h e r  treatment o r  d r i ed  as product coal. 

3.1.2 Test ing o f  Mod 1 

I l l i n o i s  No. 6 Coal Test ing 

Shakedown t e s t i n g  o f  the reac to r  system, using I l l i n o i s  #6 coal, was 

i n i t i a t e d  w i th  checkout runs o f  2 hour durat ion a t  350°C a t  a 5 pound per hour 

(pph) coal feed rate. It was found necessary t o  add heaters and gas purges 

t o  remove moisture from the  feed s ide  o f  the reactor. Without moisture 

cont ro l ,  plugging was experienced i n  the gas f i l t e r  and coal feed system. 

Pressure r e l i e f  was a lso added t o  prevent reactor  pressure from r i s i n g  higher 

than a few inches o f  water. 



Figure17. Stirring Shafts for Mod 1 Reactor tnlet/Outlet 



Figure 18. Cca' Wash and Acid Treatment Systm 





During a shakedown t e s t  run, t o  conf i rm the s u i t a b i l i t y  o f  the new heater 

arrangement, i t  was discovered t h a t  t he  feed-side s t i r r e r  shaf t  had fa i led .  

Metal 1 ographic and chemical t e s t i  ng showed t h a t  ch lo r ide  crev ice at tack from 

residual  z i nc  chlor ide,  used i n  the  hydrau l ic  flow t e s t  p r i o r  t o  shakedown was 

a l i k e l y  con t r i bu to r  t o  t he  f a i l u r e .  The reactor  wa l l s  were examined by an 

u l t r ason i c  thickness meter w i t h  no i nd i ca t i on  o f  general corrosion. Die 

penetrant s tud ies i d e n t i f i e d  some weld zone cracks above the caust ic  l e v e l  

t h a t  were repaired. 

A f t e r  the  reactnr w a ~  rechecked, Run 1 was s ta r t ed  w i t h  80,420 caust ic  a t  

370°C w i th  14 mesh x 0 I l l i n o i s  #6 coal- from the reposi tory.  Beginning about 

an hour i n t o .  t he  run, plugs f o m d  from moisture/eoal mixtures and 

i n t e r m i t t e n t  operat ion continued fo r  about 5 hours. The f o l l ow ing  day, Run 1A 

was started,  but  p lugging by moist coal f ines prevented a useful  tes t .  

Dr ied repos i tory  coal wak used fo r  Run 16 and again about 5 hours o f  

operat ion was obtained. A t h i r d  tes t ,  Run lC, was conducted a t  condi t ions 

s i m i l a r  t o  Run 16 and was terminated a t  about 5 hours when the  coal feeder 

becdnre s t i c k y  and e r r a t i c .  

n f r e c t a l  Test i  n~ 

The f i r s t  t e s t  o f  Upper Freeport coal used the  14 mesh x 0 sample t h a t  

had been mine cleaned t o  about 10% ash a t  about 1.6 s p e c i f i c  grav i ty .  This 
tes t ,  Run 2, was a t  350°C w i t h  a nominal coal feed r a t e  o f  2.5 pph. The run 
was terminated a t  th ree  hours when a heater fai led,  

Run 3 was s i m i l a r  t o  Run 2, but a t  37OUC. The t e s t  was terminated a t  t he  
end o f  the day w i t h  about 5 hours o f  operation. The fo l low ing  morning, Run 4 
was i n i t i a t e d  but plugging occurred i n  the feed s ide of  the reactor and the 

product coal i s  bel ieved t o  be residual  coal from Run 3. 



P i t t s b u r g h  No. 8  Coal T e s t i n q  

Exper ience w i t h  p r e v i  ous r e a c t o r  o p e r a t i  on i nd i  ca ted  . t h a t  coa l  p l  ugg i  ng 

tended t o  occur,  i n  t h e  feed  s i d e  o f  t h e  r e a c t o r  f o l l o w i n g  l eng thy  r e a c t o r  

shutdowns ( o v e r n i g h t ) .  To overcome t h i s  behavior ,  24-hour, o p e r a t i  on was 

planned. Runs 5 and 6  t e s t e d  14 mesh x ' O  P i t t s b u r g h  #8 coa l  f rom t h e  

r e p o s i t o r y  t h a t  had been vacuum d r i e d .  Run 5  was made a t  370°C w i t h  a  nominal  

coa l  feed  r a t e  o f  2.5 ppti. A f t e r  about 7 hours o f  ope ra t i on ,  t h e  pr.oduct c o a l  

r e c e i v e r  was changed f o r  t h e  nex t  run. 

Run '6 was conducted a t  330°C But  o therw i  se' l i k e  Run 5. Du r i ng  bo th  runs, 

t h e  coa l  foamed v i g o r o u s l y  and bubbled over  i n t o  t h e  quench r e c e i v e r  w i t h o u t  

assistance.. The run was t e rm ina ted  a f t e r  about 6 hours and t h e  .coal  changed 

f o r  t h e  n e x t  t e s t .  

Upper F reepo r t  Hiqh Ash (ROM) T e s t i n g  

Run 7 was performed w i t h  t h e  38% ash ROM Upper F r e e p o r t  coa l  sample. 

Th i s  . t e s t  was conducted a t  370°C under  c o n d i t i o n s  s i m i l a r .  t o  Run 5. Foaming 

d i d  no t  occu r .and  t h e  c a u s t i c  l e v e l  was so low t h a t  most of t h e  coa l  c o l l e c t e d  

i n  t h e  r e a c t o r  r e s e r v o i r  and was n o t  d ischarged  t o  t h e  quench received.  The 

t e s t  was t e rm ina ted  a f t e r  6  hours o f  opera t ion .  The nex t  p lanned t e s t  was no t  

s t a r t e d  because o f  a  coa l  feed  stoppage. The stoppage was found t o  be coa l  

b r i d g i n g  i n  t h e  feed  f unne l  ; however, t h e  r e a c t o r  was shu t  down because i t  was 

thought  t h a t  t h e  feed  s i d e  o f  t h e  r e a c t o r  was plugged. 

These seven t e s t s  c o n s t i t u t e  t h e  t e s t i n g  t h a t  was conducted w i t h  t h e  Mod 

1 steady f l o w  reac to r .  Severa l  general  comments can be made about i t s  

o p e r a t i o n  and t h e  need f o r  a  Mod 2  steady f l o w  r e a c t o r .  

1 )  The 316SS r e a c t o r  s u f f e r e d  metal  l u r g i c a l  damage p robab ly  f rom 

c h l o r i d e  a t t a c k  as a  r e s u l t  r e s i d u a l s  f rom t h e  z i n c  c h l o r i d e  

h y d r a u l i c  s i m u l a t i o n  t e s t i n g .  

2 )  The Mod 1 r e a c t o r  and hea te rs  were l i m i t e d  t o  about 370°C. Even a t  

350°C t o  370°C some hea te r  f a i l u r e s  occur.  T e s t i n g  was needed dl: 

temperatures up t o  390°C. 



3 )  Leve l  c o n t r o l  i n  t h i s  r e a c t o r  des ign  i s  a  d i f f i c u l t  t ask .  When coa l  

foaming occurs,  t h e  low d e n s i t y  foam r a p i d l y  r i s e s  t o  t h e  c a u s t i c  

s u r f a c e  and ove r f l ows  i n t o  t h e  r p c ~ i v p r  c a r r y i n g  c a u s t i c  w i t h  i t. 

When t h e  s u r f a c e  of t h e  c a u s t i c  drops t o  t h e  r e s e r v o i r  l e v e l ,  t hen  

coa l  s h o r t  c i r c u i t s  between t h e  feed  l e g  and t h e  d ischarge  l e g .  Even 

when t h e  c a u s t i c  l e v e l  i s  above t h e  r e s e r v o i r ,  i t  i s  f a r  below t h e  

p lanned dep th  and t h e  coa l  res idence  t i m e  i s  g r e a t l y  reduced. Small 

d iameter  tubes,  which h i n d e r  c a u s t i c .  disengagement f r om t h e  foam, a r e  

n o t  s u i t a b l e  f o r  use w i t h  foami ng coa ls .  

3.1.3 Resu l t s  o f  t h e  Mod 1 Reactor  Tes ts  

Three coa IS: I 1  li n o i s  #6, P i t t s b u r g h  #8 and Upper F r e e p o r t  (run-of-mi ne 

and c leaned)  were t e s t e d  a t  temperatures f rom 330°C t o  370°C. Coal analyses 

o b t a i n e d  d u r i n g  each o f  t h e  t e s t  s e r i e s  a r e  g i ven  i n  Tab le  7. I n t e r p r e t a t i o n  

of t h e  data i s  d i f f i c u l t  because of coa l  foaming which i n f l u e n c e s  feed  and 

d i scha rge  r a t e s  and coa l  res idence  t ime.  

As a  g e n e r a l i z a t i o n ,  t h e  f i r s t  t e s t  da ta  f rom each run  showed l owe r  

s u l f u r  and ash l e v e l s  t h a n  l a t e r  samples. The p rnhah le  e x p l a n a t i o n  f o r  t h i s  

r e s u l t  i s  t h a t  t h e  c a u s t i c  l e v e l  was, a t  t h e  p lanned depth a t  t h e  s t a r t  o f  

t e s t i n g  and gave more n e a r l y  t h e  nominal res idence  t ime.  Because s teady s t a t e  

f l o w  c o n d i t i o n s  had n o t  been f u l l y  e s t a b l i s h e d  a t  t h e  t i m e  of t h i s  f i r s t  

sample, t hese  f i r s t  r e s u l t s  f r om each run  p robab ly  a r e  n o t  as good as s teady 

s t a t e  r e s u l t s .  However, as t h e  run  proceeded, much of t h e  c a u s t i c  was c a r r i e d  

ou t  i n  foam s h a r p l y  r educ ing  t h e  res idence  t i m e  and even p e r m i t t i n g  coa l  t o  

s h o r t  c i  r c u i t  t h e  c a u s t i c .  Thus, as t h e  run  progressed, t h e  r e s u l t s  tended t o  

show less r e a c t i o n .  

Cons ide r i ng  bo th  t h c  o p e r a t i o n  o f  t h e  equip~nent  and t h e  t i m i n g  o f  t h e  

samples, t he  f o l l o w i n g  r e s u l t s  a r e  cons idered  most t y p i c a l  o f  t h e  coa l s  t e s t e d  

a t  t h e  s p e c i f i c  t e s t  c o n d i t i o n s .  A l l  t e s t s  used an 80120 NaOHIKOH r a t i o .  



TABLE 7. SUMMARY OF STEADY-FLOW REACTOR RESULTS 

Run No. Coa 1 Temp, C 
A n a l y s i s ,  m o i s t u r e  f r e e  

Ash % ST,% B t u / l  ti 

16 14x0 m o i s t  

16 14x0 d r y  

16 14x0 d r y  

UF 14x0 1.6 f l o a t  

UF 14x0 1.6 f l o a t  

UF 14x0. 1.6 f l o a t  

UF 14x0 1.6 f l o a t  

UF 14x0 1.6 f l o a t  

5-1 P8 14x0 repos 370 .48 .55 13684 

5-2 P8 14x0 repos 370 .98 1.18 14087 

6- 1 P8 14x0 repos 3 3 0 1.79 2.50 1 3997 
6-2 P8 14x0 r epos 330 3.06 2.44 14061 

7-1 UF 14x0 R OM 370 .87 2.56 13792 

7-2 UF 14x0 R OM 3 70 1.63 3.38 1428 1 

7-R UF 14x0 ROM 370 2.51 1.03 14571 



I 1  l i n o i s  No. 6  - (370°, 1  h r  nominal res idence  t ime* )  

A n a l y s i s  (mo i s tu re  f r e e  b a s i s )  

Ash 2.L B t u l l  b  

S t a r t i n g  coa l  9.97 4.21 12773 

Run 1 .54 .39 13440 

P i t t s b u r q h  No. 8  - '(370' and 33U0, 2  h r s  nominal r es i dence  t ime**)  

A n a l y s i s  (mo i s tu re  f r e e  b a s i s )  

Ash - S+ B t u l l  b  - 
S t a r t i  ng c o a l  10.34 4.22 13282 

Run 5-1 (370') .48 .55 13684 

~ ~ 1 7 5  (370°, 80 /20 ,  4 h r )  .51 .55 13362 

Run G=2 ( 330a )  3.06 2.44 14fl61 

GP165 (330°, 80120, 1 h r )  2.87 2.30 13935 

Upper F r e e p o r t  - ROM (370°, 1-6 h r  res idence  t ime***)  

A n a l y s i s  (mo i s tu re  f r e e  b a s i s )  

Ash A- B t u / l  b  

S t a r t i n g  coa l  38.00 2.50 8908 

Run 7-R 2.51 1.03 14571 

GP174 (370°, &0/20, 2 h r )  2.b0 1.01 15042 

------------- 
*Coal feed  problems caused f l o w  i n t e r r u p t i o n s  which lengthened t h e  

res idence  t i m e  w h i l e  foaming reduced i t. Ac tua l  res idence  t i m e  i s  thought  
t o  be more t han  2 'hours.  E x t r a p o l a t l n g  t h e  l a b o r a t o r y  da ta  of F i g u r e  11 
Ind lcaees  and e f f e c t i v e  res idence  t i m e  o f  about 4  hours.  

**The coal  feeder  was s e t  t o  g i v e  2  h r  res idence  t ime,  b u t  f o r  about 2/3 o f  
R I I ~  5-1 t.he a c t u a l  weighed ~ o a l  i n p u t  was e q u i v a l e n t  t o  about 4  h r  
res idence  t ime.  Probably  foami ng and the  low c a u s t i c  l e v e l  made Run 6-2 
nearer  1  h r  r es i dence  t ime.  

***Most o f  t h e  coal  c o l l e c t e d  i n  t h e  r e s e r v o i r  which was washed and sampled 
a t  t h e  end of t h e  run  t o  g i v e  sample 7-8. The coa l  was added o v e r  a 6-hr  
p e r i o d  so t h a t  t h e  f i r s t  coa l  had about 6 h r s  of res idence  t i m e  and t h e  
l a s t  coa l  p robab ly  had ,l h r  o r  l ess .  



Upper F r e e p o r t x l e a n e d  (350' and 370°, 2  h r  nominal res idence  t ime* )  

Ana l ys i s  (moi s t u r e  f r e e  b a s i s )  

Ash A B t u l l  b  

S t a r t i n g  coa l  9.53 1.22 14057 

Run 2  (350") 1.72 .97 151 58 

(No comparat i ve 1  abo ra to r y  t e s t s  were conducted a t  350°C) 

Run 3  (370")  1.20 .69 15025 

Run 3-3 (370") 1.15 .65 14796 

Run 4-1 . (370') 1.01 .65 14612 

GP169 (370°, 80120, 4  h r )  1.44 .90 15052 

GP154 (370°, 50150, 2 h r * )  .95 .62 14938 

Coal Recovery 

Tes t  s e r i e s  5  t o  7  which were . f r o m  a  cont inuous o p e r a t i o n  i n c l u d e d  

s u f f i c i e n t  samples t o  c a l c u l a t e  t h e  o v e r a l l  coa l  recovery.  Du r i ng  t e s t s  5  and 

6, 24.1 pounds o f  P i t t s b u r g h  #8 coal  w i t h  10.34% ash was f e d  t o  t h e  reac to r .  

Du r i ng  t h e  t e s t s ,  f o u r  p roduc t  samples were removed w i t h  a  t o t a l  weight  o f  

18.5 pounds. The 5.6 pound d i f f e r e n c e  i s  about equal t o  t h e  s i x  pounds 

c a l c u l a t e d  t o  be t h e  r e a c t o r  holdup, b u t  t h e  a c t u a l  ho ldup was n o t  

determined. Test 7  f o l l o w e d  immediate ly  and i n p u t  11.0 pounds o f  dry, ROM 

Upper F reepo r t  coa l  c o n t a i n i n g  38.0% ash. The two p roduc t  samples had a  t o t a l  

coa l  p roduc t  we igh t  o f  4.8 pounds. A f t e r  Tes t  7, t h e  r e a c t o r  was d ra ined  and 

7.4 pounds o f  coa l  were recovered f rom t h e  caus t i c .  The t o t a l  i n p u t  and 

o u t p u t  o f  s o l i d s  wi 11 no t  balance because ash ( a c t u a l l y  m ine ra l  m a t t e r )  was 

removed by t h e  process. A  meaningful  approach t o  o b t a i n i n g  a  p roper  balance 

i s  t o  reduce a l l  i n p u t s  and ou tpu ts  t o  a  mo i s tu re  and ash f r e e  (MAF) bas is .  

Th i s  e l i m i n a t e s  most o f  t h e  problems assoc ia ted  w i t h  m ine ra l  m a t t e r  d i s s o l v i n g  

i n t o  t h e  leach  s o l u t i o n .  Table 8 shows t h e  MAF coa l  balance f o r  Runs 5-7. 

The o v e r a l l  c l o s u r e  i s  reasonable showing 28.4 pounds i n  and 29.3 pounds out .  

------------ 
*Using a  50150 c a u s t i c  r a t i o  matches t h e  r e s u l t s  which l a b o r a t o r y  t e s t s  (see 
F i g u r e  5 )  i n d i c a t e  would need a  temperature near 390°C t o  reach a t  an 80120 
r a t i o .  



TABLE 9. COAL BALANCE 

Samp 1 e Wt,Bb "a20 % Ash - kAFCoal ,  l b  MAF E.tu/lb 

Input  : P -8' 24. n i i  1 

UF, ROY 1 1  .O i i l  

Output: 5 - 1 3.95 3.74, 3.12. 

5 -2 4.30 2.22, 2.90 

6-1 6.44 2.56, 3.85 

6-2 3.77 1.54,, 3.21 

7 - 1 3.84 3 . 3 3 ,  3.29 

7 -2 -97 2.24, 2.92 

7 R 7.42" 1.97 

O ~ e r a l l  coal  recovery 

Approximate P i t t sbu rgh  8 recovery 

Sgm o f  5-1 through, 7-2 - - 22.25 
21 .G or  105% 

l nput P-8 

Approximate Upper Freeport  recovery 

Sum o f  7 R  and wash 
lnput  UF, ROM 

.L 

The coal recovered from the  equipment a f t e r  shutdown, Sample 7 R ,  i s  7.3 pounds from the c a u s t i c  a i d  
-12 pounds washedl from the hardware. Analys is  i s  on l y  f o r  the  7.3 pound p o r t i o n ;  the  wash p a r t  i s  
assumed t o  be' s iri 1-31.. 



A t  the bottom o f  the  t a b l e  i s  an est imate o f  the recovery o f  each coal. 

Because t he  P i t tsburgh coal foamed and was read i l y  ca r r i ed  out o f  the reactor  

i n t o  the quench receivers even when the  caust ic  leve l  was low, i t  i s  be l ieved 

t h a t  most o f  t he  coal obtained dur ing Test 7  (Samples 7-1 and 7-2) was 

res idua l  P i t tsburgh coal he ld  up i n  the  reactor. The non-foaming Upper 

Freeport sank i n t o  t he  reservo i r  and was recovered from the  caus t i c  as sample 

7R and t he  small amount o f  coal washed from the  equipment. This explanat ion 

i s  a lso supported by t h e  heat o f  combustion (MAF) o f  coals from 7-1 and 7-2 

which are mpre l i k e  P i t tsburgh coal (14000 B t u l l b )  than Upper Freeport coal 

(15000 B t u / l  b )  . 
3.2 MOO 2  REACTOR 

3.2.1 Design 

Coal foaming posed a major problem r e l a t i n g  t o  the movement o f  coal i n  

the 3" diameter feed and discharge tubes o f  t he  Mod 1 bench scale reactor. 

Based on the t e s t  experience gained dur ing the  Mod 1 reactor  operation, a  

design concept was developed and implemented which g rea t l y  enlarged the coal 

f low path. The Mod 2 reactor  made use o f  an e x i s t i n g  e l e c t r i c a l l y  heated, 

n icke l  vessel 20" i n  diameter and 28" deep. I n t o  t h i s  vessel a  b a f f l e  

arrangement was inser ted  as shown i n  F igure  20. 

Dry coal was introduced i n t o  the cen t ra l  section, equipped w i t h  a  s t i r r e r  

t o  contact the coal w i t h  the molten caustic. As the  coal became wetted, i t  

passed through a s l o t  i n  t he  lower po r t i on  o f  the  cy l inder  amd f l oa ted  t o  t he  

surface o f  the  annular reactor  zone i n  t he  region between t he  t a l l  d i v i d e r  and 

the  short  ba f f l e .  A coarse screen over the  s l o t t e d  opening prevented la rge  

unwetted coal agglomerates from l eav i  ng the  m i  x i  ng zone. 

I n  the  annular zone, coal f l oa ted  t o  the surface, passed over the  short  

b a f f l e  and worked i t s  way around the reactor  t o  the opposite s ide of the t a l l  

d iv ider .  Movement was assisted by an occasional use o f  a  screen dasher 

(Figure 21) t h a t  was moved up and down against the surface o f  the f l o a t i n g  

coal. A t  the end o f  i t s  c i r c u i t ,  coal was p e r i o d i c a l l y  removed t o  maintain a  



Figure 20. Mod 2 Reactor, Baf f le  and Stirrer 



Figure 21. Dasher Used to  Assist Coal Movement 

5 5 



r e l a t i v e l y  constant quant i ty  o f  coal i n  the  reactor. Figure 22 shows the  

reactor,  i t s  cover and t h e  screen scoop used t o  removal coal from the  annular 

d i  scharge area. 

Shakedown t e s t s  showed no major operat ional  d i f f i c u l t i e s  i n  feeding and 

removing dry P i t tsburgh coal over the  range o f  temperatures and feed ra tes 

planned. Moist  coal would not proper ly feed through the  automatic feeder 

system and requi  red hand feedi ng. The s i  ngl  e-shi f t  shakedown runs provided an 

i n i t i a l  est imate o f  t he  caust ic/coal  ra t ios '  removed by t he  scoop. Fol lowing 

t h e  shakedown tests ,  t h e  equipment was drained and cleaned i n  preparat ion f o r  

t h e  week-1 o ~ g ,  round-the-clock tes t .  
1 

3.2.2 ~ e a c t o r  Operation 

The steady flow, Mod 2 reactor  was used successful ly f o r  a ser ies  o f  n ine 

t e s t s  t o t a l  l i n g  98 hours dur ing one week o f  24 hour per day operation. A l l  

t e s t s  as shown i n  Table 9, used the 6 mesh x 0 Pi t tsburgh #8 repos i tory  coal* 

w i t h  a sieve analysis as reported previously. I n  Test 4, the  100 mesh x 0 

f r a c t i o n  (about 28%) was removed and only the  +I00 f r a c t i o n  was processed. 

The coal as reported i n  t h e  repos i tory  analysis has 5.9% moisture and on a dry 

basis has 10.34% ash and 4.22% su l fu r .  

Coal was fed t o  the reactor a t  a r a t e  o f  1 l b /h r  (4  hours nominal 

residence t ime)  dur ing Tests 2, 3 and 9 and a t  2  l b / h r  ( 2  hour nominal 

residence t ime)  dur ing the  other s i x  tests.  I n  a l l  t e s t s  except t he  moist 

coa l  t e s t  (Test 6), t he  coal was continuously fed by a ca l i b ra ted  feeder. It 

was planned t h a t  4 pounds of coal would be contained i n  t he  reactor and t h a t  

about 1/6 o f  the  coal would be scooped out a t  each sample time. The sampling 
i n t e r v a l  was 20 minutes when residence t ime was 2 hours and 40 minutes when 

r e s i  dence t ime was 4 hours. 

*This coal has general ly  been re fe r red  t o  as 14 mesh coal. It ac tua l l y  i s  6 
mesh top s i z e  and i s  re fe r red  t o  as 6 mesh x 0 i n  these discussions. 



Figure 22, View o f  Reactor Through the Coal Removal Port 



TABLE 9. MOD 2 REACTOR TEST SEQUENCE 

Temp Na OH/ R2s; Time Test 
Test " C KOH hr Duratian, h r  Coal Feed Notes 

S ta r t  Up 370 83/20 - 2 none 

Cool down - 83/20 4 

3 350 8D/m 4 

Heat up - 89/20 2 
cn 
03 

4 370 8Df23) 

5 370 8D/TO 

6 370 8D J210 

Add KOH - 67/33 

7 370 67/33 . 
Add KOH 50/50 

6 x0, d r y  Jan. 17 02:OO-14:OO; coal fed, no 
samples f i r s t  2 h r  

6 xO, d r y  J&. 17 14 :00 - Jan. 18, 02 :00 

6 xO, d r y  continued to  add/remove caa 1 

6 xO, dry Jan 18 06:OO-18:QO 

6 xO, dry no coal added; sampling 
continued 

6 x100 dry Jan. 18 22:OO - Jan. 19 0C:OO 

6 xO, d ry  Jan. 19 06:OO-14:00 

6 x0, moist  Jan. 19 94:00-22 :00; coal hand fed 

temp dropped t o  30k°C, 
362' a t  s t a r t  o f  #7 

6 xO, dry  Jan. 20 02 :00-14 :00 

temp dropped t o  29?"C, 
361 O a t  s t a r t  o f  #8 

6 xO, dry  Jan. 20 18:bo - Jan. 21 10:80; 
feeder o f f  1 h r  

6 xO, dry Jan. 21 10:OO-20:OO 

Shutdown - - - 4 none skim t o t a l  reactor  surface 
* 

F i r s t  2 hours used t o  purge the reactor  o f  c ~ a l  from p r i o r  t e s t  period. 



The o v e r a l l  m a t e r i a l  recovery i s  g i ven  i n  Tab le  10 which shows agreement 

between t h e  t o t a l  we igh t  of m a t e r i a l  removed f rom t h e  r e a c t o r  and t h e  sum o f  

c a u s t i c  and coa l  added t o  t h e  reac to r .  A t o t a l  o f  563 pounds o f  caus t i c -we t  

coa l  samples were removed. f rom t h e  r e a c t o r .  The s t a r t i n g  and end ing  c a u s t i c  

l e v e l s  were w i t h i n  an i n c h  (20  1  b l i n )  so t h a t  t h e  o v e r a l l  ba lance i s  f r e e  o f  

s i g n i f i c a n t  e r r o r .  

The s o l i d i f i e d  p roduc t  removed a t  20 t o  40 m inu te  i n t e r v a l s  f r om t h e  

re 'actor c o n s i s t e d  o f  seve ra l  lumps o f  coa l  mixed w i t h  c a u s t i c .  Every f i f t h  o f  

t hese  p roduc t s  was sampled and t h e  sample, we igh ing  100 t o  200 grams was 

l a b o r a t o r y  washed 'and d r i e d  t o  o b t a i n  a  processed coa l  sample f o r  a n a l y s i s .  

The r e s u l t s  a r e  g i ven  i n  Tab le  11 which shows. t h e  ash va lue  ob ta i ned  a t  t h e  

CTS l a b o r a t o r y  and t h e  we igh t  y i e l d  o f  d r y  coa l  f rom each sample. Us'ual l y  t h e  

l a s t  two samples f rom each run  a l s o  were subm i t t ed  t o  Warner L a b o r a t o r i e s  f o r  

a  s h o r t  p rox imate  a n a l y s i  s. 

The ash and s u l f u r  da ta  ob ta i ned  f rom t h e  Mod 2  r e a c t o r  samples g e n e r a l l y  

show s l i g h t l y  l e s s  removal than  was ob ta ined  i n  t h e  l a b o r a t o r y  ba t ch  r e a c t o r  

t e s t s  ( S e c t i o n  2.6, Tab le  5).  S u l f u r  comparisons a r e  more impo r tan t  s i n c e  ash 

removal remains w e l l  above t h e  90% t a r g e t .  

Labora to ry  Mod 2 

Tes t s  SO7 Removal ,% Tests  SO7 Removal,% Condi t i ons 

I n  t h r e e  o f  t h e  f o u r  c o n d i t i o n s ,  t h e  bes t  Mod 2 sample i s  about t h e  same 

as t h e  l a b o r a t o r y  sample. Th i s  suggests t h a t  a  sampl ing e r r o r  may e x i s t .  The 

l a b o r a t o r y  analyses a r e  based on a  r i f f l e  c u t  o f .  coa l  a f t e r  wo rk i ng  up t h e  

complete batch. It i s  more l i k e l y  t h a t  t h e  sampl i n g  e r r o r  i s  f rom t h e  grab 

sample techn ique  used on t h e  Mod 2  product .  A t o t a l  o f  t h r e e  samples, a l l  a t  

4  hour res idence  t ime,  d i d  meet t h e  NSPS l e v e l s .  



TABLE 1 0 .  MOD 2 REACTOR CAUSTIC AND COAL RECOVERY 

D u r a t i o n ,  Coal I n  C a u s t i c  I n  Samples Out 
Even t  h  r l b  1 b  1 b  

I n i t i a l  f i l l  

T e s t  1  

T e s t  2  

Cool  down 

T e s t  3 

Hea t  Up 

Purge 

T e s t  4  

Purge 

T e s t  5  

R e s i d u a l  ( e s t )  

Purge 

T e s t  6 

Add KOH, h e a t  

Purge 

T e s t  7' 

Add KOH, h e a t  4  - 90.0 - 
Purge 

T e s t  8 14 . 2 4  - 7  26  . O  86 .2  

T e s t  9  10 6 .9  8 .3  31 .9 

R e s i d u a l  ( e s t )  - -1 .4 - 50.2 
- .  - 

155.2 407.4 558.0 

12 s m a l l  b o t t l e  samples a t  a b o u t  2 0 0 ~  each 5.3 

. T o t a l  Out 563.3 

T o t a l  I n  562.6 



TABLE 1 1 .  RESULTS OF THE MOD 2 TESTING OF PITTSBURGH 8 COAL 

Samp 1 e CTS ,Ash % Coal 

RUN 1 (370°c, 80/20, 2 h r  nom., d r y  6 x 0) 

RUN 2 (370°c, 80/20, 4 h r  nom.,dry 6 x 0) see n o t e  a t  end o f  t a b l e  

RUN 3 (350°c, 80120, 4 h r  nom., d r y  6 x 0) - 
Cool down .85 19.6 

3-  1 . 7 8  19.9 

3-6 - 7 9  i g . 6  

3-1 1 1 .09 20.6 1.10 

3-16 .96 18.9 - 9 9  

RUN 4 (370°C, 80120, 2 h r  norn., d r y  6 x 100) 

Heat up - 9 3  19.8 

Pre 4 1.23 22.6 

4-1 1.12 24.3 

4-6 1.45 22.0 

4-1 1 1.36 20.5 

4-16 1.29 21 .9  



TABLE 11. (Cont ' d )  

Samp 1 e CTS ,Ash Ash,% S T  ,% 
--- % Coal -- - B t u/ 1 b (~IF) 

RUN 5 (370°C, 80/20, 2 h r  norn., Repeat # I )  

P re  5 .96 23.3 

5 - 1 1.13 22.3 

5-6 .78 .23.7 

5-1 1 1.46 23.7 1.34 1.17 

5-16 .96 23.1 1.14 97 

RUN 6 (3706c, 80120, 2 h r  nom., m o i s t  6 x 0) - 
Pre 6 1.21 22.5 

Pre 6-1 1 .OO 22.1 

6- 1' 89  21.2 

6-6 1.17 18.6 

6-1 1 1 .Og 19.6 1.13 

6-,16 .91 21.3 83 

RUN 7 (370°C, 67/33, 2 h r  nom.. d r y  6 x n) 

Pre  7 59 1.8.6 

7-  1 I .21 20.1 

7-6 1.27 20.1 

7-11 ' 1.13 19.9 

7-1 6 -89  
I 

17.7 

7-21 1.38 18.4 1.17 . 1.16 

7-26 1.34 19.6 1.21 1.14 

RUN 8 (370°c, 50/50, 2 h r  nom:, d r y  6 x 0) 

 re 8 .45  18.6 



TABLE 1 1 .  ( ~ o n t ' d )  

Samp 1 e CTS,Ash % Coal Ash ,% ST,% ~ t u / l . b  (MF) 

RUN 8 ( ~ o n t ' d )  

RUN 9 (370°C, 50/50, 4 h r  nom., d r y  6 x 0) 

9- 1 1.49 16.0 

9-6 , 1.14 18.0 

.20 16.9 9-7 

9-1 1 - 7 3  16.6 .76 .81 13766 

9-1 3 .84 14.2 . 91 .44 12909 

9-1 4 .69 13.2 .90 .67 13335 

Notes on Run 2 

Samples f rom t h i s  run were sent  t o  Ames L a b o r a t o r i e s  f o r  d e t a i  l e d  

s tudy as a pa,rt o f  t h e i r  on go ing  coa l  research.  Sample 2-7 was sent ,  as 

removed from t h e  r e a c t o r ,  mixed w i t h  f rozen  c a u s t i c .  A smal l  sample o f  t he  

m a t e r i a l  was processed by t h e  usual  washing method a t  CTS ' t o . p r o v i d e  t he  

sample f o r  a n a l y s i s  as shown. Sample 2-8+9 was prepared by water  washing 

2-3 and.2-9 and b lend ing  t h e  p roduc t .  A sampie o f  t h e  b lend  was a c i d  

washed by t he  usual  method a t  CTS t o  p r o v i d e  t he  sample f o r  a n a l y s i s .  

Sample 2-12+13+15 i s  t he  complete washing o f  these t h r e e  samples by t h e  ' 

usual  CTS l a b o r a t o r y  procedure. The washed m a t e r i a l  was blended and 

sampled f o r  a n a l y s i s .  



I n  o r d e r  t o  g a i n  a d d i t i o n a l  i n s i g h t  i n t o  t h e  l o c a t i o n  o f  t h e ' a s h ,  t h r e e  

samples f r om Run 2  were f u r t h e r  t r e a t e d .  Sample 2-11 which had 0.68% ash 

(CTS) o r  0.53% ash (Warner) was s i eved  i n t o  3 s i z e - f r a c t i o n s  and a CTS ash 

o b t a i n e d  on each f r a c t i o n  a s  f o l  l n w s :  

S ize ,  mesh wt ,  % 

+ 12 5 

Ash, % 

1.34 

Sample 2-16 wh ich  had .67% ash (CTS and Warner) was a l s o  s i eved  i n t o  a  Coarse 

and a f i n e  f r a c t i o n :  

Size,  mesh wt,  %a Ash, X 
.52 

.27 

.42 

S ince  bo th  s i e v e d  samples gave ash va lues a f t e r  s i e v i n g  t h a t  were 

s u b s t a n t i a l l y  below t h e  s t a r t i n g  va lue,  sample 2-6 a l s o  was ground t o  100 mesh 

t o p - s i z e  and analyzed w i t h o u t  sepa ra t i on .  Th i s  reduced t h e  measured ash f rom 

0.64% CTS (0.62% Warner) t o  0.32%. These r e s u l t s  show t h a t  s i e v i n g  reduces 

t h e  ash, as analyzed, f r o ~ r ~  .G81 t o  .45% and .by% t o  .42% and t h a t  g r i n d i n g  

reduces i t  f rom .64% t o  .32%. These d i  f f e r e n c e s  exceed t h e  usua l  

r ep rbduc i  b i l i  ty of t h e  ASTM ash ana l ys i s .  There fo re ,  a more d e f i n i t i v e  

i n v e s t i g a t i o n  of ash d e t e r m i n a t i o n  f o r  low ash processed coa l  i s  needed*. 

M a t e r i a l  from Run 1 and Run 7 were used t o  check ou t  t h e  wash tanks  and 

cene r i t uge .  The th roughput  o f  t h e  wash system i s  so h i g h  thdt:  each run  

produces s l u r r y  f o r  o n l y  about 5 minutes of c e n t r i f u g e  ope ra t i on .  Use fu l  

------------ 
*Subsequent t o  t h e  comple t ion  o f  t h i s  c o n t r a c t  s tudy,  TRW d i scove red  t h a t  

t h e  ASTM ash method y i e l d s  i n c o r r e c t  va lues when bound o r  f r e e  a l k a l i  i s  
p resen t  w i t h  t h e  coa l .  The e r r o r  can be removed by i n c r e a s i n g  t h e  ash ing  
temperature,  The excess ' ash appears t o  be r e l a t e d  by i ncompl e t e  carbon 
combust ion i n  t h e  presence o f  a l k a l i .  It has no t  been checked, b u t  i t  i s  
p o s s i b l e  t h a t .  f i n e  p a r t i c l e s  may reduce t h e  amount o f  unburned carbon. 



mass balances cou ld  n o t  be ob ta i ned  because end e f f e c t s ,  such as feed  l i n e  

equipment holdup, were t o o  g rea t  a  f r a c t i o n  o f  th.e t o t a l .  Fo r  f u t u r e  t e s t i n g  

o f  t h e  wash system, i t  i s  recommended t h a t  about 100 pounds o f  more o f  

processed coa l  can be prepared a t  a  s i n g l e  p rocess ing  c o n d i t i o n  t o  p r o v i d e  t h e  

l a r g e  q u a n t i t y  o f  u n i f o r m  m a t e r i a l  needed t o  v e r i f y  t h e  o p e r a t i o n  o f  t h e  

washing and c e n t r i f u g e  ope ra t i on .  



APPENDIX A 

LABORATORY EXPERIMETAL CONDITIONS AND RESULTS 



APPENDIX A  

T h i s  s e c t i o n  con ta ins  a  l i s t i n g  o f  exper imenta l  c o n d i t i o n s  and a n a l y s i s  

r e s u l t s  f o r  t e s t s  conducted as a  p a r t  o f  t h e  l a b o r a t o r y  task .  The t e s t s  a r e  

1  i s ted  i n  sequence o f  t h e i r  l a b o r a t o r y  notebook t e s t  des igna t i on .  Tes t s  

i n c l u d e  BSS 1 t o  16, GM 190 t o  202 and GP 135 t o  240. W i t h i n  each s e r i e s  t h e  

t e s t s  were per formed c h r o n o l o g i c a l  l y .  Tes t  numbers l owe r  than  t hose  li s t e d  

were per formed p r i o r  t o  t h e  i n i t i a t i o n  of t h i s  p r o j e c t  and m i s s i n g  numbers a r e  

1  abora to ry  t e s t s  f o r  o t h e r  programs runn ing  c o n c u r r e n t l y  w i t h  t h i s  e f f o r t .  

The f o l l o w i n g  i s  a  d e s c r i p t i o n  o f  t h e  meaning o f  t h e  column headings: 

Coal - - P8 rep, K11 rep  and I 6  r ep  a r e  d r i e d  samples o f  t h e  3 

r e p o s i t o r y  c o a l s  w i t h  p r o p e r t i e s  g iven  i n  g r e a t e r  d e t a i l '  i n  

Appendix B. K11 l a b  i s  t h e  45 x  200 mesh coal  used i n  t h e  

p r e v i  ous l a b o r a t o r y  program. 

-.  UF ROM and UF c l n  a r e  run-of-mi ne and mine c leaned samples o f  

Upper F reepo r t  coa l  p r o v i d e  as a  drummed sample by t h e  DOE. 

- P8 b b l  and P8 bag a r e  o t h e r  samples of P i t t s b u r g h  #8 coa l  

o r i  g i  n a l  l y  r e c e i  ved i n  b a r r e l s  and bags r e s p e c t i  v e l y  . 
S i z e  - The approx imate mesh s i z e  o f  t h e  unprocessed coa l  ' i s  given. 

Each o f  t h e  r e p o s i t o r y  coa l s  i s  n o m i n a l l y  14 mesh bu t  s i e v e  

a n a l y s i s  shows i t  i s  about 6  mesh x  0  i n  s ize .  I n  a  few t e s t s ,  

t h e  "g"  f o l l o w i n g  45 x  200 i n d i c a t e s  t h a t  t h e  l a r g e  p a r t i c l e  

s i z e  coa l  ( 6  x 0  o r  14 x 0 )  was ground t o  pass t h e  t o p  s i z e  (45 

mesh) and t h e  f i n e s  were removed by s i e v i n g  t o  g i v e  t h e  45 x  

200 mesh s i ze .  I n  t h e  o t h e r s  t h e  45 x  200 i s  a  s i e v e  c u t  of 

t h e  LOdr'Se coa l .  



C a u s t i c  -  he' w e i g h t  r a t i o  o f  NaOH t o  KOH i s  g i ven  a long  w i t h  a  

d e s i g n a t i o n  o f  t h e  source of c a u s t i c .  L and C r ep resen t  

l a b o r a t o r y  (CP o r  A R )  grade and commercial grade rece i ved  i n  

drums. Bo th  have very  s i m i l a r  p u r i t y .  NaOM i s  about 99% t o  

100% c a u s t i c  w i t h  a  few- ten ths  C03 and mo is tu re .  KOH i s  about  

88% c a u s t i c  w i t h  about 12% mois tu re .  "CU" i s  t h e  commercial 

c a u s t i c  f i r s t  used i n  t h e  l a r g e  r e a c t o r  t o  process m u l t i p l e  

batches o f  coa l ,  t hen  sampled f o r  use i n  l a b  t e s t i n g  o f  t h e  

e f f e c t  o f  i m p u r i t i e s .  

Temp - T h i s  r ep resen ts  t h e  c o n t r o l l e r  tempera tu re  ( O C )  a t  which t h e  

t e s t  was conducted. 

T I  me - The res idence  t i m e  i n  hours s t a r t i n g  w i t h  t h e  i n t r o d u c t i o n  o f  

coa l  i n t o  t h e  p reheated  r e a c t o r  c o n t a i  n i  ng t h e  mol ten c a u s t i c  

and end ing  when the f l o a t i n g  coa l  i s  skimmed f rom t h e  s u r f a c e  

o r  t h e  r e a c t o r  i s  r a p i d l y  coo led  t o  f reeze  t h e  c a u s t i c .  

Wash - The skimmed coa l  o r  t h e  t o p  l a y e r  of t h e  s o l i d i f i e d  c a u s t i c  i s  

d i g e s t e d  i n  wa te r  t o  d i s s o l v e  t'he ' c a u s t i c .  The coa l  i s  

f i l t e r e d  and washed aga in  w i t h  wa te r  and d r i e d  t o  y i e l d  a  wa te r  

washed pr.oduct "W". A c i d  washed c o a l  i n v o l v e s  t r e a t i n g  t h e  

wa te r  washed, wet p roduc t  w i t h  10% s u l f u r i c  ac l d ,  f l l  t e r i r i g ,  

f o l l o w e d  by two a d d i t i o n a l  wa te r  washes and d ry i ng .  Th i s  i s  

des igna ted  "A". The "2A" sample had t h e  a c i d  washing s teps  

repeated. The "HC1" r e s u l t s  a r e  from s u b s t i t u t i n g  h y d r o c h l o r i c  

a c i d  Fur s u l f u r i c  ac ld .  I n  a few ins th r i ces  t h e  m o i s t  f i l t e r  

cake was s p l i t  t o  p e r m i t  two d i f f e r e n c e  tr.eatnients. 

H20, Ashy - Analyses of t h e  processed coal  sample nbtained from Warner 
S ,  B t u  Lahu rd tu r i es ,  Inc. ,  Cresson, Pennsyl vani  a. The as- rece i  ved 

m o i s t u r e  of t h e  sample i s  i n  we igh t  percen t .  The ash (wt  % )  

t o t a l  s u l f u r  (w t  % )  and heat  of combustion ( B t u / l b )  a r e  

c a l  c u l a t e d  on a  dry ,  moi s t u r e - f  r e e  (MF) bas i s .  



- The heat  o f  combustion i s  a l s o  r e p o r t e d  by Warner, c a l c u l a t e d  

on a  mo i s tu re  and ash f r e e  b a s i s  t o  c o r r e c t  f o r  t h e  i n f l u e n c e  

o f  ash d i l u t i o n .  

CTS Ash - Many o f  t h e  coa l s  had sma l l  samples removed, d r i e d  and,ashed i n  

t h e  t e s t  l a b  t o  get  r a p i d  e v a l u a t i o n  o f  t h e  process 

condi  t ions.  These r e s u l t s  a r e  genera l  ly f rom r i  f f 1  ed samples 

and per formed much 1  i ke t h e  ASTM procedure and can be used. t o  

c r0 .s~-check  t h e  Warner analyses. 

Notes - Represent numbers o f  t h e  f oo tno tes  a t  t h e  end o f  t h e  f i n a l  

t a b l e .  



TABLE A - 1 . .  LABORATORY RESULTS 

No. Cod') . S i z e  Caust iz  Temp T ine  Was1 H 2 0  Ash S  B t d l b  HAF CTS-Ash Notes 

BSS Se.r ies  

P8 bbl  

P8 bbl  

~8  bbl 

~8  bbl  

~8  bbl  

~8  bbl  

~8  bbl 

~8  bbl  

~8  bbl  

~8  bbl 

~8  bbl  

~8  bbl 

P8 bbl 

~8  bbl 

UF ROH 

UF ROM 



TABLE A-1 (~ont'd) 

. . 

No. Coal  S i z e  C a u s t i c  Temp Time Wash H20 Ash S B t u / l b  MAF CTS-Ash K o t e s  

GM Ser i es 

190 P8 bas 50 x 0 80120 c 305 2 A .go 3.00 1.45 1.4551 l5OOl 3.07, 2.40 

191 P8 bas 50 x 0 80120 L 330 2 A 1.10 2.36 1.29 14822 15181 2.35,  2 .47  

192 ~8 bas 50 x 0 80120 cu 3 3  2 A .99 ' 2 . 0 9  1.14 14652 15964 1 . 4 8 i 1 . 5 2  

193 P8 bas 50 x 0 80120 cu 370 .5 A 1.30 2.76 1.30 14647 15062 2 . 1 2 , 2 . 0 9  

? 
ul 

194 16 rep 6 x 0 80/20 CU 330 2 A 1.74 .97 .93 14440 14582 1 . 2 5 , 1 . 1 2  

195 P8 bag 45 x 200 80120 CU 330 2 A 1.11 1.97 1 .32  14822 15119 1 . 7 0 . 1 . 8 5  

196 K l  l l a b  45 x 200 5OI50 L 3 711 . S  A 3.49 .21 6 13573 13602 .22, .22 

197 K I  1 r e p  45 x 0 80/201 L 370 . 5  A 4.50 .77 1.51 14214 14324 .39, .39 

198 . KI 1 r e p  45 x 0 80120 cu 350 2 A 2.09 .42 .76 14166 14225 .26, .23 

199 K11 r e p  6 x 100 80120 CU 350 2 A 1.66 .65 1.04 14148 14241 .39, .34 

200 K I I  r e p  45 x 0 80120 L 370 .5 A 1.42 .58  1.22 14261 14344 .14, .20 

200A K1 1 r e p  45 x 0 80120 L 3 70 .5 A 2.41 . 6 0  1.14 13864 13947 

201 K11 r e p  6 x 1 0 0  ~ O / ~ O C U  350 3.5 A 2.56 .33  .52 13906 13952 .12, .12 

202 K l l  r e p  6 x l o 0  80120 CU 350 7.2 A N/A .44 .51 13779 13840 .11, .08 



TABLE A-1  (Con t ' d )  

No. Coa l Size , Caust ic Temp Time Mash H20 Ash '5 B t u / l b  HAF CTS-Ash Notes 

GP Ser i es 

135. U F c l n  100 x 0 80!20 L 370 .33 A .79 4.23 P.a8 14791 14544 4.6 

136 UF c l n  l o o x 0  8 0 ! 2 0 ~  370 .33 A .67 6.21 U . l l  1449C 15450 6.9 

141 UF c l n  I00  x 0 50!50 L 370 1 A 1.49 2.81 .97. 14781 15208 
(sp l  i t )  t ic1 1.60 2.20 .68 15103 15443 

142 UF c l n  8 0 0 x 0  50150L 370 1 A 1.60 2.38 .88 14378 14729 
( s p l i t )  HCl 1151 2.63 .79 14915 15319 

151 I F  c l n  100 x 0 50/50 L 390 I .71 .54 14950 150'58 A - 2.11 

l 5 l A  UF c l n  a00 x 0 50/50 L 390 1 A 3.19 .25 .33  14475 1451 1 

152 UF c l n  100 x 0 50/50 L 370 2 A 1.97 .87 .74 15105 15237 

7 lS2A U F c l n  LOO x 0 50,/50 L 370 2 A 2.76 .72 .64 15054 15164 

0-8 1 5 3  UF c l n  100 x 0 [(DH L 390 2 A 3.99 .47 .3R 13871 13939 

154 UF c l n  1 4 x 0  5OdSOL 370 2 A 1.87 -95 . 6 2 .  14938 15081 . .92 

155 UF c l n  1 4  x 0 50/50 L 390 1 A 1.97 - 99 .53 14884 15034 .92 

158 IJF c l n  1 4 x 0  SWSOL 390 2 A 2.18 .35 .28 14780 14832 .24 

161 16 rep 45 r. 200 50/50 L 370 2x.5 w Not analyzed 10.7 

t62 8 rep 45 r. 200 50/50 L 370 2x.5 W ,  Not analyzed 

163 16 rep  45 x 200 5D/50 L 370 2x.5 Not w e l l  separated 

164 1 6 r e p  4 5 a . 2 0 0  5 0 / 5 0 L  370 2x1 Not w e l l  separated 

165 1'8 rep 6 x 0  8 0 / 2 0 c  330 1 A 1.50 2.87 1.30 13935 14347 3.08 

166 P8 rep 6 x 0 80120 C 330 2 '  A 1.59 2.52 2.02 14255 14624 2.27 

167 P8 rep 6 x 0 80120 C 370 1 A 1.84 1.86 1.59 13944 14208 1.67 

168 P8 rep 6 x 0 &/20 C 370 2 A 2.42 1.721 .99 13927 14\71 .?3, -93 

169 UF c l n  14 x 0 8C/20 C 370 4 A 1.61 1.44 .90 15052 15272 1.32 

170 UF c l n  1 4  x 0 8C1/20 C 370 2 A 1.46 2.52 1..04 15106 15497 2.05 



TABLE A-1  (contad)  

No. Coal S ize Caust lc  Temp Tlme Wash H70 Ash S B t u / l b  HAF CTS-Ash Notes - 

GP Ser ies  (cont 'd)  

2A 1.82 3.21 2.25 13836 14294 3.12 

172 PS rep  14 x 24 80/20 5 370 1 A 2.14 2.49 2.22 14172 14534 2.09 

173 ~8 rep  6 x 0  80/20 S 370 4 A 2.88 -51  .55 13962 14034 .50 

174 UFROH 1 4 x 0  8 0 ~ 0  1: 370 2 A 1.22 2.60 l . O l  15042 15444 2.54 

175 P8 rep  24 x 100 8 0 / 2 0 i  370 1 A 3.68 .98 1.42 1 3 3 3 5 .  13467 1.19 

176 UF c l n  14 x 0 50/50 C 370 4 A 1.99 .53 .I17 14833 14912 .50 

177 P8 rep  100 x 0 80/20 C 370 1 A 3.23 1.33 1.74 13437 I3619 1.46 

i.78 UFROH 1 4 x 0  8 0 / 2 0 c  370 4 A 1.89 2.75 1.06 14982 15405 2.29 

i 7 9  p8 r e p  45 x 200 50/50 L 370 I A 4.48 .27 ; 56 13762 13799 .07 
180 P8 rep  45 x 200 8 0 / 2 0 L  370 I A 3.19 .66 . .79 14220 14314 .44 

181 UF c l n  14 x 0 8 0 ~ 2 0  I! 370 I 'A 4.13 4.47 . I 6  13760 14412 4.35 

A 3.99 .51 .25 14074 14150 0.42 
182 16 rep  6 x 0  80/20 L 370 1 '.r 6.79 12.59 1.13 12032 13764 10.66 

A 3.75 1.47 1.08 13092 13287 1.33 
183 K11 rep  6 x 0 80/20 L 370 1 W 8.94 10.42 .53 12174 13589 9.44 

A 5.01 .39 .66 13235 13287 .42 

I85  P8 r e p  6 x 14 80/20 C 370 1 A 2.76 3.06 1.58 13425 I3849 2.20 

186 P8 rep  14 x 24 8 0 1 2 0 ~  370 1 . A 1.89 2.19 1.95 14083 14398 2.10 

1.87 16 r e p  6 x 0  50/50 C 350 2 A 2.07 3.00 2.03 13455 13871 2.66 
188 16 rep  6 x 0 50/50 C 370 2 A 5.46 .38 .34 12412 12460 .30 



TABLE A-1  (Cont ' d )  

No. Coa l Size Cacs t i c  Temp Time Yash H20 Ash S B t u / l b  MAF CTS-Ash Notes 
- - 

CP Ser ies  ( c o n t ' d )  

190 P8 r e p  6 x o 
19 1 UF c l n  Y4 x 0 . 

192 U F c l n  1 ' 4 x 0  

193 UF c l n  D4 x 0 

194 PB r e p  6 x 0 

195 P8 rep  6 x 0 

196 ~8 r e p  6 x 0 

197 p8 r e p  6 x 200 

1 98 ~9 r e p  45 x 200 

159 p8 rep  45 x 200 

200 P8 r e p  45 x 2009 

201 p8 r e p  45 X 2009 

2 02 P8 bb l  45 200 

203 p e b b l  4 5 x 2 0 0  

204 P8 bag 45 X 200 

205 p8 bag LS :< 290 . 

206 p 8 l a b  L j . < 2 . 1 0  

207 p8 l ab  L5 x 2 r 0  

208 pi3 r e p  15 .< 2009 

2 09 6'8 rep  45 .< 200 

2 10 P8 r e p  LS :< 200 



TABLE A-1  (~ont'd) 

No. Coa l S i z e  Caust ic Temp Time Hash H20 Ash S B t u / l b  MAF CTS-Ash Notes 

GP s e r i e s  ( con t ' d )  

21 1 P8 bag 45 x 200 50/50 C 340 1 A 1.58 1.69 1.18 14734 14988 1.19 

212 P8 bb l  45 x 200 50/50 t 340 1 A .  2.28 .73 1.08 14569 14677 1 .OO 

2 1  3 P8 rep.  .6  x 0 80120 C .  370 2 A 2.93 1.21 .98 14127 14300 .92 
. . 

21 4 . P8 :rep'. ..-.'.. 6 x 0 
.. . - .  

80/20 C 390 2 A 4.03 1 4  1 13851 13871 -13 

215 , 16  rep 6 x 0  80/20 C 350 2 A 2.68 .88 1.43 13739 I3861 1.04 
216 '> ;: 16 rep 6 x 0  80/20 C 370 2 A 4.29 1.11 .79 13630' 13784 .79 

2 17 UF c'ln 14 x 0 80/20 C 370 2 A 1.20 2.00 .go 15116 15424 1.55 
D 
I 218 UF c l n  14 x 0 80/20 C 390 2 A 1.42 1.70 .77 15064 15324 1.30 
W 

219 K11 lab  45 x 200 80/20 C 350 2 A 2.97 .33 .84 14028 14075 . I 7  

220 K l l  lab  45 x 200 80/20 C 370 2 A 2.95 .2  1 .37 13632 13661 .06 (1) 

22  1 K l I  l a b  45 x 200 50/50 C 370 2 A 3.05 .41 -51 13938 13885 . I 8  

2 2 2  K l l  l ab  45 x 200 50/50 C 370 I A 4.29 .22 .56 13461 13491 .05 

223 K 1 1  l ab  6 x 0  50/50 C 370 1 A 3.52 1.14 1.26 1 3 7 2 4 '  13883 1-17 

2; 4 K I I  l ab  6 x 0 50/50 C 370 . 5 A 3.91 .93 I .  13714 13843 .48 

2 i 5  P8 bag 45 x 200 50/50 C 370 1 A 1.16 .48 .45 14293 14352 1 6  
226 16 rep 6 x 0 80/20 C 370 - 5  A 1.43 2.61 2.06 13555 13918 1.70 

SF UF c l n  12 x 0 50/50 C 370 1 W I 4.14 .43 14698 15332 
227 UF c l n  12 x 0 80/20 C 370 .4 W .77 4.40 .76 14941 15629 
228 16 rep 6 x 0  80/20 C 370 1 A 1.78 1.86 1.71 13543 13800' 1.69 

229 16 rep 6 x 0 80/20 C 370 2 A 1-55 .92 1.08 13757 13885 .49 



TABLE A-1 (~ont'd) 

No. COB l S lne C a u s i . 1 ~  Temp Time Wash H20 Ash 5 B t u / l b  HAF CTS -Ash Notes 

GP Ser ies (con t 'd )  

2  30 UF c l n  

231 UF c l n  

2 33 K I I  rep 

2 34 K1.1 rep  
1: - 2 35 UF mn 
0 

236 UF c l n  

2 37 UF c l n  

2 38 P8 r e p  

240 Pe rep 

Notes 

(1) Ash ana lgs is  by Warner 18.97% Na20, 8.92% K20 

(2) L i k e  G176,  bu t  s t i r r e d  1/2 speed (225 rpm) 

(3) L i k e  GP 176, bu t  s t i r r e d  I m i r ,  u n s t l r r e d  15 min, cyc les  

(4) Poured from reac to r  s ~ d  f i l t e r e d  ho t ,  water washed, d r i e d  and r i f f l e d  i n t o  samples 

(5) Sample O F  r i f f l e d ,  wetter washed d r - i  coal  was a c i d  washed, d r i e d  and r i f f l e d  f o r  ana ly . j i s  





APPENDIX B 

ANALYSIS OF UNPROCESSED COALS 

Tab le  B-1 summarizes t h e  a v a i l a b l e  a n a l y t i c a l  da ta  f o r  t h e  f o u r  coa l s '  

s t u d i e d  as a p a r t  o f  t h e  program. The Upper F r e e p o r t  coal  was examined b o t h  

i n  t h e  h i g h  ash.ROM fo rm  and as a mine c leaned . . 10% ash. coa l .  

Analyses were per formed by Commerci a1 . T e s t i n g  and Engi n e e r i  ng Company 

(CTE) f o r  t h e  t h r e e  r e p o s i t o r y  c o a l s  f o r  which more complete analyses a r e  

g i ven  i n  t h e  f i n a l  24 pages o f  t h i s  appendix. Most of t h e  o t h e r  analyses were 

per formed a t  Warner Labo ra to r i es ,  Inc.  Two . b a r r e l s  o f  c o a l  were. analyzed by 

Ames Labora to ry ,  Iowa S t a t e  U n i v e r s i t y  p r i o r  t o  shipment t o  TRW and were l a t e r  

sampled and analyzed by Warner. 

Standard u n i t s  f o r  t h e  analyses a r e  we igh t  percent .  Oxygen i s  obtain 'ed 

as t h e  d i f f e r e n c e  o f  t h e  sum o f  C, H, N, C l ,  S and Ash f rom 100% and t he reby  

i n c l u d e s  losses  and e r r o r s  as we1 1 as oxygen. 



TABLE B-1 .  SUMMARY CF UNPROCESSED COAL ANALYZES 

H2° Ash s T R t u / l b  Sulfur Forms (MF) Composit ion (MF) . . 

% %(MF) %(MF) (MF) (MAF) So.% SSr8  So,% c,% H.8 N.8 C i  .Z O.% 

P i t t s b u r g h  8 Repos (cTE) I 1  5.87 10.34 4.2j 13265 14795 2.17 .03 2.03 72.91 5.29 I .  .04 5.88 

1 2  5.9) 10.34 4.20 13298 14832 2.16 .04 2.00 73.06 5.25 1.37 .o r  5.74 

P i t t s b u r g h  8 - bag (Warner) 1.63 7.69 2.53 14c62 15233 - - - - - - - - 

P i t t s b u r g h  8 - bbl (Ames) 1.12 9.02 3.51 13660 15014 2.07 .01 1.43 76.62 5.21 1.43 - 4.21 

. (Warner) 2.64. 10.68 3.12 12507 14450 1.67 .03 1.42 - - - - - 

Kentucky 1 1  Repos (CTE) 81 9.52 10.72 3.30 12985 14544 I .  .06 1.71 71.71 5.00 1.48 .OO 7.79 

#2 9.57 10.76 3.37 12936 14563 1.53 .07 I .  71.92 4:94 1.45 .oa 7.56 

(Warner)! 3.33 10.38 3-30 -. - - - - 71.71 5.14 1.53 - 7.96 

Kentucky II Lab [Warner) 8.28 6.68 3.43 - - - - 73.21 5.46 1.50 - 9.72 
h) 

(prev ious p r o j e c t )  - 7.26 3.'51 13132 14314 1.59 -01 1.91 - - 1.54 - - 

Kentucky I I 45x0 ( ~ a r n e r )  ' 3.76 8.39 3.07 13159 14365 - - - - - - - - 

I l l i n o i s  6 Repos (CTE) # I  15.99 10.03 4.18 1279'0 I4216 1.35 .oh .  2 . j 9  70.36 5.19 1.35 .07 8.92 

#2 15.63 9.91 4.23 12755 14150 1.36 .05 2.E2 70.50 5.27 I .  .08 8.64 

(Warner) P2.62 10.15 4.58 - - - - - 67.74 4.95 1.54 - 9.54 

ill i n o i s  6 Lab (garner)  # I  3.42 9;23 . 4.03 12841 14147 - - - 70.41 5.24 I .  - 9.56 

(garner)  #2 4.22 9.82 4.05 12461 13817 - - - - - - - - 

Upper Freepor t  RON (Ames) .74 36.55 2.51 9534 15026 1.89 -03 9 55.06 3. I .96 - 1.85 

(Warner) # I  1.52 37.48 2.48 9169 14667 1.98 -03 .47' - - - - 
(Warner) 42 .77 38.03 2.49 9908 14374 1.93 .02 .55 - - - - - 

Upper Freepor t  - Clean (Warner) # I  1.20 9.90 1.25 13923 15453 .93 .,02 .30 - - - - 
#2 1.13 9.53 1.23 14057 15537 .50 .Ol .72 - - - - - 



ANALYSES OF THE REPOSITORY COALS TAKEN FROM 

F i n a l  Report  

NO. 1984-DYO-061A 

TRW COAL REPOSITORY PROGRAM 

May 13,  1981 

Prepared by 

Commercial T e s t i n g  & Engineer ing Company 

C leve land ,  Ohio 



D;y A s h :  
C r y  V'clzcFl?: 
D r y  ; i x 5 5  C 2 ~ 5 2 z :  

0I.i I0 
? i  t t s b u r g h  ;3 
NGc ti: A ~ t i  i c a a  Coal C@i;,gsr;y 
P c w h t t a z  + 6  > ; i n s  
t , !aster  Lz's ::c: 9117512 

Cc;/ ' t iydz0527.:  
C r y  S i t i 0 5 2 n :  
C r y  ck, ls r i? . t :  
D::/ AS?:: 
C r ?  S u l f u r :  
9:v C x y ~ ? n :  



TRW COAL RZ?OSITO?.Y PROGXql 
NO.  19a4-DYO-061A 

0x10 
P i t t s b u r g h  4 8  
N o r t h  A m e r i c a n  C o a l  Company 
P o w h a t a n  $6 Mine  
Master Lab No: 9117512  

SET B 
1 4  Mesh DISTRIBUTION 
S a m p l e  C  
Lab No: .8110991  

Pf - AJOR ELE:v!ZSTS ?.>lALviS IS 
S i l i c a :  
A l s m i n a :  
T i t z n i a :  
F e r r i c  O x i d e :  
C a l c i u a  Oxie2:  
N a g a s s i u r .  O x i d e :  
P o t a s s i u n  O x i d t :  
Sodiurn O x i 2 e :  
S u l f u r  T r i o x i d e :  
P h o s .  T r i o x i < = :  
S t r ~ n t i m  O x i d e :  
S a z i u n  0 x 5 2 s  
Manganese  O x i d e :  
Undaterainsd: 

Run = 1 

T??ACZ SLEXZNT?& A Y U Y 3  1s * 
Lead : 5 2  
M e r c u r y  
Cadmiuin: 
A r s e n i c :  
S s l e n i u a :  
X ~ t i n o n y :  
Ber:r l l iurn:  
C h r o m i u n :  
C o p p e r :  

n252: Mar.ga.. 
Nic!<el: 
Z i n c  : 
V a n a d i u n :  
33~012 : 
. C h l o r i n e :  
* P z r t s  per  n i l l i o n  - 

2  2 
2 5 

1 0 0  
G i O  

Run = Z 



TI?W COAL. RSDOS 1TC)RY E'F.OGXhY 
No. 1984-DYO-061A 

OHIO 
Pittsburgh $ 3  
North American Coal Company 
Powhatan #6 Mine 
Master Lab No: 9117512 

SET B 
L4 Mesh DISTXIBUTION 
Sample C 
Lab No: 8110891 



OHIO 
P i t t s b u r g h  +8 
North American C o a l  Company 
P o w h a t a n  $6 
Plaster L a b  N o :  9 1 1 7 5 1 2  

SET B 
1 4  filesn DISTRIBUTION 
S a m p l e  C 
L a b  NO: 8 1 1 0 8 9 i  



Report o f  Anal js i , ;  on S a ~ ~ i p l e :  01-10891 

Number 
0 ff 

Counts 
( T o t a l =  

105 ) 

REFLECTANCE ANALYSIS 

Mean-I4aximmn V i t r i  n i t e  Ao : 0.65 

D i s t r i b u t i o n  o f  V i t r i n i t e  Ref lectance Readings: 

I 1 1 1 l 1 1  r l l  1 1  l l l 1 l l l  l ~ l ~ l " l ~ I 1 ' ~ ~ I 1 ' I L 1 ~ ~ f i l ~ ~ ' l h I 1 l l l t l l " ~  
X X . X X  :IX X X  X  X X X  X X  x 1 : x  X X  X  
X x : t x  X X X  X X X X X X ~ . X X X  

x x x  X X X X X X X X X J X  x 
x x  X X X X X X X X X J X  

X  X X X X X  x x x  X  
X X  X X  X X X  X  
X X X K  X X X  X  
X X  X): X X X  
X X X  
X X X  

X  

. .  . . 
J - T ~ p e  T ~ b l c  for J a c u u t e S  

V-Type Table f o r  V i t t i s i t e s  (=  7 3 . 2 % )  

(Adjusted t o  = Macest1 X o f  Reac t ive  V i t r i n l t e s )  

V -  5 V-6 . - 7 V- .;. - -  - -  
7 . 6  53.7 11.9 



rl&~::=i;'UL &N&LY<: i 5: 
i VOLLIME F'ER:I:ENT) 

( M I  NERAL-MATTER CONTA I i< I NI:; E a r :  I :I: ) 

E.EM I-.Cu:;INI TEI 6.. 5 

.= = ,.,M i-Pi2l:F; I I4 I T E *  I:J. (I 

F I J : 3 I N I T E  3. 0 

MAI:~;' I rJ I TE 1:). 1 

MIl?.RiNITE 6.. 1 

E X I N I T E  4. 2 
( L I F T i N i T E )  

TOTAL. 3Efi1:T IVE.5-  79. 6 
T O T A L  I N E R T S -  .-'ij. L 4 

Q Q  CALCIJLATEU FHOM 1f~. 24 % DRYaSH. 4. '52 % UR'f S i l LF l JR  
C O M M E R C I A L  TESTING & E N G I N E E R I N 0  CO. - - - - - -  

Orngmnal Coov Watermarked 
For Your Protectton 

F ,466 



Report  of Analys is  on S a m p l e :  81-10891 

MI CROL I THOTY PC APi,?LY S i S 
(Vol un2 Percen t )  

Vi t r i  t e  46 .2  

L ip t i  :e 

Cuti t e  0.0 

Resi t e  0 .o  

C l a r i  t e  5 . 5  

V i  t r i  n e r t i  t e  14.8 

Dur.i t e  8.0 

- 
Durocl a r i  t 2  14.5 

Vi i r i  ne r to l  i p t i  t e  0.0 

Cl a rodur i  i~ 1.1 

~ a r b n z i  ner i  t e  1c.4 

TOTAL : 

Based  on lOSO po in t  coun ts .  



Sample Number: 81 -10891 

Area 
2 (Microns ) 

To ta l  Area 

% o f  To ta l  Area 

Occurrence 

a 
I - Tota l  Occurrences 
A 

% of' To ta l  Occurrences 

Volume % 

PYRITE ANALYSIS 

DISPERSED CLUSTERED FRACTURE 
IRREGULAR EUHEDRA EUHEDRA FILLING BLEBS FRAMBOIDS 

13508 12 1980 8760 7000 . 64 

CELL 
FILLING 

0 
DENDRITIC, .. 

0 

Based on 1000 p o i n t  c'ounts. 
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TRW COAL E?OSITORY ?ROC-X%4 
N O .  1934-DYO-061A 

WEST KZNTUCKY 
Kentucky  #11 
Peabody C o a l  Company 
R i v e r  Queen  Mine 
Master Lab bio: 9117484 

SET B 
1 4  lclesh DISTRIBUTION 
Sample C  
Lab No: 8110831 

A l u n i n a :  
n i i t a n i a :  
F e r i i c  O x i d e :  
C a l c i u x  0x12s : 
P!3q~.2=iun O x i d s :  
T o t a s s i u n  O x i d e :  
Sodinin O x i 2 ~ :  
S u l f c r  T r i o x i d t :  
Phos . T r i o s i d z  : 
S t r o n t i l m  Ox i2z :  
Bariuin O x i d s  
Manganese O x i d e :  
U n d e t z r z i n e 6 :  

Mercury  
Cadziurn: 
A r s e n i c :  
S e l e n i u n :  
>-?tlzony: 
S e r y l l i c m :  
C h r o n i c n :  
Coppe r :  
Mancjanese: 
b i i c k e l :  
Z i n c :  
varlsziun: 
Boron:  
C h l o r  Fne: * 3 a r k ~  p 2 ~  i i \ i l l i s n  

Run 5 1 Run = 2 



TRF4 COAL, -RE?OSIT013'i' ?i?OGRW 
No. 1954-DYO-06lA 

WEST KENTUCKY 
K e n t u c k y  +11 
Peabo2y  C o a l  Company 
Z i v e r  Queen  Mine  
Master Lab ?:o: 9117484  

SET B 
'14  Xesh  DISTRIBUTION 
S a ~ p l e  C 
L a b  N o :  8110831  

PXZTICLE S I Z E  A>i>-S!!S IS 
P a s s i n g  Retained On 

1 ?&I 
2 8  
4 8  

100 
1 3 0  
200 
250 
325  



WEST KENTUCKY 
Kentucky f l l  
Peabody Coa l  Company 
R i v e r  Queen Xine  
M a s t e r  Lab No: 9117484 

SET B 
14 Mesh DISTRIBUTION 
Sample C 
Lab No: 8110831 

4 

PETXOGX2.W 4IC ANALYSIS 
Rsf lectar-ce .Analysis 



Kepcrt o f  Analys is  cn Sam?le: 81-10831 
REFLECTANCE ANALYSIS 

Mearklibximum V i t r i n - t e  20 : 0.54 

D i s t r i b u t i o n  o f  V i  t r i , n i  t e  Ref lectance Readings: 

%Ro 

Number 
0 f 

Counts 
(To ta l  = 

110 ) 

I t  I I I I I  1 r I I  1 1  I I I I I  1 # I j l I 1  1 1  ~ ' ! l I ' l l l I ' l l l I ' I 1 l I 1 " ~ L I ' l ' I 1 l " l  
x : X ' x x x x  I X X X X  X X X X X X  : X : x  X X X X  X  X  

X X X X : X X X X X X X X X  Z X X X I X  
:I X K  i X X X X  X l X X X  : I X X  
:I X  X X X X  X X X X  : X  

X  X X X X X K X X  X  
X  X  X  'X X X  X  
X  X X  X X  X  

X  X  X X  
X  X  X X  
X  
X  
X  

V-Type Table f o r  V -  t r i n i  hs (=' 81.8%) - 

(Adjusted t o  = Macera- % o f  React ive V i  t r i n l  t e s )  



MAI::EF('SL &K~LY.:: 15: 
( V17LIJplE F'S2l::E:IT ) 

( M I  NERAL-MATTER C:I:INTA I :4 i NC; E A S  i:i. ) 

E X I N I T E  

RE::. I N  I T E  

E X I I J I T E  .-, .-. -. .=. 
( L I F ' T 1 : J I T E )  

I N E R T I N I T E  .=. ,. C. 

** I:ALI:I-ILATED FRClpl 113. 74 % D2YAS.H. 3. 31 % DRY S U L F i l R  



PlICROL ITEOTY P E  ,4/{>.LY S!S 
( ~ 0 1 ~ 7 1 2  P ~ I  c e n t )  

v;l t r i  t o  57.6 

L j p t i  t e  

C ~ t i  t e  0 . 1  

R e s i  t e  U.0 

I n ? : . l i  te? 

Srlsi  f g ~ i  + Y  . - 2 . O  

F C S ~  t 2  0 . 8  

C l  a r i  t? 11.1 

V i  i r i n e r t i  t e  5 . 6  

k r i  to  0 . 7  

Durucl a r i  t e  11.6 

V i t r i n 2 r t o i i g t i t e  0 .0  

C l  a r o d u r i  t e  0 . 2  

C t r j o r i i  n e r i  t l  10.3 

Based on 1030 p o i n t  coun ts .  



Sampl e Number: 81-1 0831 

Area 
2 (Microns ) 

To ta l  Area 

% o f  To ta l  Area 

PYRITE ANALYSIS 

DISPERSED CLUSTERED FRACTURE CELL 
IRREGULAR EUHEORA EUIiEDRA FILLING BLEBS FRAMBOIDS .FILLING DENDRITIC - 
2280 68 1 6. 0 144 0 800 0 

Occurrence 3 6 1 0 1 0 .  1 0 
w 
1 
d 

w Tota l  Occurrences 12 

X of  To ta l  Occurrences 25.0 50.0 8 . 3  0.0 8.3 . O,.O 8.3 0.0 

Volume % 1 .2  

Based on 1000 p o i n t  counts. 
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TRCJ COAL RSPOS ITORY PP,OGTU%" 
N o .  1984-DYO-061X 

ILLIONOIS 
I l l i n o i s  $ 6 '  
F r e e m a n - U n i t e d  C o a l  Company 
Crown $2 Mine  
Master Lab No: 9117467  

SET B 
1 4  Wesh DISTRIBUTION 
S a m p l e  C -- 
Lab No: 8 1 1 0 4 8 1  

>!AJO? ELE:.!ZS\iTS 9.3-:LYS I S  
S i l i c a :  
A l u m i n a :  
T i t a n i a :  
F e r r i c  O x i d e :  
C a l c i u m  O x i d s :  
2. lzgnesiun O x i d e :  
P o t a s s i u m  O x i d a :  
Sod ium O x i d t :  
S u l f u r  T r i o x i d e :  
P h o s .  T r i o x i d s :  
S  t r o n t i u i  O x i d e :  
Ba .z iun  O x i d ?  
N a n g a n e s e  O x i d e :  
U n d e t e r m i n e d :  . 

T?-\C:-ELZ:lrZ?;T:1\L AN-ALVS I S  * 
L21d : 6 2  
M e r c u r y  0 . 1 1  
C a d z i u x :  G 0 . 1  
A r s e n i c :  1 . 9  
S e l e n i u m :  1 . 7  
A ~ t i n o n y :  6 0 . 4  
B e r y l l i u n :  1.1 
C h r o n i u n :  1 8  
C o p p e r  : 9  
H a n q a n a s s  : 39 
N i c k e l  : 1 4  
Z i n c  : 1 2  
Vanadi,un:  23  
a o r o n :  260 
C h l o r i i i e :  580 

p a r t s  p e r  m i l l i o n  

Run = 2 

f 2  
0:10 

LO-. 1 
1 . 7  
1 . 4  

f 0 . 4  
1 . 2  

1 9  
9  

3 9  
1 2  
39 
22 

270 
880 

A v e r a g e  



TRW COAL REPOSITORY P 3 O G M  
NO. 1994-DYO-061A 

ILLINOIS. 
Illinois $6 
Freenan-United Coal Company 
Crown i2 Mine 
Master Lab No: 9117467 

SET B 
14 mesh DISTRIBUTION 
Sample C 
Lab No: 8110481 

PAXTICSE SIZE L Y A L Y S I S  
Pars lncr Retained On 

14t-1 
28 . 
4 8 

100 
150 
200 
250 
325 



TRW COAL R E P 9 S I T O R Y  ?XOGXUY 
NO. 1 9 8 4 - D Y O - 0 6 1 4  

I L L I N O I S  
I l l i n o i s  $ 6  
f r e e r n a n - U n i t e d  C o a l  c o m p a n y  
C r o w n  $ 2  M i n e  
N z s t e r  L a b  No: 9 1 1 7 4 6 7  

S E T  B 
1 4  m e s h  D I S T R I B U T I O N  
S a m p l e  C 

. L a b  N o :  8 1 1 0 4 8 1  

PZ,TROG?LI.?HIC -AS:XLYSIS 
R e f  l sc tance  ;d7alysis 
M a c e r a l  G r o u p  A n a l y s i s  
b l i c r a l i t h o t y ~ e  .. 'L?alysis 

P Y R I T E  SIZZ D I S T R I 3 U T I O N  



Report b f  Analysis on Sample: 81-10481 
REFLECTANCE A N A L Y S I S  

Mean-Maximu111 V i  t r i n i  t e  Ro: 0.31 

D i s t r i b u t i m  o f  V i  t r i n i  t e  Reflectancn Readings: 

X X X X x . X X X X X X X X  X X X X X X X  X  X  
X X X X X X X X X X X X  X X X X X  X  
X X X  1 x x x x x x x  X X  X  
X X X  1 x x x x x x x  X  

X  X X X X X X X  
X  x x x x x x x  
X  X  X X E X  
X  X  x x ' x x  
X  X  X x X 
X  X  X  

X  X  
X  

Number 
0 f 

Counts 
(Total  = 

106 ) 

V-Type Table f o r  V i t r i n i t e s  (=loo%). 



Repor t  o f  Pna1ysi.s on Sample: 81-0481 

74ACERAL AtdALYS 1.S 
i ~ o l  ume P e r c e n t )  

( [ l i n e r a l - N a t t e r  F r e e  B a s i s )  

V i  t r i n i  t e  

P s e u d o v i t r i n i t e  

i x i  n i  t e  

2 e s i n i t e  

Semi-Fus in i  t e  

S e z i - M ~ c r i n i  t e  

F u s i n i t e  

I4ac r in i  t e  

M i c r i n i  t e  

S c l e r o t i n i  t e  

!;ACiRAL: CROUP : 

V i  t r i n i  t e  

I n e r t i n i  t e  8 .2  

TOTAL: 



Report of Ana lys i s  on Sample: 81-10461 - I?ICROLITHOTYPE AF;ALYSIS 

V i  t r i  i e  

L i  p i i  t e  

Fusf ie 

Semi - F u s i  t e  

Cl a r i  i e  

Vi t r i  n s r t i  t 2  6 . 7  

Duri t e  0 . 1  

Duroci a r i  t e  3 . 6  

V i  t r i  n? r to l  i p t i  t? 0 . 0  

Cl arodur i  t e  8 .a 

Nonornaceral 7 2 . 2  

Trimaceral 



Sample Number: 10481 

Area 
2 (blicrons } 

T o t a l  Area 

% of T o t a l  Area 

Tota l  Occurrences 

m 
I 

h) 
I of  T o t a l  Occurrences 

Volume % 

PYRITE ANALYSIS 

DISPERSED CLUSTERED FRACTURE CELL 
IRREGULAR EUHEDRA EUHEDRA FILLING BLEBS FRAMBOIDS FILLING .DENDRITIC 

Based on 1000 p o i n t  counts .  




