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ABSTRACT 

A s t a b i l i z a t i o n  process f o r  coal c lean ing  and coal  combustion-related wastes 
has been developed t h a t  uses the  energy de r i ved  f rom the  f u e l  conta ined i n  t h e  
coal  c leaning waste. The wastes are pulver ized,  when necessary, formed i n t o  gran- 
u l e s  i n  a r o t a r y  pan agglomerator, and then f i r e d  t o  a s i n t e r i n g  temperature. 
The r e s u l t i n g  r e a d i l y  d isposable product  cons i s t s  o f  rock-hard granules t h a t  a r e  
h i g h l y  r e s i s t a n t  t o  environmental degradation. The green (nondried and n o n f i r e d )  
granules s a t i s f y  d u r a b i l i t y  t e s t s  t h a t  measure the  c a p a b i l i t y  t o  be handled and 
stored. The s i n t e r e d  granules meet requirements o f  t h e  standard ASTM and EP 
leaching t e s t s  and a freeze-thaw cyc le  t e s t .  The s t reng th  o f  t he  s in te red  gran- 
u l e s  compares f a v o r a b l y  w i t h  the  s t reng th  o f  n a t u r a l  aggregates. The process 
has been app l i ed  t o  coa l  c lean ing  re fuse  alone and t o  r e f u s e l f l y  ash and refuse/  
FGD sludge mixtures.  

INTRODUCTION 

Disposal o f  coal  c lean ing  and o f  coal combustion wastes looms as a s i g n i f i -  
can t  problem f o r  many coa l  producers and u t i l i t i e s .  Th i s  has s t imu la ted  research 
on env i ronmenta l ly  acceptable a l t e r n a t i v e s  t o  cu r ren t  d isposal  p rac t i ces .  About 
35% o f  t h e  n e a r l y  700 m i l l i o n  tons o f  coal consumed by u t i l i t i e s  each year  r e -  
ce i ves  some c lean ing  be fo re  i t  i s  burned (1 ) .  Most o f  t he  c lean ing  i s  performed 
on eastern and midwestern bituminous coals ,  r e s u l t i n g  i n  an annual product ion 
o f  coal c leaning wastes i n  excess o f  100 m i l l i o n  tons (2). The waste p i l e s  a r e  
a source o f  severe a i r ,  stream, and ground water p o l l u t i o n  (3) .  

Other env i ronmen ta l l y  troublesome s o l i d  wastes r e s u l t  from coal combustion 
and are p rov ing  t o  be even more d i f f i c u l t  t o  deal w i t h .  For every three tons 
o f  coal c lean ing  refuse,  about one ton  o f  ash and one t o n  o f  f l u e  gas d e s u l f u r i z a -  
t i o n  (FGD) s o l i d s  r e s u l t  from combustion o f  t he  c lean coal produced. Besides 
c o n t r i b u t i n g  t o  p o l l u t i o n ,  t he  waste d isposal  s i t e s  requ i red  mar the  landscape 
and consume la rge  amounts o f  l and  area. 

The p r i n c i p l e  combust ion-re la ted s o l i d  waste today i s  f l y  ash from the  burn- 
i n g  o f  p u l v e r i z e d  c o a l .  I n  s p i t e  o f  vigorous research and market ing e f f o r t s ,  
uses have been found f o r  o n l y  about o n e - f i f t h  o f  n e a r l y  50 m i l l i o n  tons  o f  f l y  
ash produced each year  (4 ) .  Disposal i s  t he  o n l y  p r a c t i c a l  op t i on  a v a i l a b l e  today 
f o r  wet o r  d ry  FGD wastes. More than 150 U.S. u t i l i t y  i n s t a l l a t i o n s  generat ing 
wet scrubber sludge a r e  operat ing,  under cons t ruc t i on  o r  planned, w i t h  a t o t a l  
capaci ty  o f  over 70.000 MWe ( 5 ) .  About 25 m i l l i o n  tons  ( d r y  bas i s )  o f  sludge 
o r  50 m i l l i o n  tons  o f  wet vacuum f i l t e r  cake a r e  now generated annua l l y  and, as 
new systems come on l i ne ,  t h i s  amount w i l l  increase s i g n i f i c a n t l y .  

A p o t e n t i a l l y  b e n e f i c i a l  approach t o  the d isposal  o f  t he  above wastes cou ld  
be pretreatment i n  t h e  form o f  s t a b i l i z a t i o n  o r  f i x a t i o n .  The research work re -  
po r ted  he re in  dea ls  w i t h  development o f  a s t a b i l i z a t i o n  by s i n t e r i n g  process f o r  
t h e  above wastes t h a t  uses the  energy der ived from f u e l  contained i n  the  coa l  
c leaning re fuse  i t s e l f .  The process c a l l s  f o r  p u l v e r i z i n g  the wastes when neces- 
sary, forming them i n t o  granules i n  a r o t a r y  pan agglomerator. and then f i r i n g  
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t he  granules t o  a s i n t e r i n g  temperature. The r e s u l t i n g ,  r e a d i l y  d isposable prod- 
u c t  cons is ts  o f  rock-hard granules t h a t  a r e  h i g h l y  r e s i s t a n t  t o  environmental 
degradation. 

S t a b i l i z a t i o n  r e s u l t s  are repor ted f o r  coal c lean ing  re fuse  alone and f o r  
r e f u s e / f l y  ash and refuse/sludge mixtures.  The amount o f  carbon i n  t h e  granules 
i s  c r i t i c a l  t o  t h e i r  behavior du r ing  combust ion/s in ter ing.  Other i n v e s t i g a t o r s  
(6,7) have found t h a t  a carbon content  o f  5-1OXw i s  s u f f i c i e n t  t o  achieve t h e  
des i red  l e v e l  o f  s i n t e r i n g .  I f  the  carbon content  i s  t o o  high, t he  granules over- 
heat upon combustion o f  t h e  f u e l  present  and sof ten,  forming a s lag.  Blending 
f l y  ash o r  FGO sludge w i t h  the re fuse  prov ides t h e  necessary reduc t i on  i n  carbon 
content  per u n i t  weight o f  granules and an e f f e c t i v e  means f o r  d ispos ing o f  these 
wastes. 

DESCRIPTION OF WASTES USE0 

A f lowsheet  f o r  t he  process i s  shown i n  F igure 1. 

Analyses o f  t h e  coal  c lean ing  and coa l  combustion wastes used a re  g iven i n  
Table 1. The coal c lean ing  refuse was c o l l e c t e d  a t  t he  Peabody Coal Company R ive r  
King coal  preparat ion p l a n t  i n  Freeburg, I l l i n o i s .  The waste was de r i ved  f rom 
I l l i n o i s  No.6 coal which i s  h igh  v o l a t i l e  C, bi tuminous, medium hea t ing  va lue 
(24,400 kJ/kg; 10,500 B tu / l b ,  as received)  and medium s u l f u r  (4.5%yr). The coal  
i s  cleaned o f  unwanted c lay ,  p y r i t e ,  and o the r  i m p u r i t i e s  by j i g g i n g  a t  a r a t e  
o f  up t o  800 tons/hr. The major minera ls  present  i n  the raw refuse a re  i l l i t e ,  
k a o l i n i t e ,  quartz, c a l c i t e ,  and i r o n  p y r i t e .  

Table 1. Analyses o f  Coal Cleaning and Coal Combustion Wastes 

Weight Percent o r  Value 
I tem Cleaning Refusea F l y  Ashb FGD Sludgeb 

Const i tuent  

Fe203 
MgO 
Na20 

K20 
Ti02 
p205 

C 
S ( i no rgan ic )  
S ( t o t a l )  

15.1% 
5.7% 

43.8% 

13.5% 
n.a.c 
n.a. 

n.a. 
n.a. 
n.a. 

13.9% 
6.0% 
7.3% 

4.5% 
24.3% 

19.8% 
24.9% 
34.4% 

5.1% 
4.0% 
2.1% 

0.3% 
1.5% 
1.8% 

n.a. 
n.a. 
0.7% 

0.2% 

3.4% 
33.7% 
15.6% 

6.1% 
0.6% 
0.2% 

n.a. 
n.a. 
n.a. 

n.a. 
n.a. 
5.4% 

- 
n.a. 

Heating value 6055 kJ/ kg 
(gross)  (2610 B tu / l b )  

a A i r  d r i e d  from an as-received mois ture content  o f  20%,. 
b Reported on a d r y  basis. 
C n.a. denotes n o t  analyzed f o r .  

The sludge conta ined 26.5%, t o t a l  C repo r ted  as CO2. 
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The as-received r e f u s e  contained lumps as l a r g e  as 8 cm i n  diameter and had 
t o  be ground t o  a s i z e  s u i t a b l e  f o r  granule format ion.  The r e f u s e  was ground 
u s i n g  two passes through a Holmes hammer m i l l  equipped f i r s t  w i t h  a screen w i t h  
3/16 i n .  c i r c u l a r  ho les  and then a screen w i t h  1/16 i n .  c i r c u l a r  holes. The 
weighted average diameter o f  t he  product was about 330 microns; 95%w was re ta ined  
on a 325 mesh screen. 

The f l y  ash used was obta ined from t h e  Ottumwa power s t a t i o n  o f  Iowa Southern 
U t i l i t i e s  i n  Ottumwa, Iowa and was from combustion o f  a subbituminous coa l  mined 
near  G i l l e t t e ,  Wyoming. The p a r t i c l e  s i z e  o f  t h e  ash was such t h a t  about 20%, 
was re ta ined  on a 325 mesh screen. The FGO sludge came from t h e  LaCygne s t a t i o n  
of t h e  Kansas City Power and L i g h t  Company near Kansas C i t y ,  Missour i .  The p l a n t  
was burn ing M issour i  subbituminous coal  and us ing  a wet l imestone scrubber t h a t  
produced a non-ox id ized sludge. The l imestone was ground t o  about 70 microns 
p r i o r  t o  s l u r r y i n g  and the  c r y s t a l s  o f  s u l f u r - c o n t a i n i n g  compounds formed ranged 
from 5-200 microns. The S was present  78% as CaS03.kH20 and 22%, as CaS04-2H20; 
78% o f  t h e  Ca was present  as CaC03. 

PREPARATION OF GREEN GRANULES 

Granules as formed i n  t h e  pan agglomerator a re  r e f e r r e d  t o  as green gran- 
u les .  The parameters c o n t r o l l i n g  green granule format ion a re  the  p a r t i c l e  s i z e  
o f  t h e  wastes, amount o f  water added as a b inder ,  residence t ime  of t h e  granules 
i n  t h e  agglomerator ( f e e d  r a t e ) ,  and t h e  angle o f  i n c l i n a t i o n  and rpm o f  t h e  
aggl  omerator. 

The pan agglomerator (Agglomiser, 36 cm pan, 1/8 hp, Mars Minera l  Corp.) 
was equipped w i t h  a v i b r a t o r y  feeder  (Syntron, Model FTOC, FMC Corp.). The water  
t o  serve as t h e  b i n d i n g  agent was added us ing  an automatic spray system o r  a manu- 
a l l y  operated spray b o t t l e .  The refuse/ash and refuse/s ludge mixtures were pre-  
pared by b lend ing  t h e  s o l i d s  i n  a b a l l  m i l l  before they  were added t o  the  agglom- 
e r a t o r .  

A batch method o f  operat ion f o r  smal l  sca le  t e s t i n g  was developed t h a t  gave 
granules o f  p r e d i c t a b l e  and reproducib le  p roper t i es .  Depending upon t h e  condi- 
t i o n s  used, each run  l a s t e d  f o r  30-80 minutes and consumed about 1500 grams o f  
feed. Granules were removed from the pan du r ing  t h e  run as they  reached the de- 
s i r e d  product  s i z e  o f  about 12 nnn diameter. 

Large q u a n t i t i e s  o f  green granules (10-12 kg) were subsequently prepared 
f o r  s i n t e r i n g  and t e s t i n g  f o r  res i s tance  t o  leaching and freeze-thaw degradation. 
The pan agglomerator was operated cont inuously  a t  a s e t  o f  cond i t i ons  p r e v i o u s l y  
determined f rom t h e  smal l -sca le batch t e s t s .  

The green granules formed had t o  be s u f f i c i e n t l y  durable t o  w i ths tand  t h e  
v i b r a t i o n ,  a t t r i t i o n ,  compression, and s i m i l a r  f o rces  t h a t  would be encountered 
i n  a commercial s i n t e r i n g  f a c i l i t y .  D u r a b i l i t y  was measured us ing  t h e  ASTM 6440- 
49 Drop Sha t te r  Tes t  (modi f ied)  and a d rops - to - f rac tu re  t e s t  (8) .  S a t i s f a c t o r y  
granules would show 95%, i n t a c t  o r  b e t t e r  f o r  t he  d rop  s h a t t e r  t e s t  and 15 drops 
o r  b e t t e r  f o r  t he  d rops - to - f rac tu re  t e s t .  

I n  determin ing t h e  optimum cond i t i ons  f o r  green granule format ion,  t h e  t o t a l  
mois ture content  i n  t h e  pan was va r ied  f rom 15-22%,, the pan angle from 45-55", 
and the  feed ra te  f rom 15-60 g/min. Lower mois ture contents  r e s u l t e d  i n  poor par-  
t i c l e  adhesion and granules t h a t  developed breakage planes e a s i l y .  Higher mois- 
t u r e  contents r e s u l t e d  i n  cak ing i n  the  pan. 

105 



I 

Steeper pan angles r e s u l t e d  i n  g rea te r  granule compaction b u t  a reduced r e s i -  
dence time. A pan speed o f  19 rpm was found t o  prov ide t h e  r o l l i n g  and cascading 
a c t i o n  requ i red  t o  promote continuous granule growth. The bes t  granules were 
obta ined a t  lower feed ra tes  where un i fo rm granule growth occurred and t h e  l onger  
residence t ime  r e s u l t e d  i n  greater  granule compaction. 

The best  re fuse o n l y  granules as determined by d u r a b i l i t y  t e s t i n g  were ob- 
t a i n e d  i n  the  l8-20'& mois ture range us ing  a pan angle o f  45'. Re fuse / f l y  ash 
granules showed lower d u r a b i l i t y  and requ i red  l e s s  mois ture as the  ash con ten t  
was increased. Very s a t i s f a c t o r y  granules con ta in ing  25% ash were obta ined a t  
feed ra tes  o f  15-30 g/min, a pan angle o f  50°, and a mois ture content  o f  17-18&, 
wet basis. 

Granule d u r a b i l i t y  f o r  refuse/sludge mixtures decreased as t h e  sludge con ten t  
increased. Depending upon the  amount o f  sludge present, t he  optimum moisture 
content  va r ied  from 15-22'&. The best  r e s u l t s  were obta ined w i t h  a pan angle 
o f  50" and a feedrate o f  about 50 g/min. 

The amount o f  re fuse  i n  a refuse/ash m ix tu re  was determined by c a r r y i n g  o u t  
a standard l o s s  on i g n i t i o n  ( L O I )  t e s t .  The ash present had a l ready been i g n i t e d  
when i t  was formed i n  the  furnace so t h a t  t he  t o t a l  LO1 could be a t t r i b u t e d  t o  
t h e  re fuse  present. The amount o f  sludge i n  a m ix tu re  was determined by ana lyz ing  
f o r  Ca by xray f luorescence. Knowing t h e  r a t i o  o f  Ca i n  the  sludge t o  t h a t  i n  
t h e  refuse, i t  was then poss ib le  t o  c a l c u l a t e  the  composit ion o f  t h e  b lend.  

COMBUSTION/SINTERING OF THE GREEN GRANULES 

To cause s i n t e r i n g  t o  occur, t he  granules were heated i n  the  presence o f  
a i r  causing t h e  coa l  i n  the  refuse t o  burn, thus r a i s i n g  the  temperature o f  t he  
granules t o  t h e  des i red  s i n t e r i n g  temperature. The green granules used had been 
produced us ing  the cond i t i ons  p rev ious l y  found t o  g i ve  optimum granule d u r a b i l i t y .  

The e f f e c t  on s i n t e r e d  granule p r o p e r t i e s  o f  d i f f e r e n t  t ime-temperature 
treatments was determined us ing small sca le  boat t e s t s  c a r r i e d  o u t  us ing  an e lec -  
t r i c a l l y  heated l a b o r a t o r y  tube furnace (I.D. 3.4 cm). F ive t o  t e n  granules t h a t  
had been p rev ious l y  d r i e d  i n  a 100°C oven were placed i n  an alumina boat which 
was then i n s e r t e d  i n t o  the  tube furnace preheated t o  the  t e s t  temperature. A 
c a r e f u l l y  measured f l o w  o f  a i r  (10 L/min a t  1 atm. and 2OOC) was then  in t roduced  
i n t o  one end o f  t he  furnace tube. 

Granules were s i n t e r e d  a t  temperatures ranging from 900-1200°C f o r  1 hour 
t o  approximate t h e  cond i t i ons  i n  a t r a v e l i n g  g ra te  furnace. The amount o f  s i n -  
t e r i n g  t h a t  had taken p lace was determined by sub jec t i ng  the  cooled s i n t e r e d  gran- 
u l e s  t o  an unconfined compressive s t reng th  t e s t  us ing  an I n s t r o n  machine. The 
bes t  o f  t h e  small  sca le t e s t  r e s u l t s  determined the opera t i ng  cond i t i ons  f o r  t h e  
product ion o f  environmental t e s t  q u a n t i t i e s  o f  s i n t e r e d  granules i n  a l a r g e  tube 
furnace. 

F igure 2 g i ves  t h e  fo rce -a t - f rac tu re  f o r  t h e  s i n t e r e d  re fuse  o n l y  granules 
as a f u n c t i o n  o f  s i n t e r i n g  temperature. The granules s i n t e r e d  a t  1200°C were 
very weak due t o  e a r l y  s lagging on t h e  sur face and incomplete s i n t e r i n g  i n s i d e .  
I n s u f f i c i e n t  s i n t e r i n g  o v e r a l l  took p lace a t  temperatures below about 1075°C. 
The s t ronges t  granules were produced a t  about 1100°C. 

S i m i l a r  small  sca le s i n t e r i n g  t e s t s  were conducted on granules made f rom 
r e f u s e l f l y  ash and from refuse/sludge mixtures.  The h ighes t  f o rce  a t  f r a c t u r e  
(105 l b )  f o r  refuse/subbituminous coal  f l y  ash was obta ined f o r  a 3 : l  re fuse/ash 
m ix tu re  s i n t e r e d  a t  1000°C. Refuse/sludge mixtures i n  a r a t i o  o f  4:1 gave s a t i s -  
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f a c t o r y  s t r e n g t h  (85-90 l b )  a t  1050°C and a t  1075°C. A t  l l O O ° C ,  granules o f  both 
mixtures developed a v i t r e o u s  me l t  o r  s l a g  on the  sur face t h a t  r e s u l t e d  i n  an 
unders in tered co re  and low granule s t rength.  

The large-scale boat  t e s t s  were c a r r i e d  ou t  us ing  a l a r g e  h o r i z o n t a l ,  e lec -  
t r i c a l l y  heated tube fu rnace  and a boat  ( 4  cm x 4 cm x 15 cm) custom made f rom 
a ceramic b r i c k .  The w a l l s  o f  t he  boat were about 8 mm t h i c k  and conta ined f r e -  
quent holes about 6 mm i n  diameter t o  a l l o w  f o r  passage o f  a i r  and combustion 
gases. 

Using the  best  o f  t h e  cond i t i ons  from t h e  smal l -sca le boat t es ts ,  d r i e d  green 
granules were p laced i n  t h e  l a r g e  boat and in t roduced  i n t o  t h e  furnace which had 
been preheated t o  600°C. The f l o w  o f  combustion a i r  was then s t a r t e d  and t h e  
furnace temperature c o n t r o l s  r e s e t  t o  1050°C f o r  the du ra t i on  o f  t he  run. A t he r -  
mocouple placed i n  the  bed o f  granules i n d i c a t e d  t h a t  t he  bed would reach 1050°C 
i n  about 45 minutes and a peak temperature o f  about 1100°C a f t e r  about 60 minutes. 
To ta l  residence t imes o f  90 minutes and 120 minutes were i nves t i ga ted .  

The i n d i v i d u a l  s i n t e r e d  granules from the  l a r g e  boat t e s t s  were e i t h e r  red- 
brown o r  black-brown i n  about a 1:l r a t i o .  The black-brown granules were found 
towards t h e  bottom o f  t h e  bed where t h e  temperature was the  h ighest  and the supply 
o f  oxygen was l i m i t e d .  These cond i t i ons  would be s i m i l a r  t o  those encountered 
i n  t h e  granule bed i n  a t r a v e l i n g  g r a t e  furnace. The black-brown granules were 
s i g n i f i c a n t l y  s t ronger  w i t h  the  s t reng th  i n f l uenced  by residence t ime. The b lack  
c o l o r  i s  thought t o  r e s u l t  from the presence o f  FejO4 and o f  he rsyn i te ,  FeA1204, 
a sp ine l  group t h a t  would add t o  granule s t reng th .  The red-brown granules were 
found a t  t he  t o p  o f  t h e  bed where oxygen was r e a d i l y  a v a i l a b l e  and Fez03 would 
form. 

For a t o t a l  res idence t ime o f  90 minutes, the refuse o n l y  black-brown gran- 
u l e s  gave a f o r c e  a t  f r a c t u r e  o f  about 120 l b ,  t he  3 : l  refuse/subbituminous coa l  
f l y  ash granules 100 l b ,  and the  4 : l  re fuse  sludge granules 150 l b .  The compounds 
i n  the  sludge f a c i l i t a t e  s i n t e r i n g  and increase s t reng th .  

The boat  cou ld  accommodate up t o  180 g o f  granules. 

EVALUATION OF SINTERED GRANULES 

I n  o rde r  t o  be env i ronmenta l ly  disposable, t h e  s in te red  granules must be 
very strong, a b l e  t o  r e s i s t  cyc les o f  f reez ing  and thawing, and e s s e n t i a l l y  non- 
leachable. The l a t t e r  two c h a r a c t e r i s t i c s  were measured us ing  a standard f reeze-  
thaw res i s tance  t e s t  ( 9 ) ,  shake Ex t rac t i on  w i t h  Water Test, ASTM 03987-81 ( l o ) ,  
and EP T o x i c i t y  Test (11) .  

The concentrat ions o f  elements i n  the  leachates from the  refuse/s ludge gran- 
u les  as determined by mass spectroscopy along w i t h  t h e  permiss ib le  l e v e l s  estab- 
l i s h e d  by RCRA r e g u l a t i o n s  (12) are g i ven  i n  Table 2. The r e s u l t s  f o r  a l l  e l e -  
ments a re  w e l l  below the  c u r r e n t  RCRA standards. S i m i l a r  s a t i s f a c t o r y  r e s u l t s  
were obta ined f o r  leachates from the s i n t e r e d  refuse o n l y  and r e f u s e / f l y  ash gran- 
u les.  

The r e s u l t s  from t h e  freeze-thaw cyc le  t e s t s  were most encouraging f o r  a l l  
t h ree  types o f  s i n t e r e d  granules. The weight l o s s  by degradation was l e s s  than  
0.5%,. Na tu ra l  aggregate such as crushed rock w i l l  commonly show a degradat ion 
i n  the  range o f  5-10%, (13). None o f  t h e  s i n t e r e d  granules should o f f e r  a problem 
when disposed of where l each ing  and/or f reez ing  weather occur. 
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Table 2. Leachate ana lys is  o f  s i n t e r e d  refuse/FGD sludge granules 
- 

Concentrat ion o f  metals i n  leachate, ppm (mg/L)* 

ASTM EP ASTM EP ASTM EP ASTM EP 
Element RCRA** 10% FGD 20% FGD 30% FGD Green Granules 

A1 .68 5.33 .51 3.74 .54 7.72 .55 
As 5 .03 - .07 - 
Ba 100 .16 .05 .22 .05 .16 .08 .09 

Cd 1 - .024 . l o 9  
Ca 587 303 558 287 626 545 533 2131 
C r  5 .05 - - 
Fe 4 - 1.5 - 2.3 .1 
Pb 5 - - .005 - - 
H9 .02 .OD65 .0041 .0071 .0007 .0048 .0031 .008 .0096 

Se 1 .007 .009 - - .015 - .34 .072 
S i  10 23 8 18 9 42 5 4 
Ag 5 

* Concentrat ions n o t  shown were below d e t e c t i o n  l i m i t s .  
** RCRA (EPA) l i m i t s  a re  100 t imes d r i n k i n g  water standards. 

EVOLUTION OF SULFUR DURING SINTERING 

Combustion/sinterin’g o f  the  green granules r e s u l t s  i n  re lease o f  about 
th ree- four ths  o f  the  S present as SO2 i n  the  o f f  gases. A microreac tor  system 
i l l u s t r a t e d  i n  Figures 3 and 4 has been b u i l t  t o  o b t a i n  a more fundamental 
understanding o f  S e v o l u t i o n  and the  reac t ions  t a k i n g  place. 

The mic roreac tor  i s  made o f  s t a i n l e s s  s t e e l  and i s  equipped w i t h  a combustion 
a i r  d i s t r i b u t o r  and a removable mount f o r  a s i n g l e  granule.  Th is  arrangement 
ensures u n i f o r m  contac t  between t h e  combustion a i r  and the  granule,  and c o n t r o l  
o f  the s i n t e r i n g  t a k i n g  place. By ana lys is  o f  t h e  o f f  gases and the granule, 
the  e f f e c t s  o f  s i n t e r i n g  c o n d i t i o n s  and of granule composition, diameter, and 
p a r t i c l e  s i z e  on the  p a t t e r n  o f  S e v o l u t i o n  can be determined. 

P r e l i m i n a r y  t e s t s  have shown t h a t  a surge o f  SO2 c o n s i s t i n g  o f  about two- 
t h i r d s  o f  t h e  S present i n  t h e  granules i s  released i n  about the  f i r s t  o n e - t h i r d  
o f  the combustion process. The SO2 concent ra t ion  i n  the o f f  gases dur ing  t h i s  
t ime would be expected t o  be r e l a t i v e l y  h i g h  because o f  the  l i m i t e d  amount o f  
combustion a i r  requ i red  and t h e  r e c y c l e  o f  combustion a i r  f rom windboxes t o  hoods 
along the  t r a v e l i n g  gra te  furnace. A SO2 conten t  o f  3-5%, appears t o  be r e a d i l y  
a t t a i n a b l e .  I f  i t  proves t o  be u n a t t r a c t i v e  t o  thus process a l l  o f  t h e  o f f  gases, 
the more d i l u t e  f r a c t i o n  cou ld  be recyc led  t o  the  power s t a t i o n  FGD system. Re- 
covery of S f rom the  o f f  gases as S o r  H2SO4 would serve t h e  dual purpose o f  con- 
t r o l l i n g  S emissions and genera t ing  a valuable byproduct. Sulfur recovery from 
waste gas streams i s  a w e l l  proven and w e l l  e s t a b l i s h e d  technology (14).  

CONCLUSIONS 

The combust ion /s in te r ing  o f  granules o f  coal  c lean ing  re fuse  o r  o f  re fuse  
mixed w i t h  f l y  ash o r  FGD sludge has been shown t o  y i e l d  a s t rong and h i g h l y  v i t -  
r i f i e d  product.  Durable green granules were prepared i n  a pan agglomerator us ing  



wate r  as t h e  b i n d e r .  A l a b o r a t o r y ,  bench s c a l e  procedure was developed t o  approx- 
ima te  t h e  combus t ion /s in te r i ng  t h a t  occurs i n  a commercial t r a v e l i n g  g r a t e  f u r -  
nace. Most o f  t h e  energy r e q u i r e d  f o r  t h e  s i n t e r i n g  can be d e r i v e d  f rom t h e  f u e l  
i n h e r e n t l y  present  i n  t h e  re fuse .  A l l  t h r e e  types 6f s i n t e r e d  granules were found 
t o  be e n v i r o n m e n t a l l y  compat ib le  as measured u s i n g  s tandard ASTM and EP l e a c h i n g  
t e s t s  and a f reeze- thaw c y c l e  t e s t .  The byproduct  recove ry  o f  S f rom the  
combus t ion /s in te r i ng  o f f  gases looks p romis ing  based on l a b o r a t o r y  m i c r o r e a c t o r  
s tud ies.  
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Fig. 1 Schematic flowsheet for the granulation/sintering waste 
stabilization process. 
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Fig. 2 Force-at-fracture for sintered refuse only granules 
as a function of small-tube furnace temperature. 
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Fig. 3 Schematic flowsheet f o r  the system t o  measure SO2 evolut ion.  
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Fig. 4 Microreactor f o r  the combustion/sintering o f  s ingle granules. 
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