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EVALUATION OF POTENTIAL PROCESSES FOR THE RECOVERY OF 

RESOURCE MATERIALS FROM COAL RESIDUES: FLY ASH 

V. A. DeCarlo R. PI. Canon 
F. G .  Seeley W. J. McDowell 

K .  B. Brown 

ABSTRACT 

This report evaluates potential processes for the recovery 
of resource materials from fly ash and presents preliminary 
experimental results. In the study presented here, existing 
processes such as lime-sinter and acid leach for the production 
of alumina and other resource materials from fly ash were 
investigated. A l s o ,  several new sinter-leach methods were 
studied; and a NaCI-Na2CO3 sinter, HzO-acid leach method w a s  
found to produce >97% solubilization of aluminum, iron, and 
a number of trace elements such as titanium, uranium, and 
manganese. Conceptual process flowsheets were developed for 
three of the processes that appear to have merit: lime-soda- 
sinter, salt-soda-sinter--nitric acid leach, and nitric acid 
leach. Material balances for these processes, based on infor- 
mation available in the literature and from results of our 
investigations, are presented along with very preliminary cost 
estimates to be used for comparison purposes only at this 
stage of development. The cost estimates indicate reasonable 
agreement in the capital costs for the three plants; however, 
the operating costs and income from products show significant 
differences. Income from products is difficult to estimate 
at this stage of development. Material balances show that 
the recovery of alumina is ~ 8 5 ,  90, and 65% and the quantity 
of f l y  ash consumed is ‘ ~ 9 0 ,  60, and 30% for the lime-soda- 
sinter, salt-soda sinter--nitric acid leach, and the nitric 
acid leach processes respectively. 
process limits product yield to iron, alumina, and cement. 
The salt-soda-sinter--nitric acid leach and nitric acid 
leach processes are much more flexible in this regard. In 
addition to iron and alumina, they are adaptable to produce 
titanium, silica, and manganese, using solvent extraction 
methods as shown in our conceptual process flowsheets; 
various other metals and minerals can also be obtained, 
depending on the type of process treatment applied. Also, 
specific research and development requirements for further 
work are given in this report. 

The lime-soda-sinter 
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1. INTRODUCTION 

6 
The t o t a l  a s h  c o l l e c t e d  i n  (:he United S t a t e s  i n  1975, 60 x 1 0  t o n s ,  

6 6 
consi-s ted of 4 2 . 3  x 1 0  t o n s  of f l y  a s h ,  1 3 . 1  x 10 t o n s  of bottom a s h ,  

and 4 . 6  x 10 t o n s  of b o i l e r  sl.ag ( s e e  F i g .  I>. The p e r c e n t  u t i l i z a t i o n  

of f l y  a s h ,  bottom a s h ,  and boi - le r  s l a g  i s  1 0 . 6 ,  2 6 . 7 ,  and 40.0 r sspec-  

t i v e l y .  It i s  obvious from t h e s e  s t a t i s t i c s  t h a t  f l y  a s h  p r e s e n t s  t h e  

g r e a t e s t  d i s p o s a l  problem. A s  shown i n  Tab7.e 1, o n l y  s i x  o t h e r  m i n e r a l s  

are produced i n  l a r g e r  q u a n t i t i e s  t h a n  c o a l  a s h .  This  quant i - ty  of a s h  

p r e s e n t s  a s i g n i f i c a n t  w a s t e  di -sposal  problem b u t ,  i f  p r o c e s s e d ,  could  

become a s o u r c e  of v a l u a b l e  minera1.s. Recovery of r e s o u r c e  materials 

from t h i s  waste woiild a l s o  d e c r e a s e  t h e  volume of a s h  r e q u i r i n g  d i s p o s a l .  

Furthermore,  t h e  dependence of our  n a t i o n  on imported alumina,  a problem 

of b o t h  s t r a t e g i c  and economic important-e, would b e  reduced.  The objec-  

t i v e s  of t h e  work r e p o r t e d  h e r e  were t o  s t u d y  and e v a l u a t e  e x i s t i n g  

techniques  and t o  develop proposed and new t e c h n i q u e s  f o r  p r o c e s s i n g  t h e  

a s h .  The exper imenta l  program i n c l u d e s  s t u d y i n g  p o s s i b l e  p r o c e s s i n g  

techni-ques followed by development and t e s t i n g  of c r i t i ca l  p r o c e s s  s t e p s  

i n  c a n d i d a t e  p r o c e s s e s  on a l a b o r a t o r y  scale f o r  a i d  i n  i d e n t i f y i n g  t h e  

optimum p r o c e s s  f lowshee t  and f o r  p r o v i d i n g  t h e  n e c e s s a r y  d e s i g n  d a t a  

f o r  a c o s t  estimate of t h e  p r o c e s s .  

6 

The United States  h a s  l a r g e  d e p o s i t s  of c l a y s  and o r e s  which contai-n 

t h e  same, o r  even somewhat. l a r g e r ,  c o n c e n t r a t i o n s  o f  some of t h e  r e s o u r c e  

mater;-als such as alumina.  However, u t i l i z a t i o n  of  such d e p o s i t s  may 

become expensive when t h e  c o s t s  a s s o c i a t e d  w i t h  mine development,  was te  

disposal . ,  and environmenta1l.y a c c e p t a b l e  r e s t o r a t i o n  of the mined areas 
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ORNL DWG 77-1796A 

700 I_ [- 90  

COAL CONSUMPTION Z 

60 6 5  70 7 5  8 0  1950 5 5  

Y E A R  
F i g .  1. Coal  consumption and ash p r o d u c t i o n  by U.S. e l e c t r i c  

u t i ] - i t i e s .  
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Table 1. Production of minerals and solid 
a mineral fuels in the United States 

920.4 1 0 6 0 . 1  

914 .3  983 .6  

602.4 598.5 

77 - 8  90.6 

7 7 . 9  82.7 

59.4 6 4 . 3  

Stone 

Sandlgravel 

Coal ( a l l  types) 

Iron ore 

portland cement 

Clays 

Coal ash 

Salt 

40.8 4 2 . 1  Phosphate rock 

S l a g  (air-cooled) 25 .O 28.8 

Lime 

Gypsum 

4 6 . 3  4 9 . 3  

4 5 . 0  43 .9  

20.2 21.0 

1 2 . 3  13 .5  

_- ..-__L__..--- _. 

1043.5 

978.7 

610.0 

8 4 . 9  

7 5 . 9  

60.7 

5 9 . 5  

4 6 . 5  

45 .6  

29 .8  

21.6 

1 1 . 9  

a 
Data taken from Minerals Yearbook, Vol. 1, "Metals, Minerals, and 
Fuels , "  U.S. Dept. of Interior, 1 9 7 4 .  
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are taken into consideration. Most of these costs are either avoided in 

processing coal ash or are already included in the power/fuels generating 

cosrs. 

The basic difficulties associated with processing fly ash for mineral 

recovery arise from the very high temperatures (e-g., 1750°C) to which the 

ash has been fired and the complex structure of the residue (i-e., inter- 

locking molecular bonds with silicon). Breaking these interlocklng bonds 

i s  the key to recovery of the minerals. Electron microscope photographs 

of f l y  ash, which can best be described as powdered glass beads, are 

shown in Figs. 2-5. 

The concept of recovering resource materials from coal residues is 

not new since a review of the references and patents on t h e  subject indi- 

cate that considerable work in this area was done well over 50 years ago. 

On the other hand, certain conditions exist today that make such tech- 

nology development much more attractive than before; for example, the 

bulk of our nation's aluminum needs, excluding recycled material, is met 

by the importation of ores from countries belonging to a cartel. Next 

to the OPEC cartel, the International Bauxite Association ( I B A )  presents 

the most serious cartel threat to the United States. Ten countries that 

produce over 65% of the world's output and account for 80% of the 

bauxitef'alumina trade are members of the IBA. Recent activities by some 

members of the I B A  include large price increases, which reflect a monopo- 

listic position as suppliers of this valuable ore instead of a market 

demand. Such a situation makes coal ash processing techniques for alumina 

recovery more attractive. Several other recoverable minerals, some in 

trace amounts, are also of interest. 
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F i g .  2. Fly-ash pa r t i c l e s ,  enlarged 1OOOX. 
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Fig. 3. Pluralsphere in fly ash, enlarged 1 O O O X .  
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Fig.  4 .  I r r e g u l a r l y  shaped f ly-ash  p a r t i c l e s ,  e n l a r g e d  300X. 
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F i g .  5. Porous fly-ash p a r t i c l e ,  enlarged 300X. 
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A second circumstance prompting the development of ash utilization 

technology is the general desire to reduce environmental pollution through 

the increased utilization and recycle of waste materials generated by 

present industrial activities. Recent actions from environmentalists 

suggest certain leachable materials may need to be removed from ash 

dumps. This would require a limited treatment of the ash which could be 

extended to recover other resource materials, depending on the evaluation 

of economic and technical factors. This is also a potent force which 

tends to prevent the exploitation of new sources of low-grade ores for 

the production of these minerals. 

The only existing methods of fly-ash resource recovery that have 

been demonstrated on an engineering scale are the lime-sinter and lime- 

soda-sinter (LSS) processes. These methods are now receiving considerable 

attention in the literature, but to our knowledge there are no commercial 

plants in operation. If 34 x 10 tons of the fly ash were processed by 

LSS, we would produce 62 x lo6 tons of cement or 80% of the total U.S. 

production. Since the process requires a 2:l ratio of limestone to fly 

ash, 68 x 10 tons of quality limestone (or 30% of the present U.S. pro- 

duction of cement limestone) would be required. The process would also 

produce 8 x l o 6  tons of alumina, or 50% of the U.S. demand. 

6 

6 

Such quanti- 

ties of alumina and cement would affect the prices of these commodities; 

consequently, the consumption of large quantities of the current fly-ash 

production may not be possible. The process appears to have merit, 

however, and the market could probably absorb as much as 20% of the 

alumina and cement; and 16% and 10% of the U . S .  demand for alumina and 

cement, respectively, would be met by consuming 6.76 x lo6 tons of fly 
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ash. Distances between consumer, l i m e s t o n e  mines ~ and f l y - a s h  supply  

would de te rmine  t h e  optimum l o c a t i o n  of a n  LSS p l a n t  ~ 

In  t h e s e  p r o c e s s e s ,  t h e  f l y  a s h  is  s i n t e r e d  w t t h  the i n d i c a t e d  

mater i .n .1 . s  and t h e n  leached  wi.th soda  ash ( N a 2 C O j )  s o l u t i o n s .  We examined 

t h e s e  procedures ,  as we1. l  as a v a r i e t y  of  o t h e r  s i n t e r  and f u s i o n  methods 

which we developed,  fol lowed by a c i d  l e a c h i n g .  

w o ~ k ,  c o n s i d e r a t i o n  w a s  given t o  s o l v e n t  e x t r a c t i o n  t e c h n i q u e s  as w e l l  

as o t h e r  s e p a r a t i o n  o p e r a t i o n s  as p o t e n t i a l .  methods f o r  r e c o v e r i n g  metal 

values from t h e  leach  l i q u o r .  

e lements  p r e s e n t  o n l y  a.s trace material i n  t h e  .fly ash, such  as uranium, 

manganese, and t i - t a n i u n  i n  eastern ores and coppe r  and molybdenum i n  

w e s t e r n  r~res, w i t h  some a d d i t i o n a l  expense a We are t h u s  i n c l u d i n g  uranium 

and t i t a n i u m  i n  our  a n a l y s e s  as i n d i c a t o r s  of these t y p e s  of trace m e t a l s .  

I n  a l l  of t h e  aci.d leach 

Many o f  t h e s e  methods would l i k e l y  extract  

The program i s  cons idered  t o  have f o u r  p a r t s ,  o s  phases ,  which w i l l .  

u l t i m a t e l y  require t h e  c o o p e r a t i o n  and tnteraction of t h e  Oak Ridge 

N a t i o n a l  Laboratory,  t h e  Tennessee 'Val1.e~ Author-ity , and an  i n d u s t r i a l  

p a r t i c i p a n t .  

Phase I* A survey  of t h e  l i t e r a t u r e ,  b a w d  on e x i s t i n g  l>ri.bliographies 

and other p e r t i n e n t  s o u r c e s ,  w a s  made i n  o r d e r  t o  i d e n t i f y  proposed 

p r o c e s s e s  f o r  t h e  r e c o v e r y  of v a r i o u s  materials from c o a l  u t i l i z a t i o n  

r e s i d u e s .  An evalua t . ion  o f  t h e  re la t ive extent of t e c h n i c a l  development 

r e q u i r e d  f o r  each p r o c e s s  w a s  made based on the q u a n t i t y  of avai lab1.e  

l a b o r a t o r y  data and the e x i s t e n c e  o f  p i l o t - p l a n t  o p e r a t i o n  e s p e r i e n c e .  

From t h e s e  r e s u l t s ,  we. determined what s p e c i f i c  i n f o r m a t i o n  w a s  r e q u i r e d  

t o  a i d  in  t h e  development of v a r i o u s  p r o c e s s e s  t o  produce r e s o u r c e  m a t e -  

r i a l s .  A s  a n  example, t h e  presence  of  s i l i c a  atid :i-ron i n  the  f l y  ash  
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i n t r o d u c e s  d i f f e r e n t  p r o c e s s i n g  problems, depending on whether a c i d  o r  

a l k a l i n e  methods are employed. I n  t h e  a c i d  methods, much o f  t h e  i r o n  

d i s s o l v e s  whi le  riiost of t h e  si l i-ca rematns i n s o l u b l e .  Thus, t h e  a c i d  

p r o c e s s e s  must i n c l u d e  procedures  f o r  removing t h e  i r o n  o r  c o n v e r t i n g  i t  

t o  an  i n s o l u b l e  form. The a l k - d i n e  p r o c e s s e s  must d e a l  s i m i l a r l y  w i t h  

t h e  s i l i c a .  One r ea l  advantage of t h e  a l k a l i n e  p r o c e s s e s  i s  t h a t  mi ld  

s tee l  can be u s e d ,  whereas a c i d - r e s i s t a n t  equipment i s  r e q u i r e d  f o r  t h e  

a c i d  systems.  

____.I Phase 11. W e  are c u r r e n t l y  engaged i n  t h i s  phase of t h e  program. 

Our t a s k s  are  to i d e n t i f y  t h e  p r o c e s s e s  t h a t  a p p e a r  promising and apply  

p h y s i c a l  t e c h n i q u e s  t o  deve lop  t h e s e  p r o c e s s e s  on a l a b o r a t o r y  sca1.e. 

Experimental  work has  been conducted t o  d e f i n e  v a r i a b l e s  and t o  de te rmine  

tine e f f e c t i v e n e s s  of v a r i o u s  s e p a r a t i o n  t e c h n i q u e s  such  as s o l v e n t  e x t r a c -  

t i o n  and magnet ic  and g r a v i t a t i o n a l  methods. These fundamental  s t u d i e s  

~ i . l . 1  form t h e  b a s i s  f o r  f u r t h e r  development o f  cont inuous  p r o c e s s i n g  

techni.ques.  An a t t e m p t  was made d u r i n g  t h i s  phase t o  se lect  c a n d i d a t e  

p r o c e s s e s  f o r  c o s t  e v a l u a t i o n  t h a t  appeared t o  b e  most f e a s i b l e  from b o t h  

a t e c h n i c a l  and a n  economic p o i n t  of view, The experi-mental  program 

at tempted t o  develop t h e s e  p r o c e s s e s  f o r  t h e  purposes  of o p t i m i z i n g  

p r o c e s s  f l o w s h e e t s  and p r o v i d i n g  t h e  n e c e s s a r y  d e s i g n  d a t a  f o r  p r o c e s s  

scale-up.  Three p r o c e s s e s  were s e l e c t e d :  l i m e - s o d a - s i n t e r ,  s a l t - s o d a  

s i n t e r - - n i t r i c  a c i d  l e a c h ,  and n i t r i c  a c i d  l e a c h .  A p r e l i m i n a r y  c o s t  

estimate w a s  p repared  f o r  each.  

_I_...__ Phase 111. The r e s u l t s  of Phase :I:[ w i l l  b e  used as a b a s i s  f o r  

a d d i t i o n a l .  work and w i l l  be u t i l i z e d  by a more a p p l i e d  m i n e r a l s  recovery  

p r o c e s s  development program. Hopefu l ly ,  thi-s w i l l  g e n e r a t e  t h e  n e c e s s a r y  

da ta  f o r  a d e t a i l e d  e n g i n e e r i n g  d e s i g n  o f  a bench-scale  experiment .  
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Phase I V .  Based on operating data obtained from laboratory bench- 

scale experiments, a demonstration plant would b e  designed and proposed for 

construction near one of TVA’s power-generation facilities. Production- 

scale process plants should be located near large coal burning plants to 

provide a concentration o f  source material and to avoid transportation 

costs. 

year. It is anticipated that ORNL would provide part of the overall 

project management and perform the necessary laboratory support work as 

the project development continued in this phase of the program. TVA 

would provide a suitable site and process feed material, while the pri- 

mary project management function would be fulfilled by the TVA and an 

industrial participant, 

6 Large TVA plants generate cu 1 x 10 tons of waste residue per 

2. PROCESSES EXAMINED 

2.1 Lime-Sinter Process 

The  lime-sinter process removes alumina from a refractory alumino- 

silicate compound with a reagent (i.e., calcium oxide from limestone) 

which has a stronger affinity for silica than does alumina. This is a 

modification of a process patented by Pedersen1’2 for smelting bauxite, 

limestone, iron ore, and coke to produce iron and calcium aluminate slag. 

A variation of the process was patented by S e a i l l e s  and Dyckerhoff3 for 

sintering a mixture of limestone and high-silica alumina compound t o  

form calcium aluminate. 

Investigators4 y 5  have found that the calcium oxide: silica weight 

ratio should be 2 with sufficienr calcium oxide to give a Ca0:A1203 weight 

ratio of 5:3 in order to release alumina from silicated compounds. 
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The l i m e - s i n t e r  process  h a s  been t h e  s u b j e c t  of c o n s i d e r a b l e  r e s e a r c h  

by Murtha e t  a l .  , 6  as well as G r i m ,  Machin, and Bradley.’  Sorne of t h e  

work done on c l a y s  i n d i c a t e d  a n  optimum s i n t e r i n g  tempera ture  range  of 

1370 t o  1390OC. 

The p r o c e s s  development r e p o r t e d  h e r e  f i r s t  a t tempted  t o  dupl icat ie  

experiments  r e p o r t e d  i n  t h e  l i t e r a t u r e ;  t h e n  parameters  w e r e  v a r i e d  i n  

an  a t t e m p t  t o  i n c r e a s e  t h e  y i e l d  of a lumina.  U n f o r t u n a t e l y ,  w e  were 

unable  t o  a c h i e v e  oiir o b j e c t i v e .  F igure  6 shows t h e  seqiience of opera- 

t i o n s  of t h e  p r o c e s s .  

A c o s t  estimate of t h i s  p r o c e s s  w a s  n o t  made because of t h e  g r e a t e r  

y i e l d  of alumina from t h e  l ime-soda-s in te r  p r o c e s s .  (The c o s t  estimate 

f o r  t h e  l ime-soda-sinter  p r o c e s s  i s  p r e s e n t e d  1n  Appendix A.) 

2 . 1 . 1  Equipment and procedure 

The f l y  a s h  used i n  t h e s e  tcsts w a s  o b t a i n e d  from t h e  TVA Kingston 

Steam P l a n t ;  i t s  a n a l y s i s  i s  g iven  i n  Table  2 .  Although t h e  m a t e r i a l  

w a s  r e c e i v e d  d r y ,  i t  w a s  s l u r r i e d  w i t h  water t o  r e p r e s e n t  t h e  form of 

t h e  ash t h a t  i s  be ing  sugges ted  as t h e  p r o c e s s  f e e d ,  

2.1.2 Magnetic -- s e p a r a t i o n  I 

Some e x i s t i n g  p r o c e s s e s  use  a p r e l i m i n a r y  riiagiietic i r o n  s e p a r a t i o n  

s t e p  i n  an  e f f o r t  t o  m i t i g a t e  t h e  problem of removing i r o n  Erom t h e  

alumina and t o  provide  a lower i r o n  l e v e l  i n  cement,  In our work, w e  

employed v a r i o u s  t e c h n i q u e s  t o  de te rmine  an  e f f e c t i v e  means f o r  removing 

magnet ic  i r o n  from f l y  a s h .  The most s u i t a b l e  method, witlL t h e  a v a i l a b l e  

equipment,  appeared t o  be a wet s e p a r a t i o n  fol lowed by d r y i n g  of t h e  

two f r a c t i o n s .  The f l y  a s h  w a s  s l u r r i e d  w i t h  water and p laced  i n  a 
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C o n s t i t u e n t  w t  % C o n s t i t u e n t  wt % 
___.. 

49.4 S i  23 .1  
2 S i o  

27.96 P I  14 .8  
A1203 

10.77 Fe 7.53  

0.30 Mn 0.19 

1.51 cu 1 .08  

Fe203 

2 
MnO 

CaO 

0 . 8 3  MgO 1 . 3 8  Mg 

T i 0 2  1.. 68 T i  1 . 0 1  

3.14 K 2.61 
K2° 

... . 
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Table 2 .  Ana lys i s  of f l y  ash from TVA Kingstor1 Steam P l a n t  
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_____ ____-.. 

I33 38 

C r  129 

co 50 

Ni 2 2 1  

Rb 245 

S 1800 

Sr 880 

v 180 

Zn 233 

..____- ..... 



1 7  

separatory funnel surrounded by permanent magnets outside the glass sur- 

face. 

of iron, were retained on the inside surface of the glass. 

recycled six times. 

in this manner to provide fly ash low in magnetic iron f o r  those studies 

in which a ].ow-iron fraction appeared to be an advantage. 

the magnetic fraction would provide a salable product. 

table summarizes typical data obtained by use of this method for removing 

magnetic iron from fly ash: 

The more magnetic particles, which contained a higher percentage 

The ash was 

Approximately 10 kg of the fly ash has been processed 

Upgrading of 

The following 

After magnetic separation 
Magnetic Nonmagnetic Before magnetic 

separation f r act ion -. fraction 

IJeight, g 100 12 86 

Fe, g 7.21 (100%) 3 . 7 4  (52%) 3.50 ( 4 8 Z )  

K ,  % 2 . 5 4  (1002) 0.17 (7%) 2.2 ( 8 7 % )  

Although 52% of the total iron was removed by this procedure, the iron- 

rich fraction is not a salable product because blast furnace feed speci- 

fications require 60% iron content and <0,15% potassium. Because the 

magnetic separation step is simple and the less-magnetic fraction of the 

fly ash is more suitable for cement manufacture, it is apparent that 

additional research is warranted. More efficient iron recovery is 

possible,6 but the problem of potassium separation has not been resolved. 

The economics would need to be evaluated after the cost of upgrading the 

iron oxide has been calculated to determine whether the process should 

be included in a final flowsheet. 
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2 . 1 . 3  S i n t e r i n g  
___I-- 

The w e t ,  nonmagnetic f l y - a s h  f r a c t i o n  w a s  p a r t i a l l y  d r i e d  and mixed 

w i t h  a c a l c u l a t e d  q u a n t i t y  of CaCO 

r a t i o s  of 2 .79  and s2 .0  r e s p e c t i v e l y . 8  

t o  g i v e  C a 0 : A l 2 O 3  and CaO:Si02 inole 

Mixing took  p l a c e  d u r i n g  wet 

3 

g r i n d i n g  o f  t h e  material t o  -100 mesh. A f t e r  f o u r  a t t e m p t s ,  a mi-xture 

w a s  prepared which s e l f - d i s i n t e g r a t e d  when cooled a f t e r  s i n t e r i n g  a t  

1380°C For 1-112 h r .  S e l f - d i s i n t e g r a t i o n  of t h e  s i n t e r  i s  consi-dered 

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

cooldown of t h e  s i n t e r e d  mix a p p a r e n t l y  a i d e d  s e 1 . f - d i s i n t e g r a t i o n .  The 

f u r n a c e  al-lowed t h e  sample t o  be h e a t e d  t o  1380°C i n  2 h r  and cooled so 

t h a t  i t  could b e  removed i n  2 h r  a t  200OC. 

The chemical  r e a c t i o n s  t h a t  occur  are:  

CaCO -+ CaO -t- C 0 2 +  , (1) 
3 

C a O  + a l u m i n o s i l i c a t e s  + 2 C a O . S i O  4- 5Ca0.3A1203 . (2) 2 

6 
The s i n t e r i n g  tempera ture  was n o t  v a r i e d  because t h e  l i terat i i re  i n d i -  

c a t e d  t h a t  s i n t e r i n g  a t  138OoC allowed t h e  l a r g e s t  p e r c e n t  of so lub le  

alumina t o  b e  recovered .  The reac t i -on  time was v a r i e d  between 1 and 3 h r  

i n  an  e f f o r t  t o  promote s e l f - d i s i n t e g r a t i o n ,  which occurred  a t  a r e a c t i o n  

t i m e  of 1-112 h r ;  however, more r e s e a r c h  i s  needed t o  o p t i m i z e  t h i s  s t e p .  

2 .1 .4  I_- L e a c h i s  

The weight  l o s s  d u r i n g  s i n t e r i n g  i s  %30%, due p r i m a r i l y  t o  l o s s  of 

m o i s t u r e  and CO The s i n t e r e d  a s h  was l eached  f o r  15 min a t  65°C w i t h  

a 3% s o l u t i o n  of N a  CO 

A 1  0 

2' 

t o  provide  1..66 moles of Na2C03  f o r  each mole of 
2 3  

p r e s e n t  i n  che mater ia l . .7  (The N a 2 C 0 3  s o l u t i o n  can be recycl-ed 
2 3  
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from a soda a s h  r e c o v e r y  s e c t i o n . )  To m a i n t a i n  t h e  proper  c o n c e n t r a t i o n s  

of soda ,  a lumina,  and c a r b o n a t e  i n  t h e  pregnant  l i q u o r ,  GO2 g a s  w a s  added 

t o  t h e  s o l u t i o n  d u r i n g  l e a c h i n g .  T h e  m i x t u r e  w a s  f i l t e r e d ,  and t h e  f i l -  

t r a t e  w a s  washed f r e e  of s o l u b l e  soda ,  a lumina,  and c a r b o n a t e .  The 

chemical r e a c t i o n s  t h a t  occur  are b e l i e v e d  t o  be :  

5Ca0*3A1203 + 5Na2C03 + 2H20 -* 5CaC03J. + 6NaA102 + 4NaOH , (3) 

3(2Ca0.SiO2) + 6NaA1.02 -I- 15H20 -+ 

3Na2Si03 + 2Ca0*A1203*6H20~ + 2Al(0H)3 , (4) 

2Na2S-i03 4- 2NaA102 + 4 H 2 0  + N a 2 0 * A l . 2 0 3 * 2 S i 0 2 * 2 H 2 0 ~  + 4Na021 . (5) 

Reac t ion  (3)  i s  t h e  most d e s i r a b l e ;  however, t h e  o t h e r  two r e a c t i o n s  

also occur .  Based on a n a l y s e s  of t h e  f i l t r a t e  and t h e  r e s i d u e  of one r u n ,  

t h e  b e s t  y i e l d  of alumina ext l racted w a s  56.6 and 67.2% r e s p e c t i v e l y .  

F u r t h e r  r e s e a r c h  i s  needed t o  o p t i m i z e  t h e  l e a c h i n g  c o n d i t i o n s  t o  i n c r e a s e  

the  y i e l d  of a lumina.  

2 .1 .5  Cement 

The t a i l i n g s  of t h e  N a 2 C 0 3  l e a c h i n g  were s i n t e r e d  a t  1094°C f o r  2 

The s i n t e r i n g  tempera ture  h r ,  which removed a l l  of  t h e  w a t e r  and C02. 

and r e a c t i o n  t i m e  are t h e  same a s  t h o s e  used f o r  t h e  p r o d u c t i o n  o f  

P o r t l a n d  cement. The material  from t h i s  second s i n t e r  formed c l i n k e r s .  

A q u a n t i t y  of gypsum n o t  t o  exceed 3 w t  Z of t h e  r e s u l t i n g  cement (which 

i s  t h e  maximum q u a n t i t y  a l lowed) w a s  added as CaSO and subsequent ly  

mixed and ground. Water was t h e n  added t o  the cement t o  make c o n c r e t e .  

T h e  r e s u l t i n g  product  seemed r e a s o n a b l y  s t r o n g  b u t  w a s  n o t  s u b j e c t e d  t o  

4 
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any q u a n t i t a t i v e  tests. The d e t e r m i n a t i o n  of optimum c o n d i t i o n s  t o  pro- 

duce t h e  b e s t  q u a l i t y  of cement w a s  n o t  inc luded  i n  t h i s  s t u d y  because 

of t i m e  l i m i t a t i o n s ;  however, t h i s  would be a v e r y  impor tan t  p a r t  of any 

f u r t h e r  r e s e a r c h .  

2 .1  . 6  D e s i l i c a t i o n  

D e s i l i c a t i o n  of t h e  pregnant  s o l u t i o n  from t h e  N a 2 C 0 3  l e a c h i n g  s t e p  

i s  n e c e s s a r y  because of t h e  h i g h  c o n c e n t r a t i o n  of s i l i c a  i n  t h e  s o l u t i o n .  

The l i m e  f o r  t h i s  s t e p  w a s  ob ta ined  by c a l c i n i n g  l i m e s t o n e  a t  1200'C. 

The l i m e  w a s  s l u r r i e d  w i t h  10% of t h e  pregnant  l i q u o r  b e f o r e  i t  w a s  added 

t o  t h e  d e s i l i c a t i o n  s t e p .  The f i l t r a t e  from t h e  l e a c h i n g  s t e p  w a s  mixed 

w i t h  c a l c i n e d  l imes tone .  C a l c u l a t i o n s  i n d i c a t e d  t h a t  0.5 w t  % l i m e s t o n e  

would b e  r e q u i r e d  t o  d e s i l i c a t e  t h e  s o l u t i o n .  The mixture  w a s  hea ted  i n  

an  a u t o c l a v e  f o r  2 h r  a t  1 7 5 O C  and 200 p s i .  The c o n d i t i o n s  given i n  t h e  

l i t e r a t u r e '  f o r  t h i s  s t e p  are a t empera ture  of 1 7 5 O C  and a p r e s s u r e  of 

100 p s i .  W e  dec ided  t o  u s e  a h i g h e r  p r e s s u r e  i n  an  a t t e m p t  t o  i n c r e a s e  

t h e  y i e l d ;  however, our  e f f o r t s  w e r e  u n s u c c e s s f u l .  The d e s i l i c a t e d  

s o l u t i o n  w a s  cooled ,  f i l t e r e d ,  and washed. The chemical  r e a c t i o n  t h a t  

o c c u r s  i s  as follows: 

Na20.A1 2 3  0 .2SiO2-2H20 + Na20.A1203 -I- 2Si02 i- 2H20 . (6 )  

More r e s e a r c h  w i l l  h e  r e q u i r e d  i n  o r d e r  t o  o p t i m i z e  t h e  tempera ture  and 

p r e s s u r e  f o r  t h e  r e a c t i o n .  

2.1.7 Carbonat ion 

The d e s i l i c a t e d  s o l u t i o n  w a s  carbonated  a t  7 5 O C  f o r  24 hr by p a s s i n g  

C 0 2  through t h e  s o l u t i o n .  (The C 0 2  gas  used i n  t h i s  o p e r a t i o n  could b e  



21 

obtained from the sintering step.) 

added as seed to aid in precipitation; an equivalent of 25 wt % of the 

alumina that precipitates is required.' 

and dried. The chemical reaction that occurs is: 

Fine alumina trihydrate crystals were 

The filtrate was then washed 

Na20.A1203 + C 0 2  -I- 3H20 -+ A1203-3H20 f Na2C03 . 

This step is straightforward; the time at temperature could probably be 

reduced. 

2.1.8 Calcination 

The alumina trihydrate from the carbonation section was calcined at 

1100°C for 2 hr to form alumina. The chemical reaction that occurs is: 

A1203-3H20 -+ AI2O3 -I- 3 H 2 0  . ( 8 )  

This step is straightforward, and no further research is required. 

2.2 Lime-Soda-Sinter Process 

9 The first lime-soda-sinter process was developed by Adolf Kayser 

in 1902 to separate alumina from silica. 

process for separating alumina from clay. During World War 11, a 

50-ton/day plant was built in Wyoming to produce alumina from anortho- 

site; however, it was never pur into operation. 

In 1947 ,  Conley" developed a 

In the process we investigated, the fly ash is mixed with limestone 

and soda ash in a wet grinding step and the resulting mixture is sintered 

to convert the alumina to sodium aluminate and the silica to dicalcium 

silicate. The sintered product is leached with a dilute Na CO solution 

to dissolve sodium aluminate from the sinter, and the resulting slurry 

2 3  
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i s  processed t o  remove t h e  r e s i d u e  from t h e  l e a c h  l i q u o r .  The pregnant  

so l -u t ion  i s  t r e a t e d  w i t h  1.ime i n  an  a u t o c l a v e  t o  p r e c i p i t a t e  d i s s o l v e d  

s i l i c a ,  whi-ch i s  t h e n  removed by s e t t l i n g  and f i l t r a t i o n .  The d e s i l i -  

c a t e d  l i q u o r  i s  carbonated  t o  p r e c i p i ~ t a t e  a lumina t r i h y d r a t e ,  which i s  

t h e n  s e p a r a t e d  f r o m  t h e  I . iquor ,  washed, and c a l c i n e d  t o  produce alumina.  

T h e  t a i - l i n g s  from t h e  l e a c h i n g  s t e p  arc s i n t e r e d  and mixed w i t h  gypsum 

d u r i n g  g r i n d i n g  t o  form cement. An o v e r a l l  f lowshee t  of t h e  sequence 

of o p e r a t i o n s  i s  shown i n  F i g .  7 .  A c o s t  es t imate  of t h i s  p r o c e s s  i s  

p r e s e n t e d  i n  Appendix A.  The mater ia l  b a l a n c e  Elowsheets cn which t h e  

c o s t  estimate i s  based are a l s o  inc luded  i n  Appendix A ( s e e  F igs .  A - l  

through A-10) . 

2.2.1 Sinter j .na  

The f l y  a s h  was processed wet i n  a magnetic s e p a r a t i o n  s t e p  

( d e s c r i b e d  i n  Sec t .  2.1.2) t o  remove t h e  magnet ic  f r a c t i o n .  The non- 

magnet ic  p o r t i o n  of t h e  f l y  a s h ,  %85%, w a s  p a r t i a l l y  d r i e d  and mixed 

w i t h  l i m e s t o n e  and a soda a s h  s o l u t i o n  i n  a w e t  g r i n d i n g  s t e p  t o  o b t a i n  

a -200 mesh m a t e r i a l .  The q u a n t i t i e s  o f  l i m e s t o n e  and soda added were 

s u f € i c i e n t  t o  produce a m i x t u r e  c o n t a i n i n g  1 mole of soda  p e r  mole of  

alumina and 2 moles o f  CaO p e r  mole of  s i l i c a .  

rrom t h e  l i m e - s i n t e r  p r o c e s s  i n  t h a t  t h e  N a  CO i s  mixed w i t h  the f l y  

a s h  p l u s  CaCQ p r i o r  t o  s i n t e r i n g .  

s i g n i € i c a n t l y  h i g h e r  recovery  of A 1  0 can be o b t a i n r d  u s i n g  t h i s  method. 
2 3  

The d isadvantage  i s  t h a t  t h e  N a 2 C 0 3  must be washed from the r e s i d u e  p r i o r  

t o  p r o c e s s i n g  i t  i n t o  cement. 

T h i s  method d i f f e r s  

2 3  

The l i t e r a t u r p  i n d i c a t e s  t h a t  a 3 
7 
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T h e  f i r s t  l . ime-soda-sinter ( f l y  a s h  l j h e s t o n e  + N a  CO ) experiment  

w a s  c a r r i e d  o u t  a t  1380°C w i t h  poor r e s u l t s .  The m i x t u r e  formed a g l a s s -  

l i k e  iiielt t h a t  d i d  n o t  appear  s u i t a b l e  f o r  f u r t h e r  p r o c e s s i n g  because of 

t h e  p o t e n t i a l .  d i f f i c u l t y  of g r i n d i n g .  Apparent ly ,  t h e  s i n t e r i - n g  tempera- 

t u r e  was t o o  h igh  i n  t h i s  experiment .  A second lime-soda s i n t e r ,  whi.ch 

was performed a t  125OOC f o r  30 min, w a s  much more s u c c e s s f u l .  Although 

i t  f a i l e d  t o  s e l f - d i s i n t e g r a t e  t o  a powder, i t  d i d  form a g r a i n y ,  cracked 

solid which was v e r y  e a s i l y  ground w i t h  mor ta r  arid p e s t l e  t o  -65 mesh. 

Another s i n t e r  made under t h e  same c o n d i t i o n s  gave t h e  s a m e  r e s u l t .  The 

r e a c t i o n s  t h a t  occur  are  b e l i e v e d  t o  be : 

7 . 3  

C a O - A 1  0 .2Si02 1- 3CaC03 + N a 2 C 0 3  ,-* Na20-A1203 2 3  

3- 2(2Ca0.SiO2) 1- 4C02 , 

Na20-A1203.3Si02 -1- 6CaCO 3 -* N a 2 0 . A 1  2 3  0 

1- 3(2Ca0.Si02) + 6CO 2 . 

(9) 

F u r t h e r  r e s e a r c h  i s  r e q u i r e d  t o  opt imize  t h e  s i - n t e r i n g  tempera ture  and 

c o n c e n t r a t i o n s  of l i m e s t o n e  and sodium c a r b o n a t e .  

2.2.2 Leaching 

A sample o f  t h e  s i n t e r e d  product  was rriixed w i t h  a Na CO s o l u t i o n  2 3  

and leached  f o r  1.5 min a t  95'C.'' 

w a s  found t o  be r e q u i r e d  p e r  gram of s i n t e r e d  material .  The s l u r r y  pro- 

duced by l e a c h i n g  w a s  f i l t e r e d ,  and t h e  r e s i d u e  w a s  washed. ( P a r t  of 

t h e  wash can be r e c y c l e d  t o  t h e  l e a c h i n g  s o l u t i o n . )  Four  p o r t h n s  of  

t h e  s i n t e r e d  product  w e r e  l e a c h e d ,  u s i n g  d i f f e r e n t  N a  CO c o n c e n t r a t i o n s  

and l e a c h  t i m e s .  The r e s u l t s  are g iven  i n  t h e  -Eollowi.ng t a b l e :  

Approximately 2 g of I-eaching s o l u t i o n  

2 3  
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P e r c e n t  Leach t i m e  
N a 2 C 0 3  

a -_ Leach N o .  conc. QfJ (min) --- alumi-na recovered  

6A1  1.11 15 

6A2 0.56 15 

6 A3 0.56 60 

6A4 2.23 15 

58.5 

6 1 . 1  

43 .4  

3 7 . 4  

___._--- 

I n  the f i l t r a t e .  
a 

The s t e p s  f o l l o w i n g  t h e  s i n t e r i n g  and l e a c h i n g  s t e p s  are  similar t o  

t h o s e  of t h e  l i m e - s i n t e r  p r o c e s s .  Although t i m e  d i d  not  permi t  a d d i t i o n a l  

e x p e r i m e n t a l  work, t h e  d e s c r i p t i o n  of f u r t h e r  p r o c e s s  s t e p s  is  incl-uded 

f o r  g e n e r a l  i n f o r m a t i o n  and t o  a i d  i n  u n d e r s t a n d i n g  t h e  m a t e r i a l  ba lance  

f l o w s h e e t s  prepared  f o r  t h e  c o s t  estimate. 

2 . 2 . 3  D e s i l i c a t i o n  

The pregnant  s o l u t i o n  c o n t a i n s  s o l u b l e  s i l i c a ,  which must be removed 

b e f o r e  t h e  alumina i s  p r e c i p i t a t e d  as the t r i h y d r a t e .  When l i m e s t o n e  is 

added and t h e  m i x t u r e  p laced  i n  a n  a u t o c l a v e  f o r  45 min a t  174°C a t  100 

psi . ,  96% of t h e  s i l i c a  i n  soI .ut ion reacts t o  form a p r e c i p i t a t e  (2Na 0 .  

2Al2O3.3SiO2-5H20). 

from the d e s i l i c a t e d  s o l u t i o n ,  which can be. r e c y c l e d .  

2 

The m i x t u r e  i s  then  f i - l t e r e d  to s e p a r a t e  t h e  r e s i d u e  

2.2.4 Carbonat ion 

During t h e  c a r b o n a t i o n  s t e p ,  CO is  passed through t h e  d e s i l i c a t e d  2 

s o l u t i o n  f o r  1 h r  a t  90°C. T h i s  p r e c i p i t a t e s  about  87% of  t h e  a l u n i n a  

as alumi-na t r i h y d r a t e  I The cliemical r e a c t i o n  i s  : 

N a 2 0 - A 1 2 0 8  + C02 + 3H20 3 A 1 2 0 3  4 3H20 f N a 2 C 0 3  . 
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Aluinina t r i h y d r a t e  s e e d ,  which comprises  30% of t h e  alumina t o  be p r e c i p i -  

t a t e d ,  i s  added t o  promote p r e c i p i t a t i o n .  The p r e c i p i t a t e  i s  f i l t e r e d  

and washed. 

2 . 2 . 5  Calc ina t i -on  

'The alumina t r i - h y d r a t e  from f i l t r a t i o n  is c a l c i n e d  for 90 min at 

1094°C t o  produce nlumi-na. The r e a c t i o n  i s :  

2.2.6 Cement 

The t a i l i n g s  from t h e  f i l t r a t i o n  s t e p  d u r i n g  l e a c h i n g  a r e  s i n t e r e d  

a t  1094°C f o r  90 min -- a t rea tment  whi-ch removes a l l  o f  t h e  H20 and C 0 2 .  

The inaterial from the s i . n t e r  i s  i.n t h e  c l i n k e r  form. A q u a n t i t y  oE gypsum 

n o t  to exceed 3 w t  % of  t h e  r e s u l t i h g  cement product  i s  added as CaCO 

d u r i n g  g r i n d i n g  and mixing of t h e  two materials .  

3 

2 3 Sa l t -Soda-Sin ter - -Ni t r ic  Acid Leach 

A s  an a l t e r n a t i v e  method f o r  opening up t h e  aluminum s i l i ca t e s  i n  

f l y  a s h ,  t h e  system NaCl - -Na  CO - - f ly  a s h  was i n v e s t i g a t e d .  T h i s  i s  a 

new p r o c e s s  developed a t  ORNL; however, a m o d i f i c a t i o n  of a f u s i o n  method 

w a s  f i r s t  proposed by W. D .  Arnold e t  a].. The f u s i o n  m i x t u r e ,  N a C l -  

N a  CO (2:1), w a s  mixed w i t h  f l y  a s h  i n  a 3:l r a t i o ,  hea ted  t o  s i n t e r i - n g  

tempera tures  of 700 t o  1050°C, and t h e n  leached w i t h  v a r i o u s  s o l u t i o n s .  

A programmed i n c r e a s e  i n  tempera ture  iiiiproved t h e  l e a c h i n g  q u a l i t i e s  o f  

t h e  s i n t e r - c a k e ;  t h e r e f o r e ,  t h e  procedure fol lowed i n  t h e  tests r e p o r t e d  

h e r e  provided f o r  an  i n i t i a l  t empera ture  i n c r e a s e  t o  600°C ( q ~ l  h r )  and 

a subsequent  ra te  o f  i n c r e a s e  of 1 0 0 ° C  p e r  hour u n t i l  the d e s i r e d  

2 3  

1.2 

2 '  3 



2 7  

s i n t e r i n g  tempera ture  had been a t t a i n e d .  A 2-hr p e r i o d  a t  t h e  maximum 

tempera ture  was used i n  t h e s e  tests; however, 8.5 t o  1 hr would probably 

be adequate .  The most e f f e c t i v e  t r e a t m e n t  found w a s  a s i n t e r i n g  tempera- 

t u r e  of 1 0 S O " C  and a combinat ion of an  i n i t i a l  H 0 l e a c h  o f  t h e  s i n t e r -  

cake  fo l lowed by a n i t r i c  a c i d  l e a - h .  Most of the u n r e a c t e d  N a C l  and 

2 

N a  CO can b e  recovered  from t h e  H 0 l e a c h  f i l . t : ra te .  

d u c t i o n  of N a A l 0 ,  i s  expected i n  this f u s i o n ,  .Cl% of t h e  a l . u m i n u m  i s  

s o l u b i l i z e d  in the H 0 leach  even a t  a pH of 1.2 t o  13 .  A s  y e t ,  w e  have 

no explanat-i.on f o r  t h i s  b e h a v i o r .  S u b s t i t u t i o n  of N a  60 o r  NaOW s o l u -  

t i o n s  f o r  t h e  H 0 l e a c h  provided no more e f f e c t i v e  aluminum r e c o v e r y  

t h a n  the H2Q. 

e f f e c t i v e l y  s o l u b i l i z e d  i n  a d i l u t e  a c i d  l e a c h  of H Q-leached r e s i d u e .  

Data f o r  t h e s e  s i n t e r - l e a c h  tests are summarized i n  Table  3 .  I n  one of 

AI-though t h e  pro- 
2 3  2 

- 

2 

2 3  

2 

However, al.uminum, i r o n ,  uranium, and t i t a n i u m  are all 

2 

t h e  t e s t s ,  s u l f u r i c  a c i d  w a s  s u b s t i t u t e d  f o r  n i t r i c  a c i d  i n  t h e  second 

leach; t h e s e  r e s u l t s  are a l s o  inc luded  i n  t h e  t a b l e .  Aluminum recovery  

vs s i n t e r i n g  tempera ture  i s  shown g r a p h i c a l l y  i n  F i g .  8. An ovcxall 

f lowshec t  of t h e  sequence of o p e r a t i o n s  i s  shown i n  F ig .  9 .  A c o s t  

estlmate of t h i s  p r o c e s s  is  p r e s e n t e d  i n  Appendix 8 .  The mater:i.a.l 

b a l a n c e  f l o w s h e e t s  f o r  which t h e  estimate w a s  made are a l s o  given i n  

Appendix R (see Figs .  B-1 th rough B-9) 

2 . 4  Other  S i n t e r i n g  Methods 

2 . 4 . 1  N a C 1  ___ 

I n  o r d e r  t o  de te rmine  t h e  eZfects of t h e  - i n d i v i d u a l  components of 

t h e  s a l t - s o d a - s i n t e r  on t h e  r e c o v e r y  of aluminum from f l y  a s h ,  a sample 

of t h e  a s h  was hea ted  a t  1 0 5 O O C  w i t h  N a C l  i n  t h e  same manner as i n  the 



Table  3. Summary of s i n t e r - l e a c h  t e s t  d a r a  

S :q t e r ing  c o n d i t i o n s :  f u s i o n  m i x t u r e  cont. i ined 3 p a r c s  of N a C l - N a  C O  2 3  
( 2 : l )  ti) 1 p a r t  of F l y  a s h ;  progrdmmed t empera tu re  increase, or 
i n i t i a l  63OoC/:1r followed by 100"C/hr: 2 iir 3: maximum temperature. 
Leachmg t i m e ,  3 t o  5 i r .  

Initial w t  S i n t e r i n g  F i r s t  I r , x  h 
of f l y  a s h  temp, Leaching Temp. V u ? .  Residue wt 

25 1050 2 1" li2SO4 

25 1050 2 H 2 S D 4  

25 1050 
H2@ 

25 1050 1 g Na2C03 

25 1050 1 E NaOH 

25 700 H2@ 

25 800 Ii20 

25 900 H20 

50" 000 ti20 

H2° 

H2@ 

H2@ 

25 1050 

25 1050 

25 1050 

aXatio of f u s i o n  mix LO f l y  a sh :  1.5/1. 

90 

85 

85 

85 

85 

85 

85 

85 

85 

85 

85 

85 

1000 23. I 

IO00 5.1 

1000 3 3 . 2  

1000 30.7 

1000 30.5 

1000 2 4 . 3  

I000 28.0 

1000 30.6 

1000 66 .5  

1000 34.0  

1000 34.6 

1000 33.5 

A1 l e a c h r d  
(%) 

____ 

97 

99.9 

0 .5  

0 . 6  

1 3 . 0  

0. I 

0 .1  

<0.1 

10.1 

3 .5  

0 . 4 

0.4 

-__ Secund i e a c h  -~ 
Temp. V o l .  Residue wt A1 leached 

85 

85 

85 

85 

85 

85  

85 

100 

130 

100 

1000 

1000 

1co0 

1000 

io00 

1000 

1000 

1000 

6 .5  

0.7 

0.6 

19.6 

11.8 

11 .5  

49.5 

16.2 

17 .3  

1 5 . 9  

98.7 

tu 
52 

99.9 

99.9 

36.1. 

17 .6  

96.7 

58.4 

97.5 

97 . G  

97.4 
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ORNL O W 6  77-1711 

IOC 

80 

60 

SINTERING TEMPERATURE ("C) 

F i g .  8. 

T e s t  conditions: 

temperature; fusion mix: 50 wt % N a C l ,  25 wt 7L Na2C03, 25 w t  % f l y  ash;  

leaches: 

Effect of sintering temperature on aluminum recovery. 

programmed temperature increase, 2 hr at maximum 

No. 1, H 0; N o .  2 ,  1 N HN03. 2 I 
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N a C l - N a  CO s i n t e r  tests. AIter t h e s e  s o l i d s  had been s u c c e s s i v e l y  

leached  w i t h  1 M N a  CO and 1 

r e s i d u e  w a s  found t o  b e  only 27%. A s i m i l a r l y  t r e a t e d  sample,  l eached  

2 3  

HN03, the aluminum recovered  from t h e  
- 2 3  

f i r s t  w i t h  1 - M NaOH and t h e n  w i t h  1 I_ N HN03,  y i e l d e d  a 45% aluminum 

recovery .  

2.4 .2  ---2-.-3 Na CO 

S i n t e r i n g  f l y  ash w i t h  N a 2 C 0 3  i n  a 1:l mixture a t  1050°C fol lowed 

by l e a c h e s  w i t h  1 N N a  CO and 1 N HNO s o l u t i o n s  gave a n  aluminum 

r e c o v e r y  of 66% and a weight  l o s s  of 40% of  t h e  a i r - d r i e d  s o l i d s .  A 

3 - -- 2 3 

3 
sLmilar ly  s i n t e r e d  sample leached  s u c c e s s i v e l y  w i t h  H 0 and 1 - N HNO 

provided a n  aluminum recovery  o f  on1.y 47% w i t h  an accompanying weight  

2 

l o s s  of 4 2 % .  

2 . 4 . 3  C a C 1 2 - F . 2 C 0 3  -_ 

A sample of f l y  ash s i n t e r e d  w i t h  a 2 : l  m i x t u r e  of C a C I 2  and N a 2 C 0 3  

a t  a 1:3  r a t i o  at 1050°C € o r  2 h r ,  fol lowed by s u c c e s s i v e  l e a c h e s  w i t h  

H20 and 1 .... N H N 0 3 ,  s o l u b i l i z e d  78% of t h e  aluminum found o r i g i n a l l y  i n  

t h e  ash. 

2.4 .4  NaC1-CaC03 

I n  a s imilar  t e s t ,  a sample of f l y  a s h  s i n t e r e d  w i t h  a 2 : l  m i x t u r e  

of N a C l  and CaCO a t  a 1 : 3  r a t i o  a t  1050°C f o r  2 h r ,  fol lowed by l e a c h e s  

w i t h  H20 and 1 _ _  N HN03,  s o l u b i l i z e d  74% of t h e  aluminum found i n  the a s h .  

3 

2 . 4 . 5  =+ 
Although a n a l y t i c a l  material  b a l a n c e s  w e r e  poor ,  f a i r l y  h i g h  recov- 

cri-es of uranium, aluminum, i r o n ,  and t i t a n i u m  were i n d i c a t e d  after a 
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sample of f l y  a s h  had been s i n t e r e d  w i t h  CaSO 

f o r  3 h r ,  fol lowed by a l e a c h  w i t h  c o n c e n t r a t e d  H2S04 a t  40% s o l i d s  a t  

90°C f o r  3 h r  and d i l u t i o n  t o  ~ 2 0 %  s o l i d s  w i t h  an  a d d i t i o n a l  3-hr l e a c h .  

(1:2 r a t i o )  a t  1450°C 
4 

T e s t  d a t a  are shown i n  Table  4 .  

Table 4 .  Recovery of  metal v a l u e s  from f l y  a s h  by 
s i n t e r i n g  w i t h  CaSO and l e a c h i n g  w i t h  H 2 S 0 4  

4 

4 S i n t e r i n g  c o n d i t i o n s :  2:l rnixture of CaSO 
and f l y  a s h  h e a t e d  a t  1450°C f o r  3 h r .  

Leaching condi t i -ons:  c o n t a c t e d  w i t h  36 N 
H2S04 a t  60% s o l i d s  f o r  3 h r  a t  90°C and 
t h e n  d i l u t e d  t o  %20% s o l i d s  and leached  
f o r  an  a d d i t i o n a l  3 h r  a t  90°C. 

Weight l o s s  
(%> 

P e r c e n t  leached  
U Ai Fe T i  

26 82  98 90 34 

2 * 4 . 6  CaC12-CaSOq-NaC1  

i'wo samples of f l y  a s h  w e r e  f u s e d  a t  700°C wiLh a low-melting mix- 

The t u r e  c o n t a i n i n g  C a C l  

r a t i o  of t h e  f u s i o n  mixture  t o  f l y  a s h  was 2 : l .  The f u s e d  s o l i d s  were 

leached  w i t h  2 N H 2 S 0 4  a t  90°C f o r  5 h r  a t  a pulp d e n s i t y  of 20% s o l i d s .  

The r e c o v e r i e s  of uranium, aluminum, i r o n ,  and t i t a n i u m  w e r e  o n l y  moder- 

a te  t o  low. D a t a  f o r  t h e s e  tests are shoQm i n  Table  5 .  Recover ies  are 

CaS04, and N a C l  (mole % = 51 .7 ,  2 . 7 ,  4 5 . 6 ) .  2' 

based on an average  of f i l t r a t e  and leached  s o l i d s  a n a l y s e s .  
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Table 5. Recovery of metal values from fly ash by 
Sow-temperature sintering with CaCl -Cas0 --NaCl 

2 4 and leaching with H2S04 

Sintering conditions: 51.7-2 .7-45 .5  mole % C a C 1 2 -  
CaSO -NaCS mixed with fly ash in a 2:l ratio, 
heated to 700°C for 3 hr. 4 

Leaching conditions: sinter cake leached with 
2 - N H 2 S 0 4  for 5 hr at 9OoC. 

Weight loss 
( X )  

-II_ 

Percent leached 
U A 1  Fe Ti 

31 

24 

28 3 1. 53 1 8  

36 30 50 13 

2.5 Acid Leaching 

2.5.1 Single-stage leaching 

Kingston fly ash was leached with various concentrations of H C 1 ,  

HW03, and H SO 

temperatures ( 2 0  to 24°C). Leach data f o r  these tests, shown in Table 6, 

indicate relatively low metal recoveries: generally <15% for aluminum, 

<60% for iron, <35% for uranium, and < 1 7 %  f o r  titanium. These data 

at 20% solids for 7 2  hr on a Burrell shaker at ambient 
2 4  

indicate that direct leaching at ambient temperatures is not a satis- 

factory method for recovering metal. values from fly ash .  

Leaching of Kingston f l y  ash with the same three acids under reflux 

conditions provided moderate recoveries of uranium, iron, aluminum, and 

titanium. In these tests, the concentrations of the three acids were 

varied from 3 - N to the concentrated reagent. 

solids was maintained during the leaching period of 6 hr. Recoveries 

A pulp density of 1 7 %  
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Table 6. Leaching of Kingston fly ash with acids at ambient temperature 

Leaching conditions: 72 hr at ~20'C. 

Percent leached _.__ ...... .I___..^. Acid conc. Wt 105s 
Acid (g) ( X I  U Fe A 1  Ti 

H C 1  1.0 

3 . 0  

5 .0  

8.0 

12.0 

HNO 

H2S04 

1.0  

3.0 

5 . O  

8.0 

12.0 

16.0 

1.0 

3 . 0  

5.0 

8.0 

10.0 

1 4 . 0  

1 4 . 0  

6 . 0  

5 . 0  

7 .O 

6 . 0  

4 . 0  

5.0 

6.0 

7.0 

25 

27 

34 

34 

3 4  

2 1  

21 

24 

24 

1.4 

13 

23 

24 

6 10 7 

13 12 9 

30 1 4  11 

52 1.5 16 

59 15 17 

5.9 8.5 7.8 

6.0 9.3 7.5 

6.3 9.9 8.1 

6 . 4  10.0 7.5 

5.7 7.2 3.6 

1.5 4 . 0  2.3 

5.7 9 . 1  7.9 

7.1 9 . 3  9.6 

5.0 6.0 24 9.3 1.0.2 9.3 

8.0 5.0 2.5 5 . 9  4 .4  9.4 

12.0 5 . 0  2 4 7.2 3.8 9.8 

1 6 . 0  7.0 22 22.0 6 . 3  9.3 

36.0 8.0 21 34.2 5.4  8.5 
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are based on a n a l y s e s  of t h e  a i r - d r i e d  leached  r e s i d u e s .  The d a t a ,  

l i s t e d  i n  Table  7 ,  i n d i c a t e  t h a t  maximum r e c o v e r i e s  of i r o n  and aluminum 

are achieved a t  an  a c i d  c o n c e n t r a t i o n  of 8 - N i n  each  case. 

A moderately h igh  e x t r a c t i o n  of aluminum w a s  achieved i n  t h r e e  

s i n g l e - s t a g e  n i t r i c  a c i d  l e a c h e s  i n  which t h e  pulp  d e n s i t y  w a s  main ta ined  

a t  10% s o l i d s .  I n  t h e s e  tests,  e i t h e r  8 N o r  1 2  N HNO was used as t h e  

l e a c h a n t  and t h e  c o n t a c t  t i m e  w a s  24 t o  48 hr a t  r e f l u x  tempera ture .  

I - 3  

The f e e d  f l y  a s h  w a s  t h e  m a g n e t i c a l l y  s e p a r a t e d ,  low-iron f r a c t i o n .  

Leaching d a t a  f o r  aluminum, t i t a n i u m ,  and i r o n ,  based on a n a l y s e s  o f  

both t h e  f i l t r a t e  and r e s i d u e ,  are shown i n  Table  8 .  

I n  p r e p a r a t i o n  f o r  aluminum recove ry  tests, an 8-l i ter  batc.h of 

n i t r a t e  l e a c h  l i q u o r  was prepared by c o n t a c t i n g  1500 g of f l y  ash w i t h  

8 liters of 8 - N HN03 f o r  48  hr a t  9 5 O C .  

r i e d  w i t h  8 l i ters  of H20 and leached  f o r  1 6  h r  a t  9 5 O C .  

weight  l o s s  of t h e  a i r - d r i e d  leached  s o l i d s  w a s  19%, and t h e  aluminum 

recovery w a s  53X. Acid consumption f o r  t h i s  l e a c h  w a s  1 5  meq of H p e r  

The leached  s o l i d s  were r e s l u r -  

T h e  t o t a l  

+ 

gram o f  a s h .  

S i m i l a r l y ,  an 8 - l i t e r  b a t c h  of s u l f a t e  l e a c h  l i q u o r  w a s  p repared  

by c o n t a c t i n g  1.500 g of f l y  ash w i t h  8 l i ters  of 8 g H2S04 f o r  48 h r  a t  

95OC.  The leached  s o l i d s  were r e s l u r r i e d  w i t h  8 l i t e rs  of HZO and 

leached  f o r  16  1 x  a t  95'C. The t o t a l  weight  l o s s  of t h e  a i r - d r i e d  

s o l i d s  was 20%,  and t h e  aluminum recove ry  w a s  57%. 

f o r  t h i s  l e a c h  w a s  2 .6  meq o f  H p e r  gram of ash. 

Acid consumption 

4- 

Leaching of Kingston f l y  a s h  under  r e f l u x  c o n d i t i o n s  w i t h  a 

C Z ~ ( N O ~ ) ~ - H N O ~  mix tu re  (%lo  N f r e e  HN03, 1 6  N t o t a l  NO -) r e s u l t e d  i n  

uranium, aluminum, i r o n ,  and t i t a n i u m  r e c o v e r i e s  which were s i m i l a r  

3 I - 
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Table  7 .  Leaching of Kingston f l y  ash w i t h  a c i d s  under  r e f l u x  c o n d i t i o n s  

Leaching c o n d i t i o n s :  t i m e ,  6 h r ;  p u l p  d e n s i t y ,  1 7 %  s o l i d s  

P e r c e n t  leached 
______.__I. I__ 

Acid conc. Ref l u x  Wt l o s s  
Acid (E)  temp, ( "C)  (%I U Fe A 1  T i  

H C l  3.0 

8 . 0  

12.0 

H N 0 3  3.0 

8 . 0  

1 6 . 0  

*2"4 3.0 

8.0 

16.0 

36.0 

100 

1 0 5  

1.08 

100 

105 

110 

100 

110 

1.35 

340  

16 .4  

24 .0  

20 .2  

10.6 

17 .6  

17.6 

14.6 

18.0 

16 .6  

4 . 2  

28 7 7  46  22 

59  8 5  56  35 

64  8 4  5 3  35 

8 8  3 0  16 45  

95 56 57 4 8  

96 51. 25 4 8  

56 54  4 3  28  

69  77  55  38  

65  6 9  4 2  4 3  

3 3  4 2  36 27 

Table 8 .  Leaching of nonmagnetic f r a c t i o n  of Ki-ngston f l y  a s h  
w i t h  HNO under r e f l u x  c o n d i t i o n s  

Leaching c o n d i t i o n s :  t empera ture ,  % l . l O ° C ;  pu lp  d e n s i t y ,  10% s o l i d s .  

3 

H N O  conc. T i m e  % A 1  l eached  % T i  leached  % Fe leached  
I_- (g ( h r )  F i l t r a t e  Residue F i l t r a t e  Residue F i l t r a t e  Residue 

8 24 5 6 . 9  54.6 29 3 0  57 5 0  

8 48  69 .7  6 3 . 4  32  37 37 3 3  

1 2  48  7 1 . 3  6 2 . 0  2 2  38  3 3  4 1  
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t o  t h o s e  o b t a i n e d  w i t h  16 - N f ree  HN03 (somewhat lower t h a n  t h o s e  obta ined  

w i t h  8 - N f r e e  NN03). 

Tn s u l f u r i c  a c i d  pugging-type l e a c h e s ,  t h e  a d d i t i o n  of c o n c e n t r a t e d  

H C 1  a c t u a l l y  reduced t h e  amounts of uranium, aluminum, i r o n ,  and t i t a n i u m  

leached  from t h e  a s h .  R e s u l t s  o i  t h e  two pugging l e a c h e s  are shown i n  

Table  9 .  

a t  a p u l p  d e n s i t y  of 362, h e a t e d  t o  9 0 O C  f o r  3 hr, d i l u t e d  t o  20% s o l i d s ,  

and leached  f o r  a n  a d d i t i o n a l  3 h r .  In one tes t ,  10 ml of c o n c e n t r a t e d  

H C 1  w a s  added t o  t h e  1 7 7  m l  of H SO b e f o r e  c o n t a c t i n g  t h e  f l y  a s h .  

In these tes ts ,  c o n c e n t r a t e d  B2S04  w a s  c o n t a c t e d  w i t h  f l y  a s h  

2 4  

Table  9 .  R e s u l t s  o b t a i n e d  from H 2 S 0 4  pugging-type 
l e a c h i n g  o f  Kingston f l y  a s h  

P e r c e n t  leached  W t  l o s s  - Fina l  H2SO4 F i n a l  HCI 
conc. (I$ conc. (E) ( % >  U A 1  Fe T i  

1 6  --- 1 6 . 9  52 33 67 35 

16  0.3 11.2 38 1 7  50 1 6  

2 .5 .2  M u l t i p l e - s t a g e  l e a c h i n g  

h four -s tage  n i t r i c  a c i d  l e a c h  o f  Kingston f l y  a s h  y i e l d e d  o n l y  

moderate  r e c o v e r i e s  of uranium, aluminum, and i r o n ,  and a l o w  recovery  

of t i t a n i u m .  One sample of f l y  a s h  w a s  c a l c i n e d  a t  700°C f o r  3 h r  and 

t h e n  leached  i n  four  s t a g e s  of f r e s h  11 E HN03 at: 66% s o l i d s  f o r  3 h r  

each  under  reflux c o n d i t i o n s .  Leach s t a g e  r e c o v e r i e s ,  as w e l l  as t h e  

recovery  based on t h e  a n a l y s i s  o f  t h e  leached  s o l i d s ,  are shown i n  

Table  10. 
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Table  10. Four-s tage r e f l u x  l e a c h i n g  of 
Kingston f l y  a s h  w i t h  IlNO solution 

3 

T,eaching c o n d i t i o n s :  a c i d  c o n c e n t r a t i o n ,  
11 N ;  pu lp  dens i - ty ,  66% s o l i d s ;  t i m e ,  
3 h7 p e r  s t a g e ;  t e m p e r a t u r e ,  %108OC. 

P e r c e n t  leached  
TJ A 1  Fe T i  

__ ...____.__ ~ .... Wt l o s s  

...... ....... __..- . . - _ _ _ _ . ~  
Sample (%I 

_.._.. 

Leach -1 --I_ 25.4 20 .8  12.9  2 .0  

-2 --- 15.0  15 .0  13.4 4 . 6  

-3 --- 7 . 9  7 . 3  1 3 . 2  3.7 

-4 -._.-I 4 . 0 3 . 7  9.3 2.2 

T o t a l  52 .3  46 .8  48 .8  1 2 . 5  

Resi-due a n a l y s i s  20 39.0  4 4 . 4  5 0 . 0  16 .7  

_.s________..~-..-.__.__.....____~___.__I..______ ___ 

A second m u l t i p l e - s t a g e  ].each of f l y  a s h  w i t h  8 E HNO which w a s  

made a t  1 7 %  pulp  d e n s i t y  under r e f l u x  c o n d i t i o n s ,  gave s l i g h t l y  h i g h e r  

m e t a l  r e c o v e r i e s  t h a n  t h e  f o u r - s t a g e  l e a c h  a t  66% p u l p  d e n s i t y .  Tab1.e 11 

shows  t h e  r e c o v e r i e s  o f  aluminum a f t e r  t h r e e  s t a g e s  of leac'ning f o r  5 h r  

p e r  s t a g e .  Also inc luded  i s  t h e  al-uminum recovery  based on t h e  a n a l y s i s  

of t h e  r e s i d u e .  

3' 

A t h i r d  m u l t i p l e - s t a g e  l e a c h  of f l y  a s h ,  which was made a t  5% pu1.p 

d e n s i t y  under r e f l u x  c o n d i t i o n s ,  gave even h i g h e r  m e t a l  r e c o v e r i e s  than  

t h o s e  a t  t h e  h i g h e r  pulp d e n s i t i e s .  Recover ies  o f  aluminum a f t e r  t h r e e  

s t a g e s  of l e a c h i n g  f o r  5 h r  per  s t a g e  are shown i n  Table  1 2 .  

r e c o v e r y ,  based on t h e  a n a l y s i s  of t h e  r e s i d u e ,  i s  allso i n c l u d e d .  

Aluminum 
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Table 11. Recovery of aluminum i n  a t h r e e - s t a g e  r e f l u x  l each  
of Kingston f l y  ash w i t h  HNO s o l u t i o n  

3 

Leaching c o n d i t i o n s :  a c i d  c o n c e n t r a t i o n ,  8 E; pulp  density, 
1 7 %  s o l i d s ;  t i m e ,  5 hr per s t a g e ;  t e m p e r a t u r e ,  1 0 5 O C .  

__ 
Weight 1 . 0 ~ s  P e r c e n t  of t o t a l  

Sample c %) A l  leached  

T,each -1 --- 31.4 

5.1 --- -2 

I -3  3.5 
( C  = 4 0 )  

Table  12. Recovery of aluminum i n  a t h r e e - s t a g e  r e f l u x  leach 
of Kingston f l y  ash wi . th  HNO s o l u t i o n  

3 

Leaching c .ondi t ions : a c i d  c o n c e n t r a t i o n ,  8 N; pulp  d e n s i t y ,  
5% s o l i d s ;  t i m e ,  24 hr per  s t a g e ;  t e m p e r a t u r e ,  1 0 5 ° C .  

...- _I__-- 

Weighr. l o s s  P e r c e n t  of t o t a l  
Sample (a A 1  l eached  

Leach -1 

-2 

-3  - .-- 

42 .6  

5.8 

2.8 
( C  = 51.2) 
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2 . 6  E x t r a c t i o n  Tests 

2 . 6 . 1  E x t r a c t i o n  I.I..___ of m e t a l s  from ..... .. n i t r i c  .. a c i d  l e a c h  l i q u o r s  

Conceptual f l o w s h e e t s  f o r  t h e  r e c o v e r y  of aluminum from n i t r i c  a c i d  

1-each l i q u o r s  ( d e s c r i b e d  i n  d e t a i l  i n  S e c t .  2.5.1) s u g g e s t  t h a t  i r o n  be 

removed by s o l v e n t  e x t r a c t i o n  p r i o r  t o  aluminum recovery .  An added bonus 

i n  t h i s  e x t r a c t i o n  would b e  t h e  recovery  o f  uranium and . t i tanium. Extrac- 

t i o n  tests w e r e  made on b o t h  d i r e c t  l e a c h  s o l u t i . o n s  and secondary n i t r i c  

a c i d  l e a c h  s o l u t i o n s  obta ined  a f t e r  NaC1-Na  CO s i n t e r i n g  and H 0 l e a c h i n g  

of f l y  a s h .  F ive-s tage  cascade e x t r a c t i o n s  w e r e  made w i t h  50 wt/vol % d i -  

(2-e thylhexyl )  phosphoric  ac id13  (HDEHP) i n  d i e t h y l b e n z e n e  (DEB) a t  a feed  

r a t i o  of l ( o r g . )  : 5 ( a q . ) .  The aqueous feed soJ.utions were p r e t r e a t e d  by 

e v a p o r a t i o n  o r  a d d i t t o n  o f  CaO f o r  t h e  r e d u c t i o n  of f r e e  a c i d  concent ra -  

t i o n .  The r e c o v e r i e s  of i r o n  and t i t a n i u m  w e r e  h i g h ,  w h i l e  t h o s e  of 

uranium and thorium w e r e  moderate t o  h i g h .  E s s e n t i a l l y  a l l  oE t h e  e x t r a c -  

t i o n  of t h e s e  m e t a 1 . s  took  pl-ace i n  t h e  f i r s t  two s t a g e s .  I n  no case w a s  

any aluminum found t o  b e  extracted.  Data f o r  t o t a l  m e t a l  r e c o v e r i e s ,  

a long  w i t h  t h e  s o u r c e  and p r e t r e a t m e n t  of t h e  aqueous f e e d s  used i n  t h e  

tests,  are p r e s e n t e d  i.n Table  1 3 -  An overa1.l f lowshee t  of t h e  sequence 

of o p e r a t i o n s  i s  shown i n  F i g .  1.0. A c o s t  es t imate  o f  t h i s  process  i s  

g iven  i n  Appendix C ,  a long  w i t h  t h e  mater ia l  b a l a n c e  f l o w s h e e t s  ( F i g s .  

C-1  th rough C-8) on which the estimate i s  based.  

2 3  2 

2.6 .2  E x t r a c t i o n  of m e t a l s  from s u l f u r i c  .... ~ ...-. a c i d  l e a c h  l i q u o r s  

Removal of i.ron as a p r e l i m i n a r y  s t e p  i s  a l s o  e x p e d i e n t  i n  t h e  

recovery  of al.uminum from s u l f u r i c  a c i d  l e a c h  l i q u o r s .  The e x t r a c t a n t  

chosen f o r  e f f e c t i . v e  e x t r a c t i o n  of i r o n  from t h e s e  s u l f a t e  1- iquors  was 
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Five- 
14 

a long-chai.n pr imary  amine, 30 w t / v o l  % Pri.mene JM-T i n  DEB. 

stage casca.de e x t r a c t i o n s  were made w i t h  t h i s  o r g a n i c  s o l u t i o n  a t  a feed  

r a t i o  of I(org.)/5(aq.). 

aqueous feeds t h a t  had no p r e t r e a t m e n t ,  w h i l e  t h e  t h i r d  'had a pH n d j u s t -  

ment t o  1 .0  w i t h  NaOII. The e x t r a c t i o n s  of i r o n ,  t i tani-urn,  uranium, and 

thorium were all h i g h  a t  pH 1 . 4 ,  b u t  dropped a t  lower pH v a l u e s  a Data 

For t o t a l  m e t a l  r e c o v e r i e s ,  a l o n g  w i t h  t h e  s o u r c e  of t h e  aqueous f e e d s ,  

are shown i n  Table  1 4 .  

E x t r a c t i o n  tests were made w i t 1 1  two of the 

3 .  ECONOMIC EVALUATION 

Three of t h e  p r o c e s s e s  examined i n  o u r  i n v e s t i g a t i o n s  appear  t o  have 

merit f o r  p r o c e s s i n g  f l y  ash. These are:  1 h e - s o d a - s i n t . e r ,  sa l t - sodn-  

s i n t e . r - - n i t r i c  a c i d  l e a c h ,  and n i t r i c  acid l e a c h .  Schematic f lowshee ts  

of t h e  t h r e e  p r o c e s s e s  are shown i n  F i g s .  7 ,  9 ,  and 1.0; material b a l a n c e  

fl.owsheets and d e t a i l s  of  t h e  c.ost esti-mates are g i v e n  i n  Appendixes A, 

B ,  and C .  I n  o r d e r  t o  make. t h e  t h r e e  p r o c e s s e s  comparable,  t h e  b a s e s  of 

d e s i g n  w e r e  f i x e d  as follows: 

6 
(1) T h e  pl.ant c a p a c i t y  i s  1. x 1.0 tons  of f l y  a s h  (dry  b a s i s )  

per y e a r  as slurried pr0duc.t from t h e  f o s s i l - f u e l e d  pl.ant 

c o l l . e c t o r s ,  c o n t a i n i n g  66 w t  X water. 

( 2 )  The f l y  a s h  t o  be processed  i s  o b t a i n e d  from t h e  TVA 

Kingston S t e a m  P l a n t .  

( 3 )  Removal. of a n  i r o n - r i c h  f r a c t i o n  by magnet ic  s e p a r a t i o n  

i s  t h e  f i r s t  s t e p  i n  each  p r o c e s s .  

( 4 )  The p lan t  i s  l o c a t e d  a t  t h e  TUA Kingston Stearn P l a n t  

s i t e .  
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Summaries of the cost estimates of three of the processes invest i -  

gated are given in Table 1.5. Since the flowsheets on which the cost 

estimates were based are conceptual, the costs should be considered pre- 

liminary. This type of estimate prepared from a flowsheet and a minimum 

of equipment data can be expected to be fairly inaccurate (i.e., within 

30% of the actual cost). However, such estimates can be used legiti- 

mately t o  make a comparison of processes because the evaluation methods 

are identical in each case. Results of the comparison showed reasonable 

agreement in the costs of the plants; however, the operating costs were 

significantly different. The income from products for the lime-soda- 

sinter and salt-soda-sinter processes is high because of the large quanti- 

ties of cement and silica gel produced. A market for such amounts of 

product would need to be found before these profits could be considered 

realistic. The uncertainty arises from the fact that pricing of a product 

depends on form, purity, and suitability as input to other processes. 

The quantities of ash consumed for the lime-soda-sinter, salt-soda- 

sinter--nitric acid leach, and nitric acid leach processes are 90, 60, 

and 30%,  respectively, From a total ash usage viewpoint, the lime-soda- 

sinter has considerable merit, provided a market can be found f o r  the 

cement produced. 

4 .  SUMMARY AND CONCLUSIONS 

It is concluded from our studies that additional research is neces- 

sary to determine the optimum method for processing fly ash for recovery 

of resource materials. Evaluation of the economic and technical factors 

indicates no significant differences in the three processes f o r  which 
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Table  15. Summary of c o s t  estimates f o r  recovery  
of r e s o u r c e  m a t e r i a l s  from f l y  a s h  

6 
1 x 10 t o n s l y e a r  ( d r y  b a s i s )  

Process 

Annual Income from 
C o s t  o f  p l a n t a  o p e r a t i n g  cos t  p r o d u c t s  

($>  ($1 ($) 

Lime--soda- s i n t e r  

Sa1.t-soda s i n t e r - -  
n i t r i c  a c i d  ].each 

N i t r i c  a c i d  l e a c h  

61,892,000 

5 8 , 0 0 6 , 0 0 0  

66,316,000 

43,393,055 

3 2 , 4 6 1 , 4 7 5  

2 2 , 4 4 8 , 1 5 0  

1 1 9 , 5 4 2 , 9 7 5  

109,191,573 

31,114,425 

a 
I f  l and  and u t i l i t i e s  are not  a v a i t a b l e ,  add 30% t o  p l a n t  c o s t s .  
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c o s t  estimates were p r e p a r e d ;  however, a s t u d y  of t h e  m a r k e t a b i l i t y  of 

t h e  p r o d u c t s  and a d e t a i l e d  estimate of t h e  c o s t s  t o  produce them would 

probably  show which of t h e  p r o c e s s e s  is  t h e  most d e s i r a b l e .  The s a l t -  

s o d a - s i n t e r - - n i t r i c  a c i d  l e a c h  p r o c e s s  h a s  m e r i t  o v e r  t h e  l ime-soda-s in te r  

method i n  t h a t  i t  is  a d a p t a b l e  t o  t h e  r e c o v e r y  of a number o f  materials;  

however, i t  i s  a more c o r r o s i v e  p r o c e s s .  The n i t r i c  a c i d  l e a c h  p r o c e s s  

appenrs  t o  be t h e  least  d e s i r a b l e  because  of t h e  lower p e r c e n t a g e s  of 

e x t r a c t a b l e  p r o d u c t s  and lower consumption of f l y  a s h  when compared with 

t h e  o t h e r  two p r o c e s s e s .  In t h e  f i n a l  analysis, t h e  m o s t  economical 

p r o c e s s  may b e  one t h a t  combines d i s p o s a l  o r  envi ronmenta l  c r e d i t s  w i t h  

product  v a l u e  t o  h e l p  "pay i t s  way." 

From t h e  d a t a  o b t a i n e d  t o  d a t e ,  we have i d e n t i f i e d  t h e  f o l l o w i n g  

areas of r e s e a r c h  which r e q u i r e  a d d i t i o n a l  development.  These s t e p s  i n  

t h e  v a r i o u s  p r o c e s s e s  w i l l  f i r s t  need t o  b e  o r d e r e d  accord ing  t o  t h e  

importance of t h e i r  economic and t e c h n i c a l  a s p e c t s .  

1. P r o c e s s  s t e p  t o  remove cenospheres ,  which are f ly -a sh  

p a r t i c l e s  t h a t  f l o a t ;  such  material i s  u s e f u l 1 5  and h a s  

a p o t e n t i a l .  v a l u e  of $lOO/ton. The q u a n t i t y  i n  t h e  TVA 

Kingston f l y  a s h  i s  1 w t  %. 

2 .  Equipment t o  opt imize  t h e  removal and c o n c e n t r a t i o n  o f  

magnetic i r o n  and development of a s e p a r a t i o n  t e c h n i q u e  

t h a t  reduces  t h e  q u a n t i t y  of po tass ium i n  t h e  magnet ic  

i r o n  f r a c t i o n  from t h e  f l y  a s h .  I f  u n s u c c e s s f u l ,  t h e  

t o t a l  i r o n  may b e  removed as high-grade i r o n  i n  c e r t a i n  

p r o c e s s e s  by s p e c i a l  s e p a r a t i o n  t e c h n i q u e s .  
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3. Lime-soda-sinter p r o c e s s  

( a )  S i n t e r i n g  --- C a O / A l  0 and CaO/S i02  mole r a t i o s ,  a long  
2 3  

w i t h  s i n t e r i n g  tempera ture ,  r e a c t i o n  t i m e ,  and ra te  

of cooldown need t o  b e  opt imized .  

( b )  Leaching ...- N a  CO / A 1  0 mole r a t i o  needs t o  be  opt imized .  

( c )  D e s i l i c a t i o n  - t empera ture  and p r e s s u r e  i n  t h i s  r e a c t i o n  

2 3 2 3  

need t o  be opt imized .  

(d) Products  of t h e  l ime-soda-s in te r  p r o c e s s ,  which go 

i n t o  cement, need t o  b e  .var ied and a s t u d y  made of t h e  

m a t e v i a l s  t h a t  can b e  added t o  y i e l d  t h e  t y p e  of cement 

i n  demand. 

4 .  S a l t - s o d a - s i n t e r  p r o c e s s  

( a )  Obtain moue i n f o r m a t i o n  t o  de te rmine  whether HNO o r  3 

H SO should be the l e a c h a n t .  2 4  

(b)  I n v e s t i g a t e  t h e  p o s s i b i l i t y  t h a t  A l C l  might b e  
3 

v o l a t i l i z e d  d u r i n g  s i n t e r i n g  w i t h  N a C I - N a  CO 

m i x t u r e s .  

2 3  

3 
( c )  Determine t h e  f e a s i b i l i t y  of removing i r o n  f rom €IN0 

l e a c h  s o l u t i o n s  by e v a p o r a t i o n  and c o n t r o l l e d  

h y d r o l y s i s .  This  p o s s i b i l i t y  should be pursued as 

an economic a l t e r n a t i v e  t o  s o l v e n t  e x t r a c t i o n .  

(d) Develop s t e p s  t o  maximize t h e  r e c o v e r y  of HNO or 3 

H 2 S 0 4 .  

( e )  T e s t  new s i n t e r i n g  m i x t u r e s  of t h e  s u l f a t e ,  c h l o r i d e ,  

and c a r b o n a t e  sa l ts  of calcium, potass ium,  and 

sodium. 
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(f) Investigate the possibility of leaching sintered 

material at controlled pH or reducing the acidity in 

a controlled manner in the leachate so as to either 

leave iron undissolved in the residue o r  selectively 

precipitate iron hydroxide. 

Examine the effect of a l l  treatments above on the 

microscopic structure of f l y  ash. 

( g )  

5. Study of factors associated with filtration difficulties 

encountered in direct acid leaching, as well as in secondary 

acid leaching following salt-soda sintering and wnter- 

leaching of fly ash. Large-area filtration equipment 

would be required for efficient solids-liquid separation. 

In general, any method which would require filtration of 

this type of material would demand a thorough investigation 

in order to determine the most efficient type of equipment 

and optimum operating conditions. 

6. Economic analysis of product value vs purity from the 

various treatment processes being considered to determine 

realistic costs due to losses of solvents and acids for 

the various processes. 
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6.  APPENDIXES 
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6 .1  Appendix A: Cost Analysis and Material Balance for 
the Lime-Soda-Sinter Process 

A cost estimate of a lime-soda-sinter process to produce iron oxide, 

alumina, and cement from 1 x l o 6  tons of fly ash per year (dry basis) is 

summarized below. All costs are given in 1977 d o l l a r s .  

Total facility cost $61,892 ,OOOa 

Total operating costs $43 x l o 6  
Income from sale of products $119 x l o 6  

a Add 30% if land and utilities are required. 

The various costs are detailed in Tables A-l through A-4 .  Material 

balances are shown in Figs. A-l through A-10. 

Table  A-l. Breakdown of facility cost 

Magnetic Fly Ash Facility 

Construction 
Engineering 
Contingency 

Nonmagnetic F l y  Ash Facility 

Construction 
Engineering 
Contingency 

$2,009,000 
502,000 

1,256,000 

T o t a l  $3,767,000 

$31,000,000 
7,750,000 

19,375,000 

Total $58,125,000 



54 

Table A-2. Operating costs of lime-soda-si-nter process  

Limestone 

Soda ash 

Natural gas 

So l.ven t extract ant 
( e s t .  ) 

Gypsum 

Electrical power 

Sllearn 

Operating labor 

Maintenance 

4476 tonslday x 36.5 days/year 
x $6/ton 

225 tonslday x 365 days/year 
x $105/ton 

3 1,200,000 ft Ihr x 24 hrlday x 
365 dayslyear x $0.001/ft3 

55 tonslday x 365 dayslyear x 
$1.8 8 I ton 

106 tonslday x 365 dayslyear x 
$36 1 ton 

6000 kW ( 2 4  hrlday)(365 dayslyear x 
$O.O15/kWhr) 

year) ($0.002/ lb)  
20,000 l b l h r  (24 hr/day)(365 days/ 

10 at $25,000 x 4 shifts 

10% initial cost 

$ 9,802,440 

9,772,875 

10,5l.2,000 

3,774,100 

1,392,840 

788,400 

350,400 

1,000,000 

6,000,000 

Total $43,393,055 

Table A-3. Income from products of 
lime-soda-sinter process 

Iron pellets 300 tons/day x 365 dayslyear x $30/ton $ 3,285,000 

Alumina 571 tonslday x 365 dayslyear x $155/ton 32,304,325 

Cement 4182 tonslday x 365 dayslyear x $55/ton -.-LL 83 953 650 

$119,542,975 
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Table A-4. Equipment cost summary 

Cost ($1 
Item Material Labor 

Magnetic Separation System 

Slurry pipe 
Pumps 
Magnetic separator, three stage 
Clarifier, thickeners 
Dryer, steam heated 
Solvent extractor contactor 
Recycle pumps 
Solvent storage tanks 
Injector pumps, 0 to 6 0  gpm 
Unloading pumps, 900 gpm 
Screw feeder 
Cone pelletizer 
Binder injector, spray unit 
Tunnel dryer 
Pellet hopper 

Structures and foundations 
Electrical 
Piping-steam-gas-process 
Instrumentation 
Miscellaneous 

b LSPC direct.. 

180,000 
18,000 
180,000 
65,000 

180 , 000 
15 , 600 

255,000 
10,500 

9 ,000  
3 , 9 0 0  

65,000 
5,000 

30,000 
60,000 

LOO , 000 

4 3 , 5 0 0  
8,000 

15,000 
21,000 

-. 126,500 

.$1,391,000 

1 4 , 4 0 0  
1, I 5 2  
4,860 
8,280 
3 , 1 5 0  
8,100 
1,296 

a 
4 32 
432 
324 
288 
216 

1,440 
a 

13,500 
8 ,  LOO 
9,000 

13,500 
8,830 

$97,300 

Overhead + administration ......... 520,700 
LSPCb total. ........ 2 ,009  . 000 

Nonmagnetic System 

A. Sinter 

Clarifier thickener 
Limestone conveyor 
Primary crusher 
Pulverizer 
Limestone storage s i l o  
Screw feeder 
E j ec t o r -wat  er 
Mixer 
Pneumatic unloader conveyor for soda ash 
Storage silo f o r  soda ash 

133 ,400  
28,000 

147,928 
7.50 , 000 
260 ,000  

8 ,000  
8 , 200 

3 0 , 4 0 0  
90 ,000  
6.5,000 

14,400 
3,600 
4,068 

L O ,  800 
a 
648 
576 

1 , 1 5 2  
10 , 800 

a 

a 

bLump-sum prime contract. 

Fabricated in place. 
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Table A-4. (continued) 

Item 
cost ($)  

_____I 

Material Labor 

Ejector 
Mixer 
Tank, soda ash solution 
Pumps 
Storage tanks, desilicated residue 
Pumps 
Wet grinder, rotary drum type 
Vibrating separator 
Sintering kilns 
Sinter feeder belt conveyor 

B. Leaching 

Leaching tanks 
Pumps - 750 gpm 
Pumps - 500 gpm 
Storage tanks, leaching solution 
Thickeners 
Wash tanks 
Wash pumps 
Backwash filters 
Backwash pumps 
Makeup pumps 
Tailings pump 
Tailings pumpline 

C. Desilication 

Feed puiiips 
Limestone conveyor 
Rotary kiln 
Lime slaki-ng tanks 
Autoclaves 
Flash tanks 
Settling tanks 
Pumps 
Residue filters 
Residue pumps 

D. Carbonization 

Screw drum heater 
Hydroclassifier 
Thickener 

8,200 
30,400 
72,000 

5,340 
60,000 
10,500 
380,000 
40,250 

1,125,000 
105,000 

200,000 
15,600 
12,600 
144,000 
575,700 
130 000 
17 800 
212 ~ 000 
23,310 

6 , 9 6 4  
72,500 
70,000 

36,000 
21. ,000 
68,000 
59 390 
252 000 
72,900 
126 000 
26,000 
23 1-00 
11,200 

928,000 

225, 000 
152 000 

576 
1,161 
a 
324 
a 
432 

13,500 
1,080 
54 000 

4,500 

a 
1,890 
1,620 
a 

67,500 
a 

2 ~ 700 
4,320 
2,02.5 
810 

2,025 
2,160 

1,215 
3,780 
8,100 
1 , 350 
13,500 
4,860 
8,100 
1,620 
1,296 
810 

72 000 
10,800 
19 , 800 

I._____. 
~ ....... ..-.. 

a Fabricated in place. 
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Table A-4. (continued) 

Cost ($1 
Mater ial Labor Item 

Recycle pump 
Mechanical classifier 
Filter 
Pumps - 500 gpm 
Pumps - 400 gpm 
Filtrate pumps 

Evaporator 
Calcining kilns 
Pulverizer 
Automatic bagging scale 

F. 

Evaporator 
Mixing tank 
Pumps - 500 gpm 
Pumps - 600 gpm 

E. Calcination 

Scrubber 
Blower 
Pumps 
Compressor 

Soda A s h  Recovery 

G. Flue Gas Processing 

H. Cement Process 

Rotary kilns 
Pulverizer 
Rotary auger blender 
Automatic bagging scale  
Gypsum storage and feeder 
Cement bag palletizer 

Structures and foundations 
Electrical 
Piping - steam-gas-process 
Instrumentation 
Control room building and warehouses 
Plant air compressor 

7,036 810 
16,100 432 
67,600 2,880 
7,036 810 

13 000 810 
13,000 8,100 

16,000 
530,000 

24,000 
18 000 

26,000 
26 000 
7,036 
9,400 

1,620 
27,000 

288 
270 

2,160 
a 
810 
81 0 

119 , 000 1,252 

24,000 810 
32,000 1,440 

18,000 1,440 

2,650,000 162,000 
5 6 ,  000 5,760 
34,000 864 
72,000 I., 080 
76,000 a 
52,000 8,640 

860 , 000 148,500 
500 , 000 135,000 
900,000 162,000 

3,200,080 180,000 
2,400,000 1,512,000 

129,000 1,872 

a Fabricated in place. 
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T a b l e  A-4.  (cont inued)  

._._-. ..l_l- ...-______.... ... ~ . . -  

__I .... cost: ($1 ___.__I-. 
Item Mat e r  i a l  L a b o r  

_._..II__. ..... ..I__.- ...I__ __c_i.._._ -___-- 

Ins t rument  air d r y e r  
Miscel laneous 

9,500 1,440 
2 8 7 , 9 4 1  _..___?I_.-- 937 610 - . . ~  

b LSPC d i rec t . .  ... $19,688,000 $3,164,000 

Overhead -t a d m i n i s t r a t i o n  .......... $ 8,148,000 
L S P C ~  t o t a l .  .......... $31 ,OOO,OOO 

a 

b~uinp-sum p r i m e  c o n t r a c t .  

F a b r i c a t e d  i n  place. 
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11n02 
503 
K2° 1 1  
OTHFR 1 
TOTAL 11C9 

ORPIL DUG. 77-1779 

FLY ASH 
AS RECEIVED -_ 

2'3 7 6 7  
FeZ03 302 
S i02  1343  
Na 0 e 
CaO 41 
WOISTURE 5390 

Ti02 47  

Mn02 8 

MgO 38 

s03 6 
K20 8 2  
OTHER 8 
TOTAL 8040  

NON-FIAGNETIC 
FLY ASH 

2'3 660 

S i  O2 1242 

CaO 4 1  
MOISTURE 4622 

Fe203 121 

Na02 8 

t102 47  
MgO 3 8  
e1n02 8 
503 6 
K2° 71 
OTHER 7 
TOTAL 6871 

----T---- 

1 

1_1_ MAGNETIC 
SEPARATOR 

I ._i 

MAGNET I C  
FLY ASH 

A1203 
Fe304 5102 
Na 2O 

CaO 
UOISTURE 
T i  O2 

90 

-I_ 

107  
181 
101 

768 

F i g .  A - 1 .  M a t e r i a l  b a l a n c e  f o r  magnet ic  separator s e c t i o n ,  l i m e -  

s o d a - s i n t e r  process ( t o n s / d a y ) .  
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MAG NET I C  
FLY ASH -. . . ....... 

A1203 107 
Fe304 181 

11 
S i  O2 101 

768 
K2° 
H2O 

1 OTHER __ 

TOTAL 1169 

I---- [ H20 755 

SOLVE rlT -. 
RE COV ERY 

- 1  I____ 

1 FILTRATE 

TOTAL 113.5 I.,.._ 

EXTRACTION 
1 l-----j FILTER 1 

EXTRACTION 

ORIJL DWG. 77-1778 

RESIDUE 

OTHER 
TOTAL 300.5 

F i g .  A - 2 .  Material balance for magnetic iron purification section, 

lime-soda-sinter process (tonslday). 



A EVAPORATOR 

A1203 660 

Si02 1242 
N a p  8 
CaO 41 
MOISTURE 77 
OTHER __ 177 
TOTAL 2326 

Fe203 121 

NOM-MAGNETIC 

GRINDING SINTERING 
1250°C 

b 

LIIIESTONE 

r 
DESIL ICATION 

RESIDUE 

37 
23  

A1203 
Si02 

Na20 41 
CaO 31 

5 9  
149 

OTHER 1 
TOTAL 341 

co2 
H20 

16 
8 

A1203 
Fe203 
S i 0 2  62  
CaO 2077 
c o 2  2002 
MOISTURE 195 
OTHER 55 
TOTAL 441 5 

- 

1 

I 

r - 7  0.5  h r  

SODA ASH 
SOLUTION 

2'3 39 

Nd20 359 
S i 0 2  

CO2 255 
H20 3018 
TOTAL 367 1 

PRODUCTS OF 1 COMBUSTION 

CO2 1942 
274 

9941 
H20 __ 1560 
TOTAL 13717 

02 
N2 

ORNL DUG. 77-7783 

SINTER 

2'3 745 
Fe2O3 129 
Si02 1315 
Na20 4 04 
CaO 2092 
CO2 22 
OTHER 229 

4936 

Fig. A-3. Material balance for s i n t e r i n g  section, lime-soda-sinter 

p r o c e s s  (tons/day). 
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ORNL DNG. 77-1777 

SINTER 
.___I___ 

A1203 745 

Fe203 129  
S i02  1315 
Na20 404 

2092 

I 4936 I____ 

Fig. A - 4 .  

r.L 
LEACHING I SOLUTION 

2'3 
S i02  
bia20 1123  
C02 642 
H20 148482 
TOTAL X 

t 
I 

I--- 

- I 

FILTRATE FROM I CARBONAT ION 

r 

PREGNANT 
SOLUTION 

975 
44 7 

6926 
TOTAL 9126 

Si02 

Na20 

__... I 

-..L 

CO NCENTKATED 
SOLUTION FROM 

M I  X I NG 
I______... 

45 
1 Si02 

Na20 640 
454 

1878 
301 8 

A1203 

COP 
H2O -_ 
TOTAL 

r--- 

2'3 
Na20 

c o 2  
H20 

999 I TOTAL 

L. 

4 MATER 

H20 5564 I 
I 

5 
79 
56 

859 

FILTRATION --..I 

* 

TAI  LINGS 
~~ 

101 
129 

A1203 

1292 
Fe203 
Si02 
Na20 148 
CaO 2092 

8 5  
1315 

LO2 
2O 

OTHER __. 229 
TOTAL 5391 

M a t e r i a l  b a l a n c e  for l e a c h i n g  s e c t i o n ,  l ime-soda-sinter  

p rocess  ( t o n s / d a y )  . 



ORNL DUG. 77-1784 

PREGNANT 
SOLUTION 

694 
Si02 24 
Na20 975 

44 7 
6986 

TOTAL 91 26 

2'3 

co2 
H2° 

I 

STEAM, 30 PSIG WATER VAPOR 

DES I L I CATE D 
SOLUTION 

0.75 h r  657 
Si02  1 
Na20  934  

H20 
TOTAL 8428 

t 

* AUTOCLAVING 
. 

174°C 100 p s i  

co* 388 - L I N E  

F i g .  A-5. Material b a l a n c e  f o r  d e s i l i c a t i o n  s e c t i o n ,  lime-soda- 

s i n t e r  process ( t o n s / d a y )  . 

SLAKING 
c 

L 
$0 

LIME 
CALCINATION - DUST LOSS 

C a0 1 OESILICATION 
RES I DUE 

& 

LIMESTONE 

S i02  - 
CaO 32 
COP 25 
H20 3 

A12CJ3 3 7  
Si02 2 3  
Na20 41 
CaO 31 
co2 59 
H20 149 
OTHER 1 
TOTAL 341 



EXHAUST GAS 

1912 ! i r 7 ' -  

O E S I  L ICATEO WATER \ WATER 1 I 
SOLUTION 

H20 806 

C L A S S I F I C A T i O h  

T I 

TOTAL 8428 

WASHED FLUE 

N 2  1912 

H2° 
2814 TOTAL 

{--ii$--L i 

ALUMINA 
TRIHYDKATE 

A1,0, 568 1 

RECYCLE 

CARBONATED Na20 408 

j C02 279 - SOLUTION 

GO3 
H20 

TOTAL 7570 

c02 
TOTAL 1124 1 

r--- 
F I L T R A T E  TO 

LEACHING 
~ A 1 2 0 3  5 
j Na20 79 

COZ 56 

859 

TOTAL 9 99 
H20 

Fig. A-6.  Material balance f o r  carbonation sec t ion ,  iime-soda- 

s i n t e r  process (tons/day). 
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ORNL DNG. 7 7 - 1 7 8 2  

-I 
CARBONATED 

SOLUTION 

34 
1 S i 0 2  

Na20  8 5 0  
60 3 

60 3 2  
7 5 7 0  

2'3 

CO2 
H2° _-- 
-TOTAL 

I-....---- SODA ASH MAKEUP 

Na29 149 
106 
2 5 5  TOTAL 
_- c02 

(L------r_l_--- 

SODA ASH SOLUTION 
TO S INTERING 

S i  O2 

301 8 
TOTAL 3671 

c02 
__ .. 

CONCENTRATED 
SOLUTION TO 

? LEACH I NG 
WATER VAPOR - 

4 5  
1 5102 

Na20  6 4 0  
4 5 4  

2'3 
EVAPORATION -+ 

1 1 3 6  

c02 
HZO 1878 
TOTAL 3018 

F i g .  A-8.  Material b a l a n c e  f o r  soda a s h  recovery  s e c t i o n ,  lime- 

s o d a - s i n t e r  p r o c e s s  ( t o n s / d a y ) .  
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WASHING 

COOL ING 
b AND - 

ORIIL DWG. 77-1731 

TO 
CARBONATION 

c02 805 

N2 1912 

i 

O2 49 

FLUE GAS FROFl 
A-3 FLOWSHEET 

A' 2'3 7 

S i  O2 12  
Na 20 4 

O2 2 74 

'j 2 
H2° 4999 

Fe203 
- 

CaO 57 
c02 4236 

9949 

OTHER 4 
TOTAL 19534 

WASTE FLUE GAS 
TO CEMENT PRODN. 

A1203 7 

S i 0 2  11 
Na20 4 

O2 225 
N2 8029 

Fe203 - 

CaO 55 
co2 3431 

H2° 431 7 
4 OTHER 

TOTAL 16083 
___ 

A 

7 NASHED FLUE GAS 

TOTAL 

A1203 

Na20 - 
CaO 2 
H2° 634 
TOTAL 637 

- 
Si02 1 

Fig. A-9. Material balance for flue gas processing section, l i m e -  

soda-sinter process (tonslday). 
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ORNL DUG. 77-1776 

TA I L  INGS 
..___I__ 

101 
129 

2'3 
Fe203 

Na20 148  
CaO 2092 

8 5  

MOISTURE 131 5 
229 OTHER __.- 

TOTAL 5391 

S i02  1292 

COP 

FLUE GAS 

7 A1203 
Fe203 
Si02 1 1  
Na20 4 

co2 
O2 
N2 
H20 

Ca 0 55 
3431 

225 
8029 
5632 

OTHER 4 . 
TOTAL 17398 

-f-- SINTER L 
101 
129 

SINTER I NG 

148  

PRODUCTS OF 
COHBU STI ON 

7 
11  

A1203 
S i  O2 

CaO 55 
3431 

225 
8029 
431 7 

4 OTHER 
TOTAL 16083 

Na20 4 

CO2 
O 2  
N2 
HZO 

2092 
85 

229 OTHER 
TOTAL 4076 

CO2 

1 -..__ 

--fCaS04 106  1 GR I ND I NG 

CEVENT 

101 
129 

2'3 
Fez0 3 
SiO, 1292 

L 

Na20 148  
CaO 2092 

85 
229 OTHER 

CaS04 106 
TOTAI. 4182 

COP 

Fig. A-10. Material bal-ance for the  sinter for production of 

cement, lime-soda-sinter process  (tons/day). 
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6.2 Appendix B :  Cost A n a l y s i s  and Material Balance f o r  t h e  
Sa l t -Soda-Sin ter - -Ni t r ic  Acid Leach P r o c e s s  

A c o s t  estimate of a sa1.t-soda-sinter--nitric a c i d  l e a c h  p r o c e s s  t o  

produce i r o n  o x i d e ,  a lumina,  manganese d i o x i d e ,  t i t a n i u m  d i o x i d e ,  and 

s i l i c a  g e l  from 1 x l o 6  t o n s  of f l y  a s h  p e r  y e a r  ( d r y  b a s i s )  is  summarized 

below. A l l  c o s t s  are i n  1977 d o l l a r s .  

T o t a l  f a c i l i t y  c o s t  $ 66,316,000a 

T o t a l  o p e r a t i n g  c o s t s  $ 32,462,125 

Income from p r o d u c t s  $1.09,191,573 

Add 30% i f  l a n d  and u t i l i t i e s  are r e q u i r e d .  a 

The v a r i o u s  c o s t s  are d e t a i l e d  in T a b l e s  B-1. th rough B-4. Material 

b a l a n c e s  are shown i n  F i g s .  B-1 th rough B-9. 

Table  B-1. Breakdown o f  f a c i l i t y  c o s t  

Magnetic S e p a r a t i o n  S e c t i o n  

C o n s t r u c t i o n  
Engineer ing  
Contingency 

Sal t -Soda-Sinter  S e c t i o n  

C o n s t r u c t i o n  
Engineer ing  
Contingency 

N i t r i c  Acid Leach S e c t i o n  

C o n s t r u c t i o n  
Engineer ing  
Contingency 

$2,009,000 
502,000 

1.,256,000 

T o t a l  $3,767,000 

$12,800,000 
3,200,000 
8,000,000- 

T o t a l  $24,000,000 

$20,559,000 
5,140,000 

12.850.000 

T o t a l  $38,549,000 
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Tab1.e B-2. Operating costs of salt-soda- 
sinter--nitric acid leach process 

Soda ash 

Solvent extractant 

Salt 

(est. ) 

HDEHP 

Kerosene 

Nitric acid 

Electric power 

Steam 

Natural gas 

Operating labor 

Ma in t en anc e 

225 tonslday x 365 dayslyear $ 8,623,125 
x SlO51ton 

55 tonslday x 365 dayslyear 
x $188/ton 

4,204,800 

450 tonslday x 365 dayslyear 

2 tonslday x 365 dayslyear x 

2,299,500 

2,70l,OOO 

x Sl4lton 

$37001 ton 

1.5 tonslday x 365 dayslyear 

4 tonslday x 365 dayslyear x 

x $100/ton 

$3 7 5 1 ton 

54,750 

547,500 

(6000 kW)(24 hr/day)(365 dayslyear) 788,400 

20,000 lb/hr (24 hrlday) (365 dayslyear) 350,400 

600,000 f t  (24 hr/day)(365 dayslyear) 5,256,000 

($O.O15/kWhr) 

($0.002/lb) 
3 

($0.001/ft3) 

10 at $25,000 x 4 shifts 1,000,000 

10% initial cost 6,636,000 

$32,461,475 

Table B-3. Income from sale of products 

I r o n  pellets 300 tons/day x 365 dayslyear x $30/ton $ 3,285,000 

Alumina 594 tonslday x 365 dayslyear x $155/ton 33,605,550 

Iron 109 tonslday x 365 dayslyear x $5/ton 198 925 

7 tonslday x 365 dayslyear x $20O/ton 511,000 

Ti02 42 tonslday x 365 dayslyear x $530/ton 8 124 900 

Silica gel 6 2 1  tonslday x 365 dayslyear x $28O/ton 63,466,200 

$109,191,575 

&O2 
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Table B-4. Equipment cost summary 

Cost ($> _L 

Item Mat e r ia 1 Labor 

Magnetic Separation System 

Slurry pipe 180 , 000 
Pumps 18,000 

Clarifier, thickeners 6 5 , 0 0 0  

Solvent extractor contactor 180 , 000 
15,600 Recycle pumps 

Solvent storage tanks 255,000 
Injector pumps, 0 to 60 gpm 10,500 

Screw feeder 3,900 
Cone pelletizer 65,000 
Binder injector, spray unit 5,000 
Tunnel dryer 30,000 
Pellet hopper 60,000 

Magnetic separator, three-stage 180,000 

Dryer, steam heated 100,000 

Unloading pumps, 900 gpm 9 , 000 

1 4 , 4 0 0  
1,152 
4 , 8 6 0  
8,280 
3,150 
8,100 
1,296 
a 
432 
432 
324 
288 
216 

1,440 
a 

43,500 13,500 Structures and foundations 
Electrical 8,000 8,100 

Instrumentation 2 1 , 0 0 0  13,500 
126,500 8,830 Miscellaneous 

$97,300 

Piping-steam-gas-process 15,000 9,000 

b 
LSPC direct ....$ 1,391,000 

Overhead + administration.....,...,.., 520,700 
LSPC total ........... 2,009,000 

Nonmagnetic System 

A. Sinter 

Thickener 133,400 1 4 , 4 0 0  

Salt storage 160,000 a 
Salt feeder 4,800 288 

Soda storage 90,000 a 
Fly-ash feeder 78,000 2,160 
Blender 150,000 4,320 
Rotary kilns 

Sinter feeders 2 4 , 6 0 0  2,160 
Grinders 

a 

bLump-sum prime contract. 

Conveyor 85,000 9,000 

Soda conveyor 85 , 000 9 , 000 

2,600,000 108,000 
Sinter cooler 260,000 9,000 

408,000 16,200 
-~ 

Fabricated i n  place. 
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Table B-4. (cont iriued) 

Item 
..... Cost ($>  . 

Mat e r ial Labor 

Leaching tanks 
Slurry pumps 
Leach pumps 
Filters 
Slurry feeders 
Evaporators 
Kecycle feeders 

360,000 216 ~ 000 
140,000 6,480 

40,500 2,835 
57,000 1 , 2 9 6  
72,000 2,160 

532,000 18 , 000 
24,000 1 ,440  

Structures and foundations 530,000 351 000 
Electrical 265,000 177,300 
Piping-steam-gas 300,000 199,800 
Instrumentation 750,000 321,300 

___I_.___ 715,300 146,751 Miscellaneous 

LSPC direct ....$ 7,865,000 $1,618,000 
Overhead -t administration ..........$ 3,317,000 

LSPC total ..........$ 12,800,000 

Nitric Acid 

Acid storage tank 
Acid pumps 
Acid metering pumps 
Mixers 
Acid leach pumps 
Leach pumps 
C 0 2  blower and stack 
Residue tanks 
Residue dryer 
Condensers 
Recycle pumps 
Residue conveyor 
Filtrate pumps 
HDEHP storage tanks 
Organ i.c pumps 
Organic metering pumps 
Kerosene s to rage  tanks 
Unloading pumps 
Metering pumps 
Mixing storage tanks 
Separator tanks 
Water transfer pumps 
Organi c transfer pumps 
Eva p o r a t: o r 

38 , 000 
7,000 
3,000 

27,000 

84,000 
150,000 
450,000 
540,000 

84,000 
21,600 

450,000 
32,000 

7,000 
4 ,600  
3 ,000  
7 ,000  
4 ,600  
3,000 

28,800 
36,000 
25,600 
18 920 
48,000 

1 260,000 

i o ,  aoo 
900 
432 

1 ,620  
288,000 

2,1.60 
5 ,580  

216,000 
16,200 

4,320 
1 ,440  

a 
2,160 
2,160 
288 
144 

2 , 1 6 0  
288 
144 
a 

155,200 
1,440 
1 ,440  

144,000 

a Fabricated in place. 
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Table B-4.  (continued) 

Item 
Cost ($1 

Material Labor 

Condenser 
Acid pumps 
SettLing tanks 
Drum flaker dryers 
Weighing and bagging station 
Evaporator 
Condenser 
Nitric acid pumps 
Residue feeders 
Blenders 
Filter 
Drum dryers 
Rotary calciners 
Conveyor and coolers 
Weigh-hopper and car loader 
Filtrate evaporator pumps 
Evapora tor -c rys ta l l izers  
Oven feeders 
Ovens 
Conveyors 
Weigh-hopper-car loaders 
Condenser 
Acid return pumps 
Stripper tank 
Recycle pumps 
Water pumps 
Evaporator 
Condensers 
Acid pumps 
Nitric acid tanks 
Rotary heater 
Conveyor cooler 
Weigh hopper and loader 

Structures and foundations 
Electrical 
Piping-steam-gas 
Instrumentation 
Buildings 
Miscellaneous 

LSPC direct 

136,000 
2,400 

24,000 

48,000 
24,000 

136,000 
24,000 
9,000 

15,200 
16,200 
70,000 

260,000 
26,000 
48,000 
15,200 
64,000 

9 ,000  
56,000 
18,000 
48,000 
52,000 
18,000 
36,000 
25,200 
24,000 
76,000 
6,000 
21,600 
250,000 

9,800 
6,000 

200,000 

12,000 

494,000 
742,000 

1,731,000 
1,483,000 
500,000 

1,022,000 

.$11,238,000 

2,700 
1,440 

144,000 
9,000 
1,080 

144,000 
2,700 
1 ,440  

864 
576 
4 32 

2 , 2 3 2  
I O ?  800 

1,800 
4,320 

864 
2 ,880  
2 , 6 6 4  
8,100 
1,800 
4,320 
2,160 

864  
115,200 

1 ,440  
1 ,440  
10,800 
10,800 

1,440 
a 

1,440 
1 ,440  
2,070 

198,000 
297,000 
630,000 
441 ? 000 
747,000 
362,000 

$3,990,000 ... 
Overhead + administrati-on ...........$ 5,331,000 

LSPC total ...........$ 20,559,000 

a Fabricated in place. 
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ORNL O \ I G .  77-1779 

___...______I 

FLY ASH 
AS RECEIVED -. 

767  
302 

1343 

2'3 

Fe'203 
Si02 

CaO 41 

MOISTURE 5390 

Na20 e 

Ti02 47  
MgO 38 
Mn02 e 

SO3 
K2° 

6 
8 2  

8 OTHER 
TOTAL 8040 

.___ 

NON-HAGNET I C  
FLY ASH 

.. .._. . ... 
660 
121  

S i  O 2  1242 
8 

41 

47 
3 8  

8 
6 

7 1  

TOTAL 6871 

MAGNET I C  
SEPARATOR 

_._... 

MAGNET I C  
FLY ASH 

A' 2'3 

5102 
Na20 
CaO 
t1OI STURE 
t102 

Hn02 

Fe304 

wgo 

503 

K2° 
O.rHER 
TOTAL 

107  
181 
101 

7 6 8  

11 
1 

1163  
. .~ 

F i g .  B-1. Material b a l a n c e  f o r  magnet ic  s e p a r a t i o n  s e c t i o n ,  sa l t -  

s o d a - s i n t e r  p r o c e s s  (tonslday). 
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H20 7 5 5  

I ' -_ 
SOLVENT 

RECOVERY - 
EVAPORATION 

A 

ORlJL DEIG. 77-1778 

F I L T R A T E  

SOLVE ii T - 
A1203 53 
S i 0 2  50 

TOTAL 1 1 3 . 5  
K20 10.5 

MAGNET IC 
F L Y  ASH 

A1203 1 0 7  
Fe304 1 8 1  
S i 0 2  1 0 1  

H 2 0  7 68 
OTHER __ 1 
TOTAL 1 1 6 9  

K2 11 

T 
4 

RESIDUE 

A 1 2 0 3  54 

Fe304 181 
Si02  51 

0.5 K2° 
H 2 0  1 3  
OTHER 1 
TOTAL 300.5 

F i g .  B-2.  Material balance for magnetic iron purification section, 

salt-soda-sinter process (tonslday). 
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v 

QRNL DLIG. 77-1793 

* 

SINTER 
ASH 

w 

DECANT ACID 
LEACH 
8 h r  FILTER 1 

95 "C 

+ 

L 

A1203 660 

Si02 1242 
Fe203 121 

Na20 8 

T i02  47 

CaO 41 
K2° 71 

HgO 38 
Na2C03 225 
NaCl 4 50 
Mn02 8 

ITHER 7 
TOTAL 2918 

DECOMPOSITION 1CI-i 200°C 1- 

_I RES1 DUE 

A1203 66 
F e p 3  12 
Si02 621 

Ca 0 4 

Na20 1 

K20 7 
T i 0 2  5 
FlgO 4 

lTHER 1 

rOTA4. 788 

N03 66 

h 0 2  1 

5102 
Na20 

CaO 

t102 
t.1g0 
Na' 

NaCl 

K2° 

H2° 

N03 
HN03 
3THER 
11n02 
rOTAL 

5 9' 

10' 
62 

3; 
61 
42 
34 
98 

450 
11 029 

5 22 
138 

6 
7 

13758 
___ 

F i g .  B - 4 .  Material balance f o r  t h e  a c i d  I.each s e c t i o n ,  salt-soda- 

s i n t e r  process  ( tons/day)  . 
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ORI4L DMG. 77-1 792 

F I LTRAT E 

'' 2'3 
:e2O3 
;io2 
la20  
:a0 

T i  O2 

Yg 0 
Na2f03 
NaCl 

(2O 

H20 
NO3 

Mn02 

HN03 
OTHER 

TOTAL 

5 94 

109 
621 

7 
37 
64 
42 
34 
98 

450 
11 029 

522 
138 

6 
7 

13758 

EXTRACTANT 
.. ... 

TOTAL 10750 

ORGANIC 
PHASE 

.~ 
EXTRACTION 

109 Fe203 
... Mn02 7 

T i 0 2  ...__ 

10 rnin ORGAN I C  HDEHP 6147 
AQUEOUS KER 4603 

42 
TOTAL 10908 

. . ~  

AQUEOUS 
PHASE 

" 2'3 
la20 
Ea0 

%lo 

K20 
NO3 

"20 

HN03 

OTHER 
Si02 
NaCl 
Na+ 

594 
7 

37 
34 
64 

522 
138 

1029 
6 

621 

450 
98 

TOTAL 13600 

F i g .  13-5. Material balance for the solvent extraction section, 

salt-soda-sinter process (tonslday). 



O R N L  DWG. 77-1791 

b 
EVAPORATOR 

P1 
120°C 

* 

AQUEOUS 
PHASE 

F I L T E R  EVAPORATOR * 6 2  9 

120°C 

A’ 203 5 94 
Na20 7 
CaO 37 
HgO 3 4  

K20 611 
S i  O2 621 

NO3 522 
HN03 I 38 

H20 11 029 
NaCl 450 
Na 98 
OTHER 6 

TOTAL 13600 

TOTAL 

r-- 

6 9  
6927 
6996 

TO ACID MAKE-UP 1 
HN03 

TOTAL 
H20 

F i g .  B-6. Naterial balance f o r  the s i l i c a  g e l  section, sa l t - soda  

s i n t e r  process  ( t o n s / d a y ) .  

RESIDUE 

A’ 203 594 
NapO 7 
Ca 0 37 

MgO 34 
K20 64 
N@3 522 
OTHER 6 
N a C l  4 50 
Na 98 
TOTAL 1812  
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EVAPORATOR 
12o0c 

* HZO 2009 

HN03 .J2! 

ORNL DWG. 7 7 - 1 7 8 0  

ROTARY 

150°C 
* HEATER 

ORG4N I C  
PHASE 

HDEHP 
4603 

TOTAL 1OSO8 

STRIPPER & RECOVERY I RECYCLE I EXTRACTANT 
.- 

HDEHP 
4601.5 

MIXER SETTLER 
ORGANIC 10 M I N  

AQUEOUS 10746.5 

~ 

PRODUCT 

FeZO3 109 

42 
TOTAL 1 5 8  

Mn02 7 

T i O Z  ...-.. 

--- 

Fe203 109 

T i O 2  42 
Mn02 7 

F i g .  Is-8. Material balance for t h e  mineral s t r i p p i n g  s e c t i o n ,  salt- 

soda-sinter process  (tons/day). 
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6 . 3  Appendix C:  Cost A n a l y s i s  and Material Balance f o r  
t h e  N i t r i c  Acid Leach P r o c e s s  

A c o s t  e s t i m a t e  of  a n i t r i c  a c i d  1eac.h p r o c e s s  t o  produce i r o n  o x i d e ,  

a lumina,  t i t a n i u m  o x i d e ,  and manganese oxide from 1 x lo6 t o n s  of f l y  a s h  

per y e a r  ( d r y  b a s i s )  i s  summarized below. A l l  c o s t s  are i n  1977 d o l l a r s .  

T o t a l  f a c i l i t y  c o s t  $58,006, OOOa 

T o t a l  o p e r a t i n g  c o s t s  $22,448,800 

Income from sale o f  p r o d u c t s  $31,114,425 
.II 

a 
Add 30% i f  l a n d  and u t i l i t i e s  are r e q u i r e d .  

The v a r i o u s  c o s t s  arc  d e t a i l e d  i n  T a b l e s  C - l  through C - 4 .  M a t e r i a l  

b a l a n c e s  are  shown i n  F i g s .  C - 1  th rough C - 8 .  

Table  (2-1. Breakdown of f a c i l i t y  c o s t  

Magnetic F l y  Ash Separat ion 

Cons t ruc t  ion  
Engineer ing  
Contingency 

N i t r i c  Acid Leach S e c t i o n  

Cons t ruc t ion  
Engineer ing  
Contingency 

$2,009,000 

1,256,000 - 
T o t a l  $3,767,000 

502,000 

$28,Y27,000 
7,232,OOO 

18 , 080,000 
T o t a l  $ 5 4 , 2 3 9 , 0 0 0  
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Table C-2. Operating costs of nitric acid leach process 

Solvent extractant 55 tonslday x 365 days/year $ 4,204,800 
x $l88/ton 

HDEHP 

Kerosene 

2 tonslday x 365 dayslyear 

1.5 tonslday x 365 dayslyear 

x $3,75O/ton 

x $100/ton 

Nitric acid 12 tons/day x 365 dayslyear 
x $375/ton 

2,737,500 

54,750 

1 , 642,500 

Electric power (800 kW) (24 hrlday) (365 daysjyear) 1 ,05 1. , 2 00 
($0.015 kWhr) 

Steam (40,000 lb/hr)(24 hr/day)(365 days1 700,8OO 
year)($O.O02/lb) 

3 Natural gas (600,000 ft / h r ) ( 2 4  hr/day)(365 days/ 5,256,000 
year) ($0.001/ft3) 

Operating labor 10 at $25,000 x 4 shifts 1,000,000 

Maintenance 10% initial cost 5.800.600 

$22,448,150 

Table C-3. Income from sale  of products 

I ron  pellets 300 tonslday x 365 dayslyear x $30/ton $ 3,285,000 

T i 0 2  3,095 , 200 

Alumina 429 t o n s l d a y  x 365 dayslyear x $155/ton 24,270,675 

16 tons/day x 365 dayslyear x $530/ton 

lron 79 tons/day x 365 days/year x $5/ton 144,175 

Mn02 5 tons/day x 365 dayslyear x S175Iton -.-----.-?- 319 375 
Total $31,114,425 

._....___ -_ 
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Table C - 4 .  Equipment cost summary 

Item 
Cost ($1 

Material Labor 

Magnetic Separation System 

Slurry pipe 180,000 
Pumps 18,000 
Magnetic separator, three-stage 180,000 
Clarifier, thickeners 65,000 

Solvent extractor contactor 180,000 
Recycle pumps 15,600 
Solvent storage tanks 255,000 
Injector pumps, 0 to 60 gpm 10,500 
Unloading pumps, 900 gpm 9 000 
Screw feeder 3,900 
Cone pelletizer 65,000 
Binder injector, spray unit 5,000 
Tunnel dryer 3 0 ,  QOQ 
Pellet hopper 60,000 

Dryer, steam heated 100,000 

14 , 400 
1 ,152  
4,860 
8,280 
3,150 
8,100 
1,296 

a 

432 
432 
324 
288 
216 

1,440 
a 

Structures and foundations 
Electrical 
Piping-steam-gas-process 
Instrumentation 
Miscellaneous 

43,500 13,500 
8,000 8,100 

15,000 9,000 
21,000 13,500 
126,500 8,830 

LSPC direct.... $1,391,000 $97,300 
Overhead f administration ........... $ 520,700 

LSPC total ...........$ 2,009,000 

Nonmagnetic System 

A .  Nitric Acid Leach 

Acid storage tanks 
Acid pumps 
Acid makeup pumps 
Mixers 
Thickener 
Slurry feeder 
Acid leach tanks 
Reflux condenser 
SO2 scrubbers 
Leach pumps 
Leach tanks 

38,000 

3,000 
27,000 

133,400 
42,000 

1,680,000 

140,000 

600,000 

7,000 

1,200,000 

112,000 

10,800 
900 
432 

1,620 
14,400 
1,080 

383,994 
l . 8 0 , O O O  
43,209 

2,880 
288 000 

_ _ _  - __ -~ - 
a Fabricated in place. 

..... 
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Table  C-4 .  (cont inued)  

Residue d r y e r s  
Condenser 
Recycle a c i d  pumps 
Residue conveyors and l o a d e r  
F i l t r a t e  pumps 
Evapora tors  
Condensers 
Acid r e t u r n  pumps 
Acid s t o r a g e  t a n k s  
Sludge t a n k s  
Residue conveyor 
F i l t r a t e  pumps 
Organic s t o r a g e  t a n k  
0rgani.c un loading  pumps 
Organic  meter ing  pumps 
Kerosene s t o r a g e  t a n k s  
Unloading pumps 
Kerosene meter ing  pumps 
Residue t a n k s  
S e p a r a t o r  t a n k s  
Water t r a n s f e r  pumps 
Organic t r a n s f e r  pumps 
Evapora tors  
Condensers 
Acid r e t u r n  pumps 
S e t t l i n g  t a n k  
D r u m  f l a k e r  d r y e r  
Weighing and bagging s t a t i o n  
F i l t e r s  
Evaporator  
Decompo s i t ioii  e v a p o r a t o r  
Condensers 
Acid r e c y c l e  pumps 
Evapora tors  
Condenser 
Acid r e c y c l e  pumps 
Rotary c a l c i n e r  
Conveyor and c o o l e r s  
Weigh hopper and l o a d e r s  
S t r i p p e r  tank  
Recycle  pumps 
Water feed  pumps 

720,000 

43,200 
600,000 

64,000 
72,000 

204,000 
36,000 

376,000 
450,000 
450,000 

84,000 
36,000 

13,500 
13,500 

4,600 
3,000 

48,000 
44,000 
25,600 
18,920 
96,000 

176,800 
36,000 
48,000 

200,000 
48,000 
16 ,200 
48,000 

7,000 
5 2  000 

6 , 800 
136,000 
116,000 

21,600 
260,000 

26,000 
48 , 000 
54,000 
34,800 
23,200 

112,000 

9,000 

21,600 
5,760 
2,880 

a 
4,320 

21.6 000 
4,050 
2,160 

a 
21,600 

a 
2 160 
5,400 

720 

3,240 
288 
144 
a 

115 .) 200 
1 ,440 
I. 440 

288,000 
216 , 000 

1 ,440 
288,000 

9,000 
1 ,080 

432 
21,600 

2,232 
2,700 

720 
10,800 
10,800 

1 ,440 
1 ,500 
I. 800 
4,320 

172,800 
1 ,440 

972 

1, 080 

.~.. ____ .... 

a 
F a b r i c a t e d  i n  p l a c e .  
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Table C-4. (continued) 

Item 
Cast ($1 

Material Labor 

Evaporator 7 6 , 0 0 0  1 0 , 8 0 0  
Condenser 6 0 , 0 0 0  3 , 6 0 0  
Recycle acid pump 2 1 , 6 0 0  1 , 4 4 0  
Rotary heater 1 9 , 6 0 0  2 , 8 8 0  
Conveyor cooler 12,000 2 , 8 8 0  
Weigh hopper and loader 24,000 4 , 1 4 0  

Structures and foundations 4 9 4 , 0 0 0  1 9 8 , 0 0 0  
Electrical power 742,000 2 9 7 , 0 0 0  
Piping-steam-gas 1 7 3 1 , 0 0 0  630,000 
Instrumentation 1 , 4 8 3 , 0 0 0  4 9 , 0 0 0  

500,000 8 3  000 Building 
Miscellaneous 1 4 5 3 , 6 7 9  -_ 4 9 4 , 2 2 6  

LSPC direct .... $ 1 5 , 9 9 0 , 3 0 0  $ 5 , 4 3 6 , 9 0 0  
Overhead + administration ..........$ 7 , 4 9 9 , 8 0 0  

LSPC t o t a l  .......... $ 2 8 , 9 2 7 , 0 0 0  
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FLY ASH 
AS RECEIVED 

..... ...._ 

767  A1 2O 

Fe203 302 
Si02 1343 

CaO 41 
NOISTURF 5390 

3 

Na20 8 

T i 0 2  47 

Mn02 8 
s03 6 

OTHER a 

blg0 38 

K2° 82 

TOTAL 8040 

A1203 
Fe203 5102 
Na02 

CaO 

110 I STURF. 
t102 
ElgO 

I’ln02 

503 
K2° 
OTHER 
TOTAL 

660 
121 

1242 
8 

41 
4622 

47 
38 

8 
6 

71 
7 

6871 

I ...... . .. 

i 

....... +<---q MAGNET IC 

__. ........ 

~ . . .  1 
FlAGNET I C  
FLY ASH -..._ .... 

A1203 107 
Fe304 181 

Na20 
CaO 

5102 101 

llOISTURE 7 68 
t102 
MgO 

th02 
503 
K20 11 

1 OTHER 

TOTAL 1163 
~~ 

F i g .  C--1 .  Materi-a1 b a l a n c e  f o r  t h e  magnetic sepnra t ion  s e c t i o n ,  

n i t r i c  ac id  l e a c h  p r o c e s s  (tons/day). 
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ORNL DWG. 77-1 778 

A1203 
54 

Fe304 181 
S i 0 2  51 

H2° 13 
OTHER 1 
TOTAL 300.5 

0.5 K2° 

F i g .  C-2 .  Material balance f o r  t h e  magnetic I r o n  p u r i f i c a t i - o n  

s e c t i o n ,  n i t r i c  acid l e a c h  p r o c e s s  ( t o n s / d a y ) .  
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FILTRATE 

A1203 429 
Fe304 79 
Na20 5 

Mn02 5 

H2° 
NO3 
HN03 

CaO 26 
MgO 24 

K2° 46 
11647 

902 
283 

OTHER 2 
TOTAL 13448 

L 

ORNL DWG. 77-1787Rl 

EXTRACTANT 

TOTAL 10750 

............. -----I M I X E R  
10 HIN 

I- 
AQUEOUS 

PHASE 
............. 

429 
5 

26 
24 
46 

11647 
902 
283 

OTHER 2 
TOTAL 13364 

RECYCLE 

HDEHP 6145 
KER 4601 .5 
,TOTAL 1'0746.5- 

ORGAN I C  

HOEHP 61 47 

KER ..... 4603 
TOTAL 10834 

HDEHP = DI (2-ETHYLHEXYI-I PHOSPHORIC ACID 
KER = KEROSENE 

F i g .  C-5 .  M a t e r i a l  b a l a n c e  f o r  the  solvent e x t r a c t i o n  section, 

n i t r i c  a c i d  leach  p r o c e s s  ( t o n s / d a y ) .  
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GRNL DWG. 7 7 - 1 7 9 0  

r 

EVAPORATOR ROTARY 

HEATER 
b c 1 2 0 ° C  

7 
1 1 1 6 '  

1 150°C 
HN03 2 : :  

OTHER 
TOTAL 1 O E 3 4  

PRODUCT 

7 3  F e p 4  
Mn02 5 

RECYCLE D I F F E R E N T I A L  
S T R I P  + RECOVERY l",i:p 1 I ItIiEHP 6145 1 
" ORGANIC 4601 . 5  

TOTAL i074G.5 AQU EGU S 

HDEHP 

TOTAL 

F i g .  C-7. Material 'balance f o r  mineral stripping sec t ion ,  n i t r i c  

ac ld  leach process ( tonsfday) . 
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