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ABSTRACT  
 
 
There is currently a ubiquitous drive for South African industries to improve on 
water usage as large volumes of raw water are consumed and saline effluents 
(brines) are produced during their operations. This dissertation addresses the use 
of paste technology to co-dispose brines as well as solid wastes, from the SASOL 
Secunda complex in a sustainable manner.  
 
The findings from this study indicated that the properties of pastes with relatively 
high solids concentrations (e.g. 70%) are dependent on the physical properties of 
fly ash, such as carbon content and fineness thus impacting on the transportability 
of the paste.  In order to overcome this effect, the paste with a 65% solids 
concentration will be less sensitive to the physical properties of the fly ash.  
Furthermore the chemical composition and salt load of brines affect the 
transportability and salt retention of paste.   It was also observed that salinity of 
the brine affects the settling rate of the paste.  The availability of various brines at 
SASOL provides an opportunity to investigate the blends of brines that will 
provide suitable settling and salt retention of paste. The other opportunity 
identified was the use of SASOL solid wastes such as incineration ash (IA) and 
gasification ash as additives to improve paste properties.  It was also discovered 
that the mode of salt retention is predominantly chemical rather than physical, 
which increases the credibility of this technology.  
 
The overall conclusion is that paste technology is a potential solution for 
sustainable co-disposal of ash and brines.  Further research areas are proposed to 
improve the understanding of paste technology and its implementation. 
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TERMINOLOGY 

B leed:  I s  the  smal l  vo lume o f  water  tha t  fo rms  on  top  o f  pas te  

when  so l id  mater ia l  se t t l e s .  

B r ine :  I s  a  sa l ina ted  inorgan ic  s t ream tha t  requ i re s  t rea tment  

be fore  d i sposa l ,  wh ich  i s  a  by -produc t  e f f luent .  

CAE:  c l ear  a sh  e f f luent  re fe r s  to  the  recyc led  water  used  to  

t ranspor t  a sh  f rom where  i t  i s  p roduced  in to  the  ash  sys tem.  

E lec t r i ca l  Conduc t iv i t y :  re fe r s  to  the  ab i l i t y  o f  a  so lu t ion  to  

car ry  e lec t r i ca l  cur rent ,  in f luenced  by  the  number  and  type  o f  

ions  p resent .   

FAM:  i s  a  s t ream which  main ly  cons i s t s  o f  recyc led  c lear  a sh  

e f f luent  and  sa l ty  s t reams  f rom d i f f e rent  p rocesses .    

F ineness :  I t  re fe r s  to  the  ava i lab i l i t y  o f  par t i c l e s  o f  d iameter  

l e s s  45  µm in  f l y  a sh  tha t  p rov ide  lubr i ca t ion  e f fec t  due  to  th e i r  

spher i ca l  na ture .  

F ly  a sh :  re fe r s  to  f re sh  f l y  a sh  which  i s  a  coa l  combus t ion  by -

produc t  f rom the  bo i l e r s  co l l ec ted  f rom e lec t ros ta t i c  

p rec ip i ta tor s  in  s team p lant s .  

Immobi l i sa t ion/Retent ion :  I t  r e fe r s  to  the  ex tent  in  which  

d i s so lved  ions  a re  e i ther  phys i ca l l y  o r  chemica l l y  bound in  

pas te  such  tha t  they  a re  l e s s  so lub le  when  exposed  to  water .   



                                

 xv

Leachab i l i t y :  Th i s  re fe r s  to  the  amount  o f  sa l t s  tha t  wi l l  be  

removed  ( remobi l i sed)  f rom pas te  when  exposed  to  water .  

Los s  on  ign i t ion  (LOI) :  i t  re fe r s  to  a  mass  percen tage  tha t  i s  

lo s t  when  a  so l id  mater ia l  e . g .  a sh  i s  exposed  to  h igh  

tempera tures .  

Pas te :  re fe r s  to  a  mater ia l  made  f rom ash  and  water  o r  b r ine  

tha t  i s  th i ck ,  which  wi l l  no t  s ign i f i cant ly  segrega te  and  can  

harden  as  concre te  when  d i sposed .  

Permeab i l i t y :  I t  i s  the  res i s tance  o f  a  mater ia l  l i ke  pas te  to  

water  perco la t ion  which  i s  o f ten  measured  in  cm/s .  

Pozzo lan :  i s  a  compound tha t  favours  the  occur rence  o f  

pozzo lan ic  reac t ions .  

Pozzo lan i c/hydra t ion  reac t ions :  Th i s  re fe r s  to  a  hydra t ion  

process  o f  cement  o r  ash  tha t  re su l t s  in  a  fo rmat ion  o f  ma in ly  

ca l c ium s i l i ca te  and  a luminate  hydra tes .  

Pumpab i l i t y/ t ranspor tab i l i t y :  re fe r s  to  the  ease  wi th  which  

pas te  can  be  t ranspor ted  through  pumping .  

Remmobi l i sa t ion :  re fe r s  to  the  te s t  where  pas te  i s  exposed  to  a  

l i qu id  medium to  as ses s  i t s  l eachab i l i t y  o r  sa l t  re ten t ion .   

S lumping :  I t  i s  a  qu ick  te s t  tha t  i s  used  to  de te rmine  

t ranspor tab i l i t y  o f  pa s te  to  a  d i sposa l  a rea .  

To ta l  D i s so lved  So l ids :  i s  a  measure  o f  the  quant i ty  o f  var ious  

inorgan ic  sa l t s  d i s so lved  in  water .  
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NOMENCLATURE  
 
 
EC   Electric Conductivity    mS/cm 
 
k    Permeab i l i t y      cm/s  
 
TDS   Total Dissolved Solids    mg/l 
 
 
 



CHAPTER 1 
 

INTRODUCTION 
  

 
 
1 .1  INTRODUCTION   
 

SASOL Synfue l s  (P ty)  L td  in  Secunda ,  South  A f r i ca  i s  

recogn i sed  in te rna t iona l ly  fo r  i t s  un ique  convers ion  o f  coa l  to  

l i qu id  fue l s  and  chemica l s .  SASOL produces  approx imate ly  41% 

o f  South  A f r i ca � s  l i qu id  fue l  th rough  gas i f i ca t ion  o f  low g rade  

coa l  in to  synthes i s  gas ,  wh ich  i s  a  s ta r t ing  mater ia l  fo r  the  

F i s cher -Tropsch  process  (van  Dyk  e t  a l . ,  2006) .  Chemica l s  such  

as  sur fac tant s ,  so lvent s  and  po lymers  a re  a l so  produced .  

  

A t  SASOL la rge  vo lumes  o f  water  a re  u t i l i sed  fo r  s team 

genera t ion  and  process  coo l ing .  The  scarce  na ture  o f  water ,  

however ,  necess i ta tes  the  recovery  o f  water  fo r  reuse  in  the  

fac tory .  SASOL cur rent ly  desa l ina tes  some mine  water  us ing  an  

E lec t rod ia ly s i s  Reversa l  (EDR)  process .   

 

The  C lear  Ash  E f f luent  (CAE)  i s  a  l i qu id  which  resu l t s  f rom the  

t ranspor ta t ion  o f  a sh  s lur ry  to  the  f ine  ash  dams .  CAE i s  then  

 1



recovered  us ing  Tubular  Reverse  Osmos i s  (TRO)  to  ensure  zero  

l iqu id  e f f luent  d i s charge .  However  i t  i s  no t  sus ta inab le  to  

cont inuous ly  desa l ina te  water  because  o f  consequent ia l  sa l t  

loads  tha t  wi l l  concent ra te  the  a sh  car r i e r  med ium.  The  h igh  

sa l t  loads  in  the  TRO feed  a l s o  have  a  negat ive  impac t  on  

membranes  and  wi l l  be  de t r imenta l  to  p ipes  due  to  inc reased  

r i sks  o f  cor ros ion  and  sca l ing .  I t  i s  there fore  c ruc ia l  tha t  th e  

br ine  s t reams  a re  d i sposed  o f  in  a  sa fe  manner  such  tha t  ze ro  

e f f luent  d i s charge  concept  may  be  sus ta ined .   

  

Concurrent ly  there  a re  approx imate ly  1200  ton/h  o f  a sh  be ing  

produced  as  by -produc t .  The  ash  i s  p roduced  a t  h igh  ra tes  wi th  

approx imate ly  200  and  700  ton/h ,  o f  f ine  gas i f i ca t ion  ash  (≤  

250  µm)  and  coarse  gas i f i ca t ion  ash  respec t ive ly .  F ly  ash  i s  

p roduced  a t  an  average  ra te  o f  300  ton/h  (Koch ,  2002) .  The  

combinat ion  o f  f ine  gas i f i ca t ion  ash  and  f l y  a sh  cons t i tu te  f in e  

ash  in  the  SASOL env i ronment .   

 

The  to ta l  sa l t s  accumula t ing  in  t he  complex  a re  a  combinat ion  

o f  chemica l s  used ,  raw water ,  mine  water  and  sa l t s  o r ig ina t ing  

f rom coa l  and  ash .  These  sa l t s  en te r  the  Synfue l s  complex  a t  a  

ra te  o f  approx imate ly  250  ton/day ,  and  end-up  in  water  tha t  

c i r cu la te s  the  complex  (Jeevara tnam and  Pre tor ius ,  2003) .  The  
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desa l ina t ion  process  y ie lds  reduced  vo lumes  o f  h igh ly  

concent ra ted  br ine  s t reams  which  need  to  sus ta inab ly  be  

d i sposed  o f .  The  resu l t an t  b r ine  f rom the  EDR process  i s  

hand led  in  an  expens ive  evapora tor - c rys ta l l i se r  un i t .  There  a re  

o ther  b r ine  s t reams  or ig ina t ing  f rom su lphur  p lant ,  Benf ie ld  

process  and  many  o ther  p rocesses  tha t  wi l l  r equ i re  sa fe  

d i sposa l .   

 

The  cur rent  p rac t i ce  i s  to  d i spose  o f  these  sa l t s  in to  the  ash  

sys tem and  so la r  ponds  (Jeevara tnam and  Pre tor ius ,  2003;  Kwak  

e t  a l . ,  2005) .  However  ash  d i sposa l  i s  cons idered  an  

env i ronmenta l  r i sk  due  to  i t s  po tent ia l  o f  underground  water  

po l lu t ion  by  heavy  meta l s  and  sa l t s  ( Josh i  e t  a l . ,  1993;  B in -

Shaf ique  e t  a l . ,  2002) .   

 

The  l each ing  mechan i sm of  t race  e lements  f rom ash  i s  s imi la r  to  

tha t  f rom so i l  and  o ther  types  o f  so l id  was tes  (Koch ,  2002) .  I t  

i s  a l so  known tha t  f l y  ash  has  pozzo lan ic  proper t i e s  i . e .  w i l l  

cement  in  the  presence  o f  water  and  an  ac t i va tor  such  as  l ime ,  

due  to  i t s  s i l i ceous  and  a luminous  content  (B in -Sha f ique  e t  a l . ,  
2002;  Josh i  e t  a l . ,  1993;  T i shmack  e t  a l . ,  2001) .  An  idea  o f  

exp lo i t ing  the  pozzo lan ic  proper t i e s  o f  f l y  a sh  to  make  a  pas te  

was  genera ted  (Jewel l  e t  a l . ,  2002) .   
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Pas te  can  be  de f ined  as  a  mater i a l  tha t  does  not  segrega te  and  

cons i s t s  o f  be tween  75% and  85% so l ids  by  we ight  o f  which  

approx imate ly  15% < 20  µm  (Y i lmaz  e t  a l . ,  2004;  Newman,  

2003;  Kwak  e t  a l . ,  2005) .   

 

Th i s  d i s se r ta t ion  inves t iga tes  the  app l i ca t ion  o f  pas te  

techno logy  as  a  p laus ib le  op t ion  fo r  the  d i sposa l  o f  b r ines  

( sa l t s )  in  a sh  pas te .  There  are ,  however ,  f ac tor s  tha t  requ i re  

thorough inves t iga t ion ,  to  mi t iga te  the  env i ronmenta l  impac t .   

 

1 .2  OBJECTIVES  AND RESEARCH STRATEGY 

 

The  pro jec t  i s  a imed  a t  ob ta in ing  a  sus ta inab le  so lu t ion  fo r  th e  

d i sposa l  o f  b r ines  in  ash  pas te .  There fore ,  the  des i red  

produc t/pas te  shou ld  be  eas i l y  pumpab le ,  and  have  re la t i ve ly  

low permeab i l i t y  and  sa l t  l each ing .  

 

The  research  s t ra tegy  was  to  deve lop  a  re la t ionsh ip  be tween  the  

fo l lowing  process  var iab les :   

(a)  so l id s  concent ra t ion  

(b)  b r ine  compos i t ion   

( c )  cur ing  t ime   
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(d)  pas te  s t i f fnes s  and  i t s  dependence  on  t ime  

(e)  e f fec t  o f  add i t i ves  

( f )  e f fec t  o f  sur face  a rea  

 

The  e f fec t  o f  the  abovement ioned parameter s  was  as ses sed  by  

moni tor ing  sa l t  re ten t ion ,  permeab i l i t y  and  s lumping  o f  the  

re su l tan t  pas te .   

 

1 .2 .1  Key  I s sues  

The  main  cha l l enges  which  were  encountered  dur ing  the  s tudy  

a re  summar i sed  be low.   

♦  Pumpab i l i t y  o f  pas te  to  the  d i sposa l  a rea .   

♦  The  appropr ia te  remobi l i sa t ion  te s t   

♦  The  mechan i sm of  sa l t  immobi l i sa t ion  

♦  The  techn ica l  f eas ib i l i t y  o f  e i ther  sur face  d i sposa l  o r  

underground  back f i l l .   

 

1 .3  STRUCTURE OF THE DISSERTATION 

 

Chapter  1  

SASOL i s  in t roduced  as  a  company  and  i t s  opera t ions .  The  use  

o f  raw mater ia l s  i s  d i s cussed  as  we l l  a s  the  resu l tant  was tes .  

The  prob lem s ta tement  i s  a l so  in t roduced  fo r  th i s  inves t iga t ion .  
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Chapter  2   

Th i s  chapter  out l ines  the  produc t ion  a t  the  SASOL Syn fue l s  

p lant  in  Secunda .  The  p rocess  i s  d i s cussed  wi th  the  emphas i s  on  

was tes  tha t  a re  genera ted ,  and  the  cur rent  d i sposa l  

mechan i sms .  

 

Chapter  3   

The  genera l  p rob lem o f  indus t r ia l  sa l t s  i s  in t roduced .  The  l ega l  

requ i rements  and  the  dr ive  fo r  the  reuse  o f  b r ines  and  e f f luent s  

a re  presented .  D i f f e rent  methods  ex i s t  to  hand le  sa l t s  but  pas t e  

seems  to  be  a  more  su i tab le  d i sposa l  op t ion  than  the  

convent iona l  s lu r ry  o r  t a i l ings  d i sposa l .  Some o f  the  pas te  

bene f i t s  inc lude  low permeab i l i t y ,  poss ib i l i t y  to  combine  

so l id i f i ca t ion  and  s tab i l i sa t ion .  Pas te  does  not  segrega te  henc e  

there  i s  no  fur ther  water  managem ent  requ i red  a f te r  p lacement .   

 

Chapter  4   

The  s ta r t ing  mater ia l s  and  the i r  o r ig in  a re  b r ie f l y  desc r ibed  i n  

th i s  chapter .  The  d i f f e rent  exper iments  and  te s t s  per formed are  

a l so  desc r ibed .  
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Chapter  5   

The  impor tant  observa t ions  made  dur ing  the  s tudy  a re  

d i s cussed .  The  resu l t s  a re  in te rpre ted  based  on  the  ava i lab le  

da ta  and  the  a reas  tha t  need  fur ther  re search  a re  h igh l igh ted .  

 

Chapter  6    

A  summary  o f  impor tant  f ind ings  i s  g iven .  The  a reas  tha t  

requ i re  fu r ther  re search  a re  recommended .  
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CHAPTER 2 

THE SASOL SECUNDA ASH SYSTEM 

 

2 .1  INTRODUCTION 

A t  S A S O L  S y n f u e l s  l o w  g r a d e  c o a l  i s  g a s i f i e d  a n d  c o n v e r t e d  

i n t o  l i q u i d  f u e l s  a n d  a  w i d e  r a n g e  o f  c h e m i c a l s .  T w o  m a j o r  

t y p e s  o f  a s h  a r e  p r o d u c e d  f r o m  t h e  p r o c e s s  n a m e l y  c o a r s e  

a s h  a n d  f i n e  a s h  ( d e s c r i b e d  i n  c h a p t e r  1 ) .  T h e  f o r m e r  i s  

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

m a i n l y  c o m e s  f r o m  a  s t e a m  g e n e r a t i o n  p r o c e s s  ( s e e  F i g .  

2 . 1 ) .   

 

T h e  t w o  a s h  t y p e s  a r e  p r o c e s s e d  a n d  s e p a r a t e d  a t  t h e  i n s i d e  

a s h  h a n d l i n g  p l a n t .  H o w e v e r ,  t h e  c u r r e n t  a p p r o a c h  i s  t o  

d i s p o s e  o f  m o s t  o f  t h e  s a l t y  s t r e a m s  a n d  b r i n e s  i n t o  t h e  a s h  

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

i n c l u d e  t h e  s p e n t  c a t a l y s t  f r o m  S y n t h o l  p l a n t ,  b l o w - d o w n  

f r o m  p r o c e s s  c o o l i n g  w a t e r  s y s t e m s ,  s a l t y  w a t e r  f r o m  

d e s a l i n a t i o n  p l a n t s  a n d  s l u d g e  f r o m  f l o c c u l a t i o n  p r o c e s s e s .   
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T h e  S A S O L  a s h  a n d  e f f l u e n t  h a n d l i n g  p r o c e s s  i s  s u m m a r i s e d  

i n  F i g .  2 . 1 .  

    Coal

Steam plant

Gasif ication 
plant

Inside Ash plant

Other salty 
streams

Fine Ash 
dams

Ash dumps

slurry

fly ash

Clear Ash 
Eff luent Dams

Desalination 
plants

gasif ication ash 

coarse 
ash

  
F i g .  2 . 1  O v e r v i e w  o f  S A S O L  p r o c e s s  w a s t e  h a n d l i n g  

 

T h e  a s h e s  t h e r e f o r e  i n t e r a c t  w i t h  d i f f e r e n t  k i n d s  o f  s a l t s  

b e f o r e  d i s p o s a l .  T h e  q u e s t i o n  o f  h o w  s u s t a i n a b l e  a n d / o r  

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

C o a r s e  a s h  i s  t h e n  t r a n s p o r t e d  t o  t h e  a s h  h e a p s  b y  m e a n s  o f  

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

f i n e  a s h  d a m s .   
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2 . 2  W A T E R  R E C O V E R Y  

T h e  g e o g r a p h i c a l  l o c a t i o n  o f  S y n f u e l s  c o m p l e x  i m p o s e s  a  

h i g h  r i s k  o f  w a t e r  p o l l u t i o n  s i n c e  i t  i s  b u i l t  o n  t h e  w a t e r  

d i v i d e  o f  t h e  V a a l  a n d  O l i f a n t s  r i v e r s .  I t  w a s  t h e r e f o r e  

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

( B a s s o n  e t  a l . ,  2 0 0 4 ) .  T h i s  m e a n t  t h a t  n o  e f f l u e n t  

d i s c h a r g e s  a r e  a l l o w e d  t o  t h e  n e a r b y  r i v e r s .  

 

D i f f e r e n t  u s e s  o f  w a t e r  a t  t h e  S y n f u e l s  c o m p l e x  g e n e r a t e  

i n o r g a n i c  s a l t y  e f f l u e n t s .  P r o c e s s e s  s u c h  a s  T R O  a n d  E D R  

a r e  e m p l o y e d  t o  r e c o v e r  w a t e r  f o r  f u r t h e r  u s e s .  T h e  

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

b r i n e  s t r e a m s  w h i c h  t h e y  p r o d u c e .  T h e  c o n s e q u e n c e  i s  a  

d e t e r i o r a t i n g  w a t e r  q u a l i t y  c i r c u l a t i n g  t h e  c o m p l e x ;  h e n c e  

t h e s e  b r i n e s  n e e d  t o  b e  d i s p o s e d  o f .   

 

C A E  d a m s  s e r v e  a s  t e m p o r a r y  s t o r a g e  f o r  c e r t a i n  b r i n e s  

b e f o r e  r e t u r n i n g  t o  t h e  c o m p l e x  f o r  f u r t h e r  r e c o v e r y .  T h e  

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

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

c o u l d  h a p p e n  a t  l o w  p H  o r  h i g h l y  a l k a l i n e  c o n d i t i o n s  ( B i n -

S h a f i q u e  e t  a l . ,  2 0 0 2 ;  K l e m m ,  1 9 9 8 ;  Asavap i s i t  and  

Cosanav i t ,  2004) .  U n d e r g r o u n d  w a t e r  p o l l u t i o n  a n d  s o i l  
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c o n t a m i n a t i o n  a r e  o t h e r  c o n c e r n s  a g a i n s t  s t o r a g e  o f  s a l t y  

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

r a i n s  ( V e r b u r g ,  2 0 0 1 ;  J e w e l l  e t  a l . ,  2 0 0 2 ;  K w a k  e t  a l . ,  

2 0 0 5 ) .  T h e  f i g u r e  b e l o w  s h o w s  t h e  c u r r e n t  u n d e r s t a n d i n g  

o f  t h e  f a t e  o f  s a l t s .  

 

  Ground water

Synfuels Complex

Evaporation Rainfall

Ash System

Evaporator/
Crystalliser

Evaporator/
Crystalliser 

Solar Ponds

Chemicals

Mine Water

Raw water

 
F i g .  2 . 2  C u r r e n t  u n d e r s t a n d i n g  o f  s a l t y  w a t e r  c h a i n  

 

T h e  e v a p o r a t o r - c r y s t a l l i s e r  u n i t  a d d r e s s e s  a p p r o x i m a t e l y  

2 0 %  o f  s a l t s  b u t  i s  e x p e n s i v e  a n d  h a s  l i m i t a t i o n s  i n  t e r m s  

o f  o p e r a t i o n .  O n  t h e  o t h e r  h a n d  s o l a r  p o n d s  h a n d l e  

a p p r o x i m a t e l y  3 5 %  o f  t h e  s a l t s  w h i l e  t h e  r e s t  i s  a c c o u n t e d  

f o r  b y  t h e  a s h  s y s t e m .  T h e  s o l a r  p o n d s  a r e  n e a r i n g  t h e i r  

c a p a c i t y  o f  s a l t s  d i s p o s a l  ( B a s s o n  e t  a l . ,  2 0 0 4 ;  G i n s t e r ,  
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1 9 9 9 ) .  T h e  i m p l i c a t i o n s  a r e  t h a t  t h e  a s h  s y s t e m  w i l l  h a n d l e  

m o r e  s a l t  l o a d s  t h a n  i t  d o e s  a t  p r e s e n t .  T h e r e  a r e  p r o c e s s  

e x p a n s i o n s  w h i c h  a r e  e n v i s a g e d  f o r  t h e  n e a r  f u t u r e  w h i c h  

w i l l  i n c r e a s e  t h e  s a l t  l o a d  b y  a p p r o x i m a t e l y  1 5 %  w i t h o u t  

p r o d u c i n g  a s h .   

 

A  n e e d  w a s  i d e n t i f i e d  t o  o p t i m i s e  t h e  u s e  o f  a s h  t o  

i m m o b i l i s e  s a l t s .  R e s e a r c h  h a s  r e v e a l e d  t h a t  p a s t e  r e n d e r s  

b e t t e r  t e c h n i c a l  a n d  e n v i r o n m e n t a l  b e n e f i t s  o v e r  s l u r r y  

( J e w e l l  e t  a l . ,  2 0 0 2 ;  J o s h i  e t  a l . ,  1 9 9 3 ;  B e n z a a z o u a  e t  a l . ,  

2 0 0 3 ;  K a n e k o  e t  a l . ,  2 0 0 1 ) .  E x p l o r a t i o n  o f  p a s t e  t e c h n o l o g y  

c o u l d  l e a d  t o  a  s u s t a i n a b l e  s a l t  d i s p o s a l .  

 

T h e  a b o v e - m e n t i o n e d  p o i n t s  i n i t i a t e d  a  n e c e s s i t y  f o r  a  

l i t e r a t u r e  r e v i e w  o n  t h e  d i s p o s a l  o f  s a l t s .  T h e  l i t e r a t u r e  

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

t o  e f f e c t i v e l y  a d d r e s s  t h e  s a l t s  p r o b l e m  a t  S A S O L  S y n f u e l s .   
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CHAPTER 3 
 

A LITERATURE REVIEW AND HYPOTHESIS 
 
 
 

3 .1  INTRODUCTION 

 

S tud ies  have  shown tha t  water  has  become a  scarce  resource  

over  the  pas t  f ew year s  in  South  A f r i ca  and  o ther  par t s  o f  the  

wor ld  (Ha ldenwang ,  2005) .  The  water  demands  a re  expec ted  to  

inc rease  in  the  near  fu ture  due  to  a  var ie ty  o f  reasons  such  as  

popu la t ion  and  economic  g rowth ,  c l imate  changes  and  improved  

s tandards  o f  l i v ing  (Ha ldenwang ,  2005) .  The  l eg i s la t i ve  

requ i rements  a re  becoming  more  s t r ingent  towards  raw wate r  

in take  hence  there  i s  a  huge  dr ive  towards  min imal  water  

consumpt ion ,  and  reuse  o f  indus t r ia l  e f f luent s  and  br ines  

(Gordon ,  2001;  McPha i l  e t  a l . ,  2004;  G la te r  and  Cohen ,  2003;  

Lynch  e t  a l . ,  2005) .  Mos t  impor tant ly ,  water  ava i lab i l i t y  and  

qua l i t y  a re  bo th  env i ronmenta l  and  economic  threa t s  (Gordon ,  

2001;  G la te r  and  Cohen ,  2003;  Y i lmaz  e t  a l . ,  2004;  

Ha ldenwang ,  2005) .   

 

 

 
 

13



 

3 .2  SALTS  HANDLING 

A  common approach  to  the  hand l ing  o f  sa l t s  i s  to  employ  

desa l ina t ion  techno log ies  which  produce  br ines  as  inev i tab le  

by -produc t s  (Gordon ,  2001;  G la te r  and  Cohen ,  2003;  Wal ton  e t  
a l . ,  1999;  Lynch  e t  a l . ,  2005) .  However ,  hand l ing  and  d i sposa l  

o f  b r ines  a re  t echn ica l l y  cha l l eng ing  and  cos t l y  (Verburg ,  2001 ;  

Lynch  e t  a l . ,  2005;  Mahlaba  and  Pre tor ius ,  2006) .  Sa l t  d i sposa l  

i s  ma in ly  perce ived  a s  a  p rob lem for  in land  indus t r i e s  

(Khordagu i ,  1997;  G la te r  and  Cohen ,  2003;  I lgner ,  2002) .  

Coas ta l  indus t r i e s  convent iona l ly  d i spose  o f  the i r  sa l t s  in to  t he  

sea  us ing  p ipe l ines  (Gordon ,  2001;  Khordagu i ,  1997;  G la te r  and  

Cohen ,  2003) .  D i scharge  o f  b r ines  in to  the  sea  causes  a  change  

in  i t s  t empera ture  and  sa l in i ty  (Fouda  e t  a l . ,  1999)  hence  i t  i s  

no t  encouraged .  Smal l  vo lumes  o f  b r ine  may  eas i l y  be  d i lu ted  

by  the  sea  whi le  l a rge  vo lumes  m ay  have  de t r imenta l  e f fec t s  on  

aquat i c  l i f e  (Gordon ,  2001;  G la te r  and  Cohen ,  2003) .   

 

Power  s ta t ions  and  pe t rochemica l  p lant s  a re  examples  o f  in land  

coa l  p rocess ing  indus t r i e s  in  South  Af r i ca  (van  Dyk  e t  a l . ,  
2005) .  SASOL Synfue l s  uses  coa l  a s  a  s ta r t ing  mater ia l  t o  

produce  i t s  w ide  range  o f  p roduc t s .  Var ious  sa l ty  s t reams  and  

grades  o f  a sh  a re  produced ,  and  sus ta inab le  d i sposa l  i s  requ i re d  
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(A l -Handha ly  e t  a l . ,  2003;  Raghavendra  e t  a l . ,  2002) .  The  

de ta i l s  on  sa l ty  s t reams  were  g iven  in  chapter  2 .   

 

3 .3  FLY  ASH  

 

The  f l y  a sh  can  genera l l y  be  de f ined  as  a  very  f ine  by -produc t  

f rom a  coa l  f i r ed  power  s ta t ion  (Josh i  e t  a l . ,  1999;  Raghavendra  

e t  a l . ,  2002) .  Typ ica l  f l y  a sh  charac te r i s t i c s/spec i f i ca t ions  a re  

g iven  in  sec t ion  3 .4 .1 .  A  cons iderab le  amount  o f  work  has  been  

repor ted  on  bas i c  f l y  ash  compos i t ion  in  add i t ion  to  i t s  phys i ca l  

and  chemica l  behav iour  (Ch indapras i r t  e t  a l . ,  2005;  Lam e t  a l . ,  
2000;  V i l ches  e t  a l . ,  2005) .  The  in ten t ion  was  to  ex tend i t s  

app l i ca t ions  beyond  cement  indus t ry  to  inc lude  s tab i l i sa t ion  o f  

sa l t s  conta in ing  e f f luent s  ( I lgner ,  2002;  Raghavendra  e t  a l . ,  
2002) .  Because  o f  bo th  phys i ca l  (par t i c l e  s i ze  d i s t r ibut ion)  an d  

chemica l  (pozzo lan ic)  p roper t i e s  o f  f l y  a sh  i t  was  dec ided  to  

inves t igate  i t s  po tent ia l  to  make  a  pas te  and  re ta in  sa l t s  f rom  

the  sa l ty  s t reams  (Asavap i s i t  and  Cosanav i t ,  2004;  Bergeson  e t  
a l . ,  1988;  Ch indapras i r t  e t  a l . ,  2005) .  
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3 .3 .1  Des i rab le  Proper t i e s  o f  F ly  Ash  

 

The  f ineness  (de f ined  as  the  mass  percent  o f  par t i c l e s  tha t  can  

pass  through  a  45  µm s ieve)  o f  f l y  ash  i s  a  phys i ca l  p roper ty  

tha t  pos i t i ve ly  cont r ibute  to  the  pozzo lan ic  ac t i v i ty  and  

t ranspor tab i l i t y  o f  pas te  (Mahlaba  and  Pre tor ius ,  2006;  

Ch indapras i r t  e t  a l . ,  2005;  Fer rar i s  e t  a l . ,  2001) .  The  h igh  

pozzo lan ic  ac t i v i ty  i s  e s sent ia l  fo r  the  fo rmat ion  o f  des i red  

hydra t ion  produc t s  tha t  make  pas te  a  d i sposa l  op t ion  (B in -

Shaf ique  e t  a l . ,  2002;  Bergeson  e t  a l . ,  1988;  Ch indapras i r t  e t  
a l . ,  2005) .  The  presence  o f  spher i ca l  par t i c l e s  in  ash  makes  i t  a  

use fu l  add i t i ve  tha t  inc reases  s t rength  and  workab i l i t y  o f  

cement  (Fer rar i s  e t  a l . ,  2001;  S t ropn ik  and  Južn ič ,  1988;  

Ch indapras i r t  e t  a l . ,  2005) .  Pozzo lan ic  proper ty  re fe r s  to  the  

tendency  o f  a  mater ia l  to  fo rm ca l c ium s i l i ca te  and  a luminate  

hydra tes  when  i t s  g la s sy  phase  content  (main ly  s i l i ca ,  a lumina 

and  f ree  ca l c ium ox ide)  reac t  wi th  water  (Ozy i ld i r im,  1998;  

S teenar i  e t  a l . ,  1998) .  Fur ther  de ta i l s  a re  d i s cussed  in  sec t ion  

3 .4 .1 .   

 

 

 

 

 
 

16



 

3 .3 .2  Oppor tun i t i e s  o f  Ut i l i s ing  F ly  Ash  

 

The  u t i l i sa t ion  o f  f l y  a sh  in  the  cement  indust ry  in  Ind ia  

inc reased  the  durab i l i t y  o f  con cre te  and  reduced  permeab i l i t y  

mak ing  i t  a  po tent ia l  s ink  fo r  nuc lear  was tes  (Kumar  and  

Kaush ik ,  2003;  Ch indapras i r t  e t  a l . ,  2005) .  In  I ta ly  more  than  

90% f ly  ash  i s  used  in  cement  and  concre te  indus t r i e s  a s  a  

l eg i s la t i ve  requ i rement  (Be lz  and  Caramusc io ,  INTERNET) .  The  

cement  indus t ry  was  one  o f  the  f i r s t  indus t r i e s  to  exp lo i t  the  

pozzo lan ic  p roper t i e s  o f  f l y  a sh  (Gr i f f in  e t  a l . ,  1999) .   

 

There  a re  many  o ther  oppor tun i t ie s  which  were  ident i f i ed  fo r  

fu r ther  f l y  a sh  u t i l i sa t ion  in  l i t e ra ture .  They  inc lude  ex t rac t ion  

o f  va luab le  e lements  (e .g .  a lu min ium) ,  use  in  env i ronmenta l  

eng ineer ing  and  in  bu i ld ing  mate r ia l s  (e .g .  b r i ck  manufac tur ing  

and  ceramic  produc t s )  but  these  were  l imi ted  by  marke t  

cons t ra in t s  (Fa t ih  e t  a l . ,  2001;  Raghavendra  e t  a l . ,  2002) .   

 

A  c loser  look  a t  the  synthes i s  o f  phosphate  ce ramics  genera ted  

a  po tent ia l  use  o f  f l y  ash .  Pos i t i ve  re su l t s  were  ob ta ined  fo r  the  

u t i l i sa t ion  o f  f l y  a sh  in  cons t ruc t ion  by  a l lowing  i t  to  reac t  w i th  

phosphor i c  ac id  in  the  presence  o f  magnes ium ox ide  and  bor i c  

ac id  (Baner jee ,  1997) .  The  ma jor  produc t  fo rmed was  an  
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in so lub le  newbery i te  which  i s  re la t i ve ly  l i gh t  but  s t rong ,  and  

does  not  l each  (Baner jee ,  1997) .  The  re tent ion  o f  heavy  meta l s  

and  o ther  was tes  was  found  to  be  a  combinat ion  o f  chemica l  

and  phys i ca l  bond ing .  

 

U l t ramar ine  b lue  i s  a  use fu l  dye  in  the  product ion  o f  pa in t s ,  

p la s t i c s ,  roo f ing  g ranu les ,  and  de te rgent s ,  ju s t  to  ment ion  a  f ew 

(Landman and  de  Waa l ,  2004) .  The  indus t r ia l  p roduc t ion  o f  

u l t ramar ine  b lue  invo lves  the  a c t i va t ion  o f  kao l in  a t  h igh  

tempera tures  o f  approx imate ly  700  °C  to  y ie ld  a luminos i l i ca te  

which  i s  a  ma jor  s ta r t ing  reagent  (Landman and  de  Waa l ,  

2004) .  However ,  a  po tent ia l  to  ex t rac t  a luminos i l i ca te  f rom f l y  

a sh  was  ident i f i ed  and  tes ted  wi th  an  in tent ion  to  d i s cover  a  

cheaper  op t ion  and  to  min imise  the  tonnages  o f  a sh  d i sposa l  

(Landman and  de  Waa l ,  2004) .  The  h igher  content  o f  i ron  in  

the  f l y  ash  used  l imi ted  the  success  o f  the  u l t ramar ine  

produc t ion  to  80%.  Endeavours  were  made  to  prepare  zeo l i t e s  

and  c rack ing  ca ta ly s t s  f rom f ly  ash  (Raghavendra ,  e t  a l . ,  2002) .  

The  outcome o f  the  s tudy  was  not  d i s cussed .  
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3 .4  CHARACTERISTICS  OF  ASH 

 

In  the  sec t ion  above  po tent ia l  uses  o f  f l y  a sh  in  a  var ie ty  o f  

s i tua t ions  were  d i s cussed .  Deeper  examinat ion  o f  the  proper t i e s  

o f  f l y  ash  exp la ins  i t s  ve r sa t i l e  app l i ca t ions .  A  br ie f  account  

wi l l  be  made  on  gas i f i ca t ion  ash .  The  d i f f e rences  be tween  the  

two  types  o f  a sh  wi l l  be  covered  as  we l l  a s  those  de te rmined  a t  

SASOL.  Th i s  would  a l low for  the  ident i f i ca t ion  o f  d i s c repanc ies  

o r  new oppor tun i t i e s  e spec ia l l y  wi th  gas i f i ca t ion  ash .   

 

3 .4 .1  Chemica l  Compos i t ion  o f  F ly  Ash  

 

S tud ies  on  f l y  ash  have  shown tha t  i t  cons i s t s  o f  the  ingred ien t s  

tha t  a re  e s sent ia l  fo r  pozzo lan ic  reac t ions  to  occur  (Grey  e t  a l . ,  
2003;  Raghavendra  e t  a l . ,  2002;  Mobasher  e t  a l . ,  1996;  Thomas  

e t  a l . ,  2001) .  The  spher i ca l  morpho logy  o f  f l y  ash  reduces  

f r i c t ion  be tween  the  par t i c l e s  and  improves  the  workab i l i t y  o f  

pas te  o r  concre te  (Fer rar i s  e t  a l . ,  2001;  S t ropn ik  and  Južn ič ,  

1988) .  The  e lementa l  compos i t ion  o f  f l y  ash  depends  on  the  

coa l  source  (B in -Shaf ique  e t  a l . ,  2002) .   

 

F ly  ash  i s  usua l ly  c la s s i f i ed  in to  two  c las ses .  F ly  ash  i s  e i th er  a  

c la s s  C  or  a  c la s s  F  depend ing  on  the  o r ig ina l  coa l  tha t  was  
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burnt  as  we l l  a s  the  compos i t ion  thereo f  (Bergeson  e t  a l . ,  1988;  

Schee tz ,  2004;  B in -Shaf ique ,  2002) .  C las s  F  f l y  a sh  usua l ly  has  

low ca l c ium content  and  or ig ina tes  f rom burn ing  o f  an thrac i te  

o r  b i tuminous  coa l  (B in -Shaf ique ,  2002) .  C las s  C  f l y  a sh  

normal ly  re su l t s  f rom burn ing  o f  l i gn i te  o r  subb i tuminous  coa l  

and  exh ib i t  se l f - cement ing  proper t i e s  due  to  h igh  ca l c ium 

content .  The  minera logy  and  c rys ta l l in i ty  o f  f l y  a sh  depend  on  

combus t ion  techno logy  and  opera t iona l  cond i t ions  used  (B in -

Shaf ique  e t  a l . ,  2002) .  Typ ica l  va lues  o f  the  cons t i tuent s  found  

in  the  two  c las ses  o f  f l y  ash  are  shown in  Tab le  3 .1  (Schee tz ,  

2004;  Mishra  and  Pa te l ,  2004) .   

 

Tab le  3 .1 :  Typ ica l  compos i t ion  o f  f l y  a sh  (% we ight)  

Chemica l  Spec ie s  C las s  C  C las s  F  

S iO 2 37  50  

A l 2 O 3 18  23  

Fe 2 O 3 6  7  

CaO 25  8  

MgO 5  1 .5  

K 2 O 0 .6  1 .5  

Na 2 O 1  1  

T iO 2 3  4  
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SO 3 3  1  

Loss  on  ign i t ion  

(LOI)  

1 .5  2 .5  

 

3 .4 .2  Phys i ca l  P roper t i e s  o f  F ly  Ash  

 

F ly  ash  par t i c l e s  range  f rom as  smal l  a s  0 .01  µm to  about  100  

µm,  wi th  50  µm be ing  a  typ i ca l  par t i c l e  s i ze  (Koch ,  2002;  

Mashra  and  Pa te l ,  2004) .  Par t i c l e  s i ze  d i s t r ibu t ion  (PSD)  i s  one  

o f  the  impor tant  parameter s  o f  ash  which  made  i t  a t t rac t i ve  in  

the  cement  indus t ry  (Kes imal  e t  a l . ,  2003;  Sear ,  2001) .   

 

I t  i s  we l l  repor ted  in  l i t e ra ture  tha t  f ineness  (de f ined  as  mas s  

percentage  in  f l y  a sh  pass ing  through  a  45  µm s ieve)  p lays  a  

c ruc ia l  ro le  in  the  workab i l i t y  and  cement ing  potent ia l  o f  

pas tes  (Fer rar i s  e t  a l . ,  2001;  Ch indapras i r t  e t  a l . ,  2005) .  The  

min imum requ i rement  fo r  f ineness  i s  60% in  f l y  a sh  (Sear ,  

2001) .  The  impor tance  o f  these  par t i c l e s  i s  ma in ly  in  the i r  

spher i ca l  morpho logy .  Th i s  morpho logy  resu l t s  in  reduced 

f r i c t ion  be tween  the  par t i c l e s  mak ing  i t  eas ie r  to  pump wi th  

min imal  water  requ i rements  (Fer rar i s  e t  a l . ,  2001;  Y i j in  e t  a l . ,  
2004) .  Les s  water  requ i rements  re su l t  in  low permeab i l i t y  and  

b leed  fo rmat ion ,  which  lowers  the  chances  o f  pas te  segrega t ion  
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(Pagé  and  Sp i ra tos ,  2000;  Bergeson  e t  a l . ,  1988;  Ch indapras i r t  

e t  a l . ,  2005;  Josh i  e t  a l . ,  1999) .  The  typ ica l  morpho logy  o f  f l y  

a sh  i s  shown in  P la te  3 .1 .   

 
P la te  3 .1 :  Typ ica l  morpho logy  o f  FA  

 

A  sample  o f  SASOL FA was  ana lysed  us ing  scann ing  e lec t ron  

microscope  (SEM) ana lys i s  a t  SASOL R&D and  a  mic rograph  i s  

shown in  P la te  3 .2 .  

 
 

22



 

 
P la te  3 .2 :  Mic rograph  o f  SASOL FA 

 

The  ma jor i ty  o f  the  par t i c l e s  a re  spher i ca l  in  shape  a l though  

there  a re  some par t i c l e s  tha t  seem to  have  agg lomera ted  in to  

i r regu lar  par t i c l e s .  There  a l so  seems  to  be  some depos i t s  on  th e  

sur face .  

 

3 .4 .3  Gas i f i ca t ion  Proc es s  and  Ash  Produced   

 

Coa l  i s  supp l ied  to  the  SASOL-Lurg i  f i xed  bed  gas i f i ca t ion  

process .  Gas i f i ca t ion  can  be  de f ined  as  a  convers ion  o f  coa l  

th rough  in te rac t ion  wi th  a i r  and  s team a t  h igh  tempera ture  (> 

700  °C)  to  syngas  (H 2  and  CO)  which  can  be  used  as  a  source  o f  
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energy  or  synthes i s  o f  chemica l s  and  l iqu id  fue l s  (Co l lo t ,  2005 ;  

van  Dyk  e t  a l . ,  2005) .  The  advantages  o f  gas i f i ca t ion  process  

inc lude  h igh  e f f i c i ency  and  low emis s ions  o f  NO x  and  SO 2  to  the  

a tmosphere  (Harr i s  e t  a l . ,  2004) .  I t  was  d i s covered  in  Spa in  

tha t  gas i f i ca t ion  ash  i s  more  su i tab le  fo r  e lement  ex t rac t ion  

than  bo i l e r  f l y  a sh  (Font  e t  a l . ,  2005) .  Th i s  d i f f e rence  was  

exp la ined  in  te rms  o f  opera t ing  cond i t ions  such  as  t empera ture  

and  pres sure  (Font  e t  a l . ,  2005) .   

 

A  sample  o f  f ine  gas i f i ca t ion  ash  (as  desc r ibed  in  chapter  1)  

was  sent  fo r  SEM ana lys i s .  The  p i c ture  shown be low was  

ob ta ined  dur ing  SEM ana lys i s  a t  SASOL in te rna l  l abora tory .  

 
P la te  3 .3 :  Mic rograph  o f  GA 
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A  mic rograph  o f  gas i f i ca t ion  ash  (GA)  i s  shown in  P la te  3 .3 .  

The  par t i c l e s  a re  main ly  i r regu lar  in  shape ,  inc lud ing  the  

agg lomera ted  par t i c l e s  f rom f iner  par t i c l e s  (Zevenhoven-

Onderwater  e t  a l . ,  2001) .  The  morpho logy  i s  qu i te  d i f f e rent  

f rom tha t  o f  f l y  a sh  (Font  e t  a l . ,  2005) .  

 

3 .4 .4  Minera log i ca l  Comp os i t ion  o f  SASOL Ashes  

 

The  opera t ion  cond i t ions  a t  the  gas i f i ca t ion  p lant  a re  d i f f e ren t  

f rom those  app l i ed  a t  the  s team p lant ,  which  i s  l i ke ly  to  cause  a  

d i f f e rence  in  ash  produced  f rom the  two  processes  (Mat j i e  e t  
a l . ,  2004;  B in -Shaf ique  e t  a l . ,  2002;  Schee tz ,  2004) .  A  de ta i l ed  

s tudy  was  conduc ted  on  both  f l y  a sh  and  gas i f i ca t ion  ash  wi th  

an  in tent ion  o f  ob ta in ing  minera log i ca l  in format ion  a f te r  

undergo ing  d i f f e rent  p rocesses .  The  samples  were  ana ly sed  

us ing  Coa l  Charac te r i sa t ion  Scann ing  E lec t ron  Mic roscope  

(CCSEM) in  the  l abora tory  o f  Eskom TSI  (Techno logy  Serv i ces  

In te rna t iona l ) .  
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Tab le  3 .2 :  The  percentage  o f  phases  present  in  GA and  FA  

Phase % Fly Ash % Gasification Ash 

Interstitial/matrix 

(aluminio-silicate) glass with minor 

Ca,Mg,Fe and Ti 

10.5 30.9 

K-bearing glass 

(transformation products of 

microcline and muscovite) 

2.5 3.2 

Anorthite (CaAl2Si2O8). 0.0 8.7 

Mullite (Al6Si2O13) 2.7 2.8 

Quartz (SiO2) 14.0 11.7 

Aluminio-silicate  

(transformation products of 

kaolinite) 

56.0 27.0 

Pyrrhotite/Fe-S-O/Fe-oxide 

(transformation of extraneous 

pyrite) 

1.4 3.5 

CaOxide/CaMgOxide/CaFeOxide 

(transformation of extraneous 

carbonates) 

4.3 1.4 

Char 4.2 3.2 

Other 4.5 7.5 

 

The  resu l t s  ob ta ined  dur ing  charac te r i sa t ion  ind ica ted  tha t  

gas i f i ca t ion  ash  conta ins  approx imate ly  30% g las s  phase  whi le  

f l y  a sh  conta ins  a t  mos t  10% o f  the  g las s  phase  (Mat j i e  e t  a l . ,  
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2004) .  Fur ther  de ta i l s  a re  supp l ied  in  Tab le  3 .2 .  The  

impl i ca t ion  o f  these  d i f f e rences  cou ld  be  impor tant  in  te rms  o f  

pozzo lan ic  reac t ions  (T i shmack  e t  a l . ,  2001;  V i l ches  e t  a l . ,  
2005) .  

 

3 .5  CEMENT CHEMISTRY 

 

F ly  ash  i s  regarded  as  a  use fu l  pozzo lan  in  many  types  o f  

indus t r i e s  (Fer rar i s  e t  a l . ,  2001;  Ozdemir  e t  a l . ,  2001) .  

Fur thermore  the  phys i ca l  p roper t i e s  d i s cussed  in  3 .4 .2  

pos i t i ve ly  a f fec t  the  workab i l i t y  o f  concre te  (Ozdemir  e t  a l . ,  
2001;  Mahlaba  and  Pre tor ius ,  2006) .  The  compos i t ion  o f  f l y  ash  

i s  s imi la r  to  the  compos i t ion  o f  o rd inary  cement  hence  

unders tand ing  o f  cement  chemis t ry  i s  c ruc ia l  (T i shmack  e t  a l . ,  
2001;  Sumranwanich  and  Tangterms i r iku l ,  2004;  Ozdemir  e t  
a l . ,  2001) .   

 

Cement  has  a  h igh  content  (>50%) o f  t r i ca l c ium s i l i ca te  (C 3 S  = 

Ca 3 .S iO 5 )  which  undergoes  hydra t ion  as  fo l lows :  

C 3 S  + nH 2 O → Ca(OH) 2  + C-S -H  ………………………………(1)  

C-S -H known as  ca l c ium s i l i ca te  hydra te  i s  the  main  b ind ing  

component  in  concre te  which  prov ides  s t rength  and  durab i l i t y  

(Le  Be l légo  e t  a l . ,  2000) .  Th i s  i s  a  ge l  w i th  the  fo l lowing  
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compos i t ion  xCaO.yS iO 2 . zH 2 O,  where  x ,  y  and  z  a re  the  

coe f f i c i en t s  (K lemm,  1998) .  C -S -H can  se rve  as  a  cent re  fo r  

chemisorp t ion  o f  hazardous  ions  a l though  they  can  l each  out  

s ince  th i s  i s  a  phys i ca l  phenomenon (K lemm,  1998) .  C -S -H i s  an  

ex t remely  f ine  and  amorphous  mater ia l  o f  var iab le  compos i t ion  

cont r ibut ing  approx .  50% o f  hydra ted  cement  pas te .  Ca lc ium 

hydrox ide  cont r ibutes  about  25% whi le  the  re s t  come f rom 

minera l s  such  as  e t t r ing i te  (Neuwald 2 ,  2004) .   

 

T r i ca l c ium a luminate  (C 3 A  = Ca 3 .A l 2 O 6 )  i s  a l so  present  but  in  

smal l  quant i t i e s .  C 3 A  undergoes  hydra t ion  qu icker  than  C 3 S  and  

fo rms  C -A-H,  remin i scent  o f  equat ion  (1) .  

C 3 A  + nH 2 O → Ca(OH) 2  + C-A-H  ………………………………(2)  

Reac t ion  i l lus t ra ted  on  equat ion  (2)  i s  on ly  app l i cab le  in  

su lphate  de f i c i en t  env i ronments .   

 

A  d i f f e ren t  produc t  ca l l ed  e t t r ing i te  fo rms  in  the  presence  o f  

su lphate  ions  o f ten  represented  as  gypsum (CaSO 4 .2H 2 O) .  I t  i s  a  

complex  minera l  o f  hydra ted  ca l c ium a luminosu lphate  wi th  the  

chemica l  fo rmula  Ca 6 [A l (OH) 6 ] 2 (SO 4 ) 3 . xH 2 O where  x  = 26  o r  32  

(Prasad  e t  a l . ,  1999) .  

Ca 3 .A l 2 O 6  + CaSO 4 .2H 2 O + nH 2 O → Et t r ing i te  ……………..(3)  
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Format ion  o f  e t t r ing i te  i s  o f ten  unwanted  in  hardened  concre te  

because  i t  causes  expans ion  which  l eads  to  s t ruc tura l  damage  

(Prasad  e t  a l . ,  1999) .  Many  researchers  have  conducted  work  on  

e t t r ing i te  fo rmat ion .  I t  was  found  tha t  ear ly  e t t r ing i te  

fo rmat ion ,  which  occurs  immedia te ly  in  f re sh  concre te  does  not  

re su l t  in  any  damage  (Co l lepard i ,  2003) .   

 

However ,  the  fo rmat ion  o f  e t t r ing i te  a t  a  l a te r  s tage  i . e .  in  

hardened  concre te  causes  expans ion  and  hence  s t ruc tura l  

damage  (K lemm,  1998;  Co l l epard i ,  2003) .  Th i s  i s  o f ten  due  to  a  

convers ion  o f  monosu lphate  a luminate  hydra te  (Ksp= 3 .7  x  10 -

3 0 )  in to  e t t r ing i te  when  su lphates  become ava i lab le  (K lemm,  

1998) .  Expans ion  i s  caused  by  the  fac t  tha t  e t t r ing i te  has  a  

b igger  molecu la r  mass  than  monosu lphate  a luminate  hydra te ,  

see  equat ion  4  be low.    

Ca4
. Al2O3

. SO4
.12H2O + 2CaSO4.2H2O + 16H2O → Ca6[Al(OH)6]2(SO4)3.32H2O… …  …(4)  

  

There  a re ,  however ,  bene f i t s  tha t  a re  as soc ia ted  wi th  e t t r ing i t e  

fo rmat ion .  I t  i s  a  very  inso lub le  minera l  (Ksp= 2 .8  x  10 - 4 5 )  tha t  

can  be  perce ived  as  a  s ink  fo r  su lphate  ions ,  ca l c ium ions  and  

water  molecu les  when  look ing  a t  i t s  chemica l  fo rmula  (K lemm,  

1998;  T i shmack  e t  a l . ,  2001) .  The  o ther  env i ronmenta l  bene f i t  

i s  the  po tent ia l  o f  exchang ing  su lphate  ions  fo r  oxyan ions  f rom  
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heavy  meta l s  such  as  boron  and  chromium (K lemm,  1998;  

K lemm and  Bhat ty ,  2002;  T i shmack  e t  a l . ,  2001) .   

 

The  presence  o f  h igh  ch lor ide  concent ra t ions  in  water  i s  a  

concern  due  to  the  r i sks  o f  s tee l  cor ros ion  espec ia l l y  in  the  

coo l ing  water  sys tems  (Beaudo in  e t  a l . ,  1990;  Abde l -Wahab  e t  
a l . ,  2002;  Sumranwanich  and  Tangterms i r iku l ,  2004;  Arya  e t  
a l . ,  1989) .  However ,  ch lor ides  can  be  chemica l l y  immobi l i sed  

by  the  fo rmat ion  o f  F r iede l � s  sa l t  o r  be  phys i ca l l y  adsorbed  on  

to  C -S -H ge l  (Pagé  and  Sp i ra tos ,  2004;  Jus tnes ,  2004;  Walcar ius  

e t  a l . ,  2001) .  The  fo rmat ion  o f  th i s  sa l t  i s  ma in ly  dependent  on  

the  ava i lab i l i t y  o f  a luminate  and  a luminofer r i t e  (C 3 A  and 

C 4 AF) ,  and  cur ing  t ime  (Sumran wanich  and  Tangterms i r iku l ,  

2004) .  A  compet i t ion  ex i s t s  when  both  su lphate  and  ch lor ide  

ions  a re  present  fo r  a luminate .  However ,  su lphates  bond  more  

s t rong ly  to  the  a luminate  than  ch lor ides  hence  e i ther  e t t r ing i t e  

o r  monosu lphate  a luminate  i s  fo rmed (Cs izmadia  e t  a l . ,  2000) .   

Cl- + Ca3.Al2O6 + nH2O → 3CaO.Al2O3.CaCl2.10H2O ………………………(5) 

The  so lub i l i t y  produc t  o f  F r iede l � s  sa l t  i s  1  x  10 - 3 0  mak ing  i t  

ra ther  inso lub le .  Th i s  sa l t  i s  s tab le  a t  h igh  pH va lues  (pH > 

12)  but  wi l l  be  des t royed  a t  lower  pH va lues  (Cs izmadia  e t  a l . ,  
2000) .  F r iede l � s  sa l t  has  the  ab i l i t y  to  a t t rac t  an ions  by  ion  

exchange  (Walcar ius  e t  a l . ,  2001) .  On  the  o ther  hand ,  ch lor ides  
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were  observed  to  inc rease  the  ra te  o f  l ime  hydra t ion  in  the  l im e 

indus t ry  (Anthony  e t  a l . ,  2003) .  

 

There  a re  o ther  mechan i sms  by  which  ch lor ides  can  be  re ta ined  

in  pas te ,  namely ,  fo rmat ion  o f  a  complex  ca l c ium oxych lor ide ,  

C 3 F .CaCl 2 .H 1 0  ( i . e .  Ca 3 .Fe 2 O 6 .CaCl 2 .10H 2 O)  and  through  bond ing  

wi th  C -S -H ge l  (Cs i zmadia  e t  a l . ,  2000;  Dh i r  and  Jones ,  1999) .  

I t  was  a l so  found  tha t  the  parent  ca t ion  o f  the  su lphate  

in f luences  the  ch lor ide  re tent ion .  Be t te r  ch lor ide  re tent ion  wa s  

ob ta ined  f rom pas tes  conta in ing  CaSO 4  than  those  wi th  Na 2 SO 4 ,  

fo r  equ iva lent  su lphate  co ncent ra t ions  (Cs izmadia  e t  a l . ,  2000) .  

 

3 .6  BRINE COMPOSITION 

The  ma jor  cons t i tuent s  o f  the  br ines  a t  the  Synfue l s  complex  

a re  ha l i t e  (NaCl)  and  thernad i te  (Na 2 SO 4 )  (Basson  e t  a l . ,  2004) .  

The  su lphates  can  be  as  h igh  a s  20  000  mg/ l  in  ce r ta in  b r ine  

s t reams .  The  ch lor ides  on  the  o ther  hand  range  f rom 500  mg/ l  

to  approx imate ly  35  000  mg/ l .  The  concent ra t ions  o f  ca l c ium,  

magnes ium,  sod ium and  potas s ium are  a l so  re la t i ve ly  h igh .  The  

de ta i l ed  chemica l  compos i t ion  o f  var ious  b r ine  s t reams  are  

g iven  in  Tab le  A1  on  page  118 .  
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3 .7  SOLIDIF ICATION/STABIL ISATION 

 

S tab i l i sa t ion/so l id i f i ca t ion  (S/S)  proces s  i s  one  o f  the  

recogn i sed  techno log ies  tha t  requ i re  pozzo lans  (e .g .  f l y  a sh  an d  

cement)  to  re ta in  hazardous  was tes  bo th  phys i ca l l y  and  

chemica l l y  in to  a  s tab le  so l id  fo rm (L i  e t  a l . ,  2001) .  Th i s  

t echno logy  i s  more  su i tab le  fo r  rad ioac t i ve  was tes  and  those  

conta in ing  heavy  meta l s  (Asavap i s i t  and  Cosanav i t ,  2004;  Wi lk ,  

1999) .  The  type  o f  po l lu tant s  in  SASOL br ines  i s  ma in ly  

inorgan ic .  Fur thermore ,  the  so l ids  to  l i qu id  (S :L)  ra t io s  a re  

re la t i ve ly  h igher  in  the  s tab i l i sa t ion/so l id i f i ca t ion  process  

mak ing  i t  unsu i tab le  fo r  SASOL  s ince  br ines  a re  in  excess  

compared  to  ash .    

  

3 .8  PASTE TECHNOLOGY 

 

There  i s  a  pos i t i ve  water  ba lance  a t  Synfue l s  because  o f  the  

br ines  which  a re  in  excess .  The  s to r ing  dams  and  so la r  ponds  

a re  near ing  the i r  capac i t y  which  i s  an  env i ronmenta l  concern  

(B i l l i k  and  Mash ike ,  199 1;  G ins te r ,  1999;  Jewe l l  e t  a l . ,  2002) .  

The  d i sposa l  o f  ash  i s  a  le s se r  concern  than  tha t  o f  b r ines  fo r  

the  reasons  d i s cussed  in  chapter  2 .  A  s lu r ry  sys tem i s  cur rent l y  

be ing  employed  a t  Syn fue l s  and  la rge  vo lumes  o f  l eachate  
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(ca l l ed  C lear  Ash  E f f luent)  a re  genera ted  and  kept  in  the  

s to rage  dams .  The  use  o f  s to rage  dams  i s  no tor ious  due  to  the  

negat ive  env i ronmenta l  impac t s  a s soc ia ted  wi th  i t  (Four ie ,  

2002;  Kwak  e t  a l . ,  2005) .  Mines  in  mos t  par t s  o f  the  wor ld  had  

to  rever t  f rom the  prac t i ce  o f  s to r ing  ta i l ings  in  the  dams  due  

to  many acc ident s  tha t  occur red  where  dams  over f lowed  (Jewel l  

e t  a l . ,  2002;  Kwak  e t  a l . ,  2005) .  Peop le  were  o f t en  k i l l ed  and  

the  env i ronment  was  po l lu ted  (Jewel l  e t  a l . ,  2002;  McPha i l  e t  
a l . ,  2004;  Kwak  e t  a l . ,  2005) .  Th i s  l ed  to  a  s t r i c t  l eg i s la t ion  fo r  

ta i l ings  d i sposa l  and  a  re l i ab le  t echno logy  had  to  be  deve loped  

(Benzaazoua  e t  a l . ,  2004b) .   

 

3 .8 .1  H i s to ry  o f  Pas te  

The  f i r s t  a t tempt  to  th i cken  and  d i spose  o f  t a i l ings  as  pas te  o n  

the  sur face  was  made  in  Canada  in  1973 .  A  d i f f e rent  approach  

was  independent ly  eva lua ted  in  Germany  around  the  same t ime ,  

where  underground d i sposa l  o f  th i ckened  ta i l ings  (pas te)  was  

an  ob jec t i ve  (Jewel l  e t  a l . ,  2002) .   

 

Pas te  techno logy  i s  normal ly  employed  to  d i spose  o f  ta i l ings  

through  dewater ing  o f  the  s lu r ry  fo r  e i ther  sur face  d i sposa l  o r  

underground back f i l l  (C inc i l l a  e t  a l . ,  1998;  S t ropn ik  and  

Južn ič ,  1988;  Four ie ,  2002;  Kwak  e t  a l . ,  2005) .  The  ac tua l  ra t io  
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of  so l ids  to  l i qu id  (S :L)  wi l l  depend  on  the  na ture  o f  the  

mater ia l s  be ing  used  (Kwak  e t  a l . ,  2005;  Verburg ,  2001) .  The  

so l ids  concent ra t ion  requ i red  fo r  pas te  proper t i e s  wi l l  a lways  

vary  depend ing  on  the  na ture  o f  bo th  so l ids  and  l iqu id  invo lved  

(Jewel l  e t  a l . ,  2002;  Verburg ,  2001) .  

 

3 .8 .2  Bene f i t s  o f  Pas te  

The  main  hydra t ion  produc t s  o f  pas te  a re  ca l c ium hydrox ide ,  C -

S -H and  e t t r ing i te  where  immobi l i sa t ion  o f  undes i red  ions  i s  

ach ieved  by  phys i ca l  and/or  chemica l  phenomena  (K lemm e t  a l . ,  
2002;  Verburg ,  2001) .    

 

Some o f  the  advantages  o f  pas te  over  s lu r ry/ ta i l ings  a re  l i s ted  

be low:   

 

♦  high  content  o f  so l ids  i s  b lended  wi th  l iqu id  hence  l e s s  

b leed  or  l eachate  can  be  genera ted  and  requ i re  t rea tment  

♦  has  re la t i ve ly  low permeab i l i t y  hence  be t te r  sa l t  re tent ion  

♦  i t s  p repara t ion  a l lows  fo r  use  o f  add i t i ves  to  amel io ra te  

bene f i c ia l  p roper t i e s .  

 

Pas te  techno logy  was  there fore  se lec ted  fo r  fur ther  

inves t igat ion  and  techn ica l  f eas ib i l i t y  a t  SASOL.  The  mot iva t io n  
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was  tha t  su i tab le  b r ines  wi l l  be  d i sposed  o f  in  a sh  pas te  and  

l i t t l e  re su l tant  b leed  wi l l  be  p roduced  (Jewel l  e t  a l . ,  2002;  

Four ie ,  2002) .  The  reduc t ion  in  b leed  impl ie s  mi t iga ted  

env i ronmenta l  impac t  and  le s s  need  fo r  l eachate  management  

(Jewel l  e t  a l . ,  2002;  Bergeson  e t  a l . ,  1988) .   

 

A  good  qua l i t y  pas te  i s  known to  have  low permeab i l i t y  and  has  

the  ab i l i t y  to  harden  as  concre te  (S t ropn ik  and  Južn ič ,  1988;  

Josh i  e t  a l . ,  1993;  Kaneko  e t  a l . ,  2001;  Ch indapras i r t  e t  a l . ,  
2005) .  The  reduc t ion  in  permeab i l i t y ,  and  harden ing  cou ld  

a l low fo r  the  encapsu la t ion  o f  ions  (L i  e t  a l . ,  2001)  tha t  don � t  

fo rm minera l s  th rough  chemica l  bond ing  e .g .  sod ium and  

potas s ium.  

 

3 .8 .3  Case  S tud ies  on  Pas te  

3 .8 .3 .1  Iowa  power  p lant  

Iowa  coa l  f i r ed  power  p lant s  in  USA were  faced  wi th  a  prob lem 

o f  l a rge  tonnages  o f  f l y  a sh .  A  de ta i l ed  s tudy  on  Iowa f l y  a sh  

was  per formed where  bo th  phys i ca l  and  chemica l  ana lyses  were  

done  wi th  the  a im o f  ex tend ing  the  app l i ca t ions  o f  f l y  ash  

(Bergeson  e t  a l . ,  1988) .   
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Pas te  was  one  opt ion  fo r  sur face  d i sposa l  o f  exces s  f l y  a sh  s in ce  

a  smal l  por t ion  was  u t i l i sed  in  the  cement  indus t ry  as  an  

add i t i ve  (Bergeson  e t  a l . ,  1988;  Grey  and  Br iggs ,  2003) .  The  

s tudy  inc luded  de te rminat ion  o f  compress ive  s t rength ,  

permeab i l i t y  and  fac tor s  tha t  a f fec t  pas te  behav iour  e .g .  lo s s  on  

ign i t ion  (LOI) .  

 

Resu l t s  showed tha t  mode  o f  cur ing  (a i r  cur ing  or  humid  

cur ing)  may  be  impor tant  fo r  pa s te  s tab i l i t y .  The  minera logy  

and  chemis t ry  o f  pas te  were  dependent  on  par t i c l e  s i ze  

d i s t r ibu t ion  (PSD)  o f  f l y  a sh .  The  content s  o f  sod ium,  su lphate  

bear ing  minera l s ,  l ime  and  C 3 A  in  f l y  ash  a f fec ted  the  fo rmat ion  

o f  hydra t ion  produc t s .  The  ash  pas tes  w i th  h igh  content s  o f  

monosu lphoa luminate  and  s t rae t l ing i te  (Ca2Al[(OH)6AlSiO2-3(OH)4-

3]·2.5H2O)  as  hydra t ion  produc t s  showed h igh  compress ive  

s t rengths .  The  ash  pas tes  composed  o f  e t t r ing i te  as  the  ma jor  

hydra t ion  produc t  were  weaker .  

There  a re  o ther  impor tant  re su l t s  d i s cussed  in  the  fu l l  r epor t  by  

Bergeson  e t  a l .  However ,  on ly  the  po in t s  re levant  to  th i s  work  

were  se lec ted  and  d i scussed .   
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3 .8 .3 .2  Th i ckened  Ta i l ings  a t  Osborne  Mine   

Osborne  Mine  in  Aus t ra l i a  s ta r ted  opera t ing  in  1996  and  was  

genera t ing  approx imate ly  112  000  ton/month  o f  ta i l ings  

(McPha i l  e t  a l . ,  2004) .  I t  i s  a  copper -go ld  opera t ion  tha t  mines  

i rons tone  depos i t s  conta in ing  pyr i te  (FeS) ,  cha l copyr i te  

(CuFeS 2 )  and  magnet i t e  (Fe 2 O 3 ) .  Water  i s  a  s carce  resource  in  

th i s  par t  o f  Aus t ra l i a  hence  there  i s  a  dr ive  f rom the  author i t i e s  

to  min imise  water  u t i l i sa t ion .  

 

S ign i f i cant  amounts  o f  water  were  lo s t  th rough  evapora t ion  in  

ta i l ings  dams .  Th i s  l ed  to  an  inves t iga t ion  and  implementa t ion  

o f  a  th i ckened  ta i l ings  d i s charge .  The  presence  o f  su lph ides  wa s  

a  concern  s ince  i t  has  a  po tent ia l  to  genera te  ac id  (McPha i l  e t  
a l . ,  2004;  Benzaazoua  e t  a l . ,  2002)  and  des tab i l i se  minera l s  

e s sent ia l  fo r  the  succes s  o f  th i s  t echno logy  (K lemm,  1998;  

Benzaazoua  e t  a l . ,  2004a;  Benzaazoua  e t  a l . ,  2002) .  L ime  was  

added  to  neut ra l i se  the  e f fec t  o f  su lph ides  and  fur ther  te s t s  

showed tha t  ac id  genera t ing  reac t ions  a re  s low (McPha i l  e t  a l . ,  
2004) .    

 

The  implementa t ion  o f  th i ckened  ta i l ings  d i s charge  in  Osborne  

prov ided  both  economic  and  env i ronmenta l  bene f i t s .  Reduc t ion  

in  opera t ion  cos t s  and  be t te r  rehab i l i t a t ion  potent ia l  were  
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rea l i sed  in  add i t ion  to  water  sav ing  (which  an  economic  and  

env i ronmenta l  i s sue)  (McPha i l  e t  a l . ,  2004;  Benzaazoua  e t  a l . ,  
2004b) .   

 

There  were  fur ther  de ta i l s  in  the  case  s tudy  which  were  not  

d i s cussed  in  th i s  manuscr ip t .  

   

3 .8 .4  Pumpab i l i t y  o f  Pas te   

 

The  t ranspor tab i l i t y  o f  pas te  i s  usua l ly  a  ma jo r  i s sue  tha t  

a f fec t s  i t s  implementa t ion .  The  convent iona l  ta i l ings  o r  s lu r ry  

conta in  low so l ids  concent ra t ions  which  requ i re  re la t i ve ly  low 

energy  (S t iva t s t i s ,  2002;  Benzaazoua  e t  a l . ,  2004a) .  Pas te  

t ranspor ta t ion  can  on ly  be  ach ieved  by  mak ing  use  o f  pos i t i ve  

d i sp lacement  pumps  because  o f  i t s  th i ckness  and  h igh  v i s cos i ty  

(Y i lmaz  e t  a l . ,  2004;  S t i va t s t i s ,  2002;  Pa te r son ,  2001) .  The  

add i t ion  o f  p las t i c i ze r s  might  be  necessary  a t  an  add i t iona l  co s t  

to  lower  energy  requ i rements  (Mahlaba  and  Pre tor ius ,  2006;  

Y i lmaz  e t  a l . ,  2004) .  In  prac t i ce  pas te  i s  usua l ly  pumped over  a  

d i s tance  o f  3  km (Y i lmaz  e t  a l . ,  2004) .  Transpor ta t ion  o f  pas te  

was  there fore  eva lua ted  as  one  o f  the  fac tor s  tha t  wi l l  

de te rmine  i t s  f eas ib i l i t y .   
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The  s tandard  cone  s lump tes t  i s  used  to  ge t  an  ind ica t ion  o f  

pas te  pumpab i l i t y  (C lark  e t  a l . ,  1995) .  A  modi f i ed  

d imens ion les s  s lump tes t  was  inves t iga ted  and  repor ted  by  

Pash ias ,  which  requ i res  l e s s  mater ia l  than  the  fo rmer  (Pash ias  

e t  a l . ,  2000) .  Th i s  p rov ided  an  a t t rac t i ve  op t ion  to  SASOL 

because  sampl ing  i s  d i f f i cu l t .  Modi f i ed  s lump can  a l so  be  used  

to  de te rmine  y ie ld  s t re s s .  The  resu l t s  were  compared  wi th  those  

ob ta ined  f rom us ing  soph i s t i ca ted  vane  techn iques  (Gawu and  

Four ie ,  2004) .  I t  was  conc luded  tha t  modi f i ed  s lump tes t  i s  a  

re l i ab le  and  cheap  pred ic t ion  o f  y ie ld  s t res s  (Gawu and  Four ie ,  

2004) .  The  y ie ld  s t re s s  i s  used  fo r  pump des igns  (S t ivas t i s ,  

2002;  Fer rar i s  e t  a l . ,  2001) .   

 

The  e f fec t  o f  lo s s  on  ign i t ion  (LOI)  and  f ineness  o f  f l y  ash  in  

pumpab i l i t y  o f  pas te  was  inves t iga ted .  I t  i s  repor ted  in  

l i t e ra ture  tha t  can  a f fec t  the  s lumping  behav iour  o f  pas te  

(Mahlaba  and  Pre tor ius ,  2006;  Bergeson  e t  a l . ,  1988;  Josh i  e t  
a l . ,  1993) .  Fur ther  de ta i l s  a re  p rov ided  in  chapter  4 .  
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3 .9  ADDITIVES  

The  use  o f  add i t i ves/pozzo lans  s ta r ted  long  t ime  ago  (ca  4500  

BC)  by  anc ien t  Greeks  and  la te r  Romans  who  bu i l t  s t ruc tures  o f  

which  some are  s t i l l  s tand ing  today ,  us ing  a  combinat ion  o f  

l ime  and  vo lcan ic  a sh  (Neuwald ,  2004a) .  Some o f  the  add i t i ves  

a re  indus t r ia l  was tes ,  which  need  to  be  d i sposed  o f .  The  

inves t igat ion  o f  the i r  po tent ia l  uses  bear s  economic ,  

env i ronmenta l  and  techno log i ca l  bene f i t s  (Chr i s todou lou ,  

2000) .  The  genera l  ro le  o f  add i t i ves  i s  to  improve  durab i l i t y  

and  b ind ing  through  proper  par t i c l e  pack ing  in  the  pas te  mat r ix  

(Neuwald ,  2004b) .  They  a l so  reduce  the  amount  o f  hea t  evo lved  

dur ing  hydra t ion  (Pagé  and  Sp i ra tos ,  2000;  Co l l epard i  e t  a l . ,  
1978;  Backe  e t  a l . ,  1999) .  

 

3 .9 .1  Qui ck  L ime  (CaO)  

 

The  presence  o f  l ime  in  C las s  C  f l y  a sh  i s  re spons ib le  fo r  the  

se l f - cement ing  proper ty  ( Josh i  e t  a l . ,  1994) .  Smal l  add i t ions  o f  

l ime  ( such  as  1 .5%)  can  be  used  to  ac t i va te  pozzo lan ic  

reac t ions  (Mobasher  e t  a l . ,  1996) .  L ime  i s  wide ly  used  in  the  

so f ten ing  process  o f  indus t r ia l  e f f luent s  and  dr ink ing  water  

(Abde l -Wahab  e t  a l . ,  2002) .  The  modi f i ca t ion  o f  l ime/soda  

so f ten ing  in to  u l t ra -h igh  l ime  t rea tment  resu l t s  in  an  e f fec t i v e  
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remova l  o f  s ca lant s  such  as  car bonate ,  phosphate  and  s i l i ca  in  

add i t ion  to  ca l c ium and  magnes ium (Abde l -Wahab  e t  a l . ,  2002) .  

Fur thermore  the  add i t ion  o f  l ime  to  f l y  a sh  has  made  i t  poss ib l e  

to  produce  s tab i l i sed  road-base  in  the  presence  o f  aggregates  

(B in -Shaf ique  e t  a l . ,  2002) .  

 

3 .9 .2  S i l i ca  Fume 

 

S i l i ca  fume i s  a  by -produc t  f rom the  produc t ion  o f  s i l i con  meta l  

o r  f e r ros i l i con  a l loys  conta in ing  approx .  90% S iO 2  (Neuwald ,  

2004b;  Bagherpour  and  Choobbas t i ,  2003;  Chr i s todou lou ,  

2000) .  The  par t i c l e s  a re  ex t remely  smal l  ( rang ing  f rom 0 .1  to  1  

µm)  and  spher i ca l  in  shape  which  inc reases  the  sur face  a rea  o f  

the  mater ia l  (Fer rar i s  e t  a l . ,  2001;  Ma and  D ie tz ,  2002) .   

 

The  hydra t ion  reac t ions  prev ious ly  showed in  equat ions  (1)  and  

(2)  y ie ld  ca l c ium hydrox ide  in  add i t ion  to  C -S -H.  S i l i ca  fume 

has  proven  to  pozzo lan ica l l y  reac t  wi th  ca l c ium hydrox ide  

produc ing  a  f iner  p roduc t  tha t  reduces  permeab i l i t y  by  c los ing  

the  vo ids  in  the  mat r ix  (Ma and  D ie tz ,  2002;  Neuwald ,  2004a) .  

The  use  o f  mic ros i l i ca  in  concre te  favoured  the  fo rmat ion  o f  C -

S -H over  e t t r ing i te  (Bagherpour  e t  a l . ,  2003) .  The  add i t ion  o f  

s i l i ca  fume in  concre te  inc rease d  i t s  ch lor ide  re s i s t ance  (Hoot on  
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e t  a l . ,  1997) .  Fur thermore  i t  was  observed  tha t  cement  pas tes  

conta in ing  approx imate ly  30% s i l i ca  fume was  more  prone  to  

l each ing  than  a  cont ro l  pas te .  Th i s  was  probab ly  due  to  a  

reduc t ion  in  pH lead ing  to  the  so lub i l i t y  o f  Fr iede l � s  sa l t  

(Beaudo in  e t  a l . ,  1990) .   

 

 3 .9 .3  Cement  a s  an  Add i t i ve  

 

Cement  i s  ex tens ive ly  used  as  a  key  ingred ient  in  concre te  fo r  

the  cons t ruc t ion  o f  houses ,  bu i ld ings ,  b r idges  e t c .  The  use  o f  

cement  has  been  ex tended  to  env i ronmenta l  was te  hand l ing  

(B in -Shaf ique  e t  a l . ,  2002) .  Pozzo lan ic  reac t ions  take  p lace  

when  cement  and  f l y  a sh  a re  mixed  in  the  presence  o f  water  and  

cement i t ious  mater ia l s  a re  fo rmed wi th  inc reased  s t rength  and  

workab i l i t y  (B in -Shaf ique  e t  a l . ,  2002;  Josh i  e t  a l . ,  1994) .   

 

P rocesses  such  as  so l id i f i ca t ion/s tab i l i sa t ion  (S/S)  make  use  o f  

cement  as  an  add i t i ve  to  mi t iga te  the  env i ronmenta l  impac t  o f  

indus t r ia l  was te  be fore  l and  d i sposa l  (L i  e t  a l . ,  2001) .  The  

ma jor  components  o f  cement  a re  t r i ca l c ium s i l i ca te ,  d i ca l c ium 

s i l i ca te ,  t r i ca l c ium a luminate ,  t e t raca l c ium a luminofer r i t e  and  

gypsum (Chapman,  1971;  Chr i s todou lou ,  2000) . Use  o f  cement  

dur ing  S/S  inc reases  the  re tent ion  o f  inorgan ic  compounds  
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(Wi lk ,  1999) .  Th i s  can  be  ach ieved  through  format ion  o f  

inso lub le  compounds  such  as  hydr ox ides  and  carbonates ,  a s  we l l  

a s  phys i ca l  encapsu la t ion  (Wi lk ,  1999) .  Cement  has  a l so  

enhanced  t rea tment  o f  o rgan ic  was tes  by  b ind ing  f ree  

was tewater  in to  hydra t ion  produc t s  and  reduc t ion  in  

permeab i l i t y  (Wi lk ,  1999;  L i  e t  a l . ,  2001) .  

 

3 .10  LEACHABIL ITY  TESTING  

 

The  concern  wi th  f l y  a sh  d i sposa l  l i e s  wi th  i t s  poss ib i l i t y  to  

po l lu te  sur face  and  groundwater  w i th  hazardous  e lements  such  

as  se len ium,  a r sen ic ,  chromium,  z inc  and  lead  (K lemm and  

Bhat ty ,  2002;  B in -Shaf ique  e t  a l . ,  2002;  Gupta ,  2005) .  I t  i s  a  

known fac t  tha t  whenever  water  in te rac t s  wi th  a  permeab le  

mater ia l  such  as  so i l  o r  ash  there  i s  a  chance  tha t  some o f  i t s  

cons t i tuent s  wi l l  desorb  or  d i s so lve  (B in -Shaf ique  e t  a l . ,  2002) .   

 

The  heavy  meta l s  a re  a lmos t  even ly  d i s t r ibuted  in  the  coa l  but  

th i s  change  dur ing  combus t ion  (B in -Sha f ique  e t  a l . ,  2002) .  The  

remobi l i sa t ion  o f  t race  e lements  i s  re la ted  to  the  l eachant  and  

pH.  Mos t  t race  e lements  are  remobi l i sed  under  ac id i c  cond i t ions  

whi le  those  tha t  fo rm oxyan ions  a re  more  so lub le  in  a lka l ine  

cond i t ions  (K im,  2005;  Font  e t  a l . ,  2005) .    
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B r ines  and  sa l ine  e f f luent s  pose  a  huge  env i ronmenta l  r i sk  

depend ing  on  the i r  chemica l  comp os i t ion  and  concent ra t ions .  

The  presence  o f  e lements  such  as  vanad ium,  chromium,  l ead ,  

a r sen ic ,  f luor ide ,  ch lor ide  in  water  makes  i t  tox i c .  Other  po in t s  

were  d i s cussed  in  sec t ion  3 .2 .     

 

3 .10 .1  Leach ing  Tes t s  

I t  i s  impor tant  to  se lec t  a  re levant  l each ing  procedure  to  as se s s  

env i ronmenta l  impac t .  There  a re  two  ca tegor ie s  fo r  l each ing  

methods  namely ,  ex t rac t ion  te s t s  and  dynamic  te s t s  (Har twi l  

and  Ca lov in i ,  1999) .  In  dynamic  te s t s  the  l eachant  i s  renewed 

whi le  i t  i s  no t  in  the  case  o f  ex t rac t ion .  Ex t rac t ion  te s t s  a re  

ag i ta ted  i f  s t eady  s ta te  cond i t ions  have  to  be  reached  qu ick ly  

e .g .  Tox ic i ty  Charac te r i s t i c  Leach ing  Procedure  (Har twi l  and  

Ca lov in i ,  1999) .  Non-ag i ta ted  ex t rac t ion  te s t s  g ive  an  

ind ica t ion  o f  l each ing  k ine t i c s .  

 

3 .10 .1 .1  Sequent ia l  l each ing  

Th i s  t e s t  exposes  one  sample  to  a  se r i e s  o f  ag i ta ted  ex t rac t ion  

te s t s  w i th  d i f f e rent  l each ing  f lu ids  (K im,  2003) .  I t  i s  poss ib l e  to  

a s soc ia te  the  d i s so lu t ion  o f  ions  wi th  a  minera l  phase  based  on  

the  l eachant  used  (K im,  2003) .   
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3 .10 .1 .2  Tox ic i t y  Charac te r i s t i c  Leach ing  Procedure  (TCLP)  (US  

EPA Method  1311)  

Th i s  method  i s  meant  to  a s ses s  the  mobi l i t y  o f  bo th  organ ic  and  

inorgan ic  components  present  in  so l id  o r  l i qu id  was tes  and  

compare  wi th  regu la tory  da ta  (B in -Shaf ique  e t  a l . ,  2002) .  So l id  

was te  samples  a re  pu lver i sed  and  s ieved  to  a  par t i c l e  s i ze  l e s s  

than  9  mm.  The  method i s  an  ag i ta ted  ex t rac t ion  te s t  which  

uses  a  su i tab le  l eachant  depend ing  on  the  a lka l in i ty  o f  was te  

(A l fo rque ,  1996) .  E i ther  a  sod ium ace ta te  bu f fe r  wi th  a  pH o f  

4 .98  or  ace t i c  ac id  o f  pH 2 .88  i s  used . TCLP s imula tes  l andf i l l  

co -d i sposa l  o f  o rgan ic  was te  (Wi lk ,  1999) .  

 

3 .10 .1 .3  Synthe t i c  P rec ip i ta t io n  Leach ing  Procedure  (SPLP)   

Th i s  t e s t  i s  s imi la r  to  TCLP  the  on ly  d i f f e rence  i s  the  l eachan t ,  

wh ich  i s  ac id i f i ed  de ion i sed  water  wi th  a  mix ture  o f  su lphur i c  

and  n i t r i c  ac id  to  a  pH o f  4 .2  (US  EPA Method  1312) .  Th i s  

method  s imula tes  a  be t te r  env i ronmenta l  s cenar io  under  ac id  

ra in  cond i t ions  fo r  underground  and  sur face  water s  po l lu t ion  

(Townsend  e t  a l . ,  2003) .   
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3 .10 .1 .4  Co lumn Leach ing  Tes t s  

These  te s t s  a re  more  su i tab le  fo r  a s ses s ing  l each ing  o f  e lement s  

f rom so i l - f l y  a sh  mix tures  (B in -Sha f ique  e t  a l . ,  2002) ,  f rom 

permeab i l i t y  and  res idence  t ime  po in t  o f  v iew.  

   

3 .10 .1 .5  Mono l i th i c  Leach ing  Tes t s  

Moni l i th i c  l each ing  te s t s  a re  ma in ly  employed  to  a s ses s  the  

mobi l i t y  o f  e lements  f rom a  mater ia l  tha t  ex i s t s  a s  un i fo rm 

so l id  (K im,  2005) .  Leach ing  usua l ly  depends  on  exposed  sur face  

ra ther  than  S :L  mass  ra t io  (K im,  2005) .   

 

3 .11  PERMEABIL ITY  OF  PASTE  

 

The  pas te  t echno logy  i s  a t t rac t i ve  due  to  the  fac t  tha t  

cementa t ious  mater ia l s  a re  used  (Kaneko  e t  a l . ,  2001;  Mehta  

and  Monte i ro ,  2006) .  Th i s  i s  p romoted  by  the  occur rence  o f  the  

hydra t ion/pozzo lan ic  reac t ions .  The  harden ing  process  o f  pas tes  

makes  i t  poss ib le  fo r  the  phys i ca l  encapsu la t ion  o f  was tes  

(Ch indapras i r t  e t  a l . ,  2005) .  The  hydra t ion  produc t s  a re  very  

f ine  and  hence  c lose  the  vo ids ,  l ead ing  to  a  low water  

permeab i l i t y  (Chen  e t  a l . ,  2004;  Ma and  D ie tz ,  2002;  Mehta  and  

Monte i ro ,  2006) .  The  low water  permeab i l i t y  wi l l  l imi t  the  
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l each ing  f rom pas te  (Verburg ,  2001;  Mehta  and  Monte i ro ,  

2006) .  

 

Permeab i l i t y  can  genera l l y  be  desc r ibed  a s  the  ab i l i t y  o f  wate r  

under  pres sure  to  pass  through  a  porous  mater ia l  (McGrath ,  

2000) .  For  very  porous  mater ia l s  permeab i l i t y  i s  h igh  such  tha t  

g rav i ty  i s  enough  to  cause  the  f low.  However ,  th i s  may  not  

necessar i l y  be  the  case  wi th  cured  pas tes .  The  add i t ion  o f  l ime  

in  f l y  ash  reduced  the  permeab i l i t y  o f  pas te  by  two  orders  o f  

magn i tude  to  1  x  10 - 7  cm/s  (Josh i  e t  a l . ,  1994) .  I t  was  dec ided  

to  des ign  co lumns  tha t  wi l l  be  su i tab le  fo r  pas tes  wi th  very  lo w 

permeab i l i t i e s .  The  main  concern  was  tha t  a  l i qu id  cou ld  take  

up  to  two  weeks  to  pass  through  the  pas te  under  the  in f luence  

o f  g rav i ty ,  wh ich  i s  caused  a  huge  de lay  in  da ta  genera t ion .  Th e  

s tee l  co lumns  wi th  a  pres sure  regu la tor  were  hence  des igned  

based  on  D �Arcy � s  equat ion  (McGrath ,  2000) .  Th i s  would  a l low 

the  regu la t ion  o f  l i qu id  f low by  ad jus t ing  the  hydros ta t i c  

p res sure .  More  de ta i l s  a re  prov ided  in  sec t ion  4 .9 .   

 

The  knowledge  ga thered  dur ing  the  l i t e ra ture  su rvey  paved  a  

way  to  the  types  o f  exper iments  tha t  had  to  be  conduc ted .  The  

fo l lowing  chapter  desc r ibes  the  tes t s  which  were  per formed.  
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CHAPTER 4 

MATERIALS AND EXPERIMENTAL PROCEDURES 

 
4 .1  INTRODUCTION  

The  opera t ion  o f  the  ash  d i sposa l  sy s tem was  d i s cussed  in  

chapter  2 .  Fur thermore  the  d i scuss ions  in  the  o ther  two  

chapter s  ind ica ted  tha t  there  i s  a  need  to  look  a t  an  a l te rna t i ve  

techno logy  fo r  the  d i sposa l  o f  b r ines  and  ash .  The  resu l t s  o f  a  

l i t e ra ture  survey  led  to  the  inves t iga t ion  desc r ibed  in  th i s  

chapter .   

 

A l l  so l id  mater ia l s  were  dr ied  in  an  oven  a t  105  °C to  remove  

any  water  tha t  cou ld  be  t rapped  by  the  hygroscop ic  na ture  o f  

some o f  these  mater ia l s .  No  pre - t rea tment  was  cons idered  

necessary  fo r  the  l iqu id  media  hence  they  were  used  as  

sampled .  The  s t a r t ing  mater ia l s  a re  summar i sed  in  Tab le  4 .1  

be low.  The  exper iments  were  conduc ted  a t  room tempera ture  

(approx .  22  °C) .  
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T a b l e  4 . 1  M a t e r i a l s  u s e d  d u r i n g  i n v e s t i g a t i o n  

N a m e  A b b r e v i a t i o n D e s c r i p t i o n  

Fly Ash   FA Fly ash collected from the 

electrostatic precipitators at steam 

plants (U243 & U43) before contact 

with water. 

Incineration Ash  IA Ash resulting from incineration of 

dewatered sludge. 

Sieved Gasification Ash SGA Dry ash collected from gasifier 9 at 

300 ºC. It was sieved to 200 µm 

before use. 

Sieved Weathered Ash SWA Ash collected from the surface of an 

inactive fine ash dams exposed to 

atmosphere. It was sieved to ≤ 350 

µm (Outside ash area). 

Ordinary Portland 

Cement 

  OPC Ordinary grade of commercial 

cement  

Quick Lime  Lime Analytical grade of CaO. 

Silica Fume  SF Silica fume with surface area of 390 

± 40 m2/g. 

Distilled Water  DH2O Millipore water prepared at U52 

laboratory. 

Fine Ash Make-up  FAM Water that transports fine ash to and 

from inside ash plant.  
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U66 Brine U66B Highly salinated stream collected 

from U66 plant (brine evaporation). 

EDR Brine EDR Brine from EDR treatment of MW. 

TRO Brine TRO Brine from desalination of CAE. 

Salty Dam 3 SD3 Salty effluent from evaporation 

process. 

Sulfolin liquor SLF  Brine from sulphur plant. 

Potassium carbonate 

stream 

BEN Potassium carbonate brine from 

Benfield process. 

 
4 .2  SAMPLING OF ASH 

 

F ly  ash  samples  were  co l l ec ted  f rom a l l  the  bo i l e r s  a t  Synfue l s  

complex .  Equ iva len t  masses  were  added  and  mixed  to  make  a  

ba tch  sample .  Th i s  was  used  as  a  s ta r t ing  mater ia l  fo r  a l l  

exper iments .  The  gas i f i ca t ion  p lant  was  bu i l t  such  tha t  

gas i f i ca t ion  ash  i s  d i s charged  to  the  s lu i ceways  where  i t  

contac t s  water .  However  there  i s  on ly  one  gas i f i e r  which  a l lows  

fo r  the  co l l ec t ion  o f  d ry  gas i f i ca t ion  ash .    
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4 .3  BRINE STREAMS  

 

There  a re  a  number  o f  b r ine  s t reams  f rom var ious  processe s  in  

the  complex .  The  s t reams  o f  var ious  compos i t ions  se lec ted  fo r  

the  s tudy  inc luded  by -produc t s  f rom desa l ina t ion  processes ,  

namely  EDR and  TRO br ines ,  U66  br ine  and  sa l ty  dam 3  e f f luent  

(SD3)  which  or ig ina te  f rom the  evapora t ion  process .  Su l fo l in  

l iquor  (SLF)  i s  a  by -produc t  o f  su lphur  p lant  whi le  Benf ie ld  

( f rom Benf ie ld  process)  i s  a  po tas s ium carbonate  s t ream which  

i s  h igh  in  vanad ium concent ra t ion .  F ine  ash  t ranspor t  water  

(FAM) was  inc luded  in  the  s tudy .  De ta i l ed  chemica l  compos i t ion  

i s  tabu la ted  in  the  Appendix .  The  var ied  br ine  s t reams  would  

inves t igate  whether  pas te  techno logy  i s  a f fec ted  by  br ine  

chemis t ry  o r  sa l t  load .  

 

4 .4  PRELIMINARY TESTING OF  THE ROLE OF SALINITY   

 

Approx imate ly  20  g  o f  FA  was  poured  in to  100  ml  beakers  and  

made  in to  so lu t ions  conta in ing  so l ids  concent ra t ions  rang ing  

f rom approx .  55% to  approx .  75%.  Th i s  range  i s  genera l l y  found 

to  prov ide  a  non- segrega t ing  mix ture  (Jewe l l  e t  a l . ,  2002) .  

DH 2 O and  U66  br ine  were  used  as  l i qu id  media .  These  were  

thorough ly  mixed  and  moni tored  v i sua l l y .  Th i s  made  i t  poss ib le  

 51



                                  

to  de f ine  a  range  o f  so l id s  concent ra t ions  in  which  f l y  a sh  and  

l iqu id  medium cou ld  be  desc r ibed  as  a  pas te .  Set t l ing  and  b leed  

absorp t ion  ra tes  were  de te rmined  on  mix tures  f rom both  l iqu id  

media .  Mix tures  o f  lower  and  upper  l imi t s  in  t e rms  o f  S :L  ra t io  

were  s tud ied  in  te s t  tubes  as  shown in  P la te  4 .1  be low.   

 
P la te  4 .1  Se t -up  used  to  moni tor  se t t l ing  and  dehydra t ion   

 

4 .5  SLUMPING BEHAVIOUR  

I t  i s  common to  use  s tandard  cone  te s t  to  e s t imate  the  

t ranspor tab i l i t y  o f  pas te  by  measur ing  the  s lump (Y i lmaz  e t  a l . ,  
2004) .  Nove l  work  was  repor ted  by  Pash ias  e t  a l . ,  2000  on  the  

use  o f  modi f i ed  s lump tes t  which  requ i res  smal le r  vo lumes  o f  

sample .  The  poss ib i l i t y  o f  a  reduc t ion  in  sample  s i zes  was  o f  

par t i cu la r  in te res t  in  th i s  work  because ;  the  sampl ing  o f  enoug h 
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f l y  a sh  i s  d i f f i cu l t  due  to  the  in f ras t ruc ture .  Pash ias  a l so  

demons t ra ted  tha t  modi f i ed  s lump tes t  can  be  used  to  fur ther  

de te rmine  y ie ld  s t re s s  ins tead  o f  soph i s t i ca ted  and  cos t l y  vane  

techn iques  (Pash ias  e t  a l . ,  2000;  Gawu and  Four ie ,  2004) .  The  

d imens ion les s  s lump he ight  ( ś )  i s  expres sed  as  ( s/H) ;  where  s  i s  

the  s lump and  H i s  the  he ight  o f  the  cy l inder  (C la rk  e t  a l . ,  
1995) .  The  c loser  ś  i s  to  1  the  l e s s  energy  i s  requ i red  to  pump  

the  pas te  and  v i ce  ver sa .  

 

4 .5 .1  Eva luat ion  o f  a  Min i -S lump Tes t  

The  p la te  be low shows  the  p i c tures  o f  a  s tandard  cone  ( le f t  

hand  s ide)  and  an  open-ended  cy l inder  (used  fo r  min i - s lump on  

the  r igh t  hand  s ide)  o f  the  p la te .  

 

Pla te  4 .2  P i c tu res  o f  s lump tes t  appara tus  
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The  former  requ i res  about  7  kg  o f  mater ia l  whi le  the  la t te r  can  

do  wi th  on ly  1  kg .  The  author  fou nd  i t  necessary  to  eva lua te  th e  

va l id i ty  o f  us ing  a  modi f i ed  s lump ins tead  o f  a  s tandard  cone  

te s t  in  th i s  case  s tudy .  The  modi f i ed  s lump i s  ca l l ed  a  min i -

s lump tes t .  

 

4 .5 .1 .1  S tandard  cone  s lump tes t  

Severa l  samples  conta in ing  ca  7  kg  o f  d r ied  f l y  ash ,  were  

we ighed  in to  a  mix ing  conta iner ,  fo l lowed  by  a  re levant  mass  o f  

U66  br ine  or  po tab le  water  to  cons t i tu te  the  des i red  mass  

percentage  concent ra t ion .  A  s tee l  rod  was  used  to  thorough ly  

mix  the  content s  be fore  quant i ta t i ve ly  t rans fe r r ing  them to  a  

cone .  Once  the  cone  was  f i l l ed  wi th  pas te ,  i t  was  removed  and  

the  d i s tance  t rave l l ed  by  pas te  was  measured  us ing  a  ru le r  f rom  

the  he ight  o f  the  cone  to  the  cent re  o f  s lumped  pas te .  The  

d imens ions  o f  a  cone  used  were ;  a  he ight  o f  30  cm and  a  base  

d iameter  o f  20  cm.  P la te  4 .3  be low shows  the  p i c ture  which  was  

taken  when  th i s  te s t  was  per formed.  
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P la te  4 .3  S tandard  s lump te s t  in  ac t ion  

 

4 .5 .1 .2  Min i - s lump te s t  

The  te s t  was  conducted  in  a  s imi la r  manner  as  be fore  except  fo r  

the  amount  o f  f l y  ash  which  was  reduced  to  2  kg  fo r  dup l i ca tes .  

An  open-ended  PVC cy l inder  wi th  an  aspec t  ra t io  

(He ight/Diameter)  o f  1 .2  was  used  to  conduct  the  min i - s lump 

tes t s  ins tead  o f  a  con e .  The  te s t  i s  shown on  p la te  4 .4  be low.  
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P la te  4 .4  Min i - s lump te s t  in  ac t ion    
 

4 .5 .2  Fac tor s  In f luenc ing  S lumping  

I t  i s  we l l  r epor ted  in  l i t e ra tur e  tha t  f ineness  (de f ined  as  % m ass  

< 45  µm)  p lay s  a  c ruc ia l  ro le  in  the  workab i l i t y  o f  pas tes  

(Fer rar i s  e t  a l . ,  2001;  Co l l ins  and  S tan ley ,  2003;  Mehta  and  

Monte i ro ,  2006) .  The  use  o f  f l y  ash  as  a  cement  rep lacement  i s  

l imi ted  by  inc reases  in  i t s  ca rbon  content  accord ing  to  ASTM 

C618 .  The  d i sadvantages  inc lude  poor  a i r  en t ra inment ,  inc rease  

in  water  requ i rements ,  and  segrega t ion  o f  mix  components  

(Soong ,  e t  a l . ,  2002) .  The  amount  o f  ca rbon  i s  quant i f i ed  by  a  

paramete r  known as  lo s s  on  ign i t ion  (LOI) .  LOI  was  de te rmined  

on  f l y  ash  samples  f rom d i f f e rent  bo i l e r s  accord ing  to  He i r i  e t  
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a l . ,  2000 .  I t  was  there fore  dec ided  to  inc lude  the  e f fec t  o f  thes e  

paramete rs  in  th i s  case  s tudy .  

 

4 .5 .2 .1  LOI  in  f l y  a sh  

A  se r ie s  o f  known masses  o f  f l y  ash  (approx .  20  g)  f rom 

d i f f e rent  bo i l e r s  were  p laced  in to  pre -we ighed  c ruc ib le s .  The  

samples  f rom each  bo i l e r  were  exposed  to  600  °C and  900  °C in  

a  muf f l e  fu rnace  fo r  f i ve  hours .  The  c ruc ib le s  were  coo led  in  a  

des i cca tor  be fore  we igh ing ,  and  LOI  was  de te rmined .  The  var ied  

tempera tures  would  inves t iga te  which  component  cont r ibuted  to  

the  LOI  in  the  f l y  a sh  samples .   

 

4 .5 .2 .2  F ineness  o f  f l y  ash  

The  samples  f rom n ine  d i f f e rent  bo i l e r s  a t  SASOL Synfue l s  eas t  

were  ana lysed  fo r  par t i c l e  s i ze  d i s t r ibut ion  (PSD)  a t  Synfue l s  

l abora to ry  in  Secunda .  The  appara tus  used  was  Leeds  &  

Nor thrup  SRA-150  Micro t rac  Par t i c l e  S i ze  Ana lyser  opera t ing  in  

a  range  o f  0 .972  to  704  µm.  The  abundance  o f  par t i c l e s  ≤ 45  

µm was  compared  wi th  LOI  and  s lumping  behav iour  o f  pas tes  

conta in ing  65% and  70% so l ids  concent ra t ions .   
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4 .5 .2 .3  T ime  

A  ba tch  sample  o f  pas te  was  prep ared  by  mix ing  approx .  4 .4  kg  

f l y  a sh  wi th  approx .  9 .5  kg  U66  br ine  (acco rd ing  to  the  f ind ing s  

in  sec t ion  4 .4) .  A  padd le  mixer  wi th  a  25  l i t re  capac i ty  was  

used  fo r  pas te  prepara t ion  ( see  P la te  4 .5 ) .   

 
P la te  4 .5  Appara tus  used  fo r  pas te  p repara t ion   

 

Tr ip l i ca tes  o f  min i - s lump tes t  were  per fo rmed immedia te ly  a f te r  

pas te  prepara t ion  and  therea f te r  a t  p rede te rmined  in te rva l s  

shown in  F ig .  5 .5 .  The  pas te  was  thorough ly  remixed  be fore  

each  min i - s lump tes t .  The  pas t e  was  d i scarded  a f te r  each  s lump 

tes t  whi le  pas te  remain ing  in  the  bowl  was  thorough ly  sea led  to  

e l iminate  the  in f luence  o f  a i r  d ry ing .  The  exerc i se  was  repeate d  

 58



                                  

us ing  d i s t i l l ed  water  (DH 2 O)  ins tead  o f  U66  br ine .  An  

add i t iona l  t e s t  was  conduc ted  where  weathered  f ine  ash  was  

s i eved  to  s imula te  the  PSD o f  f l y  a sh .  A  pas te  was  made  by  

add ing  U66  br ine ,  and  DH 2 O to  s i eved  weathered  ash .   

 

4 .6  EFFECT OF  DIFFERENT BRINES ON PASTE 

 

The  opt imum S:L  ra t io  was  de te rmined  fo r  each  b r ine  s t ream 

and  f l y  a sh  as  desc r ibed  in  sec t ion  4 .4 .  The  pas te  samples  were  

prepared  in  dup l i ca tes  and  cur ing  per iod  was  four  weeks .  

Remobi l i sa t ion  s tudy  was  then  conducted  as  desc r ibed  in  

sec t ion  4 .7 .2 .  The  l eachates  were  ana lysed  a t  Syn fue l s  

l abora to ry  fo r  chemica l  compos i t ion .  Meta l s  p resent  in  

l eachates  were  de te rmined  us ing  Induc t ive ly  Coup led  P lasma �  

Opt i ca l  Emiss ion  Spec t rometer  ( ICP -OES) .  The  ch lor ides  were  

de te rmined  us ing  T i t r ino  whi le  su lphates  were  de te rmined  us ing  

Autoana lyser .  A lka l in i ty  was  t i t ramet r i ca l l y  de te rmined .  
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4 .7  EFFECT OF  ADDITIVES  

4 .7 .1  Pas te  P repara t ion   

The  FA  and  add i t i ves  were  dr i ed  in  an  oven  a t  105  ºC for  two  

hours .  Th i s  was  done  to  remove  any  water  shou ld  these  spec ie s  

be  hygroscop ic .  FA  and  add i t i ves  were  ind iv idua l ly  mixed  whi le  

dry  acco rd ing  to  spec i f i ca t ions  on  Tab le  4 .2  be fore  a  l i qu id  

medium (FAM) was  in t roduced .  The  numbers  in  Tab le  4 .2  

represent  the  mass  percentage  o f  an  add i t i ve  which  was  added  

to  FA ,  mak ing  a  to ta l  o f  68% so l ids  cont r ibut ion  to  the  pas te  

p repara t ion .  The  dry  components  were  thorough ly  mixed  fo r  

homogene i ty .  32% FAM was  added  to  the  mixed  components  to  

make  pas te  rep l i ca tes .   

 

Tab le  4 .2  Rat ios  o f  add i t i ve  to  FA   

S G A  ( % )  I A  ( % )  L i m e  ( % )  O P C  ( % )  S F  ( % )  

0  0  0  0  0  

5  2 . 5  0 . 5  0 . 5  0 . 5  

1 0  5  1  1  1  

1 7  1 0  2  2  2  

2 5  1 5  5  5  5  

 

The  ra t io  o f  68% so l ids  to  32% l iqu id  was  predetermined  in  

sec t ion  4 .6 .  The  pas te  samples  were  t rans fe r red  in to  

 60



                                  

po lys ty rene  cups  (250  ml)  which  were  used  as  moulds ,  f rom 

which  samples  were  removed  a f te r  two  days  to  fac i l i t a te  a i r  

d ry ing .   

 

4 .7 .2  Remobi l i s a t ion  S tudy   

 

The  samples  were  we ighed  a f te r  four  weeks  o f  a tmospher i c  

cur ing  be fore  conduct ing  remobi l i sa t ion  s tudy  wi th  DH 2 O.  The  

P :E  ra t io  (where  P  re fe r s  to  cured  pas te  and  L  to  the  e luant  i . e .  

l eachant  so lu t ion)  dur ing  remobi l i sa t ion  was  1 :5 .   

 

Evapora t ion  was  min imised  by  keep ing  the  l each ing  ves se l s  

c losed .  Conduct iv i ty  and  pH were  regu lar ly  recorded  unt i l  

equ i l ib r ium was  es tab l i shed .  Leachates  were  f i l t e red  through  

GF/A f i l t e r  papers  and  TDSs  wer e  de te rmined .  The  compar i son  

be tween  add i t i ves  was  made  based  on  conduct iv i ty  and  TDS 

va lues  in  add i t ion  to  phys i ca l  na ture  o f  pas te  in  water .  

 

4 .8  EFFECT OF SURFACE AREA ON REMOBIL ISATION 

 

The  e f fec t  o f  sur face  a rea  o f  pas te  in  contac t  w i th  water  dur in g  

the  remobi l i sa t ion  was  inves t iga ted .  A  se r ie s  o f  pas te  samples  

were  prepared  us ing  68% f ly  ash  and  U66 br ine .  Po lys ty rene  
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cups  were  used  as  moulds .  The  e f fec t  o f  sur face  a rea  was  

inves t igated  as  a  func t ion  o f  cur ing  t ime ,  namely  2  weeks ,  5  

weeks ,  8  weeks  and  11  weeks .  The  cur ing  t imes  were  a rb i t ra r i l y  

chosen .  A  se t  o f  t r ip l i ca tes  prepared  fo r  68% U66 br ine  and  f l y  

a sh  were  a l so  te s ted .  These  were  6 .5  months  o ld .   

 

4 .8 .1  D i f fu s ion  

The  in tac t  pas te  samples  were  immersed  in  DH 2 O,  and  th i s  t e s t  

was  te rmed d i f fus ion .  The  in tac t  pas te  represented  a  s cenar io  

wi th  a  smal l  sur face  a re a  o f  pas te  exposed  to  water  (P .E  = 1:5) .    

 

4 .8 .2  D i s so lu t ion  

The  pas te  samples  were  pu lver i sed  and  s ieved  to  ≤ 500  µm 

before  immers ing  in  DH 2 O.  Th i s  represented  a  s cenar io  where  a  

l a rge  sur face  a rea  o f  pas te  was  exposed  in  water  (P .E  = 1 :5) .  

 

4 .9  EFFECT OF CURING ON PERMEABIL ITY  OF  PASTE 

 

The  appara tus  showed on  P la te  4 .6  be low was  used  to  

de te rmine  permeab i l i t y  in  cured  p as tes .  Permeab i l i t y  cons tant s  

were  ca l cu la ted  accord ing  to  D �Arcy � s  equat ion :  k  = 

(Qxℓ)/(Axh)  where  Q  = f low ra te  o f  the  leachate  (cm 3 /s) ,  ℓ  = 
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th i ckness  o f  cured  pas te  (cm) ,  A  = c ross - sec t iona l  a rea  ( cm 2 )  

whi le  h  = app l i ed  pres sure  (cm)  (McGrath ,  2000) .   

 
P la te  4 .6  Appara tus  to  de te rmine  permeab i l i t y   

 

Approx imate ly  1  kg  ash  was  mixed  wi th  U66  br ine  to  make  a  

pas te  cons i s t ing  o f  68% so l ids  co ncent ra t ion .  The  content s  were  

thorough ly  mixed  and  quant i ta t i ve ly  t rans fe r red  in to  the  s tee l  

co lumns  open  to  a tmosphere .  The  samples  were  cu red  up  to  27  

days  and  permeab i l i t y  was  de te rmined  a t  d i f f e rent  cur ing  t imes .  

Th i s  would  inves t iga te  the  ro le  tha t  cur ing  p lays  in  

permeab i l i t y  o f  a  pas te    
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CHAPTER 5 

RESULTS AND DISCUSSION 

 

5 .1  PRELIMINARY EVALUATION OF THE ROLE OF  SALINITY  IN  

PASTE  

 

A  pumpab le  pas te  was  found  in  the  range  o f  65% to  70% so l ids  

( f l y  ash)  wi th  U66  br ine  whi le  i t  was  found  be tween  67% and  

73% so l ids  wi th  DH 2 O.  The  two  ranges  a re  very  s imi la r  and  they  

even  over lap  be tween  65  and  70 %.  However  i t  was  observed  

tha t  the  amounts  o f  b leed  (expre ssed  as  the  percentage  o f  the  

to ta l  mix ture)  fo rmed were  ex t remely  d i f f e rent  ( see  F ig .  5 .1 ) .  

The  pas te  prepared  us ing  a  l e s s  sa l ine  medium formed more  

b leed .  The  b leed  fo rmat ion  i s  undes i rab le  because  i t  may  

requ i re  fur ther  t rea tment  i f  i t  does  not  become reabsorbed  by  

the  ash  mat r ix .   
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F ig .  5 .1  E f fec t  o f  sa l in i ty  in  b leed  fo rmat ion  

 

Fur ther  de ta i l s  on  the  b leed  behav iour  ( f rom both  U66  br ine  

and  DH 2 O pas te s)  a s  a  func t ion  o f  t ime  are  i l lu s t ra ted  in  

F igures  A2 .1  and A2 .2  on  pages  119  and  120 .    

 

I t  was  noted  tha t  the  se t t l ing  o f  so l ids  took  approx .  two  hours  

in  the  case  o f  U66  br ine  whi le  on ly  45  minutes  was  taken  wi th  

DH 2 O.  The  absorp t ion  ra te  o f  the  b leed  was  re la t i ve ly  h igher  

wi th  DH 2 O.  The  qu ick  se t t l ing  and  h igh  b leed  absorp t ion  ra tes  

might  cause  pas te  s t i f f en ing  ins ide  the  p ipes  ( i . e .  dur ing  

t ranspor ta t ion) .  Th i s  can  resu l t  in  p rob lems  such  as  p ipe  

b lockages  be fore  reach ing  the  d i sposa l  s i t e s .  Be low i s  a  t ab le  
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tha t  shows  the  d i f f e rence  be tween  the  pas tes  p repared  f rom U66 

br ine  and  DH2O wi th  the  equ iv a len t  so l ids  concentra t ions .  

 

Tab le  5 .1  E f fec t  o f  sa l in i ty  on  pas te  behav iour  

Pas te  wi th  U66  br ine  Pas te  wi th  po tab le  water  

70% FA 70% FA 

S lump = 0 .39  S lump = 0 .67  

Se t t l ing  ra te  = 2  hours  Se t t l ing  ra te  = 45  minutes  

B leed  absorp t ion  = 4  days B l eed  absorp t ion  = 1 .2  days  

 

Fur thermore  pas te  samples  tha t  were  prepared  wi th  U66  br ine  

showed be t te r  capab i l i t y  to  wi ths tand  dev ia t ions  in  S :L  ra t ios .  A  

percent  dev ia t ion  f rom e i ther  s ide  o f  the  l imi t  ( sugges ted  

so l ids)  wi th  DH 2 O produces  a  mater ia l  tha t  cannot  be  de f ined  as  

a  pas te .  However ,  the  pas te  prepared  us ing  U66  br ine  prov ides  

a  wider  range .  Th i s  makes  the  techno logy  more  robus t  and  easy  

to  opera te  once  implemented .  I t  has  there fore  been  proven  tha t  

b r ine  compos i t ion  p lays  a  major  ro le  in  pas te  behav iour  

imply ing  tha t  no  s tandard  rec ipe  ( i . e .  S :L)  can  be  g iven  

be forehand .   
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5 .2  SLUMPING BEHAVIOUR  

5 .2 .1  Eva luat ion  o f  a  Min i -S lump Tes t  

A  good  cor re la t ion  (R 2  =  0 .97)  was  found  be tween  the  s tandard  

cone  and  min i - s lump tes t s ,  a s  i l lu s t ra ted  in  F ig .  5 .2 .  The  

success  o f  th i s  eva lua t ion  impl ied  tha t  a l l  s lump tes t s  cou ld  b e  

conducted  us ing  on ly  min i - s lump tes t .  The  sample  prepara t ion  

would  become a  lo t  eas ie r  wi th  smal le r  sample  s i zes .  Th i s  

d i rec t l y  re la tes  to  the  cha l l enges  o f  sampl ing  enough  vo lumes  

o f  mater ia l s  e spec ia l l y  ash  (as  d i s cussed  in  chapter  3) .  Th i s  w as  

a  va lue -add ing  d i scovery  because  i t  enab led  the  author  to  save  

up  to  s ix  t imes  on  raw mater ia l s .  
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F ig .  5 .2  The  cor re la t ion  be tween  s tandard  cone  and  min i  s lump 

te s t s   
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The  pas te  wi th  68% so l ids  seems  to  be  a  c r i t i ca l  po in t  

separa t ing  the  two  se t s  o f  da ta .   Be low 68% the  min i - s lump tes t  

seems  to  underes t imate  the  s lumping  whi le  overes t imat ion  i s  

observed  beyond  68% so l ids .   The  resu l t s  a re  a l so  c l ear ly  

i l lu s t ra ted  us ing  s ta t i s t i ca l  methods  as  shown in  F ig .  A3 .1on  

page  121 .  The  observed  d i f f e rence  might  requ i re  fur ther  

inves t igat ion ;  however ,  i t  was  beyond  the  s cope  o f  th i s  work .   

 

5 .2 .2  E f fec t  o f  Phys i ca l  As h  Proper t i e s  on  S lumping   

5 .2 .2 .1  LOI  content  

I t  was  found  tha t  the  LOI  va lues  o f  a  g iven  sample  were  the  

same regard les s  o f  the  tempera ture  used .  Th i s  made  i t  poss ib le  

to  conc lude  tha t  the  LOI  in  the  SASOL FA or ig ina tes  f rom 

unburned  carbon  s ince  no  proo f  o f  ca rbonate  convers ion  was  

found  (He i r i  e t  a l . ,  2000) .  I t  was  a l so  d i s covered  tha t  the  

darker  samples  o f  FA  had  a  h igher  LOI  content  which  re la te s  to  

unburned  carbon  (B in -Shaf ique  e t  a l . ,  2002) .  The  f l y  a shes  tha t  

a re  l i gh te r  in  co lour  usua l l y  have  a  h igher  content  o f  l ime  (B i n -

Shaf ique  e t  a l . ,  2002)  prone  to  se l f - cement ing .   

 

The  va lues  o f  LOI  a re  we l l  w i th in  the  in te rnat iona l  s tandards .  

The  impl i ca t ions  a re  tha t  the  combus t ion  e f f i c i ency  i s  good  
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cons ider ing  the  fac t  tha t  low-grad e  coa l  i s  u t i l i sed  (van  Dyk  e t  
a l . ,  2006) .  
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F ig .  5 .3  Re la t ionsh ip  be tw een  min i - s lump and  LOI   

 

The  inc reas ing  LOI  va lues  o f  f l y  a sh  reduced  the  s lumping  

behav iour  o f  pas tes .  Th i s  impl ie s  tha t  more  energy  wi l l  be  

requ i red  dur ing  t ranspor ta t ion ,  which  i s  an  add i t iona l  cos t .  Th e  

e f fec t  o f  LOI  was  predominant  in  pas tes  conta in ing  h igher  so l id  

concent ra t ions  (e .g .  70%) .  However ,  the  e f fec t  o f  LOI  in  

s lumping  behav iour  was  a lmos t  neg l ig ib le  in  pas tes  wi th  lower  

so l ids  concent ra t ions  such  as  65%.  Th i s  i s  shown in  F ig .  A3 .2  

on  page  122 .  Th i s  independent ly  sugges t s  tha t  the  pas te  wi th  

re la t i ve ly  h igher  so l ids  concent ra t ions  wi l l  be  sens i t i ve  to  th e  



                              

                   70

changes  in  the  a sh  proper t i e s  such  as  LOI .  Th i s  may  there fore  

pose  opera t iona l  p rob lems .   

 

5 .2 .2 .2  F ineness  

The  s lumping  behav iour  was  a f fec ted  by  f ineness  a s  i l lu s t ra ted  

in  F ig .  5 .4  be low.   
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F ig .  5 .4  Re la t ionsh ip  be tween  inc rease  in  f ineness  and  s lumping  

 

The  f l y  a sh  samples  wi th  h igher  degrees  o f  f ineness  exh ib i ted  

be t te r  s lumping  behav iours  in  pas tes .  Th i s  observa t ion  i s  

impor tant  fo r  the  poss ib le  min im isa t ion  o f  t ranspor ta t ion  cos t s ,  

and  can  be  a t t r ibu ted  to  the  lub r i ca t ion  e f fec t  re su l t ing  f rom 

the  spher i ca l  par t i c l e s  (Fer rar i s  e t  a l . ,  2001;  Ch indapras i r t  e t  
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a l . ,  2005;  S t ropn ik  and  Južn ič ,  1988) .  The  e f fec t  o f  f ineness  

was  predominant  in  pas tes  wi th  h igher  so l ids  concent ra t ions  

e .g .  70%.  The  e f fec t  in  s lumping  was  l i t t l e  in  pas tes  conta in in g  

lower  so l ids  concent ra t ions  e .g .  65%.  The  pas te  conta in ing  

h igher  so l ids  i s  l a rge ly  a f fec ted  by  the  lubr i ca t ion  caused  by  

f ineness .    

 

5 .2 .2 .3  T ime  dependence   

 

No  change  in  the  revo lu t ions  per  minute  o f  the  mixer  was  

observed  over  t ime .  Th i s  cou ld  be  due  to  e i ther  a  h igh  to rque  o f  

the  mixer  o r  smal l  pas te  vo l umes  tha t  were  used .    

 

The  genera ted  da ta  f rom the  thr ee  d i f f e rent  pas te  samples  a re  

shown in  F ig .  5 .5 .  The  e f fec t  o f  the  sa l in i ty  o f  the  l iqu id  

medium on  the  s t i f f en ing  process  was  demons t ra ted .  The  pas te  

prepared  f rom f ly  ash  and  DH 2 O showed a  fa s te r  ra te  o f  

s t i f f en ing  than  tha t  f rom f l y  ash  and  U66  br ine .  A  d imens ion les s  

s lump o f  0 .15  was  ob ta ined  a f te r  approx imate ly  94  hours  wi th  

U66  br ine  whi le  i t  took  48  hours  to  reach  the  same cons i s tency  

wi th  DH 2 O.  These  observa t ions  have  impor tant  prac t i ca l  

impl i ca t ions .  F i r s t l y ,  i t  appears  tha t  the  chemica l  compos i t ion  

o f  the  b r ine  a f fec t s  the  hydra t ion  process  o f  the  pas te  by  
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de lay ing  the  reac t ions  re spons ib le  fo r  s t i f f en ing .  Second ly ,  i t  

impl ie s  tha t  p ipe l ine  b lockages  due  to  in  s i tu  s t i f f en ing  o f  th e  

pas te  wi l l  be  l e s s  o f  a  prob lem for  f l y  ash  pas tes  when  l iqu id  

media  such  as  U66  br ine  a re  u sed  fo r  pas te  prepara t ion .   

 

The  reac t ions  re spons ib le  fo r  the  observed  behav iours  a re  

pos tu la ted  to  be  s imi la r  o r  even  ident i ca l  to  those  found  in  th e  

hydra t ion  o f  cement  (Backe  e t  a l . ,  1999;  Pagé  and  Sp i ra tos ,  

2000) .  They  may  inc lude  phenomena  such  as  wet t ing  o f  f l y  ash  

par t i c l e s  and  sur face  hydra t ion  which  a re  exo thermic  (Pagé  and  

Sp i ra tos ,  2000) .  The  presence  o f  ce r ta in  i ons  in  the  U66  br ine  

cou ld  have  the  same e f fec t  a s  p las t i c i ze r s  which  re ta rd  the  

hydra t ions  reac t ions  (Pagé  and  Sp i ra tos ,  2000;  Asavap i s i t  and  

Cosanav i t ,  2004;  Tommaseo  and  Kers ten ,  2002) .   

 

The  use  o f  s i eved  weathered  ash  ins tead  o f  f l y  a sh  produced  

to ta l l y  d i f f e rent  re su l t  w i th  U66  br ine .  The  pas te  was  

segrega t ing  a l though  S :L  ra t io  was  op t imised .  A  g radua l  

decrease  in  s lump was  observe d  tha t  cou ld  be  a t t r ibu ted  to  

uncont ro l lab le  evapora t ion .  The  fac t  tha t  the  rap id  decrease  in  

s lump observed  wi th  f l y  a sh  was  not  observed  wi th  weathered  

ash  suppor t s  the  not ion  tha t  hydra t ion  reac t ions  a re  re spons ib l e  

fo r  the  t ime  dependence  o f  the  s lumping  behav iour  in  pas te .  
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Thi s  cou ld  be  exp la ined  by  the  fac t  tha t  weathered  ash  had  

a l ready  reac ted  and  hydra t ion  reac t ions  had  poss ib ly  reached  

equ i l ib r ium (Pre tor ius  and  Nieuwenhui s ,  2002) .  The  use  o f  

weathered  ash  has  a  po tent ia l  to  p ro long  the  t ranspor ta t ion  

per iod  o f  pas te .  However ,  ca re fu l  cons idera t ion  o f  o ther  fac tor s  

may  be  requ i red  e .g .  compress ive  s t rength  and  permeab i l i t y  o f  

the  re su l tan t  pas tes .   
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F ig .  5 .5  T ime  dependence  o f  s lump  per  se t  o f  mater ia l s  
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The  observa t ions  c l ear ly  demons t ra ted  tha t  the  l i qu id  medium 

used  dur ing  pas te  prepara t ion  p lays  a  ma jor  ro le  in  the  

t ranspor tab i l i t y  o f  pas te .  The  pas te  prepared  us ing  f l y  a sh  and  

U66  br ine  can  eas i l y  be  pumped wi th in  50  hours  o f  p repara t ion  

fo r  3 -4  km (Newman e t  a l . ,  2001) .  The  use  o f  d i s t i l l ed  water  

reduces  the  pumping  a l lowance  by  a lmos t  80%,  mean ing  

t ranspor ta t ion  mus t  occur  wi th i n  10  hours  o f  pas te  p repara t ion .   

 

5 .3  EFFECT OF  DIFFERENT BRINES ON PASTE 

 

5 .3 .1  Sa l t s  Re tent ion  and  S lumping  Behav iour  

 

A  workab le  pas te  was  found  be tween  60% and  70% so l id s  

concent ra t ion  fo r  var ious  b r ines .  However ,  the  opt imum S:L  

ra t ios  were  s imi la r  but  not  c lose  enough  to  make  a  

genera l i sa t ion .  The  impl i ca t ions  a re  tha t  op t imisa t ion  i s  

e s sent ia l  fo r  each  br ine  type  and  FA.  The  opt imum ra t ios  were  

de te rmined  fo r  each  se t  o f  mate r ia l s  and  the  da ta  i l lu s t ra ted  a re  

summar i sed  in  Tab le  5 .2 .  The  opt imum po in t  was  based  on  the  

cons i s tency  and  s lumping  o f  pas te .  
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Tab le  5 .2  Data  on  pas te s  f rom var ious  b r ines  

Brine Initial TDS 

(g/l) 

Final TDS 

(g/l) 

% retained % S: L Slump 

FAM 6.3 1.3 78 68 0.82 

TRO 

(U69) 

8.4 0.6 93 68 0.88 

EDR 12.0 0.9 92 68 N/A 

U66 60.8 5 95 68 0.82 

SD3 115.0 10 91 65 0.86 

SLF 274.0 30 89 64 0.84 

BEN 444.0 40 91 64 0.81 

 

I t  was  fur thermore  d i s covered  tha t  the  sa l t  load  ( i . e .  TDS 

concent ra t ion)  o f  b r ine  does  n ot  govern  sa l t  re tent ion .  For  

in s tance ,  FAM and  TRO br ines  have  the  c loses t  in i t ia l  sa l t  load s  

but  re ten t ions  were  ex t remely  d i f f e rent  ( i . e .  78% ver sus  93% 

respec t ive ly) .  Converse ly  BEN and  SLF  had  the  h ighes t  in i t i a l  

sa l t  l oads  but  d idn � t  exh ib i t  the  bes t  sa l t  r e ten t ion .  Th i s  imp l ied  

tha t  there  cou ld  be  a  l imi t  in  the  amount  o f  sa l t s  tha t  can  be  

re ta ined  in  pas te .  The  overa l l  deduc t ion  f rom  Tab le  5 .2  and  F ig .  

5 .6  i s  tha t  the  more  sa l t s  a re  added  dur ing  pas te  prepara t ion  

the  more  wi l l  l each  out .   
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There  i s  there fore  a  po tent ia l  to  make  b lends  o f  b r ines  to  g ive  

bo th  a  favourab le  chemica l  compos i t ion  and  sa l t  load .  The  

unders tand ing  o f  ions  tha t  pos i t i ve ly  a f fec t  pas te  t echno logy  

can  be  conduc ted  as  a  s tudy  on  i t s  own.    

 

 

y = 0.0945x + 0.1344
R2 = 0.9853

0

5

10

15

20

25

30

35

40

45

0 100 200 300 400 500

Initial TDS (g/l)

Fi
na

l T
D

S 
in

 le
ac

ha
te

 (g
/l)

 
F ig .  5 .6  Re la t ionsh ip  be tw een  in i t i a l  and  f ina l  TDS 
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5 .3 .2  The  K ine t i c s  o f  Leach ing  and  Ro le  o f  E luant   

 

The  read ings  o f  bo th  pH and  condu ct iv i ty  (EC)  were  regu lar ly  

taken  unt i l  equ i l ib r ium was  es tab l i shed .  The  te rm equ i l ib r ium 

re fe r s  to  a  s ta te  where  there  were  no  fur ther  de tec tab le  change s  

in  the  va lues  o f  pH and  EC.  The  resu l t s  in  F ig .  5 .7  ind ica te  tha t  

sa l t  remobi l i sa t ion  occurs  wi th in  the  f i r s t  6  days  when  pas te  

in te rac t s  wi th  water .  No  ev idence  o f  fu r ther  l each ing  was  

ob ta ined  by  l eav ing  the  exper iment  fo r  a  to ta l  o f  14  days .   

 

Th i s  i s ,  however ,  no t  the  case  i f  an  e luant  i s  rep laced  wi th  a  

f re sh  one  a f te r  reach ing  equ i l ib r ium.  Prev ious  work  showed tha t  

equ i l ib r ium can  be  reached  more  than  one  i f  an  e luant  i s  

rep laced .  (Deta i l s  o f  th i s  work  a re  not  d i s cussed  in  th i s  

d i s se r ta t ion) .  Of  par t i cu la r  in te res t ,  was  the  fac t  tha t  TDS an d  

EC decreased  a f t e r  each  equ i l ib r ium,  as  i l lu s t ra ted  in  F ig .  5 .8 .  

I t  can  be  conc luded  tha t  the  re lease  o f  sa l t s  i s  in f in i te  i f  

l each ing  media  a re  rep laced  wi th  l e s s  sa l ine  ones .  Fur thermore  

a  s teep  increase  in  EC  was  observed  wi th  a  peak  a f te r  approx .  

18  hours  o f  l each ing ,  which  was  fo l lowed  by  a  decrease  in  EC  

be fore  equ i l ib r ium.  The  t rend  was  repe t i t i ve  in  the  three  cases  

a s  shown in  F ig .  5 .8 .  The  reason  beh ind  th i s  t rend  was  not  
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inves t igated  but  fur ther  re search  on  th i s  i s sue  cou ld  l ead  to  a  

min imisat ion  o f  the  l eachab i l i t y  o f  pas te .        

 

Resu l t s  in  F ig .  5 .7  a l so  show tha t  b r ine  chemis t ry  does  not  

a f fec t  reac t ion  k ine t i c s  o f  remobi l i sa t ion  because  i t  took  abou t  

120  hours  to  reach  equ i l ib r ium regard les s  o f  the  b r ine  used .  

Th i s  may ,  however ,  change  in  very  o ld  pas te  samples  (e .g .  6  

months  o ld)  due  to  d i f fe rent  secondary  phases  (Chen  e t  a l . ,  
2004) .     
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5 .4  EFFECT OF  ADDITIVES  

5 .4 .1  S i eved  Gas i f i ca t ion  Ash  

The  add i t ion  o f  SGA proved  to  remedy  the  c rack ing  o f  pas te  

prepared  f rom FAM at  a s  low as  17% and  25% add i t ions .  P la te  

5 .1  be low shows  how cementa t ion  i mproved  wi th  SGA add i t ions .   

  
P la te  5 .1  D imin i sh ing  c racks  per  inc reased  SGA add i t ion    

 

The  samples  wi th  0% and  5% SGA co l lapsed  immedia te ly  when  

p laced  in  1 .3  �  o f  DH 2 O.  The  samples  wi th  10% SGA were  

s l i gh t ly  c racked  but  they  d id  not  co l lapse  in  water  whi le  those  

conta in ing  17% and  25% SGA ne i ther  c racked  nor  co l lapsed .   

Th i s  observa t ion  can  be  a t t r ibu ted  to  cementa t ious  b ind ing  

(Wi lk ,  1999) .  Fur thermore  the  inc rease  in  SGA add i t ions  was  

d i rec t l y  propor t iona l  to  the  inc rease  in  sa l t  re ten t ion .  Th i s  
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conc lus ion  was  based  on  EC and  TDS t rends .  The  use  o f  SGA in  

pas te  wi l l  po tent ia l l y  improve  the  cementa t ious  proper t i e s  o f  

pas te  and  min imise  the  env i ronmenta l  impac t .  The  

abovement ioned  f ind ings  a re  summar i sed  in  F ig .  5 .9 ,  w i th  TDS 

va lues  wr i t t en  on  the  g raph .   
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F ig .  5 .9  Conduc t iv i t y  p lo t  aga ins t  t ime  under  var ious  GA add i t ions
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5 .4 .2  Inc inera t ion  Ash  ( IA)  

The  samples  were  br i t t l e  dur ing  remobi l i sa t ion  wi th  an  

except ion  o f  the  one  conta in ing  15% IA .  Th i s  gave  an  ind ica t ion  

tha t  inc inera t ion  ash  has  a  po tent ia l  to  enhance  b ind ing  o f  

was tes  in  pas te  and  improve  i t s  s t rength .   

 

The  equ i l ib r ium was  es tab l i shed  a f te r  approx .  550  hours  o f  

l each ing  based  on  EC t rend  i l lu s t ra ted  in  F ig .  B1 .1  on  page  123 .  

The  l eachate  samples  w i th  IA  a dd i t ions  were  approx .  5  t imes  

lower  in  TDS than  the  contro l ,  see  F ig .  5 .10  be low.   
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F ig .  5 .10  E f fec t  o f  inc inera t ion  ash  on  sa l t  r e ten t ion  
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Low TDS va lues  imply  reduc t ion  in  l eachab i l i t y  and  h igh  sa l t  

re ten t ion .  I t  can  there fore  be  conc luded  tha t  IA  has  a  po ten t ia l  

to  improve  sa l t  re ten t ion  based  on  these  re su l t s .   

 

5 .4 .3  L ime  (CaO)  as  an  Add i t i ve  

The  pas te  samples  wi th  l ime  add i t ions  were  c racked  but  d idn � t  

co l l apse  when  immersed  in  DH 2 O.  Th i s  observa t ion  sugges t s  

tha t  l ime  add i t ion  cou ld  p lay  a  ro le  in  b ind ing  and  s t rength  

deve lopment  (B in - sha f ique  e t  a l . ,  2002;  Josh i  e t  a l . ,  1993) .  

These  mater ia l s  f e l t  s t ronger  than  the  res t  o f  the  samples  

a l though  no  sc ien t i f i c  method  was  app l i ed .  I t  took  approx .  550  

hours  to  reach  equ i l ib r ium in  te rms  o f  EC  graph ,  see  F ig .  B1 .2  

on  page  124 .  There  was  approx .  e igh t  t imes  improvement  in  the  

l eachate  qua l i t y  based  on  TDS resu l t s  ( see  F ig .  5 .11  be low) .   
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F ig .  5 .11  E f fec t  o f  l i me  on  sa l t  r e ten t ion  
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Prev ious  exper iments  (not  desc r ibed  in  th i s  d i s se r ta t ion)  where  

5% and  10% l ime  were  added  dur ing  pas te  prepara t ion  (68% 

so l ids  and  U66  br ine) ,  showed enormous  reduc t ion  in  

permeab i l i t y  ( see  Tab le  5 .3 ) .   

 

Tab le  5 .3  E f fec t  o f  l ime  in  permeab i l i t y  

% CaO added to FA Curing time 

(days) 

Permeability 

(cm/s) 

0 5 2.0E-04 

0 9 4.0E-05 

0 27 6.0E-06 

5 13 6.0E-06 

10 13 7.0E-08 

 

The  permeab i l i t y  coe f f i c i en t  o f  6 .0E-06  cm/s  was  ob ta ined  a f te r  

approx .  four  weeks  in  a  cont ro l  whi le  i t  on ly  took  two  weeks  

wi th  5% l ime  add i t ion .  The  add i t ion  o f  10% l ime  reduced  the  

permeab i l i t y  by  100  t imes  in  two  weeks  t ime .  Th i s  was  in  

suppor t  o f  the  work  repor ted  in  l i t e ra ture  (Josh i  e t  a l . ,  1993) .   
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5 .4 .4  Por t land  cement  (OPC)  as  an  Add i t i ve  

The  resu l t s  a re  s imi la r  to  those  ob ta ined  wi th  l ime .  Data  a re  

shown in  F ig .  5 .12  be low and  F ig .  B1 .3  on  page  125 .   

0

1

2

3

4

5

6

7

8

9

0 1 2 3 4 5 6

% cement

Fi
na

l T
D

S 
in

 le
ac

ha
te

 (g
/l)

 
F ig .  5 .12  E f fec t  o f  cement  on  sa l t  re t en t ion   

 

5 .4 .5  S i l i ca  Fume (SF)  

The  use  o f  SF  l ed  to  an  inc rease  in  water  demand which  was  

propor t iona l  to  the  amounts  o f  SF  added  to  FA  (Pagé  and 

Sp i ra tos ,  2000) .  SF  i s  a  very  f ine  mater ia l  and  i t s  add i t ion  

cou ld  resu l t  in  an  inc rease  in  the  to ta l  sur face  a rea  o f  FA  and  

hence  e leva te  the  water  demand (Ferar r i s  e t  a l . ,  2001;  Pagé  and  

Sp i ra tos ,  2000) .  
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F ig .  5 .13  The  inc rease  in  l i qu id  mass  aga ins t  SF  add i t ions   

 

The  inc rease  in  water  demand can  ind iv idua l ly  be  perce ived  as  

a  poss ib le  so lu t ion  to  b leed  hand l ing .  Th i s  can  be  advantageous  

in  cases  where  there  i s  l i t t l e  a sh  ava i lab le  to  hand le  l a rge  

vo lumes  o f  b r ine .   

 

I t  was ,  however ,  observed  tha t  the  tex ture  o f  pas te  changed  to  a  

s t i cky  mater ia l  l i ke  c lay  wi th  re la t i ve ly  h igher  SF  add i t ions  ( ≥ 

2 .5%) .  Th i s  cou ld  in t roduce  b lockage  prob lems  dur ing  pas te  

t ranspor ta t ion .  The  opt imum sa l t  re ten t ion  was  found  be tween  

0 .5% and  1% SF  add i t ions ,  which  was  approx imate ly  e ight  t imes  

be t te r  than  the  cont ro l  ( see  F ig .  5 .14) .   
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F ig .  5 .14  E f fec t  o f  s i l i ca  fume on  sa l t  re ten t ion  

 

The  increase  in  TDS observed  a t  5% SF  was  a l so  augmented  by  

the  EC  graph  shown in  F ig .  B1 .4  on  page  126 .  I t  was  observed  

tha t  SF  add i t ions  have  a  tendency  to  inc rease  the  permeab i l i t y  

( see  Tab le  B1  on  page  126) .  These  observa t ions  a re  in  

accordance  wi th  those  made  by  Fer rar i s  e t  a l . ,  2001 .  The  

inc rease  in  permeab i l i t y  i s  o f ten  undes i rab le  because  wate r  ge t s  

access  to  the  ash  mat r ix  and  chances  o f  sa l t  remobi l i sa t ion  

become h igher .   
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5 .4 .6  A  Compar i son  o f  D i f f e ren t  Add i t i ves  

 

There  i s  a  huge  potent ia l  to  u t i l i se  some o f  the  SASOL was tes  

(namely  inc inera t ion  ash  and  gas i f i ca t ion  ash)  as  add i t i ves  

dur ing  pas te  prepara t ion .  An  improvement  o f  approx imate ly  

80% in  sa l t  r e ten t ion  was  observed  wi th  5  �  10% add i t ions  o f  

IA .  Converse ly  the  add i t ion  o f  f iner  gas i f i ca t ion  ash  a l so  

inc reased  sa l t  re tent ion  by  approx imate ly  65% at  a  dosage  o f  

25%.  The  improvement  in  sa l t  re tent ion  us ing  SASOL so l id  

was tes  was  in  the  same degree  as  tha t  observed  when  

commerc ia l  add i t i ves  ( such  as  l ime  and  cement)  were  te s ted  in  

the  range  o f  0 .5  �  1% add i t ions .  The  add i t ion  o f  s i l i ca  fume 

cannot  be  encouraged  wi th in  cur rent  in format ion .   

     

5 .5  EFFECT OF SURFACE AREA ON REMOBIL ISATION 

 

5 .5 .1  Does  Cur ing  T ime  Af fec t  the  Dependence  on  S ur face  Area?   

 

D i f f  represent s  the  resu l t s  ob ta ined  f rom in tac t  pas tes  -whi le  

D i s s  re fe r s  to  those  tha t  were  pu lver i sed  be fore  in te rac t ion  wi th  

water .  The  da ta  i l lus t ra ted  in  F ig .  5 .15  shows  a  good  

cor re la t ion  o f  TDS de termined  f rom the  l eachate  samples  

represent ing  the  two  scenar ios .   
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F ig .  5 .15  Tes t ing  sur face  a rea  aga ins t  cur ing  t ime    

 

The  s ta t i s t i c s  showed tha t  there  was  no  s ign i f i cant  d i f f e rence  in  

TDS f rom the  two  scenar ios  over  t ime  ( see  F ig .  B2 .1  on  page  

127) .  I t  was  expec ted  tha t  no  pozzo lan ic  reac t ions  would  have  

occur red  in  the  ear ly  s tages  o f  cur ing  hence  mos t  sa l t s  cou ld  b e  

phys i ca l l y  t rapped .  However  wi th  inc reased  cur ing  t imes  

chemica l  re ten t ion  would  a l so  be  present .  Fur thermore  

monova lent  ca t ions  may  beh ave  d i f f e rent ly  depend ing  on  

sur face  exposure  s ince  they  a re  water - so lub le .  The  monova lent  

spec ie s  were  expec ted  to  be  remobi l i sed  in  d i s so lu t ion  

exper iments  because  the  ash  mat r ix  was  des t royed  and  l imi ted  

phys i ca l  encapsu la t ion  would  remain .  The  shor te r  cur ing  t imes  

such  as  two  weeks  and  be low were  expec ted  to  g ive  s imi la r  
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l eachab i l i t y .  The  lack  o f  a  d i f f e rence  be tween  leach ing  a  sampl e  

wi th  a  l a rge  or  a  smal l  sur face  a rea  over  t ime  impl ie s  tha t  the  

re tent ion  i s  ma in ly  chemica l  bond ing .  I t  i s  there fore  pos tu la te d  

tha t  the  reac t ion  k ine t i c s  o f  hydra t ion  a re  fa s te r  i . e .  may  occ ur  

in  a  mat te r  o f  weeks .  Th i s  i s  on ly  based  on  the  observed  t rend  

and  requ i res  fu r ther  inves t iga t ion .   

 

5 .5 .2  Tr ip le t s  o f  6 .5  months  o ld  pas te  (U66  br ine)  

 

The  da ta  o f  EC ,  and  TDS were  p lo t ted  a f te r  equ i l ib r ia  were  

e s tab l i shed .  The  t r ip l i ca tes  o f  d i s so lu t ion  and  d i f fus ion  a re  

represented  by  D i s s1  to  D i s s3  and  D i f f1  to  D i f f3  in  F igures  5 .16  

&  5 .17 .   The  resu l t s  showed tha t  sur face  a rea  o f  pas te  exposed  

to  water  does  not  a f fec t  the  reac t ion  k ine t i c s  o f  sa l t  

remobi l i sa t ion  because  equ i l ib r ium was  es tab l i shed  a t  the  same 

t ime .  I t  was  a l so  deduced  tha t  the  ex tent  o f  sa l t  remobi l i sa t io n  

i s  independent  o f  sur face  a rea  s ince  f ina l  TDS was  equ iva lent  i n  

bo th  scenar ios .  The  f ind ings  a re  i l lu s t ra ted  in  F igures  5 .16  &  

5 .17 ,  which  a re  in  accordance  wi th  s ta t i s t i ca l  re su l t s  shown in  

F ig .  B2 .2  on  page  128 . I t  took  approx .  10  days  fo r  equ i l ib r ium 

to  be  reached .  
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An in i t i a l  re lease  o f  sa l t s  i s  ra ther  fa s t  and  reaches  a  peak  a f te r  

100  hours  o f  l each ing .  Th i s  was  fo l lowed  by  a  smal l  reduc t ion  

in  TDS and  EC be fore  equ i l ib r ium was  reached .  I t  took  approx .  

200  hours  to  reach  equ i l ib r ium (see  F igures  5 .16  &  5 .17 ) .  The  

mechan i sm by  which  sa l t s  a re  re leased  i s  s imi la r  to  tha t  

d i s cussed  in  sec t ion  5 .3 .  The  pa t te rn  i s  the  same as  tha t  shown  

in  F ig .  5 .8 .   
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F ig .  5 .16  Conduc t iv i t y  a s  a  func t ion  o f  t ime
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F ig .  5 .17  P lo t  o f  TDS a s  a  func t ion  o f  t ime
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The  ana lys i s  o f  l eachates  showed s imi la r  re su l t s  fo r  d i s so lu t io n  

and  d i f fus ion  as  i l lu s t ra ted  in  Tab le  5 .4 .    

 

Tab le  5 .4  A  summary  o f  l eachate  ana lys i s   

sample 

TDS 

(g/l) 

EC 

(mS/cm) 

Ca 

(mg/l) 

Na 

(mg/l) 

K 

(mg/l) 

Cl 

(mg/l) 

SO42- 

(mg/l) 

Diss1 10.49 15.15 151 1900 380 1767 4200 

Diss2 10.76 14.81 163 1900 360 1866 4200 

Diss3 10.53 14.64 145 1850 340 1826 4200 

Diff1 10.43 15.08 110 1900 410 1945 4100 

Diff2 10.78 15.59 149 1950 420 2223 4700 

Diff3 10.11 14.99 149 1900 390 2144 3900 

 

The  d i f fus ion  te s t  has  a  smal l  sur face  a rea  o f  pas te  exposed  in  

water  hence  s tands  a  be t te r  cha nce  to  re ta in  the  sa l t s  tha t  a re  

phys i ca l l y  t rapped  in  the  pas te  mat r ix  (K lem and  Bhat ty ,  2002;  

Wi lk ,  1999) .  The  d i f f e rence  was  expec ted  in  samples  wi th  

longer  cur ing  t imes  when  pozzo lan ic  reac t ions  a re  taken  in to  

account .  The  lack  o f  such  a  d i f f e rence  over  t ime  led  to  an  

ind ica t ion  o f  how the  sa l t s  a re  re ta ined  in  pas te .  I t  was  

there fore  pos tu la ted  tha t  chemica l  bond ing  i s  a  ma jor  

mechan i sm by  which  sa l t s  a re  re ta ined  in  ash  pas tes  ra ther  than  

phys i ca l  encapsu la t ion .  
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5.6  EFFECT OF  CURING ON PERMEABIL ITY  OF  PASTE 

 

The  permeab i l i t y  re su l t s  o f  pas tes  be tween  5  and  27  days  o f  

cur ing  a re  i l lu s t ra ted  in  F ig .  5 .18 .  I t  was  d i s covered  tha t  longer  

cur ing  t imes  l ead  to  a  l e s s  permeab le  pas te ,  which  i s  a  des i red  

proper ty .  There  was  a  qu ick  reduc t ion  in  permeab i l i t y  be tween  

5  and  10  days  o f  cur ing ,  which  was  fo l lowed  by  a  s low decrease  

up  to  27  days .   

 

2.5E-06

5.3E-05

1.0E-04

1.5E-04

2.0E-04

0 5 10 15 20 25 30

curing time (days) 

P
er

m
ea

bi
lit

y 
(c

m
/s

)

 
F ig .  5 .18  Permeab i l i t y  a s  a  func t ion  o f  cur ing  t ime  

 

A  cur ing  t ime  obta ined  a f t e r  27  days  was  a lmos t  10  t imes  lower  

than  tha t  ob ta ined  a f te r  f i ve  days .  The  permeab i l i t y  va lues  

ranged  f rom 2  x  10 - 4  to  6  x  10 - 6  cm/s .  The  e f fec t  o f  cur ing  was  
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cons iderab le  and  the  permeab i l i t y  va lues  were  s imi la r  to  those  

o f  a  s i l t  o r  a  s i l t y  c lay  so i l  ( Josh  e t  a l . ,  1994;  Benzaazoua  e t  
a l . ,  2004a) .   

  

The  s tudy  has  g iven  some ins ight  and  deeper  unders tand ing  o f  

the  pas te  t echno logy .  The  po in t s  d i s cussed  in  th i s  chapter  have  

l ed  to  conc lus ions  and  recommendat ions  fo r  fu r ther  re search  

which  a re  d i s cussed  in  the  nex t  chapter .   



                                  

CHAPTER 6 

C O N C L U S I O N S  A N D  R E C O M M E N D A T I O N S  

 

6 . 1  S u m m a r y  o f  t h e  F i n d i n g s  

 

•  T h e  r e s u l t s  h a v e  s h o w n  t h a t  t h e  t r a n s p o r t a b i l i t y  o f  

p a s t e  i s  a f f e c t e d  b y  p h y s i c a l  p r o p e r t i e s  o f  f l y  a s h  s u c h  

a s  L O I  a n d  f i n e n e s s .  I n  a d d i t i o n ,  p a s t e s  w i t h  h i g h e r  

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

d e v i a t i o n s  i n  t h e  p h y s i c a l  p r o p e r t i e s  o f  f l y  a s h .  T h i s  

s e n s i t i v i t y  r e q u i r e s  c l o s e  m o n i t o r i n g  o f  t h e  p r o c e s s  

w h i c h  i m p l i e s  a d d i t i o n a l  m a n - p o w e r  a n d  a n  i n c r e a s e  

i n  r u n n i n g  c o s t  t h e r e o f .  T h e  p u m p a b i l i t y  o f  p a s t e  w i t h  

r e l a t i v e l y  h i g h e r  s o l i d s  c o n c e n t r a t i o n s  ( e . g .  7 0 % )  w i l l  

a l s o  r e q u i r e  m o r e  e n e r g y  w h i c h  i s  a n o t h e r  c o s t  

i m p l i c a t i o n .  C o n v e r s e l y  t h e  p a s t e  c o n t a i n i n g  l e s s  

s o l i d s  c o n c e n t r a t i o n  s u c h  a s  6 5 %  w i l l  b e  l e s s  s e n s i t i v e  

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

p u m p a b i l i t y  w i l l  r e q u i r e  l e s s  e n e r g y .  H e n c e  i t  w i l l  b e  

b e t t e r  t o  o p e r a t e  a t  l o w e r  S : L  r a t i o s .  
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•  T h e  l i q u i d  m e d i u m  u s e d  d u r i n g  p a s t e  p r e p a r a t i o n  

p l a y s  a  m a j o r  r o l e  i n  t h e  s e t t l i n g  a n d  s l u m p i n g  o f  

p a s t e .  I t  w a s  o b s e r v e d  t h a t  s a l i n i t y  i s  o n e  o f  t h e  

f a c t o r s  t h a t  a f f e c t  t h e  s e t t l i n g  r a t e .  T h e  a v a i l a b i l i t y  o f  

v a r i o u s  b r i n e s  w i t h i n  S y n f u e l s  p r o v i d e s  a n  o p p o r t u n i t y  

t o  p r e p a r e  b l e n d s  t h a t  w i l l  p r o v i d e  s u i t a b l e  s e t t l i n g  o f  

p a s t e .  F u r t h e r m o r e  i t  w a s  o b s e r v e d  t h a t  t h e  s a l i n i t y  

a f f e c t s  t h e  t r a n s p o r t a b i l i t y  o f  p a s t e .  T h e  u s e  o f  a  

s u i t a b l e  l i q u i d  m e d i u m  c o u l d  p r o l o n g  t h e  

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

a n y  a d d i t i o n  o f  p l a s t i c i z e r s .  I n  a d d i t i o n  b l o c k a g e s  i n  

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

r a t e .  T h e s e  f a c t o r s  c o u l d  h a v e  e c o n o m i c  b e n e f i t s .  T h e  

f i n d i n g s  a l s o  s h o w e d  t h a t  s a l t  r e t e n t i o n  w a s  

d e p e n d e n t  o n  t h e  c h e m i c a l  c o m p o s i t i o n  o f  t h e  b r i n e  

r a t h e r  t h a n  t h e  s a l t  l o a d  ( i . e .  T D S ) .  H o w e v e r  t h e r e  

s e e m s  t o  b e  a  l i m i t  i n  t h e  a m o u n t  o f  s a l t s  t h a t  c a n  b e  

r e t a i n e d  i n  p a s t e .  T h i s  m a k e s  i t  p o s s i b l e  t o  b l e n d  

s t r e a m s  w i t h  a n  i n t e n t i o n  o f  a c h i e v i n g  a  s u i t a b l e  

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

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

f o r m a t i o n  w i l l  r e q u i r e  f u r t h e r  r e s e a r c h .  T h e  r e s u l t s  
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f r o m  t h a t  s t u d y  a r e  l i k e l y  t o  b r o a d e n  t h e  a p p l i c a t i o n s  

o f  p a s t e  t e c h n o l o g y .  

 

•  T h e r e  i s  a  h u g e  p o t e n t i a l  t o  u t i l i s e  s o m e  o f  t h e  S A S O L  

w a s t e s  l i k e  i n c i n e r a t i o n  a s h  ( I A )  a n d  g a s i f i c a t i o n  a s h ,  

a s  a d d i t i v e s  d u r i n g  p a s t e  p r e p a r a t i o n .  A n  i m p r o v e m e n t  

o f  a p p r o x i m a t e l y  8 0 %  i n  s a l t  r e t e n t i o n  w a s  o b s e r v e d  

w i t h  5  �  1 0 %  a d d i t i o n s  o f  I A .  I n  a d d i t i o n  f i n e r  

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

a p p r o x i m a t e l y  6 5 %  a t  a  d o s a g e  o f  2 5 % .  T h e  

i m p r o v e m e n t  i n  s a l t  r e t e n t i o n  u s i n g  S A S O L  w a s t e s  w a s  

c o m p a r a b l e  t o  c o m m e r c i a l  a d d i t i v e s  s u c h  a s  l i m e  a n d  

c e m e n t .  T h e s e  w e r e  t e s t e d  i n  t h e  r a n g e  o f  0 . 5  t o  1 %  

a d d i t i o n s .  T h e  a d d i t i o n  o f  s i l i c a  f u m e  c a n n o t  b e  

e n c o u r a g e d  w i t h  t h e  c u r r e n t  i n f o r m a t i o n .  T h e  

p o t e n t i a l  u s e  o f  S A S O L  s o l i d  w a s t e s  w i l l  a d d r e s s  t h e  

s a l t  p r o b l e m  a n d  p r o v i d e  c o s t  b e n e f i t s  i n  t e r m s  o f  

c o m m e r c i a l  a d d i t i v e s  t h a t  c o u l d  b e  r e q u i r e d .   

 

•  T h e  s t u d i e s  s h o w e d  t h a t  t h e r e  w a s  n o  m e a s u r a b l e  

d i f f e r e n c e  b e t w e e n  d i f f u s i o n  a n d  d i s s o l u t i o n  i n  t e r m s  

o f  l e a c h a t e  q u a l i t y  a n d  k i n e t i c s  o f  s a l t  r e l e a s e .  I t  w a s  

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

T h e  v e r i f i c a t i o n  o f  t h i s  p o s t u l a t e  n e e d s  f u r t h e r  

r e s e a r c h .  T h e  u n d e r s t a n d i n g  o f  t h e  r e t e n t i o n  

m e c h a n i s m  o f  s a l t s  i n  p a s t e  i s  c r i t i c a l  t o  d e t e r m i n e  i t s  

s u s t a i n a b i l i t y .  

 

6 . 2  R e c o m m e n d a t i o n s  

 

T h e  i n t e n t i o n  o f  t h i s  i n v e s t i g a t i o n  w a s  t o  a s s e s s  t h e  

t e c h n i c a l  f e a s i b i l i t y  o f  p a s t e  t e c h n o l o g y .  T h e  r e s u l t s  

o b t a i n e d  d u r i n g  t h e  s t u d y  h a v e  e n a b l e d  t h e  a u t h o r  t o  

r e c o m m e n d  p o s i t i v e  o r  f a v o u r a b l e  c o n d i t i o n s  f o r  a  p a s t e  

t e c h n o l o g y .  H o w e v e r ,  t h e r e  i s  a  n e e d  t o  c o n t i n u e  w i t h  t h e  

r e s e a r c h  s i n c e  i n s u f f i c i e n t  d a t a  i s  a v a i l a b l e  f o r  f u l l - s c a l e  

i m p l e m e n t a t i o n .   

 

S u g g e s t i o n s  f o r  f u t u r e  w o r k  i n  t h i s  p r o j e c t  i n c l u d e ;  

•  U n d e r t a k i n g  a  s t u d y  t o  d e t e r m i n e  t h e  h y d r a t i o n  

r e a c t i o n s  a n d  k i n e t i c s  t h e r e o f .  T h i s  c o u l d  l e a d  t o  a n  

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

r e a c t i o n s  e . g .  b y  u s e  o f  a d d i t i v e s  o r  c o n t r o l  o f  

t e m p e r a t u r e .   
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•  P u r s u e  s o l i d  p h a s e  a n a l y s e s  o n  p a s t e s  u s i n g  C C S E M .  

S u c c e s s f u l  i d e n t i f i c a t i o n  o f  t h e  s e c o n d a r y  m i n e r a l s  

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

t h e  c o n f i d e n c e  t o  i m p l e m e n t  t h i s  t e c h n o l o g y  a n d  

e n v i r o n m e n t a l  i m p a c t s  c a n  b e  p r e d i c t e d .  

 

•  S t r e n g t h  d e t e r m i n a t i o n ,  w h i c h  u s e s  l e s s  p r e s s u r e  

t h a n  i n  c o n c r e t e  t e s t i n g ,  s h o u l d  b e  u s e d .  

 

•  C o n s t r u c t i o n  o f  a  p i l o t  p l a n t  w o u l d  i m p r o v e  d a t a  

c o l l e c t i o n  o v e r  a  d e f i n e d  p e r i o d  o f  t i m e .  T h e  

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

f i e l d  c o n d i t i o n s .   
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A1: THE CHEMICAL COMPOSITION OF BRINES 
 
TABLE A1: Typical composition of brines at SASOL Synfuels
Component Units U66 EDR TRO FAM SD3 Sulfolin Benfield
pH  -- 5.5 7.4 6.5 12.1 8.8  8.2  10.9 

P Alkalinity 
mg/l as 
CaCO3 0.0 N/A N/A 1271.0 367.0  N/A  880 

M Alkalinity 
mg/l as 
CaCO3 0.0 253.1 50.9 1381.5 916.0 27900  1090  

Chloride mg/l 32342  1216 929.0 34344.0 N/A 500 
Fluoride mg/l 6.9 2.6 12.7 26.6 39.2 100 10 
Calcium mg/l 850.0 430 396.6 437.5 2030.0 1500 20 
Chromium mg/l N/A < 0.1 N/A <0.1 <0.1 N/A N/A 
Iron mg/l 2.0 < 0.1 N/A 0.2 0.5 15 50 
Potassium mg/l 2160 17.2 94.8 131.9 415.0 250 126890 
Magnesium mg/l 50.0 300 190.3 3.2 1540.0 25 N/A 
Manganese mg/l N/A < 0.1 N/A <0.1 5.0 N/A N/A 
Sodium mg/l 42112 2425 1183.2 1153.3 12850.0 85400 1427 
Strontium mg/l N/A < 0.1 N/A 26.8 28.1 N/A N/a 
Ammonia mg/l N/A N/A N/A 2750.0 N/A N/A  N/a 
Vanadium mg/l 58.2 < 0.1 N/A <0.1 N/A 900 3641 
Sulfate mg/l 19800 7481 3760 2305.0 5250.0  0.00 
TDS mg/l 60800 11682 8400 6333 113958 274400 444000 
Conductivity mS/cm 81900 16.7 14.8 7.3 123500.0  200.0 244000  

 118



A2: THE ROLE OF SALINITY IN BLEED BEHAVIOUR 
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Fig. A2.1 Bleed behaviour of fly ash with distilled water 
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Fig. A2.2 Bleed behaviour of fly ash with U66 brine 
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A3: STATISTICS ON SLUMPING 
 

 
Fig. A3.1 Graph showing the relationship between two slump tests 
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Fig. A3.2 The relationship between slump and LOI 
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APPENDIX B 
 
 
ADDITIONAL DATA/RESULTS ON LEACHING 
 
 
B1: CONDUCTIVITY GRAPHS ON EFFECT OF ADDITIVES 
 
 
B1.1 Incineration Ash 
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Fig. B1.1 Conductivity trend on pastes with IA 
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Fig. B1.2 Conductivity trend on pastes with lime 
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Fig. B1.3 Conductivity trend on pastes with cement 
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Fig. B1.4 Conductivity trend on pastes with silica fume 
 
 
 
Table B1 Effect of SF in Permeability 
% SF added to 
FA 

Curing time 
(days) 

permeability 
(cm/s) 

0 9 4.0E-05 
0 13 2.0E-05 

2.5 12 2.4E-03 
5 12 4.3E-03 
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B2: STATISTICAL DATA ASSESSING THE EFFECT OF SURFACE AREA IN 
LEACHING 
 
 
 
 

 
 
Fig. B2.1 Statistical results on TDS for curing and surface area  
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Fig. B2.2 Statistical results on leachate TDS for 6.5 month old paste (surface area)  
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APPENDIX A

ADDITIONAL DATA and RESULTS ON PUMPABILITY


A1: The chemical composition of brines


A2: the role of salinity in bleed behaviour


A3: statistics on slumping


A1: The chemical composition of brines


		Component

		Units

		U66

		EDR

		TRO

		FAM

		SD3

		Sulfolin

		Benfield



		pH

		 --

		5.5

		7.4

		6.5

		12.1

		8.8

		 8.2

		 10.9



		P Alkalinity

		mg/l as CaCO3

		0.0

		N/A

		N/A

		1271.0

		367.0

		 N/A

		 880



		M Alkalinity

		mg/l as CaCO3

		0.0

		253.1

		50.9

		1381.5

		916.0

		27900 

		1090 



		Chloride

		mg/l

		32342

		

		1216

		929.0

		34344.0

		N/A

		500



		Fluoride

		mg/l

		6.9

		2.6

		12.7

		26.6

		39.2

		100

		10



		Calcium

		mg/l

		850.0

		430

		396.6

		437.5

		2030.0

		1500

		20



		Chromium

		mg/l

		N/A

		< 0.1

		N/A

		<0.1

		<0.1

		N/A

		N/A



		Iron

		mg/l

		2.0

		< 0.1

		N/A

		0.2

		0.5

		15

		50



		Potassium

		mg/l

		2160

		17.2

		94.8

		131.9

		415.0

		250

		126890



		Magnesium

		mg/l

		50.0

		300

		190.3

		3.2

		1540.0

		25

		N/A



		Manganese

		mg/l

		N/A

		< 0.1

		N/A

		<0.1

		5.0

		N/A

		N/A



		Sodium

		mg/l

		42112

		2425

		1183.2

		1153.3

		12850.0

		85400

		1427



		Strontium

		mg/l

		N/A

		< 0.1

		N/A

		26.8

		28.1

		N/A

		N/a



		Ammonia

		mg/l

		N/A

		N/A

		N/A

		2750.0

		N/A

		N/A

		 N/a



		Vanadium

		mg/l

		58.2

		< 0.1

		N/A

		<0.1

		N/A

		900

		3641



		Sulfate

		mg/l

		19800

		7481

		3760

		2305.0

		5250.0

		

		0.00



		TDS

		mg/l

		60800

		11682

		8400

		6333

		113958

		274400

		444000



		Conductivity

		mS/cm

		81900

		16.7

		14.8

		7.3

		123500.0

		 200.0

		244000 





Table A1: typical composition of brines at SASOL Synfuels


A2: the role of salinity in bleed behaviour
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Fig. A2.1 Bleed behaviour of fly ash with distilled water
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Fig. A2.2 Bleed behaviour of fly ash with U66 brine


A3: statistics on slumping
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Fig. A3.1 graph showing the relationship between two slump tests
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Fig. A3.2 the relationship between slump and LOI
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			0			0.0			0.0			0.0			0.0			0.0						0			0.0			0.0			0.0			0.0						0.0			0.0			0.0			0.0			0.0						0.0			0.0			0.0			0.0			0.0


			15			0.2			1.5			0.2			1.1			1.3						0.4			3.3			0.4			3.6			3.5						0.5			5.0			0.6			4.7			4.9						0.7			5.6			0.7			5.6			5.6


			30			0.3			2.3			0.4			2.9			2.6						0.5			3.7			0.5			4.5			4.1						0.7			6.5			0.7			5.1			5.8						1.0			8.7			1.0			8.5			8.6


			45			0.4			2.7			0.4			2.9			2.8						0.5			4.1			0.5			4.5			4.3						0.9			9.0			0.9			7.1			8.0						1.6			13.9			1.6			13.7			13.8
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						70%																		65%																		60%																		55%


			Time			Tube 1			% tube1			Tube 2			% tube 2			Ave %						Tube 1			% tube1			Tube 2			% tube2			Ave %						Tube 1			% tube1			Tube 2			% tube2			Ave %						Tube 1			% tube1			Tube 2			% tube2			Ave %


			0			0			0			0.0			0.0			0.00						0			0.0			0.0			0.0			0.0						0.0			0.0			0.0			0.0			0.0						0.0			0.0			0.0			0.0			0.0


			30			0.1			0.9			0.2			1.2			1.05						0.3			2.5			0.2			1.9			2.2						0.2			1.8			0.2			1.8			1.8						0.4			3.7			0.4			3.0			3.3


			60			0.2			1.7			0.3			2.5			2.10						0.6			5.0			0.5			4.1			4.5						0.4			3.5			0.5			4.1			3.8						0.6			5.0			0.4			3.5			4.3


			75			0.3			2.6			0.4			2.9			2.74						0.7			5.8			0.7			5.7			5.8						0.6			5.3			0.7			6.4			5.9						0.7			6.4			0.6			5.2			5.8


			105			0.4			3.5			0.4			3.3			3.39						0.7			5.8			0.7			5.7			5.8						0.7			6.2			0.7			6.8			6.5						1.6			14.2			1.3			11.3			12.7


			1200			0.4			3.5			0.4			3.3			3.39						0.7			5.8			0.7			5.7			5.8						1.0			8.8			1.0			9.2			9.0						1.7			15.5			1.8			15.7			15.6


			2520			0.2			1.7			0.2			1.2			1.49						0.7			5.8			0.7			5.7			5.8						1.0			8.8			1.0			9.2			9.0						1.8			16.4			2.0			17.4			16.9


			2760			0.2			1.7			0.2			1.2			1.49						0.4			3.3			0.5			4.1			3.7						0.9			8.0			0.9			8.3			8.1						1.8			16.4			2.0			17.4			16.9


			4680			0.15			1.3			0.1			0.8			1.06						0.4			3.3			0.4			3.3			3.3						0.9			8.0			0.9			8.3			8.1						1.9			16.9			2.0			17.0			16.9


			5100			0.1			0.9			0.1			0.8			0.85						0.35			2.9			0.4			3.3			3.1						0.9			8.0			0.9			7.8			7.9						1.8			16.4			1.9			16.5			16.5


			6480			0.05			0.4			0.0			0.0			0.2						0.3			2.5			0.4			2.8			2.7						0.9			7.5			0.9			7.8			7.7						1.7			15.5			1.8			15.7			15.6


			10440			0			0.0			0.0			0.0			0.00						0.1			0.8			0.1			0.8			0.8						0.6			5.3			0.6			5.5			5.4						1.7			15.1			1.7			14.8			14.9


			13500			0			0.0			0.0			0.0			0.00						0.1			0.8			0.1			0.4			0.6						0.6			4.9			0.6			5.0			5.0						1.5			13.7			1.6			13.9			13.8
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			15			0.2			1.5			0.2			1.1			1.3						0.4			3.3			0.4			3.6			3.5						0.5			5.0			0.6			4.7			4.9						0.7			5.6			0.7			5.6			5.6


			30			0.3			2.3			0.4			2.9			2.6						0.5			3.7			0.5			4.5			4.1						0.7			6.5			0.7			5.1			5.8						1.0			8.7			1.0			8.5			8.6


			45			0.4			2.7			0.4			2.9			2.8						0.5			4.1			0.5			4.5			4.3						0.9			9.0			0.9			7.1			8.0						1.6			13.9			1.6			13.7			13.8


			105			0.4			3.1			0.4			2.9			3.0						0.5			4.1			0.5			4.5			4.3						1.0			9.5			1.1			8.3			8.9						1.7			14.7			1.8			15.4			15.1


			240			0.4			2.7			0.4			2.5			2.6						0.4			3.3			0.4			3.6			3.5						0.8			8.0			0.9			7.1			7.5						1.7			14.3			1.8			15.4			14.8


			375			0.3			1.9			0.2			1.4			1.7						0.4			3.3			0.3			2.7			3.0						0.8			8.0			0.9			7.1			7.5						1.6			13.9			1.7			14.5			14.2


			1305			0			0			0.0			0.0			0.0						0.2			1.7			0.2			1.8			1.7						0.5			4.5			0.6			4.7			4.6						1.4			12.1			1.4			11.5			11.8








Combined bleed 


			0			0			0			0


			30			30			15			15


			60			60			30			30


			75			75			45			45


			105			105			105			105


			1200			1200			240			240


			2520			2520			375			375


			2760			2760			1305			1305


			4680			4680


			5100			5100


			6480			6480


			10440			10440


			13500			13500


			14760			14760


			20580			20580


			30900			30900


			39360			39360





70%FA %U66b


65%FA & U66b


73%FA & DH2O


70%FA & DH2O


Time


Bleed %


TWU66 to FFA bleed behaviour


0


0


0


0


1.0520665593


2.1849593496


1.3029271239


3.4628473131


2.1041331186


4.5325203252


2.5838870888


4.1219475711


2.7446770442


5.762195122


2.7747267835


4.3285591414


3.3852209698


5.762195122


2.9655664781


4.3285591414


3.3852209698


5.762195122


2.5948706684


3.4628473131


1.486849168


5.762195122


1.6736229337


3.0103586253


1.486849168


3.6991869919


0


1.7314236566


1.0636965468


3.2926829268


0.8463052424


3.0843495935


0.2173913043


2.6727642276


0


0.8231707317


0


0.6199186992


0


0.4115853659


0


0.1646341463


0


0


0


0





bleed from U66 brine


			0			0			0			0


			30			30			30			30


			60			60			60			60


			75			75			75			75


			105			105			105			105


			1200			1200			1200			1200


			2520			2520			2520			2520


			2760			2760			2760			2760


			4680			4680			4680			4680


			5100			5100			5100			5100


			6480			6480			6480			6480


			10440			10440			10440			10440


			13500			13500			13500			13500


			14760			14760			14760			14760


			20580			20580			20580			20580


			30900			30900			30900			30900


			39360			39360			39360			39360





70% FA


65% FA


60% FA


55% FA


Time (hrs)


% Bleed


0


0


0


0


1.0520665593


2.1849593496


1.8023869449


3.3482231487


2.1041331186


4.5325203252


3.8341316879


4.2505459599


2.7446770442


5.762195122


5.8658764309


5.8050426841


3.3852209698


5.762195122


6.4918405456


12.7297994838


3.3852209698


5.762195122


9.0119347244


15.5886440341


1.486849168


5.762195122


9.0119347244


16.9148302561


1.486849168


3.6991869919


8.1107412519


16.9148302561


1.0636965468


3.2926829268


8.1107412519


16.925749454


0.8463052424


3.0843495935


7.8813834538


16.4800476474


0.2173913043


2.6727642276


7.6601445157


15.5886440341


0


0.8231707317


5.4071608346


14.9255509232


0


0.6199186992


4.9565640984


13.8058368076


0


0.4115853659


4.9565640984


12.9144331944


0


0.1646341463


4.5059673622


12.4687313877


0


0


3.8260128278


12.033948779


0


0


3.3754160916


11.5882469724





U66Brine


						70%																		65%																		60%																		55%


			Time			Tube 1			% tube1			Tube 2			% tube 2			Ave %						Tube 1			% tube1			Tube 2			% tube2			Ave %						Tube 1			% tube1			Tube 2			% tube2			Ave %						Tube 1			% tube1			Tube 2			% tube2			Ave %


			0			0			0			0.0			0.0			0.00						0			0.0			0.0			0.0			0.0						0.0			0.0			0.0			0.0			0.0						0.0			0.0			0.0			0.0			0.0


			30			0.1			0.9			0.2			1.2			1.05						0.3			2.5			0.2			1.9			2.2						0.2			1.8			0.2			1.8			1.8						0.4			3.7			0.4			3.0			3.3


			60			0.2			1.7			0.3			2.5			2.10						0.6			5.0			0.5			4.1			4.5						0.4			3.5			0.5			4.1			3.8						0.6			5.0			0.4			3.5			4.3


			75			0.3			2.6			0.4			2.9			2.74						0.7			5.8			0.7			5.7			5.8						0.6			5.3			0.7			6.4			5.9						0.7			6.4			0.6			5.2			5.8


			105			0.4			3.5			0.4			3.3			3.39						0.7			5.8			0.7			5.7			5.8						0.7			6.2			0.7			6.8			6.5						1.6			14.2			1.3			11.3			12.7


			1200			0.4			3.5			0.4			3.3			3.39						0.7			5.8			0.7			5.7			5.8						1.0			8.8			1.0			9.2			9.0						1.7			15.5			1.8			15.7			15.6


			2520			0.2			1.7			0.2			1.2			1.49						0.7			5.8			0.7			5.7			5.8						1.0			8.8			1.0			9.2			9.0						1.8			16.4			2.0			17.4			16.9


			2760			0.2			1.7			0.2			1.2			1.49						0.4			3.3			0.5			4.1			3.7						0.9			8.0			0.9			8.3			8.1						1.8			16.4			2.0			17.4			16.9


			4680			0.15			1.3			0.1			0.8			1.06						0.4			3.3			0.4			3.3			3.3						0.9			8.0			0.9			8.3			8.1						1.9			16.9			2.0			17.0			16.9


			5100			0.1			0.9			0.1			0.8			0.85						0.35			2.9			0.4			3.3			3.1						0.9			8.0			0.9			7.8			7.9						1.8			16.4			1.9			16.5			16.5


			6480			0.05			0.4			0.0			0.0			0.2						0.3			2.5			0.4			2.8			2.7						0.9			7.5			0.9			7.8			7.7						1.7			15.5			1.8			15.7			15.6


			10440			0			0.0			0.0			0.0			0.00						0.1			0.8			0.1			0.8			0.8						0.6			5.3			0.6			5.5			5.4						1.7			15.1			1.7			14.8			14.9


			13500			0			0.0			0.0			0.0			0.00						0.1			0.8			0.1			0.4			0.6						0.6			4.9			0.6			5.0			5.0						1.5			13.7			1.6			13.9			13.8


			14760			0			0.0			0.0			0.0			0.00						0.05			0.4			0.1			0.4			0.4						0.6			4.9			0.6			5.0			5.0						1.4			12.8			1.5			13.0			12.9


			20580			0			0.0			0.0			0.0			0.00						0.02			0.2			0.0			0.2			0.2						0.5			4.4			0.5			4.6			4.5						1.4			12.3			1.5			12.6			12.5


			30900			0			0.0			0.0			0.0			0.00						0			0.0			0.0			0.0			0.0						0.5			4.0			0.4			3.7			3.8						1.4			12.3			1.4			11.7			12.0


			39360			0			0.0			0.0			0.0			0.00						0			0.0			0.0			0.0			0.0						0.4			3.5			0.4			3.2			3.4						1.3			11.9			1.3			11.3			11.6
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CHAPTER 6


conclusions and recommendations


6.1 Summary of the Findings


· The results have shown that the transportability of paste is affected by physical properties of fly ash such as LOI and fineness. In addition, pastes with higher solids concentrations were more susceptible to the deviations in the physical properties of fly ash. This sensitivity requires close monitoring of the process which implies additional man-power and an increase in running cost thereof. The pumpability of paste with relatively higher solids concentrations (e.g. 70%) will also require more energy which is another cost implication. Conversely the paste containing less solids concentration such as 65% will be less sensitive to the changes in physical properties of fly ash and pumpability will require less energy. Hence it will be better to operate at lower S:L ratios.

· The liquid medium used during paste preparation plays a major role in the settling and slumping of paste. It was observed that salinity is one of the factors that affect the settling rate. The availability of various brines within Synfuels provides an opportunity to prepare blends that will provide suitable settling of paste. Furthermore it was observed that the salinity affects the transportability of paste. The use of a suitable liquid medium could prolong the transportability of a paste to a disposal site, without any addition of plasticizers. In addition blockages in pipes can be controlled by influencing the settling rate. These factors could have economic benefits. The findings also showed that salt retention was dependent on the chemical composition of the brine rather than the salt load (i.e. TDS). However there seems to be a limit in the amount of salts that can be retained in paste. This makes it possible to blend streams with an intention of achieving a suitable chemical composition and salt load. The understanding of the role that various ions play during the paste formation will require further research. The results from that study are likely to broaden the applications of paste technology.

· There is a huge potential to utilise some of the SASOL wastes like incineration ash (IA) and gasification ash, as additives during paste preparation. An improvement of approximately 80% in salt retention was observed with 5 – 10% additions of IA. In addition finer gasification ash also increased salt retention by approximately 65% at a dosage of 25%. The improvement in salt retention using SASOL wastes was comparable to commercial additives such as lime and cement. These were tested in the range of 0.5 to 1% additions. The addition of silica fume cannot be encouraged with the current information. The potential use of SASOL solid wastes will address the salt problem and provide cost benefits in terms of commercial additives that could be required. 

· The studies showed that there was no measurable difference between diffusion and dissolution in terms of leachate quality and kinetics of salt release. It was postulated that the mode of retention is due to chemical bonding rather than physical encapsulation. The verification of this postulate needs further research. The understanding of the retention mechanism of salts in paste is critical to determine its sustainability.

6.2 Recommendations

The intention of this investigation was to assess the technical feasibility of paste technology. The results obtained during the study have enabled the author to recommend positive or favourable conditions for a paste technology. However, there is a need to continue with the research since insufficient data is available for full-scale implementation. 

Suggestions for future work in this project include;

· Undertaking a study to determine the hydration reactions and kinetics thereof. This could lead to an understanding of ways to accelerate the hydration reactions e.g. by use of additives or control of temperature. 


· Pursue solid phase analyses on pastes using CCSEM. Successful identification of the secondary minerals such as ettringite and Friedel’s salt could improve the confidence to implement this technology and environmental impacts can be predicted.


· Strength determination, which uses less pressure than in concrete testing, should be used.


· Construction of a pilot plant would improve data collection over a defined period of time. The laboratory study does not accurately simulate the field conditions. 
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