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PARTICLE IHTERACTION AND STABIL ITY  OF SUSPENDED SOLIDS 

ABSTRACT 

The phys lcs  o f  p a r t i c l e  i n t e r a c t i o r g  which i s  r t s p o n s i b l e  f o r  the 
prob lem o f  the apparent ta rdy  s e t t l i n g  o f  suspended s o l i d s  i n  t a i l i n g s  
d ischarge  s l u r r i e s  c o n t a i n i n g  t n i t l a l l y  l o w  c o n c e n t r a t i o n s  o f  s o l i d s ,  I S  
examined I n  th is  study.  The degree t o  h i c h  t h e  s o l i d s  remain i n  a  
quasi-suspended S t a t e  i s  i d e n t i f i e d  as the d i s p e r s i o n  s t a b i l i t y  o f  the  
suspensTon. T h l s  study f i r s t  i d e n t i f i e s  t h e  b a s l c  elements o f  the gene- 
r a l  s l  t u a t i o n ,  and d lscusscs  t h e  c h a r a c t e r l s t l c s  of I n t e r a c t  Ions of s u r -  
face-act  i v e  sol i d s  which a r e  connon to  many types O F  s l u r r i e s  and funda- 
mental  t o  t h e  deve lopren t  o f  suspension p r o p e r t i e s .  The b a s i c  p r i n c i -  
p l e s  e s t a b l i s h e d  from the phys lcs  o f  i n t e r a c t i o n  of t h e  suspended s o l i d s  
I d e n t i f y  d i s p e r s i o n  stability as a f u n c t i o n  of the composition o f  the 
sol I d s  and t h e  c h e m i s t r y  o f  t h e  suspending F l u i d .  The e q u i l  i b r i u m  con- 
c e n t r a t i o n  o f  s o l i d s  remaining i n  suspension a t  any o n e  t ime cdn be c a l -  
c u l a t e d  in  terms o f  t h e  balance o f  energy ( i n t e r n a l  and e x t e r n a l )  o f  t h e  
5ystem. The concept o f  equll i b r i u m  suspension volumes I s  t e s t a d  w i t h  
comparisons b e t m e n  t h e o r e t i c a l l y  computed and m a s u r e d  va lues o f  s o l  l d s  
concen t ra t ions .  

INTRODUCTION 

The phenomenon o f  s e t t l i n g  o f  suspended s o l i d s  ( f i n e s )  i s  one which 
i s  c o r n  to (a) n a t u r a l  processes i n  s o i l  sed imenta t ion  such as  t h e  
i n i t i a l  s tages  For format ion o f  sedimentary s o i l s ,  and ( b )  management o f  
t a i l i n g s  d ischarge  f rm  minera l  resource i n d u s t r i e s .  I n  both genera l  
types o f  s i t u a t i o n s ,  one of rhe  major item of  i n t e r e s t  i s  t h e  prob lem 
o f  p r e d i c t i o n  o f  the r a t e  o f  s e t t l i n g  o f  the suspended s o l  i d s  and the 
consoTidatTon o f  t h e  sediment l a y e r .  

The i n t e n t  o f  t h i s  paper i s  r o  p resen t  a v i e w  o f  the phenomnon o f  
i n t e r a c t i o n  of s u r f a c e - a c t i v e  sol i d s  i n  a f l u l d  medium which produces 
t h e  s l t u a t l c n  c-nly i d e n t i f i e d  as s so l ids -suspens ion .  Because of  
the su r face  a c t l v i  t i e s  o f  the s o l i d s  and t h e i r  r e s u l  t a o t  i n t e r a c t i o n s ,  
the phenomenon o f  suspended s o l i d s  occurs  i n  many conta lnmcnt  ponds 
assoc ia ted  w i t h  m inera l  resource i n d u s t r y  d i scharges .  

We begin  b y  l d e n t l f y l n g  the general  s i t u a ~ i o n  o f  pond c o n t a l n m n c  
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and t h e  es tab l i shment  of a so11d5 c o n c e n t r a t i o n  p r o f i l e  In the pond. 
T h i s  i s  fol lowed by a d i s c u s s i m  o f  t h e  characteristics of i n t e r a c t i o n s  
O F  s u r f a c e - a c t i v e  s o l  i d s  which a r e  fundamental to the development o f  t h e  
suspension p r o p e r t i e s  - w i t h  a  v i e w  to e s t a b l  l s h l n g  t h e  r h c s i s  t h a t  t h e  
s o l i d s  a r e  d ispersed in t h e  suspending f l u i d  a t  a p a r t i c u l a r  e q u l l i b r i u r n  
concen t ra t ion ,  c o n s i s t e n t  w i t h  (a) the composi t ion of s o l i d s ,  and (b) 
the baTmce o f  energy ( i n t e r n a l  and e x t e r n a l )  o f  t h e  system. To dcrmn- 
s t r a t e  the t h e s i s ,  severa l  types of d i scharge  ~ l u r r i e s  are  e x m i n e d  in  
t h i s  s tudy.  Tht l a b o r a t o r y  methods of corrposi t l o n a l  a n a l y r i s  and t h e  
p e r t i n e n t  c m r q o s i t l o n a l  f e a t u r e s  O F  the s l u r r i c s  s t u d i e d  a r e  a l s o  l i s t e d .  
F l n a l l y ,  u s i n g  r h e  concept of the e q u i l i b r i u m  suspension volume des- 
c r i b e d  by each type of s o l  I d  which c m p r l s e s  t h e  types o f  s o l  i d s  p r e s e n t  
i n  the system, t h e  t h e o r e t i c a l l y  computed s o l i d s  c o n c e n t r a t i o n s  for some 
o f  the s l u r r i e s  s t u d i e d  a r e  compared with t h e  a c t u a l  measured r o l l d s  
c o n c t n t r a t  ions.  

THE PHYSICAL PROBLEH 

The s o l i d s  ( f i n e s )  c o n c e n t r a t i o n  by weight .  i n  a so l ids -suspens ion  
t a i  1  ings  d ischarge  from many m lnera l  e x t r a c t i o n  process l n d u s t r i e s  I 5  

g e n e r a l l y  ve ry  d i l u t e  - i n  t h e  range of 1 t o  3%. l f  t h e  s o l  i d s  are  non 
su r face-ac t i ve ,  and i f  they a r e  $ 1 1 ~ - s T z e d  or l a r g e r ,  I t  i s  l i k e l y  t h a t  
they w i l l  s e t t l e  I n  accord u l t h  the genera l  predictions advanced by the 
s lmple  Stokes ian model. However, I f  t h e  p a r r l c l c s  a r t  c l a y - s i z e d  or 
less .  and I f  they a r e  s u r f a c e - a c t i v e  I n  na tu re .  r i n p l e  S tokes ian  p re -  
d I c t l o n s  wi I1 n o t  accurateTy p o r t r a y  the s e t t l i n g  behav iour  o f  the s o l i d s .  

As t h e  s o l  i d s  s e t t l e .  t h e i r  c o n c e n t r a t i o n  w i l l  i nc rease  t o  the 
p o i n t  where p rox ima l  h indrances become significant. Thus, even I f  
i n i t i a l  s e t t l i n g  o f  t h e  suspended s o l i d s  can be p r e d i c t e d  by the s imple  
Stokes ian model, subsequent s e t t l  l ng  o f  the s o l i d 5  w l  I 1  render  t h e  model 
i n v a l  i d  In appl  Tcat ion.  The problem o f  the i n a b i  1 i t y  of t h e  s o l  i d s  to 
s e t t l e  In accord w i t h  q r a v l  t a r i o n a l  mechanisms has been documented p r e -  
v i o u s l y  - e.g.  [1,5,25] and w i l l  n o t  be repeated here.  f i g u r e  1 which 
shows t h e  essence of the p r o b t e q  p o r t r a y s  the s o l  Ids  c o n c e n t r a t i o n  pro- 
file i n  a s e t t l i n g  Wnd. T h i s  p r o f i l e  I s  c m n  to t h e  s e t t l i n g  pc r -  
f o m n c e  o f  i n i t i a l l y  d i l u t e  suspensions From t a l l l n g s  d ischarge  or 
n a t u r a l  processes a f t e r  a p e r i o d  o f  severa l  years. 

Zone A which i% s o m t l m e s  de f lned  as t h e  top, water  l a y e r .  I s  t h e  
supernatant  wa te r  l a y e r .  T h l s  represents the water re leased l n  t h e  
Immediate s e t t l  l n g  o f  the d ischarge t a l  l i n g s  s t u r r y  p l u s  the acc lmula-  
t i o n  of the water  d e r i v e d  from t h e  sedtmnta t ion /consol ida t ion  processes 
o c c u r r l n g  i n  the lower p o r t i o n s  of the containment pond. Below Zone A, 
r h c  s o l i d s  c o n c e n t r a t l o n  appearS to Increase t o  t h e  p o i n t  where a some- 
!&at. c o n s t a n t  s o l i d 5  c o n c e n t r a t i o n  1s o b t b l n e d .  The t r a n s i t i o n  sottds 
c o n c e n t r a t i o n  zone 1s i d e n t i f i e d  as Zone 0 w h l l s t  t h e  apparent " ~ o n s t a n t ' ~  
s o l i d s  c o n c e n t r a t i o n  zone I s  l a b e l l e d  4s Zone C. T h i s  z m c  i s  sometIme5 
c a l l e d  the s tagnant  zone - In recognition o f  the f a c t  t h a t  the r a t e  o f  
s o l i d s  c o n c e n t r a t l o n  Increase 1s remarkably low In c o n t r a s t  to t h a t  ob- 
served I n  Zone 0 .  
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The t r a n s i t i o n  between Zones C and D I s  n o t  we1 I - e s t a b l  i rhed .  
Zone 0 rep resen ts  the proper  sediment l a y e r  where consol  i d a t  i on  i s  k n o m  
t o  occur.  However, t h e r e  i s  cons ide rab le  e v i d c n c t  ava i l a b l e  f rom f i e l d  
rneasuremtnts to show t h a t  even though the s o l  i d s  c o n c e n t r a t i o n  i n  the 
i m e r  p o r t i o n  o f  Z m e  C m i g h t  be low. ( v o i d  r a t l o s  o f  about 5 o r  l e s s ) ,  
some success i n  t h e  app l  f c a t i o n  o f  l a rge -s  t r a i n  conso l  i d a t  i on  methods o f  
ana lyses can be ob ta ined  i n  t h e  prediction of s e t t l i n g  r a t e .  T h i s  i s  
d iscussed f u r t h e r  i n  the n e x t  Sect i on  o f  t h i s  paper. 

We should  n o t e  however t h a t  the s i t u a t i o n  s h w n  i n  Fig.  1 r ep resen ts  
the I d e a l  containment pwld  i n  a stagnant s i t u a t i o n ,  and t h a t  t h e  pond 
F l l l i n g  process 1s assumed t o  produce an i n i t i a l  u n i f o r m  d i s t r i b u t i o n  of 
so l i ds .  The r e a l  f i e l d  s i t u a t i o n  however I s  n o t  as e a s i l y  descr ibed.  
F i g u r e  2 f o r  example shcmr the development of a  t y p i c a l  pcnd where t h e  
t a i  I ings s l u r r y  i s  d i scharged  f rm t h e  "upper" end o f  t h e  pond. T h i s  
idea l  ized ske tch  rep resen ts  the ongoing d ischarge  o c c u r r f n g  i n  s e v e r a l  
o p e r a t i o n s  p r e s e n t l y  under s tudy.  Re ly ing  on the  c h a r a c t e r i s t i c s  of t h e  
s e t t l i n g  m a t e r i a l  i n  c o d i n a t i o n  w i t h  n a t u r a l  s o l a r  d r y i n g  processes 
(where app l  i c a b l e ) .  a k i n d  of incl ined l a y e r i n g  e f f e c t  I s  genera l  y  
achieved. The coarse r  p a r t i c l e s  o r  sol  i d s  s e t t l e  o u t  I n  t h e  near end 
of t h e  pond w h i l s t  t h e  fTner f r a c t i o n s  wi 11 g e t  " t ranspor ted"  t o  t h e  
f u r t h e r  extremes o f  the pond. I n  e f f e c t  the re fo re ,  a  s e g r e g a t i v e  e f f e c t  
7s  developed. 

The three s e c t i o n s  i d e n t i f i e d  i n  F ig .  2 s h w  an aLtempt i n  b r o a d l y  
c l a s s 1  f y  i n g  the apparent segrega t i ve  e f f e c t .  Sect  ion I shows t h e  d e l  t a  
l a y e r i n g  e f f e c t .  Present exper ience [ n  the ongoing trm s t u d i e s  be lng  
conducted i n  S.E. A ~ i a  and Jamaica s h w s  t h a t  w i t h  proper  sequencing o f  
t a i l  l ngs  discharge, d e n s i f  i c a t i o n  o f  the l a y e r s  through p a r t i a l  d r y i n g  
of t h e  t a i  l i ngs  d ischarge  l a y e r s  can be achieved. By moving the d i s -  . 
charge p l p e  from one l o c a t i o n  to another t o  a l l o w  for t h l s  d r y l n g  p ro -  
cess to occur.  a  q u a s i - s t a b l e  beach can be formed. D r i l l i n g  and sam- 
p l  i n g  through same o f  these beaches have shown t h a t  the s o l  i d s  d i s t r i -  
b u t i o n  p r o f i l e  and e s p e c i a l l y  the water c o n t e n t  p r o f i l e  a r e  n o t  u n i  Form. 
Th15 i s  because o p e r a t i o n a l  procedures g e n e r a l l y  do n o t  p e r m i t  the t ime 
r e q u i r e d  f o r  each t a i l i n g s  d ischarge  layer  to F u l l y  d r y  b e f o r e  accep t ing  
the n e x t  load. 

S e c t i w l  I1 I n  Flg.  2 shows a  g r e a t e r  presence o f  coarse r  p a r t i c l e s  
I n  the suspenslon i n  c o n t r a s t  t o  Sec t ion  111. The coarser  p a r t  l c I t 5  
whlch sediment more r c a d l  t y  i n  Sec t ion  11 and the o t h e r  sol i d s  rema in ing  
i n  suspension i n  S e c t i m  11 a r e  o b v i o u s l y  i n f l u e n c e d  by t h e  i n p u t  con- 
d i t i o n s  a t  the p i p e  e n t r y .  The s e t t l i n g  perFormnce  o f  t h e  suspended 
s o l i d s  i n  Sect ion III may be assured t o  approach t h e  i d e a l  pond c o n t a i n -  
ment s l t u a t l o n  shorn i n  Fig.  I .  

Many terms have been used to d e s c r i b e  t h e  c m b i n a t i m  of suspended 
s o l  i d s  and water,  e.g. "sl Ime", " $ l u r r y l ' ,  "mud", e t c .  By and l a r g e ,  
these terms have general  l y  been assoc ia ted w l  t h  c e r t a i n  I n d u s t r i e s .  p ro -  
cesses, o r  t y p c ~  o f  d ischarge. The fundamental phenomenon o f  suspended 
f i n e s  o r  s o l l d s  however remains the same. For t h e  sake o f  s i m p l i c i t y  in 
c o m u n i c a t  ion i n  thls p r e s e n t a t  ion, the term " s l u r r y  waste"  w i  l l be used 
I n  d i scuss ions  concerned w i t h  the general so l i ds -suspens ion  p h e n m n o n  
a s s o c i a t e d  w i  t h  t a l  I lngs d ischarge.  However, where s p e c l f  i c  terms have 
b e a  used in  p a r t i c u l a r  I n d u s r r i c s ,  c.g .  r e d  mud f o r  b a u x i t e  s l u r r y  





waste discharge, t h e w  w i l l  be used a t  the a p p r o p r i a t e  t i m s .  

INTERACTIOH CHAPACTERISTICS IN  DEVELOPHENT 
OF DISPERSION STABILITY OF SLURRY WASTES 

Since t h e  composition m d  p r o p e r t i e s  of a  specf f i c  s l u r r y  waste i s  
a d i r e c t  f u n c t i o n  of (a) t h e  n a t u r e  and c m p o s i t i o n  o f  t h e  hos t  m a t e r l a l ,  
(b)  the e x t r a c t i o n / p r o c e s s  variables and techniques used, and (c)  t h e  
end p r o d u c t  r e q u i r e r e n t ,  i t  i s  apparent t h a t  c o n s i d t r a b l e  v a r i a t i o n s  i n  
t x a c t  c o m s i t i o n a l  c h a r a c t e r i s t i c s  and p r o p e r t i e s  o f  p roduc t  s l u r r i e s  
w111 be obta ined.  The p reced ing  no tw i  t h r t a n d i n g ,  t h e  f m d a m n t a l  i ssues  
concern ing the n a t u r e  o f  the problem remain somwhat c o n s t a n t ,  i .e. 
n a t u r e  and c h a r a c t e r i s t i c s  o f  t h e  suspendad s o l  i d 5  (general  l y  sur face-  
a c t i v e  s o l I d s  such a 5  c l a y  m inera l  p a r t i c l e s ) ,  and c h e m i s t r y  o f  the sus- 
pending f l u i d .  Some exampTes o f  t y p l c a l  s l u r r y  wastes, such as those 
cons idered i n  t h i s  study,  i n c t u d t :  (a )  phosphatic c l a y  51 imes, (b) baux- 
i t c  r e d  mud; (c)  t a r  sand sludge. (d)  humic s l i m s ,  (e), t i n  mine 
s l imes,  and ( f )  c l a y  5lIme.r. 

The phenomenon o f  s low s e l f  s e t t l i n g  o f  suspended sol i d s  which i s  
n n s t  1 i k e l y  due t o  the Increased d i s p e r s i o n  s t a b i l  l t y  o f  the s o l  Ids  i n  
suspension can be t raced  to a t  l e a s t  t h r e e  mechanisms: 

( i )  hchanism 1 .  Mutual  n e t  r c p u l 5 i o n  caused by t h e  sur face-  
a c t i v e  n a t u r e  of the $01 i d s  and the l o u  s a l  t concen t ra t ions .  o r  p r e d m -  
inance O F  (a) imnova lcn t  c a t i o n s ,  or (b)  p o t e n t i a l  d e t e r m i n i n g  an ions.  

i )  k ~ h a n l s r n  2. Adsorption or c o a t l n g  of a m r p h o u s  m a t e r i a l  
Isma1 l l y o p h i l  i c  c o I l o l d )  on a l a r g e  c l e c t r o n e g a t l v c  c o l l o i d .  The 
a f f  I n1  t y  o f  amrphoua m a t e r i a l  for wa te r  exceeds t h e  n e t  a t t r a c t i o n  o f  
t h c  van der  Waals forces.  

( i i i )  Uechanisrn 1. S t e r i c  h indrance due to a d s o r p t i o n  o f  o r g a n i c  
m l c c u l e s  such a 5  dm0115 t r a t e d  I n  t h t  tar-sand sludge. 

I n  a  suspension c o n t a i n i n g  v a r i o u s  k i n d s  of constituents, a l l  t h r e e  
mechanisms a r e  expected t o  be present  - w l t h  d i f f e r i n g  degrees of i n f l u -  
ence - i n  p r o r a t i n g  t h e  d i s p e r s i o n  s t a b i l  i t y  O F  t h e  suspension. I t  i s  
indeed l i k e l y  t h a t  o t h e r  mchanisms may e x i s t  which a r e  c m p l e x  v a r i a n t s  
of t h e  above t h r e e  mechanisms. These have y e t  to be f u l l y  I d e n t i f i e d  
and documnted.  A l l  these mchanisms c o n t r i b u t e  n o t  c n l y  t o  t h e  s low 
s e l f  s e t t l  i ng  r a t e  o f  t h e  suspended (or d l s p e r s d )  s o l  i d s ,  b u t  a150 to 
t h e  suspension volume i.e. s tagnant  c o n d i t i o n  i n  Zone C. 

The t h r e e  mechanisms and c m p l e x  v a r i a n t s  o f  t h e  t h r e e  mechanisms 
a re  b a s i c  c o n t r i b u t o r s  t o  the d i s p e r r i m  s t a b i l i t y  o f  suspensions. The 
su r face  f o r c e s  are  m a i n l y  due t o  the e l e c t r i c a l  f i e l d  developed f rm t h e  
charge b a l a n c i n g  c a t i o n s  - g e n e r a l l y  I d e n t i f i e d  as coun te r  ions.  The 
e f f e c t  o f  su r face  e l e c t r i c a l  f i e l d s  on the p r o p e r t i e s  o f  adsorbed mle- 
c u l e s  needs t o  be understood. Approximate c a ! c u l a t l o n s  fo r  t h e  s u r f a c e  
e l e c t r i c a l  f i e l d s  suggest t h a t  they a r e  s t r m g  s i n c e  a  u n i t  p o s i t i v e  
p o i n t  charge gway frm a sur face  i s  about  1 5 0 3  m i l l i o n  v o l t s  p e r  cm or 
15 v o l t s  per Angstrom U n i t .  



I n  suspensions consisting O F  Iyophobic  colloids, such a s  s l u r r y  
wastes,  t h e i  r s t a b i l i t y  ( i . e .  d i s p e r s i o n  s t a b i l  i t y )  depends on the 
c h s r a c t t r l s t l c s  o f  p a r t i c l e  (so l  I d )  I n t e r a c t i o n  - I . e .  so1 i d - to -so l  i d  
I n t e r a c t i o n  i n  the presence o f  a f l u i d  medium c o n t a i n i n g  va r ious  i o n i c  
spec ies .  Col l e i d a l  theory  appears t o  be m o s t  u s e f u l  in p r o v i d i n g  t h e  
b a s l s  f o r  e v a l u a t i o n  o f  I n t e r p a r t i c l e  a c t i o n .  The q u a n t i t a t i v e  theory  
o f  stability o f  l y p h o b i c  c o l l o i d s ,  t d e n t l f i c d  a s  rhc DLVO theory  ( a f t e r  
DerJagin,  Landau, V c m y  and O v t r b e t k ) ,  c o n s t r u c t s  i t s  a n a l y t i c a l  model 
on the b a s i s  of (a) e l e c t r o s t a t i c  r e p u l 5 i w  fo rces  due to i n t e r p c n e t r a -  
t i o n  o f  t h e  d i f f u s e  Ion ic  l a y e r s ,  and ( b )  van d c r  Uaals  a t t r a c t i o n  
Forces. kt repuTr1on occurs  b e t m e n  p a r t i c l e s  ( c o l l o i d s )  when double  
l a y e r  r e p u l s i o n  overwhelms van der Uaals a t t r a c t i c m .  The presence o f  
p o t e n t i a l  d e t e r m i n i n g  anions such as bicarbonates, carbonates,  hydro-  
x ides,  phosphates, e tc .  i n  the F l u i d  phase, a l l  c o n t r i b u t e  t o  the en- 
hancement of n e t  repu ls ion .  

Vhen a t t r a c t i v e  forces dominate, t h e  system becmes  u n s t a b l e  and 
c o a g u l a t i o n  occurs.  A t  l e a s t  t w o  f a c t o r s  a r e  impor tan t  i n  t h e  coagu- 
l a t l o n  process: ' (a) Brormian mt im o f  the c o n s t i t u e n t  p a r t i c l e s .  and 
(b) p a r t i c l e  i n t e r a c t i o n .  I n  a system where the r e p u l s i v e  forces are  
v a n i s h i n g l y  smal I and can be neg lected,  Brownian col 1 i s i o n  betmen 
p a r t i c l e s  w l  I 1  lead to agglomerat ion or aggrega t ion  of the  p a r t i c l e s  - 
thus l e a d i n g  t o  t h e  p r o d u c t i o n  o f  f l o c  u n i t s .  Hot every c o l l  i s i o n  h w -  
ever  n i l  l r e s u l t  i n  aggregat ion.  For rum d i f f e r e n t  systems, g i v t n  the 
s m e  c o l  l i s i o n  frequency, t h e  e f f e c t i v e n e s s  o f  aggrega t ion  upon 
c o l  l i s i o n  depends on t h e  p r o p e r t i e s  o f  t h e  p a r t i c l e  sur faces.  Under 
such c i r c m s t a n c e s ,  t h i s  k i n d  o f  phenmenon i s  i d e n t i f i e d  as "slow coa- 
g u l a t i o n " .  

When the r a t e  o f  a g g r e g a t i m  upon c o l l  i s i o n  n o  l onger  depends on 
t h e  p r o p e r t i e s  o f  surfaces, and i s  c o n d i t i o n e d  o n l y  by  t h e  c o l l i s i o n  
frequency, the process o f  " fas t  coagu la t  Ion*' has been a t t a i n e d .  T h i s  
s t a t e  o c c u r s  when the p r o p e r t i e s  o f  the su r faces  o f  t h e  c c n s t i t u t n t s  i n  
the suspension are  ineffective i n s o f a r  a5 coll i s i o n  aggrega t ion  I s  con- 
cerned. 

In so l ids-suspens ions c h a r a c t e r i z e d  by c l a y  m i n e r a l s ,  t h e  z e t a  po- 
tentlat a t  any given c1ay:water r a t i o  depends on the c o n c e n t r a t i o n  o f  
e l e c f r o 1 y r e  In  t h e  suspension. The mcnomolecuTar l a y e r  o f  t h e  e l e c t r a -  
l y t e  on the c l a y  surFacc i s  formed ar a p a r t i c u l a r  concen t ra t ioo .  There 
does e x i s t  a s t rong  r e l a t i o n s h i p  between t h e  d i s p e r s l m  s t a b i l i t y  (of 
the suspen5lon) and t h e  z e t a  p o t e n t l a l  o f  the system. as show p r e v i o u s -  
i y  by Yong and Seth i  (1977) - see T a b l e  1. 

In c o n s i d e r i n g  t h e  d i s p e r s i o n  s t a b i l i t y  of suspensions c o n s i s t i n g  
O F  solids and f l u i d s ,  i t  i s  u s e f u l  t o  note  t h a t  t h e  d i s p e r s f o n s  h l c h  
a t e  s r a b l e  due t o  the  presence o f  s t r o n g  mutual  r e p u l s i v e  forces can be 
agglomeraLed or F loccu la ted  I n  one o f  a t  l e a s t  s i x  d  l f f e r e n t  ways: 



TABLE 1 - Re la t  Ion between O l s p e r ~ l o n  Stab11 l t y  of  C l a y s  

and Zeta P o t e n t i a l  

S tab) !  i t y  c h a r a c t e r i s t i c s  

- 
Average 

zeta  po_geotlal 
- . -  

1. Maximum agglomerat ion and p r e c i p i  t a t l c n  +3 t o  0 
2. E x c e l l e n t  agg lomcrat lon and p r e c i p i t a t i o n  1  to -4 
3. F a i r a g g l o r n s r a t i m a n d p r e c i p i t a t i o n  -5 t o  -10 
4. Threshold  of a g g l e w r a t i o n  ( t a c t o l d s  or domains) - I 1  to  -20 
5, P la teau  o f  1 1  i g h t  stability ( f e w  &mains) -21 t o  -30 
6. Moderate ' i tabt l  l t y  (no &mains) -31 to  -40 
7. Good s t a b i l i t y ,  i .e.  s t a b l e  s u s p e n r l m  -41 t o  -50 
8. Very p o d  s tab i  1 i t y  -51  to  -6U 
9. E x c e l l e n t  s t a b I 1 i t y  -61 t o  -80 

10. Maximum s t a b i  1  l CY -81 t o  -100 

1. Through l o w e r l n g  o f  the zeta p o t e n t i a l  o f  t h e  system to zero 
w i t h  t h e  use o f  a s t r o n g  c a t I o n i c  e l e c t r o l y t e .  

2. Through the use o f  a s t r o n g  c a t l o o i c  e l e c t r o l y t e  i n  con junc-  
t ion w i t h  an a p p r o p r i a t e  a l k a l i .  (optimum pH i s  r e q u i r e d ) .  

3. 8y add ing a reagent whlch r e s u l t s  i n  t h e  f o r m a t i o n  of an In- 
s o l u b l e  m a t r i x  which e n g u l f s  and b inds the wa te r  In fhe system. 

4 .  A g g l o m r a t i c n  through t k  a d d i t i o n  o f  s u f f i c i e n t  c a t i o n i c  
po l  y e 1 e c t r o I y t e s .  

5. A g g l m r e t i m  w i t h  long c h a i n  o r  branched-chain a n i o n i c  p o l y -  
e l e c t r o l y t t s .  

6 .  Agglomerat Ion w i t h  n o n - i o n l c  l o n g  c h a i n  or branched-cha in  pol y- 
m rs.  

The p r o t e c t i v e  c o a t l n g  o f  amorphous m a t e r i a l  on t h e  sur faces o f  
p r l m a r y  m i n e r a l s  and l a r g e r - s i z e d  sol i d s  1241 may r e s u l t  l o  s t r o n g  
r e p u l s i o n  between p a r t i c l e s .  thus r c n d e r l n g  s t a b l e  d i s p e r s i o n  c o n d i t l m s .  
i n  suspension systems d e r i v e d  w i t h '  s o i  1 p a r t i c u l a t e s ,  the amorphous 
rna te r Ia l  i s  seen to be composed of ~ t l i c a  w i t h  or w i t h o u t  ~ e s q u l o n l d e s .  
I t  has a s t r o n g  a f f i n i t y  wl th water and i t s  p r o p e r t i e s  change on d r y i n g .  

SETTL I NG/SED IHEMTAT I ON PROCESS 

The s i m p l e s t  procedure f o r  d e s c r i p t i o n  o f  the t o t a l  s e t t l  i n g / s e d l -  
m c n t a t i c n  and consol~datiorr process I s  to crace the " l i f e "  or s t a t u s  o f  
a t y p l c a 1  r e p r e s e n t a t i v e  s o l  Id, b e g i n n i n g  w t t h  i t s  i n i t i a l  s t a t e .  Fol- 
I c w i n g  introduction O F  the t a i l  i n g l  s l u r r y ,  the sol  i d s  In the s l u r r y  
w i l l  s e t t l e  1n a fash ton  r o r e  or l e s s  c o n t r o l l e d  by e l t h c r  g r a v i t a t l o n a l  
f o r c t s  o r  by i n t e r a c t i v e  f o r c e s  d i c t a t e d  by s u r f a c e - a c t i v e  r e l a t i o n s h i p s .  
The c o n c e n t r a t i o n  o f  s o l i d s  a t  t h i s  t1mc i s  n o t  s u f f i c i e n t  t o  account  
for p rox ima l  h indrances,  and i s  identified in  FSg. I as Zone A. l t 
15 Indeed Impor tant  to  s t r e s s  t h a t  the " l i n e "  s e p a r a t i n g  any o f  t h t  
Zones s h a m  I n  F lg .  I, e.g. Lone A f r a  Zone B. I s  not a l i n e  b u t  w l l !  
be a t r a n s i  t I c m  Zone of v a r i a b l e  thickness. 



When i n i t i a l  s t t t l  i ng  of t h e  r e p r e s e n t a t i v e  s o l  l d  has proceeded to 
the s tage where ne lghbour ing  s o l  i d s  beg in  t o  i n t e r f e r e  because o f  t h e i r  
h l g h l y  a c t i v e  surfaces,  a h indered  s e t t l i n g  p e r f o r m n c e  c h a r a c t e r i s t l c  
becomes e v i d e n t  - 5 h m  as Zone B In F ig .  1. Beyond t h i s  stage, the 
s e t t l  ing of the representative s o l  I d  becomes t e d i o u s l y  s low and i s  
a p p a r e n t l y  h indered n o t  o n l y  by the p h y s i c a l  interferences of  ne ighbour-  
ing s o I i d 5 ,  b u t  a150 by i n t e r a c t T o n s  c o n t r o l l e d  by sur face a c t i v e  reia-  
t Ionsh ips.  I t Is not c l e a r  where Zone B ends and where l o n e  C beg ins.  
The kinds o f  mechanisms o p t r a t i v t  in these two Zone$ a r c  n o t  t o t a l l y  
d i f f e r e n t .  The ~ p z c l f i c  Items which separate  them are perhaps b e t t e r  
thought  o f  i n  terms o f  the m r e  or Te55 dominant so1 i d - t o - s o l  i d  ( i .e.  
I n t e r p a r t i c l e )  i n t e r a c t i o n s  established v i a  physico-chemical  forces,  

Zone C can be said t o  r e p r e s e n t  t h t  r e g i o n  where even t t a u g h  no 
p h y s i c a l  c o n t a c t  between s o l i d s  i s  e s t a b l i s h e d  - v o i d  r a t l o s  o f  4 to 6 - 
t h e  p h y s i c a l  evidence shows t h a t  some smal l  va lue  o f  exceJs h y d r o s t a t i c  
p ressure  (pore p ressure )  can be measured 1253. A Form o f  compression 
s s t t l r n g  of the s o l  ids can be s a i d  to  be o c c u r r i n g  a t  th is  stage. When 
tht r e p r e s e n t a t i v e  s o t i d  undergoes f u r t h e r  s e t t l i n g  t o  t h e  p o i n t  where 
p h y s i c a l  cant-act between adjacent 501 Id% I s  achlevcd. t h e  consol  i d a e i o ~  
process becomes the dominan t mechanism (Zone D) . 

Table 2 shors the elements o f  the 5 e t t l  i ng  process in  r e l a t l m  t o  
r e p r e s e n t a t  l v e  a n a l y t i c a l  d e l s .  The c m n t s  made a r e  n o t  meant to be 
comprehensive; o n l y  t h e  h igh1  ights a r e  1 l s t c d .  I n  v i e w i n g  t h e  Table. 
I t  i s  obv ious t h a t  a t  the p resen t  time, t o t a l  a n a l y s i s  of the prob lem 
can o n l y  be ach ieved by b r e a k i n g  up the problem into the f o u r  Zones f o r  
Separate analytical t reatment  u s l n g  a v a i l a b l e  c l a s s i c a l  r m d t l s  - o r  t h e i r  
v a r i a n t s  the reo f .  T h i s  procedure m i g h t  be expedient, b u t  i s  by no means 
s a t i s f a c t o r y .  The f i r s t  significant prob lem t h a t  comes to  mind i s  t h e  
d e f l n i r i o n  o f  I n i t i a l  conditions for each p a r r l c u l a r  mcde o f  a n a l y s i s .  
W h i l s t  t h i s  might  n o t  be e s p e c i a l l y  c r i t i c a l  In  a n a l y s i s ,  i t  I s  d e c i d e d l y  
So i f p r e d i c t i o n s  are to  be made! !&ere does one t r a n s i t  from font 0 to 
Zone C? Uhat are the ~ t e r i a l  o u t p u t  va lues fo r thcoming  from Zone B - 
f o r  use as i n p u t  va lues f o r  m o d e l l i n g  nF performance i n  Zone C ?  

Obviously,  u n t l l  a u n l f l e d  (cont inuous)  theory  can be s u c c e s s f u l l y  
developed, which t respasses the v a r i o u s  bcundar i t s .  one w i  1 1  be con- 
s t r a i n e d  to k o r k  w i t h i n  t h e  1 l m i  t s  o f  the p resen t  ava l  l a b l e  theor les .  
The problem o b v i o u s l y  beg ins  w i t h  t h e  need t o  F u l l y  unders tand the n a t u r e  
of t h e  i n t e r a c t i o n s  producing d i s p e r s i o n  s t a b i l i t y .  As d iscussed i n  t h e  
p r e v i o u s  Sect ion.  t h e  sur face a c t i v e  n a t u r e  of the 6ol id. i  and the v a r i o u s  
interactions produc ing the three po55 i b l e  mechan isms f o r  t h e  suspended 
S t a t a  can indeed p r o v i d e  a ve ry  c m p l e x  sys tun  which 1s n o t  t a s i l y  
p o r t r a y e d  by s tandard nmdels  (or  variants t h e r e o f )  Lm ich re1 y on g r a v i -  
t a t i o n a l  p r i n c i p l e s .  Tab le  3 For example, l i s t s  somt r e l a t l m s h i p s  
a v a i l a b l e  for p r e d i c t i o n  o f  s e t t l i n g  v e l o c i t y  o f  t h e  s o l i d s  as a f u n c t i c n  
of t h e i r  c o n c e n t r a t i o n  [z l ]  - thought  t o  be  a p p l i c a b l e  t o  t h a  p r e d i c t i o n  
o f  s o l i d s  S e t t l i n g  performance in  Zones A and B. Surface a c t i v e  r e l a -  
t Ionsh ips  however do n o t  appear t o  have been considered d i r e c t l y  - except  
v i a  "appropr ia te "  constants .  



PARTICLE INTERACTION 

TABLE 2 - S e t t l i n g  and Theory Applications 

Hindered Consol i d a t  i o n  
Stoker Ian  Theor i e r  Theor l e l  

-*- 

Zone A 

No measurable 
pressures.  
(no excess 
h y d r o s t a t i c  
pressures)  

No measurable 
po re  p ressures  

Zone C 

D e t e c t a b l e  
po re  p ressures  

Pore pressures 
and e f f e c t i v e  
s t resses .  

L i m i t e d  t o  non 
s u r f a c e - a c t i v e  
p a r t l c l e  5us- 
pens ions.  

Hot d i r e c t l y  
appl l cab le .  

Not a p p l i -  
c a b l e  

t a p p l i -  
cab l c 

EmpTrical models 
requ1 r e  exten- 
s i v e  l a b o r a t o r y  
t e s t i n g  f o r  
d e r i v a t i o n  o f  
correct ion 
coef F i c i c n t s .  

Same r e s t r l c -  
t i o n s  as for 
Zone A 

Hot a p p l i c a b l e  

Not a p p l  i c a b l e  

Hot app l  l c a b l e  be- 
cause o f  abscnce of 
relationships def  i -  
ning  c f f e c t l v e  s t r e s s  
and m a t e r i a l  p roper -  
t i e s .  

Same r e s t r i c t  ions as 
f o r  Zone A. 

Large s t r a i n  cons01 i -  
d a t  im  phenomenm . 
Requ l r e s  accouq t a b  i l 
1  i t y  for non- l  i near  
r c l a t f m > h i p ,  and 
s e l f - w e i g h t .  

C l a s s i c a l  t h e o r i e s  
a p p l i c a b l e  if s e l f -  
we ight  i s  accounted 
f o r .  

The v e r y  c-n quandry f a c i n g  a n a l y s t s  and mcdel1ers I n  the s tudy  
of s e t t l i n g  p n d s  or v e r y  $ o f t  s e d i m n t s  i s  the establishment of  t h e  
p o i n t  a t  w h i c h  e f f e c t i v e  s t r e s s  can be cons ide red  t o  be o p e r a t i v e ,  1.e. 
when pore pressures a re  measurable I n  a  ml i d s  suspension. Exper ience 
i n  matching p r e d i c t i o n s  and a c t u a l  f i c l d  v a l u e r  suggest t h a t  t h e  madels 
r c l y l n g  on po re  p ressure  development can be satisfactorily used a t  void 
r a t i o s  of between 4 and 5.and l e s s ,  This can indeed be p u z z l i n g  s ince  
computat ions w i l l  s h  t h a t  s o l  i d - t o - s o l  i d  c o n t a c t  ( thought  necessary 
f o r  t r a n s f e r  o f  I n t e r g r a n u l a r  s t r e s s )  1s n o t  c s t a b l  lshed a t  these h i g h  
v o i d  r a t i o s .  To o v e r m e  t h i s  apparent  i n c m s l s t e n c y ,  i t  I 5  perhaps 
b e t t e r  t o  v i s u a l  i z e  the suspended s o l i d s  system i n  terms of the d i r p e r -  
sion s t a b i l i t y  o f  the susperlsion. 

The d i s p e r s i o n  s t a b i l  i t y  o f  the so l  i d s  suspension which f o l  lows 
from t h e  f a c t  t h a t  s u r f a c e  a c t i v e  r o t i d s  i n t e r a c t  i n  the F l u i d  medium i n  
the sense of l yophob ic  w1 l o i d s ,  i s  i n d i c a t  l v e  o f  t h e  degree t o  which 
the sol i d s  remain i n  ruspension.  Th is  i~ a d i r e c t  outcome of the wa te r  
h o l d i n g  c a p a b i l i t y  o f  the s o l i d s .  A t  a z e r o  osmot i c  p ressure  ( i n s .  zero  



TABLE 3 - U c l a t i o n s h  i p  b e t w e n  Sol i d s  C o n c e n t r a t i o n  
and S e t t l i n g  Ve loc ILy  - Frm [21 ]  

. .. - 

Equa t ion Source 

v  = v ( I  - KC) 4.65 
0 

R l chardson and Z a k i e  ( i954)  

v  - v I t  -  KC)^ . 10 
- 1 . 8 2 K C  

0 
SLeinour (1944) 

Cole 11368) 

3 
v - vo [ l  + KC ( 1  - ) I  KC - 3 B r i n k m n  (1348) 

v  - v ( 1  -  KC)^ 
0 

Haude and Uhi  t m r e  11958) 

where  w - i n t e r f a c e  v e l o c i t y  o f  so l i ds  c o n c e n t r a t i c n .  C;  
v  = Stokes s e t t l i n g  v e l o c i t y  f o r  a s i n g l e  d i s c r e t e  p a r t i c l e ;  
0 
K = convers ion  fac ro r ,  so t h a t  KC - volume f r a c t i o n  of s o l i d s  

In the s t u r r y ;  and 
a.b = c o n s t a n t s  {unique to each e q u a ~ i m )  

midplane p o t e n t i a l ) ,  the volume o f  wa te r  a s s o c i a t e d  w i t h  each s o l  i d  o r  
f l o c  i s  a t  i t s  maximum va lue.  F i g u r e  3 shcws a m i n e r a l  p a r t i c l e  (soTid)  
surrounded b y  i t s  e q u i l i b r i u m  s h e l l  o f  water .  The t h i c k n e s s  o f  t h i s  
s h e l l ,  or the volume O F  w a w r ,  can b e  computed from t h e o r e t i c a l  c o n s i d e -  
rations us ing  the DLVO model [26]. The energy-separat  i o n  d i s t a n c e  c a l -  
c u l a t l o n s  w i l l  g i v e  the most l l k e l y  e q u i l i b r i u m  i n t e r p a r t i c l e  spac ing  
and wold r a t i o  o f  the system. F i g u r e  4, wh ich has bccn i d e a l i z e d  i n t o  a 
p a r a l l e l  p a r t i c l e  arrangement t o  p o r t r a y  the use o f  c a t i o n i c  and a n i o n i c  
r e l a t i o n s h i p s ,  shows the development o f  the a t t r a c t i o n  and r e p u l s i o n  
forces for an I d e a l  th ree  p a r a l l e l - p a r t i c l e  system. Obv ious ly ,  r e a l  
s l u r r y  5 y s t e m  w i l l  n o t  have i d e a l  p a r a 1  l e l  p a r t i c l e  arrangements.  As 
can be seen f rom t h e  r e l a t i c n s h i  p5 g i v e n  i n  the Appendix. t h e  DLVO mdel  
p e r m i t s  one to cons ide r  v a r i o u s  mdes and c o n F i g u r a t i o n 5  of p a r t i c l e s  
( F l a t  p l a t e s  and spheres) i n  I t 5  computat ions for e q u i l i b r i u m  s e p a r a t i o n  
distances. The r e l a t i o n s h i p s  s h o w  take i n t o  account  ( a )  n o n - p a r a l l e l  
p a r t l c l e  arrangements,  (b)  mixed m i n e r a l 5  i n  t h e  suspension. and (c) 
s a l t  c o n c e n t r a t i o n s  i n  the suspending f l u i d .  C a l c u l a t i o n s  f o r  long 
range r e p u l s i v e  and a t t r a c r l v e  energ ies  co r respond ing  to face- to- face,  
edge-to-edge and edge-to- face mde of  p a r t i c l e  or 501 I d  i n t e r a c t  i o n  i n  
the presence o f  v a r i o u s  s a l t  c o n c e n t r a t i o n s  can be made. 
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EQUlLlBRlUM VOLUME 

OF W A T E R  'HELD' BY 

CLAY PARTICLE 

(SUSPENSION VOLUME1 

Fig.  3 Schemat lc representat ion o f  a  w a t e r  she1 l surrounding a c l a y  
p a r t i c l e .  
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Fig.  4 Schematic diagram showing dispersion uf p a r r l c l e s  and contained 
water. Note t h a t  part ic les a r e  show in  para l l e l  only to i l  lus- 
t r a t e  thc distribbtion o f  ions above. Ac~ .& l  condi t ions w i I I  
show non-parallel p a r t i c l e s  and flocs. 



I f  each s o l i d ,  o r  i f  each f l o c  "ho lds"  o n t o  a s p e c i f i c  voldme of  
wa te r  as  i t s  " e q u i l i b r i u m "  s h c l l  o f  water  (de f i ned  as  the suspension 
vo lur r r )  - c o n s [ s t e n t  w i t h  the ba lance o f  i n t e r n a l  and e x t c r n a l  c n e r g i c s  - 
t h e  t o t a l  s t a b l e  d i spersed  s t a t e  o f  the suspended s o l  i d s  at a p a r t i c u l a r  
d e p t h  i n  the  containment pond, w i l l  show t h a t  the t o t a l  v o l c ~ ~ r  o f  w a t e r  
r e t a i n e d  i n  a r e p r e s e n t a t i v e  u n l  t volume w u l d  bc equal  to the  sum o f  
the suspenr ion voTumes o f  the i n d i v i d u a l  component so1 i ds .  I n  t h e  ex-  
per iments  ccnducted by Yong and S e t h i  (1978) to de te rm ine  t h e  e q u i l  l b r i u m  
(susperislon) v o l u n t  of w a t e r  a s s o c i a t e d  w i t h  s p e c i f i c  minerals, t h e  
va lues obtained (Tab le  4 )  show good correrpcndencl: w i  rh chose computed 
on t h e  b a s i s  of the t h e o r e t i c a l  i n t e r a c t i o n  m d e l ,  - prov ided  t h a t  p roper  
accoun t ing  i s  g i v e n  t o  t h e  presence O F  t he  p o t c n t i a 1  d e t e r m i n i n g  a n i o n s .  

TABLE 4 - Suspension Volume for Var ious  H i n c r a l s  
and Method o f  t h e i r  O e t c r n i n a t i o n  

(adapted from [23]) 

Suspension M thod 
Sample Volume Void  S p e c i f i c  ~f 

No. M i n e r a l  (cc /g )  R a t i o  G r a v i t y  O e t r r n i n a t i m  

~ a o l  i n i  t e  1.3 3.44 

CTbbs i te  1.0 2.65 

H l CJ 3 .o 7.95 

Q u a r t z  0.14 0.37 

Others  0.42 1 .I2 

2.65 S e t t l i n g  o f  pure kao- 
l i n i t c  i n  NaHCO, for 
18 nonths. 

2.65 S e t t l i n g  o f  k a o l i n i t e :  
i l l i c e  (40:65) i n  
NanCOl For 18 months. 

2.65 S e t t l  i n y  of Na-mont- 
m r i 1  [ o n i  t e  f o r  36 
rmcths. 

4.00 S e t t l  ins  of  FezOl+  
k a o l i n i r e :  i l l  i tr i n  
NaHC03 For 18 nonrhs,  
c o n t a i n i n s  4.5% F e t O l .  

2 .65  E s t i m E r d  frm kao- 
l i n i t e  exper iments .  

2 . 6 5  Estimated from i l l  i t e  
e n p e r i m n t s .  

2.65 Est imated frm Theory 
o f  M i x t u r e s .  

2 . 6 5  Assured. 

& 
l n c l u d c s  f e l d s p a r .  c a l c i t e ,  a n k e r i t e .  s i d e r i t e  and p y r i t e .  

A $  seen frm the ex t reme r i g h t  hand column of Tab le  4 .  the methods fo r  
d e t c r m i n a t  ion o f  the suspension volume for the v a r i o u s  minera ls  r e q u i r e d  
s u s , x n s i o n / s e t t l i n q  e x p c r i m n t s  i n  i onq  s e t t l i n g  columns. These c o l u m s  
*Are  l e f t  i n  a concro l1ed temperature-humid i ty  c h a r n k r  f o r  p e r i o d s  o f  
f rm 18 to 36 imn ths .  Continuous i m n i t o r i n q o f  the t u r b i d i t y  o f  t h e  
supernatant  v i a  the l i g h t  t r a n s m i t t s n c a  techn ique  I 2 2 1  ensured t h a t  



"equ i l  i b r i u d '  suspension s t a t e s  wcre ach ieved p r i o r  t o  masuremenr  o f  
the s o l  i d s  c o n t e n t  i n  t h e  supernatant .  The suspension volune,  expressed 
I n  terms of c u b i c  c e n t i m e t e r s  o f  f l u i d  p e r  gram o f  m i n e r a l  s o l i d .  has 
been c a l c u l a t e d  f r o m  t h e  m u n t  of sol i d s  remaining i n  the supernatant .  
The suspension volumes measured do n o t  r e q u i r e  any p r e f e r r e d  o r i e n t a t i o n  
O F  s o l  ids ,  and a r e  thus  used i n  comparing t h e o r e t i c a l  l y  p r e d i c t e d  e q u i -  
l i b r i u m  soTids  c o n c c n t r a t l o n s  w i t h  a c t u a l  measured va lues  for the s l u r r y  
samples s tud led.  

LABORATORY ANALYSES OF SLURRY WASTES 

To f u r t h t r  e l a b o r a t e  on the t h e s i s  t h a t  s u r f a c e - a c t  ive sol i d s  p a r -  
t i c i p a t e  through i n t e r p a r t i c l e  a c t i o n  i n  produc ing ' d i s p e r s i m  s t a b i l i t y ,  
and hence slow s e t t l i n g  o f  the suspended s o l i d s ,  l a b o r a t o r y  ana lyses o f  
v a r i o u s  s l u r r y  wa5tcs Here per formed.  A t t e n t i o n  was p a i d  to the p h y s i c a l ,  
chemical  and m i n e r a l o g i c a l  compos i t i on  of the slimes. The t o t a l  types 
and nunbers of t e s t s  conducted, by and l a rge  depended on the q u a n t i t y  o f  
sampler received.  The f o l l o w i n g  methods were used for ana lyses:  

1. U ine ra logy :  
The o r i e n t e d  5 1  i de  uscd f o r  t h e  K-ray d i f f r a c t i o n  t e s t  was prepared 

by d e p o s i t i n g  4 rnl of s l i m ,  d i l u t e d  to about 1% s o l i d s  c o n c e n t r a t i o n  
(by w e i g h t )  o n t o  a g l a s s  51 ide  and subsequently a i r - d r i e d .  H o r i z o n t a l  
p a r t i c l e  o r i e n t a t i o n  i s  g e n e r a l l y  ach ieved  w i t h  t h i s  techn ique  - thus 
a l l w i n g  for  enhancemnt  o f  basa l  r e f l e c t i o n s  and more ready m i n e r a l  
i d e n t i f i c a t i o n .  Because the s l u r r y  sample con ta ined  t h e  suspending 
FluTd, no p re - t rea tmen t  was g i v e n  t o  the savple. 

I n  o t h e r  m i n e r a l o g i c a l  s t u d i e s  an d r i e d  w w d c r e d  samples. u n t r e a t e d  
and t r e a t e d  samples a r e  used. P r e p a r a t i o n  o f  [he samples f o r  a n a l y s i s  
r e q u i r e d  100 mg of the pcmdered sample to be d l sperscd  in  10 mi of  d l s -  
t i 1  l e d  water,  from wh ich  4 ml o f  the d i s p e r s i o n  was depos i ted  on t h e  
g l a s s  s l i d e .  Subsequent t o  t h e  f i r s t  X-ray a n a l y s i s ,  the s l i d e  w a r  
t r e a t e d  uTrh g l y c e r o l / e t h a n o l  m i x t u r e  and the  t e s t  conducted again f o r  
d e t e c t i o n  o f  $ ! e l  1 i n g  m i n e r a l s .  

The Siemen's X-ray d i f f r a c t o m r e r  w i t h  CuKa r a d i a t  icn was used  for 
a1 l the t e s t 5  conducted. The percentage O F  m i n e r a l s  was genera l  l y 
es t ima ted  by comparing the peak h e i g h t s  of pu re  s tandard  reference c l a y  
m l n e r a l s  HI t h  the peak h e i g h t s  of the m i n e r a l s  found i n  t h e  t e s t  samples. 
T h i s  s e m i q u a n t i  t a t i v e  techn ique i s  by no m a n s  accurate ,  b u t  i s  uscd 
p r i m a r i l y  to p r o v i d e  an I n d i c a t i o n  o f  the  appronimate p r o p o r t i o n s  o f  
m l n e r a l s  present  I n  the sample.  

2 .  Pore  uspe pension) F l u l d  Analysis: 
The suspension f l u i d  was o b t a i n e d  from the 5 1  ime samples by vacuum 

f i l t r a t i o n  or through c e n t r l f u q a t i o n  and d e c a n t a t i o n  o f  the c l e a r  surrcr- 
n a t a n t .  The f l u i d  was subscqu;ntly ana lyzed f o r  s o l u b l e  i o n s  and p ~ .  
The methods O F  a n a l y s i s  used inc ludes ;  

+ + 2t 
Atomic A b s o r p t i m  S p e c t r o p h o t o m t r y  ( E m i s s l m ) :  Na , K , Ca 

Acomlc Absorp t ion  Spcctrophotometry (Absorp t ion ) :  Mg 
2+ 

T i t r a t i o n  a l t h  H S to c o l o r i m e t r i c  end point: e HCO;. CO;; C I -  



4.4 S~~[~ lENTATIONtCONSOL!DATIO~S MOVELS 

2- 
T u r b i d  imat ry :  for SO4 

Beckman pH m t c r :  f o r  pH 

3.  k g g n i c  Cpntent: 
Since MIY t h e  t o t a l  amount of o r g a n i c  m a t t e r  (and r hot spec i  

need t o  be determined i n  t h e  l n i t l a l  o f  a l l  the s t u d i e s ,  a - - -  - -  

s i n c e  p r e c i s e  methods a r e  Indeed too  t ime consuming and complex, t h e  
s imple  approximate method o f  Hz02 washing was adopted. Two to t h r e e  
grams of d r i e d  and p u l v e r i z e d  s l i m  sample5 were weighed i n t o  a k a k e r ,  
to which a 5maIl w u n t  O F  d i s t i l l e d  water  was added to w e t  the s m p I e .  
Folldwlng placement of the beaker an a h o t  p l a t e  a t  lw hea t ,  30% H20Z 
was p e r i o d i c a l l y  added u n t i l  no f u r t h e r  b u b b l i n g  r e a c t i m  was 
ob$ervcd. The samplewas then c e n t r i f u g e d  and oven-dr ied and the r e s u l -  
t a n t  we igh t  compared w i t h  the i n i t i a l  d ry  we igh t .  

4 .  Cat ion Exchange Capac i t y :  
fa determine t h e  c a t i o n  exchange capac i  t y  o f  the suspended sol Ids.  

0.25 g r a m  o f  t h e  d r i e d  p o l v e r i z e d  s l u r r y  samp le  was weighed i n t o  a 
centrifuge tube and 40 m l  o f  s i l v e r  n i t r a t e - t h i o u r e a  s o l u t i o n  was added 
and shaken o v e r n i g h t .  The sample was then c e n t r i f u g e d  and t h e  super-  + 
n a t a n t  was t e s t e d  f o r  ~g . A Jar re l -Ash  Atomsorb A t m i c  A b s o r p t i w l  
F l a r e  Emission Spectrophotomcter was then used f o r  a n a l y s i s .  The CEC of 
a sample determined i n  t h i s  manner corresponds t o  the  a m u n t  o f  Ag3 ab- 
sorbed on the c l a y  sur faces.  

5 .  p g t e r m i n a t i o ~  O F  Sand. S i l t  and C lay  F r a c t l m s :  
P r i o r  t o  d e t e r m i n a t i o n  of the v a r i o u s  s i z e  f r a c t i o n s  i n  the  $1 ime, 

15 mcq/T sodium b ica rhonace  was added to t h e  t e s t  sample and the c m -  
b lned s o l u t i o n  shaken and p l a c e d  i n  an u l t r a s o n i c  bath .  T h i s  was l e f t  . 

overnight t o  equilibrate - t o  ensure d i s p e r s i o n  o f  the suspended 501 i d s .  
F o l l m l n g  the "cu r ing"  p e r i o d ,  the d i s p e r s i o n  was then we t -s ieved  and 
c e n t r i f u g e d  for determination of sand (>53u),  s l  l t ( 2  - 5 3 ~ 1 ,  ~d c l a y  
Ic2u1. 

LABORATORY AHALYSES OF SonE SLURRY WASTES 

1. So l l -Oraan Ic  s l  r ~ :  
The source o f  the s o i l - o r ~ a n i c  slirrre s a m ~ l e s  examined i n  t h i s  s tudy  

In P r e p a r i n g  t h e  samples used i n  the s tudy  for a n a l y s i s  of h u n i c  
substances, the techn iqws  for  i t p a r a t i m  of h m l c  and f u l v i c  a c i d s  
r e q u i r e d  Prewashing W i t h  0.1 M H C ~  and water  t o  rermve t h e  s a l  t 5 .  Slnce 
(a )  h m i c  a c i d s  are s o T u b l t  in d i l u t e  base b u t  n o t  s o l u b l e  I n  a l c o h o l  



and a c i d ,  and s i n c e  (b)  f u l v i c  ac lds  on the o t h e r  hand a r e  wa te r  soluble 
and a r e  known to remain i n  s o l u t i o n  a f t e r  n e u t r a l i z a t i o n  and a f t e r  a l l  
humic ac I d  has p r e c i p i t a t e d  out, the s e p a r a t i o n  techniques used Fol I c e d  
procedures w h i c h  f i r s t  p r e c i p i  r a t e d  the  humlc ac Ids. 

The two types O F  samples r e c e i v e d  f o r  ana l  y 5 i s  rep resen ted  d e p t h  
w n s i  t i v i  t y  of the 5.1 i m e ~  - (a )  near -su r face  samples where t h e  so l  i d s  
c o n c e n t r a t i o n  was low because o f  the i n i t l a 1  s e t t l i n g  o f  the s o l i d s  
f o l l o w i n g  d e p o s i t i o n  of the slime, and ( b )  samples a t  depth  w h e r e  e q u i -  
l l b r i m  s o l i d s  c o n c e n t r a t i o n  e x l s t e d .  The assignment of i n f r a - r e d  ab -  
s o r p t i o n  bands I n  t h e  humlc and f u l v i c  a c i d s  e x t r a c t e d  from t h e  t e s t  
~ a m p l e s  1% show i n  Tab le  5 .  

TABLE 5 - A.i.iignmnt o f  1 . R .  A b s o r p t i o n  Bands i n  Humic 
and F u l v i c  Ac ids  

Frequency Present  
1/cm As 5 Tgnmn t i n  

Hydrogen bonded DH 

C = 0 O F  CO H. C - 0 s t r e t c h  
o f  k e t o n i t  c a r b m y l  

Aromat ic  C - C o r  hydrogen tundcd 
C = 0 o r - d w b l e  bond coo juga ted  
w i t h  COO 

same a s  sample 1630 c m  - I  

A 1  i p h a t i c  C-H  

COO-, a l i p h a t i c  C-H 

t -0  s t r e t c h  o r  OH de fo rmat ioo  
o f  COZH 

5iO o f  s i  l i c a t e  i m p u r i t i e s  

,. 
HA, FA" 

HA 

* 
HA and FA - humic and f u l v i c  ac ids  r e s p e c t i v e l y .  

For  the samples taken a t  depth  where e q u i l  i b r i u m  s o l  i d s  c m c e n t r a -  
t ion w a s  C b u g h t  to e x i s t .  ana lyses conducted showed a  501 i d s  concen- 
t r a t  i o n  of about 19% by weighc (and 81% w a t e r ) .  The composi t l o n  o f  the 
5 0 1  Id5 showed, on t h e  average, 6.7% m i n e r a l s ,  72% humic a c i d  and 30.3% 
f u l v l c  a c l d .  The m i n e r a l s  p r e s e n t  i n c l u d e d  q u a r t z ,  c h l o r i t e  and f i e l d -  
spar .  I n  t h e  samples o b t a i n e d  near t h e  su r face ,  the s o l  i d s  c m c e n t r a t i o n  
averaged a b u t  2.0%.  I n  the s o l  i d s  t r a c t  Ion, the m i n e r a l s  c o n c e n t r a t  i o n  
was about  3.7%. The humic and f u l v i c  a c i d s  were, on t h e  average, about 
68% and 28.32 r e s p e c t i v e l y .  

2. P k p h a t c  511mcs: 
The problems and genera l  p r o p t r t i e s  o f  the F l o r i d a  phosphate s l  i m s  

have r e c e i v e d  con5 i d a r a b l e  a t t e n t  Ion, and have been we1 l repor ted ,  e.g .  
[5]. The r e s u l t s  o f  s t u d i e s  on the c v o s i  t im of tk s l i m e  i n d i c a t e  a 
h i g h  degree o f  variability i n  t h e  p r o p o r t t o n s  of t h e  cons t i t uen t , .  Ob- 

v i o u s l y  dependent on source m a t e r i a l  (hos t  rock ) .  processing, end p r o d u c t  
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requirements, s p a t i a l  and temporal  v a r i a t i o n a l  e f f e c t s  i n  the recovery  
of 51 i m e  $ample used for a n a l y s i s .  By and la rge ,  the f o l l o w i n g  m i n e r a l s  
have been reco rded  as presen t  In most s l lmcs :  

Carbona te - f l ou rapa t i  t e  Quar tz  h n t m r I 1  l o n i t e  
A t t a p u l g i t c  Wave1 1 l te  Fe ldspar  
Heavy m i n e r a l s  Dolomi t t  Kaol i n l t e  
C randdl 1 i t e  L l l i t e  

I n  a d d i t l o n  to the mTneral5 l i s t e d  a b v e ,  the  samples analyzed i n  t h i s  
s t u d y  s h w d  t h e  presence o f  amorphous m a t e r i a l s .  The dominant Ions  i n  
the suspending f f u l d  l n c l  uded: i 

Calc ium b g n e s  i urn Sodim 
P o t a s s  lwn B ica rbona te  Sutphate 

w i t h  pH v a r i a t i o n  from 7 .0  t o  8.0. 

3. A g g t f . g ~ t t  S l i m s :  
The p r o d u c t i o n  o f  aggregate  s l i m e s  a r l s i n g  frm wash-ext rac t :or  o f  

coa rse  aggregates from weathered g r a n i t e  c o n s t i t u t t s  a major conta inment  
problem. In many reg ions ,  because o f  t h e  s c a r c i t y  o f  sources O F  coarse  
aggregates, s u r f a c e  l a y e r  ~ i l S  d e r i v e d  frm weather ing  o f  g r a n i t e  and 
o t h e r  types o f  rock  p r o v i d e  a ready supp ly  of g r a n u l a r  m t e r  i a l  - p r o v i -  
ded t h a t  these m a t e r i a l s  can be separated f rom t h e  f i n e r  Fractions 
( u s u a l l y  c l a y  p a r t i c l e s ) .  Wash procedures a r e  c m m l y  used to e x t r a c t  
t h e  coarse  fractions I n  g rav f  t a t  ionat separat  i o n  processes. 

The aggregate  s l i m e s  which were examined in t h i s  s tudy  c a m  f rom 
S.E. Asia. A n a l y s i s  o f  the p h y s i c a l  compo5i t ion  o f  t h e  i l i m e s  showed on 
the  average: 

Water - 84.9% b y  w i g h t  
Organics - 0.4% 
Sand - 0.1% 
S i l t  - 1.2% 
t fay  - 13.5% 

A n a l y s i s  o f  t h e  m i n e r a l s  d e t e c t e d  i n  t h e  X-ray d i f f r a c t o g r m s  us ing 
the  approx imate peak h e i g h t  match ing techn ique desc r ibed  earT ier, showed 
a b u t  54% k a o l i n i t e ,  35% m o n t r o r i l l o n i t e ,  and 11% i l l i t e .  These va lues  
a r e  t o  be cons ide red  a$ appranimate values.  

AnalysSs of the chemis t ry  o f  the suspension f l u i d .  o b t a i n e d  by cen- 
t r i f u g i n g  the s l  ire, showcd the presence o f  Na+, KC, caZ+,  ng2+,  and 
SO:-. These were  I n  v e r y  5maI l quant i t i c s .  w i t h  Na*, a t  0.5 meq/l b e i n g  
the h ighes t .  The suspending f l u i d  pH - 7.5 and s p e c i f i c  e l e c t r i c a l  con- 
d u c t i v i t y  was measured as 0.101 m i l l i m h o s .  

A n a l y s i s  o f  t h e  exchangeable cat ions and c a t i o n  exchange c a p a c i t y  
o f  t h e  m i n e r a l  f r a c t i o n s  o f  the suspended p a r t i c l e s  shoued the presence 
o f  Na+, K+, C d + ,  h g f + ,  the l a t t e r  tw baing n g r e  d m i n a n t  a t  5.4 and 4.3 
meq/100gm r c s p c c t I v e l y .  HA+ and t? uere r e g i s t e r e d  as 2 . 5  and 1.5 mq/ 
lOOgm r e s p e c t i v e l y ,  b r i n g i n g  t h e  t o t a l  exchangeable c a t l o n s  to be ! 3 . 7  
meq/IOOy. The c a t i o n  tnchange c a p a c i t y  was determined as 31.1 mcq;!:!(lqm. 
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As no ted  f r o m  t h e  above, Lhe exchangeable c a t i o n s  were found t o  be 
composed o f  m a i n l y  d i v a l e n t  c a t i o n s .  The t o t a l  enchangeable c a t  i w l s  of 
13.7 meq/IOOgm and CEC of 31.1 meq/IOOgm i n d i c a t e  t h a t  o n l y  about m e  
h a l f  o f  the e x c h a n g c ~ b l e  c a t  ions found In t h e  suspended p a r t i c l e s  a r e  
made up o f  ~ a ' .  K'. caZ+, and ngZ+. The rema in ing  c o u l d  be a t t r i b u t e d  
t o  H+ and h13' - s i n c e  the pH o f  the s l  ime has found t o  be a c i d i c  (pH - 
4.7). 

4 .  T I n  H i n i n s  Sl lmes: 
The t i n  m in ing  s l i m e s  examined i n  t h i s  s tudy  a r e  l o c a t e d  I n  areas O F  

l imes tone  formation I n  S . E .  Asia. The t i n  o r e  b e a r i n g  m a t e r i a l  d e r l v e d  
f rom e r o s i o n  o f  t h e  pa ren t  rock  w a s  d e p o s i t e d  i n  areas o f  h i g h l y  weath- 
e r e d  l imes tone format  ions. The r e s u l t a n t  t o p g r a p h y  a t  the i n t e r f a c e  i s  
ra ther  c m p t e n ,  c o n s i l t i n g  o f  troughs, channels  and p i n n a c l e s  - r y p  ical 
o f  deep ly  weathered t l m s t o n e .  The s l i m e  m a t e r l a l  examined came f r o m  
gravel-pump m i n i n g  discharge O F  the r a s h  mater i a I .  Because of depesi  t -  
i o n a l  techn iques, sand s e g r e g a t i o n  occurs  a t  t h e  i m e d  i a t c  p o l n t  o f  pump 
d i s c h a r g e  and r c s u l  t a n t  f i n e r  m a t e r i a l  s l imes  are found a t  the  d i s  t a n t  
p o i n t s  f r o m  pipe d ischarge .  Th is  s t t u a t i o n  i s  n o t  u n l i k e  t h a t  r r p r e s c n -  
t e d  i n  F ig.  2. 

The s o l  i d s  c o n c e n t r a t  ion (weight  bas i s )  for the samples s t u d i e d  
averaged around 52% - w i t h  s o l i d s  s p e c l f i c  g r a v i t y  o f  2.76. A n a l y % i s  o f  
the  t y p i c a l  X-ray d i f f  racrograms o b t a i n e d  f o r  the samples s t u d i e d  shoued 
e s t i m a t e d  m i n e r a l  c m p o s i t l o n a l  con ten ts  as  (about )  48% kao l  i n i t c ,  2% 
g l b b s l t e ,  10% mica. 30% quar tz ,  and 3% other t ypes  o f  s o l  ids .  

+ 
A n a l y s i s  of the  po re  wa te r  chemistry revea led  t h e  presence o f  Ha , 

ca2*, K', and PIg'+, w i t h  ta2+, b e i n g  the dominant c a t  i o n  a r  4.74 meq/l . 
The s e t t l e d  s l ime  a t  the s o l i d s  c o n c e n t r a t i o n  o f  52% does n o t  p r o v i d e  
any r e a l i ~ r i c  s t r e n g t h  for suppor t  o f  any t ype  of load.  

5. B a u x i t e  Red H d :  
The samples for examina t ion  o f  r e d  mud o b t a i n e d  from the Bayer p r o -  

c e s s i n g  o f  b a w l  t e  For t x t r a c t l o n  of aluminium c a m  f rom Jamaica. The 
suspended sol ids  shored a t  l e a s t  80% d thc  501 Id5 (by we lgh t )  smal l c r  
than  two microns.  From an a n a l y s i s  of X - ray  d i  f f r a c t o g r a m  of the Sam- 
p l e s ,  t h e  main m i n e r a l s  appear to  consist  of h e m a t i t e ,  goethi  te, and 
anatase. w i t h  some Bayer soda1 i t e .  D e t a i l e d  s t u d i e s  conducted [27 ]  u s i n g  
b o t h  scanning and t ransmiss ion  e l e c t r o n  microscopy coupled u i  th e l e c t r o n  
d i f f r a c t i o n  and energy d i s p e r s i o n  analyses,  show t h e  system to be q u i t e  
c m p l e x  - crpec iaT1 y i n  the  r e s o l u t i o n  o f  whether the m i n e r a l s  a re  Loral -  
l y  c r y s t a l  l ine  o r  uhe the r  they a r e  indeed surrounded by a degraded amor- 
phous she1 I. Because s t a n d a r d  pure sample s l i d e s  a r c  n o t  a v a i l a b l e  f o r  
t h e  m i n e r a l s  i d e n t i f i e d .  no p c s s i b l e  es t ima te  o f  s p e c i f i c  p r o p o r t i o n s  of 
t h e  m i n e r a l s  has been a t  tempted. 

The amorphous c o n t e n t  determined u s i n g  t h e  method p r e v i o u s l y  des- 
c r l b e d  by  Yong e t  a l .  (7979) shored: Fc 0  - about 50 to 60 mg/g o f  s o l i d  

3 
f r s c t l o n .  A1 0 = 40 to 60 mg/g, w i t h  d o u t  l ess  than T mg/g of Si02.  

2 3 
The pH o f  t h e  samples v a r i e d  from about 12.0 to 12.8, depending on 

che sourcc  of s m p l t  - p r i m a r i l y  d t p t h .  By and l a r g e  t h e  s o l  i d s  concen- 
t r a t i o n  by e i g h t  a l s o  v a r i e d  w i t h  respec t  t o  dep th  l o c a t i o n ,  - f r o m  
abou t  30 to 40%. 



AnalysTs O F  t h e  c h e m i s t r y  o f  the suspending F l u i d  showed: 

C a t  ions Heq/ l Anions t!eq/l 

6. C l a y  Coat inq S l u r r y :  
T k  c l a y  c o a t i n g  s l u r r i e s  s t u d i e d  cane from a c l a y  p r o d u c t i o n  indus- 

t r y  i n  t h e  Southeastern  p a r t  of t h e  U.S. These c l a y s  c o n s t i t u t e  the b a r e  
m a t e r i a l  used i n  t h e  paper c o a t i n g  i n d u s t r y ,  and more s p e c i f i c a l l y  i p  
paper machine w e t  end processes.  Because o f  the r e q u i  rements o f  t h e  
paper l n d u s t r y .  the s l u r r i e s  s t u d i e d  m r e  f a i r l y  c o n s i s t e n t  i n s o f a r  as  
b a s i c  p r o p e r t i e s  and compos i t i ona l  c o n s t l r u t e n t s  were concerned. 

One of the p r i m a r y  problems encountered in  t h e  p r o d u c t i o n  o f  the 
m a t e r i a l  for use i n  the paper I n d u s t r y  i s  the "economic wa te r  con ten t "  
o f  t h e  s l u r r y .  By t h i s  i s  meant the max imm m o u n t  o f  wa te r  t b t  can  be 
e x t r a c t e d  f rom t h e  s l u r r i e s  b e f o r e  s h i ~ m e n t  t o  t h e  paper i n d u s t r y  so t h a t  
minimum b u l k  and we igh t  can be a t t a i n e d .  Exccss lve  energy requI rement5 
to remove wa te r  t h a t  i s  "held" t o  the c l a y  m a t e r l a l  must be c w r s l d e r e d  
In ba lance w i t h  p r o d u c t i o n  Costs. Thus the samples r e c e i v e d  For s tudy  
represented the 5o l i ds -suspens ion  e q u i l i b r i u m  volume s t a t e  o f  i n t e r e s t .  

A n a l y s i s  o f  the chemis t ry  o f  the suspending f l u i d  showed t h e  p r e -  
2- sence o f  ~ 0 2 - ,  H C O ~ ,  C 1 - .  SO:; ~a' .  BgZ+. and LaZ+. ria+, and SO4, ,were 

3 t h e  l a r g e s t  a m u n t  o f  ions p resen t  a t  22.30 and 18.0 meq/ l  r e s p e c t t v e l y .  
The c o n c e n t r a t i o n  o f  HCOj and 5.0 meq/l and t h e  r e m i n i n g  i o n s  showed 
w n c e n t r a t i m s  l e s s  than 1 meq/I. The s p e c i f i c  e t e c r r i c a l  c o n d u c t i v i t y  
was 2.12 mmhos/cm and t h e  pH was 8.63. 

The m i n e r a l s  I d e n t i f i e d  in the samples were ill ice, m n t m r i l  Ion; t e ,  
mixed l a y e r  m a t e r i a l ,  c h l o r i t e .  and quar tz .  The propor r io r rs  of t h e  m i n -  
e r a l s  wh ich were es t ima ted  a g a i n  on the b a s i s  o f  peak r a t l o s  Indicated: 
(a) m n t m o r i t l o n i t e .  6.7%, (b)  i l l i t e ,  5.28,  ( c )  c h l o r i t e ,  2 . 2 % .  ( d )  
mixed l a y e r  m a t e r i a l .  2.1%, and ( e )  quar tz ,  83.8%. The s o l i d s  concen- 
t r a t  i o n  by we igh t  was  3 5 . 5 %  (water = 6 4 . 5 % ) ,  and t h e  t o t a l  m i n e r a l  con- 
t e n t  I n  the s o l i d s  was 95.8%. The remain ing 4.2% o f  t h e  s o l i d s  was o r -  
g a n i c s .  

7. Benef f c i a t  ion S l u r r y :  
The c o a l  b e n e f i c i s t i o n  s l u r r y  s t u d l e d  h l c h  came from Ue5tern  Canada 

was the product  of procedures implemented t o  c l e a n  t h e  c l a y  c o a t i n g s  from 
t h e  o r e  depos l t s .  The s o l i d s  c m c e n t r a t l o o  of the s l u r r y  was 8.7% by  
weight .  The s l u r r y  remained Tn suspension for an i n t e r m i n a b l e  p e r i o d  
w i t h o u t  apparent  s e t t l i n g  o u t  of t h e  s o l i d s .  The es t ima ted  p r o p o r t i m s  
of t h e  m i n e r a l  s p resent ,  determined fran t h e  X-ray ana lys  i~ showed: 



(a) m o n t m o r i l l o n i t e ,  42%. (b) I l l i r e ,  2 l % ,  ( c )  f e i d s p a r ,  14%,  (d)  k a o l l -  
n i t c ,  13%. and (e l  c h l o r i t e ,  10%. 

2 - 
A n a l y s i s  of t h e  5u5pending f l u i d  s h o m d  the prescnce o f  C03 , H C 0 3 ,  

+ C I - ,  so2-,  th'. ca2', K', hg2+. The dominant Ions were SO:; and Na , a t  
3 2 . 5  a n j  21.1 meq/l r e s p e c t i v e l y .  The s p e c i f i c  e l e c t r i c a l  c o n d u c t i v i t y  
was 2 .27  mmhos/cm w h i l s t  the pH w a s  measured as 10.87. 

8 .  Tar Sands Sludge_: 
The ans lvses  for t h e s l u d q e  o b t a i n e d  from the hot  w a t c r  o roces5 inc  . ~- - 

o f  t a r  sands i n  the Uestern  p a r t  o f  Canada f o r  recovery  o f  hi tumen have 
been r e p o r t e d  p rcv  i o u s l y  by Yonq and S e t h i  (1 978). The t y p i c a l  compos i - 
t ion  o f  the s ludge m a t e r i a l  i s  shown in Tablc  6 wh'l lst the b a s i c  charac -  
t e r i s t i c s  and m i n e r a l o g i c a l  a n a l y s i s  of  some t y p i c a l  samples a r e  shorn 
i n  Table 7. 

The m a t e r i a l  i s  Seen t u  be composcd o f  many types of ninerals, w i t h  
t h e  major  m l n e r a l s  i d e n t i F i e d  as k a o l i n t c ,  i l l i t c  and s m e  lesser  f r a c -  
t i o n o f n o n t m r i l l o n i t e .  The prescnce o f  ancrphous r n a t c r i a l s  shou ld  a150 
be no ted .  

SUSPENSION VOLUMES AND SOL105 COHCEf4TRATIONS 

U s i n g  the va lues shoum i n  Tab lc  4, the t h e o r e t i c a l  s u ~ p e n s i o n  v o l -  
unes ( o f  wa te r )  a s s o c i a t e d  w i t h  t h e  i n d i v i d u a l  components can be s u m e d  
t o  e s t  i m a t e  the  "as - i s "  s o l  I d s  e q u l l  i b r i m  v o l u m e t r i c  wa te r  c o n t e n t .  
These va lues havc been used to compute the t h e o r c t  i c a l  so )  I d s  concen- 
t r a t i o n  and compared w i t h  the a c t u a l  valucs  o f  s o l i d s  concentration de 
determined f o r  t h e  samples ob ta ined  f r o m  the ponds s tud ied .  To i l l u s -  
t r a t e  the computat iona l  procedure,  the procedure  used i n  computing the  
v a l u c s  f o r  the t i n  mine sample from 5.E. A s i a  i s  c i t e d  as  f o l l o w s :  

Suspension Volume S p e c i f i c  Vo lucc i n  Samplc 
M i n e r a l  cc/gram cc/lOO gram 

( f rom Table  4 )  

Kaol  i n i  t c  - 454 1.3 58.5 
Hi  c a  - 10% 3 .o 30.0 
C i b b s i  t e  - 2% 1  .0 2.0 
Quarcz - 40: 0.14 5.6 
Other  - 3% 0. 1 5 0.45 

T o t a l  - 1002 (or 100 gram o f  so l  i d s )  36.55 cc/100 gram 
o f  s o l  ids  

Hcnce, weight of  wate r  - 96.55 gram 
To ta l  we igh t  - (100 gram o f  5 0 1  I d s )  + (96.55 gram of wa te r )  - 196.55 gram. 

Computcd sol i d s  c o n c e n t r a t i o n  = 100/196.55 = 5 0 . 8 ~  
Measured sol i d s  concent r a t i o n  = 52% 

The cornpar i s o n  be w e e n  massred and ccmputed s o l  l ds concen t ra t  ion 
accords we1 I .  



TABLE 6 - Typlcal Compcsltlon of  Tar Sands sludge (from [23]) 
--- . -- - - - 

Sludge 
20' deep 40' deep 60' deep 

Composlrlon, w t .  $ 
Bl t m n  
Uater 
H l nera 1 

P a r t l c l e  Size,  wt. $ Hlneral 
Sand b 4 4 ~ )  'I.. 0 -. 0 -. 0 
s l l r  ( 2  - 4 4 ~ )  59 62 58.5 
Clay (< 2 ~ )  4 1 38 41.5 

TABLE 7 - Baslc Charactarl5rlcs and Hlnoralo~lcal Analyrls of some Typlcal Samples o f  Ta r  Sands Sludge 
K 
G 

( f rom [23]) 5 
I 

P a r t l c l e  S l ze  51 udge 5 
O l s t r l b u t l o n  Compos i t Ion Percent nlnerals in Bitumen-Free Sludge Solids 

Z 
m 
-< - - 



Uslng t h i s  same p r ~ c e d u r e .  the computed so1 l d 5  concen t ra t  ion5 for 
t h e  v a r l o u s  types o f  samples examine4and t h e  measured va lues  a r e  repor-  
ted i n  Table 8. I t  must be s t r c s s e d  t h a t  b o t h  t h e  t h e o r e t i c a l l y  computed 
and measured v a l  ucs must be cons idered as "average represen t a r  I ve" va lues 
since:  (a) the method used for detcrmlnar4on o f  the p r o p o r t i o n  o f  v a r i o u s  
m i n e r a l s  fron X-ray d i f f r a c t o g r m s ,  I b )  sampl ing prc-zedures, (c)  qua1 i t y  
o f  samples and how ! e l l  they rep resen t  the a c t u a l  c o n d i t l m s  of t h e  m a t e -  
r i a l  i n  t h e  ponds, a r c  Indeed wrt  i n e n t  and s i g n i f i c a n t  c o n s i d e r a t i o n s .  
The preceding no tw l  ths tand lng,  i t  I s  noted t h a t  t h e  t h c o r e t  i c a l  l y  com- 
puted va lues for s o l  Ids conceo t ra t  ions do accord mT1 wT t h  the measured 
va lues ,  - except  f o r  the aggregate s l i m e  - as seen In t h e  extreme r i g h t  
hand column i n  Table 8. 

TABLE 8 - Canparison of Theoretically Computed and Measured 
So! i d s  Concen t ra t ion  (S.C.) f o r  Samples S tud ied  

Theo. 5 . C .  
Source T h e o r e t i c a l  5.C.  k a s u r e d  5 . C .  Ueas. S.C. 

% % 8 

P b m h a t  l c  51 1mc 
Aggregate S l i m e  
T i n  H i n l n g  Slime 
Clay Coa t ing  S l u r r y  
0 e n e f i c i a t i m  S l u r r y  
Tar  Sands Sludgc 
Bauxl t e  Red Mud 
So i l -Organ ic  Sl lme 

13.4 
10.5 
50.8 
51.8 
9.1 

42.2 
Hot computed 
Not computed 

Note t h a t  s ince  the e q u i l i b r i u m  suspension volumes have n o t  been 
determined for  thc humic and f u l v l c  a c i d s  i n  t h e  s o i l - o r g a n i c  sllmes, 
and a l s o  f o r  t h e  v a r i o u s  components i n  the r e d  mud, no p r e d i c t e d  va lues 
of so1 i d $  c o n c e n t r a t i o n s  have been ob ta ined  f o r  these two types o f  waste 
s l u r r i e s  a t  t h i s  time, Much wrk r m a i n s  to be done to assess (a) tk 
apparent h i g h  d l s p c r s i o n  s t a b i l i t y  o f  the s o i  I-organic sl imes, and (b) 
t h e  t h e o r e t i c a l  and exper imenta l  va lues o f  suspznsion volumes for t h e  
hwnic and f u l v i c  ac ids ,  and the red mud components. 

In  regard t o  t h e  humlc and f u l v i c  a c i d s  which a r e  genera l  l y  r e f e r r e d  
t o  a5 humic substances. I t  i s  k n m n  t h a t  they are  p o \ y c a r b ~ ~ y l i c  a c i d s  
w i t h  pheno l i c ,  a l c o h o l l c ,  and carbony l  groups. and a r m t i c  r i n g s .  Thc 
s t r u c t u r e s  for t h e  humic and f u l v i c  a c i d s  s h m  p r o p e r t i e s  For meta l  che- 
l a t  ion and base exchange. They have a  h i g h  a f f i n i t y  f o r  p r o t e i n  and a  
c a p a b i l i t y  for  adsorption o f  many m a t e r i a l s .  

CONCLUDING REMRKS 

F r m  t h e  p reced ing  discussions, i t  i s  apparent that  the n a t u r e  of  
the suspension, a t  t e a s t  f o r  Zones A and B appean t o  be accountab le  i n  
p a r t  by t h e  w a t e r - h o l d i n g  c a p a b i l i t y  o f  the 5 0 1  i d s  - as a p h y s i c a l  mea- 
su re  o f  t h e  i n t e r a c t i o n  o f  the s o l i d s .  The i n i t i a l  s e t t l i n g  pr tKess i s  
c l e a r l y  dominated by s u r f a c e - a c t i v e  r e l a t i o n s h i p ,  and sed imenta t ion  
t h e r e f o r e  i s  not readily described by simple g r a v l t a t i o n a i  r e l a t i o n s h i p s .  



Theor ies  which r e l y  on S tokes '  principles and 501 i d s  c a n c e n t r a t  ion, wh ich 
have b e t n  g e n c r a l l y  used to rmdel t h e  s e t t l  l e g  process In these two Zones 
[ A  and B ]  have n o t  necessar l  l y  b e t n  successfu l  because o f  t h e  dcgree of 
sur face a c t l v i t y  (dispersion s t a b l l i t y )  of the s o l l d s .  C o r r e c t i o n r  u s l n g  
a  h ind rancc  concept  t o  augment these t h e o r i e s  have a l s o  gcnera l  l y  been 
unsuccessful i f  the d i s p e r s i o n  s t a b l l i t y  of t h e  suspension i s  h lgh .  The 
tnab i  li t y  of  the sedImen t a t  Ion  rrodels t o  a c c o u n t  for t h e  su r face  and 
phys ico-chemica l  I n t e r p a r t l c l e  a c t  i o n s  has  by and l a r g e  betn respons i b l e  
f o r  t h e  less  than a c c u r a t e  p r e d i c t i v e  capability o f  these m d e l s .  

Insofar  as the s e t t l i n g  s tages where e f f e c t i v e  s t r e s s e s  a r e  opera-  
r i v e ,  models r e l y [ n g  on t h e  genera l  p r i n c i p l e s  o f  c o n s o l I d a t i o n  appear 
t o  be capable I n  p r e d l c t  ing  s e t t l  i n g  performance. The apparent  lack o f  
phys lca1  p a r t i c l e  ( s o l l d )  c o n t a c t  a t  v o i d  r a t i o s  o f  about 5. ( f o r  I n i t l a i  
c o n s i d e r a t l a n  of c o n s o l i d a t i o n )  where success fu l  p r c d l c t l o n s  have been 
made (e-g .  [25 ] )  does not  n e c e s s a r i l y  mean t h e  absence o f  " e f f a c t i u c "  
s t resses .  The mtarurements made from f i e l d  exper iments  show t h a t  f o r  the 
s e t t l i n g  ponds t e s t e d  by  Yong e t  21. (19841, measurable v a l u e s  o f  po re  
p ressures  w e r e  obta ined.  I f  " e f f e c t l u e "  s t r e s s  i s  d e f i n e d  as the  d i f f e r -  
ence between t o t a l  s t r e s s  and measured po re  pressure,  I d  i s r e g a r d  i n g  the 
l a c k  o f  c o m ~ u t e d  p h y s l c a l  c o n t a c t  frm a v o i d  r a t i o  v a l u e  o f  5 o r  more), 
a p p l  i c a t  i o n  o f  the  conso l  i d a t  Ion  model appears  as  an a c c e p t a b l e  procedure.  

The mechan Isms d c ~ c r r b i n g  sur face a c t  i v c  r e l a r  i o n s h i  ps and i n t e r -  
actions p e r m i t  r o d e l l i n g  for e v a l u a t i o n  o f  t h e  s o - c a l l e d  e q u l l  i b r i u rn  
s t a t u s  o f  the suspended sol Tds - I - e .  t h e  reasons f o r  the  amount O F  
s o l  i d s  remaining i n  suspension.  k d c l l  i n g  o f  the s e t t l  i n g  r a t e  o f  the 
501 ids  can take  s e v e r a l  f o r m s  - c o l  l i s i o n  theory ,  r t l a t  i v e  f l u x e s  f o r  
d e s c r i p t i o n  o f  c o n v e c t i o n - d i f f u s i o n  phenomena, and conso1 ida t  i o n  t h e o r y .  
Slncc a con t inuous  t h e o r y  ( i .e. u n i f i e d  model) does n o t  as ye t  e x i s t  
wh ich would c o v e r  t h e  e n t i r e  spectrum of t h e  5e r tT  i n g  phenomnon, i  t 1 s 
neces5ary t o  cons ide r  a p p r o p r i a t e  submodels whlch would o v e r l a p  I n  t h c i r  
p r e d i c t i o n s  o f  the  s e t t l  i n s  p r o b l c n  over i t s  e n t i r e  range .  Two such 
t h e o r i e s  o r e  a v a i  l a b l e  a t  the p resen t  t ime :  (a) t h e  convec t ion -d  i f f u s i o n  
m d e l  w h i c h  encompasses s o l  i d s  s e t t l  i n g  performance i n  Zones 0 and C 
[ 2 8 .  291, and (b) l a r g e - s t r a i n  c o n s o l i d a t i o n  wh ich  encornpasse5 the lower  
p a r t  of Zone C and all o f  Zone D. 17, 14. 251. 

I n  maklng p r e d i c t  ions o f  s e t t l  i n g  performance and comparisons be- 
tween p r e d i c t e d  s o l i d s  concencrar ion p r o f i l c  and mcasured va lues.  we 
shou ld  n o t e  t h a t  exper imen ta l  procedures r e q u i r e  t h a t  t h e  suspensions 
s t u d i e d  i n  the l a b o r a t o r y  for c h a r a c t e r i z a t i o n  o f  the v o i d  r a t i o  and 
p e r m e a b i l i t y  or v o i d  r a t i o  and e f k c t l v e  s t r e s s  relationships must 
r e a l i s t i c a l l y  m d e l  t h e  f i e l d  c o n d i t i o n 5 .  By and la rge ,  l ong  column 
s e t t l  i n g  t c s t s  need t o  be performed i f  the p r o p e r  m d e l  l ing of s e t t l i n g  
behav iou r  ir to be ob ta ined .  C m s o l i d a t  i o n  t e s t l n g .  u s i n g  long columns, 
w i l l  not n c c e s s a r l l y  produce t h e  k i n d s  o f  i n f o r m a t i o n  needed s i n c e  the 
e x t e r n a l  s t r e s s  situation can a f f e c t  t h c  s e l f - s e t t l i n g  c h a r a c t e r i s t i c s  
o f  t h e  susperded s o l i d s .  Th is  i s  p a r t i c u l a r l y  t r u e  if d i l u t e  s o l i d s -  
su$pensions a r e  to be examined. 

F i n a l l y ,  Tt shou ld  aga in  be no ted  t h a t  a n a l y t i c a l  m d e l l  i n g  of 
s e t t l  l n g  o f  suspended s o l i d s  i n  sed imen ta t ion  processes f o r  prediction 
O F  t  lme-rate o f  s e t t l  i n g  o f  suspended s o l  ids, i s  compl Tcated b y  severa l  
p h y s i c a l  i srues r e l a t e d  to: 



PARTICLE IN'I'EHAL-rION 

{a)  c a n - g r a v i t a t I o n a 1  i n t e r a c t i o n s  - i.e. s u r f a c e - a c t i v e  phcnonena, 
(b) c a n p l l c a t l o n s  i n  l a b r a t o r y  measurmeo ts  o f  p r o p e r t i e s  o f  5"s- 

pensions,  and 
( c )  d e f i n i n g  I n i t i a l  c o n d i t i o n s  and effective s t r e s s - v o i d  r a t i o  r e -  

l a t  lonsh ips .  

I t  i s  impor tan t  to rccagn ize  the Lirnirr of a p p l i c a b i l i t y  o f  the t o -  
t a l  s e t t l i n g  subimdcls i n  o r d e r  t h a t  p ropc r  p r e d i c t i o n s  o f  t h e  t o t a l  seL- 
t l i n g  phenomenon can be  made. Appl i c a  t i o n  of the concept  of suspension 
volumes I n  the development of d i s p e r s i o n  s t a b i l r t y  o f  the solids-su5pen- 
s ion .  e x p l a i n s  why the suspended sot Ids  appear r e l u c t a n t  to s e t t l e  i n  
r h c  t i m e  F r a m e  p r e d i c t e d  by g r a v i t a t i o n a l  s e t t l i n g  t h e o r i e s .  I t  should 
be noted t h a t  w h i l s t  t h e  DLVO model, t o g e t h e r  w i t h  t h e  r e l a t i o n s h i p s  
presented I n  the Appendix, can be used to c a l c u l a t e  t h e  theoretical sus- 
pens ion volumes a s s o c i a t e d  w i t h  the k inds  o f  s u r f a c e - a c t i v e  s o l i d $  p r e -  
sent i n  t h e  system, t h e  e x p e r i m e q t a l l y  m a s u r d  v a l u e s  o f  s u s p c n s l m  
volume g i v e n  i n  Tab le  4 a r e  indeed more appropr ia te .  T h i s  i s  because 
thc e x p e r i m e n t a l l y  measured v a l u e s  i n p l T c i t T y  account  f o r  t h e  v a r i o u s  
p a r t i c l e  ( s o t i d $ )  c o n f i g u r a t i o n s  in t h c  $uspension, and a l s o  t h e  1 I k c t y  
presence o f  f l o c  fo rmat ions  and i n t e r a c t i o n s  - w i t h o u t  the  necd for 
ted ious  c a l c u l a t i o n s  o f  i n t e r a c t i o n s  i n v o l v i n g  geometr ies  and f l o c  for-  
mat ion.  

Huch more work rcmains co be done I n  t h e  s tudy o f  d i s p e r s i o n  i t a b i -  
1 i t y  - e s p c c l a l  l y  I n  regard  t o  t h e  magni tude and p o t e n t  l a 1  for f l o c  F o r -  
ma t ion  I n  suspension. The r e s u l t s  s h m n  i n  Tab le  8 f o r  t h e  aggregate  
s l imes  suggcst  v e r y  s t r o n g l y  t h a t  f l o c  f o r m a t i o n  I s  indeed much more p r c -  
v a l c n t  than a n t i c i p a t e d  - as w i  tness the h i g h e r  measured $ 0 1  i d s  concen- 
t r a t i o n  i n  c o n t r a s t  t o  the lower computed values.  Other work t h a t  needs 
t o  be done concerns t h e  presence o f  micro-argan isms i n  contained s l u r r i e s .  
Developmcnt o f  gaseous products  as a r e s u l t  o f  a c t i v i t i e s  a s s o c i a t e d  
w i t h  micro-organisms w i l l  undoubted ly  a f f e c t  b o t h  d i s p e r s i o n  s t a b i l i t y  
and s e t t l l n g  perforrnance of t h e  suspended s o l  Ids. 

T h i s  s tudy , c o n s t i t u t e s  p a r t  o f  t h e  genera l  s tudy  on S t a b i l i t y  and 
S e t t l i n g  o f  Suspended f i n e s ,  suppor ted by a G r a n t - i n - A i d  o f  research 
f rm t h e  Haru ra l  Sciences and Eng ineer ing  Rcscarch Counc l l  o f  Canada. 
NSERC, under Grant  No. A-882. The rmrk concerned w i t h  S.E. A s i a  and 
Jamaica I s  suppor ted by the l n t c r n a  t j m a l  Development and Research Cm crc ,  
Canada. The suppor t  f rom b o t h  Organ iza t ions  [ s  g r ~ t c f u l l y  acknowledqcd. 
The I n p u t  p rov lded  by the v a r i o u s  researchers  i n  t h e  Ccorechn ica l  
Research Centre, n c t l l l  University, i s  a l s o  acknowledgcd. 



APPEND l X I .  

Face-to-face Interact ion 

Long range r e p u l s i v e  energ ies  due t o  d i f f u s e  i o n  c l o u d  I n t e r a c t i o n  f o r  
cons tan t  s u r f a c e  charge d c n s i  t y  [ la ] :  

6 4  n kT 2 
V = - c x p  (-2 Kd) K 

where 
1 

Y - 
C 

sinh z = a (  n ) l / Z  
2n L kT 

d - Interparticle h a l f  d i s t a n c e  

K = Oebye-Huckel r e c i p r o c a l  l e n g t h  

n - m o l a r l t y  K Avagadro's number 
e - u n l t  e l e c t r m l c  charge 
v - e f f e c t i v e  c a t i o n  va lence  
k - Boltzman cons tan t  
T - temperature ( O K )  

r = d l e l e c t r i c i t y  c o n s t a n t  

Long rangc r e p u l s i v e  e n e r g i e s  - f o r  c o n s t a n t  s u r f a c e  p o t e n t i a l  [ Ig ] :  

A t t r a c t i v e  l o n g  range i n t e r a c t i o n  energ ies :  

A - Hamaker cons tan t  
6 - th i ckness  o f  I n t e r a c t i n g  p a r t i c l e s  

Edqe- to-Face l n t c r a c  t l o n  

The r e l a  t  l w r s h l p s  dcvcloped f o r  edge-to-face and edge- to-edge i n t c r -  
a c t l m s  make use o f  approx imat ions In terms o f  spher tca l  p a r t l c l e  i n t e r -  
ac t i ons .  



Long range repu ls ive  energies: 

t = d i e l e c t r i c  constant o f  the mdium 
R l . R 2  r a d i i  of i n t e r a c t i n g  spheres 

Y 'OZ - surface charge p o t e n t i a l  o f  i n t e r a c t i n g  spheres 

Long range attractive energles [Sf: 

Edqe-to-Edqt I n t e r a c t i m  

tong  range repulsive energies - for constant surface p o t e n t i a l  [ l o ] :  

Long range a t t r a c t i v e  energies [a]: 

where R, = R 2  - R 

w a 4d2 + 8Rd 

PART1 CLE 1HTERACTlOH FORCES 

Long range a t t r a c t i v e  forces (van der Waa15 forces) 

&'-to-Eaca I n t e r a c t  ion 

where 

DI0 = s t a t i c  dielectric ctxlstant o f  c l a y  p a r t f c l e  

010 s t a t i c  d i e 9 e c t r i c  constant o f  pore f l u i d  
- .  
h - Planck's constrmt 
c - v e l a c i t y  af l l g h t  



Edge-to-Edgt I n t e r a c t i o n  

R the e f f e c t i v e  rad ius  o f  each i n t e r a c t i n g  p a r t i c l e  edge. 

Edge- to-Face l n t e r a c t  ion 

(9c)  
2 

z ( d )  = 4d + 4d (R1 + R ~ J  

R1-R2 
- the eFFective r a d i i  o f  the i n t e r a c t i n g  p a r t i c l e  faces and edges .  

Long range rcpuls i ve  forces 

Face-to-Face I n  tc rac t ion  

The repu ls lve  o s m t i c  pressure POsm [11]: 

where for constant surface charge, y c  i s  g iven  by 

and midplane e l e c t r i c a l  w t e n t l a l  can be ca lcu la ted  by 

-Y c 
$ = d 2  

K (d+x = 2 enp(-) I 
$ d  

0 +-0 
2 1/2 

[ I-exp(-Zy s i n  $11 c 

x - stem l a y e r  thickness 
0 

K = kbye-Huckel reciprocal  length 

For mlwed mono-dlvalent ion system [3]:  

P osm r b [ R ( , Y c - l ) + c 2 y c - \ +  ( R + 2 ) e + Y c - 1 ) ]  



Edqe-to-Edge In terac t  Tan 

Edge-to-Face In teract ion  

I n t e r p a r t i c l e  Spacing 

2 -1 SA - s p e c i f i c  surface area (m gm ) 

One-dimns ional T h e o r e t i c a l  Free Sue1 l 

G .A, (SA) 
I 

'a IOO (i+eo) 

CS - s p e c i f i c  g r a v i t y  of s o i l  

Co 
- i n l t i a l  w i d  ra t10  o f  s o i l  

M - change i n  p a r t i c l e  separat ion h a l f  d i s t a n c e .  
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CONVECTION-DIFFUSION ANALYSIS OF SEDIMENTATIOH 

IN I N  ITlALLY DtLUTE SOL IDS-SUSPENSIONS 

* ** 
Raymnd H. Yong H.ASCE and Diaa 5. E l m m a y e r t  

A9 STRACT 

The s e t t l i n g  o f  suspended s o l  id,s i n  so1 ids-su5pens ion5 i s  t r e a t e d  
f r o m  t h e  viewpoint o f  t h e  r c l a t i v e  f l u x e s  e s t a b l i s h e d  as a r e s u l t  o f  t h e  
upward d i f F u 5 i o n  o f  wa te r  and the downward c n n v c c r i o n  o f  the  sol i d s .  The 
c o n v e c t i o n - d i f f u s i o n  a n a l y s i s  approaches t h e  prob lem by  f i r s t  c a l c u l a t i n g  
t h e  f l u i d  d i f f u s T o n  c o e f f i c i e n t s  from a c t u a l  l a b o r a t o r y  s o l t d s - s e t t l i n g  
exper iments.  The c a l c u l a t e d  d i f f u s i m  c o e f f i c i e n t s  a r e  then used vi t h  
t h e  c o n v e c t i o n - d i f f u s i o n  r e l a t i o n s h i p  t o  p r e d i c t  the  s e t t l i n g  r a t e  of 
t h e  s o l  i d s  and a l s o  the s o l  i d s  c o n c e n t r a ~ i o n  p r o f i l e .  P r e d i c t i o n s  For 
v a r i o u s  exper inrents and a f i e l d  s a t t l i n g  pond a r c  compared w i t h  a c t u a l  
measured va lues.  

INTRODUCTION 

The term "so l  ids-suspension" r e f e r s  to t h e  p h y s i c a l  p h e n m n o n  where 
a Suspending f l u i d  medium c o n t a i n s  m a t e r i a l  ( g e n e r a l l y  i d e n t i f i e d  a s  
s o l i d  p a r t i c l e s ,  i.e. s o l i d s )  wh ich  remain  i n  suspens ion For v e r y  long 
p e r i o d s  o f  t i n e .  I f  t h e  suspended s o l i d s  d o  s e t t l e  a t  a l l .  they w i l l  
s e t t l e  a t  sed imen ta t ion  r a t e s  n o t  r e a d i l y  m d e l l e d  by  cTass ica1  S tokes ian  
o r  m o d i f i e d  S t o k e s i d n  models. T y p i c a l  s i  t u d t  ions where 5 0 1  ids-suspens ion 
b e h a v i o u r  a r i s e  i n c l u d e  s l  i r e / s l u d g e  ponds, c o a s ~ a l  sediments,  and w a s w -  
d i  ~ c h a r g e  c o n t a i n w n t  lagoons. 

I n  s t u d y i n g  t h e  d e v e l o p r e n t  o f  sediments such as  chore o b t a i n e d  in 
s l i r e / s l u d g e  conta inment  ponds and i n  many c o a s t a l  a reas  ( i . e ,  as  c o a s t a l  
sed iments} ,  t h e i r  composition and phys ica l /mechan ica l  p r o p e r t i e s  c o n s t i -  
t u t e  ma jo r  i terns O F  i n t e r e s t .  Recoqniz i n g  t h a t  the p h y s i c a l  and m c h d -  
n i c a l  p r o p e r t i e s  of the sed iments  a r e  both source and t ire dependent, i t  
has been found c o n v t n l e n t  t o  a n a l y z e  t h e  deve lopcen t  o f  sediment l a y e r s  
i n  respec t  t o  r a t e s  o f  5 r t t I i n s  o f  the s o l i d s  "suspended" i n  t h e  f l u i d  
m d i m .  By d o i n g  so, t h e  ana lyses  w h i ~ h  r e q u i r e  a c t u a l  rnatcrial p r o p c r -  
t i e s  i n p u t  w i l l  thus i m p l i c i t l y  f a c t o r  i n  the r e ~ u l t d n t  e f f e c t s  of source 
m a t e r i a l  i n  the s e t t l  i n g  process wh ich  leads  t o  ~ h c  development o f  the 
s e d i n e n t  l a y e r s  [ 4 , 5 , 7 ,  l l ] .  
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Lhen t h e  c m c e n t r a t i o n  o f  5 ~ l i d 5  i n  suspens ion i s  sc ia l l ,  a s  i s  t h e  
case f o r  many sol ids-suspen5lons d e r i v e d  from t e i  l ings d i s c h a r g e  (so l  i d s  
c o n c e n t r a t i o n  from 2 t o  5 percen t  b y  weight). and uhen these 5 0 1  i d s  can-  
t a i n  s u r f a c e - a c t i v e  m a t e r i a l ,  Yong and S e t h i  (1978) have shorn t h a t  t h e  
d i s p e r s i o n  s t a b i l i t y  and s e t t l i n g  b e h a v i c u r  o f  t h e  s o l i d s  a r e  c o n t r o l l c d  
m r e  b y  s u r f a c e - a c t i v e  relationships ( i . e .  b y  i n t e r a c t i o n 5  between s u r -  
f a c e - a c t i v e  s o l i d s )  than by  g r a v i t a t i o n a l  m c h a n i m s .  The prob lem o f  
m d t l  development wh ich k o u l d  p e r m i t  one t o  e v a l u a t e  and p r e d i c t  the con- 
t incwus s o l  i d s - s e t t  l i n g  process i n  In1 r i a l  l y  d i l u t e  501 ids -suspenr  i ons ,  
f rom s o l  i d s  s e d i m n t a t i o n  (su rpens lon  " t h i c k e n i n g " )  t c  compact Sediment: 
r e m i o s  one c f  t h e  r m r e  c h a l l e n g i n g  p r o b l e m  f a c i n g  analysts i n  t h i s  
f i e l d .  Present  a n a l y t i c a l  rrrthods us1rg  Stokes ian,  Kynchian and l a r g e -  
s t r a i n  c ~ n s o l i d a t l o n  i m d t 1 s  (1,3,4,5,6,9] as s e p a r a t e  and i n d i v i d u a l  
models f o r  a n a l y s t s  o f  the v a r i o u s  "stages" o f  s o l  ids  s e d i . w o t a t i o n ,  
t e s t  i f  i es  t o  :he p r e s e n t  s t a t e  o f  p r c d i c t l o n  capabi l i t l e s  and r e i n f o r c e s  
t h e  need t o  p r o v i d e  a b e t t e r  means f o r  o v e r a l l  p r e d i c t i o n  o f  the c o n t  i o u -  
GUS prccess of sediment Format ion.  

In t h i s  s t u d y ,  t h e  r e c e n t l y  deve lcped c o n v e c t i o n - d i f f u s i o n  m t h o d  
c f  a n a l y s i s  o f  s o l  i d s - s e t t l  i n g  i n  i n i t i a l l y  d i l u t e  s o l  i d s  suspens ion [ l ~ ] ;  
i s  used to p r e d i c t  s c l  i d s - s e t t l  i n g  performance o f  rnlxed c l a y  m i n e r a l  5us- 
pens ions.  Comparlsons a re  made between p r e d i c t e d  s e t t l i n g  per formances 
and a c t u a )  l a b o r a t o r y  m a s u r e d  v a l w s .  Thc method o f  a n a l y s i s  p e r m i t s  
one t o  address t h e  e n t i r e  s o l i d s  c o n c e n t r a t i o n  rengc h e r e t o f o r e  covered 
b y :  (a) t h e  S tokcs ian  nude7 - f o r  the more d l l u t e  s o l i d s  c o n c e n t r a t i o n .  
and ( b )  h i n d e r e d  fa1 1 m t h o d s  o f  a o a l y $ i s  - For h i g h e r  s o l  i d s  concen t ra -  
t ion.  When t h e  ac rua  l sediment l a y e r  1 5  formed, l a r g e  s t r a i n  consol  i d a -  
t i o n  ana lyses can be a p p l i c d  s u c c c ~ s f u l l y  to  p r e d i c t  conso l  l d a t i o n  p e r -  
formance. 

COHUECTION-DI FFUS I O U  ANALYSIS 

Deno t ing  the v a r i o u s  known and unknown in te rnaT  d r i v i n g  f o r c e s  i n  
t h e  s o l i d s  suspen5ion i n  terms o f  a r e s u l t a n t ~ p o t r n t l a t  d i f f e r e n c e  Aq 
a c t i n g  between two a r b i t r a r y  p o i n t s  separa ted  by  a  d i s t a n c e  a:, the r e l a -  
t i v e  f l u i d  f l u x  qf,, - i .c.  upward f l u x  o f  F l u i d  p a s t  the suspended 
s o l i d s  wh ich  a r e  thense lves  m v i n g  downward I n  the o p p o s i t c  d r r e c t i c n  t o  
t h e  f l u i d  f l u x  - can !x expressed as: 

3 
R e l a t i v e  f l u i d  f l u x  q a - 

F s as 

and 

where k - p r o p o r t i o n a l  l t y  cons tan t .  

The n e t  r c s u l  t o f  the r e l a t i v e  f l u x e s  e s t a b l  ished because o f  the 
downward m v e m n t  o f  t h e  s e t t l i n g  s o l  i d s  and upward rmvement o f  t h e  f l u l d  
w i l l  be p h y s i c a l l y  demonst ra ted i n  t e r n s  o f  t h e  t i m e - r a t e  s e t t l i n g  o f  t h e  
s o l i d s - l  i q u l d  ( F l u i d )  i n t e r f a c e  a5 shown in F i g .  1 .  For  s i m p l i c i t y  [ n  
v iew ing .  one n i g h t  c o n s i d e r  the t o t a l  I n I t i a l  s o l i d s - 5 u s p m s l c n  as a 



s t a c k i n g  o f  an l n f  i n i t e  number o f  t h i n  " c m p r e s s i b l d '  sol i ds -suspens ion  
l a y e r s  w i t h  s o l i d s  c o n c e n t r a t i o n  v a r y i n g  i n  the f a s h i o n  shorn on t h e  LkS 
draw ing  i n  F i g .  1 .  The superna tan t  l a y e r  t h a t  i s  formed above the sol i d s .  
l i q u i d  i n t e r f a c e  a t  any one t ime  i s  the r e s u l t  o f  the r e l a t i v e  f l uxes ,  
and i s  :he accumu la t ion  o f  t h e  f l u i d - r e l e a s e  f rom t h e  i n f i n i t e  number o f  
,I compress ing layers" ,  as seen i n  the  RHS drawing i n  F i g .  1. 

a fluid 

Vo lumet r i c  C o n c e n t r a t i o n  

Volume o t  S u p e r n a t a n t  = total sum of fluld 
dlffused o u t  of all layers as a r e s u l t  o f  diffusion 
and conveclion mechanisms 

Increasing of 
s o l i d s  c o n c e n t r a t i o n  

F i g .  I Schvna t i c  r e p r e s e n t a t i o n  o f  t h e  s o l  i d s  s e t t l e m e n t  and super- 
n a t a n t  development processes 

To e l a b o r a t e  f u r t h e r  on the so -ca l  Ied "conprcs5 lb le "  n a t u r e  o f  t h e  
s o l i d s - s u s p e n s i o n  l a y e r ,  F i g .  2 shows a m r e  d e t a i l e d  i l l u s t r a t i o n  o f  the 
F luxes developed i n  the s o l i d s  s e t t l i n g  p rocess  i n  a c o n t r o l  u n i t  volume 
in  a t y p l c a l  s o l l d s - s u s p e n s i o n  l a y e r .  The q u a n t i t y  o f  f l u i d  volumc Zn 

r e l e a s e d  i n  a u n i t  t ime  i s  the  r e s u l ~  o f  the  upward f l u i d  f l u x  qf, rela-  
t i v e  t o  the dormward f l u n  o f  s o l i d s  q,. The volurrr: o f  f l u i d  a s s o c i a t e d  
d i r e c t l y  w i t h  t h e  s o l i d s  c o n s i s t s  e s s e n t i a l l y  of twa p a r t s :  (a )  t h e  p a r t  
t h a t  remains above ;he datum l i n e  separating l a y e r  Cn-, f r om Cn,  and ( 5 )  

. .  . 
the par t  t h a t  moves i n  c o n c e r t  w i t h  the 5 0 1  I d s  f l u x  q, i n  t h e  s e t t l i n g  

process,  b r i n g i n g  them below the datum l i ne  i n t o  l a y e r  Cm - as shown i n  .. 
F i g .  2.  The f l u i d  a s s o c i a t e d  w i t h  the 501 i d s  r e p r e s e n t s  t ha t  v o l u ~ n e  o f  
f l u i d  h e l d  by  the s o l  i d s  because o f  s u r f a c e - a c t i v e  forces [ l l ] ,  and [ 5  

de te rm ined  b y  t h e  ba lance  oetueen the i n t c r n a l  and e x t e r n a l  energy ot t h e  
l o c a l  c lement.  



Represen t ing  B as  t h e  v o l u r e t r i c  r n n t c n t  O F  t h e  f l u i d  a s s o c i a t e d  
w i t h  the c o n v e c t i n g  s o l i d s ,  i . e .  volume o f  f l u l d  d l r e c t l y  t i e d  i n  w i t h  
t h e  c o n v e c t i n g  s o l i d s  i n  a u n i t  so l  i d s  suspension volume ( F i g .  2 )  d i v i d e d  
by t h a t  sane suspension volume, t h e  t o t a l  f l u x  O F  f l u i d  a s s o c i a t e d  w i t h  
the s e t t l i n g  s o l i d s  p a s s i n g  b e l o w  t h e  da tum s e p a r a t i o n  i n t o  l a y e r  C n  w i l l  

be g i v e n  by 6qS = a cv. The t o t a l  change i n  v o l u m e t r i c  f l u i d  c o n t e n t  i n  
the c o n t r o l  volume a f t e r  t ime  P t  i s  due to (a) l o s s  o f  f l u i d  r e p r e s e n t e d  
b y  t h e  r e l a t i v e  f l u i d  F l u x  q f s  and (b)  the l o s s  o f  f l u i d  a s s o c i a t e d  w i t h  

the c o n v e c t i n g  s o l i d s  as rep resen ted  by t h e  f l u x  Aq, a5 shorn i n  F i g .  2. 

u dltfuslng f lu id  

':,; so l ids  flux w i t h  associated f lu ld  

9,s 

F i g .  2 Schematic r e p r e s e n t a t i o n  o f  developed f l u x e s  i n  a c o n t r o l  
volume, showing f l u i d  f l u x  r e l a t i v e  to so l  i d s  qf, f l o w i n g  in  the upward 
s i d e  d i r e c t i o n ,  and qS s o l i d s  f l u x  l e a v i n g  t h e  c o n t r o l  volume w i t h  asso-  
c i a t e d  f l ~ l d ~ q ~ - ~ , ~ .  Note t h a t  f l u i d  F l o w d u e  c o q  = a d .  f 5 

Thc t o t a l  f l u i d  volume which d i f f u s e s  t o  t h e  top o f  the s e c c l  ing co lu rm 
o r  pond t o  f o r m  the c l e a r  ( s o l i d s - f r e e )  superna tan t  i s  t h e  a c c u m u l a t i o n  
o f  a1 l t h e  u q u a n t i t i e s  f rom the i n d i v i d u a l  l a y e r s .  Secause acv roves 

d  
below the datum p lane,  the s o l i d s - l i q u i d  i n t e r r a c e  m v c m n t  t h a t  w i l l  be 
v i s u a l l y  e v i d e n t  i s  t h e  r e s u l t o f  the s u m o f  a l l  t h e a  and a,, q u a n t i -  d 
r i e s .  Thc r e s u l t a n t  f l u i d  f l u x  q f  has been p r e v i o u s l y  g i v e n  (101 as  
f o l l o w s :  

f 
= f l u i d  f l u x ,  

q f  s 
= f l u x  o f  f l u i d  r e l a t i v e  to the c o n v e c r i n g  s o l  ids ,  

q, 
= f l u x  o f  s o l  i d s ,  and 

3 = v o l u m e t r i c  c o n t e n t  O F  F l u i d  d i r e c t l y  a s s o c i a t e d  w i t h  the con-  
v e c t i n g  s o l  i d s .  

C o n s i d e r i n g  the r p v e m n t  uf  F l u i d  in the : d i r e c t i o n .  ( F i g .  2 1 ,  the 
c o n t i n u i t y  c o n d i t i o n  can  be w r i t t e n  as:  



where 

< - the upward p o s i t i v e  s p a t i a l  c o o r d i n a t e  w i t h  o r i g i n  o f  a x i s  
a t  the  base, 

a - a  + a  
d c v '  

a = v o l u m e t r i c  c o n t e n t  of f l u i d  l o s t  ( r e l e a s e d )  due to d i f f u s i v e  
f l o w ,  and 

U - volumetric c o n t e n t  o f  F l u i d  lost due to c o n v e c t i v e  f l ow.  
CV 

a.b 
where 0 2 coe fF icTen t  o f  d i f f u s i o n  of t h e  d T f f u s i n g  f l u i d  = k(-) 

aud 

Combining Eqs. (4) and 5 ,  ue o b t a i n  the g o v e r n i n g  r e l a t i o n s h i p s  pre- 
v i o u s l y  g i v e n  b y  Yong and E l m n a y e r i  (1984): 

we  shou ld  n o t e  t h a t  the a p p l i c a b i l i t y  o f  c h i s  r e l a t i o n s h i p  t o  f u l l ,  
account f o r  sediment c o n s o l i d a t i o n  a f t e r  s e d i m n t  f o m s t i o n  and i n i ~ s a l  
compression,  w i l l  need t o  be c r i t i c a l l y  examined - e s p e c i a l l y  h e n  a c t u a l  
i n t e r p a r t i c l e  c o n t a c t  becomes a s i g n i f i c a n t  issue. I n  i t 5  p resen t  f o m ,  
exper iments  show t ha t  t h e  c o n v e c t i v e - d i f f u s i v e  r e l a t i o n s h i p  can model 
s e d i r e n  t a t i o n  of t h e  pure  c lays -$uspen$ ions  t e s t e d  - to v o i d  r a t i o s  o f  
about 3. 

DETERNlHATlOH OF DIFFUSION COEFFIC1ENT 

Since t h e  c o n v e c t i v e  terms on the RHS o f  E q . ( 6 )  deal  w i t h  t h e  s o l i d s  
flux and a s s o c i a t e d  eF fec t5 ,  d e t e r m l n a t i o n  of the f l u i d s  d i f f u s i o n  co- 
e f f i c i e n t  D can be r e a d l l y  accompl ished by c o n s i d e r i n g  o n l y  the d i f f u s i v e  
t e r m  on the RHS, - so l o n g  as the P e c l e t  n u h e r ,  which r c f c r s  to t h e  
r a t i o  o f  t h e  convective v e l o c i t y  to  thc d i f f u s i o n  c o n s t a n t  o v e r  t h e  



domain o f  i n t e r e s t ,  i s  sma l l .  The p r o p e r t y  o f  m x l m m  p r i n c i p l e  whTch 
i s  wel l -demonst ra ted when t h e  P e c l e t  number remains s m a l l ,  I s  indecd 
I m p o r t a n t  i f  n o n - o s c i l l a t i n g  numer ica l  s o l u t i o n s  a r e  to be sought.  i t  
i s  u s c f u l  to n o t e  t h a t  t h e  s t a n d a r d  d i F f u s i o n  model i s  also t h e  g e n e r i c  
m d e l  used i n  thc  d e r i v a t i o n  o f  the c I a s s i c a 1  c o n s o l i d a t i m  r e l a t i o n s h i p .  

Solv l n g  Eq. ( 6 )  In the usua l  form of a d i  f Fusion equa t ion ,  by  drop-.  
p i n g  o f f  the l a s t  trro c o n v e c t i v e  terms on t h e  RHS, Yong and E l m n a y e r i  
(1984) have used a s i m i l a r i t y  s o l u t i o n  techn ique t o  o b t a i n  t h e  r e l a t i o n -  
s h i p  between rhe  d i f f u s i o n  c o e f f i c i e n t  o f  the f l u i d  D w i t h  t h e  t o t a l  
f l u i d s  c o n c t n r r a t I o n  a t  any one r im. Note t h a t  t h e  f l u i d  c o n c e n t r a t i o n  
0 i s  g i v e n  i n  terms o f  a volume r a t i o  - 1.e. vo1umc o f  f l u i d  p e r  u n i t  
volume O F  t o t a l  s o l i d s - s u s p e n s i o n  - and i s  a l s o  e a s i l y  i d e n t i f i a b l e  0s 
r h c  p o r o s i t y  rr. The d i f f u s i o n  c o e f f i c i e n t  0 I s  obviously a v a r i a b l e  
s i n c t  i t  i s  d i r e c t l y  r e l a t e d  to t h e  p r o p o r t i o n  o f  s o l i d s  p r e s e n t  ( i . e .  
501 i d s  c o n c e n t r a t i o n ) .  The r e l a t i o n s h i  p5 for I ]  f o r  varTous suspensions 
a r e  g l v e n  l a t e r  i n  F ig .  5 - i n  terms o f  the v o l u m e t r i c  wa te r  c o n t e n t .  

The procedure used to o b t a i n  the necessary  i n f o r m a t i o n  for c a l c u l a -  
t lon o f  t h e  d i f f u s i o n  c o e f f i c i e n t  for any one p a r t i c u l a r  s o l i d s  or F l u i u  
c o n c e n t r a t i o n  i n  t h e  s o l  Ids-suspension,  r e q u I r c s  cxpc r i rnen ta l  i n p ~ t  
wh ich  d e s c r i b e s  t h e  r a t e  o f  f a l l  o f  the suspended s o l  ids .  Consequent ly.  
l a b o r a t o r y  s e t t l  i n g  column exper iments  s i m i  l a r  to those p r e v i o u s l y  con- 
ducted [JO] were used. These c o n s i s t  o f  e s s e n t i a l l y  p roduc ing  s o l  i d s -  
suspenslons o f  v a r i o u s  i n i t i a l  s o l i d s  c o n c e n t r a t i m 5 ,  u s i n g  pure  c l a y  
m i n e r a l s  dispersed i n  1 5  mq/l NanC03. The s e t t l i n g  co lurms wh ich  con-  
s l s t e d  o f  l u c i  t e  rubes measur ing 208 mm d i a m t e r  and 600 mn h i g h  had 
sampl ing p o r t s  l o c a t e d  a t  v a r i o u s  h e i g h t s  o f  the c o l m n  - t o  p e r m i t  
p e r i o d i c  sampl ing o f  t h e  so l ids -suspens ion  for d e t e r m i n a t i o n  o f  s o l i d s  
o r  f l u i d s  c o n c e n t r a t i o n  p r o f i l e .  Since the vo lune o f  s u s p e n s i m  rcnoved 
v i a  a macro-hypodermic s y r i n g c  was cons idered to be m i n i s c u l e  I n  r e l a t i o n  
t o  t h e  t o t a l  volume of suspension m a t e r i a l  tes ted ,  n o  c o r r e c t  i ons  were 
cons ide red  necessary  i n  masbrements  o f  t h e  he; ght o f  the s o l  Ids-1 l a u i d  
i n t e r f a c e .  A 1  i s t i n g  of the exoerirnenrs conducted i s  g i v e n  in  T a b l e  1 .  
Since i t  was e a s i e r  t o  weigh the b a s i c  c o n s t i t u e n t s ,  t h e  f l u i d  concen t ra -  
t i o n s  were r e p o r t e d  in terms o f  wa te r  c o n t e n t s  i n s t e a d  of  the v o l u n e  w n -  
c e n t r a t i o n s  used i n  the c a l c u l a t i o n  procedures.  W i t h  known s p e c i f i c  
g r a v i t i e s ,  I t  was an easy procedure t o  c o n v e r t  t h e  wa te r  c o n t e n t s  to 
v o l u m e t r i c  F l u i d  c o n c e n t r a t i o n s ,  

The t y p i c a l  k i n d  of sol i d s - s e t t l  i n g  i n f o r m a t i o n  o b t a i n e d  i n  e x p c r i -  
m e n t a t i o n  i s  shown i n  the t o p  and LES drawings shown i n  Fig. I .  The 
p r o f i l e s  drawn can be i n  terms of d e n s i t y  v a r i a t i o n  o r  s o l  i d s  c o n c e n t r a -  
t i o n  v a r i a t i o n  w i t h  h e i g h t  o f  s e t t l i n g  column. For convenience i n  c a l -  
c u l a t i o n  o f  t h e  d i f f u s i o n  c o e f f i c i e n t s ,  t h e  I n f o r m a t i o n  p resen ted  in  
F i g .  3 i s  g i v e n  i n  terms o f  v o l u m t r i c  c o n c e n t r a t i o n s ,  e . g .  volume o f  
s o l  i d s  d i v i d e d  b y  the t o t a l  suspension volume ( F i g .  l a )  f o r  t h e  volume 
e l m e n t  under s c r u t i n y .  S ince  the sampl ing p o r t s  p r o v i d e  i n f o r m a t i o n  
w i t h  r e s p e c t  t o  f l u i d  or s o l i d s  c o n c e n t r a t i o n ,  F i g .  3b can be d e t e r w i n e d  
d i r e c t l y .  T h i s  corresoonds w i t h  F ig .  3a s i n c e  t h e  sun of these t W  con- 
c e n t r a t i o n s  should  p r o v i d e  one w i t h  the t o t a l  s o l i d s - s u s p e n s i o n  vo lune.  
By measur ing t h e  f l u i d  c o n c e n t r a t l o n s  a t  v a r i o u s  t imes and l o c a t  i ons :  : C 
I s  p o s s i b l e  to produce i n f o r m a t i o n  concern ing  t h e  d i f f u s e d  f l u i d  concc;l-. 
t r a t i o n  a t  any p a r t i c u l a r  t i r ~  p e r i o d  ( ~ i g .  3c). T h i s  r e p r e s e n t s  t h e  
q u a n t i t y  r e f c r r c d  to I n  the procedure for c a l c u l a t i o n  g i v e n  in  F i g .  4. 



TABLE 1 - T e s t s  Conducted f o r  Sol i d s  S e t t l i n g  

1 2 3 4 5 4 

l n i c i a l  
Exper i  - Massof S o l i d s  Water  l n l t i a l  D u r a t i o n  
men t Suurce ( p a r t i c l e s )  Con t e n t  He iyh r  o f  Tes t  

Sm wlw m h r  

1 1012.1 l9OOk 
2 1222.1 1566.7% 
3 CRC 1435.1 1328.6% 
4 Exper inent  1667 I 150% 600 15.5 
5 Set R1 2568 733.33% 

6 511.5 613.92 
7  GRC 652 4 5 5 - 5 4  
8 Enpe r i men t 935 - 316.6% 350 24 .O 
9 Set d2 1078.5 257: 
10 1170.5 233.3k 

F ~ ' '  + OSB*'' 

13 0 + 647.5 796.22 
1 4  5 3 - 5  + 593-5  ,I 

15 107.5 + 539.5 ,, 
16 160.5 + 485.6 II 

17 215.8 + 4 3 1 . 6  I, 

18 CRC 263.8 + 377.7 I I 

19 E x p e r i m n t  323.7 + 327.7 ,I 

20 set .#3 377.7 + 263.8 I, 

2 1 431 .61+  215.8 1 1  

22 485.6 + 160.5 ,I 

23 5 3 9 - 5  + 107.5 0 ,  

24 593.5 + 5 3 . 5  I,  

25 647 + 0 I ,  

!I 
FD = n y d r i t e  F l a t  0 h o l  i n i t e  ("pure" kao l  i n i ~ c )  

f *  
DSB = Dontar Sealbond 

Tu calculate o r  p r e d i c t  the s e t t l i n g  r a t e  O F  the i n t e r f a c e  e s t a b -  
l i s h e d  by the superna tan t  l y i n g  a t o p  t h e  5 u l i d s - s u s p e n s i o n  (due ru con- 
t i nuous  a c c m u l a t i o n  o f  d i f f u s i n g  f l u i d ) ,  t he  f l u i d s  d i f f u s i o n  c o e f f i -  
c i e n t  C, which i s  o b t a i n e d  a 5  a Func t ion  o f  t h e  d i f f u s e d  f l u i d  v o l u -  
m e t r i c  c o n r e n t ,  i s  used t o  e n t e r  i n t u  thc  s u l u c l o n  o f  t h e  c o n v e c t i u n -  
d i f f u s i o n  c q u a t i u n  - g i v e n  p r e v i o u s l y  as Eq.(b). A t  t h i s  t ime ,  the t o t a l  
e q u a t i o n  ( t u g e t h c r  w I t h  the c u n v c c t i v e  terms) i s  uscd i n  t h e  . c a l c u l a t i o n r  
T h i s  i s  i d e n t i f i e d  i n  F i c .  4 .  The uucpur i n f o r m a t i o n  f rom 5 o l u r i u n  o f  
the equat ion p e r m i t s  one t o  v i e w  sertl ing r a t e ,  f l u i d  o r  s o l  i d s  conccn- 
t r a t i o n  p r o f i l e s  a t  any s p e c i f i e d  t i re .  and o b v i o u s l y  sed iment  fur.lra!.iu-:. 
Note t h a t  r h e  c a l c u l a t i o n  procedure used i n  F ig .  4 stops when t h e  s o l i d 7  
c o n c e n t r a t i o n  reaches 40%. T h i s  p u i n t  I s  a r b i t r a r y  i n  t h a t  w w p e c t  
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t h a t  p a r t i c l e  c o n t a c t  forces w i l l  beg in  t o  becomc r e l e v a n t  I s s u e s  and 
perhaps w i l l  ne rd  separate  c o n s i d e r a t i o n .  T h i s  i s  n o t  t o  s a y  t h a t  the 
govern ing  e q u a l  i o n  will noL o p e r a t e  beyond t h i s  r e g i o n .  H w e v e r ,  much 
w r k  rcmains to be done t o  f u r t h e r  e l a b o r a t e  on the c o n v c c r i v e - d i  f f u s i v e  
phenomnon whcn p a r t i c l t  c o n t a c t  s t r e s s e s  and excegs pore  wa te r  p ressures  
become s i g n i f i c a n t  . 

The d i f f u s i o n  c o e f f i c i e n t s  ? r e v i o u s l y  c a l c u l a t e d  f o r  t e s t s  4, 5 and 
13 i n  T a b l e  1, and inc luded  i n  c a l c u l a t i o n s  w i t h  o t h e r  t e s t  m a t e r i a l  
t ypes  used for comparison w i t h  f i c l d  t e s t  r c r u l t s  [ l o ]  have been shown 
to a p p l y  For a l l  the k a o l i n i  t e  susaension t e s t  r e s u l t s  o b t a i n e d  i n  t h i s  
s tudy .  T h i s  Is n o t  s u r p r i s i n g .  s ince thc t e s t 5  were a11 concerned w i t h  
the same type o f  c l a y  m a t e r i a l .  The d i f f u s i o n  c o e f f i c i e n t s  a r e  shown 
i n  F i g .  5 - t o g e t h e r  w i t h  comparisons w i t h  o ther  suspensions r e p o r t e d  
p r e v i o u s l y .  Note t h a t  by  and l a r g e .  the s lopes o f  t h e  v a r i o u s  0 r c t a -  
t i o n s h i p s  a r e  e s s e n t i a l  ly s i m i l a r .  The r e l a t i o n s h i p  c a l c u l a t c d  for D 
u s i n g  t h e  t e s t  r e s u l t s  r e p o r t e d  by Been and S i l l s  (7387) i s  b a s i c a l l y  
i d e n t i c a l  i n  s lope  t o  the k a o l i n i t e  t e s t  s e r i c 5  o b t a i n e d  I n  t h i s  s tudy .  
The sane can bc s a i d  for the D va lues c a l c u l a t e d  for a c t u a l  f i e l d  e n p e r i -  
menrs conducted [ lo] .  

Us ing  t h e  k a o l i n i t e  D va lues r e g o r t c d  i n  F i g .  5, p r e d i c t i o n s  f o r  
s e t r l  i n q  r a t e  can b e  made and compared w i t h  t e s t  measurelnents - as for 
example f o r  t e s t s  4 and 5 i n  Table  1. The c l o s e  agreement between mea- 
s u r e m n t  and p r e d i c t i o n  shown in F i g .  6 i s  e v i d e n t  for a l l  the samples 
s tud ied .  A b e t t e r  sumnary i s  g i v e n  i n  F i g .  7 where the s lopes o f  the 
i n i t i a l  s a t t T i n g  curves ( i . c .  s e t t l i n g  v c l o c i t y )  r e p r e s e n t e d  i n  F i g .  6 

D e n s i t y  

... 

typical s lu r ry  dens i t y  p r o f i l e s  

- - - I d e a l i z e d  p r o f i l e  

(a) S o l l d s  Concen t ra t ion  (b) Flu id  C o n c e n t r a t l o n  I c )  D i f f u s e d  FIuid 

(volumetric) (volumetric) Conoent ra t lon 

(vo lumerr lc )  

F ig .  3 Ideal i r e d  r e p r e s e n t a t i o n  of s o l  i d s  s c c t l  i ng  a t  any onc  t ime. 
t o g e t h c r  w i t h  d i s t r i b u t i o n  o f  s o l i d s ,  f l u i d  and d i f f u s e d  f l u i d .  



I S e t t l  lng column te5r  for: I 
I - sol ids content pro f  i les  

- set t lement  heiqht a t  d i f f e r e n t  1 
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f a r  example,  a r e  p l o t t e d  a g a i n s t  the i n i t i a l  s o l i d s  concentration o f  t h e  
s o l i d s - s u s p e n s i o n .  T h i s  shows the e f f c c t  o f  i n i t i a l  so l  I d s  c o n c c n t r a t : o n  
on the velocity o f  s c t t l  i n 9  of  the ,sol ids-1 i q u i d s  i n t e r f a c e .  Although 
n o t  d i r e c t l y  shown, the c l o s e  accord  rep resen ted  i n  F i g ,  6 between p r e -  
d i c t e d  and measured v a l u e s  i s  o b v i o u 5 1 ~  repea ted  For F i g .  7. 

To f u r t h e r  t e s t  t h e  a p p l i c a b i l i t y  o f  t h e  method o f  a n a l y s i s .  two 
o t h e r  m i x t u r e s  ( r e p o r t e d  i n  Tab le  1 )  were used. These c o n s i s t e d  o f  a 
m i x t u r e  o f  k a o l i n i t e  and i l l i t e  m i n e r a l s .  The h y d r i t e  f l a t  D k a o l i n i t c  
was mixed w i t h  i l l i t e .  i d e n t i f i e d  as Camtar seal bond, i n  twa p r o p o r t i o n s  
a s  shown i n  F i g .  8. The d i f f u s i o n  c o e f f i c i e n t s  used were the ones c a l -  
c u l a t e d  f rom exper imen ts  w i t h  t h e  m i x t u r e s ,  and thc  r e s u l t a n t  p r e d i c t i o n s  
a r e  shown t o g e t h e r  w i t h  the measured r a t e  o f  f a l l  i n  F i g .  8. W h i l s t  <he 
agreement berwccn p r e d i c t i o n  and m a s u r e a c n t  i s  n o t  as good - i n  compar i -  
son w i  rh  t h e  pure kaol in7 t e  samples  - i t  i s  n e v e r t h e l e s s  a c c e p t a b l e .  
The b o t t o m  boundary e f f e c t  i n  c o n s t r a i n i n g  s e d i m e n t a t i o n  can be seen i n  
t h e  lower  p o r t i o n s  o f  t h e  exper imen ta l  cu rves .  

o predicted 

0 measured  

3 
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0 

80 160 240 

Time, mln 

~ i g .  6 tompar i5on between pred l c t e d  and mcasured s e t t  l i n s  r a t e 5  f o r  
T e s t s  4 and 5, r t v r t e d  Tn Tab le  1 .  
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Much msrk r c n a i n s  t o  be done t o  f u r t h e r  deve lop  t h e  r e f h o d  of  ana- 
l y s i s  - as w i t n e s s  the t e s t / p r e d i c t i o n  r e s u l t s  i n  F i g .  8. Because o f  
the a d d i t i o n  o f  a more s u r f a c e - a c t i v e  m a t e r i a l  conponent { i l l i t e ) ,  com- 
p l e t e  demarca t ion  b c t m e n  pure  superna tan t  and s o l  Ids-suspens ion i s  n o t  
a lways  achieved, i . e .  the 501 i d s - l i q u i d  i n t e r f a c e  i s  n o t  c l e a r l y  e v i d e n t  
A s l i g h t l y  t u r b i d  superna tan t  i s  developed and some of  the more a c t i v e  
component m a t e r i a l  rena in5 i n  the superna tan t .  Thus v i s u a l  o b s e r v a t i o n s  
o f  t h e  f i r s t  p a r t  o f  the i n t t i a l  s c t t l  i n g  process tend5 t o  l a g  beh ind  
p r e d i c t i o n s  i f  v i s u a l  comparisons a r e  made w i t h  p r e d i c t i o n s  - s i n c e  ob-  
s e r v a t i o n s  can o n l y  be made by v i e w i n g  t h e  i n t e r f a c e  wh ich  i s  v i s i b l e  
because o f  t h e  more dominant s e t t l  i n 5  component (kao l  i n  i re). The process 
i s  a k i n  to t h e  more d r a s t i c  " s e t t l  ing-out "  phenomenon seen in  sand-c lay-  
f l u  i d  suspensions.  where the g r a n u l a r  component segregates  o u t  o f  the 
t o t a l  suspension and s e t t t e s  rhrough t h e  suspens ion t o  f o m  t h e  sand 
sediment l a y e r .  Bottom sed iments  showing the genera l  s r a d a t  i o n  o f  coarse  
f r a c t i o n s  a t  t h e  v e r y  bottom. g r a d i n g  to t h e  v e r y  f i n e  f r a c t i o n s  ( s i l t s  
and c l a y s )  a t  t h e  t o p  t e s t i f y  to t h i s  phenomenon. 

As t ime  progresses,  a "catching-up" process occurs  because t h e  
i n i t i a l  h i q h e r  s e t t l i n g  r a t e  due t o  the more dcminant  s e t t l i n g  Lomponent 
( k a o l i n i t e  and c o a r s e r  f r a c t i o n s  o f  i l l i t e )  o b v i o u s l y  reaches [he s tage  
where the l a g g i n g  component ( i l l i t e )  F i n a l l y  s e t t l e s  o u t  o f  the s l i g h t l y  
t u r b i d  )uperna tan t .  The i n t e r f a c e  wh ich  now can be b e t t e r  d i s  t i n s u i s h e d  
w i l l  b e  m r e  r e b r e s e n t a t i v e  o f  the t o t a l  m i x t u r e  o f  kaolinite and i l i i t e .  
I f  t he  genera l  m o d e l l i n g  approach i s  indeed v i a b l e ,  t h e  d i f f e r e n c e s  be- 
tween p r e d i c t i o n  and measurmen t  shou ld  become d i m i n i s h  i n g l y  smal l as  
t i n e  progresses.  T h i s  appears  t o  app ly  f o r  the s t u d y  conducted.on t h e  
mixed system. I t  w u l d  indeed be i n t e r e s t i n g  t o  see i f  one c o u l d  p r e d i c t  
the s r t t l  i n g  r a t e  of the v a r i o u s  componenrs i n  a mined s o l  ids-suspens ion.  
T h i s  w u l d  p e r m i t  one to a n t i c i p a t e  the l a y e r i n g  and g r a d a t i o n  phenomenon 
i n  sedimenr fo rmat ion .  F u r t h e r  s tudy  w i l l  need t o  be per formed to  ad- 
d r e s s  t h l s  and o t h e r  problems concerned w i t h  l a r ~ e  convective e f f e c t s .  

F i g u r e  9 shows the p r e d i c t  i o n  o f  s o l  ids d i s t r i b u t i o n  in t a r - s a n d  
s ludge  pond (about  2 h l ong  end I b n  w ide)  u s i n g  t h c  i n f o m a t i o n  g i v e n  
b y  Yong and Elmunayer i  (1984). The procedure used i s  o u t 1  ined  i n  F i g .  4 ,  
and t h e  va lues  f o r  D were de te rm ined  frm l a b o r a t o r y  s e t t l i n g  c o l m n  
t e s t s  on samples o b t a i n e d  a t  v a r i o u s  depths  in the a c t u a l  pond. The 
mixed s o l  i d s  components (sand, s i l t  and v a r i o u s  k i n d s  o f  c l a y  m i n e r a l s ;  
i n  the pond have a1 1  been lumped together  as a q e n e r a l  "so l  i d 5 "  c o n t e n t .  
I t  i s  u s e f u l  to n o t e  that  t h e  v o i d  r a t i o  o f  4.3, wh ich  cor responds t o  a 
s o l i d s  c o n c e n t r a t i o n  o f  19% i s  w e l l  w i t h i n  the 40% c u t - o f f  p o i n t  shown 
i n  F i g .  4. Agreement between p r e d i c t e d  and measured v o i d  r a t i o s  (as 
de tc rm ined  f rom a c t u a l  sanpl  i n g  i n  the f l e l d  pond) shown i n  F ig .  9 i s  
indeed gmd.  

T h l s  s tudy  c o n s t i  t u t c s  p a r t  o f  the o v c r a l  l s t u d y  on the  F a b r i c  and 
S t r u c t u r a l  S t a b i l i t y  o f  S o i l s ,  b e i n g  suppor ted by a Grant  fron the 
N a t u r a l  Sc ienccs and Research Counci 1 o f  Canada ( M S E R C )  Gran t  No. A - 8 8 2 ,  
to t h e  s e n i o r  a u t h o r .  
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ABSTRACT 

The s t a b i l i t y  o f  5 o l l d r  suspensions 1 5  determined by the d i s p e r s i o n  
s t a b i l i t y  of the s o l i d s  suspended i n  the suspending medium. l n  cases 
where t h e  s o l i d s  a r t  ex t reme ly  small  ( f i n e ) ,  the I n a c t i v e  5 o l i d s  s i t u a -  
t i o n  p e r m i t s  calculations t o  be made a long  the l i n e s  o f  l n t e r p e r t r c l e  
c o l l i s i o n .  Men s u r f s c e - a c t i v e  forces become dominant, the caTculstions 
for energ ies  of i n t e r a c t i o n  o t  the long-range r e p u l s i v e  and a t t r a c t i v e  
fo rces  p e r m i t  d e s c r i p t i o n  o t  the i n t e r a c t i o n  s t a b i l ~ t y  o f  the suspended 
p a r t i c l e s .  O i s p e r l i o n  s t a b i l i t y ,  which i s  not  a t i m e - I n f i n i t e  s t a t e ,  
can be eva lua ted  and determined as a  v a r i a b l e  decreas ing $ t a b l e  scate  
( w i t h  t i m e )  u s i n g  methods of c a l c u l a t i o n s  based on i n t e r p a r t i c l e  c o l l i -  
s i o n  ana/or energ ies  of i n t e r a c t i o n .  

The term "$olids suspensions", used i n  t h i s  p r e 5 e n t a t i o n .  r e f e r s  
to v a r i o u s  k i n a s  o f  suspended s o l i d s  ( i n  the rnrcron and submicron s i z e  
range) i n  a d i spe rsed  s t a t e  i n  an aqueous mealum. The r e l u c t a n c e  o f  r n e  
suspended s o l i d s  i n  many k ~ n d s  o f  J U S ~ ~ M ~ O ~ I S  t c  s e t t l e  i n  a t i m e l y  
fasn ion.  i n  accord w i t h  p r e d i c t i o n s  based on models r e l y l n g  on g r a v i t y -  
d r i v e n  nechanisms. has been w e l l  documented, (Yong { I ) ,  Bureau o f  Hines 
( 2 ) ) .  Consiaerable i n t e r e s t  has been focussed on p r e d i c t i o n s  o f  t h i c -  
k*ning.  sed imenta t ion,  s e t t l i n g .  and c o n s o l i d a t i o n ,  - e s p e c i a l l y  i n  t h e  
f i e l d  of s l u r r y  and s l i m e  waste d i sposa l  - because of severa l  economic 
and env i ronmenta l  pressures.  

I n  seeking to develop p r e d i c t i v e  m d c l s ,  and e s p e c i a l l y  i n  instances 
w n t r t  s p e c i f i c  t reatments  a r e  contemplated r o r  enhancement of t h e  
dewate r ing  capability of t h e  suspension, t h e w  e x i s t s  a need t o  o b t a i n  
a b e t t e r  unders tand ing of t h e  v a r i o u s  issue5 t h a t  d e f i n e  t h e  s t a b i l i t y  
of the suspensions i n  the " n a t u r a l -  s t a t e .  I n  t h i s  p r e s e n t a t i o n .  the 
d i s p e r s i o n  s t a b i l i t y  o f  t h e  suspended s o l i d s  ( p a r t i c l e s )  i $  s t u d i e d  - 
i n  terms o f  i n t e r a c t i o n  of i n a c t i v e  and s u r f a c e - a c t i v e  s o l i d s .  ( u y  
"su r face -ac t i ve "  s o l i d s ,  we mean s o l i d s  which possess a c t i v e  sur faces. )  



The s t a b i l i t y  ( i . c .  d i s p e r s i o n  stability) o t  a suspcnslon can be 
d e f i l e d  o r  asscssed i c  s c v c r a l  ways. Thc s i - p l e s t  7ethod i s  to  focus 
on so-e s ~ y n i f i c a n t  (measurable: p r o ~ e r t i e s  o r  c h a r a c t c r l s t ; ~ ~ ,  - e .g .  
s c t t !  i i g  r a t e ,  f l o c c u l ~ t i o n  o r  c o a q ~ l a t i o n ,  and io r  v i s c o s i t y - t i m e  
r r l a t i o l s P ~ p .  I t  i s  acknowltCgcd t h a t  cvcn  i i  a s ~ p p o s e d l y  s t a b l c  
c o l l o i d a l  s o l ~ t i o n  ( s o l ) ,  s e t t l i n g  o t  the sLspendeC s o l i d s  w i l l  indeed 
O C C L T  - a l b e i l  at an ex t remely  s low r a t e .  P e r f e c t  d i s 3 e r s i o n  s t a b i l i t y  
: i . e .  i n t n t -  $ t a 3 i \ i l y )  w i l l  n o t  r l - a l l y  c x i s t ,  p r i - o r i l y  Sccausr 
ot age ing e f t e c t s  - e . g .  i n s u f t i c i e n t  r e u u l r i o n  between very  5maII 
s o l i d s  ( p a r t i c l e s ) ,  a l t e r a t i o n  and t r a s s f o r m a t i o n  o f  50me O F  t k e  s o l i d s ,  
t r a n s p o r t  o f  r a t t e r  f r o -  smal le r  p a r t i c l e s  t o  t h e  l a r g e r  ones, and 
development o f  f l o c c u l a t a s .  I n  a s l u r r y  waste system cons is ti'^ o f  
v a r i o u s  4inCs o t  c o n s t i t u e n t  s o l i d s ,  an0 i n  the presence o t  a c n e r i c a l  
environment.  the precea ing k i n d s  of agcing phenomena coup led r i t k  o t x r  
proce5525 a55oc ia lcd  w i t h  S i o l o g i c a l  a c t l v i t i e s  and biochemical reac -  
t i o n s ,  w i l l  e v e n t u a l l y  d e s t a b i l i z e  the i n i t i a l l y  s t a b l e  su$prns ion,  
and deponst ra te  i t s c l t  i n  terms o t  ohserved s c d ~ m e n t a t i o n  o f  t3c  s o l ~ d s .  

The demonstrated slow s e l f - 5 e t t l 1 n g  c h a r a c t e r i s t i c s  o f  t l e  suspc- 
nded s o l i d s  which a r c  i n d i c a t i v e  o f  thc  d i 5 p e r s 1 o c  s t m i l l t y  of tne 
suspension. (and atso O F  the degrada t ion  o f  d i s p e r s i o n  s t a b i l i t y ) .  can 
be a t t r i b u t e d  t o  a t  l e a s t  Four mechani5ms: : I )  I n t e r a c t i o n  o r  t h e  
s o l i d s  w i t h  tne  m l e c u l c s  o f  the  mediur  r e s u l t i n g  i n  r rown ian  mot ion;  
( 2 )  Mutual net  r c p d l s i o n  caused by tne s u r f a c e - a c t i v e  n a t u r e  of tPe 
w l i d s  and tt-e low salt c o n c e n t r a t i o n s ,  o r  preaomir.ance of -o?ova len t  
c a t i o n $ ,  and/or p o t e n t i a l  de te rm in ing  anions; ( 3 )  A d s o r ~ t i o n  o f  c o a t i n s  
o f  smorphous m a t e r i a l  ( sma l l  l y o p b i l i c  c o l l o i d )  or. a l a rge  e l e c t r o -  
n e g s t l v e  c o l l o i C  - s ince  the a F f i n i t y  o f  amorphous m a t e r i a l  f o r  water 
exceeds the net  a t t r a c t i o n  o f  tbe van der Uaal r  fo rces;  ( 4 ;  S t e r i c  
h i . ~ d r a n c e  due t o  a d s o r p t i o n  o f  an o r g a ~ i c  ~ l l e c u l e .  

Tne f o u r  meci-snis-s and t h e i r  c w p l e x  v a r i a n t s  c a m o t  ae e a s i l y  
q u a i t i f l e d  i n s o t a r  a5 c a l c u l a t i o n 5  f o r  d e t e r m i n a t i o n  of t h e  degree of 
dispersion s t a b i l i t y  a re  concerned. Uc can however separate  t?e  
problem i n t o  two p a r t 5  t o r  ease i n  v iewing the r e s u l t s  o t  i r . t e r a c t i o n  
of the suspended s o l i d s .  lo do so. we recogn ize t b a t  t5c  suspended 
s o l i d s  a re  under tPe i n f l u e n c e  o f  a t  l e a s t  t h r e e  d i f f e r e n t  k i n d s  o f  
f o r c c s :  ( a )  g r a v i t a t i o n a l  f c r c e s .  (b)  i n t e r a c t i o n  f o r c e s  d e v e l o ~ c d  
whcn thc  f o r c e r  o f  c o l l i 5 i o n  o f  tPe r o l e c 2 l e s  o f  the Tedium begin  t o  
ovcrpowcr g r s v i t a t i o n a l  f o r c e s ,  acd ( c )  r u t u a l  i n t e r a c t i o n  of t5e s o l i d s  
bccsusc o f  the surface a c t i v e  na tu re  o f  t i e  s o l i d s  - v i a  e l e c t r o s t a t i c  
r c o u l s i o n s  sna a t t r a c t i o l s .  

I n  examir- ing d i s p e r s i o n  s t a b i l i t y ,  we w i l l  i n i t i a l l y  cons ide r  t y c  
system i n  tcrms o f  i ~ t e r a c t i v e  f o r c e s  - developed e i t h e r  by collision 
o r  by c l c c t r o s t s t i c  means. Th is  p r o v i d e s  the o p p o r t u n i t y  to  develop 
t3e a n a l y s i s  i n  tcrms o f  resultant energ ies .  The s imp les t  seque-ce i n  
a n a l y s i s  considers t i c  s ~ s p c c s r o n  t o  he made up o f  v e r y  f i n e  i n a c t i v e  
s o l i d 5  O r  p a r t i c l e 5  s u s c e ~ t i b l e  t o  8rownian a c t i v i t y .  One s t u d i e s  
the reby ,  t h e  c o l l i ~ i c n  f reccency and the e v o l u t i o n  O F  tne d ~ s t r i j ~ t i o n  
f u n c t i o n  i r  t i - e  duc to c x t e r c a l  fo rces acd i n t c r p a r t i c l c  c o l l i s i o : .  

?rocccdrng thc rc f r cm t o  c o n s i d e r a t i o n  of s u r f a c e - a c t i v e  s o l ~ d s ,  



tne c u a n t i t a t i v c  t7eory  a: s t a b i l i t y  O F  l yp i -ob ic  c o l l o i d s ,  i a c n t i f i e d  as 
t h e  DLVO t x o r y  ( a f t e r  U c r j a g i n ,  Landau, Vcrwcy and Overbeck), whicn 
c o n s t r ~ c t s  i t s  a n a l y t i c a i  ,wdc l  on ti-c bas is  o f  ( a )  e l e c t r o s t a t i c  r e p u l -  
s i v e  fo rces  dce t o  i n t c r p e n c t r a t i o r  O F  ti-e d i f f ~ s e  i o n i c  l a y e r s ,  and 
( b ]  van d r r  V a a l ' s  a t t r a c t i o q  fo rces ,  appears t c  p r c v i d e  a reasonable 
se t  o f  c a l c u l a t i o n s  which cou ld  p rov ide  a c ~ a l i t a t i v e  mess l re  o f  tne 
2 r o b l e r  a t  hand. I t  i s  m t e d  t h t  i n  cons ide r ing  net  r e p ~ l s i o n  o c t ~ r -  
r i n g  bctween p a r t i c l e s  when double l aye r  r e p u l s i o n  overwnr les  vao der 
W a a l ' s  a t t r a c t i o n .  tbe prescncc o f  p o t e n t i a l  C r t e r m i n i n g  anions suck, 
as b ica rbana te5 ,  carbonates,  hydroxides.  pkosphates, e t c .  un the f l u i d  
phase, a l l  c o n t r i b u t e  t o  t h e  enhancement OF n e t  r e p u l s i o n .  

Several prob leas shou ld  be coted i n  a p p l i c a t i o n  o f  t b e  above t t y p r  

o r  moCel l i n g  procedure.  Tne presence o f  amphoter ic sur faces,  which 
i s  indced l i k e l y  i n  many waste s l u r r i e s ,  i s  n o t  Genera l l y  f a c t o r e d  i n  
c o n 5 i d c r a t i o n s  f o r  analyses - p a r t l y  because composit jor.al ana lyses 
g e n e r a l l y  do n o t  pay much a t t e n t i o n  t o  the problem, and p a r t l y  because 
o f  tb,e extreme d i f f i c u l t y  i n  assessing tb,e charge c h a r a c ~ e r ~ z a t i o n  o f  
the s ~ r f a c e 5 .  AS another  se t  o f  p r o b l e r s ,  i t  should be r-oted t h a t  t n r  
system oecomes unsrso1e and c o a g u l a t i o n  occurs wnen a t t r a c t i v e  f o r c e s  
becomr v e r y  dominant. Thus, w e n  r e ? c l s i v e  fo rces  a re  v a n i s h i n g l y  
smal l  and can be clegl%ted, Brownian c o l l ~ s i o n  between p a r t i c l e s  r a y  o r  
may not  l ead  t o  a g g l o r e r a t i o n  or aggrega t ion  o f  t h e  ? a r t i c l e s .  Not 
every  c o l l i s i o n  r e s u l t s  i n  aggregat ion.  For two d i f f e r e n t  systems. 
g i ven  t h e  same collision frequency,  the e f f e c t ~ v c n c s s  o f  a g g r r g a t i o n  
upon c o l l i s i o n  depend5 on t h e  p r o g e r t i e s  o f  the p a r t i c l e  su rFsc rs .  

YonG and Seti-hi ( 3 )  have shown t h a t  t h e m  i s  a s t rong  r r I a t i o r , 5 n l p  
between t h e  d i s p e r s i o n  s t a b i l i t y  ( o f  the suspcns ion)  and the ze ta  
p o t e n t i a l  o f  the system (TaSl r  I ) .  

TABLE 1 - R e l a t i o n  Between D ispers ion  o f  C l a y s  
and Zcta P o t e n t i a l  

S t a b i l i t y  C h a r a c t a r l 5 t i c s  Average Zeta  
P o t e n t i a l ,  EV 

I ,  aar i r run agg lomerat ion and p r e c l p i t a t l o t  + 3 t o  0 
2. E x c e l l e n t  a g s l o m r a t i o n  and g r e c l p l t a t i o n  - 1  t o - 4  
3 .  F a i r  agg lomerat ion and p r e c i p i t a t i o n  - 5 t o  -10 
b. Thresho ld  o f  aqg lomerat ion ( t a c t o i d s  o r  comains) - 1 1  t o  -7.0 
5 .  Pla teau  o f  s 1 i g h t  s t a b i l i t y  ( few  domains) -7. t o  -33 
6 .  HoCeratt: s t a b i l i t y  ( c o d m a i n s )  - 3 1  t o  -43 
7. Good s t a b l l  i t y ,  i . e .  5 t a b l e  susgensron -41 t o  -50 
8. Very good s t a b i l i t y  -51 t o  -60 
9 .  E x c e l l e n t  s t a b i l i t y  -61 t o  -SO 
I U .  Manicurn 5 t a D i l i t y  I t o  -100 

I t  i s  p e r t i r e n t  t o  no te  t h a t  d i s g e r s r o n  s t a b i l ~ t y  wb ich i 5  
c h a r a c t e r i z e d  by s t r o n g  mutual r a p u l $ i v r  f o r c e s  cac be reduced o r  
e l i m i n a t e d  by a g g l m e r s t i o n  o r  f l o c c c l a t ~ o n  v i a :  

I .  Reduct ioc of t h e  r e c a  p o t e n t i a l  of t w  system w i t h  stror.5 
c a t i o n i c  e l e ~ t r o l y t e s  - t o  achieve the e f t c c t  shown i n  
Tab le  I .  



2 .  A d d i t i o r  o f  a s l r o n g  c a t i o c i c  c l c c t r o l y t e  i n  c o r j u n c t i o n  w i t h  
an a p p r o p r i a t e  a l k a i i  (C?timun p H  i s  r e q u i r e d ) .  

3 .  By a d c i r q  a r e q e r t  mien r e s u l r s  i n  tbc  f o r - a t i o r  o f  an 
i n s o l u b l e  - a t r i x  v b i c ?  e n g u l f s  ~ r d  3 incs  t i e  water i n  tne 
system. 

L .  Agglomerat ion w i t b  long c b ~ l n  o r  b r a n c b e d - c ~ a i n  a r i o n i c  
p o l y e l e c t r o l y t e s .  

5. d$$ lomerat ion w i t h  n o n - l o c l c  long c h a ~ r  o r  3ranched-chain 
p o l  yrners. 

To c o r s i c e r  d i s p e r s i o n  s t a b i l i t y  i n  terms of i n t e r p a r t i c l e  c o l l i -  
s i o n ,  we b e ~ i r  by s p e c i f y i n g  a d i s t r i b u t i o n  f u n c t i o n  f ( r , u . t !  - - *Pic? 
descr ibes tbe number o f  p a r r i c ~ e s  a t  a p o s i t i o n  r .  l e v i n s  a  v e l o c i t y  2 
a t  time t .  The e v o l u t i o n  o f  t n i s  f u n c t i o n  over The course o f  t ime a t  
d i f f e r e r t  p o s i t i o n s  r needs t o  be s t u c i e c .  The rw-ber d c r s i r y  of the 
? a r t i c l e s  s t  r and t-wi  l l  be g i v e n  by:  

where tbe i n t e g r a t i o n  i s  o v e r  a l l  p o s s i b l e  va lues  o f  u. - The f u n c t i o n  
n { y , t )  can b e  norrnal izee by:  

where N i s  the t o t a l  number o f  p a r t i c l e s  i n  the e n t i r e  suspension 
under c o n s i d e r a t i o n .  The average v e l o c i t y  v(l.t) can now be g i v e n  a $ :  

and t h e  p a r t i c l e  enerGy e [ r , t )  as: - - 

B c c ~ u s e  o f  t i e  f requenr  c o l l i s i o n s  of l i q u i d  . m l e c u l e s ,  the 
? a r t i c l e  v e l o c i t y  - u w i l l  be f l u c t u a t i n g  about a mean value u w i t ?  

-0' 

a mean f l u c t u a t i o n  t i r e  T * .  S i x e  T >> T* we can w r i t e :  

where u '  i s  the f l u c t u a t i r g  va lue .  we sow o b t a i n :  - 
a f  u 7 2  a 2 f  

f ( r , u , t )  = f ( r  u t )  + u', + - - - - 2 
-1 

0 -'*' - au 
--Q ;L 

4 

where f o ( l , ~ , t ?  i s  the s t a b l e  p a r t  O F  the d i s t r i b u t i o n  f d n c t i o n  

unaf fec ted by the f l u c t u a t i o n s .  T h i s  i s  not  g e n e r a l l y  cons iderec t o  
ckange i n  a t ime sca le  o f  the o r c c r  O F  7 : .  Vhe7 f .  i s  auerased over 
a  t i - e  sca le  o f  r ,  we t a v e :  I 



Using the ergodlc theorem and the l a w  o f  equiparcit ton o f  energy 
to  express the integral in  terms of  the Boltzmann constant k and tempe- 
rature T, we obtain 

1 2 ,;r 
fT u td t ' =  0; - lT U '  d t ' =  > - ensemble average - 

0 
- 

0 

= << 1 for micron- 
size0 particles (8 )  

'lhus, f - f t indicates that i t  i s  now possible to  define 
0 - 

a d is t r ibu t ion  function averaged over the Brownian f luctuations a s  a 
Functlon of average veloci ty &. Using the same procedure, tne net 

Force F acting on a par t i c le ,  consist ing of the gravitatronal force 
mgi acFing along the ver t ica l  d i rect ion 2,  and l i qu id  pa r t i c l e  in ter -  
act ion expressed as F .  can be obtained. Expressing F as : -1nt - int 
F .  - F + c ,  we note that since che average force of interact ions -9nt 4 
due t o  t i q u i d m o l e c u l e s ~ c a n  be expresseaas:&=-6nqau +' andF '  - 
i s  a Fast osc l l l a t i ng  function whose average over a time scale always 
vanishes, the net external force - F will be given by: 

A 
F - ( m ' g  - 6nqa&) z - (91 

where m'  i s  the submerged mass of  the pa r t i c l e  i n  the 1Squld. 

bhen th i s  Force i s  zero. we note that the oar t i c le  a t ta ins the 
veloci ty given by: 

;or a typical two-particle t o l l  ~ s i o n  system, the troltzmnn 
equation, whlch IS  a microscopic evolution equation which describes 
the evolution of the d is t r ibu t ion  function in  time due to  external 
forces and in terpar t ic le  co l l is ions,  can now be invoked (Chapman end 
Cowling (4 ) ) :  

x &(mu + mu. - mu' - mu!) - -1 - -1 

2 x 6(1/2mu2 - + 1/2rnu_; - 1/2muu2 - 1/2mu! - 1  , 



The f i r s t  term o r  r b c  i b s  o f  Equat ion (11 )  d e w r i b e s  the t ime  
e v o l u t i o n ,  t %  w c o r d  term i 5  due t o  the p o s i t i o n  v a r i a t i o n ,  the t b i r d  
term i s  the c5ange d ~ e  t c  t h  e x t e r n a l  f o r c e ,  and thc  rhs  C ( F )  i s  the 
i n t e r p a r t i c l e  c o l l i 5 i o n  term g iven  by Equa t io r  ( 1 2 ) .  The J n 2 r h t . d  ar;d 
grirncc n o t a t i o n s  r e f e r  t o  be fo re  aqd a f t e r  c o l l i s i o n .  The d e l t a  
f u n c t i o n s  assJre c o r s c r u a t i o r  o f  -oie=ard energy & r i n g  tnc  c o l ' i -  
s i o n  and v i s  tb,e c o l l i s i o r  p o t c n t i ~ l .  Note t h a t  thc  c o l l i s i o n  t e r r m  
d e s c r i b e r  t w o - j a r t i c l e  c o l l i s i o q s  ~ n d  ignores t r i j l e  and h i g h c r  o r d e r  
c o l l i s i o n s .  Such a s i r u a t i a n  i 5  v a l i d  o n l y  i n  d i l u t e  syste-5.  Fa r  
h i g h c r  concent ra t ions!  where 5 ig5er  order  c o l l i s i o n s  can occur ,  i r  
bccomcs necessary t o  cons ide r  s iau l taneous  - u l t i ? l e  c o l l i s i o n  tei-35. 

Thc equa t ign  o b t a i n e d  f o r  tbe p h y s i c a l  q u a n t i t i e s  averaged over 
the Browniar. motron c o l l i s i o n ,  and averaged over  a l a rge  t i l e  p e r i o d  
compared t o  rw w i l l  be g i v e n  as :  

= C(fOI ( 1  3 

The c o l l i s i o n  term C( f  ) i s  ob ta ined  f rom i t s  definition g i v e n  i n  
0 

EGuation ( 1 2 )  by r e p l a c i n g  a l l  f by f and by u  Note t n a t  
0 '  3' 

al though thc  Boltzmann equat ion desc r ibes  the c o n c e n t r a t i o n  inc rease  
o f  the ~ a r t i ~ l c s  and tb,e t r a n s p o r t s  assoc ia ted wi tk,  thc  ghenomenan, 
the e x t r a c t i o n  o f  i n f o r m a t i o n  i s  q u i t e  c i f f i c ~ l t  - p r i m a r i l y  due t o  
thc  e x i s t c n c c  o t  the c o l l i s i o n  term. bevera l  mctk,oos o f  s o l u t i o n s  
e x i s t  whicb, can t a c k l e  the pro5lcm - c . g .  tne Cnapman-Esuog metnod 
iChapman and Cod l ing  (4)). aarever,  these aethocs a re  i n  thcmselues 
f a i r l y  i nvo lued ,  l n s t e s c  o f  seeking a p e r f e c t  b u t  comol ica ted s o l u t i o n  
i n  which impor tant  aspects o f  tk-e p r o b i e r  r i g h t  be l o s t ,  ;ue n w  seek 
a  s imole  but  s i g n i f i c a n t  and r e l e v a n t  s o l u t i o n  t o  the problem by 
a p p l y i n g  approximate methods. We begin  by  w r i t i n g  the s i x ~ l e r  fo r r .  o f  
thc  e ~ u a t i o n ,  us ing  the s o - c a l l e c  r e l a x a t i o n  time a ~ p r o x b m a t i o n  t e c b n i -  
que. I n  t h i s  approx imat ion,  assure t h a t  t h e  system i s  o n l y  5 l i g h t l y  
away from the l o c a l  e q u i l i b r i u m ,  anc t b t  tbe c o l l i s i o n  te r l r  can b e  
rep laced b y :  

e=l f (l,~,') - f  ti - 
7 

1 \ 4 1  

u k ~ c h  g i v e s  the approximate r a t e  of change o f  the d i s t r i b ~ t i o n  f u n c t i o n .  
For n o t a t i o n a l  co iven ience,  t h e  s u b s c r i p t  o  has been dropped f rom 
Equat ion ( 1 4 )  and h e r e a f t e r .  Tne l o c a l  e q u i l i b r i u m  f u n c t i o n  f "4  i s  
t l ie  c q u i l i b r i c m  naxwel l -Bo l t tmsnn d i s t r i b u t i o n  f u n c t i o n  g i v e n  b y :  

The te-perarure  T o f  t h e  m e d i u i  can be a f u n c t i o n  o f  r and t 
With the r r l a x a t i o r  t ime approx i -a t i on ,  E ~ u a t l o n  ( 1 3 )  can now De 
g iven  as :  



Though r Fa5 a s i g n i f ~ c a n c e  r e l a t i v e  t o  t h e  avcragc t l - e  3ctwccr. 
c 0 1 1 i s i o n ~ ,  i t  a t t a i ~ s  the s t a t u s  of a parameter o f  thc  2 a r t i c : e  p r o p e r -  
t i e s .  Ins tead of usir.g an e x p l i c i t  potential ir. .& ich  cons tan ts  need 
t o  be ad jus ted  t o  s u i t  the o h t a i x d  r c s u l t s .  we u s e  a s i n g l e  para-@tar 
r .  OSviocsly,  t i e  succa5s o f  t h e  a p p r o x i a a t ~ o n  techn ique depends on 
how a e l l  i t  ca2 d c s c r i b a  p h y s i c a l  observa t ions .  

INTERPARTICLE COLLISION AND SETTLING VEL3ClTY 

The dcprndence o f  the se t t1 i r .g  v c l o c i t y  o f  fine p a r t i c l e s  or 
s o l i d s  on the c m c e n t r a t i o n  is based on two a s 7 r c l s :  ( I )  A s  t n e  
c o n c e s t r a t r o n  increases,  the apparent v i s c o s ~ t y  o f  the medium w i l l  
increase and the p ~ r t i c l e  v e l o c i t i e s  w i l l  change. and ( 2 )  c o n c u r r e n t l y ,  
p a r t i c l e  - o t i o n  w i l l  h@ h indered  oy t h r  c o l l i s i o n s  dur t o  the presence 
o f  o the r  p a r t i c l e s .  These tw c o r t r i b u t i o n s  can he c a l c u l a t e d  f ra-  
Equat ion ( 1 3 ) .  

Since t h e  syste? i s  c lose  t o  l o c a l  c q u i l i o r i u m ,  we can a s s m e :  

f = ?eq t f '  where f '  << f "  ( 1 7 1  

so t h a t  the n o r l r a l i z a t i o r ;  r e l a t i o n  r e m t n g  u n d ~ s t ~ ~ r b e d ,  i . e .  

lr. the stcady s t a t e ,  the distribution f u n c t l o n  w i l l  no longer 
Sc an e x p l i c i t  f u n c t i o n  o f  t and i f  r e  cons ide r  a homogeneous ~ c d i u m ,  
then i t  ail1 a l so  n o t  be a f u n c t i o n  o f  - r. T h i s  leave Equa t ion  1161 

Using Equat ion ( I ? ) .  , ~ e  can ~ r i t ~  ( a p p r o x i ~ a t c l y ) :  

' r  sfcq f ' L i )  
g ( l  - - = - - ( 2 ;  

eu z T 

yak in^ use of Equat ion ( 1 5 1 ,  wc o o t a i n :  

The average  v e l o c i t y  w i l l  bc g i v e n  b y :  

v = cu > * l u F(u) d u  - Z n 2 - -  
r 2 3 i  

Tauinq no te  o f  the Fact t n a t  t h e  v i s c 0 5 1 t y  o f  t r e  5uspenslon 



changes as m l h d s  c o n c e n t r a r i o n  changes, we invoke t h e  Boltzmann r e l a -  
t i o n s h i p  i n  r e l a x a r i o n  tim approx imat ion  t o  o b t a i n :  

I t  can be showq t h a t  w i t h  Equat ions (101, ( 2 2 1 ,  ( 2 3 1  and (241, t h a t :  

I n l s  r e l a t i o n s n i p  has been used t o  e v a l u a t e  the a c t u a l  l a b o r a t o r y  s e t -  
t l r n g  exper imtn ts  conducted on a b a u x i t e  r e d  mud wasce (Yong ana Uagh 
( 5 . 6 ) )  and a standard k a o l i n i t e  s l u r r y  suspension - a s  shown in  F i g u r e  
I .  The a n a l y s i s  r e q u i r e s  t h a t  one seeks a  r e l a t i o n s h i p  between the 
r e l a x a t i o n  t ime T and the c o n c e n t r a t i o n  n. Simple k i n e t i c  arguments 
i n d i c a t e  t h a t  the r e l a x a t i o n  t i m e  should v e r y  a s  the r e c i p r o c a l  o f  the 
c o n c e n t r a t i o n .  I n  the b a u x i t e  r ed  mud. because o f  the g r e a t e r  presence 
o f  v e r y  f i n e  p a r t i c u l a t e s ,  the l a s t  term i n  the square b r a c k e t  l n  Eqn. 
( 2 5 )  becomes h i n a n r  whlle i n  the k e o l i n i t e  $uspension, t h i s  term i s  
smal I .  

0 5 10 15 20 25 

Concentration , wt /wt  

F i g .  I Comparison o f  t h e o r e t i c a l l y  cwnputed and e x p e r ~ m e n t e l l y  m e a s u r d  
va lues for  s e t t l i n g  v e l o c i t i e s  o t  b a u x i t e  waste and k a a l i n i t e  



'*'hen tn r  energ ics  O F  i a t r r a c t i o n  o f  the suspended s o l i d s  dcperd 
nn tbe c k a r g r d  sar faccs and i n t e r p a r t i c l e  f o r c e s ,  t h e  c k e - i c a l  co-oosi-  
t i o n  of t k e  f l ~ i d  medium, s o l i d s  compos i t i on ,  as i e l l  a5 t!e --ode o f  
p a r t i c l e  i n t e r a c t i o n  become impor tan t  c o n s i d e r a t i o n s .  Changes i n  the 
s u s p e n d i r ~  f l u i d  c h e m i l t r y ,  charged s u r f a c e s  and p a r t i c l e  ar ran.y?cnt  
w i l l  a l t e r  the i n t e r n a l  Force system needed t o  e s t a b l i s h  d l s w e r s i a n  
~ t a b i l ~ t y  o f  t3e suspension. Assamins t h e  suspenced s a l i d s  t o  bc p l a t e -  
l i k e  ir  s'ape, t i e  t5 ree  p r i n c i p a l  modes O F  t w o - p a r t ~ c l e  i n t e r ~ c t i o n  
i n c l u d e :  face-to- face,  edge-to-edge, and e d ~ e - t o - f a c e .  For each r o d e  
o f  u n t e r p a r t l c l e  co, rF igura t ion,  a r c l a t i o n q h i p  b c t ~ e e n  n@t i n t e r s e c t i o n  
rne rgy  and j a r t i c t e  separa t ion  d ~ s t a n c e  can be obta ined.  I f  r e p u l s i v e  
energ ie5 dominate, input  enerqy a c s t  equal o r  exceed t h e  maxi-urn 
r c p u l s i v c  enerqy i r  o r d e r  t h a t  d i s p e r s i o n  J t a b i l i t y  can b e  overcome - 
i . c ,  i n  order  t o  d e s t a b i l i z e  the system. Convers r i y ,  i f  a t t r a c t i v e  
energ ies  dominate. i r p b t  energy must e q x l  o r  rxcecd t k  -axumu- a t t r a -  
c t r v a  energy t F  tn@ syste-  i s  t o  ce  d e s t a b i l i z e d .  

I t  i s  p e r t i n e n t  t o  r o t e  t h a t  wh.ilst i t  i s  p o s s i b l e  t o  o r c d i c t  the 
d i s t r i b u t i o n  o f  i cns  Setwren p a r t i c l e s  u s i n g  the Gouy-Chapman theory ,  
a p o l i e d  t o  c m s t m t  Surface p o t e n t i a l  (K ruy t  ( 7 ) ) ,  o r  cons tan t  s u r f a c e  
charge ( van  Olphen ( 8 ) )  modcls i n  a suspension system c o n t a i n i n s  a 
5omoionic syvvrvm.etr ic  e l e c t r o l y t e ,  no exact method i s  a v a i l a b l e  t o  
accounc fo r  h e t e r o v a l e n t  qysterns. For purposes or c a [ c u l a t l o n ,  a 
w a i g h t i n ~  procedure f o r  e s t i m a t ~ o n  of the e f f e c t i v e  va lence of c a t i o n s  
i n  the system can be used. I n  t he  mixed m.ineral p a r t i c l e  i n t e r a c t  ion 
scheme used ir t h i s  s tudy,  the m d e s  o: p o r t  i c l e  i n t e r a c t i o n  havc Seen 
chosen a s  shoun i n  Tab le  2 .  for m o n t - o r i l l o r i t e  ( ? ) ,  i l i i t c  ( I ) .  
and k a o l i v i t e  tK!, i n  t k  combinat ions as no ted  i n  the Tablc. 

lA3LE 2 I n t e r p a r t i c l e  C o n f i q u r o t i o n  

Mode o f  P a r t i c l e  I n t e r a c t i o n  P i n e r a l o g i c a l  Combination 

Face- to-Facc ( F - F )  
Edsc-to-Face (E -F )  

Edge- to-Edge (5-E) 

I n  a d d i t i o n  t o  the  above p a r t i c l e  c o z f i g u r a t i o n  schurnr. two e f f e c t r v e  
c a t r o ?  valences com?otet! a s  1.05 and I .7b a r c  us@d i n  the c m p ~ t a t i o r s  
per for -eo to i l l u s t r a t e  development o f  i n t e r a c t i o n  e r c r g ~ e s .  These 
t.*a e f f e c t  l v e  valcnces have been i d e n t i f i e d  a $  "low s a l t "  and "h igh 
s a l t "  respectively a the g r a p h ~ c a r  r e s u l t s  5 n m  a s  F i g u r e s  2 t h r o ~ g n  
7 - 

To c a l c u l a t e  W e  lonG ranse r e p u i s i v r  energ ies  b t r h e c n  sbspended 
p a r t i c l e s ,  ue reed t o  determine t h e  Dcaye-Huckel r e c i p r o c a l  l c n q t h  K 
as f o i  :od: 
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! - I  Interaction 

A face-to-face 

edge-to-face 

edge-lo-edge 
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-- - high salt 
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F i g .  4 Energy I n t e r a c r ~ o n  uiagram for 1 - 1  I n t e r a c t ~ o n  



K-K  Interaction 

A face-to-face 

edge-to-lace 

rn edge-to-edge 

- low salt 

- -- high salt 

I I I I 7 
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curves for edge-to-edge and 

edge-to-lace interactions 

same lor  both salt concentrations 

F ig .  5 h e r g y  I r , t e r a c t  ior, 0 i agra,- For K-K I i t e r s c :  im 
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1-K Intaracllon 

edge-to-face . edge-to-edge 

- low salt 
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F i g .  6 Energy I n t e r a c t i o n  Diagram For I-K Interact ion 



value OF K i s  computed t o  be 1.922 x id cm-l and 8 . 5 ~  x t ir6 cm'l 
corresponding t o  the low and high sa l t  concentrations. For a constant 
surface potentla1 model, the long range repulsive energy to r  the F-F 
configuration i s  given as (Kruyr ( 7 1 ) :  

For F-F a t t rac t i ve  long range interact ion energies (Ludwig ( 9 ) ) :  

I n  the case o f  E-F interaction, tne long range repulsive energies 

The corresponding long range a t t rac t i ve  energies for E-F configuration 
can be calculated from: 

wnere x = 46 + 4d(R + R ) I : 
In the k-E contiguration, the long range repulsive energies are 

calculated f r m :  
2 wo 

v~ -- k n [ l  + exp (-2Kd)J (31 1 

and the corresponding long range a t t rac t i ve  energy calculat ions w l l l  
use 

A A 

where x = 46' + BRd. 

Using tne nuneralogical parameters shown i n  Table 3 energy l ~ i t e r -  
action d~agrams such as those shwn i n  Figures 2 through 6 can be dram. 
The zeta potent ia ls shown i n  Taole 3 are based on measurements o f  
surface and edge pocentiats (~udwig  ( 9 ) ;  Sethi, Yong and Jorgensen ( 1 0 ) )  
for  the tnree di f ferent clay minerals (H,K,I). The zeta potent ia l  
specif ied on the edges nas been assumed to  be one- f i f th  rhat  on the 
face, i n  accordance witn the observatron by Ferr is  and Jepson (11). 
Gross errors with respect to  the assuaptlon OF the magnitude o f  the 
edge potent la l  are seen i n  terms o f  alterations i n  the magnitudes o f  
net energies o f  interaction rather than i n  in te rpar t i c le  configurations. 

The calculat ions which are represented i n  graphical form i n  
Figures 2 throhgh 8 indicate that under lw sa l t  conditions, represented 
by the ef fect ive catlon valence of 1.05. dispersion i s  best achieved 



TABLE 3 n l n e r a l o g l c a r  Parameteas Used ~ n  Computations 

Clay M ine ra l  Surface Edge Surface P a r t i c l e  P a r t i c l e  
P o t e n t l a l  P o t e n t l a l  Cnarye O I m e t e r  Th lckne55 

Densl t y  

mv mV ~ J U / C ~  angstroms angsr roms 

t ~ o n t m o r r I I o n i t e  25 5 3 x 10 2000 90 

l l l i t e  20 4 3 x 10 2000 I t 0  

Kaol ln l  t e  15 3 3 x 10 20000 800 

when p a r t i c l e s  a re  a l rgned  i n  an F - F  c o n t i g u r a t i o n  - e s p e c i a l l y  fo r  
i n t e r a c t t o n s  of p a r t i c l e s  w i t h  t h e  h ighes t  surFace areas such a$ 
m o n t r w r i l l o n i t e  and i l l i t e .  The r e s u l t s  l n d l c a t e  t h a t  the i n f l u e n c e  of 
e f f e c t i v e  va lence o f  c a t i o n s  ( represented as low and h i g h  s a l t s )  r s  
most ev iden t  f o r  the f -F  i c t e r a c t i o n  mode and f o r  p a r t i c l e s  w i t h  l a rge  
s p e c i f i c  su r face  areas. I n t e r a c t i o n  energ les  developed Oy p a r t i c l e s  
with m a l l  s p e c ~ f i c  sur face areas w i l l  shcn s o w  dependence on suspen- 
s l a n  s a t r  c a n p o s i t i c n  rn  t h e  F-F rmde ii.e. d i s p e r s e d ) .  b u t  n o t  a s  
much i n  the o t h e r  m d e s  o f  i ~ t e r a c t i o n .  Fo r  the h i g h  s a l t  c o n d i t i o n  
shown i n  the diagrams. the OLVO tneory  i n d i c a t e s  t h a t  the particles 
w i l l  tend t o  s t a b i l i z e  i n t o  t a c t o i d s  w i t h  F-F i n t e r a c t i o n .  

CUNCLUOING REMARKS - THE REAL WORLD 

The s t a b i l i t y  o f  suspensions { i - e .  s l u r r i e s ,  s l imes ,  e r c . 1  w h ~ c h  
I S  determined by  tne d i s p e r s i o n  s t a b i l i t y  o f  tne suspended s o l i d s ,  
cannot be c h a r a c t e r i z e d  in  terms o f  a unique va lue,  i.e. d i s p e r s i o n  
s t a b i l i t y  i s  n o t  a s t a t i c  phenomenon. The I e v e l  ( o r  degree)  o f  d i s p e r -  
s i o n  s t a b i l i t y  i 5  dependent on the energ ies  o f  i n t e r a c t i o n  developed 
w i t h i n  the system a t  any one t ime. Because o f  the t h r e e  d i f f e r e n t  
k i n d s  of fo rces a c t i n g  on t n e  suspended s o l i d s  ( p a r t i c l e s ) .  and because 
o f  age ing processes, d e s t a b i l i z a t i o n  or the suspenston (which occurs  
g r a d u a l l y ]  through s e l f - f l o c c u l a t i o n  end agg lomerat ion mechanlsm5 w i l l  
demons:rate i t s e l f  i n  obserucd s e t t l i n g  of t h e  s o l i d s .  C a l c u l a t i o n s  
f o r  p r e d i c t t o n  of s e d i m e n t a t ~ o n ,  thickening and c i m s o l i d a t ~ o n .  dea l  
w i t h  the observed s e t t l i n g  and comprcssian/consolidation behav iour  o t  
t h e  '501id5' .  However, i t  i s  u s e f u l  t o  near i n  mind t h a t  what i s  
observed in  t h i s  stage of c a l c u l a t i o n s  i s  e s s e n r i a l l y  t h e  r e s u l t s  o f  a 
d e s t a o i l i z a t i o n  process. By p r o w l d i n g  tne framework for c o n s l a e r a t l o n  
o r  t h e  twnporal  a i s p e r s i o n  s t a b i l i t y  o f  the  suspension (system) in 
terms o f  ( a )  i n t e r p a r t i c l e  c o l l i s i o n  For i n a c t i v e  s o l i d s ,  and (b )  
e n e r g j e s  o f  i n t e r a c t i o n  f o r  s u r f a c e - a c t ~ v e  s o l i d s ,  a  b e t t e r  a p p r e c i a -  
t r o n  o f  tt.e c a p a o i l i t i e s  of the va r ious  sedimentat~on~consolidatlon 
rmde ls  w u l d  be obta ined.  A d d i t i o n a l l y ,  the requ i rements  for t r e a t -  
ments f o r  i n i t i a t i n g  o r  a c c e l e r a t i n g  d e s t a b i l i z l n g  mechanisms can be 
b e t t e r  e l u c i d a t e d .  

I n  the r e a l  w o r l d  however, we recogn ize t h a t  m u l t i p l e  c o l l  i s i o n r  
occur  i n  concer t  w i t h  t h e  va r ious  i n t e r a c t t o n s  e s t a b l i s h e d  between t h e  
t ! e c t r o s t a t i c  Forces o f  r e p u l s i o n  and a t t r a c t i o n .  Yong ( 1 )  has shown 



that  the dispersion s t a b i l i t y  O F  the so l ids  suspension wh~ch follows 
from the Fact that surface ac t i ve  sol ids interact  i n  tne f l u i d  meaium 
v i a  c o l l i s i o n  and e lec t ros ta t rc  Forces can be viewed i n  terms o t  the 
water-holding c a p a ~ i l ~ t y  of the sol ids.  A t  a zero osmotic pressure 
( i .e. zero midplane potent ia l ) ,  the volume of water associated w i th  
each s o l i d  or Floc i s  a t  i t s  maximum value. This volume o f  water car1 
be computed from theoretical cons~de ra t~ons  u s ~ n g  the DLVO rodel, as 
mentioned i n  the preceding, where the energy-separation distance 
calculat ions w i l l  g ive the most l i k e l y  equi l ibr ium In te rpar t i c le  
spaclng and void r a t i o  of the system. Since real  s l u r r y  systems w i l l  
mot have ldeal p a r t i c l e  arrangements, and since local agglomeration 
w i t 1  indeed occur, one can resort  t o  control  experiments designed t o  
measure the equilibrium water-hotdSng capacity o f  spec i f ic  types O F  
minerals (or  sol ids). 

I n  perForming equi l ibr ium suspension experiments, the ra t iona le  
established considers that  if each sol id,  o r  i f  each Floc "holds" 
onto a speciFic volume o f  water as i t s  "equilibrium" she l l  o f  water 
(defined as the suspension volume), consistent wi th the balance o f  
in terna l  and external energies, the t o t a l  stable dispersed s ta te  O F  
the suspended sol ids would be equal t o  the sum OF the suspension voluma 
o f  the individual component sol ids. tn the experiments conducted by 
Yong and Sethi (10) t o  determine the equi l  ibvlum (suspensionj volume 
o f  water associated w i th  speciFic minerals, the values obtained (Table 
4) shcw good correspondence wi th those computed on the basis o f  the 
theoret ical  interact ion model, - provided that proper accounting i s  
given t o  the presence o f  the po ten t ia l  determining anions. As seen 
From the extreme r i gh t  hand column o f  Table 4 the methods f o r  deter- 
mination o f  the suspension volume fo r  the various m~nera l  required 
suspension/setting experiments i n  long s e t t l i n g  columns, l e f t  i n  a 
cont ro l led temperature-hmidity chamber f o r  periods o f  from 18 t o  36 
months. The suspension volumes measured do not require any preferred 
or tenta t ion O F  sol ids, and can be used i n  comparing theore t i ca l l y  
predlcted equi l ibr ium so l ids  concentrations wi th actual measured 
values f o r  the s lu r ry  s#nples studred. 

TABLE 4 Suspenston Volume fo r  Various Hinerals and Method 
o f  Their Determination 

Sample Hineral Suspension Void Speciric Hethod o f  
No. Volume Rat io Gravity Determination 

t Keo l in i te  1.3 3.44 2.85 s e t t l i n g  o f  pure 
keo t in i te  i n  RaHCO 
f o r  I8  months. 3 

2 l l l i t e  3.1 8.15 2.65 s e t t l i n g o f k a o l l -  
n~ t e : i l  I i t e  ( 4 ~ : 6 ~ )  
i n  NanCO For 18 
months 

3 Mntmor i l l on i t e  21,s 57.0 2.65 s e t t l  lng o f  Na-mon- 
tmor i l l on i te  For 
36 months 

4 m r p h o u s  Fe 0 20.5 M2.G 4.00 se t r l  ing o t  F Q O ~ +  
2 3 

k a 0 l i n i t e : i l l i t e  
for 18 months 



l a b l e  4 Continued 

5 Cibbsi te  
k a o l i n i t e  experi-  
ments. 

6 U i ~ d  3 - 0 7.95 2.65 estimated from 
i l l i t e  experiments 

I Q u a r t z  0 .14 0.37 2.65 estimated rrnm Theory 
of N ix ture  

8 Other$* 0 .42 1 . 1 2  2.65 assumed 

b Includes teldspar,  c a l c i t e ,  anker i te ,  s i o t r l t e  and p y r l t e  
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= c o J i 1 s i o n  term 

- average o f  f 

- average f o r c e  

= 001 tzmann cons tan t  

= Debyre-Hukel r e c i p r o c a l  l e n g t h  

= mass of p a r t i c l e  

- submerged mass o f  p a r t i c l e  i n  l i q u i d  

- number d e n s i t y  o f  p a r t i c l e s  

= t o t a l  rider o f  p a r t i c l e s  

- p o s i t i o n  v e c t o r  

- t ime 

= abso lu te  temperature 

= v e l o c i t y  

= mean va lue  o f  g 

- f l u c t u a t i o n  value of 2 - average v e l o c i t y  

- Stokes ian v e l o c i t y  

= uni t  v e c t o r  

- d i e l e c t r i c  cons tan t  

vSscos i t y  

= r e l a x a t i o n  t ime o f  i n t e r p a r t i c l e  c o l l i s i o n s  

= p o t e n t i a l  

r a d i u s  o f  i n t e r a c t i n g  spneres o r  p a r t i c l e s  

= t o t a l  w l u n e  o f  t h e  system 

= v i s c o s ~ t y  o f  tnc  p u r e  f l u i d  
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