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ABSTRACT

In  p o ly e le c t r o ly te - e n h a n c e d  u l t r a f i l t r a t io n  ( P E U F ) ,  a  c a t io n ic  p o ly e le c t r o ly te  
b in d s  to  c h r o m a te  a n d  is u l t r a f i l te r e d  f ro m  s o lu tio n . T h e  p e r m e a te  p a s s in g  th ro u g h  
th e  m e m b r a n e  c a n  c o n ta in  a  v e ry  lo w  c h r o m a te  c o n c e n t r a t io n ;  th e  r e te n ta te  s o lu t io n  
n o t  p a s s in g  th r o u g h  th e  m e m b ra n e  m u s t  b e  t r e a te d  to  r e c o v e r  a  la rg e  f r a c t io n  o f  th e  
p o ly m e r  f o r  r e u s e  fo r  e c o n o m ic a l  o p e ra t io n  In  th e  r e g e n e r a t io n  s te p , b a r iu m  c h lo r id e  
c a n  b e  a d d e d  to  th e  r e te n ta te  to  p r e c ip i ta te  c h r o m a te  a n io n  a s  a  c o m p a c t  b a r iu m  
c h r o m a te  s o l id  w a s te .  T h e  s o lu t io n  c o n ta in in g  th e  p o ly m e r  c a n  b e  d i r e c t ly  r e c y c le d  
a f te r  th e  s o l id  b a r iu m  c h r o m a te  is s e p a r a te d  f ro m  th e  s o lu t io n  G r a v i ty  s e t t l in g  is 
m u c h  le s s  e x p e n s iv e  th a n  f i l t r a t io n  o r  c e n t r i fu g a t io n , so  th is  in v e s t ig a t io n  s tu d ie s  th e  
a b i l i ty  to  s e p a r a te  so lid  f ro m  s o lu t io n  in a s e t t l in g  u n it . U n fo r tu n a te ly ,  th e  
p o ly e le c t r o ly te  c a n  a c t a s  a  d is p e r s in g  a g e n t  th a t  s ta b i l iz e s  th e  d i s p e r s io n  o f  b a r iu m  
c h r o m a te  p a r t ic le s ,  r e s u l t in g  in p o o r  s e p a ra t io n  e f f ic ie n c y  in  th e  s e tt le r . T h e  
a d s o rp t io n  o f  c a t io n ic  p o ly e le c tr o ly te  o n  b a r iu m  c h r o m a te  p a r t ic le s  in c re a s e s  w ith  
in c re a s in g  p o ly m e r  c o n c e n t r a t io n ,  in c re a s in g  io n ic  s tr e n g th , a n d  d e c r e a s in g  b a r iu m  
to  c h r o m a te  r a t io  In  a d d it io n , a d s o rp t io n  o f  th e  p o ly e le c t r o ly te  o n to  th e  b a r iu m  
c h r o m a te  p a r t i c le s  in h ib i t s  th e  g r o w th  o f  c ry s ta ls  a n d  a f f e c ts  th e  c r y s ta l  m o r p h o lo g y  
T h e  a v e r a g e  p a r t i c le  s iz e  o f  b a r iu m  c h r o m a te  c ry s ta ls  fo rm e d  in  th e  p r e s e n c e  o f  th e  
p o ly m e r  is le s s  th a n  in th e  a b s e n c e  o f  th e  p o ly m e r . A s a c o n s e q u e n c e ,  s lo w e r  s e t t l in g  
o f  th e  s m a l le r  p a r t i c le s  o c c u r s  in th e  p r e s e n c e  o f  p o ly m e r . T h e  s e d im e n ta t io n  r a te  o f  
b a r iu m  c h r o m a te  in c re a s e s  w ith  d e c r e a s in g  p o ly m e r  c o n c e n t r a t io n ,  in c re a s in g  
te m p e r a tu r e  a n d  in c re a s in g  e le c t ro ly te  c o n c e n t r a t io n ,  a n d  re a c h e s  a m a x im u m  w h e n  
th e re  is a s to ic h io m e tr ic  r a t io  o f  b a r iu m  to  c h r o m a te  p re s e n t  A t th is  s to ic h io m e tr ic  
ra t io  in  th e  a b s e n c e  o f  p o ly m e r , th e  z e ta  p o te n tia l  is z e r o ,  c o n f i rm in g  th a t  th e  ra p id  
s e tt l in g  is  d u e  to  th e  a b s e n c e  o f  e le c t ro s ta t i c  r e p u ls io n  b e tw e e n  th e  p a r t ic le s .  E v e n  
th o u g h  th e  b a r iu m  c h r o m a te  s e tt le s  r a p id ly  in th e  a b s e n c e  o f  p o ly m e r ,  th e  p o ly m e r  
a d s o rb s  o n  th e  c ry s ta ls  a n d  a c ts  l ik e  a  d is p e r s a n t  a s  w e ll a s  c a u s in g  a s o lu t io n  
v is c o s i ty  in c re a s e , r e s u l t in g  in  s lo w  s e t t l in g  r a te s  in th e  P E U F  p r o c e s s  w h e re  th e  
p o ly e le c tr o ly te  m u s t b e  p re s e n t
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INTRODUCTION

C h r o m a te  r e m o v a l  u s in g  th e  p o ly e le c t r o ly te - e n h a n c e d  u l t r a f i l t r a t io n  p r o c e s s  
( P E U F )  r e q u i r e s  th e  a d d i t io n  o f  a  s o lu b le  c a t io n ic  p o ly e le c t r o ly te  to  th e  feed  
c h r o m a te - la d e n  w a s te w a te r  to  b in d  c h r o m a te  a n io n s  e le c t r o s ta t i c a l ly ,  f o l lo w e d  by  
u l t r a f i l t r a t io n  to  p r o d u c e  a  f i l t r a te  ( p e r m e a te )  c o n ta in in g  a  v e ry  lo w  c o n c e n t r a t io n  o f  
th e  c h r o m a te  a n io n s  a n d  w h ic h  c a n  b e  d is c h a r g e d  to  th e  e n v ir o n m e n t .  F ro m  o u r  
p r e v io u s  w o r k , 1' 2 th e  r e m o v a l  o f  c h r o m a te ,  a  c a r c in o g e n ic  h e a v y  m e ta l ,  b y  th e  P E U F  
p r o c e s s  w ith  r e je c t io n s  a b o v e  9 9 %  w a s  d e m o n s t r a te d  H ig h  p o ly m e r  c o n c e n t r a t io n s  
in  th e  r e te n t a te  a re  p o s s ib le ,  w h i le  m a in ta in in g  h ig h  f lu x , w h ic h  is  d e s i r a b le  b e c a u s e  
it le a d s  to  h ig h  w a te r  r e c o v e r y  ( p e r m e a te / f e e d )  a n d  a m in im iz a t io n  o f  th e  v o lu m e  o f  
r e te n ta te  e f f lu e n t  to  b e  f u r th e r  t r e a te d . O th e r  e le c t ro ly te s  p r e s e n t  ( e  g ., N a C l)  r e s u l t  in 
lo w e r  c h r o m a te  r e je c t io n  d u e  to  th e  c o m p e t i t io n  o f  d i s s im i la r  a n io n s  w i th  c h r o m a te  
fo r  b in d in g  s i te s  o n  th e  p o ly m e r .

E c o n o m ic a l  o p e ra t io n  o f  P E U F  r e q u i r e s  th a t  a  s u b s ta n t ia l  f r a c t io n  o f  th e  
s e p a r a t in g  a g e n t  ( p o ly m e r )  b e  r e c o v e r e d  f ro m  th e  r e te n ta te  fo r  re u s e . T h is  c a n  be 
a c h ie v e d  b y  a d d in g  a  c a t io n  w ith  a v e ry  lo w  K Sp to  p r e c ip i ta te  th e  c h r o m a te . W e  h a v e  
id e n t i f ie d  b a r iu m  a s  an  e f f e c t iv e  p r e c ip i ta t in g  c a t io n  to  fo rm  b a r iu m  c h r o m a te  
p r e c ip i ta te  A f te r  th e  so lid  b a r iu m  c h r o m a te  is s e p a r a te d  f ro m  th e  s o lu t io n , th e  
c o n c e n t r a te d  p o ly e le c t r o ly te  s o lu t io n  c a n  b e  r e c y c le d  to  th e  fe e d  to  th e  u l t r a f i l t r a t io n  
u n it . T h e  s o l id  b a r iu m  c h r o m a te  c a n  b e  r e m o v e d  f ro m  s o lu t io n  b y  c e n t r i f u g a t io n  o r 
f i l te r in g , b u t th e s e  m e th o d s  te n d  to  b e  e x p e n s iv e . S o , w e  h a v e  f o c u s e d  o n  d e v e lo p in g  
a g r a v i ty  s e t t l in g  p r o c e s s  to  a c h ie v e  s o l id / l iq u id  s e p a ra t io n . In  a  b a tc h  f ie ld  te s t  a t th e  
บ .ร .  C o a s t  G u a rd  S u p p o r t  B a s e  in E l iz a b e th  C ity , N o r th  C a r o l in a  fo r  t r e a t in g  
in d u s tr ia l  p r o c e s s  w a s te w a te r  a n d  g r o u n d w a te r  c o n ta in in g  c h r o m a te  a n d  s u l fa te ,  th is  
g ra v i ty  s e t t l in g  w a s  d e m o n s t r a te d  to  w o rk  e f f e c t iv e ly 3' '  (w h e re  o v e r n ig h t  s e t t l in g  in a 
q u ie s c e n t  e n v i r o n m e n t  w a s  u se d ) . W e  d e s i re  to  d e v e lo p  a c o n t in u o u s , s te a d y  s ta te  
s e p a ra t io n  p r o c e s s ,  w h ic h  w o u ld  b e  r e q u i r e d  to  e c o n o m ic a l ly  t r e a t  h ig h  f lo w  ra te  
s tre a m s . W e  h a v e  fo u n d  th a t  e x c e lle n t  s e p a r a t io n s  a re  o b s e rv e d  in  a  c o n t in u o u s  
c r y s ta l l iz e r  fo r  b a r iu m  c h r o m a te  c ry s ta ls  in  th e  a b s e n c e  o f  th e  p o ly m e r , b u t  p o o r  
s e p a r a t io n s  a r e  o b s e rv e d  in th e  p r e s e n c e  o f  th e  p o ly e le c t r o ly te  s in c e  it a c ts  as a 
d i s p e r s a n t .6 U n d e r s ta n d in g  th e  in te r a c t io n  b e tw e e n  th e  p o ly m e r  a n d  b a r iu m  c h r o m a te



4 2

c ry s ta ls  a n d  e f f e c t  o n  d i s p e r s io n  s ta b i l i ty ,  p a r t i c le  s iz e  d i s t r ib u t io n  p r o d u c e d  d u r in g  
c r y s ta l l iz a t io n ,  a n d  o th e r  p r o p e r t ie s  is  th e  p u r p o s e  o f  th is  s tu d y  to  s u p p o r t  th e  
d e v e lo p m e n t  o f  an  e f f e c t iv e  s e p a r a t io n  p ro c e s s .

D i s p e r s io n s  o f  s o l id  p a r t i c le s  a r e  im p o r ta n t  in  m a n y  a r e a s .7 ' 16 E x a m p le s  
in c lu d e  in h ib i t io n  o f  c a lc iu m  p h o s p h a te  d e p o s i t io n  in in d u s tr ia l  w a te r  s y s te m s , th e  
t r e a tm e n t  o f  b a r iu m  s u l fa te  s c a le  p r o b le m  in  o il in d u s tr i e s ,  s u s p e n s io n s  in  
p h a rm a c e u t ic a l  a p p l ic a t io n s ,  a n d  m o d if ic a t io n  o f  s o l id  s u r f a c e s  b y  p o ly e le c t r o ly te -  
b a s e d  c o a t in g s  a n d  a d h e s iv e s  D is p e r s io n s  c a n  b e  u n d e s i r a b le  in  s o m e  a p p l ic a t io n s  
a n d  a d d i t iv e s  c a n  c a u s e  c o a g u la t io n ;  e  g ., r e m o v a l  o f  c la y  f in e s  f ro m  d r in k in g  
w a te r . 17' 18

P o ly e le c t r o ly t e s  c a n  h a v e  th e  te n d e n c y  to  a d s o rb  a t th e  s u r fa c e  o f  so lid  
d is p e r s e d  p a r t i c le s ,  th e  le v e l o f  a d s o rp t io n  d e p e n d in g  o n  f a c to r s  s u c h  a s  th e  n a tu r e  o f  
th e  p a r t ic le  s u r f a c e ,  th e  c o n c e n t r a t io n  a n d  c h e m ic a l  s t r u c tu r e  o f  p o ly m e r , a n d  th e  
s o lv e n t q u a l i ty  o f  th e  d i s p e r s io n  m e d iu m . 19 T h e  e f fe c t  o f  a d d i t iv e s ;  s o d iu m  
t r ip o ly p h o s p h a te  ( S T P ) , e th y le n e d ia m in e te t r a m e th y le n e p h o s p h o n ic  a c id  (E N T M P ) ,  
an d  l - h y d r o x y e th y l i d e n e - l , l - d ip h o s p h o n i c  a c id  ( H E D P ) ,  o n  th e  c r y s ta l l iz a t io n  o f  
b a r iu m  c h r o m a te  w a s  s tu d ie d  c o n d u c to m e t r ic a l ly ,  w h e r e  s to ic h io m e tr ic  
c o n c e n t r a t io n s  o f  b a r iu m  a n d  c h r o m a te  w e r e  p re s e n t  a t 2 9 8  K  20 21 I n c r e a s in g  th e  
a d d it iv e  c o n c e n t r a t io n  d e c r e a s e s  th e  g r o w th  r a te  d u e  to  th e  b lo c k in g  o f  th e  a c t iv e  
s ite s  fo r  c r y s ta l l iz a t io n  o n  th e  c ry s ta l  s u r f a c e  th ro u g h  a d s o rp t io n ,  w h ic h  c o u ld  b e  
in te rp re te d  in  te r m s  o f  a L a n g m u ir  ty p e  a d s o rp t io n  is o th e rm  It h a s  b e e n  r e p o r te d  th a t  
th e  b a r iu m  c h r o m a te  c r y s ta l l iz a t io n  o c c u r s  b y  a s u r f a c e - c o n t r o l le d  g r o w th  
m e c h a n is m .20 T h e  s tu d y  o f  a d s o rp t io n  b e h a v io r  o f  p o ly e le c t r o ly te s  in r e la t io n  to  th e  
c ry s ta l  g r o w th  k in e t ic s  o f  b a r iu m  s u l f a te  in d ic a te  th a t  th e  a d s o rp t io n  o f  
p o ly p h o s p h in o a c r y la te ,  p o ly (a c r y l ic  a c id ) ,  p o ly ( s ty r e n e s u l f o n ic  a c id ) , p o ly  
( v in y ls u lf o n ic  a c id ) ,  a n d  a  c o p o ly m e r  o f  m a le ic  a c id  a n d  v in y ls u l f o n ic  a c id  d is tu r b  
th e  g r o w th  r a te  o f  b a r iu m  s u l f a te .7' 8' 15‘ 16 W i l l ia m s  a n d  H a r r o p 9 d e s c r ib e d  th e  
a d s o rp t io n  o f  a n  a m p h o te r ic  p o ly m e r , a c o p o ly m e r  o f  d i a l ly ld im e th y la m m o n iu m  
c h lo r id e  ( Q U A T )  a n d  a c ry l ic  a c id , o n  b a r iu m  s u l fa te  c ry s ta ls , a n d  d e m o n s t r a te d  its  
a b i l i ty  to  g r e a t ly  e n h a n c e  th e  c o l lo id  s ta b il i ty  o f  a b a r iu m  s u l f a te  d is p e r s io n  
M o re o v e r ,  th e  a d s o rp t io n  c a p a c i ty  fo r  th e  p o ly m e r  in c re a s e s  w ith  in c re a s in g  io n ic  
s tr e n g th  T h e  in f lu e n c e  o f  Q U A T  o n  th e  p re c ip i ta t io n  o f  a m o r p h o u s  c a lc iu m
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p h o s p h a te  e x h ib i t s  n o  p ro n o u n c e d  e f fe c t  o n  th e  in d u c t io n  p e r io d  p r e c e d in g  
a m o r p h o u s  c a lc iu m  p h o s p h a te  p r e c ip i ta t io n ,  w h i le  th e  a d s o r p t io n  o f  p o ly a c r y l ic  a c id  
a n d  b e n z e n e  h e x a c a r b o x y l ic  a c id  o n  c a lc iu m  p h o s p h a te  is s ig n i f i c a n t . 10 T h e  s tu d y  o f  
th e  a d s o rp t io n  o f  Q U A T  a n d  c o p o ly m e r s  o f  N - m e th y l - N - v in y l - a c e ta m id e  a n d  Q U A T  
o n  c o l lo id a l  s i l ic a  p a r t i c le s  s h o w e d  th a t  th e  a d s o rb e d  le v e ls  a s  w e ll a s  th e  
h y d r o d y n a m ic  la y e r  th ic k n e s s  o f  th e  a d s o r b e d  p o ly e le c t r o ly te  la y e r  in c re a s e s  w ith  
th e  io n ic  s t r e n g th  a n d  th e  p H  o f  th e  s u s p e n s io n  a t h ig h  s a lt c o n c e n t r a t io n .  A t lo w  sa lt 
c o n c e n t r a t io n ,  th e  a d s o rp t io n  in c re a s e s  w i th  d e c r e a s in g  c h a r g e  d e n s i ty  o f  th e  
p o ly e le c t r o ly te  11 l 3 ' 14 T e ra y a m a  et al. 12 s tu d ie d  th e  e f fe c t  o f  s u r f a c ta n t  a n d  p o ly m e r  
o n  d is p e r s io n  s ta b i l i ty  o f  a q u e o u s  s u s p e n s io n s  o f  5 - ( 3 - e th o x y - 4 - p e n ty lo x y p h e n y l) -  
2 ,4 - th i a z o l id in e d io n e  ( C T 1 12), a d ru g  p a r t ic le ,  b y  m e a s u r in g  th e  a d s o rb e d  a m o u n t  o f  
s u r fa c ta n t  a n d  p o ly m e r , z e ta  p o te n tia l ,  p a r t i c le  s iz e , a n d  s e d im e n ta t io n  r a te  T h e  
a d d i t io n  o f  c e l lu lo s e  r a th e r  th a n  s o d iu m  d o d e c y l  s u l fa te  ( S D S )  p r o d u c e s  a  h ig h ly  
s ta b le  s u s p e n s io n ,  w h ile  m ix e d  s y s te m s  o f  c e l lu lo s e  a n d  S D S  e n h a n c e  C T 1 1 2  
d is p e r s io n  s ta b i l i ty  e v e n  m o re  e f fe c t iv e ly .

In th is  s tu d y , th e  e f fe c t  o f  th e  b a r iu m /c h r o m a te  c o n c e n t r a t io n  ra tio , Q U A T  
c o n c e n t r a t io n ,  t e m p e r a tu r e ,  a n d  a d d e d  e le c t ro ly te  o n  p a r t i c le  s iz e  d is t r ib u t io n , 
s e d im e n ta t io n  r a te , v is c o s i ty ,  c r y s ta l  m o r p h o lo g y ,  a n d  z e ta  p o te n tia l  o f  p a r t ic le s  in 
th e  b a r iu m  c h r o m a te  c r y s ta l l iz a t io n  p r o c e s s  w a s  m e a s u re d  in s u p p o r t  o f  d e v e lo p m e n t  
o f  a c r y s ta l l iz a t io n /s e t t l in g  p r o c e s s  fo r  s e p a r a t io n  o f  c h r o m a te  f ro m  Q U A T  in  a 
P E U F  r e te n ta te  s o lu t io n
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EXPERIMENTAL

M a te r ia ls

P o ly ( d ia l ly ld im e th y la m m o n iu m  c h lo r id e )  o r  Q U A T  h a v in g  a n  a v e r a g e  
m o le c u la r  w e ig h t  o f  a p p ro x im a te ly  2 4 0 ,0 0 0  D a l to n  w a s  s u p p l ie d  b y  C a lg o n  
C o rp o r a t io n  ( P i t ts b u r g h ,  P A )  a n d  h a s  th e  t r a d e  n a m e  M E R Q U A T ®  T h e  e m p ir ic a l  
f o rm u la  o f  th e  r e p e a t in g  u n it  o f  th e  p o ly m e r  is ( H 2C = C H C H 2) 2N ( C H 3) 2C 1 T h e  
p o ly e le c t r o ly te  w a s  p u r i f ie d  u s in g  a 1 0 ,0 0 0  D a l to n  m o le c u la r  w e ig h t  c u t-o f f , sp ira l 
w o u n d  m e m b r a n e  in  o r d e r  to  r e m o v e  th e  lo w e r  m o le c u la r  w e ig h t  c o m p o n e n ts  a s  h ad  
b e e n  d o n e  in  s tu d ie s  o f  th e  u l t r a f i l t r a t io n  s te p  in  P E U T  s tu d ie s  '■  2 A  s t i r r e d  ce ll 
e q u ip p e d  w i th  a 1 0 ,0 0 0  D a l to n  m o le c u la r  w e ig h t  c u t - o f f  S p e c t r u m 1X1 c e l lu lo s e  
a c e ta te  ( ty p e  C )  u l t r a f i l t r a t io n  m e m b ra n e  f ro m  S p e c t ru m  M e d ic a l  C o m p a n y  
(H o u s to n , T X )  w a s  u s e d  to  c o n c e n t r a te  th e  p u r i f ie d  p o ly m e r  s o lu t io n  u p  to  th e  
d e s ire d  p o ly m e r  c o n c e n t r a t io n  fo r  p r e p a r in g  s to c k  s o lu tio n s . S o d iu m  c h r o m a te  an d  
b a r iu m  c h lo r id e  d ih y d r a te  u s e d  in  b a r iu m  c h r o m a te  s o l id  p r e p a r a t io n  w e r e  a n a ly t ic a l  
g ra d e  ( p u r i ty  o f  9 9 % )  s u p p l ie d  b y  R e id e l- D e H a e n  ( S e e lz e , G e r m a n y )  an d  M e rc k  
( D a r m s ta d t ,  G e rm a n y ) ,  r e s p e c tiv e ly . S o d iu m  c h lo r id e  (9 9  5 % )  w a s  o b ta in e d  f ro m  
C a r lo  E rb a  (M ila n , I ta ly )  S i lv e r  n i t r a te  (9 9  8 % ) s u p p l ie d  f ro m  M e rc k  ( D a r m s ta d t ,  
G e r m a n y )  w a s  u s e d  to  p r e p a r e  th e  t i t r a n t  to  d o u b le  c h e c k  p o ly e le c t r o ly te  
c o n c e n t r a t io n  o b ta in e d  f ro m  to ta l  o r g a n ic  c a r b o n  o r  T O C  m e a s u r e m e n t  A ll 
c h e m ic a ls  w e r e  u s e d  as r e c e iv e d  D e io n iz e d  a n d  d is t i l le d  w a te r  w a s  u s e d  to  p r e p a r e  
s o lu t io n s

S e d im e n ta t io n  r a te  m e a s u r e m e n t

T h e  s e d im e n ta t io n  r a te  o f  b a r iu m  c h r o m a te  p a r t ic le s  a t  d i f f e re n t  c o n d i t io n s  
w a s  m e a s u r e d  in  s c re w  c a p  te s t  tu b e s  b y  o b s e rv in g  th e  h e ig h ts  o f  s u s p e n d e d  
s o lu t io n s  a n d  th e  in te r fa c e  b e tw e e n  c le a r  l iq u id  a n d  s u s p e n d e d  s o l id s  a s  a f u n c t io n  o f  
t im e  T h is  w a s  m e a s u r e d  u n ti l  th is  h e ig h t  w a s  c o n s ta n t  th e  e x p e r im e n t  is k n o w n  as 
th e  b a tc h  s e t t l in g  t e s t .22 24
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A d s o r p t io n  is o th e r m s  o f Q U A T  o n  b a r iu m  c h r o m a te  p a r t i c le s  w e r e  m e a s u re d  
a t 30°c u s in g  th e  s o lu t io n  d e p le t io n  m e th o d  13’ 14 T h e  b a r iu m  c h r o m a te  p r e c ip i ta te  
w a s  p r e p a r e d  b y  th e  r a p id  m ix in g  o f  m o la r  s o lu t io n s  o f  a n a ly t ic a l ly  p u re  b a r iu m  
c h lo r id e  a n d  s o d iu m  c h r o m a te ,  f o l lo w e d  b y  w a s h in g  w ith  m e th a n o l /w a te r  m ix tu r e s  
a n d  f in a l ly  d r y in g  a t  105°c 25 T h e  b a r iu m  c h r o m a te  s o l id s  a t [ b a r iu m ] / [ c h r o m a te ]  
r a t io s  o f  0 .5  a n d  1.5 w e re  p r e p a r e d  in  th e  s a m e  m a n n e r  T h e  e q u i l ib r iu m  p o ly m e r  
c o n c e n t r a t io n s  w e r e  d e te rm in e d  b y  m ix in g  1 . 0  g  o f  b a r iu m  c h r o m a te  p o w d e r s  w ith  
v a r ie d  Q U A T  c o n c e n t r a t io n s ,  r a n g in g  f ro m  0  5 to  100  m M . T h e  s u s p e n d e d  s o lu t io n s  
w e r e  s h a k e n  b y  a V o r te x - G e n ie 2  v o r te x  m ix e r  ( S c ie n t i f ic  I n d u s tr ie s ,  In c .,  B o h e m ia , 
N Y )  fo r  1 m in u te  a n d  w e r e  s u b je c te d  to  an  u l t r a s o u n d  t r e a tm e n t9 b y  a B r a n s o n  2 2 0 0  
u l t r a s o n ic  c le a n e r  ( B ra n s o n  U l tr a s o n ic s  C o rp o r a t io n ,  D a n b u ry , C T )  f o r  1 m in u te  at 
120 พ  a n d  4 7  k H z  b e fo re  e q u i l ib r a t in g  in  a  s h a k in g  b a th  a t c o n tr o l le d  t e m p e r a tu r e  
(30.0 ±  0 2 ° C )  a n d  100 rp m  s h a k in g  s p e e d  f o r  2 4  h o u r s  to  a l lo w  a d s o rp t io n  
e q u i l ib r iu m  to  b e  re a c h e d  A f te r  c e n t r i f u g a t io n  a t  2 0 0 0  rp m  fo r  10 m in u te s  b y  a 
C e n tr i fu g e  4 2 3 6  (A .L .C . In te rn a t io n a l ,  M i la n ,  I ta ly ) , b a r iu m  c h r o m a te  p o w d e r  w a s  
th e n  s e p a r a te d  b y  f i l te r in g  u s in g  a  0  2  p m  p o re  s ize  c e l lu lo s e  a c e ta t e  m e m b ra n e  
f i l t e r 10 15 (L id a  M a n u f a c tu r in g  C o rp o r a t io n ,  K e n o s h a , W I) , a n d  th e  s u p e rn a ta n t  w a s  
s a m p le d  to  d e te rm in e  th e  e q u i l ib r iu m  p o ly e le c t r o ly te  c o n c e n t r a t io n .  T h e  q u a n t i ty  o f  
p o ly e le c t r o ly te  a d s o rb e d  w a s  th e n  c a lc u la te d  f ro m  th e  c h a n g e  in c o n c e n t r a t io n  o f  th e  
p o ly m e r  s o lu t io n . A  S h im a d z u  T O C - 5 0 0 0 A  to ta l  o r g a n ic  c a r b o n  ( T O C )  a n a ly z e r  
(K y o to , J a p a n )  w a s  u s e d  to  d e te rm in e  th e  Q U A T  c o n c e n t r a t io n  in  s u p e rn a ta n t  
s o lu t io n s  T h e  Q U A T  c o n c e n t r a t io n  r e p o r te d  in  th is  w o rk  is b a s e d  o n  th e  
c o n c e n t r a t io n  o f  m o n o m e r  o r  d ia l ly ld im e th y la m m o n iu m  c h lo r id e  m o le c u le s  S o  th e  
m o le c u la r  w e ig h t  u s e d  to  c o n v e r t  m a s s  c o n c e n t r a t io n  to  m o la r  c o n c e n t r a t io n  w a s  
9 6  0 8  D a l to n , n o t 2 .4  X 105 D a l to n  ( m o le c u la r  w e ig h t  o f  p o ly m e r )

Polyelectrolyte adsorption measurement
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T h e  p a r t i c le  s iz e s  o f  b a r iu m  c h r o m a te  p a r t ic le s  w i th  a n d  w i th o u t  a d s o rb e d  
p o ly m e r  w e r e  d e te rm in e d  u s in g  a  C o u l t e r 31' L S  2 3 0  c o u n te r  p a r t ic le  s iz e  a n a ly z e r  
w i th  a s m a ll  v o lu m e  m o d u le  ( C o u l te r  C o rp o r a t io n ,  H ia le a h , F L ). T h is  L S  2 3 0  u s e s  
la s e r  l ig h t  a t a  w a v e le n g th  o f  7 5 0  n m  to  o b ta in  th e  s iz e  o f  p a r t i c le s  w i th  d ia m e te r  
f ro m  0  4  p m  to  2 0 0 0  p m  b y  l ig h t  d i f f r a c t io n  ( F r a u n h o f e r  d i f f r a c t io n )  W h e n  p a r t ic le s  
a r e  s m a l le r  th a n  0 .4  p m  in d ia m e te r ,  p o la r iz a t io n  in te n s i ty  d i f f r a c t io n  s c a t te r in g  
(P 1 D S ) is u s e d , w h ic h  p r o v id e s  p o la r iz e d  m o n o c h r o m a t ic  l ig h t  a t 4 5 0  n m , 6 0 0  nm , 
a n d  9 0 0  n m  M e a s u r e m e n ts  w e re  c a r r ie d  o u t  in  b o th  a q u e o u s  s o lu t io n  a n d  e le c t ro ly te  
s o lu t io n  a t  d i f f e r e n t  io n ic  s tr e n g th s  T h e  s u s p e n d e d  s o lu t io n s ,  c o n ta in in g  s y n th e s iz e d  
b a r iu m  c h r o m a te ,  w e r e  e q u i l ib r a te d  in  a w a t e r  b a th  a t th e  d e s i re d  t e m p e r a tu r e  fo r  2 4  
h o u rs . T h e  s u s p e n s io n s  w e r e  s h a k e n  h o m o g e n e o u s ly  b y  th e  v o r te x  m ix e r  b e f o r e  
lo a d in g  in to  th e  C o u l te r  c o u n te r  p a r t ic le  s iz e  a n a ly z e r  T h e  p a r t i c le  s iz e  d i s t r ib u t io n s  
a n d  m e a n  d ia m e te r  o f  p a r t ic le s  w e re  o b ta in e d  g r a p h ic a l ly  f ro m  th e  in s t r u m e n t

Crystal morphology characterization

T h e  m o r p h o lo g ie s  o f  b a r iu m  c h r o m a te  c ry s ta ls  in  a q u e o u s  s o lu t io n  a n d  in 
p o ly e le c t r o ly te  s o lu t io n  w e r e  in v e s t ig a te d  u s in g  a J S M - 6 4 0 0  s c a n n in g  e le c t ro n  
m ic r o s c o p e  o r  S E M  (Je o l L td  , T o k y o , J a p a n )

Z e ta  p o te n tia l  m e a s u r e m e n t

T h e  z e ta  p o te n tia l  m e a s u r e m e n ts  w e r e  m a d e  w ith  a z e ta  m e te r  3 .0 +  u n it 
( Z e ta -M e te r ,  In c ., S ta u n to n , V A )  T h e  d e te rm in a t io n  o f  s u r fa c e  c h a r g e s  o f  th e  b a r iu m  
c h r o m a te  p a r t i c le s  in w a te r  at d i f f e re n t  b a r iu m  to  c h r o m a te  ra t io s  w a s  m a d e  in 
d i lu te d  s u s p e n s io n s  to  a v o id  a  s a l t in g  o u t  e f fe c t E v e n  th o u g h  th e  d i lu t io n  is n o t 
r e c o m m e n d e d  b e c a u s e  th e  c o n c e n t r a t io n  o f  th e  d is s o lv e d  io n s  s ig n if ic a n t ly  a f fe c ts  
th e  c h a rg e  o f  th e  c o l lo id , th e  d i lu t io n  c a n  b e  a v a lu a b le  to o l fo r  c o m p a r a t iv e  s tu d y  In 
th is  s tu d y  th e  d i lu t io n  ra t io  u s e d  fo r  all s a m p le s  w a s  1 0  to  1

Particle size measurement



Viscosity measurement

T h e  v i s c o s i ty  o f  th e  p o ly e le c t r o ly te  s o lu t io n  a t  th e  s tu d ie d  c o n d i t io n  w a s  
m e a s u r e d  u s in g  a  B r o o k f ie ld  d ig i ta l  r h e o m e te r  D V -I I I  ( B ro o k f ie ld  E n g in e e r in g  
L a b o ra to r ie s ,  In c .,  S to u g h to n , M A ). T h e  p o ly m e r  s o lu t io n s  w e r e  e q u i l ib r a te d  in  a 
w a te r  b a th  a t  c o n tr o l le d  t e m p e r a tu r e s  (10°c, 25°c, a n d  5 0 ° C )  b e f o r e  t r a n s f e r r in g  5 0 0  
m L  o f  s a m p le  in to  a  6 0 0  m L  lo w  fo rm  b e a k e r . T h r e e  r o ta t io n a l  s p e e d s  o f  th e  s p in d le  
( R V - 1 )  w e r e  u s e d : 100, 125, a n d  2 0 0  rp m . T h e  v is c o s i ty  o f  th e  p o ly e le c t r o ly te  
s o lu t io n  a t  z e r o  s h e a r  r a te  w a s  d e te rm in e d  b y  a  l in e a r  e x t r a p o la t io n  o f  th e s e  
m e a s u r e d  v a lu e s .  T h e  m e a s u r in g  t im e  u s e d  w a s  10 m in u te s  T h e  t e m p e r a tu r e  w a s  
m e a s u r e d  b y  a  te m p e r a tu r e  p ro b e  d u r in g  th e  v i s c o s i ty  d e te r m in a t io n
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RESULTS

Sedimentation rate

T h e  r a te  o f  b a r iu m  c h r o m a te  s e d im e n ta t io n ,  w h ic h  is  p r e s e n te d  a s  th e  
p e r c e n ta g e  o f  s o l id  v o lu m e  a s  a  f u n c t io n  o f  t im e , is  s h o w n  in  F ig s .  1-7. A n  a v e r a g e  
o f  r e q u i r e d  s e t t l in g  t im e  to  o b ta in  a  s o l id  v o lu m e  b e lo w  2 0 %  is s u m m a r iz e d  in  T a b le  
1 fo r  th e  c o n d i t io n s  s tu d ie d  T h e  m e a s u r e m e n t  o f  s e d im e n ta t io n  r a te  o f  th e  p a r t ic le  
w e r e  c a r r ie d  o u t  3 t im e s  w ith  s ta n d a rd  d e v ia t io n  ±  3 0  s e c o n d s  f o r  0 to  0  1 M  Q U A T  

a n d  u p  to  ±  3 m in u te s  fo r  0 .2  to  0 .4  M  Q U A T .
F o r  a  s to ic h io m e tr ic  r a t io  o f  [ b a r iu m ] / [ c h r o m a te ] = l , F ig s  1 a n d  2  s h o w  th e  

r a te  o f  s e d im e n ta t io n  a t 10°c, 25°c, a n d  50°c in  th e  a b s e n c e  o f  Q U A T  a n d  in  th e  
p r e s e n c e  o f  0 .1  M  Q U A T . In  e i th e r  th e  p r e s e n c e  o r  a b s e n c e  o f  Q U A T , a s  th e  
te m p e r a tu r e  in c re a s e s ,  th e  r a te  o f  s e d im e n ta t io n  in c re a s e s  In  th e  a b s e n c e  o f  Q U A T , 
b a r iu m  c h r o m a te  p a r t ic le s  w e r e  v is ib ly  f lo c c u la te d , s h o w in g  r a p id  s e t t l in g . 
C o n v e rs e ly , in  th e  p r e s e n c e  o f  Q U A T , f lo c c u la t io n  w a s  n o t o b s e rv e d ,  le a d in g  to  a 
s lo w e r  s e d im e n ta t io n .  P a r t ic le  s iz e  d i s t r ib u t io n  is d e s c r ib e d  q u a n t i ta t iv e ly  la te r  T h e  
s e d im e n ta t io n  r a te  d e c r e a s e s  s u b s ta n t ia l ly  w h e n  [Q U A T ]  IS in c re a s e d , a s  s h o w n  in 
F ig . 3. F o r  e x a m p le ,  a t  5 0  °c  in  th e  a b s e n c e  o f  Q U A T , th e  r e s id e n c e  t im e  r e q u i r e d  
fo r  s u s p e n d e d  s o l id s  to  s e tt le  to  a so lid  v o lu m e  b e lo w  2 0 %  is o n ly  1 m in u te ,  w h ile  in 
th e  p re s e n c e  o f  [Q U A T ]  o f  0.1, 0 .2 , 0 .3 , a n d  0  4  M , s e t t l in g  t im e s  o f  8 , 2 3 , 55 , an d  
9 0  m in u te s  w e r e  r e q u i re d , r e s p e c t iv e ly  ( T a b le  1).

F ig u r e s  4  a n d  5 i l lu s t r a te  th e  r a te  o f  b a r iu m  c h r o m a te  s e d im e n ta t io n  at 
[ b a r iu m ] / [ c h ro m a te ]  r a t io s  o f  0.5, 1.0, 2 .0 , 5.0, a n d  1 0 .0  in th e  a b s e n c e  a n d  in  th e  
p r e s e n c e  o f  Q U A T . T h e  r e s u l t s  a t [b a r iu m ] /[ c h ro m a te ]  r a t io s  o f  0.5, 1.0, a n d  2 .0  in 
th e  a b s e n c e  o f  Q U A T  a re  s im ila r , h o w e v e r ,  it sh o u ld  b e  n o te d  th a t  a t a  [b a r iu m ]/ 
[ c h ro m a te ]  r a t io  o f  1 . 0  ( s to ic h io m e tr ic ) ,  th e  h ig h e s t  s e d im e n ta t io n  r a te  is o b s e rv e d  
T h e  h ig h e r  [ b a r iu m ] / [ c h ro m a te ]  ra t io s  (5.0 a n d  10 0 )  g iv e  a lo w e r  s e d im e n ta t io n  r a te  
th a n  lo w e r  r a t io s . In th e  p r e s e n c e  o f  0 .2  M  Q U A T  a t a n y  [ b a r iu m ] / [ c h r o m a te ]  ra tio , 
s e d im e n ta t io n  is s lo w e r  th a n  in  th e  a b s e n c e  o f  Q U A T  F o r  e x a m p le , a t 50°c at 
[ b a r iu m ] /[ c h ro m a te ]  r a t io s  o f  0.5, 1.0, 2 0 , 5 0 , a n d  10 .0 , in  th e  a b s e n c e  o f  Q U A T ,
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th e  r e s p e c t iv e  r e s id e n c e  t im e  r e q u i r e s  fo r  s u s p e n d e d  s o l id  to  s e t t le  to  a  s o l id  v o lu m e  
b e lo w  2 0 %  a re  2 , 1, 2 , 8 , a n d  14 m in u te s .  In  th e  p r e s e n c e  o f  0 .2  M  Q U A T , s e t t l in g  
t im e s  o f  2 3 , 4 0 , 55 , a n d  75  m in u te s  w e r e  r e q u i r e d  a t  a n a lo g o u s  [ b a r iu m ] / [ c h ro m a te ]  
r a t io s  o f  1 .0 , 2 .0 , 5 .0 , a n d  10 .0 , r e s p e c t iv e ly . In  th e  p r e s e n c e  o f  0 .2  M  Q U A T , th e  
m o s t  r a p id  s e d im e n ta t io n  o c c u r s  a t th e  s to ic h io m e tr ic  r a t io  o f  b a r iu m  to  c h ro m a te . 
I n te r e s t in g ly ,  a t [ b a r iu m ] /[ c h ro m a te ]  r a t io  o f  0 .5 , n o  s o l id  s e t t l in g  o c c u r r e d  w ith in  
th e  t im e  p e r io d  s tu d ie d .

F o r  a  s to ic h io m e tr ic  [ b a r iu m ] /[ c h ro m a te ]  ra tio , r a te s  o f  b a r iu m  c h r o m a te  
s e d im e n ta t io n  a t v a r io u s  io n ic  s t r e n g th s  ( a d d e d  [N a C l]  le v e ls )  in  th e  a b s e n c e  o f  
Q U A T  a n d  in  th e  p r e s e n c e  o f  Q U A T  a re  s h o w n  in  F ig s . 6  a n d  7. In  th e  a b s e n c e  o f  
Q U A T , th e  s e d im e n ta t io n  r a te s  d o  n o t c h a n g e  w ith  io n ic  s tr e n g th . In  c o n t r a s t ,  w ith  
0  2 M  Q U A T , in c re a s in g  e le c t ro ly te  c o n c e n t r a t io n  le a d s  to  an  in c re a s e  in  th e  b a r iu m  
c h r o m a te  s e d im e n ta t io n  r a te

Viscosity

T h e  v i s c o s i ty  o f  th e  p o ly m e r  s o lu t io n  a t d i f f e r e n t  p o ly m e r  c o n c e n t r a t io n s ,  sa lt 
c o n c e n t r a t io n s ,  a n d  te m p e ra tu re s ,  w h ic h  is p r e s e n te d  in  te rm  o f  r e la t iv e  v is c o s i ty  
( v i s c o s i ty /v i s c o s i ty  o f  w a te r )  a t z e ro  s h e a r  ra te , is s h o w n  in  T a b le  2. T h e  v i s c o s i ty  o f  
th e  p o ly e le c t r o ly te  s o lu t io n  in c re a s e s  w ith  in c re a s e d  p o ly e le c t r o ly te  c o n c e n t r a t io n ,  
d e c re a s e d  te m p e r a tu r e ,  a n d  d e c r e a s e d  io n ic  s t r e n g th

A c tu a l ly ,  th e  v is c o s i ty  o f  s u s p e n d e d  s o lu t io n  c a n  d i f f e r  s u b s ta n t ia l ly  f ro m  th e  
p a r t i c le - f r e e  s o lu t io n  s in c e  th e  v i s c o s i ty  o f  a  d is p e r s e d  s y s te m  a ls o  d e p e n d s  o n  
h y d r o d y n a m ic  in te r a c t io n s  b e tw e e n  p a r t ic le s  a n d  s o lv e n t ,  p a r t i c le - p a r t ic le  
in te r a c t io n , a n d  in te r p a r t ic le  a t t r a c t io n s  th a t  p r o m o te  th e  fo rm a t io n  o f  a g g r e g a te s .26 

F lo w e v e r , in  o r d e r  to  m e a s u re  th e  v is c o s i ty  o f  th e  d is p e r s e d  s y s te m , a v ib r a t in g  
v i s c o m e te r  a n d  a  s p e c ia l ly  d e s ig n e d  d e v ic e  a re  n e e d e d  to  m a in ta in  th e  s ta b i l i ty  o f  th e  
s u s p e n d e d  s o lu t io n  d u r in g  v is c o s i ty  m e a s u r e m e n t .27' 2X T h e  v is c o s i ty  r e p o r te d  in  th is  
w o rk  is th e  v is c o s i ty  o f  th e  p o ly m e r  s o lu t io n  in  th e  a b s e n c e  o f  b a r iu m  c h r o m a te  
p a r tic le s , w h ic h  a re  u s e fu l to  q u a l i ta t iv e ly  e x p la in  o b s e rv e d  e f f e c ts  o n  d is p e r s io n  
s ta b ili ty .
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Zeta potential

T h e  a v e r a g e  z e ta  p o te n tia l  o f  b a r iu m  c h r o m a te  p a r t i c le s  in  a q u e o u s  s o lu t io n  
a s  a  f u n c t io n  o f  [ b a r iu m ] /[ c h ro m a te ]  ra t io  is s h o w n  in  F ig . 8  in  th e  a b s e n c e  o f  
Q U A T . A t th e  s to ic h io m e tr ic  ra tio , th e  z e ta  p o te n tia l  is z e r o , w h ic h  r e p r e s e n t  n o  n e t 
c h a rg e  o n  th e  s u r fa c e  o f  p a r t ic le s ,  w h e re a s  a n e g a t iv e  c h a r g e  is  o b s e rv e d  a t a 
[ b a r iu m ] / [ c h r o m a te ]  <  1, a n d  a  p o s i t iv e  c h a r g e  a t a  [ b a r iu m ] / [ c h r o m a te ]  > 1 . T h e  
a v e r a g e  z e ta  p o te n t ia l  s h o w n  in  th is  w o r k  w a s  o b ta in e d  f ro m  3 0  m e a s u r e m e n ts .  M o s t  
o f  th e  s a m p le  h a s  a  h ig h  u n if o r m i ty  o f  c h a r g e  ( e le c t r o p h o r e t ic  m o b i l i ty ) ,  a s ta n d a rd  
d e v ia t io n  o f  th e  z e ta  p o te n tia l  v a lu e s  is a r o u n d  ±  0 .5  to  ±  2 0  m V  A t a  [b a riu m ]/' 
[ c h r o m a te ]  r a t io  o f  1 , th e  h e te ro g e n e i ty  o f  th e  p a r t ic le s  a s  in d ic a te d  b y  th e i r  
e le c t r o p h o r e t ic  m o b i l i ty  w a s  g r e a te r  ( s o m e  p a r t ic le s  m o v e d  to w a r d  th e  a n o d e  a n d  
s o m e  to  th e  c a th o d e ) ,  b u t th e  a v e r a g e  v e lo c i ty  (a n d  h e n c e  z e ta  p o te n t ia l )  is 
a p p ro x im a te ly  z e r o  It c a n  a ls o  b e  c o n f i rm e d  b y  a n  in te r p o la t io n  o f  th e  z e ta  p o te n tia l  
a t [ b a r iu m ] / [ c h ro m a te ]  r a t io s  o f  0  8 a n d  1 .2 , w h ic h  g iv e s  z e r o  z e ta  p o te n tia l  a t  a 
[ b a r iu m ] / [ c h r o m a te ]  r a t io  o f  1 D u e  to  h ig h  v is c o s i ty ,  th e  z e ta  p o te n tia l  o f  th e  s o l id  
c o u ld  n o t b e  m e a s u r e d  in  th e  p r e s e n c e  o f  th e  Q U A T  w ith  o u r  in s t r u m e n t  M o re o v e r ,  
in  th e  p r e s e n c e  o f  p o ly e le c t r o ly te  th e r e  w a s  a  n o n - h o r iz o n ta l  p a r t i c le  m o v e m e n t 
a lo n g  a  t r a c k in g  p a th  b e tw e e n  th e  tw o  e le c t r o d e s  b e c a u s e  o f  an  e x c e s s  c a t io n ic  
c h a rg e  o n  th e  p a r t ic le s .

Particle size distribution

T h e  b a r iu m  c h r o m a te  p a r t ic le  s iz e  d is t r ib u t io n ,  w h ic h  is p r e s e n te d  a s  v o lu m e  
f ra c t io n  a s  a  f u n c t io n  o f  th e  lo g a r i th m  o f  p a r t ic le  d ia m e te r ,  is s h o w n  in  F ig s . 9 -1 6 . 
A v e ra g e  p a r t i c le  d ia m e te r ,  a n d  ra n g e  o f  p a r t ic le  d ia m e te r s  a re  s u m m a r iz e d  in T a b le  1 
fo r  th e  c o n d i t io n s  s tu d ie d  E a c h  v a lu e  o f  th e  a v e r a g e  p a r t ic le  d i a m e te r  r e p r e s e n ts  th e  
a v e ra g e  f ro m  f iv e  p a r t ic le  s iz e  m e a s u r e m e n ts  w ith  s ta n d a rd  d e v ia t io n s  r e p o r te d  in 
T a b le  1.

T h e  e f fe c t  o f  Q U A T  c o n c e n t r a t io n  o n  th e  b a r iu m  c h r o m a te  p a r t ic le  s iz e  at 
lo w  c o n c e n t r a t io n  ra n g e  f ro m  1 to  100 m M  a n d  a t h ig h  c o n c e n t r a t io n  r a n g e  f ro m  100
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to  4 0 0  m M  a r e  s h o w n  in  F ig s . 9  a n d  10, r e s p e c t iv e ly  a t 50°c. T h e  a v e r a g e  p a r t ic le  
s iz e  is s h o w n  a s  a  f u n c t io n  o f  [Q U A T ], T h e r e  is  c le a r ly  a  c r i t ic a l  [ Q U A T ]  r a n g e  o f  
10 to  50 m M  o v e r  w h ic h  th e  p a r t ic le s  s h a r p ly  d e c r e a s e  in  s iz e  a n d  a b o v e  w h ic h  th e  
a v e r a g e  p a r t i c le  s iz e  le v e ls  o f f  a t  a ro u n d  0  9  p m  (c o m p a r e d  to  2 .0  p m  w ith  n o  
Q U A T ) . Q u a l i ta t iv e ly  s im ila r  r e s u l t s  w e re  o b s e rv e d  in  th e  s tu d y  o f  th e  a d s o rp t io n  o f  
S D S  o r  c e l lu lo s e  o n  5 - ( 3 - e th o x y - 4 - p e n ty lo x y p h e n y l) - 2 ,4 - th ia z o l id in e d io n e  
( C T 1 1 2 ) . 12 T h e  p a r t i c le  d ia m e te r  o f  C T 1 1 2  w a s  4 7  p m  w i th o u t  a d d i t iv e s  a n d  
d e c r e a s e d  b e lo w  10 p m  in  th e  p r e s e n c e  o f  1 m M  S D S  o r  0  2 g /L  c e l lu lo s e .

F ig u r e s  11 a n d  12 p r e s e n t  th e  p a r t ic le  s iz e  d i s t r ib u t io n  o f  b a r iu m  c h r o m a te  a t 
d i f f e r e n t  t e m p e r a tu r e s  in  th e  a b s e n c e  a n d  in  th e  p r e s e n c e  o f  Q U A T  W ith o u t  Q U A T , 
in c re a s e d  te m p e r a tu r e  g e n e ra te d  a b r o a d e r  p a r t ic le  s iz e  d is t r ib u t io n  a n d  a la rg e r  
a v e ra g e  p a r t i c le  d i a m e te r  o f  b a r iu m  c h r o m a te  s h o w n  in  F ig  11 a n d  T a b le  1, 
h o w e v e r ,  in  th e  p r e s e n c e  o f  0 1 M  Q U A T , in c re a s e d  te m p e r a tu r e  d o e s  n o t c a u s e  a 
s ig n if ic a n t  e f fe c t  o n  b a r iu m  c h r o m a te  p a r t ic le  s iz e  d i s t r ib u t io n  T h e  p a r t i c le  d ia m e te r  
o b s e rv e d  h e r e  c o m p a r e s  r e a s o n a b ly  w ith  th e  p a r t ic le  d ia m e te r  o f  b a r iu m  c h r o m a te  
r e p o r te d  b y  P a c k te r  a n d  A l le e m ,29 w h ic h  w a s  in b e tw e e n  1.5 p m  a n d  7 0  p m  a t p H  
f ro m  3 to  8 a n d  in itia l o v e ra l l  m e ta l  c o n c e n t r a t io n  f ro m  0  13 to  10 m M  a t 2 2 ° c

T h e  e f f e c t  o f  [ b a r iu m ] / [ c h ro m a te ]  r a t io  o n  p a r t ic le  s iz e  d i s t r ib u t io n  o f  b a r iu m  
c h r o m a te  is  p r e s e n te d  in  F ig s  13 a n d  14 in  th e  a b s e n c e  a n d  th e  p r e s e n c e  o f  Q U A T , 
th is  [ b a r iu m ] / [ c h r o m a te ]  r a t io  h a s  an  in s ig n if ic a n t  e f fe c t  o n  th e  p a r t ic le  s iz e  
d i s tr ib u tio n . It s h o u ld  b e  n o te d  th a t  th e  in it ia l  b a r iu m  c h lo r id e  c o n c e n t r a t io n  u s e d  in 
th is  e x p e r im e n ta l  p a r t  ( 1 .0  M ) w a s  h ig h e r  th a n  o th e r  e x p e r im e n ts  ( 0 .2  M )  in o r d e r  to  
b e  a b le  to  p r e p a r e  s a m p le s  to  g iv e  a [ b a r iu m ] /[ c h ro m a te ]  ra tio  u p  to  1 0 , w h e re  th e  
in it ia l  s o d iu m  c h r o m a te  c o n c e n t r a t io n  w a s  0 .2  M  th r o u g h o u t  th is  w o rk  T h is  h ig h e r  
in it ia l  b a r iu m  c h lo r id e  c o n c e n t r a t io n  r e s u lt s  in  a la rg e r  a v e r a g e  p a r t ic le  d i a m e te r  b o th  
in  th e  a b s e n c e  a n d  in th e  p r e s e n c e  o f  Q U A T  e v e n  a t th e  s a m e  [ b a r iu m ] / [ c h r o m a te ]  
ra t io  F o r  e x a m p le , a t 50°c in  th e  a b s e n c e  o f  Q U A T , th e  a v e r a g e  p a r t i c le  d ia m e te r s  
a r e  2 0  p m  fo r  a 0  2  M  b a r iu m  c h lo r id e  s o lu t io n  an d  3 .8  to  4  9  p m  fo r  a 1 0  M  
b a r iu m  c h lo r id e  s o lu t io n . S im ila r ly , in  th e  p r e s e n c e  o f  Q U A T , th e  a v e r a g e  p a r t ic le  
d ia m e te r s  a r e  0 ,9  p m  fo r  a 0  2 M  b a r iu m  c h lo r id e  a n d  1.1 to  1 2  p m  f o r  a 1.0 M  
b a r iu m  c h lo r id e  s o lu t io n
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F ig u r e s  15 a n d  16 s h o w  th e  io n ic  s t r e n g th  e f fe c t  o n  b a r iu m  c h r o m a te  p a r t ic le  
s iz e  in  th e  a b s e n c e  a n d  in  th e  p r e s e n c e  o f  Q U A T  b y  v a r y in g  a d d e d  [N a C l] , F ro m  F ig . 
15 a n d  T a b le  1, in  th e  a b s e n c e  o f  Q U A T , th e  a v e r a g e  p a r t ic le  d i a m e te r s  v a r y  l i t t le  
w i th  [N a C l] , b u t  th e  p a r t i c le  s iz e  d is t r ib u t io n  is  b r o a d e r  a t h ig h e r  io n ic  s t r e n g th s .  A t 
0 .2  M  Q U A T , th e r e  is l i t t le  c h a n g e  in  p a r t i c le  s iz e  d is t r ib u t io n  a n d  a v e r a g e  p a r t i c le  
d ia m e te r  w i th  e le c t r o ly te  c o n c e n t r a t io n  I n te r e s t in g ly ,  in  th e  a b s e n c e  o f  Q U A T , th e  
a v e ra g e  p a r t i c le  d ia m e te r  o f  b a r iu m  c h r o m a te  w ith  a d d e d  sa lt is  s l ig h t ly  h ig h e r  (2 . 2  

to  2 .6  p m )  th a n  w i th o u t  a d d e d  sa lt ( 2 .0  p m ) . C o n v e rs e ly , in  th e  p r e s e n c e  o f  0 .2  M  
Q U A T , th e  a v e r a g e  p a r t ic le  d ia m e te r s  a r e  0 .9  p m  fo r  n o  a d d e d  sa lt a n d  0 .5  to  0 6  p m  
fo r  th e  s y s te m  w i th  a d d e d  sa lt

Polymer adsorption

T h e  a d s o r p t io n  is o th e r m s  o f  Q U A T  o n  b a r iu m  c h r o m a te  so lid  in  w a t e r  a n d  in 
0.1 M  N a C l a r e  s h o w n  in  F ig . 17. T h e  a d s o rp t io n  in c re a s e s  w ith  in c re a s in g  
p o ly e le c t r o ly te  c o n c e n t r a t io n  in  a  L a n g m u ir ia n  f a s h io n  a n d  r e a c h  a p la te a u  w ith  
d i f f e r e n t  a d s o r p t io n  d e n s i t i e s  a t d i f f e re n t  e q u i l ib r iu m  Q U A T  c o n c e n t r a t io n s  F o r  
e x a m p le , a t  a  [ b a r iu m ] /[ c h ro m a te ]  ra t io  o f  0 .5  a n d  1 .0 , th e  e q u i l ib r iu m  
c o n c e n t r a t io n s  a r e  a ro u n d  7 0  m M  a n d  5 0  m M , r e s p e c t iv e ly  H o w e v e r ,  a t a  [ b a r iu m ] /  
[ c h ro m a te ]  r a t io  o f  1 5 ,  th e re  is a n  in s ig n if ic a n t  a m o u n t  o f  p o ly e le c t r o ly te  a d s o rb e d  
o n  th e  b a r iu m  c h r o m a te . It w a s  fo u n d  th a t  th e  a d s o rp t io n  o f  p o ly m e r  o n  so lid  
d e c r e a s e s  w i th  in c re a s e d  [ b a r iu m ] / [ c h ro m a te ]  ra t io  a n d  in c re a s e s  w i th  in c re a s e d  
io n ic  s tre n g th .

F ig u r e  18 s h o w s  th e  e f fe c t  o f  Q U A T  c o n c e n t r a t io n  o n  s e d im e n ta t io n  r a te  o f  
b a r iu m  c h r o m a te ,  b a r iu m  c h r o m a te  p a r t ic le  s iz e , r e la t iv e  v is c o s i ty ,  a n d  p o ly m e r  
a d s o rp t io n  to  p e rm it s im u l ta n e o u s  c o m p a r i s o n  o f  s e v e ra l  p r o p e r t ie s  Q U A T  
c o n c e n t r a t io n  in  th e  r e g io n  o f  0 . 0 0 1  to  0 . 1  M  p ro v id e s  a s ig n i f ic a n t  in f lu e n c e  o n  
e v e ry  p a r a m e te r s  s tu d ie d  F o r  e x a m p le , th e  s e d im e n ta t io n  r a te  d e c r e a s e s  d r a m a t ic a l ly  
w ith  in c re a s in g  Q U A T  c o n c e n t r a t io n  to  0.1 M  a n d  s lo w ly  d e c l in e s  w h e n  Q U A T  is 
in c re a s e d  f ro m  0 1 M  to  0 .4  M , th e  a v e r a g e  p a r t ic le  s iz e  o f  b a r iu m  c h r o m a te  
d e c r e a s e s  a n d  r e a c h e s  a  c e r ta in  v a lu e  a ro u n d  0 .0 5  to  0  1 M , th e  a d s o rp t io n  o f
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p o ly m e r  o n  b a r iu m  c h r o m a te  so l id  in c re a s e s  s h a rp ly  w i th  in c r e a s in g  Q U A T  
c o n c e n t r a t io n  a n d  r e m a in s  c o n s ta n t  a t a ro u n d  2  m g /g  o f  B a C r 0 4 a t  a p p r o x im a te ly
0 .0 5  M  o f  Q U A T , a n d  th e  r e la t iv e  v i s c o s i ty  in c re a s e s  s h a r p ly  u n t i l  0 .0 5  M  Q U A T  is 
r e a c h e d  a n d  c o n t in u e s  to  in c re a s e  s te a d i ly  a t  h ig h e r  [Q U A T ],

Crystal morphology

T h e  b a r iu m  c h r o m a te  c r y s ta l  m o r p h o lo g y  is s h o w n  in  s c a n n in g  e le c t r o n  
m ic r o g r a p h s  in  F ig s . 19 a n d  2 0  in  th e  a b s e n c e  a n d  in  th e  p r e s e n c e  o f  0 .2  M  Q U A T , 
r e s p e c tiv e ly . A  d e f e c t iv e  c r y s ta l l in e  s t r u c tu r e  is o b s e rv e d  in  th e  p r e s e n c e  o f  Q U A T  
It sh o u ld  b e  n o te d  th a t  in th e  p r e s e n c e  o f  Q U A T , th e re  w a s  a  d r ie d  p o ly m e r  la y e r  
c o a te d  o n  th e  to p  o f  th e  b a r iu m  c h r o m a te  p a r t ic le ,  r e s u l t in g  in  b lu r r e d  S E M  p ic tu re s  
in  F ig . 2 0 . A t [ b a r iu m ] /[ c h ro m a te ]  o f  1 in  th e  a b s e n c e  o f  Q U A T , th e  re s u l t  f ro m  
E D X  s h o w s  th a t  th e  p a r t ic le s  o n ly  c o n s is t  o f  b a r iu m , c h r o m iu m  a n d  o x y g e n .30 

M o re o v e r ,  a to m ic  a b s o rp t io n  s p e c t r o s c o p y  m e a s u r e m e n ts  h a v e  s h o w n  th a t  th e  m o la r  
ra t io  o f  b a r iu m  to  c h r o m a te  in  th e  s o l id  is a lw a y s  1 to  1 a t a n y  Q U A T  
c o n c e n t r a t io n .30
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DISCUSSION

Dispersion stability

S im u l ta n e o u s  c o n s id e r a t io n  o f  r a te  o f  s e d im e n ta t io n ,  p a r t ic le  s iz e  
d is t r ib u t io n , z e ta  p o te n t ia l ,  p o ly m e r  v is c o s i ty ,  p o ly m e r  a d s o r p t io n ,  a n d  c ry s ta l  
m o r p h o lo g y  o f  b a r iu m  c h r o m a te  s u s p e n s io n s  c a n  p r o v id e  in s ig h t  in to  d is p e r s io n  
s ta b i l i z a t io n  o f  th e  c r y s ta l  p a r t i c le s  in  w a t e r  a n d  h in ts  to  s t r a te g ie s  f o r  m o re  ra p id  
s e t t l in g  in a n  in d u s tr i a l  s e p a r a t io n  p r o c e s s

In  th e  a b s e n c e  o f  a d d e d  p o ly m e r , p a r t ic le s  a r e  r e la t iv e ly  la r g e  a n d  s e tt le  
ra p id ly . A s  e x p e c te d ,  th e  m o s t  r a p id  s e t t l in g  o c c u r s  fo r  th e  e le c t r i c a l ly  n e u tr a l  b a r iu m  
c h r o m a te  c r y s ta l s  in  a s to ic h io m e tr ic  m ix  o f  b a r iu m  a n d  c h r o m a te ,  w h e re  th e  
p a r t ic le s  h a v e  n o  n e t e le c tr ic a l  c h a r g e  ( z e ro  z e ta  p o te n t ia l ) ,  w h e re  th e  a v e r a g e  
p a r t ic le  d i a m e te r  is a m a x im u m  a ls o  H e te r o c o a g u la t io n  ( c o a g u la t io n  o f  o p p o s i te ly  
c h a rg e d  p a r t i c le s )  m a y  a ls o  c o n tr ib u te  to  f lo c c u la t io n  a t  z e r o  n e t z e ta  p o te n tia l  s in c e  
th e  c h a rg e  d is t r ib u t io n  o f  p a r t ic le s  is n o t  e x a c tly  h o m o g e n e o u s .  A  li t t le  s u r p r is in g  is 
th e  in c re a s e d  s e t t l in g  r a te  w i th  in c re a s in g  te m p e r a tu r e  a s  B r o w n ia n  m o t io n  m ig h t  b e  
e x p e c te d  to  k e e p  p a r t ic le s  in s u s p e n s io n  lo n g e r  H o w e v e r ,  f o r  d i s p e r s io n s  o f  f in e  
s o l id s  in  l iq u id , in s ta b i l i ty  is c a u s e d  m a in ly  b y  c o a g u la t io n  r e s u l t in g  f ro m  th e  
B ro w n ia n  m o t io n  ( s t ic k y  c o l l is io n ) .  C o l l i s io n  b e tw e e n  p a r t i c le s  w ill le a d  to  g ro w th  
o f  th e  p a r t i c le  B e c a u s e  o f  th e ir  c lo s e  c o n ta c t ,  c lu s te r s  o f  a g g r e g a te s  a n d /o r  p r im a ry  
p a r t ic le s  f o r m .31"”  T h is  p h e n o m e n o n  w a s  a ls o  fo u n d  in  r e m o v a l  o f  k a o l in i t e  c la y  
d is p e r s e d  p a r t i c le s  f ro m  w a te r  in a s e t t l in g  tu b e  e x p e r im e n t ;  th e  e f f e c t iv e  s e t t l in g  
v e lo c i ty  is  h ig h e r  w h e n  te m p e r a tu r e s  in c r e a s e s .34 A s  th e  [ Q U A T ]  in c re a s e s ,  p o ly m e r  
a d s o rp t io n  o n  th e  c r y s ta ls  in c re a s e s ,  a v e r a g e  p a r t ic le  s iz e  d e c r e a s e s ,  p a r t ic le  s iz e  
d i s t r ib u t io n  n a r r o w s ,  v is c o s i ty  in c re a s e s ,  a n d  s e d im e n ta t io n  r a te s  d e c r e a s e  
d ra m a t ic a l ly .  T h e r e  is a  r a n g e  o f  [Q U A T ]  o v e r  w h ic h  p o ly m e r  a d s o rp t io n  in c re a s e s  
s h a rp ly  a n d  p a r t ic le  s iz e  d e c r e a s e s  s h a rp ly . A b o v e  th is  c o n c e n t r a t io n ,  p o ly m e r  
a d s o rp tio n  p la te a u s ,  p a r t ic le  s iz e s  s ta b i l iz e ,  b u t s e d im e n ta t io n  r a te s  c o n t in u e  to  
d e c l in e . T h is  la t te r  im p o r ta n t  e f fe c t  is d u e  to  s o lu tio n  v is c o s i ty  in c re a s e  c a u s e d  b y  
in c re a s in g  p o ly m e r  c o n c e n t r a t io n  11 F u r th e r  a d d it io n  o f  th e  p o ly m e r  to  th e  fu ll 
c o v e r a g e d - p a r t i c le  s y s te m  w ill  c a u s e  a n  in c re a s e  in th e  c o n c e n t r a t io n  o f  th e  fre e
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p o ly m e r  in  th e  s u s p e n d in g  f lu id  a n d  h e n c e  in c re a s e  th e  v i s c o s i ty  o f  th e  s u s p e n s io n . 
T h e r e fo re ,  th e  s ta b i l i ty  o f  c o l lo id a l  d i s p e r s io n s  in  th e  p r e s e n c e  o f  p o ly m e r  is n o t o n ly  
a f f e c te d  b y  th e  a d s o r p t io n  d e n s i ty  o f  th e  p o ly m e r  o n to  th e  s u r f a c e  o f  th e  p a r t ic le s ,  
b u t  a ls o  b y  th e  c o n c e n t r a t io n  o f  f re e  p o ly m e r  c h a in s  in  th e  s u s p e n d in g  f lu id .35 T h is  is 
c o n s is te n t  w i th  th e  in c re a s e d  s e d im e n ta t io n  r a te  w ith  in c r e a s in g  te m p e r a tu r e  
in d u c in g  a  v i s c o s i ty  r e d u c t io n . T h e  e f fe c t  o f  v is c o s i ty  o n  s e t t l in g  r a te  o f  g ro u n d  s il ic a  
p a r t ic le  h a s  b e e n  s tu d y  b y  o th e r  r e s e a r c h e r s 27 in  h y d r o c y c lo n e  c la s s i f ie r s ,  th e y  
r e p o r te d  th a t  th e  s e t t l in g  r a te  o f  p a r t i c le s  d e c r e a s e s  a s  s lu r r y  v i s c o s i ty  in c re a s e s .  
M o re o v e r ,  th e  v i s c o s i ty  o f  th e  s lu r ry  c a n  b e  a l te re d  b y  f a c to r s  o th e r  th a n  te m p e r a tu r e  
v a r ia t io n , s u c h  a s  c h a n g in g  s o l id  f r a c t io n  T h e  a d s o rp t io n  o f  p o ly m e r  m a in ly  in h ib i t s  
th e  c ry s ta l  g r o w th  o f  b a r iu m  c h r o m a te ,  w h ic h  c a n  b e  s h o w n  b y  S E M  a n d  p a r t ic le  
s iz e  m e a s u r e m e n ts  o f  b a re  a n d  c o v e re d  b a r iu m  c h r o m a te  p a r t ic le s ,  w h e r e  a t 
s u f f ic ie n tly  h ig h  p o ly e le c t r o ly te  c o n c e n t r a t io n ,  p o ly e le c t r o ly te  is  a b le  to  r e ta rd  o r  to  
b lo c k  th e  c r y s ta l l iz a t io n  p r o c e s s  b y  a d s o rp t io n  a t a c t iv e  g r o w th  s ite s  o f  th e  c ry s ta l  
s u r f a c e , 16 le a d in g  to  s m a lle r  b a r iu m  c h r o m a te  p a r t ic le s  in  th e  p r e s e n c e  o f  Q U A T  
S in c e  th e  m e c h a n is m  o f  th e  b a r iu m  c h r o m a te  c r y s ta l l iz a t io n  is  a  s u r f a c e - c o n t r o l le d  
g r o w th  m e c h a n is m ,20 th e  d e c r e a s e  in  th e  p a r t ic le  s iz e  r e s u l te d  f ro m  th e  in h ib i t io n  o f  
p a r t ic le  g r o w th  r a th e r  th a n  th e  la c k  o f  a g g r e g a t io n  o f  p r im a ry  p a r t ic le s .

P o ly m e r  a d s o rp t io n  o n  b a r iu m  c h r o m a te  p a r t ic le s  c a n  e n h a n c e  th e  d is p e r s io n  
s ta b il i ty  th r o u g h  e le c t ro s ta t ic  a n d /o r  s te r ic  s ta b i l iz a t io n  m e c h a n is m s ,  le a d in g  to  a 
s lo w e r  s e d im e n ta t io n  r a te  d u e  to  r e p u ls iv e  fo rc e s  A t lo w  p o ly m e r  c o n c e n t r a t io n  o r  at 
lo w  io n ic  s t r e n g th  o f  th e  a q u e o u s  s o lu t io n , th e  a d s o rb e d  p o ly m e r s  d e v e lo p  a  t r a in  
s t r u c tu r e  ( f la t  c o n fo rm a t io n )  o n  th e  s u r fa c e  b e c a u s e  o f  m u tu a l r e p u ls io n  o f  c h a rg e d  
s e g m e n ts ,  h e n c e  th e  a d ja c e n t  c h a r g e  o n  p o ly m e r  s e g m e n ts  a d s o rb e d  o n to  th e  s u r fa c e  
c a u s e  e le c t r o s ta t i c  r e p u ls io n  fo rc e s  ( la rg e  in c re a s e  in  z e ta  p o te n t ia l )  In  c o n tr a s t ,  at 
h ig h  p o ly e le c t r o ly te  c o n c e n t r a t io n  o r  at h ig h  io n ic  s tr e n g th , th e  Q U A T  a d s o rb e d  o n  
th e  b a r iu m  c h r o m a te  s u r fa c e  ta k e  th e  c o n fo rm a t io n  o f  m a in ly  ta i ls  o r  lo o p s , 
c o n ta in in g  u n a d s o r b e d  fu n c t io n a l  g r o u p s  e x te n d in g  a w a y  f ro m  th e  s u r fa c e , r a th e r  
th a n  a  f la t c o n fo rm a t io n .  In  th is  c a s e  th e  h ig h  d is p e r s io n  s ta b i l i ty  o c c u r s  a s  a 
c o n s e q u e n c e  o f  h ig h  s te r ic  h in d ra n c e  b e tw e e n  th e  a d s o rb e d  p o ly m e r  la y e rs  
a c c o m p a n y  w i th  h ig h  e le c t ro s ta t i c  r e p u ls io n  b e tw e e n  c h a r g e s  o f  p o ly m e r  s e g m e n ts . 
T h e s e  p h e n o m e n a  h a v e  b e e n  r e p o r te d  in o th e r  s y s te m s  a s  w e l l . 12' 16' 36" 37
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An increase in the sedimentation rate with increasing electrolyte 
concentration is observed in this work. Addition of electrolyte leads to an increase in 
the polymer adsorption on the solid particles9' u ' 13' 14' 37 (see Fig. 17) and results in 
more steric repulsion between particles due to the coil conformation of polymers. 
Increasing adsorption due to added electrolyte leads to a smaller average barium 
chromate particle size. Added electrolyte leads to screening of polymer charges 
through compression of the electrical double layer next to the surface that can 
suppress the electrostatic repulsion between the polyelectrolyte segments If the 
magnitude of the electrostatic repulsion is lower than the magnitude of the van der 
Waals attraction, the dispersion will be unstable and particles will form aggregates in 
the suspension 35 Increase in the sedimentation rate with increasing [NaCl] in the 
presence of QUAT indicates that at least some of the dispersion stabilization induced 
by the polymer is electrostatic in nature Additionally, the electrolyte added can 
reduce the dispersed solution viscosity, resulting in poorer dispersion stabilization 
This result was also observed in clay system, where the turbidity of the solution 
decreases with increasing NaCl concentration.31

As [barium]/[chromate] ratio increases well above stoichiometric ratios (up to 
10), the sedimentation rates of 0.2 M [QUAT] compared to no-polymer systems 
decreases. For example, the ratio of residence times from Table 1 for no QUAT 
system to the 0.2 M QUAT system varies from 1/23 to 14/75 as [barium]/[chromate] 
ratio varies from 1 to 10. At a [barium]/[chromate] ratio of 10 in the presence of 
QUAT, there is no significant polymer adsorption, so the decrease in the 
sedimentation rate is mainly due to the increase in viscosity of the polymer solution 
The dispersion stability also depends on the solid/solution ratio For example, the 
absolute value of the zeta potential of barium chromate at a [barium]/[chromate] ratio 
of 10 (ZP=+35 mV) is higher than at a ratio of 0.5 (ZP=-15 mV), however, the 
residence time required for the suspended solid to settle to a solid volume below 20% 
at a [barium]/[chromate] ratio of 10 (75 minutes) is lower than that at a [barium]/ 
[chromate] ratio of 0.5 (more than 120 minutes). This is expected since the fraction 
of barium chromate precipitated at a [barium]/[chromate] ratio of 0.5 is 41.7%, while 
that at a [barium]/[chromate] ratio of 10 is nearly 100.0%.30 Therefore, less



5 7

agglomeration occurs due to the lower solid/solution ratio at the lower [barium]/ 
[chromate] ratio.

From Fig. 18, polymer adsorption leading to a decreased particle size, as well 
as increased solution viscosity, causes sedimentation rate to decrease with increasing 
QUAT concentration up to about 0.05 M QUAT Above that concentration, polymer 
adsorption and particle size level off, so further reductions in sedimentation rate are 
primarily due to continuing viscosity increase with QUAT concentration.

Implications for process design

In the PEUF process, the higher the [QUAT] in the retentate stream from the 
ultrafiltration step (feed stream to the crystallizer/settler), the higher the water 
recovery (permeate/feed in ultrafiltration) and the smaller the retentate volume to be 
treated. The maximum retentate [QUAT] is often limited by low flux2 through the 
membrane at high [QUAT], which often limits practical [QUAT] to 0 2 to 0.4 M 
This work has shown that [QUAT] needs to be about two orders of magnitude lower 
than that to see poor dispersion stabilities and high settling rates (as observed in a 
crystallization unit for barium chromate with no added polymer).6 Operating at 
stoichiometric ratios of barium and chromate, increasing temperature or increasing 
added electrolyte concentration decreases dispersion stability At the [QUAT] 
necessary for the PEUF process to operate economically (high recovery of QUAT for 
reuse), dispersion stabilities are always much higher than in the no-polymer case 
Therefore, although a continuous, steady-state crystallizer is effective for separation 
of polymer-free barium chromate crystals from solution, PEUF retentate solutions 
will probably require semi-batch quiescent settling tanks with long residence times 
for effective separation of particles from solution
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T a b le  1. S u m m a ry  o f  d i s p e r s io n  s ta b i l i ty  r e s u l t s

Temperature [QUAT] [Ba2̂
[Cr042-] [NaCl] Residence 

time c
Average

particle diameter
Particle diameter 

range
(°C) (M) (M/M) (M) (min) (pm)_____ (pm)

10 0 10 a 0 7 1.52 ±0.04 0.38-4.66
25 0 1.0 a 0 3 1.89 ±0.01 0.08-6 16
50 0 1.0 a 0 1 2.06 ±0.03 0.04-6.16
10 0.1 1.0 a 0 38 1.00 ±0.05 0.05-3.21
25 0 1 1.0 a 0 16 0.95 ±0 09 0 05-3.21
50 0.1 1.0 a 0 8 100 ±0 05 0 04-3.91
50 0.001 1.0 a 0 1 2.05 ±0.03 0.05-6 97
50 0 005 1.0a 0 1 1.93 ±0.08 0.05-6.78
50 0.01 1 0 a 0 2 1.67 ±0.06 0.04-5.52
50 0.05 10 a 0 4 0.82 ±0 08 0 04-3.21
50 0.2 1 0 a 0 23 0.86 ±0.02 0.04-3.96
50 0.3 1.0a 0 55 0.91 ±0.06 0.06-3 96
50 0.4 1.0a 0 90 0.91 ±0.04 0 07-3 96
50 0 0.5 b 0 2 3.82 ±0.04 0 12-12.99
50 0 1 0 b 0 1 4.86 ±0.03 0.04-18.30
50 0 -Co<N 0 2 4.44 ±0.05 0 07-16 67
50 0 5.0 b 0 8 4.05 ± 0.08 0 10-14.86
50 0 10.0 b 0 14 4.01 ±0 07 0 04-12.99
50 0.2 0.5 b 0 no settling 1.24 ±0 04 0.10-3 21
50 0 2 2.0 b 0 40 1.23 ±0.07 0.05-3 21
50 0.2 5.0 b 0 55 1.24 ±0  01 0.12-3.57
50 0.2 10.0 b 0 75 1.14 ±0.03 0.06-3.21
50 0 1.0 a 0.01 1 2.24 ±0.09 0.04-8 94
50 0 1 o a 0.05 1 2.34 ± 0.05 0 04-8 94
50 0 1 o a 0.10 1 2.65 ±0 09 0.08-8.94
50 0.2 1.0 a 0 01 24 0.47 ± 0.05 0 06-4 66
50 0.2 1.0 a 0.05 20 0.65 ±0 02 0.09-4 66
50 0.2 1.0 a 0.10 15 0.53 ±0.08 0.06-4.66

a  In it ia l  b a r iu m  c h lo r id e  c o n c e n t r a t io n  =  0 .2  M , in itia l s o d iu m  c h r o m a te
c o n c e n t r a t io n  =  0 .2  M

b In it ia l  b a r iu m  c h lo r id e  c o n c e n t r a t io n  =  1.0 M , in itia l s o d iu m  c h r o m a te
c o n c e n t r a t io n  =  0 .2  M

c R e q u ir e d  s e t t l in g  t im e  to  o b ta in  a s o l id  v o lu m e  b e lo w  2 0 %  (±  3 0  s e c o n d s  fo r  
0 to  0 .1  M  Q U A T  a n d  ±  3 m in u te s  fo r  0  2 to  0 4 M  Q U A T ) . S in c e  th is  is an  
in te r p o la te d  v a lu e , m o re  p re c is e  s ta n d a rd  d e v ia t io n s  a re  n o t a v a ila b le .
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Table 2. Zero-shear relative viscosity of particulate-free QUAT solutions.
Temperature

(°C)
[QUAT]

(M)
[NaCl]

(M)
Relative viscosity

25 0 0 1.0
25 0.001 0 1.3
25 0.005 0 16
25 0.010 0 1.8
25 0.020 0 2.0
25 0.030 0 2.2
25 0.040 0 2.4
25 0.050 0 2.5
25 0.100 0 2.9
25 0.200 0 3.9
25 0.300 0 4.8
25 0.400 0 5.6
10 0.100 0 3.5
50 0.100 0 2.2
25 0.200 0.01 3.9
25 0.200 0.05 3.4
25 0.200 0 10 3.2
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Time, minute

Figure 1. Rate of barium chromate sedimentation in the absence of QUAT at various 
temperatures (p) 10°c, (o) 25°c, (A) 50°c

0 20 40 60Time, minute

Figure 2. Rate of barium chromate sedimentation in the presence of 0 1 M QUAT at

various temperatures (□) 10°c, (o) 25°c, (A) 50°c
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Figure 3. Rate of barium chromate sedimentation at 50°c at various QUAT 
concentrations. (□ ) 0 M, (o) 0 l M, (A ) 0.2 M, (O) 0.3 M, OK) 0 4 M.
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Figure 4. Rate of barium chromate sedimentation in the absence of QUAT at 5 0 ° c  at

various [barium] to [chromate] ratios. (□) 0.5, (o) 10, (A) 2 0, (0) 5.0, OK) 10.0.
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0 40 80 120Time 1 minute

Figure 5. Rate of barium chromate sedimentation in the presence of 0.2 M QUAT at 
50°c at various [barium] to [chromate] ratios. (□ ) 0.5, (o ) 1.0, ^  ) 2.0, (<0 ) 5,0, (>K) 
10.0 .

0 10 20 30Time, minute

Figure 6, Rate of barium chromate sedimentation in the absence of QUAT at 50HC at

various NaCl concentrations, (p) 0 M. (o) 0.01 M, (A) 0,05 M, (/fc) 0.10 M NaCl.
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Time, m inute

Figure 7. Rate of barium chromate sedimentation in the presence of 0.2 M QUAT at 
50°c at various NaCl concentrations. (□  ) 0 M, (๐) 0.01 M, (A) 0.05 M, (X) 0.10 M 
NaCl.

Figure 8 Effect of [barium] to [chromate] ratio on zeta potential of barium chromate 
particles.
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Particle diameter, jam

Figure 9. Barium chromate particle size distribution at 50°c at a low QUAT 
concentration range. (•) 0 mM, (0 ) 1 mM, (□ ) 5mM, ( A )  10 mM, (๐) 50 mM, (X) 
100 mM.

0.01 0.1 1 10 100
Particle diameter, |1ทา

Figure 10 Barium chromate particle size distribution at 50°c at a high QUAT 
concentration range. (X ) 0 M, (0) 0.1 M, (□ ) 0.2 M, ( A )  0.3 M, (O) 0.4 M.
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Particle diameter, (1๓

Figure 11. Barium chromate particle size distribution in the absence of QUAT at 
various temperatures. (O) 10°c, (•) 50°c.

0.01 0.1 1 10 100 
Particle diameter, (im

Figure 12 Barium chromate particle size distribution in the presence of 0.1 M QUAT 
at various temperatures, (p) 10°c, (O) 25°c, (A) 50°c.
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F ig u re  13. B a r iu m  c h r o m a te  p a r t ic le  s iz e  d is t r ib u t io n  in  th e  a b s e n c e  o f  Q U A T  at 
5 0 ° c  a t v a r io u s  [b a r iu m ]  to  [ c h ro m a te ]  r a tio s . ( ๐ )  0 .5 , (A ) 1.0, (o ) 2 .0 , (K ) 5 .0 , (□ ) 
10.0 .
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F ig u re  14. B a r iu m  c h r o m a te  p a r t ic le  s iz e  d is t r ib u t io n  in th e  p r e s e n c e  o f  0  2 M  Q U A T  
a t 5 0 ° c  a t v a r io u s  [b a r iu m ]  to  [ c h ro m a te ]  ra tio s . (O) 0 .5 , (□  ) 2 .0 , (A ) 5 .0 , (O) 10.0.



71

Particle diameter, pm

F ig u re  15. B a r iu m  c h r o m a te  p a r t ic le  s iz e  d is t r ib u t io n  in  th e  a b s e n c e  o f  Q U A T  a t 
50°c a t v a r io u s  N a C l c o n c e n t r a t io n s .  (><) 0  M , ( 0 )  0 ,01  M , (□ ) 0 .0 5  M , (A ) 0  10 M  
N a C l.
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F ig u re  16 B a r iu m  c h r o m a te  p a r t ic le  s iz e  d is t r ib u t io n  in  th e  p r e s e n c e  o f  0 .2  M  Q U A T  
a t 50°c a t v a r io u s  N a C l c o n c e n t ra t io n s .  $  ) 0  M , p  ) 0 .01  M , (A ) 0 .0 5  M , (O) 0 .1 0  M  
N a C l
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Equilibrium QUAT concentration, M

F ig u re  17. A d s o r p t io n  is o th e rm  o f  Q U A T  o n  b a r iu m  c h r o m a te  in  w a te r  a n d  in  0 .1  M  
N a C l a t  v a r io u s  [b a r iu m ]  to  [ c h ro m a te ]  ra tio s . (□ ) 0 .5  in w a te r ,  ( A )  1.0 in  w a te r ,  ( * )  
1 .5 in  w a te r ,  (๐ ) 1 0  in  0  1 M  N a C l

QUAT concentration, M

F ig u r e  18 E f fe c t  o f  Q U A T  c o n c e n t r a t io n  o n  b a r iu m  c h r o m a te  s e d im e n ta t io n ,  b a r iu m  
c h r o m a te  p a r t i c le  s iz e , p o ly m e r  a d s o rp t io n , a n d  re la t iv e  v is c o s i ty  o f  p o ly m e r  
s o lu t io n  btO s e d im e n ta t io n  r a te  ( c m /m in ) , ^  ) a v e ra g e  p a r t ic le  d i a m e te r  ( p m ) ,  (๐ ) 
Q U A T  a d s o r p t io n  ( m g ( g B a C r 0 4 ) ' ’), (□ ) r e la t iv e  v is c o s i ty
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F ig u re  19. S E M  v ie w s  o f  b a r iu m  c h r o m a te  c r y s ta ls  in  th e  a b s e n c e  o f  Q U A T . 
M a g n i f ic a t io n  (A )  2 0 0 0 X , ( B )  1 0 0 0 0 X , ( C )  3 0 0 0 0 X .



74

F ig u r e  2 0 . S E M  v ie w s  o f  b a r iu m  c h r o m a te  c ry s ta ls  in  th e  p r e s e n c e  o f  0 .2  M  Q U A T . 
M a g n i f ic a t io n  (A )  2 0 0 0 X , ( B )  1 0 0 0 0 X , (C )  3 0 0 0 0 X .
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