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SLURRY ATOHISATION SYSTEM 
FOR PROCESS CONTROL 

Benedict Evelyn FAIRMAN, B . S c , G.R.S.C. 
ABSTRACT 

The m e c h a n i s t i c p r o c e s s e s o f s l u r r y a t o m i s a t i o n - D i r e c t 
C u r r e n t Plasma - Atomic E m i s s i o n S p e c t r o s c o p y (DCP-AES) 
were i n v e s t i g a t e d u s i n g e x c i t a t i o n t e m p e r a t u r e C^QXC^ 
measurements, s i m p l e x o p t i m i s a t i o n , p a r t i c l e t r a n s p o r t 
e x p e r i m e n t s and c o m p u t e r i s e d tomography. I t was found 
t h a t t h e o b s e r v e d a n a l y t e s i g n a l s u p p r e s s i o n f o r s e v e r a l 
a n a l y t e s , which was l i n k e d t o s l u r r y c o n c e n t r a t i o n 
(>10% m/m), was due t o s e v e r a l f a c t o r s . F o r k a o l i n 
s l u r r i e s above 17% m/m, t h e amount o f c l a y r e a c h i n g t h e 
p l a s m a was r e d u c e d due t o v i s c o s i t y e f f e c t s a t t h e 
n e b u l i s e r . I t was shown t h a t T^^^^ d e c r e a s e d w i t h 
i n c r e a s e d s l u r r y c o n c e n t r a t i o n , i n t h e p r e s e n c e of 
5 g dm"^ l i t h i u m . U s i n g t h e s i m p l e x o p t i m i s a t i o n 
t e c h n i q u e i t was demonstrated t h a t t h i s d e c r e a s e c o u l d be 
a m e l i o r a t e d by t h e a d d i t i o n of h i g h e r c o n c e n t r a t i o n s of 
E a s i l y l o n i s a b l e E l e m ents ( E I E ) . I t was s u g g e s t e d t h a t 
when a n a l y s i n g h i g h s l u r r y c o n c e n t r a t i o n s a m p l e s , i n t h e 
p r e s e n c e of E I E , t h a t i o n i c l i n e s be u s e d . C o m p u t e r i s e d 
tomography s u p p l i e d s p a t i a l comformation f o r t h e M i l l e r 
proposed mechanisms f o r argon e m i s s i o n i n t h e DCP. 

I t h a s been shown t h a t f o r k a o l i n a n a l y s i s t h e s l u r r y 
c o n c e n t r a t i o n and s l u r r y ' a t o m i s a t i o n e f f e c t s i n t h e DCP 
c a n be c o m p e n s a t e d f o r . T h i s was a c h i e v e d by u s i n g 
aluminium or s i l i c o n a s i n t r i n s i c i n t e r n a l s t a n d a r d s . 

S l u r r y a t o m i s a t i o n - DCP - AES was s u c c e s s f u l l y a p p l i e d t o 
s e v e r a l c h i n a c l a y p r o d u c t i o n p r o c e s s e s . U s i n g m u l t i p l e 
r e g r e s s i o n a n a l y s i s , t h e a b r a s i v e n e s s o f c l a y s a m p l e s , 
from a commercial f r o t h f l o t a t i o n p l a n t , were s u c c e s s f u l l y 
p r e d i c t e d . With e i g h t e l e m e n t a l and sample i d e n t i f i c a t i o n 
p r e d i c t o r s , 9 8 . 3 % o f t h e v a r i a t i o n i n a b r a s i o n was 
p r e d i c t e d . I t was a l s o d e m o n s t r a t e d t h a t t h e s l u r r y 
a t o m i s a t i o n p r e d i c t i v e t e c h n i q u e had t h e c a p a b i l i t y f o r 
the o n - l i n e monitoring and c o n t r o l of t h e f r o t h f l o t a t i o n 
p r o c e s s . 

The s l u r r y a t o m i s a t i o n - DCP - AES s y s t e m was a l s o 
s u c e s s f u l l y a p p l i e d t o t h e p r e d i c t i o n o f t h e 
m o n t m o r i l l o n i t e c o n t e n t and v i s c o s i t y c h a r a c t e r i s t i c s of 
c h i n a c l a y s a m p l e s . The s u i t a b i l i t y o f t h e s y s t e m f o r 
a s s i s t i n g w i t h the mining of c h i n a c l a y from poor q u a l i t y 
s t o p e s has been proven. 

The m o n i t o r i n g of Dispex, and hence t h e c o n d u c t i v i t y , i n 
20-30% m/m C a r b i t o l s l u r r y samples has been a c c o m p l i s h e d . 
B o r i c a c i d was d i s s o l v e d i n t h e D i s p e x and s u c c e s s f u l l y 
m o n i t o r e d i n t h e C a r b i t o l , p r o v i d i n g a c a l i b r a t i o n f o r 
c o n d u c t i v i t y measurements. 
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CHAPTER 1 INTRODUCTION 

1.1 THE CHINA CLAY INDUSTRY 

E v e r s i n c e t h e c o m p o s i t i o n o f c h i n a p o r c e l a i n ( w h i t e 

k a o l i n and c h i n a s t o n e ) was f i n a l l y c h a r a c t e r i s e d i n t h e 

1 8 t h C e n t u r y , c h i n a c l a y o r k a o l i n h a s b e e n mined i n 

C o r n w a l l , e s p e c i a l l y a r o u n d t h e S t . A u s t e l l g r a n i t e 

o u t c r o p . B r i t a i n W i l l i a m C o o k w o r t h y ( 1 7 0 5 - 8 0 ) , a 

Plymouth apothecary, was t h e f i r s t t o r e c o g n i s e t h e k a o l i n 

m i n e r a l d e p o s i t s i n C o r n w a l l i n 1746. He l a t e r took out a 

p a t e n t f o r the manufacture of p o r c e l a i n from C o r n i s h c h i n a 

c l a y and c h i n a stone i n 1768 ( 1 ) . From t h i s p e r i o d u n t i l 

t h e e a r l y 1 9 t h C e n t u r y , C o r n i s h c h i n a c l a y was a l m o s t 

e x c l u s i v e l y s o l d t o the S t a f f o r d s h i r e p o t t e r i e s , although 

a s m a l l p r o p o r t i o n was a l s o u s e d by t h e t i n i n d u s t r y f o r 

r e f r a c t o r y p u r p o s e s . I n t h e m i d - 1 9 t h C e n t u r y , t h e 

development of c h i n a c l a y a s a f i l l e r i n t h e . p a p e r making 

i n d u s t r y d r a m a t i c a l l y i n c r e a s e d demand f o r the m i n e r a l . A 

f u r t h e r i n c r e a s e was i n i t i a t e d a t t h e t u r n o f t h e 2 0 t h 

C e n t u r y when k a o l i n was f i r s t u s e d a s a p a p e r c o a t i n g 

m a t e r i a l . At the p r e s e n t time a p p r o x i m a t e l y 80% of the 3 

m i l l i o n tonnes e x t r a c t e d a n n u a l l y i n t h e U.K. i s used by 

the paper i n d u s t r y e i t h e r a s a paper f i l l e r m a t e r i a l o r a 

c o a t i n g grade c l a y ( 1 ) . 

1.1.1 K a o l i n i s a t i o n o f C o r n i s h G r a n i t e 

K a o l i n i s a t i o n i s one of o n l y t h r e e main post-emplacement 

a l t e r a t i o n s w h i c h t h e p a r e n t g r a n i t e r o c k c a n undergo. 

The o t h e r two b e i n g t o u r m a l i s a t i o n and g r e i s e m i s a t i o n . 



The p r i m a r y f a c t o r s g o v e r n i n g t h e s e a l t e r a t i o n p r o c e s s e s 

i n c l u d e t h e c h e m i c a l n a t u r e o f t h e p a r e n t m a t e r i a l , t h e 

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

d e p o s i t i o n and d i a g e n e s i s ( 2 ) . G e n e r a l l y i n t h e c a s e of 

t h e p r i m a r y k a o l i n d e p o s i t s o f C o r n w a l l , t h e p a r e n t 

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

p l a g i o c l a s e ) component, has been a l t e r e d h y d r o t h e r m a l l y by 

h o t g a s e s a n d s e c o n d a r y w e a t h e r i n g . S m e c t i t e 

( m o n t m o r i l l o n i t e ) i s t h o u g h t t o be an i m p o r t a n t 

i n t e r m e d i a t e product, and k a o l i n i t e f o r m a t i o n dependent on 

th e d e s t r u c t i o n o f s e c o n d a r y mica and s m e c t i t e . Q u a r t z 

and t o u r m a l i n e v e i n s o c c u r throughout t h e k a o l i n d e p o s i t s . 

These a r e m a i n l y unchanged by t h e k a o l i n i s a t i o n p r o c e s s 

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

t h e k a o l i n i s i n g f l u i d s moved. Such v e i n s a l s o i n c l u d e 

o t h e r a s s o c i a t e d m i n e r a l s s u c h a s a n a t a s e , r u t i l e , mica 

and f l u o r s p a r ( 3 ) . A k a o l i n c o n t e n t o f 15 - 20% i s 

t y p i c a l of C o r n i s h c l a y d e p o s i t s , however, the f i n a l y i e l d 

a f t e r e x t r a c t i o n d e c r e a s e s t o 10 - 15% f o r f i l l e r grade 

c l a y , and to around 10% f o r t h e f i n e r c o a t i n g grade c l a y s . 

The p r e s e n c e of a s s o c i a t e d m i n e r a l s a f f e c t s t h e commercial 

v a l u e o f t h e product c l a y . The i r o n c o n t e n t s i g n i f i c a n t l y 

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

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

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

c o a t i n g c l a y s . T o u r maline and o t h e r m i n e r a l s w i t h h i g h 

Mhor ( h a r d n e s s ) v a l u e s , a n d w i t h a p a r t i c l e s i z e 

d i s t r i b u t i o n o v e r l a p p i n g t h a t of t h e k a o l i n i t e s , a r e found 



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

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

1.1.2 Mineralogy of K a o l i n i t e 

K a o l i n i t e i s a t w o l a y e r e d s i l i c a t e m i n e r a l (one h a v i n g 

t e t r a h e d r a l and one o c t a h e d r a l s y m m e t r y ) and i s p a r t o f 

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

s i l i c a t e s ) . From x - r a y d i f f r a c t i o n s t u d i e s a n d numerous 

e l e m e n t a l a n a l y s e s (3 - 5) t h e g e n e r a l m i n e r a l f o r m u l a o f 

k a o l i n i t e h a s b e e n d e t e r m i n e d a s A l 2 ( S i 2 0 5 ) ( O H ) ^ . 

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

s i n c e samples n e a r l y a l w a y s c o n t a i n m i n e r a l i m p u r i t i e s o r 

h a v e u n d e r g o n e some f o r m o f c a t i o n s u b s t i t u t i o n . 

T h e r e f o r e m o s t c l a y m i n e r a l c h e m i c a l a n a l y s e s a l w a y s 

i n c l u d e Fe203, T i 0 2 / MgO, CuO, K2O and Na20 as w e l l . 

The s t r u c t u r e ( F i g u r e 1.1) i s composed o f a s i n g l e s i l i c a 

t e t r a h e d r a l ( S i O ^ ) s h e e t w i t h 3 o f t h e o x y g e n s b e i n g 

s h a r e d between a d j o i n i n g t e t r a h e d r a . A l l t h e t i p s o f t h e 

s i l i c a t e t r a h e d r o n s p o i n t i n t h e same d i r e c t i o n a n d 

t o w a r d s t h e c e n t r e o f t h e two l a y e r u n i t . Because o f t h e 

s i m i l a r i t y i n t h e s i z e o f t h e t r i a n g u l a r f a c e o f t h e 

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

o c t r a h e d r a l - t e t r a h e d r a l l a y e r s t o f o r m . I n t h e l a y e r 

common t o t h e o c t a h e d r a l a n d t e t r a h e d r a l g r o u p s , t w o -

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

a l u m i n i u m and a r e f o u n d as O i n s t e a d o f OH. 

The c h a r g e s w i t h i n t h e s t r u c t u r a l u n i t a r e b a l a n c e d , 
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a l t h o u g h a n e g a t i v e edge c h a r g e i s e x p e r i e n c e d . I f t h e 

o c t a h e d r a l c a t i o n i s d i v a l e n t e.g. Mĝ "*", each c a t i o n s i t e 

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

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

t r i v a l e n t , e.g. Al*^"*" (as i n k a o l i n i t e ) , t h e c h a r g e b a l a n c e 

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

u n o c c u p i e d i . e . when each O o r OH g r o u p i s s u r r o u n d e d by 2 

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

o c t a h e d r a l - t e t r a h e d r a l l a y e r s a r e bonded t o g e t h e r by weak 

van d e r Waals f o r c e s . 

K a o l i n i t e e x h i b i t s a l o w c a t i o n e x c h a n g e c a p a c i t y 

t y p i c a l l y i n t h e r a n g e 3 - 1 5 meq/lOOg. I n k a o l i n i t e 

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

l a t t i c e s t r u c t u r e and i t i s g e n e r a l l y t h o u g h t t h a t c a t i o n s 

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

b r o k e n s i l i c a - a l u m i n i u m u n i t s ( 4 ) . 

1-1-3 The Paper I n d u s t r y 

K a o l i n has a w i d e i n d u s t r i a l b a s e . M a j o r u s e r s a r e t h e 

c e r a m i c s i n d u s t r y ( 1 5 % o f p r o d u c t i o n ) e . g . w h i t e w a r e 

c e r a m i c s l i k e s a n i t a r y w a r e , and t h e m a n u f a c t u r e o f r u b b e r 

w h e r e i t i s u s e d as a f i l l e r . I t i s a l s o u s e d i n a 

v a r i e t y o f p r o c e s s e s r e l a t e d t o p l a s t i c s , c e m e n t a n d 

a g r i c u l t u r a l c h e m i c a l s , and by p h a r m a c e u t i c a l c o m p a n i e s , 

a l t h o u g h s t r i c t r e g u l a t i o n s g o v e r n t h e q u a l i t y o f c l a y 

used f o r p h a r m a c e u t i c a l a p p l i c a t i o n s . Even so 80% o f t h e 

U.K. o u t p u t i s s o l d t o t h e p a p e r i n d u s t r y . 



K a o l i n i s i n v o l v e d i n t w o s e p a r a t e p r o c e s s e s i n p a p e r 

m a k i n g , f i l l i n g and c o a t i n g . Each p r o c e s s h a s i t s own 

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

m i n e r a l f i l l e r s used a t t h e p r e s e n t t i m e , k a o l i n , c a l c i u m 

c a r b o n a t e and t a l c , o f w h i c h k a o l i n i s t h e most i m p o r t a n t . 

The p r o p e r t i e s r e q u i r e d by a good f i l l e r m a t e r i a l a r e a 

f i n e , u n i f o r m p a r t i c l e s i z e , l o w d e g r e e o f a b r a s i v e n e s s , 

h i g h b r i g h t n e s s , c h e m i c a l i n e r t n e s s and good a t t r a c t i o n t o 

t h e c e l l u l o s e f i b r e s . Most o f t h e s e can be c o n t r o l l e d by 

p a r t i c l e s i z e . However, a b r a s i o n i s n o t s o l e l y p a r t i c l e 

s i z e d e p e n d e n t and i s f o u n d t o be a f u n c t i o n o f t y p e , 

a m o u n t a n d p a r t i c l e s i z e d i s t r i b u t i o n o f m i n e r a l 

i m p u r i t i e s ( 6 , 7 ) . The i n c o r p o r a t i o n o f t h e f i l l e r k a o l i n 

b e t w e e n t h e c e l l u l o s e f i b r e s ( a p p r o x i m a t e l y 5 - 15% m/m) 

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

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

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

o f t h e p a p e r r o l l i n g m a c h i n e r y as w e l l as t h e p r i n t i n g 

t y p e . 

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

as a t h i n f i l m o f s l u r r y / a d h e s i v e m i x t u r e . M a c h i n e made 

p a p e r i s p r o d u c e d w i t h an uneven s u r f a c e w h i c h i s c o v e r e d 

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

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

a r e f i n e r , and hence b r i g h t e r , t h a n f i l l e r c l a y s . As t h e y 

a r e a p p l i e d t o t h e s u r f a c e o f t h e p a p e r a t h i g h speeds and 

i n a h i g h s l u r r y c o n c e n t r a t i o n ( a p p r o x i m a t e l y 70% m/m) t h e 

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



s m e c t i t e { m o n t m o r i 1 1 o n i t e ) c l a y s , e v e n i n s m a l l 

q u a n t i t i e s , has a s e r i o u s l y d e t r i m e n t a l e f f e c t on t h e 

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

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

1.1.4 F r o t h F l o t a t i o n and A b r a s i o n 

The k a o l i n i s e x t r a c t e d f r o m t h e c h i n a c l a y d e p o s i t s by 

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

p r o d u c t i o n p r o c e s s i s shown i n F i g u r e 1.2. C u r r e n t l y 

E n g l i s h C h ina C l a y I n t e r n a t i o n a l (ECCI) a r e t h e o n l y c h i n a 

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

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

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

k a o l i n i t e f r o m t h e m i n e r a l i m p u r i t i e s t h a t c a u s e a 

d e g r a d a t i o n o f t h e p r o d u c t c l a y ' s q u a l i t y i . e . 

a b r a s i v e n e s s . The c l a y t h a t p a s ses t h r o u g h t h e f l o t a t i o n 

p l a n t ( t h e f e e d ) has a l r e a d y p a s s e d t h r o u g h t h e p r i m a r y 

and s e c o n d a r y k a o l i n i t e r e m o v a l p r o c e s s e s ( F i g u r e 1 . 2 ) . 

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

s u p p l e m e n t e d w i t h dam c l a y , ( c l a y t h a t has a l r e a d y been 

p r o c e s s e d and d i s c a r d e d ) , t o p r o v i d e a f e e d o f s u f f i c i e n t 

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

T h e r e f o r e i t may c o n t a i n a h i g h p r o p o r t i o n o f a b r a s i v e 

m i n e r a l i m p u r i t i e s . 

The f e e d c l a y s l u r r y i s k e p t a t a c o n s t a n t d e n s i t y 

( a p p r o x i m a t e l y 18% m/v s l u r r y ) by a w a t e r a d u c t s y s t e m 

( F i g u r e 1 . 3 ) . The f e e d p a s s e s t h r o u g h a b a n k o f t h r e e 

f l o t a t i o n c e l l s where w a t e r and an a p p r o p r i a t e d o sage o f 

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



F i g u r e 1.2 The C h i n a C l a y . ^ j f o d u c t i o n p r o c e s s . (From 

H i g h l e y , D.E., " C h i n a C l a y " , H.M.S.O., 

London, 1984, p - 1 7 ) . 
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F i g u r e 1.3 Schematic d i a g r a m o f t h e F r o t h F l o t a t i o n 

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

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

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

p a r t i c l e s i z e , p l a t e l i k e shape and c h a r g e . The c l a y , 

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

a n d i s w a s h e d down t o f o r m t h e p r o d u c t c l a y . S a n d 

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

a g g r e g a t e s a n d t o m a x i m i s e t h e < 2 jim f r a c t i o n . The 

u n d e r f l o w c l a y ( r e s i d u e ) i s removed f r o m t h e l a s t t a n k and 

i s pumped t o w a s t e . 

The amount o f p r o d u c t c l a y t h a t i s r e c o v e r e d f r o m t h e f e e d 

c l a y i s dependent m a i n l y upon f r o t h r e a g e n t dose r a t e and 

q u a l i t y o f t h e f e e d c l a y , a l t h o u g h t h e pH and t e m p e r a t u r e 

o f t h e system a l s o a f f e c t s t h e e f f i c i e n c y o f t h e f l o t a t i o n 

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

and r e s i d u e c l a y d e n s i t i e s . The a b r a s i o n o f b o t h t h e 

p r o d u c t and r e s i d u e f r a c t i o n s r i s e s w i t h i n c r e a s e d p e r c e n t 

r e c o v e r y . T h i s i s because as t h e r e c o v e r y i n c r e a s e s t h e 

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

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

t h e l e s s a b r a s i v e k a o l i n i t e . 

1.1.4.1 E i n l e h n e r A b r a s i o n T e s t 

T h i s t e s t has r e c e n t l y been d e v e l o p e d f o r s l u r r y s a m p l e s 

t o r e p l a c e t h e V a l l e y A b r a s i o n T e s t and i s now u sed as a 

s t a n d a r d t e s t by ECCI and t h e p a p e r i n d u s t r y f o r t h e 

c h a r a c t e r i s a t i o n o f t h e a b r a s i v e n e s s o f c h i n a c l a y . 

The a b r a s i o n t e s t r i g i s shown i n F i g u r e 1.4. A p h o s p h o r 
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F i g u r e 1.4 E i n l e h n e r a b r a s i o n t e s t r i g 
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b r o n z e a b r a s i o n d i s c i s washed i n a c e t o n e , d r i e d and 

w e i g h e d . The c l a y sample i s p r e p a r e d as a 10.0% m/v 

s l u r r y and t h e pH i s a d j u s t e d t o be w i t h i n t h e r a n g e 4.5 -

5.5. A p o l y v i n y l c h l o r i d e (PVC) a b r a s i o n head i s t h e n 

g r o u n d a g a i n s t t h e b r o n z e d i s c , w h i l e immersed i n t h e 

s l u r r y , f o r 30 m i n u t e s . The d i s c i s removed, washed, 

d r i e d and w e i g h e d . The w e i g h t l o s s o f t h e d i s c i s t h e n 

c o n v e r t e d i n t o E i n l e h n e r a b r a s i o n u n i t s . 

A t t h e p r e s e n t t i m e i t t a k e s a p p r o x i m a t e l y 24 h o u r s f o r a 

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

a b r a s i o n and f o r t h e r u n n i n g o f t h e p l a n t t o be a l t e r e d . 

As a r e s u l t , t h e e f f i c i e n c y o f t h e f l o t a t i o n p l a n t has 

n e v e r been o p t i m i s e d i . e . r u n n i n g a t t h e h i g h e s t p e r c e n t 

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

w i t h i n t h e a b r a s i v e l i m i t s r e q u i r e d . T h i s i s b e c a u s e an 

o p e r a t i o n a l s a f e t y m a r g i n has t o be u s e d t o a l l o w f o r 

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

1,1.5 V i s c o s i t y C o n c e n t r a t i o n 

As d e s c r i b e d i n S e c t i o n 1.1.3, t h e r h e o l o g y o f t h e p r o d u c t 

c l a y i s e x t r e m e l y i m p o r t a n t i n a p p l i c a t i o n o f c l a y as a 

p a p e r c o a t i n g m a t e r i a l . The q u a l i t y o f c l a y u s e d f o r 

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

c o n c e n t r a t i o n . The v i s c o s i t y c o n c e n t r a t i o n i s d e f i n e d as 

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

p i g m e n t , i n an aqueous s l u r r y , w h i c h has a v i s c o s i t y o f 5 

p o i s e a t 22°C when m e a s u r e d w i t h a B r o o k f i e l d RVF 100 

V i s c o m e t e r ( B r o o k f i e l d E n g i n e e r i n g L a b o r a t o r i e s I n c . , 
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S t o u g h t o n , M a s s a c h u s e t t s , U S A ) . ECCI a n d t h e p a p e r 

i n d u s t r y u s e ECC T e s t M e t h o d P106 as t h e s t a n d a r d t e s t 

method f o r v i s c o s i t y c o n c e n t r a t i o n . T h i s method has been 

h i g h l y c h a r a c t e r i s e d w i t h a s t a n d a r d d e v i a t i o n o f 0.3%. 

C o a t i n g c l a y s , t o p r o d u c e b e s t q u a l i t y p a p e r f i n i s h , must 

have a v i s c o s i t y c o n c e n t r a t i o n i n t h e r a n g e 68 - 72%. I f 

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

q u a l i t y g l o s s f i n i s h c a n n o t be a c h i e v e d . As m e n t i o n e d 

above i n S e c t i o n 1.1.3 s m e c t i t e o r m o n t m o r i l l o n i t e a r e t h e 

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

v i s c o s i t y c h a r a c t e r i s t i c s o f t h e c o a t i n g c l a y . T h i s i s 

due t o t h e f a c t t h a t m o s t s m e c t i t e c l a y s ( a l t h o u g h n o t 

a l l ) a r e " e x p a n d i n g l a t t i c e " m i n e r a l s i . e . t h e y can a b s o r b 

w a t e r i n t o t h e i r i n t e r n a l l a t t i c e s t r u c t u r e t h u s 

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

r h e o l o g i c a l p r o p e r t i e s o f a c l a y s l u r r y . 

1.1.5-1 M o n t m o r i l l o n i t e 

As d e s c r i b e d above s m e c t i t e a nd o t h e r e x p a n d i n g l a t t i c e 

m i n e r a l s such as m o n t m o r i l l o n i t e a r e t h e m a j o r cause f o r a 

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

c l a y - M o n t m o r i l l o n i t e d e m o n s t r a t e s t h i s " s w e l l i n g " 

c h a r a c t e r i s t i c due t o i t s t h r e e - l a y e r s t r u c t u r e c o n s i s t i n g 

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

o c t a h e d r a l s h e e t . ( F i g u r e 1 . 5 ) . A l l t h e t i p s o f t h e 

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

c e n t r e o f t h e u n i t . The o u t s t a n d i n g f e a t u r e o f t h i s 

s t r u c t u r e i s t h a t w a t e r and o t h e r p o l a r m o l e c u l e s s u c h as 
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F i g u r e 1.5 L a t t i c e s t r u c t u r e o f M o n t m o r i l l o n i t e . (From 

Grimm, R.E., " C l a y M i n e r a l o g y " , 2 

M c G r a w - H i l l , New Y o r k , 1968, p . 7 9 ) . 
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o r g a n i c m o l e c u l e s c a n e n t e r b e t w e e n t h e u n i t l a y e r s 

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

e x h i b i t s a h i g h c a t i o n e x c h a n g e c a p a c i t y ( 7 0 - 120 

meq/100 g ( 3 ) ) b e c a use o f t h i s i n t e r - u n i t p o l a r l a y e r . 

The t h e o r e t i c a l f o r m u l a f o r m o n t m o r i l l o n i t e i s 

A l ( S i 2 0 5 ) 0 H . n H 2 0 a l t h o u g h t h i s i s n e v e r r e a l i s e d as t h e 

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

These a r e m a i n l y Mĝ "*" f o r Al"^"*" i n t h e o c t a h e d r a l l a y e r , 

and a s m a l l e r amount o f Al"^"*" f o r Si^"*" i n t h e t e t r a h e d r a l 

l a y e r s . I r o n ( b o t h Fe^"*" a n d Fe^"*") a l s o s u b s t i t u t e 

d e p e n d i n g on a v a i l a b i l i t y . T h i s n e t c h a r g e d e f i c i e n c y i s 

b a l a n c e d by e x c h a n g e a b l e c a t i o n s a d s o r b e d between t h e u n i t 

l a y e r s ( 8 0 % ) a n d a r o u n d t h e i r e d g e s ( 2 0 % ) . S o d i u m , 

c a l c i u m a n d m a g n e s i u m a r e t h e m o s t common i n t e r l a y e r 

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

1.1.5.2 M o n t m o r i l l o n i t e Measurement 

T h e r e i s no d i r e c t i n s t r u m e n t a l t e c h n i q u e s f o r t h e 

i d e n t i f i c a t i o n and q u a n t i f i c a t i o n o f m o n t m o r i l l o n i t e . An 

i n f r a - r e d a d s o r p t i o n t e c h n i q u e has been d e v e l o p e d , b u t i s 

o n l y s e n s i t i v e f o r " e x p a n d i n g " l a t t i c e c l a y s . However, 

t h i s t e c h n i q u e i s u s e d by ECCI t o g i v e a n i n d i c a t i o n o f 

m o n t m o r i l l o n i t e c o n t e n t ( 8 ) . A complex i s f o r m e d between 

2 , 2 ' - d i p y r i d y l and m o n t m o r i l l o n i t e . The complex r e p l a c e s 

w a t e r m o l e c u l e s i n i n t e r - s h e e t p o s i t i o n s i n t h e c l a y 

s t r u c t u r e . The m o n t m o r i l l o n i t e - 2 , 2 • - d i p y r i d y l c o m p l e x 

g i v e s a 9 peak c h a r a c t e r i s t i c i n f r a - r e d s p e c t r u m w h i c h i s 

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

k a o l i n i t e , c h l o r i t e a n d i l l i t e . Two p e a k s a r e 
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p a r t i c u l a r l y s t r o n g and can be used f o r q u a n t i t a t i v e w o r k 

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

1.1.6 C a r b i t o l 

C a r b i t o l i s t h e name g i v e n t o c a l c i u m c a r b o n a t e when i t i s 

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

( p o l y a c r y l i c a c i d ) . C a l c i u m c a r b o n a t e has been used as a 

p a p e r f i l l e r s i n c e t h e 1 9 5 0 s . I t p r o d u c e s p a p e r o f 

g r e a t e r s t r e n g t h and d i m e n s i o n a l s t a b i l i t y w h i c h i s more 

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

i n c r e a s e d f i l l e r l o a d i n g s o f up t o 30%. S i n c e c a r b i t o l i s 

a l s o c h e a p e r t h a n k a o l i n , t h e demand f o r c a l c i u m c a r b o n a t e 

f i l l e r s has i n c r e a s e d o v e r t h e l a s t few y e a r s . 

I n p a p e r c o a t i n g t h e r e i s a d i s t i n c t d i s a d v a n t a g e i n u s i n g 

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

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

p r o p o r t i o n h a v i n g a p a r t i c l e s i z e > 10 ^m- However, t h i s 

has b e e n o v e r c o m e r e c e n t l y by t h e u s e o f h i g h q u a l i t y 

m a r b l e f r o m I t a l y . Thus c o u p l e d w i t h t h e l o w c o s t , h i g h 

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

c a r b o n a t e s a r e t o d a y i n i n c r e a s i n g demand as a raw m a t r i a l 

f o r t h e p a p e r i n d u s t r y . 
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1.2 DIRECT CURRENT PLASMA - ATOMIC EMISSION SPECTROMETRY 

D i r e c t c u r r e n t plasma - a t o m i c e m i s s i o n s p e c t r o m e t r y (DCP-

AES) has been u s e d f o r e l e m e n t a l a n a l y s i s s i n c e t h e l a t e 

1950s ( 9 ) . The d e v e l o p m e n t o f t o d a y ' s 3 - e l e c t r o d e plasma 

(10) c a n be t r a c e d b a c k t o t h e 2 - e l e c t r o d e f l o w i n g a r g o n 

p l a s m a a r c o f V a l e n t e a n d S c h r e n k ( 1 1 ) . I n t h i s e a r l y 

d e s i g n t h e anode and c a t h o d e w e r e p o s i t i o n e d a t a 30° 

a n g l e t o each o t h e r . T h i s was f u r t h e r r e f i n e d b y E l l i o t 

( 1 2) who i n t r o d u c e d t h e s a m p l e a e r o s o l f r o m b e l o w t h i s 

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

e l e c t r o d e s p r o v i d i n g an i m p r o v e d a n a l y t i c a l zone. 

The i n v e r t e d Y, 3 - e l e c t r o d e d i r e c t c u r r e n t p l a s m a was 

d e v e l o p e d i n t h e mid 1970s c o m m e r c i a l l y by S p e c t r a m e t r i c s 

( A n d o v e r , M a s s a c h u s s e t t s ) . A d d i n g an e x t r a anode and 

p o s i t i o n i n g t h e c a t h o d e a b o v e t h e t w o a n o d e s i m p r o v e d 

s t a b i l i t y and r e d u c e d s o u r c e d r i f t . 

I n t h e c o n f i g u r a t i o n u s e d t o d a y ( F i g u r e 1 . 6 ) , t h e p l a s m a 

j e t s have a t o t a l a r g o n f l o w r a t e o f a p p r o x i m a t e l y 8 dm-̂  

min"-^ o f w h i c h 4 dm-^ min"-^ i s u s e d b y t h e c e r a m i c , 

c r o s s f l o w , p n e u m a t i c n e b u l i s e r , 1 - 1 . 2 dm^ m i n " ^ f o r each 

o f t h e g r a p h i t e a n o d e s a n d 1.5 - 2 dm^ min"-^ f o r t h e 

c a t h o d e s l e e v e gas. 

A l t h o u g h t e m p e r a t u r e s i n ex c e s s o f 9000 K a r e g e n e r a t e d i n 

t h e c u r r e n t c a r r y i n g p l asma c o r e , t h e t e m p e r a t u r e i n t h e 

a n a l y t i c a l zone i s i n t h e r a n g e 4000 - 6000 K ( 1 3 , 1 4 ) . 

T h i s t e m p e r a t u r e i s s u f f i c i e n t t o p r o d u c e 100% a t o m i s a t i o n 
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F i g u r e 1.6 S c h e m a t i c diagraun o f t h e D i r e c t C u r r e n t 

Plasma. 
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e f f i c i e n c y f o r most e l e m e n t s . The v e r s a t i l i t y o f t h e DCP 

w i t h r e s p e c t t o sample i n t r o d u c t i o n i s w e l l documented ( 9 , 

1 5 - 1 7 ) . S l u r r y a t o m i s a t i o n , h y d r i d e g e n e r a t i o n , l a s e r 

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

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

s e p a r a t i o n t e c h n i g u e s h a v e a l l b e e n u s e d w i t h DCP-AES 

d e t e c t i o n e i t h e r f o r s i n g l e o r m u l t i e l e m e n t a n a l y s i s . The 

p e r f o r m a n c e o f t h e DCP has been compared t o o t h e r e m i s s i o n 

t e c h n i g u e s and, f o r many e l e m e n t s , c a n p r o v i d e e g u a l i f 

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

i n d u c t i v e l y c o u p l e d p l a s m a ( I C P ) ( 1 8 - 2 0 ) . T h i s 

v e r s a t i l i t y o f t h e DCP, p l u s i t s a b i l i t y t o t o l e r a t e h i g h 

s o l i d s , o r g a n i c s o l v e n t s and s l u r r y s a mples, has made i t a 

p o p u l a r e m i s s i o n s o u r c e . 

1.2.1 E x c i t a t i o n Mechanisms 

The DCP i n v e r t e d s h a p e d p l a s m a j e t i s a f l o w i n g , g a s -

s t a b i l i s e d e l e c t r i c a l d i s c h a r g e . O p t i m a l plasma s t a b i l i t y 

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

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

c u r r e n t c a r r y i n g a r g o n c o r e i n d u c i n g t h e " t h e r m a l p i n c h " 

e f f e c t ( 2 1 ) . T h i s e f f e c t i s c h a r a c t e r i s e d b y e l e v a t e d 

e l e c t r o n number d e n s i t y ( n ^) v a l u e s i n t h e h i g h c u r r e n t 

zones and by s t e e p r a d i c a l n ^ g r a d i e n t s ( 2 1 - 2 3 ) . 

E a r l y e x c i t a t i o n models f o r t h e DCP t e n d e d t o assume t h a t 

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

e q u a l i b r i a (LTE) (13, 24, 2 5 ) , i . e . e n e r g y l e v e l d e n s i t i e s 

c o u l d be c a l c u l a t e d u s i n g t h e Saha-Boltzmann e q u a t i o n , and 
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t h a t t h e e x c i t a t i o n t e m p e r a t u r e (T^^^^) e q u a l l e d t h e 

e l e c t r o n t e m p e r a t u r e ( 2 6 ) . H o w e v e r t h e a s s u m p t i o n 

c o n t r a d i c t s t h e o r e c t i c a l c a l c u l a t i o n s ( 1 4 , 25, 27) and 

r e p o r t e d o b s e r v a t i o n s (14, 23, 2 6 - 2 9 ) . E l e c t r o n d e n s i t i e s 

a r e f o u n d t o be 100-200 t i m e s l o w e r t h a n t h o s e e x p e c t e d 

f r o m a s y s t e m a t LTE ( 3 0 ) . 

The m e c h a n i s m p r o p o s e d by M i l l e r e t a l . ( 1 4 , 31) h a s 

g a i n e d g e n e r a l a c c e p t a n c e a n d d e s c r i b e s t h e DCP as a 

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

e q u i l i b r i u m (PTE). The two m a j o r e x c i t a t i o n p r o c e s s e s i n 

t h e plasma have now been i d e n t i f i e d as: 

( i ) r a d i a t i v e t r a n s f e r o f e n e r g y f r o m t h e plasma 

c o n t i n u u m t o t h e plasma m a r g i n s v i a a r g o n r e s o n a n c e 

l i n e s . 

( i i ) c o l l i s i o n a l r e d i s t r i b u t i o n o f e n e r g y i n v o l v i n g 

m e t a s t a b l e a r g o n s p e c i e s v i a p r i m a r y i o n i s a t i o n o f 

t h e a n a l y t e ( 2 2 ) . 

1.2.2 Enhancement Mechanisms 

A n a l y t e e m i s s i o n s i g n a l enhancement by e a s i l y i o n i s a b l e 

e l e m e n t s (EIE) i n t h e DCP i s a w e l l documented phenomenon 

( 1 3 , 1 4 , 2 1 , 2 2 , 2 5 , 2 7 - 3 2 , 4 3 ) . The s i g n a l e n h a n c e m e n t s , 

i n d u c e d by E I E , f o l l o w a s e t p a t t e r n f o r a l l e n h a n c e d 

e l e m e n t s . A t l o w c o n c e n t r a t i o n s o f E I E t h e r e o c c u r s 

s u b s t a n t i a l s i g n a l enhancement. The i n c r e a s e i n s i g n a l 

e n h a n c e m e n t d e c r e a s e s w i t h h i g h e r E I E c o n c e n t r a t i o n s 
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( a p p r o x i a m a t e l y 1 m o l dm"-^) u n t i l a p l a t e a u r e g i o n i s 

r e a c h e d . On f u r t h e r a d d i t i o n o f EIE t h e m a g n i t u d e o f t h e 

enhancement b e g i n s t o d e c r e a s e . T h i s i s due t o a s l o w 

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

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

EIE ( 1 4 ) . I f u n b u f f e r e d ( b y s a t u r a t i o n w i t h o t h e r EIE) 

t h e enhancement i s seen as a m a j o r i n t e r f e r e n c e because o f 

i t s n o n - s t o i c h i o m e t r i c n a t u r e ( 1 4 , 3 1 , 3 2 ) . M i l l e r e t 

a l . ( 1 4 , 21, 31) have a l s o c o n s t r u c t e d a h y p o t h e s i s as t o 

t h e mechanisms o f E I E e n h a n c e m e n t o f a n a l y t e e m i s s i o n 

s i g n a l . A s y n o p s i s o f t h e i r t h e o r y i s g i v e n b e l o w : 

( i ) EIE p r o v i d e a d d i t i o n a l c h a n n e l s f o r t h e r a d i a t i v e 

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

a n a l y t i c a l zone v i a EIE r e s o n a n c e l i n e s . T h i s i s 

i n f e r r e d f r o m t h e f a c t t h a t a l t h o u g h E I E do n o t 

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

t e m p e r a t u r e o c c u r s and a d r o p i n n ^ i n s i d e t h e 

c o n t i n u u m i s o b s e r v e d ( 1 3 , 27, 3 0 ) . 

( i i ) e x c i t e d EIE have a l a r g e , t o t a l c r o s s - s e c t i o n f o r 

r e s o n a n c e i n t e r a c t i o n w i t h a n a l y t e s . 

( i i i ) enhancement i s i n c r e a s e d b e c a u s e o f t h e q u e n c h i n g 

o f a n a l y t i c a l b a c k g r o u n d a n d a r g o n m o l e c u l a r 

e m i s s i o n s caused by t h e a c c e l e r a t e d c o o l i n g o f t h e 

plasma upon t h e a d d i t i o n o f EIE ( 1 3 , 2 7 ) . 

A p p r o x i m a t e m o d e l s ( 3 1 ) h a v e now b e e n f o r m u l a t e d f o r 
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a t o m i c and i o n i c r e s o n a n c e l i n e s t h a t c a n p r e d i c t t h e 

enhancement o f t r a n s i t i o n m e t a l e m i s s i o n s c a u s e d by sodium 

( 0 , 0 1 M) t o + 15%. 

1.2.3 S l u r r y A t o m i s a t i o n 

The use o f s l u r r y samples f o r e l e m e n t a l a n a l y s e s has o n l y 

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

y e a r s . O t h e r methods f o r i n t r o d u c i n g s o l i d s a m p l e s i n t o 

t h e DCP, f o r example l a s e r a b l a t i o n ( 3 3 ) , e i t h e r r e q u i r e 

m a j o r m o d i f i c a t i o n s t o t h e e x i s t i n g i n s t r u m e n t a t i o n o r 

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

m a t c h i n g i s r e q u i r e d . W i t h s l u r r y a t o m i s a t i o n , aqueous 

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

d i r e c t l y w i t h aqueous s o l u t i o n s , and m i n i m a l m o d i f i c a t i o n 

t o t h e c o m m e r c i a l DC? i n s t r u m e n t a t i o n i s r e q u i r e d ( 3 4 - 4 0 ) . 

However, one r e q u i r e m e n t t h a t i s s t r e s s e d by a l l w o r k e r s 

u s i n g s l u r r y a t o m i s a t i o n i s t h a t f o r t h e DCP t h e s l u r r y 

m a t e r i a l must have a f i n e p a r t i c l e s i z e p r e f e r a b l y < 15 pm 

and w i t h a s i z e a b l e f r a c t i o n b elow 8 pm. Saba e t a l . (37) 

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

p a r t i c l e s , t h e DCP c e r a m i c n e b u l i s e r p l u s a c y l i n d r i c a l 

s p r a y chamber q u a n t i t a t i v e l y t r a n s p o r t e d < 7 pm p a r t i c l e s 

and 62% o f t h e 7 - 1 4 ym p a r t i c l e s . 

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

i s t h e r e d u c e d sample p r e p a r a t i o n t i m e . F o r some sample 

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

t u r k e y ( 3 9 ) , p a r t i c l e s i z e r e d u c t i o n i s a c h i e v e d b y 
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h o m o g e n i s a t i o n i n u n d e r 3 m i n u t e s a n d c o a l h a s b e e n 

r e d u c e d t o < 5.7 ym i n t e n m i n u t e s by a m i c r o n i s i n g m i l l 

( 4 0 ) . An i n e x p e n s i v e and v e r s a t i l e m e t h o d o f p a r t i c l e 

s i z e r e d u c t i o n has been d e v e l o p e d i n t h e s e l a b o r a t o r i e s 

( 3 4 , 4 1 , 4 2 ) u s i n g 3 mm z i r c o n i u m o x i d e b e a d s a s t h e 

g r i n d i n g medium. T h i s method has s u c c e s s f u l l y been u s e d 

on s o i l , g r a s s , c o a l and v a r i o u s m i n e r a l s . D r i e d m i l k 

powder has a l s o been s u c c e s s f u l l y a n a l y s e d d i r e c t l y . 

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

o f c l a y m i n e r a l s s u c h a s k a o l i n i t e . F i r s t l y k a o l i n 

s a m p l e s , e s p e c i a l l y a f t e r r e f i n i n g , h a v e a p a r t i c l e s i z e 

r a n g e o f < 20 pm w i t h a m a j o r i t y o f p a r t i c l e s < 2 pm ( t h e 

k a o l i n i t e f r a c t i o n ) . F o r c o a t i n g c l a y s 8 0 % o f t h e 

p a r t i c l e s s h o u l d be < 2|im and f o r f i l l e r g r a d e c l a y s a b o u t 

7 0 - 7 5 % . T h u s f o r many k a o l i n s a m p l e s n o p a r t i c l e 

r e d u c t i o n i s needed and Ebdon e t a l , h a v e s u c c e s s f u l l y 

a n a l y s e d k a o l i n s a m p l e s by b o t h DCP a n d I C P ( 4 3 , 4 4 ) . 

A p a r t f r o m t h e i n c r e a s e d s p e e d o f a n a l y s e s a c h i e v e d by 

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

a v o i d s t h e t e d i o u s a n d t i m e c o n s u m i n g d i s s o l u t i o n o f 

g e o c h e m i c a l s a m p l e s . T h i s i s a w e l l known d i s a d v a n t a g e 

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

t e c h n i q u e s ( 4 5 ) . I n a d d i t i o n s l u r r y a t o m i s a t i o n a v o i d s 

t h e use o f h a z a r d o u s c h e m i c a l s such as HF and r e d u c e s t h e 

p o s s i b i l i t y o f e r r o r s due t o c o n t a m i n a t i o n o r i n c o m p l e t e 

d i s s o l u t i o n o f t e n e n c o u n t e r e d w i t h f u s i o n methods. 
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1.3 CHEMOMETRICS 

E v e r s i n c e 1972 when Wold c o i n e d t h e t e r m c h e m o m e t r i c s 
( d e r i v e d f r o m t h e w o r d b i o m e t r i c s u s e d b y b i o l o g y 
s t a t i s t i c i a n s ) , and t h e d e v e l o p m e n t o f t h e modern m i c r o ­
c o m p u t e r , t h e u s e o f s t a t i s t i c a l m e t h o d s f o r d a t a 
c o l l e c t i o n , i n t e r p r e t a t i o n a n d m a n i p u l a t i o n b y t h e 
c h e m i s t r y community has i n c r e a s e d d r a m a t i c a l l y . 

C h e m o m e t r i c s h a s d e v e l o p e d a l o n g t w o b r o a d f r o n t s : 

f i r s t l y , i n t h e i n t e g r a t i o n o f l a b o r a t o r y i n s t r u m e n t a t i o n 

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

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

s i g n a l i d e n t i f i c a t i o n and i n t e r p r e t a t i o n , c a l i b r a t i o n and 

t h e d e t e c t i o n o f a n a l y t i c a l b i a s ; s e c o n d l y , s i n c e modern 

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

a m o u n t s o f d a t a , t e c h n i q u e s f o r t h e i n t e r p r e t a t i o n o f 

l a r g e m u l t i v a r i a t e d a t a - b a s e s have been d e v e l o p e d . The 

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

t e c h n i q u e s such as f a c t o r a n a l y s i s , f u z z y s e t s , p r i n c i p a l 

c o m p o n e n t a n a l y s i s ( P C A ) , c l u s t e r a n a l y s i s a n d t h e 

e v o l u t i o n o f s e v e r a l c o m m e r c i a l p a c k a g e s ( 4 6 - 4 8 ) . These 

have b e e n a p p l i e d t o t h e i d e n t i f i c a t i o n , f r o m c h e m i c a l 

c o m p o s i t i o n d a t a , c h r o m a t o g r a p h s e t c , o f numerous samples 

e.g. o l i v e o i l s , p e t r o l e u m , p e a t and t e a s a m p l e s . 

S t i l l t h e m o s t p o p u l a r m e t h o d i s t h a t o f m u l t i p l e 

r e g r e s s i o n a n a l y s i s (MR) ( 4 9 , 5 0 ) . I n c h e m i s t r y t h e 

p a r t i a l l e a s t - s q u a r e s (PLS) r e g r e s s i o n m e t h o d ( 5 0 ) w h i c h 

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

1.4 TOMOGRAPHY 

A tomogram may be d e f i n e d as a p i c t u r e , o r d i s p l a y , o f 

a p l a n e s e c t i o n o f an o b j e c t body a t a g i v e n o r i e n t a t i o n . 

C o m p u t e r i s e d t o m o g r a p h y ( C T ) o r c o m p u t e r a s s i s t e d 

t omography (CAT) a r e r e c o n s t r u c t i o n t o m o g r a p h i c a l methods. 

These have f o u n d a w i d e r a n g e o f a p p l i c a t i o n s i n s c i e n c e , 

a l t h o u g h m a i n l y i n m e d i c a l r a d i o l o g y ( 5 1 ) -

U n l i k e o t h e r methods f o r g a i n i n g s p a t i a l i n f o r m a t i o n a b o u t 

e m i s s i o n s o u r c e s , e.g A b e l t r a n s f o r m a t i o n s , c o m p u t e r i s e d 

t o m o g r a p h y r e q u i r e s no s p a t i a l s y m m e t r y a n d i s m o r e 

t o l e r e n t t o n o i s e ; i m p o r t a n t f a c t o r s when a p p l i e d t o t h e 

DCP e m i s s i o n s o u r c e . So f a r t h e r e has been no a p p l i c a t i o n 

o f t o m o g r a p h y t o p l asma s o u r c e s , a l t h o u g h H i l l a nd Ebdon 

(52) h a v e d e m o n s t r a t e d t h e p o w e r o f t h e t e c h n i q u e f o r 

e m i s s i o n s o u r c e s . They w e r e a b l e t o show t h e i n t e r n a l 

s t r u c t u r e o f a 7 j e t l a m i n a r f l o w f l a m e f r o m t h e 

i n d i v i d u a l j e t s a t t h e b a se o f t h e f l a m e , t o t h e l a m i n a r 

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

t e c h n i q u e as a d i a g n o s t i c t o o l f o r plasma s p e c t r o m e t r y has 

been d i s c u s s e d ( 5 2 ) . The a p p l i c a t i o n o f t o m o g r a p h y t o 

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

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

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

i n t h e case o f t h e DCP, as t o t h e i n t e r a c t i o n o f EIE and 

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

p i a s m a . 
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1.5 AIMS 

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

a p p l i c a t i o n o f s l u r r y a t o m i s a t i o n - d i r e c t c u r r e n t plasma 

- a t o m i c e m i s s i o n s p e c t r o m e t r y f o r t h e c o n t r o l o f c h i n a 

c l a y r e f i n i n g and q u a l i t y a s s u r a n c e p r o c e s s e s . P r e v i o u s 

w o r k ( 4 4 , 53) h a d e s t a b l i s h e d t h a t i t i s p o s s i b l e t o 

p e r f o r m e l e m e n t a l a n a l y s i s o f c h i n a c l a y by ICP-AES and 

DCP-AES w i t h o u t p r i o r s a m p l e d i s s o l u t i o n . T h i s h a s 

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

c o n t r o l s y s t e m s . I n a d d i t i o n , i t was shown ( 5 3 ) t h a t 

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

be r e l a t e d t o t h e p r e s e n c e o f i n d i c a t o r e l e m e n t s . Such 

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

t h e k a o l i n w h i c h g r e a t l y c o n t r i b u t e t o t h e c o m m e r c i a l l y 

i m p o r t a n t p r o p e r t i e s o f c h i n a c l a y ( a b r a s i o n and v i s c o s i t y 

c o n c e n t r a t i o n ) . C h emometric m e t h o d s s u c h as MLR c a n be 

u s e d f o r t h e d e v e l o p m e n t o f p r e d i c t i v e m o d e l s f o r t h e s e 

p h y s i c a l p r o p e r t i e s a s w e l l a s f o r t h e c o n t r o l o f 

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

DCP sample i n t r o d u c t i o n s y s t e m when d e a l i n g w i t h t h e non-

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

p r o c e s s e s i s n e c e s s a r y . Sample i n t r o d u c t i o n a n o m a l i e s 

h a v e t o be i d e n t i f i e d a n d c o m p e n s a t e d f o r i f o n - l i n e 

m o n i t o r i n g o f s l u r r y s t r e a m s i s t o become a r e a l i t y . To 

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

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

e l u c i d a t e s l u r r y a t o m i s a t i o n e x c i t a t i o n and enhancement 

mechanisms i n t h e DCP. 
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CHAPTER 2 SAMPLE INTRODUCTION STUDIES 

2.1 INTRODUCTION 

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

u s u a l l y p r e - g r o u n d ( v i a v a r i o u s methods some o f w h i c h have 

b e e n o u t l i n e d i n C h a p t e r 1 , S e c t i o n 1.2.3) u n t i l t h e 

p a r t i c l e s i z e o f t h e m a t e r i a l has been r e d u c e d t o b e l o w 8 

pn. However, f o r t h e a p p l i c a t i o n o f s l u r r y a t o m i s a t i o n -

DCP - AES f o r o n - l i n e a n a l y s i s o f k a o l i n s a m p l e s , m i n i m a l 

sample p r e p a r a t i o n i s d e s i r e d . I n t h e c a s e o f t h e f r o t h 

f l o t a t i o n p r o c e s s ( C h a p t e r 1 , S e c t i o n 1 . 1 . 4 ) , t h r e e t y p e s 

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

r e s i d u e . The p a r t i c l e s i z e d i s t r i b u t i o n s o f a t y p i c a l 

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

F i g u r e 2.1 and F i g u r e 2.2 r e s p e c t i v e l y . T h i s d a t a was 

p r o v i d e d b y ECC C e n t r a l L a b o r a t o r i e s ( S t . A u s t e l l , 

C o r n w a l l ) u s i n g i n d u s t r y s t a n d a r d p a r t i c l e s i z e 

t e c h n i q u e s . T h e d i f f e r e n c e s i n t h e p a r t i c l e s i z e 

c h a r a c t e r i s t i c s between t h e p r o d u c t and r e s i d u a l c l a y a r e 

c l e a r l y seen. The p r o d u c t c l a y has a mass d i s t r i b u t i o n 

mean d i a m e t e r o f 6.28 m i c r o n s w i t h 7 5 % m/m o f i t s 

p a r t i c l e s b elow 8 pm, whereas t h e r e s i d u e c l a y has a mass 

d i s t r i b u t i o n mean o f 9.81 ̂ m a n d 4 6 % m/m b e l o w 8 jam. 

T h i s , p l u s t h e f a c t t h a t samples f r o m t h e f l o t a t i o n p l a n t 

can have s l u r r y c o n c e n t r a t i o n s f r o m 4 - 20% m/v, i n d i c a t e 

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

n e b u l i s a t i o n and a t o m i s a t i o n c h a r a c t e r i s t i c s . T h i s has 

a l r e a d y been i n v e s t i g a t e d f o r t h e a n a l y s i s o f k a o l i n by 

ICP ( 4 4 ) , s h o wing t h a t where f o r s l u r r y c o n c e n t r a t i o n s o f 
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c h i n a c l a y above 10 - 12% m/v, a n a l y t e s i g n a l s u p p r e s s i o n 

o c c u r s . S i n c e t h i s ICP d a t a was o b t a i n e d u s i n g a 'SPS' 

g r a d e c l a y (ECCI c l a s s i f i c a t i o n ) i . e . a c l a y w i t h a t l e a s t 

80% o f t h e p a r t i c l e s b e l o w 2 yim and a l l b e l o w 5 ^m, t h e 

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

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

t r a n s p o r t o r a t o m i s a t i o n e f f e c t s . H o w e v e r t h e s e 

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

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

s p r a y chamber. T h e r e f o r e an i n v e s t i g a t i o n was u n d e r t a k e n 

i n t o how t h e DCP s a m p l e i n t r o d u c t i o n s y s t e m , ( c e r a m i c 

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

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

f r o t h f l o t a t i o n p l a n t , d e s c r i b e d above. 

2.2 VARIATION OF ANALYTE EMISSION SIGNAL WITH SLURRY 

CONCENTRATION 

2.2.1 E x p e r i m e n t a l 

A s e r i e s o f c l a y s l u r r i e s w e re p r e p a r e d c o n t a i n i n g 0, 5, 

7, 10, 13, 17 and 20% m/v s o l i d s . The c l a y u s e d was a 

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

c h a r a c t e r i s t i c s shown i n F i g u r e 2 . 1 . The s l u r r i e s were 

a n a l y s e d u s i n g a S p e c t r o s p a n I I I A DCP i n s t r u m e n t ( A p p l i e d 

R e s e a r c h L a b o r a t o r i e s , C r a w l e y , Sussex, UK) . O p e r a t i n g 

c o n d i t i o n s were t h o s e o b t a i n e d by s i m p l e x o p t i m i s a t i o n as 

d e s c r i b e d by Ebdon e t a l . ( 4 3 , 5 4 ) , and shown i n T a b l e 2 .1. 

Each s l u r r y c o n t a i n e d ammonia s o l u t i o n ( AnalaR Grade, BDH 

C h e m i c a l s , P o o l e , D o r s e t , UK) , i n t h e r a t i o o f 1 m l o f 

ammonia t o 100 ml o f sa m p l e , as a d i s p e r s a n t . A l s o each 
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Table 2.1 

D i r e c t Current Plasma Operating C o n d i t i o n s 

Argon Supply 

Flow r a t e 

N e b u l i s e r pressure 

Sleeve pressure 

Power supply 

Sample uptake 

Entrance s l i t widths 

E x i t s l i t widths 

Commercial grade (99.5% pure) 

8 dm"̂  rnin"^ 

24 p s i 

50 p s i 

7 A (d.c.) 

1.6 cm-* min"^ 

V e r t i c a l = 300 um 
H o r i z o n t a l = 50 uni 

V e r t i c a l = 300 um 
H o r i z o n t a l = 100 um 
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s a m p l e h a d 5 g dm"^ l i t h i u m s o l u t i o n ( l i t h i u m n i t r a t e , 

A nalaR Grade, BDH C h e m i c a l s , P o o l e , D o r s e t , UK) a dded as 

an EIE b u f f e r . To a v o i d any e r r o r s b e i n g i n t r o d u c e d f r o m 

t h e w a t e r c o n t e n t o f t h e c h i n a c l a y , a l l t h e c l a y samples 

were d r i e d i n an oven a t 105^C f o r 24 h o u r s , and k e p t i n a 

d e s s i c a t o r u n t i l u s e . Each s l u r r y was a n a l y s e d f o r s i x 

e l e m e n t s w h i c h a r e shown i n T a b l e 2.2 t o g e t h e r w i t h t h e 

s p e c t r a l l i n e s u s e d f o r t h i s w o r k . C a l i b r a t i o n was 

a c h i e v e d u s i n g aqueous s t a n d a r d s . 

2.2.2 R e s u l t s and D i s c u s s i o n 

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

c l a y w i t h s l u r r y c o n c e n t r a t i o n a r e shown i n F i g u r e s 2.3 -

2.8. 

A p a r t f r o m b o r o n ( F i g u r e 2.3) a l l t h e e l e m e n t s show a 

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

c o n c e n t r a t i o n . T h e r e does seem t o be some c o r r e l a t i o n 

b e t w e e n t h e f a l l i n r e c o v e r y b e t w e e n 5% m/v and 20% m.v 

s l u r r i e s a nd t h e s p e c t r a l w a v e l e n g t h u s e d ( T a b l e 2 . 2 ) , 

i . e . t h e d e v i a t i o n f r o m t h e e x p e c t e d s i g n a l i n c r e a s e s 

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

s u p p o r t e d by t h e e x c i t a t i o n p o t e n t i a l s f o r e a c h l i n e , o r 

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

r e s o n a n c e l i n e s . For a l l t h e e l e m e n t s s t u d i e d t h e aqueous 

c a l i b r a t i o n s t a n d a r d s were l i n e a r up t o t h e c o n c e n t r a t i o n s 

a n a l y s e d and were w i t h i n t h e l i n e a r w o r k i n g r a n g e f o r each 

l i n e ( 5 5 ) . 
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Table 2.2 

Elements and s p e c t r a l l i n e s used f o r the i n v e s t i g a t i o n of the 
e f f e c t of s l u r r y l o a d i n g on Analyte S i g n a l 

Element Uavelength/nm Order 

B 249.773 I 90 

T i 323.456 I I 70 

Sr 407.771 I I 50 

Ba 455.403 I I 49 

V 309.311 I I 73 

Ca 445.474 I 50 
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s 

210 r 

200 h 

190 K 

lao 

170 h 

160 

F i g u r e 2^ E f f e c t o f s l X i r r y c o n c e n t r a t i o n on t h e 

B o r o n I 249.773 nm l i n e . 

10 IS 
SLURRY CONCENTRAnON / S tt/v 

20 

F i g u r e 2.4 E f f e c t o f s l u r r y c o n c e n t r a t i o n on t h e 

23 r- Vanadium I I 309.311 nm l i n e . 

^ 22 

s 

u 
3 20 
9 
1 
i i3 

la 10 IS 
SLURRY CCNCENTRATICN / X m/v 

2D 
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F i g u r e 2.5 E f f e c t o f s l u r r y c o n c e n t r a t i o n on t h e 

7^0 r T i t a n i u m I I 323.456 nm l i n e . 

10 IS 
SLUmr COCENTTUTZON / S a/v 

F i g u r e 2•6 E f f e c t of s l u r r y c o n c e n t r a t i o n on t h e 

S t r o n t i u m I I 407.771 nm l i n e . 

10 19 
SLURRY CCNCENTRATICN / X a/v 

20 
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F i g u r e 2.7 E f f e c t o f s l u r r y c o n c e n t r a t i o n on 

30 r t h e C a l c i u m I 445.474 nm l i n e . 

10 IS 
SUARY CONCEKTRATZON / X a/v 

F i g u r e 2.8 E f f e c t o f s l u r r y c o n c e n t r a t i o n on the 

^ Barium I I 455.403 nm l i n e . 

10 IS 
SLURRY CCNCENTnATION / X u/v 
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T h i s i n d i c a t e s t h a t t h e l o s s o f s i g n a l w i t h i n c r e a s i n g 

s l u r r y c o n c e n t r a t i o n i s not a s i m p l e e x c i t a t i o n phenomena 

but e i t h e r a sample i n t r o d u c t i o n o r s l u r r y a t o m i s a t i o n o r 

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

2.3 TRANSPORT EFFECTS 

As s t a t e d above t h e d e c r e a s e i n a n a l y t e e m i s s i o n s i g n a l 

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

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

t r a n s p o r t e f f e c t s o f s p r a y c h a m b e r ( 4 4 , 5 3 ) . To 

i n v e s t i g a t e t h i s f o r t h e s t a n d a r d DCP sample i n t r o d u c t i o n 

s y s t e m a n e x p e r i m e n t was d e s i g n e d t o m e a s u r e t h e 

homogeneity of the sampling o f t h e s l u r r y from t he sample 

c o n t a i n e r , v i s c o s i t y e f f e c t s on t h e sample uptake r a t e , 

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

the plasma p l u s t h e i r p a r t i c l e s i z e d i s t r i b u t i o n . A p o s t -

n e b u l i s e r p a r t i c l e t r a p was d e s i g n e d and i s shown i n 

F i g u r e 2.9. The c l a y which would have r e a c h e d t h e plasma 

was c o l l e c t e d by t h i s s y s t e m o f 2 U - t u b e s i n s e r i e s 

c o n t a i n i n g s i l i c a g e l t o a c t a s t h e p a r t i c l e t r a p s , 

2.3.1 E x p e r i m e n t a l 

A l l t h e r e s u l t s f o r t h i s e x p e r i m e n t w e r e d e t e r m i n e d 

g r a v i m e t r i c a l l y . A s e r i e s of c l a y s l u r r i e s were pr e p a r e d 

c o n t a i n i n g 5, 7, 10, 13, 17 and 20% m/m p r o d u c t c l a y . 

Sodium pyrophosphate 1% m/m (AnalaR, BDH C h e m i c a l s , Poole, 

D o r s e t , UK) was added a s a d i s p e r s a n t . T h i s was i n s t e a d 

of the ammonia used p r e v i o u s l y s i n c e i t not o n l y performed 

a s w e l l f o r c l a y m a t e r i a l s a s ammonia ( 5 3 , 5 6 ) b u t a l s o 
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^^q^'^e Schematic r e p r e s e n t a t i o n of the p o s t -

n e b u l i s i o n p a r t i c l e t r a p s y s t e m 
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avoided weight l o s s problems due t o t h e h i g h v o l a t i l i t y of 

ammonia. No l i t h i u m b u f f e r was added t o t h e samples, and 

each sample was n e b u l i s e d f o r a p e r i o d o f 10 minutes u s i n g 

s t a n d a r d gas s e t t i n g s a s d e s c r i b e d i n S e c t i o n 2.1. 

The mass o f c l a y f o r a l l e x p e r i m e n t s was o n l y r e c o r d e d 

a f t e r b e i n g d r i e d a t 105*^C t o c o n s t a n t w e i g h t . The 

experiment was re p e a t e d 3 t i m e s . 

2.3.2 R e s u l t s and D i s c u s s i o n 

The s l u r r y c o n c e n t r a t i o n o f t h e samples, b o t h b e f o r e and 

a f t e r s a m p l i n g a r e p l o t t e d i n F i g u r e 2.10. From F i g u r e 

2.10 i t c a n be s e e n t h a t t h e a g i t a t i o n o f t h e s l u r r i e s 

d u r i n g sampling appears t o have been s u f f i c i e n t t o p r e v e n t 

any s e d i m e n t a t i o n o f t h e c l a y p a r t i c l e s , and t h a t a 

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

n e b u l i s e r f o r a l l s l u r r y c o n c e n t r a t i o n s . T h i s i s 

c o n f i r m e d by a s t u d y o f t h e r a t e s o f sample u p t a k e shown 

i n F i g u r e 2.11. From F i g u r e s 2.10 and 2.11 i t c a n be 

c o n c l u d e d t h a t i n c r e a s i n g t h e s l u r r y c o n c e n t r a t i o n o f 

samples h a s no e f f e c t on t h e mass t r a n s f e r o f sample t o 

the n e b u l i s e r . 

However, from t h e d a t a on t h e amount o f c l a y c o l l e c t e d 

t h a t would have reached t h e plasma ( F i g u r e 2.12), a c l e a r 

d e v i a t i o n from t h e e x p e c t e d amount of c l a y f o r 20% m/m 

s l u r r i e s i s shown. The amount of c l a y c o l l e c t e d i n c r e a s e d 

l i n e a r l y up t o 17% m/m ( l i n e a r c o r r e l a t i o n c o e f f i c i e n t 

( r ) = 0.9988), but t h e amount of c l a y c o l l e c t e d by the 
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s i l i c a g e l t r a p s f o r t h e 20% m/m o f s l u r r y sample was o n l y 

73% o f t h e e x p e c t e d mass. 

T h i s change i n t r a n s p o r t b e h a v i o u r may be e x p l a i n e d by t h e 

changes i n t h e v i s c o s i t y c h a r a c t e r i s t i c s o f s l u r r y samples 

w i t h i n c r e a s i n g s l u r r y c o n c e n t r a t i o n . From t h e Nukiyama 

and T a n a s a w a e q u a t i o n ( 5 7 ) ( E q u a t i o n 2 . 1 ) , t h e mean 

di a m e t e r of a e r o s o l d r o p l e t s produced by t h e n e b u l i s e r can 

be p r e d i c t e d . T h i s e q u a t i o n c a n o n l y g i v e an i n d i c a t i o n 

of d r o p l e t s i z e a s i t was d e v e l o p e d f o r j e t i n j e c t i o n 

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

than t h o s e of modern a n a l y t i c a l n e b u l i s e r s ( 5 8 ) . 

L p J [Jo p ) 0 - 5 j Qgas 

E q u a t i o n 2.1 

d^ = d r o p l e t d i a m e t e r / um 

V = v e l o c i t y o f t h e gas / ms"^ 

0" = s u r f a c e t e n s i o n / dyne c n * ^ 

p = d e n s i t y of the l i q u i d / g cm"^ 

n = v i s c o s i t y / p o i s e s 

Qllq = volume f l o w of t h e l i q u i d 

Qg^g = volume fl o w of t h e gas 

What t h i s e q u a t i o n does demonstrate i s t h a t t h e v i s c o s i t y 

of t h e f l u i d i s an i m p o r t a n t n e b u l i s e r p a r a m e t e r . The 

r e d u c t i o n i n t h e amount of 20% m/m s l u r r y c l a y r e a c h i n g 

the plasma can be e x p l a i n e d by t h e change in. t h e v i s c o s i t y 
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b e h a v i o u r of t h e s l u r r y . Ebdon e t a l . (44) have shown 

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

c o n c e n t r a t i o n . C l a y s l u r r i e s o f c o n c e n t r a t i o n s up t o 15% 

m/v, d i s p l a y "Newtonian" b e h a v i o u r i . e . t h e v i s c o s i t y i s 

i n d e p e n d e n t o f r a t e o f s h e a r ( t h e s p e e d a t w h i c h t h e 

i n t e r m e d i a t e l a y e r s of t h e f l u i d move w i t h r e s p e c t t o each 

o t h e r ) . T h i s i s t y p i c a l o f t h e b e h a v i o u r o f w a t e r and 

c e r t a i n o i l s . However, 20% m/v s l u r r i e s e x h i b i t e d "non-

N e w t o n i a n " b e h a v i o u r i . e . t h e r e i s a n i n c r e a s e i n 

v i s c o s i t y w i t h a d e c r e a s e i n s h e a r r a t e . T h i s change i n 

v i s c o s i t y behaviour c o i n c i d e s w i t h t h e f a l l i n t h e mass of 

c l a y r e a c h i n g t h e plasma and c o u l d be t h e c a u s e o f t h e 

s h o r t f a l l i n c l a y t r a n s p o r t t o t h e plasma. 

The a v e r a g e t r a n s p o r t e f f i c i e n c y f o r c l a y p a r t i c l e s i n 

samples up t o 17% m/m s l u r r y c o n c e n t r a t i o n was 2,5% m/m. 

F o r t h e 20% m/m s l u r r y s a m p l e s t h i s f e l l t o 1,6% m/m, 

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

from r a t e of sample uptake and r a t e o f d r a i n a g e from t h e 

s p r a y chamber, was 11% m/m. T h i s low t r a n s p o r t e f f i c i e n c y 

f o r t h e s l u r r i e s can be e x p l a i n e d by p a r t i c l e s i z e d a t a . 

F i g u r e 2.1 shows t h e p a r t i c l e s i z e d i s t r i b u t i o n o f t h e 

product c l a y used i n t h e s e e x p e r i m e n t s . The c l a y has not 

been p r e - g r o u n d and t h e r e f o r e h a s a h i g h p e r c e n t a g e of 

p a r t i c l e s o v e r 5 pm- P a r t i c l e s i z e measurements were 

o b t a i n e d f o r p r e - and p o s t - n e b u l i s e d s amples of c l a y by 

C o u l t e r C o u n t e r model TA I I ( C o u l t e r E l e c t r o n i c s L t d . , 

Luton, Beds, UK) and a r e shown i n F i g u r e 2.13. The use of 

a C o u l t e r C o u n t e r was n o t i d e a l s i n c e i t i s p r i n c i p l y 
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based on t h e change i n c o n d u c t i v i t y i n an e l e c t r o l y t e 

s o l u t i o n . T h i s c hange o c c u r s when a p a r t i c l e p a s s e s 

t h r o u g h a s m a l l a p e r t u r e between two e l e c t r o d e s . T h i s 

c a u s e s a p o s i t i v e b i a s i n p a r t i c l e s i z e measurements f o r 

k a o l i n o f between 2 - 4 t i m e s s i n c e i t assumes t h a t e a c h 

p a r t i c l e i s a sphere whereas k a o l i n , and most c l a y m i n e r a l 

p a r t i c l e s , a r e p l a t e l i k e . T h i s c a n be s e e n when 

comparing F i g u r e 2.1 and 2.13. T h i s a p a r t , i t can be seen 

t h a t t h e r e was a m a j o r s h i f t i n t h e p a r t i c l e s i z e 

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

( t a k i n g t h e b i a s i n t o account) few p a r t i c l e s o f over 6 jim 

r e a c h e d t h e plasma. However from F i g u r e 2.1 50% by mass 

of t h e p a r t i c l e s o f t h e p r o d u c t c l a y c a n be s e e n t o be 

over 5.5 ^m. T h i s probably e x p l a i n s why t h e c l a y p a r t i c l e 

t r a n s p o r t e f f i c i e n c y was a p p r o x i m a t e l y 70% lower than t h a t 

f o r water. 

2.4 CONCLUSIONS 

A n a l y t e s i g n a l s u p p r e s s i o n l i n k e d t o i n c r e a s i n g s l u r r y 

c o n c e n t r a t i o n was o b s e r v e d f o r a range of e l e m e n t s . I t 

was shown t h a t t h i s s u p p r e s s i o n was n o t o f a s i m p l e 

n a t u r e . I t h a s been demonstrated t h a t t h e non-Newtonian 

b e h a v i o u r o f s l u r r i e s (above 17% m/m) i s t h e p r o b a b l e 

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

s e v e r a l e l e m e n t s f o r 20% m/m s l u r r i e s due t o a r e d u c t i o n 

i n t he amount of sample r e a c h i n g t h e plasma. A l s o , due t o 

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

f l o t a t i o n p l a n t , t h e t r a n s p o r t e f f i c i e n c y f o r c l a y 

p a r t i c l e s was a p p r o x i m a t e l y 7 0 % o f t h a t o f w a t e r . 
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D i f f e r e n t c l a y s w i t h d i f f e r e n t p a r t i c l e s i z e d i s t r i b u t i o n s 

may e x h i b i t v a r y i n g d e g r e e s o f t r a n s p o r t e f f i c i e n c y . 

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

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

t o be c o r r e c t e d f o r an o n - l i n e a n a l y t i c a l s i t u a t i o n . 

However t h e v i s c o s i t y e f f e c t s d i s c u s s e d a b ove do n o t 

e x p l a i n t h e s i g n a l s u p p r e s s i o n s e e n i n F i g u r e s 2.3 - 2.8 

f o r s l u r r y c o n c e n t r a t i o n above 10% m/m. T h i s does n o t 

a p p e a r t o be a t r a n s p o r t , v i s c o s i t y o r p a r t i c l e s i z e 

problem and i t may be e i t h e r a s l u r r y induced a t o m i s a t i o n 

or e x c i t a t i o n i n t e r f e r e n c e , a n d t h i s i s d i s c u s s e d 

f u r t h e r i n Chapter 3. 
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CHAPTER 3 M e c h a n i s t i c S t u d i e s 

3.1 SLURRY ATOMISATION AND THE DIRECT CURRENT PLASMA 

During the l a s t decade, t h e r e have been numerous papers 

p u b l i s h e d c o n c e r n i n g both t h e e x c i t a t i o n and E I E 

enhancement mechanisms i n t h e DCP. The g e n e r a l l y 

a c c e p t e d model, proposed by M i l l e r e t a l . 

(14,21,27,30,31), f o r both t h e e x c i t a t i o n and E I E 

enhancement mechanisms has a l r e a d y been d i s c u s s e d i n 

Chapter 1, S e c t i o n 1.2. However, the m a j o r i t y of t h e s e 

i n v e s t i g a t i o n s concern s o l u t i o n a n a l y s i s , w h i l s t most 

workers u s i n g s l u r r y a t o m i s a t i o n f o r t h e DCP have 

l i m i t e d themselves t o sample p r e p a r a t i o n and i n t r o d u c t i o n 

(34,38-40). 

T h i s imbalance has r e c e n t l y been r e d r e s s e d by S p a r k e s and 

Ebdon ( 4 3 ) . I n t h e i r work the y c o n c e n t r a t e d on the 

m e c h a n i s t i c a s p e c t s of s l u r r y a t o m i s a t i o n u s i n g e l e c t r o n 

d e n s i t y (n^) , and e x c i t a t i o n (T^j^^) and i o n i s a t i o n (Tj^^j^) 

t e m p eratures as d i a g n o s t i c t o o l s f o r k a o l i n a n a l y s i s . I n 

a d d i t i o n t h e y a l s o touched upon t h e e f f e c t o f E I E on t h e s e 

d i a g n o s t i c parameters. They found t h a t t h e T^^j^ of the 

plasma remained c o n s t a n t w i t h i n c r e a s i n g s l u r r y 

c o n c e n t r a t i o n , both w i t h and w i t h o u t t h e a d d i t i o n of 5 g 

dm"^ l i t h i u m . T h i s r e s u l t has a l s o been observed by 

Eastwood e t a l . (27) f o r aqueous s o l u t i o n samples s p i k e d 

w i t h E I E . From t h e s e o b s e r v a t i o n s i t might be assumed 

t h a t t h e i n t r o d u c t i o n of p a r t i c u l a t e s t o t h e DCP does not 

a l t e r t he i o n i s a t i o n - r e c o m b i n a t i o n e q u l i b r i u m t h a t e x i s t s 
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between i o n i c s t a t e s i n t h e plasma. However, S p a r k e s and 

Ebdon (43) d i d observe a d e c r e a s e of both '^QXC '̂ e 

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

pre s e n c e of 5 g dm"^ l i t h i u m . Both t h e s e t r e n d s o c c u r a t 

s i m i l a r s l u r r y c o n c e n t r a t i o n s , namely >10% m/v, and 

c o i n c i d e w i t h t h e d e c r e a s e e x p e r i e n c e d i n a n a l y t e e m i s s i o n 

i n t e n s i t i e s d e s c r i b e d i n Chapt e r 2. From t h i s work the 

a u t h o r s put forward t h e h y p o t h e s i s t h a t t h e r e s u l t s 

i n d i c a t e d t h a t a " c o o l i n g " o f t h e plasma had occured, 

caused by high c o n c e n t r a t i o n s o f s l u r r i e s i n t h e p r e s e n c e 

of l i t h i u m . I t i s known t h a t a l t h o u g h E I E and samples a r e 

excluded from t he plasma c o r e , t h e c o r e temperature and n^ 

do f a l l w i t h t h e a d d i t i o n o f E I E (13,14,60). T h i s i s 

shown by argon resonance l i n e i n t e n s i t y and l i n e 

h a l f w i d t h s d e c r e a s i n g upon t h e a d d i t i o n of E I E . 

I n t h e p r e s e n t study t h e s e i n i t i a l o b s e r v a t i o n s and 

experiments a r e extended. P r i n c i p a l l y T^^^^ measurements 

have been used but w i t h s i g n i f i c a n t c o n t r i b u t i o n s from 

s i g n a l - t o - b a c k g r o u n d r a t i o (SBR) d a t a , s i m p l e x 

o p t i m i s a t i o n and computerised tomography. 

3.2 EXCITATION TEMPERATPRE MEASUREMENTS 

3.2.1 Theory 

The T^Q-^Q of argon plasma e m i s s i o n s o u r c e s has been used as 

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

coupled plasma ( I C P ) , f o r many y e a r s . T^xc s a i d t o 

c h a r a c t e r i s e t h e p o p u l a t i o n s o f atomic energy l e v e l s . 

There a r e s e v e r a l methods f o r t h e measurement of T««« and 
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a s y n o p s i s of t h e s e has been p r e s e n t e d by Mermet ( 6 1 ) . 

The method used i n t h i s i n v e s t i g a t i o n was t h e l i n e p a i r 

i n t e n s i t y r a t i o method. T h i s method, as w e l l a s the 

Boltzmann p l o t method, u s e s r e l a t i v e l i n e i n t e n s i t i e s . 

T h i s has a number of p r a c t i c a l advantages over o t h e r 

methods s i n c e i t i s not n e c e s s a r y t o measure a b s o l u t e l i n e 

i n t e n s i t i e s or t o know the c o n c e n t r a t i o n of t h e r a d i a t i n g 

s p e c i e s . 

The d e r i v a t i o n o f the p r a c t i c a l formula used, shown i n 

Equat i o n 3.1, i s d e s c r i b e d by Boumans (62) and c o n c i s e l y 

by Mermet (61) . 

0.625 ( Ej^ - E2 ) 

lo g g i ^ 1 ^ 2 - l o g £ 1 
^2 ^2 ^1 ^2 

Texc= Z — T — E q u a t i o n 3.1 

Here, I^^ and I 2 r e p r e s e n t the two l i n e i n t e n s i t i e s o f an 

element i n the same i o n i s a t i o n s t a t e ; E^^ and E j a r e the 

e n e r g i e s i n cm"^ of the two s t a t e s ; g-ĵ  and g2 a r e the 

s t a t i s t i c a l w eights o f the two l e v e l s ; Â ^ and A2 a r e the 

t r a n s i t i o n p r o b a b i l i t y ( s ~ ^ ) f o r spontaneous e m i s s i o n , and 

and ^2 a r e the wavelengths of t h e two l i n e s . 

The l i n e p a i r method i s l e s s a c c u r a t e than t h e Boltzmann 

p l o t method. The main s o u r c e o f e r r o r i s i n t r o d u c e d by 

the t r a n s i t i o n p r o b a b i l i t i e s , and Mermet (61) c l a i m s t h a t 

an u n c e r t a i n t y of a t l e a s t 20% must be a l l o w e d f o r . A l s o 

i t has been shown t h a t t h e r e i s no unique e x c i t a t i o n 

temperature of a plasma u s i n g t h i s method, a s t h e T^^^^ i s 

dependent on the energy l e v e l s of t h e l i n e p a i r s and 
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e m i t t i n g s p e c i e s s e l e c t e d when t h e plasma i s n o t i n L o c a l 

T h e r m a l E q u l i b r i u m (LTE) ( 6 3 ) . However, t h i s method has 

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

e n e r g y d i f f e r e n c e . A d d i t i o n a l l y , t h i s i s t h e most 

p r a c t i c a l method f o r m e a s u r i n g T^Q^^- T h i s i s an i m p o r t a n t 

p o i n t s i n c e t h e r e l a t i v e v a r i a t i o n o f T̂ ^̂ ^̂  can be f o l l o w e d 

when one o r more o f t h e p a r a m e t e r s a r e m o d i f i e d . T h i s i s 

b o r n e o u t by t h e s i m p l e x e x p e r i m e n t s d e s c i r b e d b e l o w i n 

S e c t i o n 3.2.3. 

3.2.2 V a r i a t i o n o f E x c i t a t i o n Temperature w i t h S l u r r y 

C o n c e n t r a t i o n and V e r t i c a l V i e v i n q P o s i t i o n 

E a r l i e r s t u d i e s (43) have been l a r g e l y c o n c e r n e d w i t h t h e 

d i f f e r e n c e s i n T̂ ^̂ ^ caused by s l u r r y c o n c e n t r a t i o n i n t h e 

p r e s e n c e o f 5 g dm"^ l i t h i u m . These e x p e r i m e n t s c e n t e r e d 

upon t h e p h y s i c a l e f f e c t o f t h e s l u r r y p a r t i c l e s on t h e 

plasma r a t h e r t h a n t h e i n t e r a c t i o n between s l u r r y samples, 

v e r t i c a l v i e w i n g p o s i t i o n and EIE. 

3,2.2.1 E x p e r i m e n t a l 

A s e r i e s o f k a o l i n s l u r r i e s were p r e p a r e d a t 0, 1 , 5, 10, 

15 and 20% m/v s o l i d s c o n c e n t r a t i o n s . The 0% sample 

c o n t a i n e d an aqueous s o l u t i o n o f i r o n w i t h t h e 

c o n c e n t r a t i o n o f 350 )iq g~^. The k a o l i n u s ed was an SPS 

g r a d e c l a y (ECCI, S t . A u s t e l l , C o r n w a l l , UK) w i t h a 

p a r t i c l e s i z e d i s t r i b u t i o n o f 80% b e l o w 2 }xm 

( d i a m e t e r ) , and w i t h a l l p a r t i c l e s b e l o w 5 yim. A l l t h e 

samples c o n t a i n e d 5 g dm"^ l i t h i u m s o l u t i o n and t h e 

s l u r r y samples had ammonia added ( A n a l a r g r a d e , 
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s.g,0.880, BDH, P o o l e , D o r s e t , UK) t o t h e r a t i o o f 1 ml o f 

anunonia t o lOOml o f t o t a l sample, t o a c t as a d i s p e r s a n t . 

The e x c i t a t i o n t e m p e r a t u r e s were d e t e r m i n e d u s i n g r e l a t i v e 

l i n e i n t e n s i t i e s on t h e DCP u n d e r n o r m a l o p e r a t i n g 

c o n d i t i o n s o u t l i n e d i n C h a p t e r 2. The T ^ j ^ ^ was o b t a i n e d 

f o r each sample a t 5 d i f f e r e n t v i e w i n g h e i g h t s i n t h e 

plasma, s t a r t i n g a t -1.4 mm (away f r o m t h e plasma 

c o n t i n u u m ) , -0.7 mm, 0 mm, +0.7 mm and +1.4 mm. The z e r o 

p o s i t i o n i n t h i s case was -taken as t h e apex o f t h e a n g l e 

between t h e two plasma " l e g s " and t h e c o n t i n u u m . The atom 

l i n e p a i r used f o r t h e t e m p e r a t u r e measurements was t h e Fe 

I 371.993 nm / Fe I 372.762 nm p a i r . These were used as 

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

a r e w e l l known ( 6 3 , 6 4 ) . A l s o t h i s was t h e p a i r u s e d by 

S p a r k e s and Ebdon (43) i n t h e i r i n i t i a l s t u d y . 

3.2.2.2 R e s u l t s and D i s c u s s i o n 

The r e s u l t s f o r t h i s s e r i e s o f T^y^ nieasurements a r e shown 

i n T a b l e 3.1 and g r a p h i c a l l y i n F i g u r e 3.1. 

From F i g u r e 3.1 i t can be seen t h a t f o r a l l s l u r r y 

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

c h a r a c t e r i s t i c o f t h e DCP a n a l y t i c a l zone, i s v i s i b l e . 

A l s o , a f t e r t h e s t a r t o f t h e c o n t i n u u m ( p o s i t i o n 0 ) , a 

p l a t e a u r e g i o n f o r T̂ ^̂ ^̂  i s r e a c h e d . The T^^c v a l u e s f o r 

0%, 1 % and 5% m/v s l u r r y samples o f between 6000-7000 K i n 

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

Decker (13) 6000-6500 K, M i l l e r e t aJL. (14) 6000-8000 K, 
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Table 3.1 

Variation of T̂ ^̂ ^ with s l u r r y concentration and v e r t i c a l 

viewing p o s i t i o n 

E x c i t a t i o n temperature values / K 
Plasma viewing 

p o s i t i o n Fe sol u t i o n 
/ mm 

-1.4 

-0.7 

0.0 

+0.7 

+ 1.4 

350 yg g 

1600 

2600 

5850 

5550 

6200 

Slurry concentration / % m/v 
1 5 10 15 20 

1100 1200 1300 1250 2000 

1825 3275 3000 1650 1200 

4250 5100 4200 3600 2250 

5350 4750 4350 4125 3775 

6900 6000 4625 3600 4400 
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Eastwood e t a l . (27) 6000-7000 K and S p a r k e s and Ebdon 

(43) 5500-6000 K. 

What does seem t o be t h e case i s t h a t a l t h o u g h t h e v a l u e s , 

and t r e n d s , f o r t h e 0, 1 and 5% m/v s l u r r y s amples a r e 

v e r y s i m i l a r , a f a l l i n t h e c o n t i n u u m T ^ j ^ ^ i s e x p e r i e n c e d 

f o r s l u r r i e s >10% m/v. These r e s u l t s c o n f i r m t h o s e o f 

Sparkes and Ebdon (43) as d i s c u s s e d above. From t h i s , one 

can assume t h a t above 10% m/v s l u r r y c o n c e n t r a t i o n , t h e 

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

caused by EIE a d d i t i o n i s a l t e r e d . T h i s i n v e r s i o n , c aused 

by EIE, enhances t h e r e l a t i v e i n t e n s i t i e s o f t h o s e a t o m i c 

l i n e s w h i c h have t h e h i g h e r e x c i t a t i o n p o t e n t i a l s ( 1 4 ) . 

T h i s i s why a p p a r e n t T^^^^, deduced f r o m a t o m i c s p e c t r a , 

r i s e s h a r p l y upon EIE a d d i t i o n ( 2 7 , 2 9 ) . T h e r e f o r e f o r 

h i g h e r s l u r r y c o n c e n t r a t i o n s , f o r a r e f r a c t o r y m a t e r i a l 

l i k e k a o l i n , an i n c r e a s e i n EIE c o n c e n t r a t i o n o r 

a l t e r a t i o n o f plasma c h a r a c t e r i s t i c s i s needed t o a c h i e v e 

maximum T̂ ^̂ ^ v a l u e s . 

3.2.3 Simplex O p t i m i s a t i o n 

A f t e r c o n s i d e r i n g t h e r e s u l t s o f t h e T^^^ measurements i t 

was d e c i d e d t o o p t i m i s e T^^c ^ r a n g e o f s l u r r y 

c o n c e n t r a t i o n s . The o p t i m i s a t i o n p r o c e d u r e c h osen was 

s i m p l e x o p t i m i s a t i o n . T h i s p r o c e d u r e was f i r s t used f o r 

plasmas by Ebdon e t a l . ( 6 5 ) . S i n c e t h e n i t has been 

w i d e l y used i n e m i s s i o n s p e c t r o s c o p y as a s i m u l t a n e o u s , 

m u l t i - p a r a m e t e r o p t i m i s a t i o n t e c h n i q u e . One o f t h e 

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

s e a r c h e s , based a r o u n d t h e o p t i m i s e d c o n d i t i o n s . As an 

o p t i m i s a t i o n t e c h n i q u e no p r i o r d e c i s i o n s a r e needed t o be 

t a k e n as t o t h e l o c a t i o n o f t h e optimum r e g i o n - S i m p l e x 

o p t i m i s a t i o n has p r e v i o u s l y been a p p l i e d t o t h e DCP f o r 

s o l u t i o n a n a l y s i s ( 5 4 , 6 6 ) . From t h e s e s'tudies t h e 

i m p o r t a n t i n s t r u m e n t a l p a r a m e t e r s were i d e n t i f i e d . These 

were t h e v e r t i c a l v i e w i n g p o s i t i o n , n e b u l i s e r gas f l o w and 

h o r i z o n t a l v i e w i n g p o s i t i o n . O b v i o u s l y t h e f i r s t t w o o f 

t h e s e p a r a m e t e r s a r e i n t e r - l i n k e d , as t h e o ptimum v i e w i n g 

p o s i t i o n i s dependent on t h e n e b u l i s e r gas f l o w . The l a s t 

p a r a m e t e r , h o r i z o n t a l v i e w i n g p o s i t i o n , has a s h a r p 

optimum, b u t s i n c e t h i s i s a l w a y s i n t h e c e n t e r , o r apex, 

o f t h e a n a l y t i c a l zone, i t can be d i s c o u n t e d as a c r i t i c a l 

o p e r a t i n g p a r a m e t e r i f l e f t i n t h i s p o s i t i o n . 

S i m p l e x o p t i m i s a t i o n has been used f o r k a o l i n s l u r r y 

a n a l y s i s by Sparkes and Ebdon ( 4 3 ) . F o r t h a t s t u d y s i x 

p a r a m e t e r s were o p t i m i s e d ; h o r i z o n t a l v i e w i n g p o s i t i o n , 

s l e e v e a r g o n f l o w - r a t e , n e b u l i s e r a r g o n f l o w - r a t e , aqueous 

ammonia c o n c e n t r a t i o n , l i t h i u m c o n c e n t r a t i o n and s l u r r y 

c o n c e n t r a t i o n w i t h SBR as t h e c r i t e r i o n o f m e r i t . I t was 

f o u n d t h a t an 8 . 1 % m/v s l u r r y w i t h 4.35 g dm"-^ l i t h i u m 

a d d i t i o n gave t h e b e s t SBR f o r t h e magnesium I I 279.079 nm 

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

a r g o n f l o w - r a t e b e i n g t h e c r i t i c a l p a r a m e t e r s . These 

r e s u l t s , e s p e c i a l l y f o r s l u r r y c o n c e n t r a t i o n and l i t h i u m 

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

a low c o n c e n t r a t i o n ca. 0.6 M o f EIE, t h e optimum s l u r r y 
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c o n c e n t r a t i o n s t o use f o r a n a l y s i s a r e b e l o w 10% m/v. 

3.2.3.1 E x p e r i m e n t a l 

The maximum T^QXC ^ s i n g each o f t h e f i v e k a o l i n s l u r r y 

c o n c e n t r a t i o n s ( 1 , 5, 10, 15 and 20% m/v) w e r e o p t i m i s e d 

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

e t a l . ( 5 4 ) . I n t h i s case T̂ ^̂ ,̂ was used as t h e c r i t e r i o n 

o f m e r i t . Four o p e r a t i n g and sample p r e p a r a t i o n 

p a r a m e t e r s were o p t i m i s e d . These were t h e l i t h i u m 

c o n c e n t r a t i o n , v e r t i c a l v i e w i n g p o s i t i o n , n e b u l i s e r gas 

p r e s s u r e and aqueous ammonia c o n c e n t r a t i o n . The 

h o r i z o n t a l v i e w i n g p o s i t i o n ( z e r o ) and s l e e v e a r g o n 

gas p r e s s u r e (50 p s i ) were k e p t c o n s t a n t t h r o u g h o u t . 

As i n e a r l i e r s t u d i e s an SPS g r a d e c l a y was used t o 

p r e p a r e t h e k a o l i n s l u r r i e s . The s i m p l e x p r o c e d u r e was 

c o n s i d e r e d c o m p l e t e when t h e r e was no s i g n i f i c a n t i n c r e a s e 

i n T^Qxc w i ^ ^ s u c c e s s i v e v e r t i c e s t o a p r e c i s i o n o f 1.5%. 

The o p t i m i s e d p a r a m e t e r v a l u e s were i n v e s t i g a t e d f u r t h e r 

u s i n g u n i v a r i a t e s e a r c h e s . 

Some d i f f i c u l t y was e x p e r i e n c e d i n c a l i b r a t i n g t h e 

v e r t i c a l v i e w i n g p o s i t i o n o f t h e DCP. T h i s was f i n a l l y 

a c h i e v e d by a s p i r a t i n g a 10 jag g~^ s o l u t i o n o f i r o n b e f o r e 

each s i m p l e x and by o b t a i n i n g t h e same e m i s s i o n i n t e n s i t y 

a t p o s i t i o n z e r o each t i m e . 

The boundary r a n g e s s e l e c t e d f o r t h e o p t i m i s a t i o n f o r each 

o f t h e f o u r p a r a m e t e r s were: 0.1-3.5 M l i t h i u m s o l u t i o n . 
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1-10% v / v o f ammonia s o l u t i o n ( s . g . 0 . 8 8 0 , 3 5 % ) , -1.5 mm -

+1.5 mm v e r t i c a l v i e w i n g p o s i t i o n , and 18-30 p s i n e b u l i s e r 

gas p r e s s u r e . The T^j^^, f o r each o f t h e v e r t i c e s were 

o b t a i n e d as i n S e c t i o n 3.2.2 u s i n g t h e i r o n a t o m i c l i n e 

p a i r Fe I 371.993 nm / Fe I 372.762 nm. 

3.2.3.2 R e s u l t s and D i s c u s s i o n 

The o p t i m i s e d p a r a m e t e r v a l u e s f o r t h e f i v e s i m p l e x e s a r e 

d i s p l a y e d i n T a b l e 3.2, As d e s c r i b e d i n S e c t i o n 3.2.3.1, 

u n i v a r i a t e s e a r c h e s were p e r f o j r m e d on a l l f o u r p a r a m e t e r s 

f o r each s i m p l e x . For t h e f i v e s l u r r y c o n c e n t r a t i o n s t h e 

u n i v a r i a t e s e a r c h e s were e s s e n t i a l l y t h e same, and so f o r 

c o n c i s e n e s s o n l y t h e f o u r u n i v a r i a t e s e a r c h e s f o r 1 % m/v 

s l u r r y c o n c e n t r a t i o n a r e i n c l u d e d h e r e . These a r e shown 

i n F i g u r e s 3.2-3.5. These g r a p h s n o t o n l y i n c l u d e t h e 

c e n t r o i d s o f t h e s i m p l e x o p t i m i s a t i o n , as l i s t e d i n T a b l e 

3.2, b u t a l s o t h e r a n g e s o f t h e p a r a m e t e r s p r e s e n t i n t h e 

f i n a l v e r t i c e s . 

From F i g u r e s 3.2 and 3.3 i t can be seen t h a t b o t h t h e 

n e b u l i s a t i o n gas p r a s s u r e , and amount o f ammonia added, 

have l i t t l e i f any e f f e c t on t h e a p p a r e n t T ^ j ^ ^ . T h i s was 

f o u n d f o r a l l t h e s l u r r y c o n c e n t r a t i o n s , and s u g g e s t s t h a t 

even f o r h i g h s l u r r y c o n c e n t r a t i o n s o n l y a s m a l l amount o f 

d i s p e r s a n t i s r e q u i r e d . The optimum v a l u e s shown f o r 

t h e s e p a r a m e t e r s i n T a b l e 3,2 a r e q u i t e v a r i e d , b u t t h i s 

i s a f e a t u r e o f t h e s i m p l e x p r o c e d u r e , i . e . i f t h e r e i s no 

s h a r p optimum t h e n t h e o p t i m i s a t i o n wanders b a c k and f o r t h 

a l o n g t h e p a r a m e t e r r a n g e . I n t h e case o f t h e n e b u l i s e r 
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Table 3,2 

Optimum conditions for T̂ ^̂  f o r various kaolin s l u r r y 

concentrations. 

Optimum parameter values 

Slurry Lithium Ammonina ^ V e r t i c a l Nebuliser "^exc 
cone. concentration a d d i t i o n height gas pressure / R 
/ % m/v / M / % v/v /mm / p s i 

1 0.96 6.2 +0.31 24 4750 

5 1.73 6.5 +0.23 23 4485 

10 2.08 3.5 -0.30 22 4458 

15 2.44 5.7 -0.10 23 4551 

20 3.02 8.3 -0.41 27 4553 

(a) from a stock solution of s.g. 0.880 35% concentrated ammonia 
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F i g u r e 3.3 U n i v a r i a t e s e a r c h o f ammonium a d d i t i o n f o r 
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F i g u r e 3.4 U n i v a r i a t e s e a r c h o f v e r t i c a l v i e w i n g p o s i t i o n 
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gas p r e s s u r e i t was s u r p r i s i n g t h a t no r e c o g n i s a b l e 

optimum c o u l d be seen f o r any o f t h e s l u r r y 

c o n c e n t r a t i o n s . For o t h e r w o r k e r s (43,66) t h e optimum f o r 

t h i s p a r a m e t e r f o u n d t o be v e r y weak, and so w i t h t h e 

i n h e r e n t e r r o r o f t h e T^^c c a l c u l a t i o n s , any optimum 

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

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

shown i n F i g u r e 3.4. Here t h e r e i s a maximum w h i c h t h e 

s i m p l e x has c o r r e c t l y i d e n t i f i e d . However, t h e d e c r e a s e 

i n Tgj^^ a t v i e w i n g h e i g h t s c l o s e r t o t h e plasma c o n t i n u u m 

i s n o t so marked as seen i n t h e o t h e r u n i v a r i a t e s e a r c h e s 

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

r e g i o n i s r e a c h e d w i t h o n l y a s l i g h t d e c r e a s e i n T^QXC 

T h i s i s c o n s i s t e n t w i t h t h e T^^^^ d a t a shown i n F i g u r e 3 . 1 . 

I n cases such as t h i s t h e s i m p l e x p r o c e d u r e u s u a l l y 

i d e n t i f i e s t h e edge o f t h e p l a t e a u r e g i o n as t h e optimum 

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

The o p t i m a l v e r t i c a l v i e w i n g p o s i t i o n s a l s o show a marked 

t r e n d w i t h s l u r r y c o n c e n t r a t i o n . T h i s i s shown i n F i g u r e 

3.6 w i t h a l i n e a r c o r r e l a t i o n c o e f f i c i e n t ( r ) o f -0.8804 

between v e r t i c a l p o s i t i o n and s l u r r y c o n c e n t r a t i o n . 

U n e x p e c t e d l y , t h e t r e n d i s f o r t h e o p t i m a l v i e w i n g zone 

t o move away f r o m t h e c o n t i n u u m w i t h i n c r e a s i n g s l u r r y 

c o n c e n t r a t i o n . 

The f i n a l p a r a m e t e r , l i t h i u m c o n c e n t r a t i o n , e x h i b i t e d t h e 

s h a r p e s t optimum f o r a l l t h e s l u r r i e s . The 1 % m/v s l u r r y 

c o n c e n t r a t i o n u n i v a r i a t e s e a r c h g i v e s a t y p i c a l s h a r p e 
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optimum peak. As w i t h t h e v e r t i c a l v i e w i n g p o s i t i o n , t h e 

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

( r = 0 . 9 8 3 2 ) w i t h s l u r r y c o n c e n t r a t i o n , as seen i n F i g u r e 

3.7. T h i s t r e n d i s s i g n i f i c a n t f o r s e v e r a l r e a s o n s . The 

i n c r e a s e i n t h e l i t h i u m c o n c e n t r a t i o n o p t i m a c a n be used 

t o e x p l a i n why t h e v e r t i c a l v i e w i n g p o s i t i o n o p t i m a move 

away f r o m t h e plasma c o n t i n u u m . T h i s i s because as t h e 

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

f r o m t h e plasma c o r e , t h e p l a t e a u r e g i o n o f T^^^^, shown i n 

F i g u r e s 3.1 and 3.4, m i g r a t e s away f r o m t h e c o r e , w h i c h i n 

t u r n becomes p r o g r e s s i v e l y c o o l e r . T h i s p r o c e s s has a l s o 

been d e s c r i b e d as t h e plasma c o r e becoming more i n d i s t i n c t 

and w i t h t h e plasma m i g r a t i n g upward t o w a r d s t h e c a t h o d e 

(14) . 

I t has a l r e a d y been d e s c r i b e d t h a t on EIE a d d i t i o n 

a p p a r e n t t e m p e r a t u r e s , as measured f r o m a t o m i c o r n e u t r a l 

s p e c t r a r e l a t i v e l i n e i n t e n s i t i e s , r i s e s h a r p l y . However 

a t h i g h e r EIE c o n c e n t r a t i o n s a s l o w q u e n c h i n g p r o c e s s 

becomes d o m i n a n t . T h i s c y c l e i s shown i n F i g u r e 3.5. A 

s h a r p r i s e i n T̂ ^̂ ^ was o b s e r v e d w i t h an e q u a l l y s h a r p f a l l 

a f t e r t h e optimum EIE c o n c e n t r a t i o n had been exceeded. 

However, i f t h e s l u r r y c o n c e n t r a t i o n i s i n c r e a s e d , t h e 

T Q ^ ^ optimum i s s h i f t e d t o w a r d s h i g h e r EIE c o n c e n t r a t i o n s . 

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

F i r s t l y t h e r e c o u l d be a d i r e c t r e l a t i o n s h i p between 

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

i m p r o b a b l e s i n c e t h e r e i s no d e c r e a s e i n t h e a p p a r e n t T̂ ^̂ ^ 

f o r s o l u t i o n s , w i t h t h e e q u i v a l e n t a n a l y t e c o n c e n t r a t i o n s . 
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i n t h e p r e s e n c e of 5 g dm"-* l i t h i u m . More p l a u s i b l e 

i s t h a t t h e e x t r a energy r e q u i r e m e n t needed t o 

d i s s o c i a t e t h e s l u r r y p a r t i c l e s c a u s e s t h e apparent 

d e c l i n e i n T^^^^. The a d d i t i o n o f h i g h e r c o n c e n t r a t i o n s of 

l i t h i u m c o u l d a m e l i o r a t e t h i s i n s e v e r a l ways. The most 

obvious i s t h e a c c e l e r a t i o n o f t h e r a d i a t i v e d i f f u s i o n o f 

energy away from the plasma continuum t o the plasma 

margins. T h i s c a u s e s what some o b s e r v e r s c a l l a 

" s w e l l i n g " of the plasma (14,21,23,30). The plasma s w e l l s 

because some of the c u r r e n t from t h e E I E c o o l e d continuum 

i s shunted t o the plasma margins whose e l e c t r o n d e n s i t i e s 

have been r a i s e d by the E I E a d d i t i o n . T h e r e f o r e t h e 

plasma appears t o s w e l l a s t h e E I E emit v i s i b l e r esonance 

l i n e s i n the plasma margins ( 2 1 ) . One consequence of t h i s 

" s w e l l i n g " e f f e c t would be t h a t t h e s t a g n e n t zone, 

d i r e c t l y underneath t h e plasma, would i n c r e a s e i n volume. 

T h i s would a l l o w f o r t h e accommodation o f a h i g h e r 

d e n s i t y of s l u r r y p a r t i c l e s , a s w e l l a s i n c r e a s i n g the 

r e s i d e n c e time of the sample i n t h e a n a l y t i c a l zone. T h i s 

would be a c h i e v e d w h i l e m a i n t a i n i n g t h e l e v e l of 

energy a v a i l a b l e t o the sample throughout t h e i n c r e a s e d 

volume of the a n a l y t i c a l zone. 

3.3 SIGNAL-BACKGROUND RATIO ENHANCEMENT 

I n o r d e r t o v e r i f y t h e s i m p l e x o p t i m i s a t i o n r e s u l t s , a 

s e r i e s of enhancement s t u d i e s were undertaken u s i n g t h e 

sig n a l - t o - b a c k g r o u n d r a t i o (SBR) a s t h e measured 

parameter. T h i s change from T^^^^ as t h e c r i t e r i o n of 

m e r i t was undertaken t o produce a measure t h a t was 
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r e l a t e d to the enhancement of the s i g n a l f o r each l i n e but 

independent of o t h e r l i n e s . 

3.3.1 E x p e r i m e n t a l 

Three s e r i e s of s l u r r i e s were pr e p a r e d c o n s i s t i n g of 0, 1, 

5, 10, 15, 20% m/v s l u r r y c o n c e n t r a t i o n s u s i n g an SPS 

grade k a o l i n . The 0% m/v samples c o n t a i n e d 40 yg g"^ i r o n 

s o l u t i o n - The t h r e e s e r i e s c o n t a i n e d no l i t h i u m , 5 g dm"*̂  

l i t h i u m , and the s i m p l e x o p t i m i s e d l i t h i u m c o n c e n t r a t i o n s 

r e s p e c t i v e l y . The SBR f o r t h r e e a n a l y t e l i n e s were 

determined f o r a l l t h r e e s e r i e s on t h e DCP under normal 

o p e r a t i n g c o n d i t i o n s . The a n a l y t e l i n e s used were the 

Fe I 371.993 nm, Fe I 372.762 nm and t h e Fe I I 259.940 nm 

l i n e s . The s l u r r y samples a l s o c o n t a i n e d aqueous ammonia 

s o l u t i o n (s.g.0.880, 35%) as a d i s p e r s a n t i n t h e r a t i o of 

1ml of ammonia t o 100ml of sample. 

3.3.2 R e s u l t s and D i s c u s s i o n 

The SBR r e s u l t s a r e shown i n F i g u r e s 3.8-3.10. The SBR 

were c a l c u l a t e d u s i n g E q u a t i o n 3.2. 

SBR= a n a l y t e s i g n a l - b l a n k s i g n a l E q u a t i o n 3.2 
blank s i g n a l 

F i g u r e s 3.8-3.10 show the changes i n t h e r e l a t i v e SBR of 

each l i n e , a s c a l c u l a t e d by E q u a t i o n 3.3, c a u s e d by the 

two t y p e s of l i t h i u m a d d i t i o n . 

SBR enhancement= SBR w i t h l i t h i u m E q u a t i o n 3.3 
SBR without l i t h i u m 
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The two graphs f o r t h e two atomic l i n e s ( F i g u r e s 3.8 and 

3.9) used f o r the Tg^^^ measurements a r e v e r y s i m i l a r . I t 

i s c l e a r t h a t f o r the atomic l i n e s , t h e b e s t SBR f o r >5% 

m/v k a o l i n s l u r r i e s a r e a c h i e v e d w i t h c o n s i d e r a b l y more 

c o n c e n t r a t e d l i t h i u m a d d i t i o n s a s d i c t a t e d by t h e s i m p l e x 

r e s u l t s . However, r e g a r d i n g t h e i o n i c l i n e SBR 

enhancements ( F i g u r e 3.10), i n c r e a s i n g t h e l i t h i u m 

c o n c e n t r a t i o n along w i t h s l u r r y c o n c e n t r a t i o n does not 

b r i n g any improvement i n SBR o v e r t h e enhancement caused 

by 5 g dm"^ l i t h i u m . T h i s conforms t o the p remise t h a t 

the e x c i t a t i o n of atomic and i o n i c a n a l y t e l i n e s i n v o l v e 

d i f f e r e n t s e t s of r e s o n a n t c o l l i s i o n s ( 1 4 , 3 2 ) . A l s o t h a t 

f o r a r e f r a c t o r y s u b s t a n c e such a s k a o l i n , h i g h e r 

c o n c e n t r a t i o n s of E I E can overcome t h e e f f e c t t h a t 

c o n c e n t r a t e d s l u r r i e s have upon t h e s e r e d i s t r i b u t i o n 

p r o c e s s e s . 

3.4 COMPUTERISED TOMOGRAPHY 

The e q u a t i o n s governing image r e c o n s t r u c t i o n (tomography) 

were f i r s t s o l v e d by Radon i n 1917. The i n i t i a l formula 

a l l o w e d an e s t i m a t i o n of t h e s p a t i a l c h a r a c t e r i s t i c s of a 

t a r g e t o b j e c t to be c a l c u l a t e d . T h i s was o n l y p o s s i b l e 

when a l l the p r o j e c t i o n a n g l e s of t h e e m i t t e d or 

t r a n s m i t t e d r a y s , from or through the o b j e c t , were known. 

T h i s i s extremely d i f f i c u l t i n p r a c t i c e and so v a r i o u s 

a l g o r i t h m s (known a s Radon T r a n s f o r m a t i o n s ) have been 

developed based on l i n e - i n t e g r a l formulae. These a l l o w 

f o r an e s t i m a t i o n of t h e o b j e c t under i n v e s t i g a t i o n from a 

d i s c r e t e number of a n g u l a r p r o j e c t i o n s . 
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R e c o n s t r u c t i o n tomography d i f f e r s from c o n v e n t i o n a l 

tomography, i n t h a t i n c o n v e n t i o n a l tomography t h e e m i t t e d 

o r t r a n s m i t t e d r a y s p a s s through a l l t h e o b j e c t p l a n e s 

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

w h i l e the d e s i r e d p l a n e i s kept i n f o c u s . I n 

r e c o n s t r u c t i v e tomography t h e unwanted s e c t i o n s a r e 

c o m p l e t e l y excluded and mathematical p r o c e d u r e s a r e used 

t o r e c o n s t r u c t the r e q u i r e d p l a n e s e c t i o n . 

There a r e s e v e r a l r e c o n s t r u c t i v e t e c h n i q u e s which have 

mainly been used i n r a d i o l o g y . These have been 

e x t e n s i v e l y reviewed by Brooks and Di C h i r o ( 5 1 ) , The 

system used i n t h i s work i s based on an a n a l y t i c a l method 

( a s compared t o an i t e r a t i v e method) c a l l e d f i l t e r e d back-

p r o j e c t i o n . 

3-4-1 F i l t e r e d B a c k - P r o j e c t i o n 

I n f i l t e r e d b a c k - p r o j e c t i o n , p r o j e c t e d p r o f i l e s a r e 

c o l l e c t e d a t a number of p r o j e c t i o n a n g l e s (or s e t s o f r a y 

sums) around the s o u r c e . These p r o f i l e s a r e m o d i f i e d or 

f i l t e r e d (by e i t h e r a f o u r i e r o r c o n v o l u t i o n i n t e g r a l 

method) b e f o r e being b a c k - p r o j e c t e d . The b a c k - p r o j e c t i o n 

p r o c e s s i s shown i n F i g u r e 3.11. Here t h e s i g n a l 

i n t e n s i t y , c o r r e s p o n d i n g t o a g i v e n r a y sum, i s a p p l i e d t o 

a l l p o i n t s t h a t make up t h a t r a y . T h e r e f o r e f o r a g i v e n 

image p o i n t , the r e c o n s t r u c t e d d e n s i t y i s the sum of a l l 

the r a y - p r o j e c t i o n s t h a t p a s s through i t ( 5 1 ) . The 

purpose of t h e f i l t e r i n g of t h e p r o f i l e s i s t h a t a l t h o u g h 

c o n v e n t i o n a l b a c k - p r o j e c t i o n e l i m i n a t e s unwanted p l a n e s . 
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.11 B a c k - p r o j e c t i o n p r o f i l e s o f a r e c t a n g u l a r 

o b j e c t , (a) b a c k - p r o j e c t e d a c r o s s t h e p l a n e 

(b) superimposed to form an a p p r o x i m a t i o n of 

t h e o b j e c t . 

( f r c n Brooks and Di C h i r o , R a d i o l o g y , 1975, 117, 561) 
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i t i s a t the expense of b l u r r i n g t h e d e s i r e d p l a n e . 

I d e a l l y t h e r e c o n s t r u c t i o n i s e x a c t , w i t h t h e f i l t e r i n g 

p r o c e s s c o u n t e r - a c t i n g the b l u r r i n g a r t i f a c t o f the back-

p r o j e c t i o n p r o c e s s . A l s o t h e more p r o j e c t i o n s used, t h e 

b e t t e r the r e c o n s t r u c t i o n . 

3.4.2 I n s t r u m e n t a t i o n and E x p e r i m e n t a l 

The i n s t r u m e n t a t i o n used f o r t h e tomography work i s shown 

i n F i g u r e 3.12. The DCP was mounted on a t u r n t a b l e , 

r o t a t e d by a s t e p p e r motor. The h e i g h t of t h e DCP c o u l d 

a l s o be a l t e r e d on the t u r n t a b l e . The image was f o c u s s e d 

onto a Czerny-Turner monochromator w i t h a photodiode a r r a y 

d e t e c t o r mounted a t t h e e x i t s l i t . The d a t a a q u i s i t i o n 

and s o u r c e r o t a t i o n was computer c o n t r o l l e d . The complete 

system and s o f t w a r e package has been p r e v i o u s l y d e s c r i b e d 

by H i l l and Ebdon ( 5 2 ) . 

A s i m i l a r procedure was used f o r a l l t h e tomograms 

obtained. The monochromator was s e t t o t h e argon I 415.82 

nm e m i s s i o n l i n e . For each tomogram 60 p r o j e c t i o n 

p r o f i l e s were o b t a i n e d . Once t h e image had been 

r e c o n s t r u c t e d i t was v i s u a l l y enhanced by u s i n g a c o l o u r 

t a b l e t o a s s i g n a " f a l s e " c o l o u r t o each i n t e n s i t y band of 

the tomogram. For r e f e r e n c e purposes t h e o r d e r of c o l o u r s 

w i t h r e g a r d t o argon e m i s s i o n i n t e n s i t y i s g i v e n i n T a b l e 

3.3. 
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F i g u r e 3.12 S c h e m a t i c diagram o f t h e t o m o g r a p h i c a l 

system. 

S Y S T E M 
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Table 3.3 

Colour assignment f o r the i n t e n s i t y bands of the tomographical 

data. 

Band 

1 

2 

3 

4 

6 

6 

7 

8 

9 

10 

11 

12 

Colour 

Blue 

L i g h t blue 

Green 

L i g h t green 

Cyan 

L i g h t cyan 

Yellow 

Brown 

L i g h t Red 

Red 

L i g h t g r ^ y 

Black 

Argon emission 
i n t e n s i t y 

Low I n t e n s i t y 

High I n t e n s i t y 
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3.4.3 R e s u l t s and D i s c u s s i o n 

3.4.3.1 E f f e c t of S l u r r v Samples on Argon E m i s s i o n 

I n t e n s i t y 

For t h i s study t h r e e s e t s o f tomograms were o b t a i n e d from 

t h e DCP. Each s e t c o n s i s t s of f i v e tomograms, c o l l e c t e d 

a t a range of v i e w i n g h e i g h t s comparable w i t h t h e h e i g h t s 

used f o r the T^^^^ measurements i n S e c t i o n 3.2 i . e . 

approximately 1 mm a p a r t . The t h r e e s e t s d i f f e r e d o n l y i n 

the type of sample being a s p i r a t e d . I n one, no sample was 

a s p i r a t e d w i t h j u s t t he dry n e b u l i s e r gas r e a c h i n g t h e 

plasma. The second s e t was o b t a i n e d when i n t r o d u c i n g 

d i s t i l l e d water and the t h i r d s e t w i t h a 10% m/v k a o l i n 

s l u r r y sample being n e b u l i s e d . The s l u r r y sample 

c o n t a i n e d 1% m/v sodium pyrophosphate to a c t as a 

d i s p e r s a n t . The o p e r a t i n g c o n d i t i o n s of t h e DCP were 

mai n t a i n e d as d e s c r i b e d i n C h a p t e r 2. 

The tomograms a r e d i s p l a y e d i n P l a t e s 3.1-3,15. The 

tomograms a r e shown not by s e r i e s , but by sampling 

h e i g h t , so t h a t a comparison can be made between the t h r e e 

d i f f e r e n t samples a t the same o b s e r v a t i o n h e i g h t . 

From t h i s s e r i e s of tomograms t h e changes i n t h e argon 

e m i s s i o n i n t e n s i t y as the v i e w i n g h e i g h t i s moved up t h e 

plasma, i . e . towards the cathode, i s r e a d i l y n o t i c e a b l e . 

A l l t h r e e s e t s f o l l o w the same p a t t e r n . P l a t e s 3.1-3.3 

show the c r o s s - s e c t i o n through t h e plasma a p p r o x i m a t e l y 

2mm below the apex of t h e j o i n between t h e two plasma 

" l e g s " . P l a t e s 3.4-3.6 were t a k e n a p p r o x i m a t e l y ! mm 
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P l a t e 3.1 Tomogram of Argon e m i s s i o n a t the -2.0 mm 

v e r t i c a l v i e w i n g h e i g h t . Dry n e b u l i s e r gas 

only . 

P l a t e 3 Tomogram of Argon e m i s s i o n a t the -2.0 mm 

v e r t i c a l v i e w i n g h e i g h t . D i s t i l l e d water 

sample. 
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P l a t e 3.3 Tomogram of Argon emission a t the -2.0 mm 

v e r t i c a l viewing h e i g h t . 10% m/v s l u r r y 

sample. 

8 1 



P l a t e 3.4 Tomogram of Argon e m i s s i o n a t t h e -1.0 mm 

v e r t i c a l v i e w i n g h e i g h t . Dry n e b u l i s e r gas 

only . 

P l a t e 3.5 Tomogram of Argon e m i s s i o n a t t h e -1.0 mm 

v e r t i c a l v i e w i n g h e i g h t . D i s t i l l e d water 

sample. 
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P l a t e 3.6 Tomogram of Argon e m i s s i o n a t t h e -1.0 mm 

v e r t i c a l v i e w i n g h e i g h t . 10% m/v s l u r r y 

sample. 
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h i g h e r and can be d e s c r i b e d as b e i n g on the bottom edge of 

t h e a n a l y t i c a l zone. The next s e t ( P l a t e s 3.7-3.9) a r e of 

t h e apex of t h e i n v e r t e d Y. F o r a l l t h r e e a s p i r a t e d media 

the same t r e n d i s observed i n t h a t * t h e argon e m i s s i o n 

i n t e n s i t y o f t h e plasma d e c r e a s e s s l i g h t l y t h e f u r t h e r t he 

o b s e r v a t i o n i s away from the anodes. Of more 

importantance i s t h a t t h e r e i s no a p p r e c i a b l e d i f f e r e n c e 

between t h e tomograms f o r argon, d i s t i l l e d water or 10% 

m/v k a o l i n s l u r r y . T h i s absence of change i n the argon 

c o r e e m i s s i o n i s c o n t i n u e d through t h e plasma continuum as 

shown by P l a t e s 3,10-3.12 and even c l o s e r t o the cathode 

by P l a t e s 3.13-3.15. 

These o b s e r v a t i o n s supplement t h o s e from t h e '^BXC 

measurements. There, no change i n apparent "^QXC 

observed w i t h i n c r e a s i n g s l u r r y c o n c e n t r a t i o n , i n the 

absence of E I E ( 4 3 ) . T h e r e f o r e i t seems t h a t s l u r r y 

p a r t i c l e s do not seem t o a f f e c t e i t h e r the argon 

e x c i t a t i o n mechanisms or the "Thermal p i n c h " e f f e c t i n the 

DCP. 

The i n t e r n a l s t r u c t u r e of the DCP i s c l e a r l y i l l u s t r a t e d 

by t h e s e tomograms. The " c o o l e r " plasma margins and 

a n a l y t i c a l zone w i t h l e s s argon e m i s s i o n t o g e t h e r w i t h the 

" h o t t e r " plasma c o r e , i d e n t i f i e d by a continuum of 

s t r o n g l y e m i t t i n g argon plasma, can c l e a r l y be observed. 

Another a s p e c t c h a r a c t e r i s t i c o f t h e DCP i s t h a t of the 

two plasma " l e g s " . From the tomograms i t i s c l e a r t h a t 

one h a s a n o t i c e a b l y l a r g e r c r o s s - s e c t i o n and d i s p l a y s 
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P l a t e Tomogram of Argon e m i s s i o n a t the 0.0 mm 

v e r t i c a l v i e w i n g h e i g h t . Dry n e b u l i s e r gas 

o n l y . 

P l a t e 3.8 Tomogram of Argon e m i s s i o n a t the 0.0 mm 

v e r t i c a l v i e w i n g h e i g h t . D i s t i l l e d water 

sample. 
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P l a t e 3.9 Tomogram of Argon e m i s s i o n a t t h e 0.0 mm 

v e r t i c a l v i e w i n g h e i g h t . 10% m/v s l u r r y 

sample. 
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P l a t e 3.10 Tomogram of Argon e m i s s i o n a t t h e +1.0 mm 

v e r t i c a l v i e w i n g h e i g h t . Dry n e b u l i s e r gas 

only. 

P l a t e 3.11 Tomogram of Argon e m i s s i o n a t t h e +1.0 mm 

v e r t i c a l v i e w i n g h e i g h t . D i s t i l l e d water 

sample. 
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P l a t e 3.12 Tomogram of Argon e m i s s i o n a t t h e +1.0 mm 

v e r t i c a l v i e w i n g h e i g h t . 10% m/v s l u r r y 

sample. 
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P l a t e 3.13 Tomogram of Argon e m i s s i o n a t t h e +2.0 mm 

v e r t i c a l v i e w i n g h e i g h t . Dry n e b u l i s e r gas 

only. 

P l a t e 3.14 Tomogram of Argon e m i s s i o n a t t h e +2.0 mm 

v e r t i c a l v i e w i n g h e i g h t . D i s t i l l e d water 

sample. 
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P l a t e 3.15 Tomogram of Argon e m i s s i o n a t t h e +2.0 mm 

v e r t i c a l v i e w i n g h e i g h t . 10% m/v s l u r r y 

sample. 
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more i n t e n s e e m i s s i o n than t h e o t h e r one. T h i s non­

s y m m e t r i c a l behaviour can be minimised by a d j u s t i n g t h e 

angle between the two anodes and by a d j u s t i n g t h e s l e e v e 

argon gas flow, but i t can not be e l i m i n a t e d c o m p l e t e l y . 

3.4.3.2 E f f e c t of L i t h i u m on Argon E m i s s i o n I n t e n s i t y 

To show t h e e f f e c t of E I E upon t h e plasma argon e m i s s i o n 

two f u r t h e r s e r i e s o f tomograms were o b t a i n e d from the 

DCP. Both s e t s c o n t a i n e d f i v e tomograms, one from each of 

the v i e w i n g h e i g h t s d e s c r i b e d i n S e c t i o n 3.4.3.1. One s e t 

had o r d i n a r y d i s t i l l e d water a s p i r a t e d throughout and the 

o t h e r a 5 g dm"^ l i t h i u m s o l u t i o n . The t o m o g r a p h i c a l 

s e r i e s a r e shown, i n h e i g h t p a i r s , i n P l a t e s 3.16-3.25. 

Again, f o r both s e r i e s , t he non-symmetry of the plasma 

" l e g s " i s q u i t e n o t i c e a b l e . A l s o , t h e i n t e r n a l argon 

i n t e n s i t y d i s t r i b u t i o n i s seen i n t h e p r o g r e s s i o n from the 

anodes, through the a n a l y t i c a l zone, towards t h e cathode. 

What i s most marked i s the l a r g e d e c r e a s e i n t h e argon 

e m i s s i o n i n the p r e s e n c e of 5 g dm"-̂  l i t h i u m . T h i s i s not 

so marked between P l a t e s 3.16 and 3.17 s i n c e t h i s i s too 

f a r away from the plasma c o r e , and l i t h i u m c o n t a c t w i t h 

i t , f o r any e f f e c t to be observed. However t h e tomograms 

from t h e bottom edge of the a n a l y t i c a l zone. P l a t e s 3.18 

and 3.19, show a marked e f f e c t c aused by t h e l i t h i u m . The 

two l e g s a r e much l e s s i n t e n s e i n t h e p r e s e n c e of l i t h i u m 

t h an w i t h o u t . T h i s i s h i g h l i g h t e d even more by P l a t e s 

3.20 and 3.21. These were t a k e n a t t h e apex of the 

a n a l y t i c a l zone a s shown by P l a t e 3.20. Again t h e r e has 
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P l a t e 3.16 Tomogram of Argon e m i s s i o n a t t h e -2.0 mm 

v e r t i c a l v i e w i n g h e i g h t . D i s t i l l e d water 

sample. 

P l a t e 3.17 Tomogram of Argon e m i s s i o n a t t h e -2.0 mm 

v e r t i c a l v i e w i n g h e i g h t . 5 g dm~^ l i t h i u m 

s o l u t i o n . 
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P l a t e 3.18 Tomogram of Argon e m i s s i o n a t t h e -1.0 mm 

v e r t i c a l v i e w i n g h e i g h t . D i s t i l l e d water 

sample. 

P l a t e 3.19 Tomogram of Argon e m i s s i o n a t t h e -1.0 

v e r t i c a l v i e w i n g h e i g h t . 5 g dm"^ l i t h i u m 

s o l u t i o n . 
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P l a t e 3.20 Tomogram of Argon e m i s s i o n a t t h e 0.0 mm 

v e r t i c a l v i e w i n g h e i g h t . D i s t i l l e d water 

sample. 

P l a t e 3.21 Tomogram of Argon e m i s s i o n a t t h e 0.0 mm 

v e r t i c a l v i e w i n g h e i g h t . 5 g dm~^ l i t h i u m 

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

" d i s t i l l e d water" tomograms ( P l a t e s 3.16 and 3,18) t a k e n 

c l o s e r t o the two anodes. However compared t o the 

tomogram obtained u s i n g l i t h i x i m s o l u t i o n s a t t h i s h e i g h t , 

a change has o c c u r r e d t o t h e plasma s t r u c t u r e . The a r e a 

of argon e m i s s i o n has c o n t r a c t e d . Other o b s e r v e r s have 

d e s c r i b e d t h i s p r o c e s s by s a y i n g t h a t t h e plasma becomes 

o p t i c a l l y t h i n and moves towards t h e cathode upon E I E 

a d d i t i o n (14,27). Although t h e argon e m i s s i o n i s much 

reduced the plasma body o r "Thermal p i n c h " i s s t i l l 

p r e s e n t p r o v i d i n g an i m p e n e t r a b l e plasma c o r e . The 

d e c r e a s e i n argon e m i s s i o n i n t e n s i t y and plasma a r e a i s 

due t o the l i t h i u m " c o o l i n g " t h e plasma by r a d i a t i v e 

r e d i s t r i b u t i o n of energy, a s d e s c r i b e d i n S e c t i o n s 3.2 

and 3.3. Because o f t h i s , t h e c o r e argon can not 

c a r r y the e n t i r e c u r r e n t l o a d i n g , and t h e r e f o r e some of 

the c u r r e n t i s c a r r i e d by argon i n the plasma margins o r 

the l i t h i u m i t s e l f . 

The s e r i e s c o n t i n u e s w i t h P l a t e s 3.22 and 3.23. These a r e 

of t h e continuum above the a n a l y t i c a l zone, and a g a i n the 

r e d u c t i o n i n argon i n t e n s i t y and plasma a r e a on l i t h i u n 

a d d i t i o n i s c l e a r l y seen. I n a d d i t i o n t h e c o r e e m i s s i o n 

i s becoming more i n t e n s e i . e . " h o t t e r " ( P l a t e 3.22) a s the 

cathode i s approached. T h i s i s confirmed by P l a t e s 3.24 

and 3.25 although t he tomogram produced u s i n g t h e l i t h i u m 

s o l u t i o n i s s t i l l much l e s s i n t e n s e than t h e d i s t i l l e d 

water tomogram. 
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P l a t e 3.22 Tomogram of Argon e m i s s i o n a t t h e +1.0 mm 

v e r t i c a l v i e w i n g h e i g h t . D i s t i l l e d water 

sample. 

P l a t e 3.23 Tomogram of Argon e m i s s i o n a t t h e +1.0 mm 

v e r t i c a l v i e w i n g h e i g h t . 5 g dm'-̂  l i t h i 

s o l u t i o n . 
um 
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P l a t e 3.24 Tomogram of Argon e m i s s i o n a t t h e +2.0 mm 

v e r t i c a l v i e w i n g h e i g h t . D i s t i l l e d w a t e r 

sample. 

P l a t e 3.25 Tomogram of Argon e m i s s i o n a t t h e +2.0 mm 

v e r t i c a l v i e w i n g h e i g h t . 5 g dm"^ l i t h i u m 

s o l u t i o n . 
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3.5 CONCLUSIONS 

I t has been shown t h a t when u s i n g t h e atomic r e l a t i v e l i n e 

r a t i o method the TQ^C d e c r e a s e s f o r s l u r r y c o n c e n t r a t i o n s 

> 10% m/v i n the p r e s e n c e of 5 g dm"-̂  l i t h i u m . U s i n g the 

s i m p l e x o p t i m i s a t i o n procedure t h i s d e c r e a s e i n T^^^^ f o r 

h i g h c o n c e n t r a t i o n s l u r r i e s , can be somewhat negated by 

the use of h i g h e r c o n c e n t r a t i o n s of E I E a d d i t i o n . I t was 

shown t h a t i n accordance w i t h t h e M i l l e r model (14) atomic 

l i n e e x c i t a t i o n i n v o l v e s a d d i t i o n a l s t e p s which a r e more 

prone t o E I E induced changes i n t h e plasma. I t i s 

suggested t h a t t h e s e atomic e x c i t a t i o n s t e p s c a n be 

d i s r u p t e d by high s l u r r y c o n c e n t r a t i o n s i n the p r e s e n c e of 

E I E . T h i s can be compensated f o r by a l i n e a r i n c r e a s e i n 

E I E w i t h s l u r r y c o n c e n t r a t i o n s above 10% m/v. I n 

p r a c t i c a l terms t h i s s u g g e s t s t h e use of i o n i c l i n e s when 

h i g h c o n c e n t r a t i o n s l u r r y samples a r e t o be a n a l y s e d i n 

t h e p r e s e n c e of E I E . 

I n i t i a l s p a t i a l s t u d i e s u s i n g computerised tomography has 

s p a t i a l l y confirmed many of t h e proposed mechanisms about 

argon e m i s s i o n i n the DCP. The t e c h n i q u e was used w i t h 

both s l u r r y and E I E samples and the r e s u l t s i n d i c a t e d t h a t 

tomography c o u l d become a powerful d i a g n o s t i c t o o l f o r 

plasma s o u r c e s . 

98 



CHAPTER 4 ABRASION I N CHINA CIAY 

4.1 IDENTIFICATION OF ELEMENTAL MARKERS FOR ABRASION 

As d i s c u s s e d i n C h a p t e r 1, t h e a b r a s i v e p r o p e r t i e s o f 

c h i n a c l a y a r e caused by m i n e r a l i m p u r i t i e s t h a t a r e 

i n h e r e n t l y h a r d e r t h a n k a o l i n i t e , a l t h o u g h t h e y may n o t 

n e c e s s a r i l y e x i s t as l a r g e r p a r t i c l e s . The i m p u r i t i e s a r e 

t h e r e m a i n s f r o m r e s i d u a l , o r p r i m a r y , k a o l i n i s a t i o n o f 

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

w e a t h e r i n g p r o c e s s e s . The k a o l i n i t e - r i c h p r o d u c t p r o d u c e d 

by t h e f r o t h f l o t a t i o n p r o c e s s ( o u t l i n e d i n C h a p t e r 1 , 

S e c t i o n 1.1.4) c o n t a i n s between 5-15% m i n e r a l i m p u r i t i e s 

d e p e n d i n g on t h e o p e r a t i n g p a r a m e t e r s f o t h e p l a n t . The 

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

k a o l i n i s a t i o n p r o c e s s a r e shown i n T a b l e 4.1 t o g e t h e r w i t h 

t h e i r Mohr ( h a r d n e s s ) v a l u e s . A l s o l i s t e d a r e t h o s e 

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

m i n e r a l s ( 3 - 5 , 6 8 , 6 9 ) . 

Gray (53) has a l r e a d y e s t a b l i s h e d s t r o n g l i n k s between 

b o r o n , b a r i u m , vanadium and a b r a s i o n u s i n g s l u r r y 

a t o m i s a t i o n - ICP-AES. L i t h i u m , r u b i d i u m and c e s i u m were 

a l s o i d e n t i f i e d as e l e m e n t a l m a r k e r s b u t due t o 

i n s t r u m e n t a l r e s t r i c t i o n s were n o t q u a n t i t a t i v e l y 

d e t e r m i n e d . These i n i t i a l s t u d i e s have, been e x t e n d e d 

f u r t h e r by p e r f o r m i n g a c o m p r e h e n s i v e e l e m e n t a l s c an o f 

t h e p e r i o d i c t a b l e by DCP-AES. Two 10% m/v samples f r o m 

t h e f l o t a t i o n p l a n t were a n a l y s e d . The f i r s t o f t h e s e was 

a p r o d u c t c l a y ( E i n l e h n e r a b r a s i o n v a l u e 78) and t h e 
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Table 4.1 

Minerals produced by the Ka o l i n i s a t i o n of granite with associated 

elements. 

Mineral 

Kaolin 

Muscovite 

Anatase 

Potassium Feldspar 

Rutile 

Tourmaline 

Quartz 

Hohr Value Associated Trace and Minor 
Elements 

2.0-2.5 Hg, Ca, Fe, L i 

2.5-3.0 V, Rb, Cs, L i , K, Na. Mn, 

T i , Cr, Hg 

5.5 - (S.O Ti 

6.0 - 6.5 Ba 

6.0-6.5 Fe, Wb 
7.5 B (major), Mn, L i , Na, 

Ca, Mg 
7.0 - 7.5 
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second a r e s i d u e c l a y ( E i n l e h n e r a b r a s i o n v a l u e 3 2 8 ) . 

From t h i s e l e m e n t a l scan s e v e r a l o t h e r e l e m e n t s were 

i d e n t i f i e d as s h o w i n g a s i g n i f i c a n t d i f f e r e n c e i n 

c o n c e n t r a t i o n between t h e two samples. S i x ( l a n t h a n i u m , 

neodymium, praseodymium, r h o d i u m , y t t r i u m and y t t e r b i u m ) 

were a l l i d e n t i f i e d , b u t a t c o n c e n t r a t i o n s v e r y n e a r o r on 

t h e d e t e c t i o n l i m i t s f o r DCP-AES- These e l e m e n t s were 

t h e r e f o r e n o t deemed s u i t a b l e f o r f u r t h e r i n v e s t i g a t i o n . 

R u b i d ium, a t 421.556 nm, a l s o l o o k e d v e r y p r o m i s i n g a t 

f i r s t , b u t s p e c t r a l o v e r l a p f r o m s t r o n t i u m (421.552 nm) 

and s p e c t r a l i n t e r f e r e n c e f r o m c a l c i u m (422.673 nm) 

r e n d e r e d i t u n s u i t a b l e . T h e r e f o r e s i x e l e m e n t s : b a r i u m , 

b o r o n , c a l c i u m , s t r o n t i u m , t i t a n i u m and vanadium, were 

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

a b r a s i o n . 

4.2 INTERNAL STANDARDS 

Due t o t h e v a r y i n g p r o p e r t i e s ( s l u r r y c o n c e n t r a t i o n , 

p a r t i c l e s i z e and v i s c o s i t y ) o f s l u r r y samples o b t a i n e d 

f r o m t h e f l o t a t i o n p l a n t , some f o r m o f i n t e r n a l c o r r e c t i o n 

p r o c e d u r e was r e q u i r e d . T h i s p r o c e d u r e had t o compensate 

f o r t r a n s p o r t o r a t o m i s a t i o n e f f e c t s ( d e s c r i b e d i n 

C h a p t e r s 2 and 3) as w e l l as t h e p r e d i c t i o n o f s l u r r y 

c o n c e n t r a t i o n . 

For t h e i n i t i a l a b r a s i o n s t u d y , t h i r t y - s i x samples were 

c o l l e c t e d f r o m t h e G o v e r s e t h f r o t h f l o t a t i o n p l a n t (ECC 

I n t e r n a t i o n , S t . A u s t e l l ) o v e r a p e r i o d o f f o u r days. On 

each day t h r e e s e t s o f s l u r r y samples a t d i f f e r e n t s e t 
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r e c o v e r i e s were c o l l e c t e d - Each s e t c o n s i s t e d o f a f e e d , 

p r o d u c t and r e s i d u e sample t a k e n a t p l a n t r e c o v e r i e s o f 

35%, 55% and 75%. 

4,2.1 Aluminium and S i l i c o n 

K a o l i n p r o v i d e s t wo i n t r i n s i c i n t e r n a l s t a n d a r d s , 

a l u m i n i u m and s i l i c o n . T h e i r r e l a t i v e c o n c e n t r a t i o n s do 

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

f l o t a t i o n p l a n t , b u t o n l y t o t h e d e g r e e o f 2 - 3%. 

E a r l i e r work, by Gray ( 5 6 ) , has shown a good c o r r e l a t i o n 

( r = 0.82) between t h e measured s i l i c o n c o n t e n t , by s l u r r y 

a t o m i s a t i o n ICP-AES, and p e r c e n t a g e s l u r r y m/v, 

( d e t e r m i n e d g r a v i m e t r i c a l l y ) . The t h i r t y - s i x samples 

d e s c r i b e d above were a n a l y s e d f o r a l u m i n i u m and s i l i c o n 

u s i n g t h e a l u m i n i u m I 396.150 nm and s i l i c o n I 288.158 nm 

l i n e s . S t a n d a r d DCP i n s t r u m e n t a l c o n d i t i o n s as d e s c r i b e d 

above ( C h a p t e r 2, S e c t i o n 2.2) were u s e d . Samples were 

p r e p a r e d by t h e a d d i t i o n o f 0.5% v / v ammonia s o l u t i o n 

(AnalaR, s.g. 0.880, 35%, BDH, P o o l e , D o r s e t , UK) as a 

d i s p e r s e n t , and c o n t a i n e d 5 g dm~^ l i t h i u m s o l u t i o n 

( l i t h i x i m c a r b o n a t e , AnalaR, BDH, P o o l e , D o r s e t , UK) as a 

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

o r i g i n a l s l u r r y samples were d i l u t e d by a f a c t o r o f 100 

b e f o r e t h e ammonia and l i t h i u m were added. T h i s was 

because t h e s i l i c o n o x i d e c o n t e n t o f c l a y i s i n t h e r a n g e 

o f 45 - 50% m/m, so t h a t an 18% m/m s l u r r y sample w o u l d 

have a s i l i c o n c o n c e n t r a t i o n f a r above t h e l i n e a r w o r k i n g 

r a n g e o f DCP-AES f o r t h e s i l i c o n l i n e u sed. The 

c o r r e l a t i o n between t h e s e two e l e m e n t s and s l u r r y 
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c o n c e n t r a t i o n were s i m i l a r , r = 0.955, as shown i n F i g u r e s 

4,1 and 4.2. T h i s improvement o v e r t h e e a r l i e r v a l u e o f r 

= 0.82 i s p r o b a b l y due t o t h e f a c t t h a t t h e f e e d c l a y 

d e n s i t y was r e g u l a t e d i n l a t e r w o r k , b e f o r e p a s s i n g 

t h r o u g h t h e f l o t a t i o n p l a n t . T h i s i s t h e cause o f t h e 

t i g h t c l u s t e r o f f e e d d a t a p o i n t s i n b o t h F i g u r e s 4.1 and 

4.2, and hence t h e r e a s o n f o r t h e im p r o v e m e n t i n t h e 

c o r r e l a t i o n c o e f f i c i e n t s . 

4.2.2 R a t i o Procedure 

To p r e d i c t t h e a b r a s i v e n e s s o f t h e t h r e e t y p e s o f samples 

f r o m t h e f l o t a t i o n p l a n t a r a t i o p r o c e d u r e was employed. 

T h i s was used t o compensate f o r s l u r r y c o n c e n t r a t i o n , 

v i s c o s i t y and t e m p e r a t u r e e f f e c t s . As d i s c u s s e d i n 

S e c t i o n 4.2.1, a l u m i n i u m and s i l i c o n c a n be used t o 

c o r r e c t f o r v a r y i n g s l u r r y c o n c e n t r a t i o n . S i n c e t h e 

a l u m i n i u m and s i l i c o n s i g n a l s f r o m t h e samples o r i g i n a t e 

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

c o r r e c t , t o some e x t e n t , f o r any d i f f e r e n c e s e n c o u n t e r e d 

i n e m i s s i o n s i g n a l between samples, c a u s e d by t h e 

t e m p e r a t u r e and t r a n s p o r t a t i o n e f f e c t s o f v a r y i n g s l u r r y 

s amples. 

For t h e r a t i o p r o c e d u r e each sample was a n a l y s e d f o r t h e 

s i x e l e m e n t s i d e n t i f i e d i n Section 4 . 1. The a n a l y t e 

s i g n a l s were t h e n d i v i d e d by t h e s i l i c o n o r a l u m i n i u m 

s i g n a l s . Thus, assuming t h a t f o r t h e same s l u r r y 

c o n c e n t r a t i o n t h e a l u m i n i u m and s i l i c o n c o n t e n t s f o r t h e 

t h r e e t y p e s o f samples a r e t h e same, t h e r e w o u l d be 
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c o r r e c t i o n f o r s l u r r y c o n c e n t r a t i o n p l u s any e f f e c t s due 

t o changes i n s l u r r y c o n c e n t r a t i o n as d i s c u s s e d above. 

T h i s a p p r o a c h has been used s u c c e s s f u l l y by Mackey and 

Murphy f o r t h e s l u r r y a n a l y s i s o f z e o l i t e s b y ICP-AES 

( 7 0 ) . These w o r k e r s were a b l e t o d e t e r m i n e t h e sod i u m : 

a l u m i n i u m and p o t a s s i u m : a l u m i n i u m r a t i o s o f z e o l i t e 

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

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

4.3 I N I T I A L ELEMENTAL ANALYSIS 

A s e r i e s o f samples were p r e p a r e d as i n S e c t i o n 4.2.1 and 

a n a l y s e d by DCP-AES. The e l e m e n t s d e t e r m i n e d , t o g e t h e r 

w i t h t h e w a v e l e n g t h s used, a r e shown i n T a b l e 4.2. No 

ba c k g r o u n d c o r r e c t i o n p r o c e d u r e was used and c a l i b r a t i o n 

was a c h i e v e d by u s i n g aqueous s t a n d a r d s . For t h e s e f i r s t 

s e t o f a n a l y s e s a l u m i n i u m was n o t d e t e r m i n e d . 

4.3.1 C o r r e l a t i o n between I n d i v i d u a l E l e m ents and 

A b r a s i o n 

Of t h e t h i r t y - s i x samples i n t h e sample s e t o n l y t h i r t y -

t h r e e were a n a l y s e d i n t h i s s t u d y . T h i s was because t h r e e 

o f t h e E i n l e h n e r a b r a s i o n v a l u e s ( s u p p l i e d by ECCI) were 

deemed i n v a l i d f o r v a r i o u s r e a s o n s . The d e t e r m i n e d 

e l m e n t a l c o n c e n t r a t i o n s f o r t h e s i x e l e m e n t s were r a t i o e d 

t o t h e i r d e t e r m i n e d s i l i c o n c o n c e n t r a t i o n s as d e s c r i b e d i n 

S e c t i o n 4,2.3, and a l s o w i t h s l u r r y c o n c e n t r a t i o n d a t a . 

L i n e a r c o r r e l a t i o n c o e f f i c i e n t s f o r t h e r a t i o e d d a t a f o r 

i n d i v i d u a l e l e m e n t s w i t h a b r a s i o n a r e shown i n T a b l e 4.3 
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Table 4.2 

Elements and wavelengths used f o r i n i t i a l Abrasion study 

Element Wavelength/nm Order 

B 249.773 I 90 

T i 323.456 I I 70 

Sr 407.771 l i 55 

Ba 455.403 I I 49 

V 309.311 I I 73 

Ca 445.475 I 50 

Si 212.415 I 106 

Al 396.152 I 57 

Table 4.3 

Linear c o r r e l a t i o n c o e f f i c i e n t s of the r e l a t i o n s h i p s between 

Einlehner abrasion values and elemental Data. The elemental 

data being r a t i o e d to s i l i c o n as well as s l u r r y concentration. 

Eleaent C o r r e l a t i o n C o e f f i c i e n t ( r ) 

Slurry Concentration 
r a t i o e d data 

S i l i c o n 
r a t i o e d data 

Ca -0.351 0.545 

Sr 0.322 0.374 

3a 0.399 0.340 

3 0.262 0.371 
•T 
1 -0.573 0.233 

0.442 0.706 
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F i g u r e 4,3 R e l a t i o n s h i p b etween b o r o n a nd E i n l e h n e r 

a b r a s i o n v a l u e s . A) s i l i c o n r a t i o e d d a t a and 

B) s l u r r y c o n c e n t r a t i o n r a t i o e d d a t a . 
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F i c m r e 4.4 
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F i g u r e 4.5 

s 
O 

s 

350 I -

300 h 

250 h 

200 \-

130 h 

100 f-

R e l a t i o n s h i p b e t w e e n b a r i u m a n d E i n l e h n e r 

a b r a s i o n v a l u e s . A) s i l i c o n r a t i o e d d a t a and 

B) s l u r r y c o n c e n t r a t i o n r a t i o e d d a t a . 

0.0000 .0003 .0010 
BARIUM/SILICON RATIO 

0013 0020 

m 

330 f. 

300 h 

250 f-

200 f-

130 H 

100 h 

20 10 40 20 60 
BAfllUX/SLURRY CCNCEMTRATICN RATIO" 

70 

110 



F i c m r e 4.6 

s 

390 I -

300 h 

290 \-

200 h 

190 h 

100 K 

R e l a t i o n s h i p b e t w e e n t i t a n i u m a n d E i n l e h n e r 

a b r a s i o n v a l u e s . A) s i l i c o n r a t i o e d d a t a and 

B) s l u r r y c o n c e n t r a t i o n r a t i o e d d a t a . 

00001 00002 00003 .00004 .00009 
TITANIUH/SILICON RATIO 

00008 

390 r-

300 h 

290 f-

a 200 ^ 

190 h 

100 h 

50 k 

1.2 1.7 2.2 
TITANlL'JI/a.URRY CCNC£.HTnAT:CN RATIO 

2.7 

111 



F i g u r e 4.7 
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F i g u r e 4-8 
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and d i a g r a m m a t i c a l l y i n F i g u r e s 4,3 - 4.8, 

A c o m p a r i s o n o f t h e two s e t s o f c o r r e l a t i o n c o e f f i c i e n t s 

( T a b l e 4 . 3 ) , shows t h a t f o r t h r e e e l e m e n t s B, Ba and Sr 

t h e r e i s l i t t l e d i f f e r e n c e between s l u r r y and s i l i c o n 

r a t i o e d d a t a . A l t h o u g h t i t a n i u m shows a i m p r o v e d 

c o r r e l a t i o n w i t h i n t e r n a l s t a n d a r d r a t i o e d d a t a , t h e 

c a l c i u m and vanadium c o r r e l a t i o n s d e c r e a s e s i g n i f i c a n t l y . 

T h i s , p l u s a s t u d y o f F i g u r e s 4.3 - 4.8, i n d i c a t e s t h a t 

each e l e m e n t may n o t have a l i n e a r r e l a t i o n s h i p w i t h 

a b r a s i o n . C e r t a i n l y c a l c i u m , v anadium and t i t a n i u m i n t h e 

p r o d u c t c l a y s ( E i n l e h n e r v a l u e s 30 - 1 1 0 ) , seem t o e x h i b i t 

a d i f f e r e n t r e l a t i o n s h i p t h a n t h a t o f t h e f e e d ( E i n l e h n e r 

a b r a s i o n v a l u e s 140 - 220) and r e s i d u e c l a y s ( E i n l e h n e r 

a b r a s i o n v a l u e s 150 - 3 5 0 ) . 

4.3.2 P r e l i m i n a r y M u l t i p l e R e g r e s s i o n A n a l y s i s 

A p r e d i c t o r model f o r a b r a s i o n was o b t a i n e d u s i n g m u l t i p l e 

r e g r e s s i o n a n a l y s i s . The M i n i t a b s t a t i s t i c a l package 

( V e r s i o n 5.1.3, V.S. F e d e r a l Government U s e r s , U.S.A., 

1985) was used on a Prime 950 m a i n f r a m e c o m p u t e r . The 

p r e d i c t o r s used were t h e s i x e l e m e n t s d e t e r m i n e d above, 

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

o r s l u r r y c o n c e n t r a t i o n . The r e g r e s s i o n a n a l y s i s 

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

e l e m e n t a l d a t a ) i n c l u d e d i n t h e d a t a b a s e . S t a t i s t i c a l t -

v a l u e s were o b t a i n e d and t h e p r e d i c t o r w i t h t h e l o w e s t t -

v a l u e was d i s c a r d e d . The t - v a l u e s a r e an i n d i c a t i o n o f an 

i n d i v i d u a l p r e d i c t o r s s i g n i f i c a n c e t o t h e r e g r e s s i o n 
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model. T h i s i s a f t e r t a k i n g i n t o a c c o u n t t h e 

c o n t r i b u t i o n s of the o t h e r p r e d i c t o r s . The r e g r e s s i o n 

a n a l y s i s was performed a g a i n w i t h t h e m o d i f i e d d a t a b a s e 

and new t - v a l u e s o b t a i n e d . T h i s p r o c e d u r e was r e p e a t e d 

u n t i l a l l t h e remaining p r e d i c t o r t - v a l u e s were 

s i g n i f i c a n t a t the 5% l e v e l . When t h i s o c c u r r e d t h e 

r e g r e s s i o n a n a l y s i s was c o n s i d e r e d complete. The computer 

package p r o v i d e s a r e g r e s s i o n model a s i n e q u a t i o n 4.1 and 

a r e g r e s s i o n c o e f f i c i e n t R-squared, i n p e r c e n t . The 

r e g r e s s i o n c o e f f i c i e n t i s a measure o f how much of t h e 

v a r i a t i o n i n the dependant d a t a ( i n t h i s c a s e a b r a s i o n ) 

may be e x p l a i n e d by the r e g r e s s i o n model. 

Dependent = BQ + B-^x-^ + 8 2 X 3 ... B^x^ + e E q u a t i o n 4.1 
v a r i a b l e 

BQ = Constant ( i n t e r c e p t ) 

^l"^m ^ C o n s t a n t s ( s l o p e o r s e n s i t i v i t y ) 

X j ^ - X j j j = P r e d i c t o r s 

m = Number of p r e d i c t o r s 

e = e r r o r 

4.3.2.1 R e s u l t s and D i s c u s s i o n 

The r e g r e s s i o n procedure above was implemented on t h e 

e l e m e n t a l d a t a o b t a i n e d i n S e c t i o n 4.3. The e l e m e n t a l 

d a t a f o r each sample was r a t i o e d t o i t s s i l i c o n s i g n a l . 

The f i n a l r e g r e s s i o n model had a R-squared v a l u e of 85.7% 

and i s shown i n eq u a t i o n 4.2. 

Abr = 39,4 - 14031 Ca + 801566 S r + 98006 Ba 

E q u a t i o n 4.2 
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I n t h i s c a s e Abr i s the E i n l e h n e r a b r a s i o n u n i t s , Ca, S r 

and Ba a r e the c a l c i u m , s t r o n t i u m and barium e l e m e n t a l 

p r e d i c t o r s . 

From a study of t h e i n d i v i d u a l e l e m e n t a l r e l a t i o n s h i p s 

w i t h a b r a s i o n i t may seem s u r p r i s i n g t h a t boron i s not 

i n c l u d e d i n t h e r e g r e s s i o n model. With m u l t i p l e 

r e g r e s s i o n i t i s not always the c a s e t h a t t h e b e s t ( o r one 

of t h e b e s t ) i n d i v i d u a l p r e d i c t o r i s i n c l u d e d i n the f i n a l 

model. T h i s i s because i f boron d e p i c t s t h e same, or even 

l e s s , v a r i a t i o n i n a b r a s i o n than say s t r o n t i u m and barium 

t o g e t h e r , then, although a good i n d i v i d u a l p r e d i c t o r , t h e 

boron c o n t r i b u t i o n i s not deemed s i g n i f i c a n t . That i s t o 

say the model g i v e s boron a low t - v a l u e and t h i s would be 

e l i m i n a t e d under t h e procedure o u t l i n e d i n S e c t i o n 4.3.2, 

The R-squared v a l u e of 85.7% was seen a s v e r y encouraging, 

although a study of the r e s i d u a l s from t h e model, shown i n 

F i g u r e 4.9, caused some concern. The r e s i d u a l p l o t 

e x h i b i t s a t r e n d i n d i c a t i n g t h a t t h e model o v e r p r e d i c t s 

f o r low a b r a s i o n samples (p r o d u c t s ) and u n d e r - p r e d i c t s f o r 

h i g h a b r a s i o n samples ( i n c l u d i n g r e s i d u e s ) . T h i s means 

t h a t the r e g r e s s i o n model e i t h e r l a c k s s u f f i c i e n t , o r the 

c o r r e c t , i n f o r m a t i o n . I f the model was s a t i s f a c t o r y , then 

t h e r e s i d u a l p l o t would e x h i b i t random s c a t t e r above and 

below zero. A l t e r n a t i v e l y o t h e r c o n t r i b u t i n g f a c t o r s may 

be p r e s e n t and one p o s s i b i l i t y c o u l d be t h e complex 

r e l a t i o n s h i p e x h i b i t e d by s e v e r a l elements w i t h a b r a s i o n 

as shown i n F i g u r e s 4.3 - 4.8. 
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4.4 SECOND ELEMENTAL ANALYSIS 

During t h e a n a l y s i s o f t h e samples d e s c r i b e d i n S e c t i o n 

4.3 s e v e r a l a n a l y t i c a l problems were encountered. The 

f i r s t was t h a t the vanadium r e s u l t s were r a t h e r h i g h e r 

than expected. I t was r e a l i s e d t h a t t h e aluminium I 

309.271 nm l i n e s t r o n g l y a f f e c t e d t h e vanadium I I 309.311 

nm l i n e . T h i s was due t o t h e h i g h aluminium c o n c e n t r a t i o n 

p r e s e n t i n the k a o l i n . T h e r e f o r e , f o r subsequent a n a l y s i s 

t h e vanadium I I 292.403 nm l i n e was used. I t was a l s o 

n o t i c e d t h a t f o r s e v e r a l elements the c l a y samples 

e x h i b i t e d an e l e v a t e d background s i g n a l compared t o t h a t 

o f t h e aqueous s t a n d a r d s . A background c o r r e c t i o n 

procedure was t h e r e f o r e employed where the background 

s i g n a l f o r each sample was o b t a i n e d by s c a n n i n g of the 

e m i s s i o n peak and s u b t r a c t i n g t h i s s i g n a l from the peak 

s i g n a l . The samples were p r e p a r e d and a n a l y s e d by DCP-AES 

a s d e s c r i b e d i n S e c t i o n 4.3 u s i n g t he background 

c o r r e c t i o n procedure e x p l a i n e d above. 

Fo r t h i s and l a t e r work t h e DCP's d a t a a c q u i s i t i o n 

computer was bypassed and the d e t e c t o r l i n k e d t o a BBC B+ 

microcomputer (Acorn L t d . , Cambridge, U.K.). T h i s a l l o w e d 

t h e background c o r r e c t i o n procedure, and a l l i n s t r u m e n t a l 

d a t a c o l l e c t i o n and m a n i p u l a t i o n , t o be implemented on­

l i n e by computer. 

118 



4.4.1 C o r r e l a t i o n between I n d i v i d u a l Elements and 

A b r a s i o n 

The e l e m e n t a l d a t a o b t a i n e d from t h e second a n a l y s i s of 

the f l o t a t i o n samples were r a t i o e d t o t h e i r aluminium, 

s i l i c o n and s l u r r y c o n c e n t r a t i o n d a t a . I n d i v i d u a l 

e l e m e n t a l l i n e a r c o r r e l a t i o n s w i t h a b r a s i o n f o r a l l t h r e e 

d a t a s e t s were obtained. These a r e p r e s e n t e d i n T a b l e 4.4 

and shown g r a p h i c a l l y i n F i g u r e s 4.10 - 4.27. 

From an a p p r a i s a l of the c o r r e l a t i o n c o e f f i c i e n t s and 

graphs f o r a l l t h r e e t y p e s of r a t i o e d d a t a s e v e r a l 

c o n c l u s i o n s can be deduced. Comparing t h e aluminium and 

s i l i c o n r a t i o e d data w i t h t h a t o b t a i n e d by r a t i o i n g w i t h 

s l u r r y c o n c e n t r a t i o n demonstrates t h a t t h e f i r s t two a r e 

the p r e f e r r e d methods w i t h r e s p e c t t o r - v a l u e s and the 

s c a t t e r o f t h e d a t a . There s e e n s l i t t l e t o d i f f e r e n t i a t e 

between the aluminium and s i l i c o n r a t i o e d d a t a e x c e p t i n 

t h e c a s e of t i t a n i u m . Here t h e d a t a shows a more l i n e a r 

r e l a t i o n s h i p w i t h a b r a s i o n when r a t i o e d to aluminium than 

w i t h s i l i c a . The use of background c o r r e c t i o n f o r t h e 

second a n a l y s e s d i d not produce any s i g n i f i c a n t e f f e c t on 

the c o r r e l a t i o n s of boron, c a l c i u m , t i t a n i u m , s t r o n t i u m . 

Vanadium showed a marked improvement although t h i s may be 

due t o the changing of the wavelength r a t h e r than t h e 

background c o r r e c t i o n procedure. The r e l a t i o n s h i p f o r 

barium changed from being s i m i l a r t o boron and s t r o n t i u m 

t o m i r r o r i n g t h a t of c a l c i u m . 
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Table 4.4 

Linear c o r r e l a t i o n c o e f f i c i e n t s of the r e l a t i o n s h i p between 
Einlehner abrasion values and elemental data. The elemental 
data being r a t i o e d t o measured aluminium, s i l i c o n and s l u r r y 
c o n c e n t r a t i o n s . 

Element C o r r e l a t i o n C o e f f i c i e n t ( r ) 

Aluminium 
r a t i o e d data 

S i l i c o n 
r a t i o e d data 

S l u r r y C o n c e n t r a t i o n 
r a t i o e d d a t a 

Ca 0.628 0.605 0.310 

B 0.916 0.919 0.905 

Ba 0.586 0.562 0.233 

Sr 0.899 0.562 0.847 

V 0.650 0.577 -0.319 

T i 0.802 0.614 0.445 
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F i g u r e 4.10 R e l a t i o n s h i p between t h e boron:aluminium 

r a t i o d a t a and E i n l e h n e r a b r a s i o n v a l u e s . 

• 

350 r 

a 

0.00 .10 .19 
BGRON/AUJMXNZIJM RATia 

20 .29 

F i g u r e 4.11 R e l a t i o n s h i p between t h e s t r o n t i u m : a l u m i n i u m 

r a t i o d a t a and E i n l e h n e r a b r a s i o n v a l u e s . 
B 

330 f 

300 f-

290 f-

2 200 f-

150 h 

100 H 

50 h 

0.000 005 .010 .015 
STK0NTIl>/AUJJ4rNIl> RATIO 

Q20 .025 
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F i g u r e 4.12 R e l a t i o n s h i p between t h e barium:aluminium 

r a t i o d a t a and E i n l e h n e r a b r a s i o n v a l u e s . 
390 I -

300 h-

230 ^ 

200 h 

ISO h 

100 h 

0.00 ,10 .ig 
BAflZUN/AUMZNIUN RATIO 

.20 

F i q u r e 4 . 1 3 R e l a t i o n s h i p between t h e titanium:aluminium. 

r a t i o d a t a and E i n l e h n e r a b r a s i o n v a l u e s . 
390 

300 

250 

200 

150 

100 

50 h 

302 .003 .004 
TITANI04 /ALL5IIHrui4 RATIO 
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F i g u r e 4-14 R e l a t i o n s h i p between t h e c a l c i u m : a l u m i n i u m 

r a t i o d a t a and E i n l e h n e r a b r a s i o n v a l u e s . 

.08 .11 
CALCIUM/AUMZNIUN RATIO 

14 

F i g u r e 4.15 R e l a t i o n s h i p between t he vanadium:aluminium 

r a t i o d a t a and E i n l e h n e r a b r a s i o n v a l u e s . 
350 I -

300 h 

250 h 

200 h 

ISO H 

100 \-

0002 0003 .0004 .0005 

VANA0IL'X/AL13<INIL74 RATIO 
0006 
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F i g u r e 4-16 R e l a t i o n s h i p between t h e b o r o n : s i l i c o n r a t i o 

d a t a and E i n l e h n e r a b r a s i o n v a l u e s . 

350 I -

0.000 .001 .002 .003 .004 .005 
B0R0N/8ZLICGN RATIO 

006 007 

F i g u r e 4.17 R e l a t i o n s h i p between the s t r o n t i u m : s i l i c o n 

r a t i o d a t a and E i n l e h n e r a b r a s i o n v a l u e s . 
350 r 

300 h 

250 h 

200 h 

150 H 

100 f-

50 

.0001 1002 .0003 .0004 .0005 .0008 
STROMTIUJ^/SILICCN RATia 

.0007 .ooca 
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F i g u r e 4.18 R e l a t i o n s h i p between t h e b a r i u m : s i l i c o n r a t i o 

d a t a and E i n l e h n e r a b r a s i o n v a l u e s . 
330 I -

UJ 

300 h 

890 h 

800 h 

ISO 

100 F 

90 h 

.001 002 .003 .004 .009 .009 
BAAIUH/8ILIC0N nATIO 

007 .008 

F i g u r e 4.19 R e l a t i o n s h i p between the t i t a n i u m : s i l i c o n 

r a t i o d a t a and E i n l e h n e r a b r a s i o n v a l u e s -
330 I -

300 f-

290 h 

200 f-

190 f-

100 U0 

90 F 

0008 0010 .0012 .0014 
TI7ANIl>/SIU:CCN RATIO 

COIB 2019 
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F i g u r e 4.20 R e l a t i o n s h i p between t h e c a l c i u m : s i l i c o n 

r a t i o d a t a and E i n l e h n e r a b r a s i o n v a l u e s . 

Q 

300 h ° 

350 r 

250 h 

S 200 -̂

Ui 

150 H 

100 

000 001 .002 .003 
CALCIUM/SILICON RATIO 

004 

F i g u r e 4.21 R e l a t i o n s h i p between the v a n a d i u m : s i l i c o n 

r a t i o d a t a and E i n l e h n e r a b r a s i o n v a l u e s . 
390 1-

300 \-

250 h 

200 H 

150 f-

100 h 

.0007 0010 .0013 .0016 
VANADILM/SILZCCN HATia 

0019 
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390 

F i g u r e 4.2 2 R e l a t i o n s h i p between t h e b o r o n : s l u r r y 

c o n c e n t r a t i o n r a t i o d a t a and E i n l e h n e r 

a b r a s i o n v a l u e s . • 

Q 
300 _ w 

290 

S ^ 

S 100 

90 

too 200 300 400 900 

BOnON/SUJnRY CONCEKTHATION RATIO 
600 700 

F i g u r e 4.23 R e l a t i o n s h i p between the s t r o n t i u m ; s l u r r y 

c o n c e n t r a t i o n r a t i o d a t a and E i n l e h n e r 
390 r 

OJ 

300 \-

250 

200 h 

a b r a s i o n v a l u e s 

ISO H 

100 K 

cO 30 40 50 60 
ST7aHTii:x/ajjanY ccNcomuncN RATIO 
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F i g u r e 4.24 R e l a t i o n s h i p between t h e b a r i i i m : s l u r r y 

c o n c e n t r a t i o n r a t i o d a t a and E i n l e h n e r 

a b r a s i o n v a l u e s . Q 

• 

390 

300 

200 

190 

100 

50 h 

QO 
• 

150 

8 % 

300 490 GOO 
BARZIM/GLUHRY CCNCCNTnATiaN RATIO 

750 

350 I -

F i g u r e 4.25 R e l a t i o n s h i p between t h e t i t a n i u m : s l u r r y 

c o n c e n t r a t i o n r a t i o d a t a and E i n l e h n e r 

a b r a s i o n v a l u e s -

300 I -

250 f-

S 200 h 

150 h 

100 f-

50 h 

14 16 18 cO 
nTANIUM/GLLWrf CCNCSHnUTICN fiATZD 

22 
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F i c m r e 4.26 R e l a t i o n s h i p between t h e c a l c i u m : s l u r r y 

c o n c e n t r a t i o n r a t i o d a t a and E i n l e h n e r 

> 
i 
CO 

390 

300 

290 

eoo 

190 

100 

90 

a b r a s i o n v a l u e s . • 

• 
• E l 

• • a 

GlCJ '-' 

80 IBO 240 320 400 480 
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F i g u r e 4.?.7 R e l a t i o n s h i p between t h e vanadium: s l u r r y 

c o n c e n t r a t i o n r a t i o d a t a and E i n l e h n e r 
390 r-

300 h 

290 h 

a b r a s i o n v a l u e s . 

1.3 2.2 
VANAOIi54/ajJI¥TY CO^ISmUTICM RATIO 

2.3 
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4,4.2 M u l t i p l e R e g r e s s i o n A n a l y s i s 

F o r a s l u r r y a t o m i s a t i o n DCP-AES system t o be used f o r on­
l i n e a n a l y s i s of c h i n a c l a y , minimal sample p r e p a r a t i o n i s 
p r e f e r e d . Using t h i s c r i t e r i a , and t h e r e s u l t s shown 
above, i t was d e c i d e d t o use o n l y aluminium r a t i o e d d a t a 
f o r t h e development of any p r e d i c t i v e model. Although 
aluminium and s i l i c o n performed e q u a l l y w e l l a s a 
compensator f o r s l u r r y c o n c e n t r a t i o n and o t h e r a n a l y t i c a l 
c h a r a c t e r i s t i c s , f o r t h e s i l i c o n a n a l y s i s t h e samples have 
t o be subsampled and d i l u t e d . Thus f o r an o n - l i n e 
s i t u a t i o n aluminium has t h i s advantage. T h e r e f o r e 
subsequent r e g r e s s i o n models used aluminium r a t i o e d d a t a 
as the p r e d i c t o r s . 

U s i n g the background c o r r e c t e d aluminium r a t i o e d d a t a , and 

the r e g r e s s i o n t e c h n i q u e d e s c r i b e d i n S e c t i o n 4.3.2, a 

r e g r e s s i o n model w i t h an R-squared v a l u e of 96.5% was 

o b t a i n e d ( E q u a t i o n 4 . 3 ) , 

Abr = 9.9 + 2093 Ca + 708 B - 2260 Ba + 15029 S r + 12742 V 

E q u a t i o n 4.3 

where Abr, Ca, S r and Ba a r e a s b e f o r e . V and B r e p r e s e n t 

the vanadium and boron e l e m e n t a l p r e d i c t o r s . 

T h i s model was a v a s t improvement on the e a r l i e r model 

u s i n g non-background c o r r e c t e d d a t a , but a g a i n a s t u d y of 

t h e r e s i d u a l s , shown i n F i g u r e 4.28, r e v e a l e d c e r t a i n 

u n d e s i r a b l e t r e n d s . F i r s t l y , t h e feed samples seemed to 

be o v e r p r e d i c t e d f o r low a b r a s i o n f e e d s and u n d e r p r e d i c t e d 

130 



Figure 4.28 P l o t o f the r e s i d u a l s from the background 
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f o r t h e h i g h e r a b r a s i o n feed samples. T h i s was m i r r o r e d 
by t h e r e s i d u e samples which were o v e r p r e d i c t e d a t t h e 
h i g h e s t a b r a s i o n samples and under p r e d i c t e d a t t h e lower 
r e s i d u e a b r a s i o n samples. 

From these o b s e r v a t i o n s i t was c l e a r t h a t another 
component needed t o be i n c l u d e d i n t o t h e data-base t o 
overcome these d i f f e r e n t i a l s between t h e t h r e e t y p e s o f 
samples. I n i t i a l l y i t was t h o u g h t t h a t because o f t h e 
seemingly n o n - l i n e a r n a t u r e o f some o f t h e i n d i v i d u a l 
e lemental r e l a t i o n s h i p s w i t h a b r a s i o n , t a k i n g l o g a r i t h m s 
o f t h e data would h e l p overcome t h e problem. However t h i s 
procedure d i d not o f f e r any advantage over t h e e x i s t i n g 
model, e i t h e r i n p r e d i c t i n g a b i l i t y o r i n t h e i n t e g r i t y o f 
th e model. 

A c l o s e r study of t h e best i n d i v i d u a l e l e m e n t a l p r e d i c t o r 
suggested t h a t each t y p e o f sample d i d have a l i n e a r 
r e l a t i o n s h i p w i t h a b r a s i o n , b u t w i t h d i f f e r e n t 
c h a r a c t e r i s t i c s i . e . i n t e r c e p t s . A l s o some k i n d o f 
s t r u c t u r i n g between each sample t y p e would have t o be used 
s i n c e t h e r e g r e s s i o n a n a l y s i s assumed t h a t a l l t h e samples 
had t h e same r e l a t i o n s h i p towards a b r a s i o n . T h i s may be 
shown t o be i n c o r r e c t s i n c e t h e t h r e e samples, p r o d u c t 
feed and r e s i d u e , have v a r y i n g a b r a s i o n ranges (30 - 110, 
140 - 220 and 180 - 750 r e s p e c t i v e l y ) and cannot be 
t r e a t e d i d e n t i c a l l y w i t h i n t h e r e g r e s s i o n model. 
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4.4.2.1 Product and Residue I d e n t i f i e r s 
To compensate f o r t h e anomalies d e s c r i b e d above, two e x t r a 
p r e d i c t o r columns were i n c o r p o r a t e d i n t o t h e data-base-
These e x t r a p r e d i c t o r s were f o r t h e i d e n t i f i c a t i o n o f 
pro d u c t and r e s i d u e samples. With two o f t h e t h r e e sample 
types recognised i t i s n o t necessary f o r a feed 
i d e n t i f i c a t i o n column. These columns c o n s i s t o f a s e r i e s 
o f I ' s and O's. For t h e Product i d e n t i f i c a t i o n column, i f 
t h e sample was a feed o r r e s i d u e t h e n t h e row would 
c o n t a i n a 0, and f o r a p r o d u c t sample c o n t a i n a 1- The 
re s i d u e column was c o n s t r u c t e d i n t h e same manner b u t w i t h 
t h e r e s i d u e rows c o n t a i n i n g l»s and t h e feed and pr o d u c t 
rows c o n t a i n i n g O's. 

To demonstrate how these new p r e d i c t o r s would a f f e c t t h e 
r e g r e s s i o n a n a l y s i s , an example u s i n g two s e t s o f samples, 
feeds and pr o d u c t s , and one e l e m e n t a l p r e d i c t o r e.g. boron 
i s d e s c r i b e d . I f t h e boron c o n c e n t r a t i o n , i n t h e feed and 
produ c t samples, behaves t h e same towards a b r a s i o n , then 
t h e r e g r e s s i o n e q u a t i o n (Equation 4 . 1 ) would be as 
Equation 4.4. T h i s e q u a t i o n can a l s o be shown g r a p h i c a l l y 
as i n F i g u r e 4.29. 

ABR = BQ + B^(boron) Equation 4.4 

Where ABR = a b r a s i o n , B̂ ^ = c o n s t a n t s , (boron) = boron 
c o n c e n t r a t i o n p r e d i c t o r . 

However, i f as discussed above, t h e fee d and p r o d u c t boron 
c o n c e n t r a t i o n s possess d i f f e r e n t r e l a t i o n s h i p s towards 
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F i g u r e 4-29 D i a g r a m a t i c r e p r e s e n t a t i o n o f E q u a t i o n 4.4 
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a b r a s i o n , and a p r o d u c t i d e n t i f i e r p r e d i c t o r can be added 
t o t h e data-base. Equation 4.4 becomes E q u a t i o n 4.5. T h i s 
new e q u a t i o n can a l s o be shown g r a p h i c a l l y as i n F i g u r e 
4.30-

ABR = BQ + B]^ (boron) + 83 ( p r o d u c t ) Equation 4.5 

A f u r t h e r model was f o r m u l a t e d as b e f o r e u s i n g these two 
e x t r a p r e d i c t o r s i n t h e data-base. An R-squared v a l u e o f 
98.3% was o b t a i n e d and t h e model i s shown i n Equation 4,6 

Abr = 118 + 1927 Ca - 1438 Ba + 13171 Sr + 115958 V 
- 21279 T i - 71.6 P 

Equation 4.6 

I n t h i s case t h e P i s t h e symbol f o r t h e p r o d u c t 
i d e n t i f i c a t i o n p r e d i c t o r . The r e s i d u e p r e d i c t o r was 
e l i m i n a t e d because t h e a n a l y s i s c o u l d n o t d i s c e r n any 
s t a t i s t i c a l l y s i g n i f i c a n t d i f f e r e n c e i n t h e i n t e r c e p t s 
between t h e fe e d and r e s i d u e samples, and t h e r e f o r e no 
c o r r e c t i o n was r e q u i r e d . A p l o t o f t h e r e s i d u e s from t h i s 
model i s shown i n F i g u r e 4.31. These r e s i d u e s do l o o k 
l e s s s t r u c t u r e d than those shown i n F i g u r e 4.28. I t seems 
t h a t t h e i n c l u s i o n o f t h e two i d e n t i f i e r columns has 
improved t h e p r e d i c t i v e a b i l i t y and removed some o f t h e 
b i a s t h a t was pr e s e n t i n e a r l i e r models. 

135 
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4.4.2.2 C a l i b r a t i o n o f F i n a l Regression Model 
To a s c e r t a i n whether t h e model was p e r f o r m i n g adequately 
t h e data-base was r e - c a l i b r a t e d . T h i s c o n s i s t e d o f 
removing a f r a c t i o n o f t h e data-base, and t h e remainder 
b e i n g regressed i n t h e u s u a l way. The removed d a t a i s 
then a p p l i e d t o t h e r e g r e s s i o n e q u a t i o n and t h e p r e d i c t e d 
a b r a s i o n values compared t o t h e a c t u a l E i n l e h n e r a b r a s i o n 
v a l u e s . 

With o n l y t h i r t y t h r e e samples i n t h e data-base t o s t a r t 
w i t h , t h e number o f c a l i b r a n t samples was c r i t i c a l . S i x 
samples were chosen a t ramdom. T h i s number was chosen as 
i t s t i l l l e f t 82% o f t h e o r i g i n a l data-base and would 
p r o v i d e enough i n f o r m a t i o n t o i n d i c a t e whether t h e models 
were p e r f o r m i n g c o r r e c t l y . 

The r e g r e s s i o n a n a l y s i s f o r t h e reduced data-base gave an 
R-squared value o f 98.0% and t h e model shown i n Equation 
4.7. 

Abr = 47.9 + 2157 Ca - 1704 Ba + 12926 Sr + 133013 V 
- 57.1 P 

E q u a t i o n 4.7 

The s i x c a l i b r a t i o n samples, ( t h r e e p r o d u c t s , two feeds 
and one r e s i d u e ) , were a p p l i e d t o Equation 4.7 and t h e 
r e s u l t s shown i n F i g u r e 4.32. The p r e d i c t e d a b r a s i o n 
v a l u e s g i v e a l i n e a r c o r r e l a t i o n c o e f f i c i e n t ( r ) o f 0.9766 
a g a i n s t t h e observed v a l u e s , w i t h an i n t e r c e p t o f -3,6 and 
more i m p o r t a n t l y , a slope o f 1.0034. These r e s u l t s are 
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extremely encouraging s i n c e t h e data i n d i c a t e s t h a t t h e 
model was p e r f o r m i n g adequately. One o f t h e c r i t i c i s m s o f 
m u l t i p l e r e g r e s s i o n a n a l y s i s t e c h n i q u e s i s t h a t t h e model 
may not be ve r y r o b u s t i . e . may change d r a m a t i c a l l y when 
c a l i b r a t i o n samples are removed as above. T h i s has n o t 
happened i n t h i s case, a l t h o u g h t i t a n i u m was removed by 
th e r e g r e s s i o n a n a l y s i s where as b e f o r e i t was i n c l u d e d . 

4.5 CONCLUSIONS 
I t has been shown t h a t t h e abrasiveness o f t h e t h r e e types 
o f samples o b t a i n e d from t h e f r o t h f l o t a t i o n p l a n t can be 
p r e d i c t e d . Also s l u r r y c o n c e n t r a t i o n and s l u r r y 
a t o m i s a t i o n e f f e c t s i n t h e DCP can be compensated f o r , 
us i n g aluminium o r s i l i c o n as i n t r i n s i c i n t e r n a l 
standards. Background c o r r e c t i o n i s necessary f o r t h e 
s l u r r y a n a l y s i s o f k a o l i n s as shown by t h e v a s t 
improvement i n t h e r e g r e s s i o n models when background 
c o r r e c t i o n was employed. I n s p i t e o f t h e n o n - l i n e a r 
behaviour o f i n d i v i d u a l e l e m e n t a l p r e d i c t o r s towards 
a b r a s i o n , t h e m u l t i p l e r e g r e s s i o n approach performed 
e x c e p t i o n a l l y w e l l . However i t was o n l y a f t e r 
i d e n t i f i c a t i o n columns were i n c l u d e d i n t o t h e data-base 
t h a t b i a s i n t h e model between sample types was 
e l i m i n a t e d . F u r t h e r development o f t h e model, p l u s more 
r i g o r o u s s t a t i s t i c a l a n a l y s i s are hampered a t t h i s stage 
by t h e s i z e and shape of the data-base. Since t h e p r o d u c t 
and r e s i d u e samples were sampled a t t h e same t i m e as t h e 
feed, t h e y do n o t bear a d i r e c t r e l a t i o n t o t h e feed c l a y 
as t h e h a l f - l i f e o f c l a y i n t h e f l o t a t i o n p l a n t i s 
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a p p r o x i m a t e l y one and a h a l f hours. I n a d d i t i o n , t h e 
data-base i s r a t h e r s m a l l a l t h o u g h t h e c a l i b r a t i o n 
procedure d e s c r i b e d i n S e c t i o n 4.4.2.2 was s u c c e s s f u l . 
T h e r e f o r e t h e next stage o f development was t o c o n s i d e r a 
new data-base, u n c o n s t r a i n e d by t h e problems discussed 
above• 
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CHAPTER 5 CONTROL OF THE FROTH FLOTATION PROCESS 

5.1 INTRODUCTION 

As d i s c u s s e d i n C h a p t e r 4, t h e use o f u s i n g a s l u r r y 
a t o m i s a t i o n b a s e d - m u l t i p l e r e g r e s s i o n system, s u c e s s f u l l y 
a l l o w s t h e a b r a s i v e n e s s o f c h i n a c l a y s a m p l e s t o be 
p r e d i c t e d . However, as o u t l i n e d i n S e c t i o n 4.5, s e v e r a l 
a d d i t i o n a l f a c t o r s have t o be t a k e n i n t o c o n s i d e r a t i o n 
when a p p l y i n g t h i s method t o t h e c o n t r o l o f t h e f r o t h 
f l o t a t i o n process. For t h i s purpose t h e c o n t r o l system 
would have t o p r e d i c t t h e abrasiveness o f t h e p r o d u c t c l a y 
from t h e a n a l y t i c a l d a t a o f t h e feed c l a y and t h e p l a n t 
o p e r a t i n g c o n d i t i o n s ( p e r c e n t r e c o v e r y ) . U s i n g such a 
model t h e percent recovery o f t h e p l a n t c o u l d be a d j u s t e d 
t o produce a p r o d u c t c l a y w i t h i n - t h e d e s i r e d a b r a s i o n 
s p e c i f i c a t i o n . 

5-2 REVISED S3\MPLING PROCEDURE 

To i m p r o v e t h e r e l a t i o n s h i p between t h e p r o d u c t ( and 
res i d u e ) samples, and t h e feed samples from t h e f l o t a t i o n 
p l a n t , t h e p r o d u c t (and r e s i d u e ) samples were c o l l e c t e d 
one and a h a l f hours a f t e r t h e feed samples. During t h i s 
t i m e t h e percent recovery o f t h e p l a n t was kep t c o n s t a n t . 
T h i s meant t h a t any changes i n t h e f e e d c l a y q u a l i t y 
( a b r a s i v e n e s s ) would be a p p a r e n t i n t h e q u a l i t y o f t h e 
pr o d u c t c l a y . Three s e t s o f f e e d , p r o d u c t and r e s i d u e 
samples, i n d u p l i c a t e , were t a k e n a t 35, 45, 55, 65 and 
75% r e c o v e r i e s . Thus, o v e r a p e r i o d o f f i v e days, 90 
samples were o b t a i n e d . A l l t h e samples were t e s t e d f o r 
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a b r a s i o n u s i n g t h e E i n l e h n e r a b r a s i o n t e s t . Subsequently 
h o w e v e r , t h e r e s u l t s o b t a i n e d a t 35% r e c o v e r y w e r e 
d i s c a r d e d from t h e sample s e t s i n c e i t was found t h a t t h e 
f l o t a t i o n p l a n t d i d n o t o p e r a t e c o n s i s t e n t l y a t t h i s 
r e c o very l e v e l . T h is was due t o t h e poor r e p r o d u c i b i l i t y 
o f t h e f r o t h i n g p r o c e s s c o m p a r e d t o t h a t o f h i g h e r 
o p e r a t i n g r e c o v e r i e s , a f a c t h i g h l i g h t e d by t h e a b r a s i o n 
r e s u l t s w h i c h y i e l d e d u n a c c e p t a b l e v a r i a t i o n i n t h e 
d u p l i c a t e sample v a l u e s . T h e r e f o r e t h e new sample base 
c o n s i s t e d o f 72 samples c o n t a i n i n g 24 f e e d and p r o d u c t 
l i n k e d p a i r s . 

5.3 ELEMENTAL ANALYSIS 
The samples were prepared as i n Chapter 4, S e c t i o n 4.2.1, 
except t h a t they were d i s p e r s e d w i t h sodium pyrophosphate 
i n t h e r a t i o o f 1 g o f sodium pyrophospate t o 100 ml o f 
sample, g i v i n g a 1% m/v c o n c e n t r a t i o n o f d i s p e r s e n t . T h i s 
i s an acceptable s u b s t i t u t e f o r ammonia i n t h e d i s p e r s i o n 
o f k a o l i n ( 5 6 ) , and would be e a s i e r t o h a n d l e i n an on­
l i n e s i t u a t i o n . The s l u r r y a n a l y s i s was p e r f o r m e d as 
b e f o r e ( C h a p t e r 4, S e c t i o n 4 . 4 ) , and c a l i b r a t i o n was 
achieved u s i n g aqueous s t a n d a r d s . The DCP u n i t was now 
i n t e r f a c e d t o a PC compatable micro-computer (Amstrad PC 
1512, Brentwood, Essex, UK). T h i s was t o f a c i l i t a t e any 
n e c e s s a r y i n t e r f a c i n g w i t h t h e f l o t a t i o n p l a n t 
c o n t r o l l e r s , as w e l l as t o p r o v i d e t h e c a p a c i t y f o r t h e 
r e g r e s s i o n a n a l y s i s needed f o r t h e development o f t h e 
p r e d i c t i v e models. 

142 



5.3.1 D u p l i c a t e Samples 
As mentioned i n S e c t i o n 5.1, a l l t h e samples were t a k e n i n 
d u p l i c a t e . T h i s was t o p r o v i d e a check on t h e E i n l e h n e r 
a b r a s i o n t e s t , and t o compare t h e p r e c i s i o n between t h i s 
t e s t and t h e s l u r r y a t o m i s a t i o n - a l u m i n i u m r a t i o method o f 
a n a l y s i s t h a t had been d e v e l o p e d i n C h a p t e r 4. 
C o r r e l a t i o n c o e f f i c i e n t s f o r t h e d u j l i c a t e s u b s e t s (A and 
B) f o r i n d i v i d u a l elements r a t i o e d t o aluminium, E i n l e h n e r 
a b r a s i o n v a l u e s and aluminium l e v e l s a r e shown i n Ta b l e 
5.1 and g r a p h i c a l l y i n F i g u r e s 5.1-5.8. As can be seen 
t h e s c a t t e r ( p o s s i b l y w i t h t h e e x c e p t i o n o f t h e vanadium 
r a t i o e d data) between the E i n l e h n e r v a l u e s and t h e s l u r r y 
a t o m i s a t i o n d a t a i s v e r y s i m i l a r . T h i s i n d i c a t e s t h a t 
b o th methods have s i m i l a r p r e c i s i o n which i s d e s i r a b l e f o r 
any o n - l i n e system. 

5.4 DEVELOPMENT OF CONTROL MODEL 
5.4.1 E i n l e h n e r Model 

Although t h e E i n l e h n e r a b r a s i o n t e s t cannot o p e r a t e as an 
o n - l i n e p r o c e s s a t t h e p r e s e n t t i m e , i t w o u l d be 
i n s t r u c t i o n a l t o t e s t t h e p r o p o s e d model ( S e c t i o n 5.1) 
w i t h r e a l a b r a s i o n values, r a t h e r t h a n s l u r r y a t o m i s a t i o n 
o b t a i n e d d a t a . I n i t i a l l y t h i s was t o see w h e t h e r t h e 
prop o s e d method w o u l d f u n c t i o n c o r r e c t l y , as w e l l as 
p r o v i d i n g a y a r d s t i c k f o r any subsequent models. 

Present i n t h e data-base t h e r e were 24 p a i r s o f fee d and 
produ c t samples. Using t h e feed a b r a s i o n v a l u e s , and t h e 
p e r c e n t r e c o v e r y a t w h i c h each p a i r o f s a m p l e s were 
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Table 5.1 

Lin e a r c o r r e l a t i o n c o e f f i c i e n t s between d u p l i c a t e samples w i t h 

p r e d i c t o r elements r a t i o e d t o aluminium data, E i n l e h n e r a b r a s i o n 

values and aluminium c o n c e n t r a t i o n . 

Element C o r r e l a t i o n 

C o e f f i c i e n t ( r ) 

B/Al 0.979 

Sr/Al 0.954 

Ba/Al 0.975 

V/Al 0.862 

T i / A l 0.949 

Ca/Al 0.982 

Al 0.988 

Einlehner 0.971 
Abrasion 
Values 
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Figure 5.1 V a r i a t i o n between d u p l i c a t e samples Einlehner 
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Figure 5.2 
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F i g u r e 5.3 
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c o l l e c t e d , a s the two p r e d i c t o r s , a r e g r e s s i o n model f o r 

p r o d u c t a b r a s i o n was o b t a i n e d . T h i s model had a n R-

squared v a l u e of 58.5% and i s shown i n E q u a t i o n 5.1. 

P = 20.4 + 1.29 R - 0.214 F E q u a t i o n 5.1 

Where P i s t h e p r o d u c t E i n l e h n e r v a l u e , R i s t h e 

percentage r e c o v e r y o f the f l o t a t i o n p l a n t , and F t h e feed 

E i n l e h n e r a b r a s i o n v a l u e . 

The r e a s o n f o r t h e poor R- s q u a r e d v a l u e i s r e v e a l e d by a 

study of the r e s i d u a l p l o t from t h e model shown i n F i g u r e 

5.9. W h e r e a s most o f t h e r e s i d u a l s a r e w i t h i n +12 

a b r a s i o n u n i t s , one sample had a r e s i d u a l o f 42 u n i t s . 

T h i s sample had a a b r a s i o n v a l u e o f 96 u n i t s whereas i t s 

d u p l i c a t e had a v a l u e o f 53 u n i t s . From t h e p e r c e n t 

r e c o v e r y o f t h e p l a n t a t t h e t i m e t h e s e s a m p l e s were 

c o l l e c t e d , and from dat a o b t a i n e d from o t h e r samples t a k e n 

a t t h i s time, t he 96 u n i t v a l u e i s c l e a r l y e l e v a t e d . T h i s 

v a r i a t i o n i n t h e E i n l e h n e r a b r a s i o n v a l u e s i s more o f a 

problem a t t h e low end of t h e a b r a s i o n s c a l e . T h e r e f o r e 

f o r t h e remaining s e c t i o n s of t h i s c h a p t e r , s e v e r a l models 

a r e p r e s e n t e d and a n a l y s e d w i t h a number of samples which 

have e r r o n e o u s a b r a s i o n v a l u e s removed. As w e l l a s t h e 

poor R-squared v a l u e , t h i s i n i t i a l model a l s o i n d i c a t e d 

t h a t t h e feed a b r a s i o n p r e d i c t o r was not s i g n i f i c a n t i . e . 

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

Chapter 4. 
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The sample w i t h t h e 96 a b r a s i o n v a l u e was removed from the 

d a t a - b a s e and t h e r e g r e s s i o n p r o c e d u r e r u n a g a i n . T h i s 

produced the model shown i n E q u a t i o n 5,2 w i t h a R-squared 

v a l u e of 81.9%. 

P = 18 + 1.36R - 0.235F E q u a t i o n 5.2 

T h i s i s a d r a m a t i c improvement i n the p r e d i c t i v e power of 

t h e model w i t h t h e r e m o v a l o f a s i n g l e s a m p l e , and 

h i g h l i g h t s one of the problems encountered i n t h i s study, 

i . e . t h e i d e n t i f i c a t i o n o f " f a l s e " d a t a . T h i s i s 

e s p e c i a l l y i m p o r t a n t i n t h i s c a s e , s i n c e u s i n g s u c h a 

s m a l l d a t a - b a s e each sample i s a s i g n i f i c a n t p e r c e n t a g e 

of the whole. I n t h i s type of s i t u a t i o n , t h e i n c l u s i o n of 

s u c h a sample, a s d e s c r i b e d above, would s e v e r l y a f f e c t 

t h e r e g r e s s i o n a n a l y s i s . 

From t h e model shown i n E q u a t i o n 5.2 t h r e e more samples 

were found t o h ave a b n o r m a l l y " e l e v a t e d " a b r a s i o n 

v a l u e s . These t h r e e samples, l i k e t h e sample d e s c r i b e d 

above, had l a r g e v a r i a t i o n s i n t h e i r d u p l i c a t e E i n l e h n e r 

a b r a s i o n v a l u e s , and were t h e r e f o r e removed from t h e d a t a ­

base. A t h i r d model was o b t a i n e d from t h e r e m a i n i n g 20 

s a m p l e s . T h i s i s shown i n E q u a t i o n 5.3 w i t h a R-squared 

v a l u e of 94.3%. 

P = 1.7 + 1.48R - 0.167F E q u a t i o n 5.3 

T h i s was h i g h l y e n c o u r a g i n g and a s t u d y of t h e r e s i d u a l 

p l o t ( F i g u r e 5.10) shows an e v e n d i s t r i b u t i o n o f t h e 

r e s i d u a l s a b o v e a n d b e l o w t h e z e r o l i n e . 
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5.4.1.1 C o n c l u s i o n 

From t h e s e r e s u l t s i t i s c l e a r l y p o s s i b l e t o p r e d i c t t h e 

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

v a l u e s , and t h e o p e r a t i n g p a r a m e t e r s o f t h e f l o t a t i o n 

p l a n t . However, t h e q u a l i t y o f t h e d a t a - b a s e h a s t o be 

monitored. The problems encountered above a r e exaggerated 

because of the r e l a t i v e l y s m a l l d a t a - b a s e . 

5.4.2 S l u r r y A t o m i s a t i o n Model 

F o r t h e o n - l i n e c o n t r o l of t h e f l o t a t i o n p l a n t t h e f e e d 

a b r a s i o n p r e d i c t o r n e e d s t o be r e p l a c e d by t h e f e e d 

e l e m e n t a l d a t a . C o n c e r n i n g t h e r e g r e s s i o n m o d e l s 

d e s c r i b e d below t h e r e a r e two m a j o r p o i n t s t o c o n s i d e r . 

F i r s t l y , t h a t c a l c i u m has been d i s c a r d e d a s a p r e d i c t o r 

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

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

o p e r a t i o n a l c o n s i d e r a t i o n s . ECC I n t e r n a t i o n a l u s e s v a s t 

volumes of w a t e r i n i t s m i n i n g and e x t r a c t i o n p r o c e s s e s , 

and the m a j o r i t y of t h i s water i s r e - c y c l e d . So a l t hough 

c a l c i u m had been i n c l u d e d i n s e v e r a l models, i t was f e a r e d 

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

d r a m a t i c a l l y , and i n v a l i d a t e t h e p r e d i c t i o n s from any 

model u s e i n g c a l c i u m d a t a . T h e r e f o r e t h e r e m a i n i n g f i v e 

e l e m e n t a l p r e d i c t o r s were used, p l u s two p r e d i c t o r s f o r 

t h e p e r c e n t r e c o v e r y . T h i s was t h e s e c o n d m a j o r 

development. I t was n o t i c e d t h a t t h e r e s p o n s e between 

p r o d u c t a b r a s i o n and p e r c e n t r e c o v e r y was p o s s i b l y of a 

n o n - l i n e a r n a t u r e a t t h e e x t r e m e s of t h e p l a n t o p e r a t i n g 

c a p a b i l i t i e s . T h e r e f o r e a s w e l l a s a n o r m a l p e r c e n t 
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r e c o v e r y p r e d i c t o r , a n o t h e r p r e d i c t o r was i n t r o d u c e d , 

c o n s i s t i n g o f s q u a r e d p e r c e n t r e c o v e r y data« I t was 

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

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

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

5.4.2,1 M u l t i p l e R e g r e s s i o n A n a l y s i s 

As i n S e c t i o n 5 . 4 . 1 , i n i t i a l l y a l l 24 s a m p l e s w e r e 

i n c l u d e d i n the data-base f o r t h e f i r s t r e g r e s s i o n model. 

T h i s model i s shown i n E q u a t i o n 5.4 and had an R -squared 

v a l u e of 66.7%. 

P = -10.5 + 94214 V + 0.00959 RSQ E q u a t i o n 5.4 

Where P i s t h e p r o d u c t a b r a s i o n v a l u e , V t h e 

vanadium/aluminium r a t i o e d d a t a and RSQ i s t h e s q u a r e d 

p e r c e n t r e c o v e r y d a t a . 

The same p r o c e d u r e was f o l l o w e d a s i n S e c t i o n 5.4.1 w i t h 

t h e removal of the most erroneous d a t a p o i n t , and the d a t a 

r e g r e s s e d a g a i n . T h i s new model gave an R - s q u a r e d v a l u e 

of 82.1% and i s shown i n E q u a t i o n 5.5. 

P = -1.69 + 60732 V + 0.0103 RSQ E q u a t i o n 5.5 

Again, the l a s t t h r e e flawed samples were removed from t h e 

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

reduced data-base. T h i s f i n a l model produced E q u a t i o n 5.6 

w i t h an R-squared v a l u e of 96.7%. 

P = 111 - 4-3R + 1 0 1 0 9 S r + 4 1 0 5 3 V + 0 . 0 4 7 8 RSQ 

E q u a t i o n 5,6 
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Where R, V a n d RSQ a r e a s b e f o r e a n d S r i s t h e 

strontium/aluminium r a t i o e d d a t a . 

A s t u d y of t h e r e s i d u a l s from t h i s f i n a l model ( F i g u r e 

5.11) r e v e a l s a ramdom s c a t t e r around t h e z e r o l i n e , 

i n d i c a t i v e of a h e a l t h y model. 

These t h r e e models show d i r e c t l y c o m p a r i b l e p r e d i c t i v e 

a b i l i t y w i t h t h o s e o u t l i n e d i n S e c t i o n 5,4.1. I n d e e d 

t h e s e l a t e s t t h r e e models show improvements o v e r t h o s e i n 

S e c t i o n 5.4.1. One i n t e r e s t i n g f e a t u r e of the f i n a l model 

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

s i g n i f i c a n t . I n f a c t , t h e s q u a r e d p e r c e n t r e c o v e r y d a t a 

was i n c l u d e d i n a l l the l a t e r models d e s c r i b e d i n S e c t i o n 

5.5. I t i s p r o b a b l e t h a t t h e r e t e n t i o n o f b o t h a t t h e 

p r e s e n t time i s a r e f l e c t i o n o f t h e s m a l l d a t a - b a s e used. 

5.4.2.2 C o n c l u s i o n 

I t has been demonstrated t h a t u s i n g f e e d a n a l y s i s d a t a , 

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

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

The models u s i n g s l u r r y a t o m i s a t i o n d a t a performed b e t t e r 

t h a n t h o s e c o n t a i n i n g f e e d E i n l e h n e r a b r a s i o n v a l u e s . 

Thus, f o r an o n - l i n e c o n t r o l o r m o n i t o r i n g s i t u a t i o n t h e 

s l u r r y a t o m i s a t i o n - D C P - A E S method i s c l e a r l y a v i a b l e 

p r o p o s i t i o n . 
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5.5 ON-SITE TRIAL 

W i t h t h e s u c c e s s o f t h e s l u r r y a t o m i s a t i o n m o d e l s , 
d e s c r i b e d i n S e c t i o n 5.4.2, an o n - s i t e t r i a l f o r t h e DCP 
system was performed. The DCP i n s t r u m e n t was i n s t a l l e d i n 
t h e G o v e r s e t h f l o t a t i o n p l a n t c o m p l e x ( S t . A u s t e l l , 
C o r n w a l l ) , and a l l a n a l y s e s were performed o n - s i t e . 

5.5.1 Scimplina Procedure 

I n i t i a l l y a s i x week sampling s t r a t e g y was planned, each 

week c o n t a i n i n g s i x s a m p l i n g d a y s . On e a c h d a y t h e 

p e r c e n t r e c o v e r y of t h e p l a n t was c h a n g e d t o a p r e ­

d e t e r m i n e d l e v e l and two s a m p l e s t a k e n of t h e f e e d c l a y , 

and t h e n 1.5 hours l a t e r two t a k e n o f t h e p r o d u c t c l a y . 

The p e r c e n t r e c o v e r y of e a c h s a m p l i n g day was c h o s e n a t 

ramdom from t h e s e t 50, 55, 60, 65, 70, 75%. E a c h week 

would t h e r e f o r e p r o v i d e t w e l v e new f e e d samples, two from 

e a c h o f t h e above r e c o v e r i e s , p l u s t h e i r c o r r e s p o n d i n g 

product samples f o r c a l i b r a t i o n p u r p o s e s . 

The f e e d s a m p l e s w e r e a n a l y s y e d o n - s i t e by s l u r r y 

a t o m i s a t i o n -DCP-AES, w i t h the product c l a y undergoing the 

E i n l e h n e r a b r a s i o n t e s t , s o t h a t t h e v a l i d i t y o f t h e 

models c o u l d be determined. I t had been hoped t h a t f o r 

the f i r s t t h r e e weeks of t h e t r i a l t h e new samples would 

be added t o t h e d a t a - b a s e week-by-week. I n t h i s way t h e 

f i r s t weeks samples would be a p p l i e d t o the i n i t i a l model, 

o u t l i n e d i n S e c t i o n 5.4.2, a n d t h e p r e d i c t e d p r o d u c t 

a b r a s i o n v a l u e s compared t o t h e a c t u a l E i n l e h n e r v a l u e s 

d e t e r m i n e d from t h e p r o d u c t c l a y s a m p l e s . Then t h e s e 12 

161 



samples would be added t o t h e i n i t i a l d a t a - b a s e and a new 

r e g r e s s i o n model o b t a i n e d . A l l t h i s c o n s t i t u t e s what i s 

l a t e r r e f e r e d t o a s one t r i a l C y c l e . The f e e d sample d a t a 

from t h e s e c o n d week would t h e n be a p p l i e d t o t h i s new 

model, p r e d i c t e d and o b s e r v e d a b r a s i o n v a l u e s compared, 

and t h e d a t a - b a s e e n l a r g e d a g a i n w i t h t h e s e new s a m p l e s 

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

s e c o n d c y c l e . T h i s p r o c e s s was t o c o n t i n u e f o r t h r e e 

weeks t o a s c e r t a i n whether t h e model was p r e d i c t i n g t h e 

p r o d u c t c l a y q u a l i t y a c c u r a t e l y . I f t h i s was so t h e n on 

t h e a d d i t i o n of t h e 12 samples from week 4 t o t h e d a t a ­

base, the 12 o l d e s t samples (from t h e i n i t i a l 24) would be 

d i s c a r d e d . T h i s would have l i m i t e d t h e d a t a - b a s e t o 60 

s a m p l e s . The i n t e n t i o n was t o t e s t w h e t h e r t h e model 

c o u l d be up-dated i n t h i s way, a s w e l l a s e n s u r i n g t h a t 

t h e d a t a - b a s e would r e f l e c t any changes i n t h e c h e m i c a l 

composition of t h e c h i n a c l a y p a s s i n g through t h e p l a n t . 

I n r e a l i t y o n l y t h e samples f o r t h r e e c y c l e s , o r weeks, 

were c o l l e c t e d over a seven week p e r i o d . T h i s was due t o 

t h e o p e r a t i o n a l r e q u i r e m e n t s of ECC I n t e r a n a t i o n a l , p l u s 

an u n f o r t u n a t e s e r i e s o f m a l f u n c t i o n s o f t h e f l o t a t i o n 

p l a n t . Because of t h i s , t h e o n - s i t e t r i a l c o u l d o n l y be 

of a m o n i t o r i n g n a t u r e . 

5.5.2 E x p e r i m e n t a l 

The s l u r r y s a m p l e s were p r e p a r e d a s i n S e c t i o n 5,4 and 

a q u e o u s s t a n d a r d s w e r e u s e d f o r c a l i b r a t i o n . F i v e 

e l e m e n t a l p r e d i c t o r s , boron, s t r o n t i u m , barium, t i t a n i u m 
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and vanadium, p l u s aluminium, were d e t e r m i n e d u s i n g t h e 

wavelenths and methology d e s c i r b e d i n C h a p t e r 4. A l l d a t a 

m a n i p u l a t i o n was performed on t h e Amstrad PC 1512 m i c r o ­

computer e x c e p t f o r t h e r e g r e s s i o n a n a l y s i s w h i c h was 

performed on a Prime mainframe computer. 

5-5.3 R e s u l t s 

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

s i m u l t a n e o u s l y . The i n i t i a l models a r e t h o s e d e s c r i b e d i n 

S e c t i o n 5.4.2 and l i s t e d i n E q u a t i o n s 5.4-5.6. T h i s was 

done t o determine whether any s i g n i f i c a n t changes o c c u r r e d 

w i t h t h e removal of s e v e r a l d a t a p o i n t s and t o s e e what 

i n f l u e n c e t h e i n i t i a l R - s q u a r e d v a l u e h a d on t h e 

p r e d i c t i n g a b i l i t y of t h e models. The t h r e e models have 

been c a l l e d Model 1, Model 2 and Model 3. The d i f f e r e n c e 

between t h e models l i e s i n t h e number o f s a m p l e s i n t h e 

i n i t i a l d a t a - b a s e . Model 1 c o n t a i n e d a l l 24 o r i g i n a l 

samples, Model 2 had one d a t a p o i n t removed and Model 3 

had f i v e d a t a p o i n t s removed. Each model underwent t h r e e 

sampling c y c l e s as d e s c r i b e d i n S e c t i o n 5.5.1. 

The r e s u l t s f o r Model 1 a r e shown i n T a b l e 5.2 and F i g u r e s 

5.12-14, f o r Model 2 i n T a b l e 5.3 and F i g u r e s 5.15-17, and 

f i n a l l y t he r e s u l t s f o r Model 3 a r e shown i n T a b l e 5.4 and 

F i g u r e s 5.18-20. 

I t s hould be noted t h a t i n C y c l e s 1 and 2, t w e l v e samples 

were a p p l i e d t o the r e g r e s s i o n e q u a t i o n s and subsecpjently 

added t o t h e d a t a - b a s e , w h e r e a s C y c l e 3 o n l y c o n t a i n e d 
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Table 5.2 

E v o l u t i o n of the f i r s t p roduct a b r a s i o n model. A l l 24 i n i t i a l 

samples i n c l u d e d i n the data base. 

Size of Regression model f o r R-squared 
data base product a b r a s i o n value / % 

C o r r e l a t i o n 
between 
p r e d i c t e d 
and a c t u a l 
p r o d u c t 
values ( r ) ^ 

Cycle 1 24 

Cycle 2 36 

Cylce 3 48 

-10.5 + 94214 V 66.7 

+ 0.00959 RSQ 

5.4 -5136Ba +99777V 71.8 

+ 0.00975 RSQ 

5.71 -4393Ba +90763V 76.0 

+0.00993 RSQ 

0.897 

0.920 

0.977 

Where V = vanadium/aluminium. 
Ba = barium/aluminium 
RSQ = squared percent r e c o v e r y 

(a) These c o r r e l a t i o n s are d e p i c t e d g r a p h i c a l l y i n F i g u r e s 5.12 

5.14. 
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Table 5.3 

E v o l u t i o n of the second product a b r a s i o n model. One sample 
removed from the i n i t i a l data base. 

Size of Regression model f o r R-squared 
data base product a b r a s i o n value / % 

C o r r e l a t i o n 
between 
p r e d i c t e d 
and a c t u a l 
p r o d u c t 
values ( r ) ^ 

Cycle 1 23 

Cycle 2 35 

Cylce 3 47 

-1.69 + 60732 V 66.7 

+ 0.0103 RSQ 

2.26 +16740Sr +54724V 71.8 

-5029Ti + 0.00975 RSQ 

1.6 +11137Sr +73273V 76.0 

-4596Ti +0.00932 RSQ 

0.897 

0.920 

0.977 

Where V = vanadium/aluminium 
Sr = s t r o n t i u m / a l u m i n i u m 
T i = t i t a n i u m / a l u m i n i u m 
RSQ = squared percent recovery 

(a) These c o r r e l a t i o n s are d e p i c t e d g r a p h i c a l l y i n F i g u r e s 5.15 

5.17. 
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Table 5.4 

E v o l u t i o n of the t h i r d p r o d u c t a b r a s i o n model. Five samples 
removed from the i n i t i a l d a t a base. 

Size of Regression model f o r R-squared 
data base product a b r a s i o n value / % 

C o r r e l a t i o n 
between 
p r e d i c t e d 
and a c t u a l 
p r o d u c t 
values ( r ) ^ 

Cycle 1 19 

Cycle 2 31 

Cylce 3 43 

111 -4.3R 10109Sr 66.7 

+41053V +0.0478 RSQ 

3.21+18828Sr -4304Ti 71.8 

+26072V +0.0105 RSQ 

1.85 -3822Ti +55517V 76.0 

11097Sr +0.0105 RSQ 

0.897 

0.920 

0.977 

Vhere V = vanadium/aluminium 
Sr = s t r o n t i u m / a l u m i n i u m 
T i = t i t a n i u m / a l u m i n i u m 
R = percent recovery 
RSQ = squared percent r e c o v e r y 

(a) These c o r r e l a t i o n s are d e p i c t e d g r a p h i c a l l y i n F i g u r e s 5.18 

5.20. 
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e l e v e n samples. T h i s was because, a s d e s c r i b e d above, one 

sample i n C y c l e 3 was p r o v i d e d w i t h an e r r o n e o u s a b r a s i o n 

v a l u e and t h e r e f o r e c o u l d n o t be u s e d f o r c o r r e l a t i o n 

purposes. 

5.5.4 D i s c u s s i o n 

5.5-4.1 R-Squared V a l u e s 

From T a b l e s 5.2-5.4 i t c a n be s e e n t h a t t h e R - s q u a r e d 

v a l u e s i n c r e a s e f o r t h e i n i t i a l r e g r e s s i o n e q u a t i o n s i n 

the o r d e r of Model 1 - Model 2 - Model 3. T h i s i s 

e x p e c t e d s i n c e t h e most wayward sample p o i n t s have been 

p r o g r e s s i v e l y removed ( S e c t i o n 5.4) . One i n t e r e s t i n g 

o b s e r v a t i o n i s t h a t a l t h o u g h t h e R-squared v a l u e s i n c r e a s e 

i n Models 1 and 2 w i t h t h e e n l a r g e m e n t o f t h e d a t a - b a s e , 

t h e R - s q u a r e d v a l u e s f o r Model 3 a c t u a l l y d e c r e a s e 

s l i g h t l y . T h i s i s p r o b a b l y due t o the f a c t t h a t a s Models 

1 and 2 c o n t a i n some dubious d a t a - p o i n t s , the i n c r e a s e i n 

the s i z e o f the d a t a - b a s e i n c r e a s e s t h e p r e d i c t i v e a b i l i t y 

of t h e models. I n t h e c a s e o f Model 3 t h e i n i t i a l R-

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

p r a c t i c a l l y . Thus, the s l i g h t f a l l i n t h e R-squared v a l u e 

c o u l d be due t o t h e d i f f e r e n c e b e t w e e n t h e i n i t i a l 

samples and the o n - s i t e t r i a l samples. V a r i a t i o n s i n the 

e l e m e n t a l c o m p o s i t i o n must e x s i s t between t h e two groups 

s i n c e t h e y were c o l l e c t e d o v e r a y e a r a p a r t . I n s p i t e of 

t h i s , i t c a n be assumed t h a t t h e i n h e r e n t p r e d i c t i v e 

a b i l i t y of t h i s method i s i n t h e 90%-95% R-squared r e g i o n . 

A l s o t h a t the s i z e of the d a t a - b a s e needs t o be around 50 

d a t a p o i n t s . 
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5.5.4.2 Model Composition 

I n a l l the t h r e e models used, t h e squared p e r c e n t r e c o v e r y 

p r e d i c t o r was i n c l u d e d i n t h e f i n a l e q u a t i o n r a t h e r t h a n 

the s i m p l e p e r c e n t r e c o v e r y p r e d i c t o r . T h i s comfirms some 

of t h e o b s e r v a t i o n s about t h e l i n e a r i t y o f t h e f l o t a t i o n 

p r o c e s s d i s c u s s e d i n S e c t i o n 5.4.2. 

The major d i f f e r e n c e i n model c o m p o s i t i o n o c c u r s between 

Model 1, and Models 2 and 3. A f t e r C y c l e s 2 and 3, Models 

2 and 3 both c o n t a i n t h e same f o u r p r e d i c t o r s , vanadium, 

s t r o n t i u m , t i t a n i u m and squared p e r c e n t r e c o v e r y . Model 1 

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

t i t a n i u m and s t r o n t i u m p r e d i c t o r s of Models 2 and 3. T h i s 

d e m o n s t r a t e s t h e power t h a t a s i n g l e d a t a - p o i n t c a n have 

on t h e r e g r e s s i o n a n a l y s i s . The e x t r a s a m p l e s removed 

between Models 2 and 3 do not have t h e same e f f e c t on the 

f i n a l r e g r e s s i o n e q u a t i o n . T h e r e f o r e some a m b i g u i t y 

e x s i s t s a s t o whether they s h o u l d have been removed i n t h e 

f i r s t p l a c e . 

5.5.4.3 Accuracy of P r e d i c t i o n s 

F o r t h e purpose of t h i s s t u d y a c c u r a c y was e x p r e s s e d by 

t h e l i n e a r c o r r e l a t i o n c o e f f i c i e n t s shown i n T a b l e s 5.2-

5,4. T h i s i s a r a t h e r l i m i t e d method, t h e r e f o r e a s t u d y 

of the c o r r e l a t i o n p l o t s and t h e s l o p e s o f t h e r e g r e s s i o n 

l i n e s ( F i g u r e s 5.12-20) i s n e s c e s s a r y . A l l t h r e e models 

e x h i b i t e d t h e same o v e r a l l t r e n d . As t h e d a t a - b a s e i s 

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

c o e f f i c i e n t s i n c r e a s e , w i t h a l l t h e m o d e l s a c h i e v i n g 
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s i m i l a r v a l u e s r e g a r d l e s s o f t h e R - s q u a r e d v a l u e s . 

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

although t h e l i n e a r c o r r e l a t i o n s between t h e p r e d i c t e d and 

a c t u a l a b r a s i o n v a l u e s were i n c r e a s i n g , t h e s l o p e s o f the 

c o r r e l a t i o n p l o t s were d e c r e a s i n g . I t i s d i f f i c u l t t o 

s p e c u l a t e about t h i s t r e n d . S i n c e samples were c o l l e c t e d 

on o n l y t h r e e c y c l e s , i t i s not c l e a r w h ether t h i s i s a 

g e n e r a l t r e n d , a random v a r i a t i o n , o r whether a d d i t i o n a l 

c y c l e s would r e v e r s e t h i s t r e n d . Some of t h i s d i s t o r s i o n 

c o u l d be due t o t h e f a c t t h a t t h e o l d , i n i t i a l d a t a i s 

s t i l l p r e s e n t i n t h e d a t a - b a s e o f t h e m o d e l s . As 

mentioned i n S e c t i o n 5.5.1, i t had been hoped t o r e p l a c e 

t h e o l d e s t d a t a a f t e r t h e d a t a - b a s e had r e a c h e d 50-60 

s a m p l e s i n s i z e . I t was n o t p o s s i b l e t o c o l l e c t 

s u f f i c i e n t samples f o r t h i s p r o c e s s , s o i n t h i s r e s p e c t 

the o n - s i t e t r i a l was incomplete. 

5,6 CONCLUSIONS 

I t h a s been shown t h a t t h e s l u r r y a t o m i s a t i o n , r a t i o 

procedure has the same p r e c i s i o n a s the E i n l e h n e r a b r a s i o n 

t e s t . A l s o , t h a t t h e p r o d u c t a b r a s i o n c a n be p r e d i c t e d , 

by a r e g r e s s i o n model c o n s i s t i n g o f feed c l a y a n a l y t i c a l 

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

T h i s t y p e o f model was shown t o be b e t t e r t h a n t h e 

cor r e s p o n d i n g E i n l e h n e r t e s t models. 

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

both t h e DCP i n s t r u m e n t a t i o n and r e g r e s s i o n a n a l y s i s can 

work i n an i n d u s t r i a l environment. The o n - s i t e t r i a l was 
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not a s r i g o r o u s a s i n t e n d e d due t o a l a c k o f s a m p l e s . 

However i t h a s been shown t h a t a r e g r e s s i o n model f o r 

p r o d u c t a b r a s i o n c a n be o b t a i n e d , and u p d a t e d , w i t h 

a c c e p t a b l e a c c u r a c y . Some problems were encountered w i t h 

the q u a l i t y of the d a t a - b a s e . F u r t h e r development of t h i s 

s l u r r y a t o m i s a t i o n system, p l u s some p o s s i b l e s o l u t i o n s t o 

the problems o u t l i n e d above, a r e d i s c u s s e d i n Chapter 8. 
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CHAPTER 6 VISCOSITY CONCENTIUVTION 

6.1 I n t r o c d u c t i o n 

As d i s c u s s e d i n Chapter 1, S e c t i o n 1-1.5 v i s c o s i t y 

c o n c e n t r a t i o n i s of v i t a l importance t o t h e q u a l i t y of 

c o a t i n g c l a y s f o r the paper i n d u s t r y and a l s o t o a l e s s e r 

e x t e n t i n t h e t r a n s p o r t a t i o n o f b u l k c h i n a c l a y . 

I m p u r i t i e s such a s m o n t m o r i l l o n i t e s ("expanding l a t t i c e " 

o r " s w e l l i n g " m i n e r a l s ) a r e t h e major c a u s e s of 

unfavourable v i s c o s i t y c h a r a c t e r i s t i c s i n c h i n a c l a y . 

T h e r e f o r e a study was i n i t i a l l y performed on the 

p r e d i c t i o n of the m o n t m o r i l l o n i t e c o n t e n t of c h i n a c l a y s 

b e f o r e being extended t o i n c l u d e g e n e r a l v i s c o s i t y 

p r o p e r t i e s . 

6.2 MONTMORILLONITE STUDY 

I n i t i a l l y t h r e e s e t s of samples, v a r y i n g i n type and 

cont e n t of m o n t m o r i l l o n i t e , were p r e p a r e d by ECCI C e n t r a l 

L a b o r a t o r i e s ( S t . A u s t e l l , C o r n w a l l ) . Pure 

m o n t m o r i l l o n i t e was e x t r a c t e d from s o u r c e c l a y s and a SPS 

high q u a l i t y c o a t i n g c l a y was used f o r t h e b u l k i n g c l a y . 

The sample s e t s were a s f o l l o w s . 

S e t A - C o n s i s t e d of s i x samples w i t h i n c r e a s i n g 

m o n t m o r i l l o n i t e c o n t e n t (0.25, 0.5, 1,0, 2.0, 5.0 

and 10% m/m). 

Set B - C o n s i s t e d o f t h r e e samples c o n t a i n i n g 

m o n t m o r i l l o n i t e from a d r i l l i n g o p e r a t i o n near 

1 8 0 



Bugle, C o r n w a l l . These were l a b e l l e d HMl, HM2 and 

HM3, 

S e t C - C o n s i s t e d o f t h r e e samples, s p i k e d w i t h 

m o n t m o r i l l o n i t e from L i t t l e j o h n s P i t , S t . A u s t e l l , 

C o r n w a l l . These were l a b e l l e d L I , L2 and L3. 

S l u r r y samples were prepared i n the range 1% - 4% m/v 

c o n t a i n i n g aqueous ammonia (AnalaR grade, BDH Chemicals, 

Poole, Dorset, UK), a s a d i s p e r s i n g agent i n t h e r a t i o of 

1 ml of ammonia t o 100 ml of sample. The s l u r r i e s were 

made up i n a 5 g dm~^ l i t h i u m b u f f e r s o l u t i o n , (hydrous 

l i t h i u m n i t r a t e , AnalaR grade, BDH C h e m i c a l s , Poole, 

Dorset, UK), The prepared s l u r r i e s were each s o n i c a t e d 

f o r 2 minutes t o a i d the d i s p e r s i o n o f any c l a y 

a g g r e g a t e s . 

Each of the s l u r r i e s were a n a l y s e d by DCP-AES u s i n g t h e 

s t a n d a r d c o n d i t i o n s l i s t e d i n Chapter 2. C a l i b r a t i o n was 

a c h i e v e d u s i n g aqueous s t a n d a r d s ( C h a p t e r 1, S e c t i o n 

1.2.4). Recovery was assumed t o be 100% because, a s 

d i s c u s s e d i n Chapter 3, a l l t h e s e samples p a r t i c l e s were 

below 5 ^m i n s i z e . F o r the purpose o f p r o v i d i n g a ' b l i n d 

t r i a l ' t h e m o n t m o r i l l o n i t e c o n t e n t of t h e samples i n S e t s 

B and C were not pro v i d e d u n t i l t h e a n a l y s e s and 

p r e d i c t i v e models were completed. 
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6.2.1 I d e n t i f i c a t i o n of P r e d i c t o r Elements 

I n o r d e r t o i d e n t i f y which o f the elements p r e s e n t c o u l d 

be used a s p o s s i b l e p r e d i c t o r elements two approaches were 

adopted. A su r v e y o f t h e l i t e r a t u r e and c o n s u l t a t i o n s 

w i t h ECCI suggested t h a t magnesium, c a l c i u m , i r o n , sodium 

and manganese should be s t u d i e d because o f t h e i r known 

a s s o c i a t i o n w i t h m o n t m o r i l l o n i t e m i n e r a l s . I n a d d i t i o n , 

t h e s e elements a r e a l s o known t o be exchanged i n t o the 

l a y e r e d l a t t i c e of t h e s e ' s w e l l i n g * m i n e r a l s ( 5 , 7 1 ) . To 

c o n f i r m the r e l a t i o n s h i p w i t h m o n t m o r i l l o n i t e c o n t e n t , a 

s e r i e s of photographs were t a k e n of the spectrum produced 

by t he e x c i t a t i o n of a m o n t m o r i l l o n i t e sample. T h i s was 

a c h i e v e d by u t i l i s i n g t h e DCP pho t o g r a p h i c attachment, 

which e n a b l e s a p o l a r o i d p i c t u r e t o be t a k e n o f the e n t i r e 

spectrum produced by t h e e c h e l l e g r a t i n g . T h i s p r o v i d e s a 

r a p i d q u a l i t a t i v e a n a l y s i s method. E l e m e n t a l 

i d e n t i f i c a t i o n was a c h i e v e d by a s e r i e s of t r a n s p a r e n t 

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

l i n e s of each element. A c c u r a t e i d e n t i f i c a t i o n of 

s p e c t r a l l i n e s was p o s s i b l e a s each sample was s p i k e d w i t h 

a s o l u t i o n of mercury and t h e t r a n s p a r e n c i e s p o s i t i o n e d 

c o r r e c t l y w i t h r e s p e c t to f o u r mercury l i n e s which a r e 

e a s i l y i d e n t i f i a b l e ( 5 5 ) . T h i s t e c h n i q u e c l e a r l y 

confirmed the pres e n c e of t h e above elements, t o g e t h e r 

w i t h strontum, z i n c and l e a d a s p o s s i b l e p r e d i c t o r 

elements. 

Other elements such a s chromium, g a l l i u m and l i t h i u m were 

a l s o i d e n t i f i e d but not i n v e s t i g a t e d f u r t h e r i n t h i s study 

1 8 2 



s i n c e they were found a t c o n c e n t r a t i o n s near t h e d e t e c t i o n 

l i m i t s of the DCP ( 5 5 ) . The seven elements determined, 

t o g e t h e r w i t h the s p e c t r a l l i n e s used, a r e shown i n T a b l e 

6,1. 

6.2.2 R e s u l t s and D i s c u s s i o n 

A l l t h e e l e m e n t a l c o n c e n t r a t i o n s o b t a i n e d a r e g i v e n i n 

T a b l e 6.2. The e l e m e n t a l d a t a was p l o t t e d a g a i n s t 

m o n t m o r i l l o n i t e c o n t e n t f o r each element and the 

c o r r e l a t i o n c o e f f i c e n t s o b t a i n e d . Only magnesium and 

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

m o n t m o r i l l o n i t e c o n t e n t and w i t h s u f f i c i e n t s l o p e t o be 

u s e f u l i n any p r e d i c t i v e model, a s shown i n F i g u r e 6.1. 

The c o r r e l a t i o n c o e f f i c i e n t s f o r magnesium and c a l c i u m 

w i t h m o n t m o r i l l o n i t e c o n t e n t were r = 0.9988 and r = 

0.9994 r e s p e c t i v e l y . The o t h e r elements, i r o n , sodium, 

z i n c , manganese and s t r o n t i u m e x h i b i t e d v a r i o u s d e g r e e s o f 

c o r r e l a t i o n f o r sample S e t A, but t h e v a l u e s l a y i n 

d i f f e r i n g c o n c e n t r a t i o n ranges compared t o t h e o t h e r two 

sample s e t s , and t h e r e f o r e had l i m i t e d v a l u e a s p r e d i c t o r s 

i n a g e n e r a l model. T h e r e f o r e f u r t h e r p r e d i c t i o n work 

c o n c e n t r a t e d upon magnesium and c a l c i u m . 

6.2.2.1 I d e n t i f i c a t i o n o f Sample Source 

The r e l a t i o n s h i p between magnesium and c a l c i u m f o r a l l 

t h r e e sample s e t s i s shown i n F i g u r e 6.2. I t i s w e l l 

documented (3) t h a t f o r a l l t y p e s of m o n t m o r i l l o n i t e 

m i n e r a l t he magnesium, c a l c i u m , sodium and l i t h i u m c o n t e n t 

i s enhanced above u s u a l k a o l i n i t e l e v e l s , a l t h o u g h t o what 
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Table 6.1 

Elements and wavelengths used i n the m o n t m o r i l l o n i t e study 

Element Wavelength/nm Order 

Hg 259.533 I I 37 

Ca 317.933 TI 71 

Mn 257.610 I I 87 

Na 589.592 I 38 

Sr 407.771 I I 55 

Zn 202.548 I I 111 

Fe 259.940 I I 37 
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Table 6.2 

Elemental c o n c e n t r a t i o n s f o r a l l m o n t m o r i l l o n i t e samples 

Sample Elemental C o n c e n t r a t i o n (^g g~^) 

Mg Ca Mn Na Sr ZQ Fe 

Set A 

0.25% 681 315 19.0 136 31.2 22.5 2359 

0.5% 711 333 19.3 149 36.1 23.0 2346 

1.0% 802 380 19.7 133 26.9 23.6 2321 

2.0% 929 479 20.8 129 33.4 23.5 2444 

5.0% 1351 778 24.3 124 27.5 24.6 2460 

10.0% 1935 1343 31.3 132 33.3 26.8 2604 

Set B 

HMl 993 462 29.5 268 27.9 23.7 5429 

HM2 834 364 11.8 153 44.2 22.1 5240 

HM3 1493 945 35.9 693 23.9 37.8 6200 

Set C 

L I 1201 121 11.3 1040 15.4 12.6 2957 

L2 810 198 8.8 349 32.7 17.0 1842 

L3 940 178 10.1 759 27.4 15.7 2101 
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e x t e n t w i l l depend on t h e s o u r c e and m o n t m o r i l l o n i t e t y p e . 

T a k i n g t h i s i n t o c o n s i d e r a t i o n f o r S e t s A and B, both 

magnesium and c a l c i u m c o n t e n t i n c r e a s e d w i t h 

m o n t m o r i l l o n i t e c o n t e n t ( F i g u r e 6 . 1 ) . The samples from 

S e t C ( L i t t l e j o h n s ) , however, show t h a t w i t h i n c r e a s i n g 

magnesium c o n t e n t (and hence m o n t m o r i l l o n i t e c o n t e n t ) 

t h e r e i s a d e c r e a s e i n the c a l c i u m l e v e l s i n d i c a t i n g a 

d i f f e r e n t mineralogy. 

To d i s t i n g u i s h S e t A samples from S e t B samples, the 

magnesium : c a l c i u m r a t i o was p l o t t e d a g a i n s t t o t a l i r o n 

c o n t e n t ( F i g u r e 6.3). As F i g u r e 6.3 shows, t h r e e q u i t e 

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

r e c o g n i t i o n of the sample s o u r c e . 

6.2.2.2 P r e d i c t i o n of M o n t m o r i l l o n i t e Content f o r S e t B 

(HM) Samples 

I t can be seen from F i g u r e 6.2 t h a t S e t s A and B were 

s i m i l a r i n t h e i r magnesium and c a l c i u m c o n t e n t s . U s i n g 

t h e d a t a from S e t A a r e g r e s s i o n model f o r p r e d i c t i n g 

m o n t m o r i l l o n i t e , u s i n g magnesium and c a l c i u m a s t h e two 

p r e d i c t o r s , was o b t a i n e d v i a t h e M i n i t a b program and 

methology d e s c r i b e d i n C h a p t e r s 4 and 5. An R-squared 

v a l u e of 100.0% and e q u a t i o n 6.1 were o b t a i n e d . 

M = 3.69 + 0.00329 Mg + 0.00545 Ca E q u a t i o n 6.1 

Where M i s the m o n t m o r i l l o n i t e c o n t e n t (% m/m), Mg i s the 

magnesium c o n c e n t r a t i o n and Ca i s t h e c a l c i u m 
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c o n c e n t r a t i o n . The R-squred v a l u e of 100.0% may seen 

s u r p r i s i n g , but i t can be e x p l a i n e d by t h e s m a l l s i z e of 

the d a t a - b a s e . Using two p r e d i c t o r s which a r e h i g h l y 

c o r r e l a t e d w i t h each other, and w i t h o n l y 5 d a t a p o i n t s , 

i t i s p o s s i b l e t o produce R-squared v a l u e s of t h i s n a t u r e . 

U s i n g e q u a t i o n 6.1, p r e d i c t e d v a l u e s f o r S e t B samples 

were c a l c u l a t e d and a r e shown i n T a b l e 6.3, t o g e t h e r w i t h 

t h e v a l u e s provided by t h e ECCI i n f r a - r e d t e c h n i q u e 

d e s c r i b e d i n Chapter 1, S e c t i o n 1.1.5.2. Although not 

i d e n t i c a l , the p r e d i c t i v e v a l u e s a r e i n the same range as 

the ECCI v a l u e s . These r e s u l t s were a l s o c onfirmed by the 

o r d e r of t h e o t h e r elements i n both sample s e t s . 

Manganese, sodium, z i n c and i r o n a l l f o l l o w t h e HM3 > HMl 

> HM2 p a t t e r n where a s s t r o n t i u m was i n v e r s e l y c o r r e l a t e d 

HM2 > HMl > HM3. T h i s s u g g e s t s t h a t s t r o n i u m i s more 

a s s o c i a t e d w i t h the k a o l i n i t e b u l k i n g c l a y which i s borne 

out by the r e s u l t s observed i n C h a p t e r 4. These showed 

t h a t s t r o n t i u m had a h i g h , p o s i t i v e , i n d i v i d u a l 

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

w i t h the p h y s i c a l l y h a r d e r type of m i n e r a l i m p u r i t y found 

i n the c h i n a c l a y product. 

6.2.2.3 P r e d i c t i o n of M o n t m o r i l l o n i t e Content f o r S e t C 

( L i t t l e i o h n ^ Samples 

The S e t C samples c o u l d not be a p p l i e d t o e q u a t i o n 6.1 

because of the i n v e r s e r e l a t i o n s h i p shown between 

magnesium and c a l c i u m i n t h e s e samples and S e t A samples. 

By only u s i n g magnesium v a l u e s from S e t A, however, a 

l i n e a r r e g r e s s i o n e q u a t i o n ( E q u a t i o n 6.2) was o b t a i n e d 
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having a c o r r e l a t i o n c o e f f i c i e n t ( r ) of 0.9988. P r e d i c t o r 

v a l u e s f o r S e t C samples u s i n g e q u a t i o n 6.2 a r e shown i n 

T a b l e 6.3. 

M = -5.13 + 0.00772 Mg E q u a t i o n 6.2 

As w i t h the r e s u l t s f o r S e t B, t h e p r e d i c t o r v a l u e s show 

s l i g h t v a r i a t i o n but t h e model has s u c c e s s f u l l y i d e n t i f i e d 

t h e o r d e r of the samples i n terms of i n c r e a s i n g 

m o n t m o r i l l o n i t e c o n t e n t i . e . L I > L3 > L2. T h i s sample 

s e t a l s o d i f f e r e d from the o t h e r two i n t h a t i t had an 

i n v e r s e t r e n d f o r z i n c v e r s u s m o n t m o r i l l o n i t e c o n t e n t 

which h i g h l i g h t e d the d i f f e r e n t n a t u r e and l o c a t i o n o f t h e 

samples. 

6.2-3 C o n c l u s i o n s 

With l a b o r a t o r y prepared samples, s p i k e d w i t h 

m o n t m o r i l l o n i t e from v a r i o u s s o u r c e s , the e l e m e n t a l 

p r e d i c t i o n t e c h n i q u e u s i n g the minor elements magnesium, 

c a l c i u m and i r o n was v e r y s u c c e s s f u l i n p r e d i c t i n g both 

the l o c a t i o n and m o n t m o r i l l o n i t e c o n t e n t f o r a range of 

samples. A b l i n d t r i a l f o r t h e p r e d i c t i o n of 

m o n t m o r i l l o n i t e c o n t e n t was s u c c e s s f u l l y conducted 

although t h i s h i g h l i g h t e d the need f o r i n f o r m a t i o n or d a t a 

about a sample's o r i g i n t o be i n c l u d e d i n any p r e d i c t i v e 

models. T h i s v a r i a t i o n i n sample o r i g i n e x p l a i n s why the 

p r e d i c t o r elements v a r i e d between sample s e t s both i n 

terms of c o n c e n t r a t i o n and type of r e l a t i o n s h i p . A m u l t i ­

element model should be f l e x i b l e enough t o overcome t h i s 
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Table 6.3 

P r e d i c t e d M o n t m o r i l l o n i t e C o n t e n t f o r Set B (HM) and Set C 
( L i t t l e j o h n s ) samples. 

Sample H o n t m o r i l l o n i t e / % m/m 

E C C I P r e d i c t e d 

S e t B 

HMl 3.3 2.1 

HM2 1.5 1.0 

HH3 9.5 6.4 

Set C 

L I 3.3 4.1 

L2 1.0 1.3 

L3 1.5 2.2 
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problem i f sample s o u r c e o r e l e m e n t a l r e l a t i o n s h i p s 

r e l a t i n g t o sample o r i g i n i s t a k e n i n t o c o n s i d e r a t i o n . 

6.3 DEVELOPMENT OF VISCOSITY PROJECT 

The m o n t m o r i l l o n i t e study d i s c u s s e d i n S e c t i o n 6,2 was 

ta k e n a s t a g e f u r t h e r by EC C I . The work d e s c r i b e d i n t h i s 

s e c t i o n was undertaken by Dr. G. Glegg f o r E C C I . ECCI has 

k i n d l y g i v e n p e r m i s s i o n f o r t h e s e r e s u l t s t o be i n c l u d e d 

and d i s c u s s e d here, i n o r d e r t o p r o v i d e c o n t i n u i t y 

between t h i s p r o j e c t s m o n t m o r i l l o n i t e and v i s c o s i t y 

c o n c e n t r a t i o n work. Glegg moved from a n a l y s i n g l a b o r a t o r y 

s y n t h e t i c samples i n the f i r s t i n s t a n c e , t o r e a l samples 

c o l l e c t e d from v a r i o u s p i t s i n the S t . A u s t e l l a r e a . The 

emphasis was moved to v i s c o s i t y c o n c e n t r a t i o n from 

m o n t m o r i l l o n i t e c o n t e n t . T h i s was because a s f a r a s 

pr o d u c t i o n c o n t r o l i s concerned, t h e v i s c o s i t y 

c o n c e n t r a t i o n i s a measure of t h e r h e o l o g i c a l p r o p e r t i e s 

of a c l a y , whereas m o n t m o r i l l o n i t e c o n t e n t c a n on l y g i v e 

an i n d i c a t i o n t o a c l a y ' s p o t e n t i a l v i s c o s i t y 

c o n c e n t r a t i o n . A l s o t h e s t a n d a r d t e s t p rocedure f o r 

v i s c o s i t y c o n c e n t r a t i o n ( d e s c r i b e d i n Chapt e r 1, S e c t i o n 

1.1.5) has a s . t . d . o f 0.3% which i s f a r s u p e r i o r t o the 

i n f r a - r e d t echnique f o r t h e a n a l y s i s of m o n t m o r i l l o n i t e . 

C l a y samples, from a v a r i e t y of p i t s o u r c e s , were 

bleached, pugged, made up t o 5% m/m s l u r r i e s w i t h 5 g dm"-̂  

l i t h i u m s o l u t i o n ( A n a l a r grade, Hydrated L i t h i u m N i t r a t e , 

BDH Chemicals, Poole, Dorset, UK) a s an i o n i c b u f f e r , and 

0.02% m/m Dispex (sodium p o l y a c r y l i c a c i d ) a s a 
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d i s p e r s a n t (Dispex i s t h e s t a n d a r d d i s p e r s a n t used by 

E C C I ) . Each sample was then a n a l y s e d by s l u r r y 

a t o m i s a t i o n DCP-AES f o r a range of elements. The elements 

determined were aluminium, magnesium, barium, s t r o n t i u m , 

chromium, l i t h i u m and potassium. 

U s i n g s l u r r y a t o m i s a t i o n - DCP - AES and t h e m u l t i p l e 

r e g r e s s i o n procedure d e s c r i b e d i n C h a p t e r s 4 and 5, t h e 

v i s c o s i t y c o n c e n t r a t i o n s f o r t h e s e samples were p r e d i c t e d . 

From the m u l t i p l e r e g r e s s i o n a n a l y s i s , models f o r 

v i s c o s i t y c o n c e n t r a t i o n w i t h R-squared v a l u e s between 

65.0-96.0%, were o b t a i e d from s i n g l e p i t d a t a . A combined 

data-base was formulated c o n t a i n i n g d a t a from the f i v e 

s o u r c e s i n v o l v e d , p l u s s o u r c e i d e n t i f i c a t i o n p r e d i c t o r s . 

These p i t i d e n t i f i c a t i o n p r e d i c t o r s were i n t h e same form 

as t h e sample i d e n t i f i c a t i o n p r e d i c t o r s , developed i n 

Chapter 4, f o r the a b r a s i o n r e g r e s s i o n a n a l y s i s . With 

t h i s e x t e n t e d data-base, a r e g r e s s i o n model, w i t h an R-

squared v a l u e of 78.0%, was o b t a i n e d . Although t h i s was 

encouraging, the r e s i d u a l s from t h i s model d i d e x h i b i t 

some o r g a n i s e d s t r u c t u r e , i n d i c a t i n g t h a t t h e r e was some 

b i a s p r e s e n t i n the model ( 7 2 , 7 3 ) . 

I n p a r a l l e l w i t h t h e s e m u l t i - e l e m e n t experiments, a study 

was conducted i n t o the c o r r e l a t i o n between the a b i l i t y of 

sample c l a y s t o absorb c h e l a t e d n i c k e l and copper o r g a n i c 

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

c o n c e n t r a t i o n . T h i s approach was adopted t o t r y and 
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u t i l i s e t h e h i g h c a t i o n exchange c a p a c i t y of 

m o n t m o r i l l o n i t e type m i n e r a l s , and t o c o r r e l a t e t h i s t o 

v i s c o s i t y c o n c e n t r a t i o n . The i d e a i s v e r y s i m i l a r i n 

concept t o t h a t used t o determine t h e m o n t m o r i l l o n i t e 

c o n t e n t by i n f a r - r e d a n a l y s i s d e s c r i b e d i n Chapter 1, 

S e c t i o n 1.1.5.2. Experiments w i t h t h e c h e l a t e d o r g a n i c 

m a t e r i a l p r o v i d e d l i t t l e encouragement but t h o s e w i t h the 

i n o r g a n i c copper showed some s u c c e s s . Samples were 

prepared as d e s c r i b e d i n S e c t i o n 6.4.1- The absorbed 

copper c o n c e n t r a t i o n was determined by s l u r r y a t o m i s a t i o n 

- DCP - AES and the r e s u l t s r e g r e s s e d a g a i n s t v i s c o s i t y 

c o n c e n t r a t i o n . The r e g r e s s i o n model had an R-squred v a l u e 

of 98.0% ( 7 3 ) . 

6.4 FURTHER INVESTIGATIONS 

C o n t i n u i n g the 'work undertaken by Glegg and ECCI ( o u t l i n e d 

above) a f u r t h e r s e r i e s of samples were pr e p a r e d . These 

d i f f e r e d from p r e v i o u s samples s i n c e t h e y came from a 

s i n g l e p i t ( L i t t l e j o h n s , S t . A u s t e l l ) a l t h o u g h t h e y 

i n c l u d e d samples from f i v e d i f f e r e n t s t o p e s ( p i t f a c e s ) . 

These samples were prepared d i r e c t l y from p i t washings. 

The o b j e c t was t o develop a q u i c k , r e l i a b l e a n a l y t i c a l 

method t o i n d i c a t e the q u a l i t y of each stope t o a i d p i t 

management, thereby a l l o w i n g an o p t i m i s a t i o n o f the mining 

p r o c e s s . T h i r t y one samples were p r o v i d e d t o g e t h e r w i t h 

t h e i r s o l i d c o n t e n t s and v i s c o s i t y c o n c e n t r a t i o n . For 

twenty four samples, the copper a b s o r p t i o n i n v e s t i g a t i o n 

was c o n t i n u e d and a g a i n the s o l i d s c o n t e n t and v i s c o s i t y 

c o n c e n t r a t i o n v a l u e s were p r o v i d e d by ECCI. 
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6-4.1 copper A b s o r p t i o n 

The copper doping procedure was developed by EC C I , C e n t r a l 

L a b o r a t o r i e s . The c l a y samples were p a s s e d through a 300 

mesh s c r e e n ( p r o v i d i n g p a r t i c l e s o f < 5.3 \xm) , made up t o 

a 10% m/m s l u r r y i n a 0.5 M copper n i t r a t e s o l u t i o n 

(AnalaR grade, BDH Chemicals, Poole, D o r s e t ) , and l e f t f o r 

one hour. The samples were t h e n c e n t r i f u g e d , t h e 

s u p e r n a t a n t removed, and t h e c l a y washed f o u r t i m e s w i t h 

d i s t i l l e d water. T h i s was t o remove any unabsorped copper 

from the c l a y p a r t i c l e s . A f t e r d i s p e r s i o n w i t h Dispex 

(0.02% m/m), s l u r r i e s i n the range 3 - 10% m/v were 

prepared f o r a n a l y s i s by s l u r r y a t o m i s a t i o n - DCP - AES i n 

a 5 g dm~^ l i t h i u m s o l u t i o n . The Cu I 224.7 nm l i n e was 

used f o r the a n a l y s i s . Aqueous s t a n d a r d s were used f o r 

c a l i b r a t i o n . 

6.4.1.1 R e s u l t s and D i s c u s s i o n 

A p l o t of t h e copper c o n c e n t r a t i o n s i n t h e c l a y samples 

(pg '?"^) v e r s u s v i s c o s i t y c o n c e n t r a t i o n (%) p l u s t h e 

o r i g i n ( s t o p e ) of t h e sample i s shown i n F i g u r e 6.4. A 

r e g r e s s i o n model f o r v i s c o s i t y c o n c e n t r a t i o n f o r t h i s 

d a t a , shown by E q u a t i o n 6.3 y i e l d s a R-squared v a l u e of 

62.9%. 

V% = 76.2 - 0.00933 Cu E q u a t i o n 6.3 

Where V% i s the v i s c o s i t y c o n c e n t r a t i o n and Cu t h e 

determined copper c o n c e n t r a t i o n . 
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However a p l o t of t h e r e s i d u a l s from t h i s r e g r e s s i o n 

( F i g u r e 6.5) shows u n d e s i r a b l e s t r u c t u r i n g t o be p r e s e n t . 

A c l o s e study of F i g u r e 6.4 p r o v i d e s a p o s s i b l e 

e x p l a n a t i o n f o r t h i s . F i r s t l y f o r s t o p e s 3 and 4 t h e r e 

was v e r y l i t t l e change i n e i t h e r t h e copper c o n c e n t r a t i o n 

or i n v i s c o s i t y c o n c e n t r a t i o n . For stope 6 samples, 

v a r i a t i o n i n copper c o n c e n t r a t i o n does not appear t o 

produce any marked e f f e c t on t h e v i s c o s i t y c o n c e n t r a t i o n . 

F i n a l l y , f o r stope 20 samples, t h e r e appeared t o be 

d i f f e r e n c e s i n the v i s c o s i t y c o n c e n t r a t i o n v a l u e s f o r 

samples p r o v i d i n g the s i m i l a r copper c o n c e n t r a t i o n s . 

When dummy v a r i a b l e s were i n t r o d u c e d i n t o t h e d a t a - b a s e as 

an i n d i c a t i o n of stope s o u r c e , a s i n Chapter 4 f o r sample 

i d e n t i f i c a t i o n , t h e c o r r e l a t i o n c o e f f i c i e n t (R-squared) 

r o s e t o 83.6%. However a p l o t o f the r e s i d u a l s ( F i g u r e 

6.6) s t i l l shows some s t r u c t u r e a s b e f o r e . From t h i s 

e v i d e n c e i t i s obvious t h a t t h e mineralogy of each stope 

i s d i s t i n c t l y d i f f e r e n t , e s p e c i a l l y i n the c a s e of stope 

6. I t i s known t h a t , although 80% of t h e c a t i o n exchange 

c a p a c i t y o f ' s w e l l i n g ' c l a y s o c c u r v i a s u b s t i t u t i o n o f t h e 

i n t e r s t i t i a l water m o l e c u l e s w i t h i n t h e l a t t i c e s t r u c t u r e , 

20% i s due t o the ch a r g e s on t h e edge of t h e t e t r a h e d r a l 

s h e e t s . Thus i t i s p o s s i b l e t h a t t h e copper a t t r a c t i n g 

m i n e r a l i n stope 6 i s not of the a b s o r p t i v e 

m o n t m o r i l l o n i t e ( s m e c t i t e ) c l a s s i f i c a t i o n but of another 

a d s o r p t i o n 'non-swelling' type w i t h h i g h l y charged l a t t i c e 

l a y e r s ( 3 ) . 
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6.4.2 M u l t i - E l e m e n t Approach 

From e a r l i e r r e s e a r c h (72,73) s i x elements have been 

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

c o n c e n t r a t i o n . These elements, magnesium, potassium, 

chromium, t i t a n i u m , barium and s t r o n t i u m , t o g e t h e r w i t h 

aluminium, were determined i n a s e r i e s o f samples from 

L i t t l e j o h n s P i t , S t . A u s t e l l by s l u r r y a t o m i s a t i o n - DCP -

AES. The t h i r t y one samples were from the same f i v e 

s t o p e s as i n S e c t i o n 6.4.1 and d i s t r i b u t e d a s shown i n 

T a b l e 6.4. 

6.4.2.1 E x p e r i m e n t a l 

The samples were passed through a 300 mesh s c r e e n a s i n 

p r e v i o u s s t u d i e s and d i s p e r s e d w i t h 0.02% m/m Dispex. The 

s l u r r i e s were pr e p a r e d i n t h e range 3.9 - 10% m/v, i n a 5 

g dm"-̂  l i t h i u m s o l u t i o n , and a n a l y s e d f o r t h e elements 

mentioned above u s i n g the s p e c t r a l l i n e s l i s t e d i n T a b l e 

6.5. Standard DCP - AES c o n d i t i o n s were used a s d e s c r i b e d 

i n Chapter 2, and aqueous s t a n d a r d s were used f o r 

c a l i b r a t i o n . For each sample t h e s o l i d s c o n t e n t (% m/m) 

and t h e i r v i s c o s i t y c o n c e n t r a t i o n were p r o v i d e d by ECCI, 

C e n t r a l l a b o r a t o r i e s . 

6.4.2.2 R e s u l t s and D i s c u s s i o n 

I n t h e s e d e t e r m i n a t i o n s , and f o r t h e subsequent m u l t i ­

element r e g r e s s i o n a n a l y s i s , aluminium was used a s an 

i n t r i n s i c i n t e r n a l s t a n d a r d a s d i s c u s s e d i n C h a p t e r s 4 and 

5. Thus, the e l e m e n t a l c o n c e n t r a t i o n of each sample was 

r a t i o e d t o i t s aluminium c o n t e n t a s determined by s l u r r y 
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Table 6.4 

Distribution of multi-element samples with respect to stope 

origin. 

Stope Number of Samples 

3 6 

4 5 

6 10 

20 9 

8 1 

Table 6.5 

Elements and spectral lines used in the multi-element analysis 

Element Spectral Line Order 

/nm 

Al 308.215 73 

Mg 280.270 80 

K 404.414 56 

Sr 407.771 55 

Ba 614.172 37 

Cr 425.455 53 

Ti 323.452 69 
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a t o m i s a t i o n - DCP - AES. 

6.4.2.2.1 S i n g l e Element C o r r e l a t i o n s 

I n d i v i d u a l element : aluminium r a t i o s c o r r e l a t e d w i t h 

v i s c o s i t y c o n c e n t r a t i o n ( % ) , i n c l u d i n g stope 

i d e n t i f i c a t i o n , a r e shown i n F i g u r e s 6.7 - 6.12. These 

s i n g l e element c o r r e l a t i o n s proved t o be q u i t e 

d i s a p p o i n t i n g a l though the shape of some of t h e graphs 

were s i m i l a r t o e a r l i e r work on the L i t t l e j o h n P i t by 

Glegg ( 7 3 ) . From t h e s e p l o t s i t i s c l e a r t h a t the s i n g l e 

sample from Stope 8, has a l a r g e i n f l u e n c e on any apparent 

r e l a t i o n s h i p between the elements and v i s c o s i t y 

c o n c e n t r a t i o n . F i r s t l y , i t has t h e l o w e s t v i s c o s i t y 

c o n c e n t r a t i o n v a l u e , and t h u s becomes v e r y important i n 

any r e g r e s s i o n c o r r e l a t i o n . Secondly, from a l l s i x p l o t s , 

i t c l e a r l y has a d i f f e r e n t mineralogy and hence c h e m i c a l 

composition. T h i s was a l s o borne out by t h e sample's 

d i r t y brown appearance as compared t o t h e r e l a t i v e 

w h i t e n e s s of the o t h e r samples. 

6.4.2.2.2 Multi-Element R e g r e s s i o n A n a l y s i s 

An i n i t i a l m u l t i - e l e m e n t a n a l y s i s u s i n g t h e M i n i t a b package 

and the s i x e l e m e n t a l p r e d i c t o r s was performed. As b e f o r e 

p r e d i c t o r s t h a t l a y o u t s i d e 95% c o n f i d e n c e l i m i t s were 

removed from t h e model. The r e g r e s s i o n model produced had 

a c o r r e l a t i o n c o e f f i c i e n t (R-squared) of 71.1% and i s 

shown i n equation 6.4. 

V% = 78 - 343 Mg - 8097 S r + 42603 Cr E q u a t i o n 6.4 
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F i g u r e 6.7 R e l a t i o n s h i p between the magnesium:aluminium 

c o 
-H 
4J 
03 L -P C 
0) u c o 
U 
>» 
4J 
f-l 
0) o u m 

80 

70 

60 

50 

40 

• W 

r a t i o and v i s c o s i t y c o n c e n t r a t i o n w i t h stope KEY 

i d e n t i f i c a t i o n . C]= Stope 3 
A ° Stope 4 
V ° Stope 6 
0 = Stope 20 
+ « Stope B 

O o o 

3 4 
Mgeneslum: Aluminium Rat i o wio-

6 



c o 
•rH 

to 
L 
4J C Q) U C 
o 
u 

-H 
0) o u 
0) 

80 

70 

60 

50 h 

AO 

F i g u r e 6.8 R e l a t i o n s h i p between the potassium:aluminium 

r a t i o and v i s c o s i t y c o n c e n t r a t i o n w i t h stope 

i d e n t i f i c a t i o n . 

^ • 

o 

<6 
0 

KEY 
• - Stope 3 
A Stope 4 
V - Stope 6 
O - Stope 20 
+ - Stope 8 

15 25 
Potaeelum: Aluminium R a t i o MlO 

35 
-3 

45 



F i g u r e 6.9 R e l a t i o n s h i p between the s t r o n t i u m : a l u m i n i um 
ao 
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F i g u r e 6.10 R e l a t i o n s h i p between the barium:aluminium 
BO 
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Where V% i s the v i s c o s i t y c o n c e n t r a t i o n and Mg,Sr and Cr 

a r e t h e aluminium r a t i o e d , e l e m e n t a l p r e d i c t o r s , 

A p l o t of the r e s i d u a l s ( F i g u r e 6.13) o b t a i n e d from t h i s 

model shows, as i n the copper model, some b i a s i . e . over 

p r e d i c t i o n a t low v i s c o s i t y c o n c e n t r a t i o n and under 

p r e d i c t i o n a t h i g h v i s c o s i t y c o n c e n t r a t i o n . As w i t h the 

work of Glegg and the copper a b s o r p t i o n study, some type 

of stope i d e n t i f i c a t i o n i s needed f o r an adequate m u l t i ­

element model t o be developed. T h i s was f u r t h e r 

i n v e s t i g a t e d by the r e g r e s s i o n a n a l y s i s of each i n d i v i d u a l 

stope. T h i s was only p o s s i b l e f o r s t o p e s 6 and 20, s i n c e 

t he o t h e r s t o p e s d i d not have a l a r g e enough d a t a - b a s e f o r 

r e g r e s s i o n a n a l y s e s t o be performed w i t h s i x p r e d i c t o r s . 

From the r e g r e s s i o n a n a l y s e s of s t o p e s 6 and 20, E q u a t i o n s 

6.5 (R-squared = 80.2%) and 6.6 (R-squared = 99.4%) were 

obt a i n e d r e s p e c t i v e l y . 

V% = 71,8 + 3.2 K - 3290 Ba + 2257 T i E q u a t i o n 6.5 

V% = 82.5 - 542 Mg - 304 K - 47781 C r + 2257 T i 

E q u a t i o n 6.6 

A c l o s e a p p r a i s a l of the two models shown i n E q u a t i o n s 6.5 

and 6.6, p o i n t s t o s e v e r a l r e a s o n s why b i a s e x i s t s i n the 

o v e r a l l models developed w i t h o u t any i n d i c a t i o n of stope 

s o u r c e . Three p o i n t s support t h i s premise: 

( i ) The i n t e r c e p t c o n s t a n t s a r e markedly d i f f e r e n t . 
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F i g u r e 6.13 P l o t of the r e s i d u a l s from the multi-element 
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( i i ) The models c o n t a i n d i f f e r e n t e l e m e n t a l 

p r e d i c t o r s . 

( i i i ) Although the potassium p r e d i c t o r i s i n c l u d e d i n 

both models the s i g n i s d i f f e r e n t i n each 

e q u a t i o n . 

6.4.2.2.3 Multi-Element R e g r e s s i o n A n a l y s i s w i t h Stope 

I d e n t i f i e r s 

The s i m p l e s t method of i n c l u d i n g stope s o u r c e i n the d a t a 

base would be t o i n c l u d e e x t r a p r e d i c t o r s , one f o r each 

stope p r e s e n t i n the d a t a base. These columns c o n t a i n a 

s e r i e s of I ' s and O's a s shown i n C h a p t e r 4 f o r the 

product and r e s i d u a l f l o t a t i o n samples. 

The problem w i t h t h i s approach i s t h a t i t assumes t h a t 

w i t h i n each stope, the r e l a t i o n s h i p between a l l t h e 

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

same i . e . p o s s e s s the same s l o p e (Chapter 4, F i g u r e 4.30). 

From F i g u r e s 6.7 and 6.12 i t can c l e a r l y be s e e n t h a t even 

f o r the same stope e.g. stope 2 0 samples, t h e r e l a t i o n s h i p 

between the magnesium : aluminium and t i t a n i u m : aluminium 

p r e d i c t o r s and v i s c o s i t y c o n c e n t r a t i o n do not p o s s e s s the 

same i n t e r c e p t or s l o p e . 

To overcome t h i s , each e l e m e n t a l p r e d i c t o r was m u l t i p l i e d 

by each stope i d e n t i f i e r p r e d i c t o r , t h e r e b y c r e a t i n g f o r 

each e l e m e n t a l p r e d i c t o r , as many new p r e d i c t o r s as t h e r e 

a r e s t o p e s i n t h e d a t a - b a s e . T h i s was performed f o r 

s t o p e s 3, 4, 6 and 20 c r e a t i n g a d a t a b a s e of twenty f o u r 
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p r e d i c t o r columns. The d a t a f o r stope 8, c o n t a i n i n g only 

d a t a from a s i n g l e sample was removed from t h e database 

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

d a t a s e t from t he main r e g r e s s i o n model and p r o v i d e a 

p e r f e c t f i t f o r t h i s one sample. U s i n g t h e i d e n t i f i c a t i o n 

p r e d i c t o r s i n t h i s way, and f o r two s t o p e s (1 and 2) and 

one element (boron), t h e r e g r e s s i o n e q u a t i o n shown i n 

Eq u a t i o n 4.5 would have t h e format shown i n E q u a t i o n 6.7. 

T h i s e quation i s shown g r a p h i c a l l y i n F i g u r e 6.14. 

ABR = Bq + (boron) + B 2 ( S t o p e 2) + B 3 ( b o r o n * Stope 2) 

E q u a t i o n 6.7 

A r e g r e s s i o n model was o b t a i n e d a s b e f o r e w i t h a 

c o r r e l a t i o n c o e f f i c i e n t (R-squared) of 99.2%. Because of 

th e s i z e of the e q u a t i o n i t i s shown i n t a b u l a r form i n 

T a b l e 6.6. 

A p l o t of the r e s i d u a l s , shown i n F i g u r e 6.15 shows t h a t 

t h e b i a s p r e s e n t i n the e a r l i e r models, and f o r the copper 

a b s o r p t i o n work, has been e l i m i n a t e d . 

6.5 CONCLUSIONS 

For l a b o r a t o r y prepared m o n t m o r i l l o n i t e samples, both t h e 

m o n t m o r i l l o n i t e c o n t e n t and sample o r i g i n were e l u c i d a t e d 

u s i n g minor element c o n c e n t r a t i o n s and s i m p l e s t a t i s t i c a l 

t e c h n i q u e s . The s l u r r y a t o m i s a t i o n - DCP - AES te c h n i q u e 

compares q u i t e f a v o u r a b l y w i t h E C C I ' s i n f r a - r e d method f o r 

th e d e t e r m i n a t i o n of m o n t m o r i l l o n i t e c o n t e n t . Although 

t h e p r e d i c t e d v a l u e s f o r m o n t m o r i l l o n i t e were not t o t a l l y 
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F i g u r e 6.14 Diagramatic r e p r e s e n t a t i o n of Equation 6.7 
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T a b l e 6.6 

R e g r e s s i o n model for mult i-ele'nent d a t a 

i d e n t i f i c a t i o n . 

p l u s s t o p e 
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F i g u r e 6.15 P l o t of the r e s i d u a l s from the extended d a t a -

^ base r e g r e s s i o n model. 
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s a t i s f a c t o r y ( Table 6.3), t h e d i s c r e p a n c y can be 

a t t r i b u t e d t o the s m a l l number, and s i z e , of samples 

a n a l y s e d . The m u l t i - e l e m e n t t e c h n i q u e h o l d s some 

avantages over the i n f r a - r e d method i n t h a t w i t h a g r e a t e r 

data-base a more a c c u r a t e p r e d i c t i o n of m o n t m o r i l l o n i t e 

c o n t e n t of c l a y s would be p o s s i b l e . I n a d d i t i o n , not o n l y 

can the m o n t m o r i l l o n i t e c o n t e n t be p r e d i c t e d , but t h e 

s o u r c e and even type of m o n t m o r i l l o n i t e p r e s e n t i s 

r e v e a l e d by the s l u r r y t e c h n i q u e ; i n f o r m a t i o n which t h e 

i n f r a - r e d method cannot p r o v i d e . F o r ' r e a l ' samples from 

the p i t wash and from d i f f e r e n t s t o p e s , a more c o m p l i c a t e d 

but f l e x i b l e model had t o be developed. The a b s o r p t i o n , 

and from the subsequent a n a l y s e s , p r o b a b l y a d s o r p t i o n , of 

i n o r g a n i c copper proved t o be inadequate i n overcoming 

d i f f e r e n t up-take p r o c e s s e s and s t o p e i n d i v i d u a l i t y . A l s o 

the p r e p a r a t i o n of t h e copper samples does not l e n d i t s e l f 

towards an o n - l i n e monitoring system. 

I t was o n l y when the scope of t h e d i f f e r e n c e s between the 

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

r e g r e s s i o n model, w i t h adequate u n b i a s e d p r e d i c t i o n 

a b i l i t y , c o u l d be developed. I t i s shown t h a t the s i z e of 

the data-base i s c r i t i c a l f o r c o r r e c t m o d e l l i n g . As a 

t e c h n i q u e to maximise p i t o p e r a t i o n by t h e o n - l i n e 

b l e n d i n g of washes from each s t o p e t o produce a marketable 

c l a y w i t h i n t h e v i s c o s i t y c o n c e n t r a t i o n s p e c i f i c a t i o n , t he 

s l u r r y a t o m i s a t i o n - m u l t i p l e r e g r e s s i o n procedure seems 

to meet most of the n e c e s s a r y c r i t e r i a . 
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CHAPTER 7 CARBITOL 

7.1 INTRODPCTION 

As d e s c r i b e d i n Chapter 1, S e c t i o n 1.1.6, C a r b i t o l i s t h e 

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

c a r b o n a t e and t h e d i s p e r s e n t D i s p e x ( ™ ) ( p o l y a c r y l i c 

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

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

marketed i n v a r i o u s g r a d e s , each g r a d e c o r r e s p o n d i n g t o 

t h e p e r c e n t a g e o f p a r t i c l e s b e l o w 2 pm. As w i t h 

k a o l i n i t e , t he b r i g h t n e s s c h a r a c t e r i s t i c s o f t h e c a r b i t o l , 

and hence the q u a l i t y of the f i n i s h e d paper, i s r e l a t e d t o 

t h e p r o p o r t i o n o f p a r t i c l e s b e l o w 2 pm i n s i z e . The 

l a r g e r t h e s ub-2 pm f r a c t i o n t h e b e t t e r t h e c o a t i n g 

p r o p e r t i e s o f t h e m a t e r i a l . One o f t h e a d v a n t a g e s of 

c a r b i t o l i s t h a t t h e s t r e n g t h o f t h e paper, which i s 

somewhat dependent on t h e p a r t i c l e s i z e d i s t r i b u t i o n o f 

the c o a t i n g m a t e r i a l , i s not a f f e c t e d a s much a s p a p e r 

manufactured w i t h k a o l i n i t e . 

C a r b i t o l i s p r o d u c e d when c a l c i u m c a r b o n a t e ( m a r b l e ) , 

w a t e r and t h e d i s p e r s e n t ( D i s p e x ) a r e mixed and ground 

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

s i z e r a n g e . The amount o f D i s p e x i n t h e C a r b i t o l i s 

u s u a l l y i n the range 0.4-1% m/m. However a problem a r i s e s 

w i t h t h e c o n t r o l o f the Dispex a d d i t i o n . T h i s i s because 

t h e mass f l o w c o n t r o l l e r s u s e d f o r t h e a d d i t i o n c a n n o t 

a c c u r a t e l y measure the Dispex owing t o i t s h i g h v i s c o s i t y , 

E C C I e m p l o y a c o n d u c t i v i t y t e s t m e t h o d f o r D i s p e x 
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a d d i t i o n , but t h i s method, a t t h e p r e s e n t t i m e , has not 

been a c c u r a t e l y c a l i b r a t e d . Thus t h e r e i s a r e q u i r e m e n t 

f o r a method t o be developed f o r t h e measurement of Dispex 

i n t h e c a r b i t o l p r o d u c t , a g a i n s t w h i c h t h e E C C I 

c o n d u c t i v i t y t e s t c o u l d be c a l i b r a t e d . A o n c e o n l y 

c a l i b r a t i o n was r e q u i r e d s o a s t o m i n i m i s e a n y 

i n t e r f e r e n c e w i t h the c a r b i t o l p r o d u c t i o n p l a n t . S i n c e t h e 

c o n d u c t i v i t y t e s t i s an o n - l i n e p r o c e d u r e , o n c e 

c a l i b r a t e d , i t c o u l d be l e f t f o r long p e r i o d s of time. 

7.2 INFRA-RED INVESTIGATIONS 

I n i t i a l l y i t was thought t h a t i n f r a - r e d t e c h n i q u e s such as 

t h o s e d e s c r i b e d i n C h a p t e r 1, S e c t i o n 1 . 1 . 5 . 2 , f o r 

m o n t m o r i l l o n i t e i d e n t i f i c a t i o n , c o u l d be u s e d t o m o n i t o r 

t h e amount of Dispex ( p o l y a c r y l i c a c i d ) i n t h e C a r b i t o l . 

The s t r u c t u r e of p o l y a c r y l i c a c i d i s shown i n F i g u r e 7.1. 

I n f r a - r e d s c a n s were o b t a i n e d from t h r e e samples s u p p l i e d 

by ECC Calcium Carbonate L t d . The samples used c o n s i s t e d 

of a pure sample of Dispex, a C a r b i t o l 90 sample ( 90% of 

t h e p a r t i c l e s <2 pm, and a p p r o x i m a t e l y 65% m/m s o l i d s ) 

c o n t a i n i n g 0.7% m/m D i s p e x , and a C a r b i t o l 90 s a m p l e 

c o n t a i n i n g approxiamtely 2.0% m/m Dispex. The s c a n s were 

r e c o r d e d on an i n f r a - r e d s p e c t r o m e t e r (Model 298, P e r k i n 

Elmer, B e a c o n f i e l d , Bucks., U.K.) u s i n g sodium c h l o r i d e 

windows, 0.5 s c a l e expansion, and 4 minute s c a n time w i t h 

a narrow s l i t program. The s c a n s a r e shown i n F i g u r e s 

7.2-7.4. 
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F i g u r e 7,1 M o l e c u l a r s t r u c t u r e o f Dispex ( p o l y a c r y l i c 

a c i d ) . 

c CH-CHa 
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C-OH 
II O 

r f C -
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F i g u r e 7.2 I n f r a - r e d spectrum of C a r b i t o l 90. 0.7% m/m 

dispe x . 
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F i g u r e 7.3 I n f r a - r e d spectrum of C a r b i t o l 90 

Approximately 2.0% m/m d i s p e x . 
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The two peaks a t 1640-1660 and 1400-1440 cm~^ from t h e two 

C a r b i t o l 90 s c a n s ( F i g u r e s 7.2 and 7.3) a r e due t o t h e 

i o n i s e d C O 2 s t r e t c h i n g from t h e c a l c i u m c a r b o n a t e ( 7 4 ) . 

These peaks a l s o o c c u r i n t h e p u r e D i s p e x s p e c t r u m shown 

i n F i g u r e 7.4. The main peak o f i n t e r e s t o c c u r s between 

t h e s e two p e a k s a t 1550-1570 cm~^, and c a n be s e e n i n 

F i g u r e s 7.3 and 7.4. T h i s peak i s markedly s t r o n g e r i n 

the pure Dispex s c a n than i n t h e C a r b i t o l , 2.0% m/m Dispex 

s c a n , and i s n o t p r e s e n t i n t h e C a r b i t o l , 0.7% m/m 

Dispex, s c a n a t a l l . The peak, p l u s t h e two weak peaks a t 

1450 and 1330 cm~^ ( F i g u r e s 7.3 and 7 . 4 ) , a r e i n d i c a t i v e 

of t h e ammonium (NH^) s a l t s o f c a r b o x y l i c a c i d s . T h i s 

seemed t o be comfirmed by a c o m p a r i s o n w i t h a s t a n d a r d 

spectrum o f p o l y a c r y l i c a c i d (ammonium s a l t ) ( 7 5 ) . The 

s t a n d a r d s c a n f o r t h e ammonium s a l t a l s o shows t h e e x t r a 

peak a t 1550-1570 cm"^ w h e r e a s t h e s t a n d a r d s c a n f o r 

p o l y a c r y l i c a c i d p o w d e r ( 7 6 ) d o e s n o t . F u r t h e r 

c o n f o r m a t i o n of t h e p r e s e n c e o f t h e ammonium s a l t was 

ob t a i n e d by a s e r i e s of p o s i t i v e t e s t - t u b e i d e n t i f i c a t i o n 

t e s t s f o r ammonia i n the Dispex sample (77) . However, ECC 

C a l c i u m Carbonate c l a i m e d t h a t t h e p o l y a c r y l i c a c i d t h e y 

now used was of the sodium s a l t , a l t h o u g h t h e y had used 

the ammonium s a l t i n the p a s t . With obvious c o n t r a d i c t i o n 

i n e x p e r i m e n t a l and s u p p l i e d d a t a t h e r e was a r e l u c t a n c e 

to use the peak a t 1550-1570 cm~^ a s a c a l i b r a t i o n method 

f o r t h e c o n d u c t i v i t y procedure. 
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F i g u r e 7.4 I n f r a - r e d spectrum of Dispex ( p o l y a c r y l i c 

a c i d ) . 
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7.3 INTRINSIC ELEMENTAL MARKER 

F o l l o w i n g t h e i n f r a - r e d i n v e s t i g a t i o n i t was d e c i d e d t o 
use s l u r r y atomisation-DCP-AES as a method f o r d e t e r m i n i n g 
t h e amount o f D i s p e x i n t h e C a r b i t o l p r o d u c t . To 
f a c i l i t a t e t h i s , photographs of t h e s p e c t r a o f a C a r b i t o l 
90, 0.7% m/m Dispex sample, and a pure Dispex sample were 
o b t a i n e d . T h i s was a c h i e v e d u s i n g t h e DCP p h o t o g r a p h i c 
u n i t and t h e methology o u t l i n e d i n C h a p t e r 6, S e c t i o n 6.2. 
As the C a r b i t o l 90 sample was a p p r o x i m a t e l y 60% m/m s o l i d s 
and t h e Dispex sample extremely v i s c o u s , each was d i l u t e d 
to a t h i r d of t h e i r o r i g i n a l c o n c e n t r a t i o n s , s o t h a t they 
would not b l o c k t h e sample i n t r o d u c t i o n system of the DCP. 

From t h e photographs no e l e m e n t s were i d e n t i f i e d i n t h e 

pure D i s p e x s a m p l e t h a t c o u l d be u s e d a s a i n t r i n s i c 

i n t e r n a l marker. However, t h e r e was an a b s e n c e o f t h e 

h i g h e r t r a n s i t i o n m e t a l s i n both s a m p l e s e.g. manganese 

and chromium, as w e l l as boron. 

7.4 BORIC ACID 

As d e s c r i b e d above, Dispex c o n t a i n e d no obvious i n t r i n s i c 

i n t e r n a l marker, although c e r t a i n elements were a p p a r e n t l y 

a b s e n t i n both pure Dispex and C a r b i t o l s a m p l e s . As t h e 

c a l i b r a t i o n o f the c o n d u c t i v i t y measurements would be on a 

p l a n t s c a l e i . e . approximately a tonne of Dispex produced 

a t a t i m e , t h e c o s t of any e l e m e n t a l m a r k e r had t o be 

c o n s i d e r e d . Boron i s e a s i l y determined by DCP-AES, and i f 

added a s b o r i c a c i d ( H 3 B O 3 ) , i t i s r e l a t i v e l y c h e a p , 

e a s i l y a v a i l a b l e i n b u l k q u a n t i t i e s and a b s e n t from t h e 
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s p e c t r a o b t a i n e d . Two samples, one o f C a r b i t o l 90, 0.7% 

m/m Dispex, and one of pure Dispex were a n a l y s e d f o r boron 

by DCP-AES u s i n g t h e b o r o n I 249.977 nm l i n e and t h e 

s t a n d a r d p l a s m a c o n d i t i o n d e s c r i b e d i n C h a p t e r 2. The 

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

p r e p a r e d w i t h a c o n c e n t r a t i o n o f 10 g dm"-^ l i t h i u m 

s o l u t i o n . No boron was found t o be p r e s e n t i n e i t h e r 

s a m p l e , a l t h o u g h t h e C a r b i t o l 90 s a m p l e e x h i b i t e d an 

e l e v a t e d b a c k g r o u n d , p r o b a b l y , d u e t o t h e h i g h 

c o n c e n t r a t i o n of c a l c i u m , and so background c o r r e c t i o n was 

used on subsequent a n a l y s e s . 

7.4.1 B o r i c A c i d C o n c e n t r a t i o n 

S e v e r a l f a c t o r s had t o be c o n s i d e r e d when c a l c u l a t i n g t h e 

c o n c e n t r a t i o n of boron t o be added t o t h e Dispex. I t was 

d e c i d e d t h a t a c o n c e n t r a t i o n o f 5 pg g~^ of boron, i n a 

C a r b i t o l p r o d u c t c o n t a i n i n g 0.4% m/m D i s p e x , would be 

s u f f i c i e n t t o o b t a i n a d e q u a t e a c c u r a c y and p r e c i s i o n . 

However, b e f o r e a n a l y s i s by DCP-AES, t h e C a r b i t o l sample 

w o u l d h a v e t o be d i l u t e d by a f a c t o r o f t h r e e , a s 

d e s c r i b e d above, t o produce a sample o f a p r r o x i m a t e l y 20% 

m/m s o l i d s c o n c e n t r a t i o n . The f i n a l c o n c e n t r a t i o n o f 

boron r e q u i r e d i n the Dispex was 3750 pg g""^. T h i s meant 

t h a t f o r a p l a n t t r i a l 21.453 kg of b o r i c a c i d would have 

t o be d i s s o l v e d i n a tonne o f D i s p e x . T h e r e was some 

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

b o r i c a c i d i n t h i s q u a n i t y . S c a l e d down l a b o r a t o r y t r i a l s 

e s t a b l i s h e d t h a t w i t h r i g o r o u s s t i r r i n g , t h e d e s i r e d 

c o n c e n t r a t i o n o f b o r i c a c i d was s o l u b l e i n D i s p e x . 
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A l a b o r a t o r y t r i a l was performed on t h e r e c o v e r y of boron 

from a sample of C a r b i t o l 90 s p i k e d w i t h 1.6% m/m Dispex. 

The Dispex c o n t a i n e d t h e a p p r o p i a t e c o n c e n t r a t i o n of b o r i c 

a c i d . The C a r b i t o l sample was d i l u t e d w i t h a l i t h i u m 

s o l u t i o n g i v i n g a l i t h i u m c o n c e n t r a t i o n of 10 g dm~^. An 

i n t e r n a l s t a n d a r d of lanthanum was a l s o i n c o r p o r a t e d t o 

m o n i t o r t h e r e c o v e r y o f t h e boron. The l a n thanum was 

d e t e r m i n e d u s i n g t h e La I 394.910 nm l i n e and t h e boron 

w i t h t h e B I 249.977 nm l i n e . S t a ndard plasma c o n d i t i o n s 

o u t l i n e d i n C h a p t e r 2 w e r e u s e d and c a l i b r a t i o n was 

a c h i e v e d u s i n g aqueous s t a n d a r d s . As can be s e e n from the 

r e s u l t s shown i n T a b l e 7.1, t h e r e c o v e r y o f boron and 

lanthanum from t h e s amples were a p p r o x i m a t e l y t h e same. 

T h e r e f o r e the lanthanum was a b l e t o a d e q u a t e l y c o r r e c t f o r 

t h e low boron r e c o v e r y v a l u e . That t h e r e c o v e r y f o r both 

e l e m e n t s i s low i s p r o b a b l y due t o t h e v i s c o s i t y e f f e c t s 

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

d i s c u s s e d i n Chapter 2. 

7.4.2 L a b o r a t o r y T r i a l 

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

c o n t a i n i n g boron s p i k e d D i s p e x , a l a b o r a t o r y t r i a l was 

u n d e r t a k e n . T h i r t y s a m p l e s o f C a r b i t o l 90, w i t h 

i n c r e a s i n g amounts o f boron s p i k e d D i s p e x ( 0 . 0 1 % - 1 . 0 % 

m/m), were p r e p a r e d by ECCI R e s e a r c h L a b o r a t o r i e s . E a c h 

sample c o n t a i n e d 10 g dm"*̂  l i t h i u m b u f f e r and 10 ug g~^ 

lanthanum as an i n t e r n a l s t a n d a r d , t h e s o l i d s c o n t e n t of 

t h e s a m p l e s b e i n g a p p r o x i m a t e l y 2 5 % m/m. The b o r o n 

c o n t e n t o f t h e s a m p l e s was d e t e r m i n e d a s d e s c r i b e d i n 
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Table 7.1 

Laboratory t r i a l f o r the recovery of boron from C a r b i t o l 90 

Element C a l c u l a t e d Determined Recovery Co r r e c t e d 
c o n c e n t r a t i o n c o n c e n t r a t i o n % c o n c e n t r a t 

}ig g"^ }ig g yg g 

B 23.6 17.9 75.8 24.3 

La 94.1 68.5 72.8 
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S e c t i o n 7.4,1. A p l o t of t h e boron c o n c e n t r a t i o n v e r s e s 

s p i k e d D ispex c o n t e n t i s shown i n F i g u r e 7.5, A l i n e a r 

c o r r e l a t i o n c o e f f i c i e n t ( r ) of 0.9888 was o b t a i n e d from 

t h i s d a t a . However, the r e c o v e r i e s f o r boron were found 

t o be between 100-150 % h i g h e r t h a n what was e x p e c t e d . 

T h i s was w i t h o u t a n y c o r r e c t i o n f o r e x p e c t e d l o w 

r e c o v e r i e s of boron u s i n g t h e lanthanum i n t e r n a l s t a n d a r d . 

The lanthanum c o n t e n t of t h e s a m p l e s was not d e t e r m i n e d , 

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

s a m p l e s w i t h t h e r e c o v e r y o f two t o t h r e e t i m e s t h e 

e x p e c t e d amount of boron. D i s p i t e t h i s , t h e e x p e r i m e n t 

d i d prove t h a t t h e a d d i t i o n of v a r i o u s c o n c e n t r a t i o n s of 

D i s p e x t o C a r b i t o l s a m p l e s c o u l d be m o n i t o r e d by t h i s 

method. 

7.4.3 P l a n t T r i a l 

F o l l o w i n g the l a b o r a t o r y t r i a l d e s c r i b e d i n S e c t i o n 7.4.2, 

a l i m i t e d p l a n t t r i a l was p e r formed. A one tonne sample 

of b o r o n s p i k e d D i s p e x was p r e p a r e d by ECC C a l c i u m 

C a r b o n a t e a t t h e i r S a l i s b u r y c a r b i t o l p l a n t . V a r i o u s 

samples of C a r b i t o l 75 i . e . 75% of t h e p a r t i c l e s were <2 

pm, c o n t a i n i n g v a r i o u s amounts of t h e boron D i s p e x , were 

produced and t h e i r c o n d u c t i v i t y r e c o r d e d . The s a m p l e s 

were then prepared and a n a l y s e d f o r boron as b e f o r e . The 

p l o t of t h e boron c o n c e n t r a t i o n ( a s determined by DCP-AES) 

v e r s u s t h e c o n d u c t i v i t y measurement v a l u e s i s shown i n 

F i g u r e 7.6. As s e e n from F i g u r e 7.6 t h e r e l a t i o n s h i p 

b e t w e e n t h e d e t e r m i n e d b o r o n c o n c e n t r a t i o n a n d t h e 

c o n d u c t i v i t y measurements i s n o t a l i n e a r one. T h i s 
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comfirms t h e s u s p i c i o n s o f ECC C a l c i u m C a r b o n a t e t h a t 

t h e i r mass flow meters do not a c c u r a t e l y measure the flow 

of Dispex through the c a r b i t o l p l a n t . Owing t o p r o d u c t i o n 

p r e s s u r e s , t h e lanthanum c o n t e n t was a g a i n not determined. 

T h i s was not a s e r i o u s l o s s s i n c e t h e main purpose of t h i s 

p r e l i m i n a r y p l a n t t r i a l was t o demonstrate t h a t t he boron 

s p i k e d D i s p e x c o u l d be monitored t h r o u g h t h e p l a n t , and 

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

measurement was p o s s i b l e . The p r o j e c t has now been handed 

over t o , and concluded by, ECCI R e s e a r c h L a b o r a t o r i e s . 

7.5 CONCLUSIONS 

ECC Calcium Carbonate r e q u i r e d a c a l i b r a t i o n t e c h n i q u e f o r 

a c o n d u c t i v i t y t e s t t h a t measured t h e amount o f D i s p e x 

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

produce C a r b i t o l , a commercial paper f i l l e r and c o a t i n g 

m a t e r i a l . 

I n i t i a l l y i n f r a - r e d s t u d i e s p r o v e d p r o m i s i n g , b u t 

q u a l i t a t i v e i n f r a - r e d d a t a was a t v a r i a n c e w i t h t h e 

sponsors knowledge of the type of Dispex s a l t used. 

S l u r r y a t o m i s a t i o n - D C P - A E S p r o v e d t o be a f a r more 

s u c c e s s f u l a p p r o a c h . Boron was added t o t h e D i s p e x a s 

b o r i c a c i d and was s u c c e s s f u l l y r e c o v e r e d from C a r b i t o l 

samples u s i n g lanthanum as an i n t e r n a l s t a n d a r d . Minimal 

sample p r e p a r a t i o n was r e q u i r e d . I n a c c u r a c i e s i n the mass 

flow measurements used f o r t h e a d d i t i o n o f D i s p e x t o t h e 

c a l c i u m c a r b o n a t e w e r e h i g h l i g h t e d by a n o n - l i n e a r 
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r e l a t i o n s h i p between r e c o v e r e d boron and c o n d u c t i v i t y 

measurements. Thus i s seems t h a t s l u r r y atomisation-DCP-

AES i s a v i a b l e t e c h n i q u e f o r t h e c a l i b r a t i o n o f 

c o n d u c t i v i t y measurements f o r t h e d e t e r m i n a t i o n o f t h e 

Dispex c o n t e n t of C a r b i t o l . 
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CHAPTER 8 CONCLUSIONS AND FURTHER WORK 

8.1 CONCLUSIONS 

A n a l y t e s i g n a l s u p r e s s i o n , l i n k e d t o i n c r e a s i n g s l u r r y 

c o n c e n t r a t i o n , has been observed f o r a range o f a n a l y t e s . 

I t has been demonstrated t h a t the non-Newtonian b e h a v i o u r 

of k a o l i n s l u r r i e s (above 17% m/m) i s p r o b a b l y t h e cause 

of a d e c r e a s e i n the expected s i g n a l f o r s l u r r y samples 

f o r c e r t a i n elements. D i f f e r e n t c l a y s , w i t h v a r y i n g 

p a r t i c l e s i z e d i s t r i b u t i o n s , may e x h i b i t d i f f e r e n t 

t r a n s p o r t e f f i c i e n c e s . T h e r e f o r e some ty p e o f i n t e r n a l 

s t a n d a r d i s a t i o n i s r e q u i r e d t o compensate f o r p a r t i c l e 

s i z e and v i s c o s i t y e f f e c t s , when such samples a r e a n a l y s e d 

t o g e t h e r . However, i t was shown t h a t t h e a n a l y t e s i g n a l 

s u p p r e s s i o n was not of a s i m p l e n a t u r e . The v i s c o s i t y 

e f f e c t s do not e x p l a i n the s i g n a l s u p p r e s s i o n e x p e r i e n c e d 

between 10% and 17% m/m s l u r r y c o n c e n t r a t i o n . I t was 

shown t h a t u s i n g the atomic p a i r , r e l a t i v e l i n e i n t e n s i t y 

r a t i o method of measurement, t h e T^j^^ d e c r e a s e d f o r s l u r r y 

c o n c e n t r a t i o n s >10% m/m, i n the p r e s e n c e of 5 g dm"*̂  

l i t h i u m . Using t h e s i m p l e x o p t i m i s a t i o n procedure, i t was 

shown t h a t t h i s d e c r e a s e i n T^^^ can be somewhat negated 

by a l i n e a r i n c r e a s e of E I E a d d i t i o n w i t h s l u r r y 

c o n c e n t r a t i o n . I n p r a c t i c a l terms, i t i s s u ggested t h a t 

i o n i c l i n e s be used f o r h i g h s l u r r y c o n c e n t r a t i o n samples, 

when i n t h e p r e s e n c e of E I E . 

I n i t i a l s t u d i e s u s i n g computerised tomography has s u p p l i e d 

s p a t i a l i n f o r m a t i o n which s u p p o r t s the proposed mechanisms 
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f o r argon emmision i n t h e DCP suggested by M i l l e r . 

I t has been shown t h a t k a o l i n s l u r r y c o n c e n t r a t i o n and 

s l u r r y a t o m i s a t i o n a n a l y t i c a l e f f e c t s i n t h e DCP, such as 

v i s c o s i t y e f f e c t s and temperature e f f e c t s , can be 

compensated f o r by u s i n g aluminium or s i l i c o n a s i n t r i n s i c 

i n t e r n a l s t a n d a r d s . 

I n s p i t e of the n o n - l i n e a r b e h a v i o u r of i n d i v i d u a l 

e l e m e n t a l p r e d i c t o r s towards a b r a s i o n , t h e a b r a s i v e n e s s of 

feed, product and r e s i d u e c l a y samples from a f r o t h 

f l o t a t i o n p l a n t were s u c c e s s f u l l y p r e d i c t e d . T h i s was 

a c h i e v e d u s i n g a m u l t i - v a r i a t e , l i n e a r r e g r e s s i o n 

t e c h n i q u e w i t h s l u r r y a t o m i s a t i o n e l e m e n t a l d a t a r a t i o e d 

t o aluminium a s the p r e d i c t o r s . 

The s l u r r y a t o m i s a t i o n r a t i o procedure has been shown t o 

have the same p r e c i s i o n as the E i n l e h n e r a b r a s i o n t e s t . 

I n a d d i t i o n , the product c l a y a b r a s i o n can be p r e d i c t e d , 

u s i n g a r e g r e s s i o n model c o n s i s t i n g of f e e d a n a l y t i c a l 

d a t a , p l u s the p e r c e n t r e c o v e r y of the f l o t a t i o n p l a n t . 

A s u c c e s s f u l o n - s i t e t r i a l was performed, showing t h a t 

both the DCP i n s t r u m e n t a t i o n , and r e g r e s s i o n a n a l y s i s 

f u n c t i o n e d w e l l i n an i n d u s t r i a l environment. The o n - s i t e 

t r i a l showed t h a t i t would be p o s s i b l e t o c o n t r o l , and 

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

a t o m i s a t i o n method. 

235 



The s l u r r y a t o m i s a t i o n p r e d i c t i v e t e c h n i q u e has a l s o been 

s u c c e s s f u l l y a p p l i e d t o t h e p r e d i c t i o n of both the 

m o n t m o r i l l o n i t e c o n t e n t and t h e v i s c o s i t y c o n c e n t r a t i o n of 

c h i n a c l a y s . However, i t was o n l y when t h e d i f f e r e n c e s 

between t h e mineralogy o f t h e p i t s t o p e s was r e c o g n i s e d 

c h e m i c a l l y , t h a t a m u l t i - e l e m e n t , l i n e a r r e g r e s s i o n model, 

w i t h adequate f l e x i b i l i t y , c o u l d be developed f o r the 

p r e d i c t i o n of v i s c o s i t y c o n c e n t r a t i o n . 

The a b s o r p t i o n of i n o r g a n i c copper by ' s w e l l i n g ' m i n e r a l s , 

proved t o be inadequate i n overcoming d i f f e r e n t up-take 

p r o c e s s e s and stope i n d i v i d u a l i t y . 

S l u r r y a t o m i s a t i o n - DCP - AES was a l s o shown t o be an 

e f f e c t i v e t e c h n i q u e f o r the a n a l y s i s of h i g h (>20% m/m) 

s o l i d s samples of C a r b i t o l . I t was demonstrated t h a t t he 

amount of the d i s p e r s e n t •Dispex' added t o t h e C a r b i t o l , 

c o u l d be monitored by d e t e r m i n i n g boron. The boron was 

added to the Dispex i n t h e form of b o r i c a c i d . T h i s was 

shown t o be a v i a b l e method f o r the c a l i b r a t i o n of a 

c o n d u c t i v i t y t e s t , which i s used t o monitor t h e amount of 

Dispex i n C a r b i t o l . 

8.2 FUTHER WORK 

S e v e r a l approaches c o u l d be t a k e n i n f u r t h e r d e v e l o p i n g 

the work on t h e mechanisms of s l u r r y a t o m i s a t i o n - DCP -

AES. As r e g a r d s t he sample i n t r o d u c t i o n s t u d i e s , t h e use 

of a ca s c a d e impactor and s t a n d a r d p a r t i c l e s i z e samples, 

would h e l p i n the d e s i g n o f more ' p a r t i c l e f r i e n d l y ' 
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sample i n t r o d u c t i o n systems. With r e s p e c t t o t h e 

temperature measurement and s i m p l e x o p t i m i s a t i o n 

i n v e s t i g a t i o n s , t he use of e i t h e r Boltzmann p l o t , o r 

i o n i c - a t o m i c r e l a t i v e l i n e i n t e n s i t y methods, f o r the 

measurement of T^j^^,, s h o u l d be used. T h i s would e l i m i n a t e 

any E I E e f f e c t on t h e T^^^^ measurements a s d i s c u s s e d i n 

Chapter 3. T h i s should i s o l a t e , and h i g h l i g h t , any s l u r r y 

c o n c e n t r a t i o n e f f e c t s on the p h y s i c a l c h a r a c t e r i s t i c s of 

t h e plasma. 

The use of computerised tomography on an a n a l y t i c a l plasma 

s o u r c e opens up an e n t i r e l y new a r e a of r e s e a r c h . The 

i n i t i a l s t u d i e s performed i n t h i s work c o u l d be extended 

i n many d i r e c t i o n s . F i r s t l y , i n s t e a d of the argon l i n e , 

tomograms c o u l d be o b t a i n e d when mo n i t o r i n g t h e a p p r o p i a t e 

E I E resonance l i n e . T h i s would show how E I E i n t e r a c t w i t h 

t h e argon plasma c o r e . Secondly, a n a l y t e r e s o n a n c e l i n e s , 

both atomic and i o n i c , c o u l d be monitored. The r e s u l t i n g 

tomograms would p r o v i d e i n v a l u a b l e i n f o r m a t i o n f o r t h e 

development of d i f f e r e n t plasma c o n f i g u r a t i o n s , sample 

i n t r o d u c t i o n systems and s l u r r y a t o m i s a t i o n e f f e c t s . The 

u l t i m a t e development of t h i s t omographical work would be 

the p r o d u c t i o n of 3-dimensional r e p r e s e n t a t i o n s o f the 

whole plasma. Obviously, the tomographical system can be 

m o d i f i e d t o accommodate o t h e r plasma s o u r c e s s u c h a s the 

i n d u c t i v e l y coupled plasma ( I C P ) , i n which t h e r e i s 

probably a g r e a t e r r e s e a r c h i n t e r e s t a t the p r e s e n t t i m e . 
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S e v e r a l m a t t e r s have t o be a d d r e s s e d b e f o r e a complete, 

automatic system f o r the c o n t r o l of t h e f r o t h f l o t a t i o n 

p r o c e s s can be produced. F i r s t l y t h e use of aqueous 

s t a n d a r d s must be r e p l a c e d w i t h a q u i c k , r e p r o d u c i b l e , 

m u l t i - e l e m e n t c a l i b r a t i o n t e c h n i q u e . T h i s c o u l d be 

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

procedure would i n v o l v e the a n a l y s i s of a s t a n d a r d c l a y 

sample f o r a l l the p r e d i c t o r elements p l u s aluminium p r i o r 

t o e v e r y a b r a s i o n sample, A m u l t i - e l e m e n t i n s t r u m e n t 

would r e c o r d the s i g n a l s form a l l the elements from both 

samples. The s i g n a l s from t h e a b r a s i o n sample c o u l d then 

be r a t i o e d w i t h the s i g n a l s from t h e s t a n d a r d c l a y sample. 

T h i s would p r o v i d e a q u i c k c a l i b r a t i o n method f o r the 

m u l t i - e l e m e n t a n a l y s i s , p l u s e n a b l i n g compensation f o r 

changes i n the i n s t r u m e n t a t i o n e.g. monochromator d r i f t . 

A method f o r e v o l v i n g t h e p r e d i c t i v e model has a l r e a d y 

been d i s c u s s e d i n Chapter 5. E x t r a s e c u r i t y c o u l d be 

i n c o r p o r a t e d i n t o the p r o c e s s t o e l i m i n a t e the p o s s i b l i t y 

of f a u l t y d a t a e n t e r i n g the d a t a - b a s e or a f f e c t i n g the 

a c c u r a c y of the p r e d i c t i o n s . T h i s c o u l d be a c h i e v e d u s i n g 

s t a t i s t i c a l t e c h n i q u e s such a s Cu-Sum, and would work by 

c h e c k i n g whether each element s i g n a l f a l l s i n t o the 

expected range. I f too g r e a t a d e v i a t i o n occured, then 

e i t h e r the sample c o u l d be d i s c a r d e d c o m p l e t l y , or a new 

r e g r e s s i o n a n a l y s i s performed f o r t h a t sample e x c l u d i n g 

d a t a f o r t h a t element from t h e d a t a - b a s e . 

As d i s c u s s e d i n Chapter 5, t h e data-base would have t o be 

c o n s t a n t l y updated t o account f o r changes i n the feed 
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c l a y . S i n c e i t t a k e s a p p r o x i m a t l y two hours f o r the 

f l o t a t i o n p l a n t t o s t a b l i s e a f t e r a change i n o p e r a t i n g 

c o n d i t i o n s , i t would be expect e d t h a t samples would be 

ta k e n t h r e e t o four times d u r i n g a e i g h t hour s h i f t . On a 

data-base of about s i x t y samples, t h i s s h o u l d p r o v i d e 

ample c i r c u l a t i o n of d a t a . When each new sample was added 

t o t h e data-base, t h e o l d e s t d a t a would be removed 

s i m u l t a n e o u s l y . 

The f l o t a t i o n p l a n t i s now under computer c o n t r o l . A l l 

the p o i n t s mentioned above, p l u s t h e r e g r e s s i o n a n a l y s i s , 

c o u l d be performed on a micro-computer l i n k e d t o t h e DCP. 

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

c o n t r o l computer, producing an e n t i r e l y computer 

c o n t r o l l e d system. 

The o n l y a r e a t h a t has not r e c i e v e d any a t t e n t i o n from 

t h i s study i s t h a t of the a u t o m a t i c sampling of s l u r r y 

s t r e a m s. At the p r e s e n t time t h e r e a r e few sampling 

systems f o r high flow, h i g h s o i l d , l i q u i d streams ( 5 6 ) . 

T h i s would have t o be a d d r e s s e d i f a f u l l y a u t o m a t i c 

c o n t r o l system was t o be developed. 

Development of t h e v i s c o s i t y p r o j e c t would be more complex 

than t h e a b r a s i o n work. The remarks about s t a n d a r d c l a y 

samples, and s t a t i s t i c a l m o n i t o r i n g of t h e r e g r e s s i o n 

p r o c e s s made above, c o u l d a l s o be a p p l i e d t o t h e v i s c o s i t y 

work. The s l u r r y a t o m i s a t i o n system c o u l d be used a s an 

o n - s i t e monitor of p i t wash. T h i s would p r o v i d e 
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i n f o r m a t i o n about the c l a y q u a l i t y , which t h e p i t managers 

c o u l d use t o maximise t h e e f f i c i e n c y of t h e mining 

p r o c e s s . 

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

t e c h n i q u e e x s i s t w i t h i n t h e c h i n a c l a y i n d u s t r y . The most 

obvious one of t h e s e i s t h a t of b r i g h t n e s s . B r i g h t n e s s i s 

a v i t a l , commercial, p h y s i c a l p r o p e r t y of c o a t i n g c l a y s . 

The b r i g h t n e s s , or r e f l e c t a n c e , of c l a y i s a d v e r s l y 

a f f e c t e d by h i g h c o n c e n t r a t i o n s of i r o n i n t h e c l a y . Thus 

by monitoring f o r i r o n and elements a s s o c i a t e d w i t h i r o n 

s u b s t i t u t i o n i n the c l a y l a t t i c e , t h e b r i g h t n e s s 

c h r a c t e r i s t i c s of c l a y samples c o u l d be p r e d i c t e d . Again 

t h i s technology c o u l d be implemented o n - l i n e i n the 

p r o d u c t i o n p r o c e s s . 

The g r e a t e s t s t r e n g t h s of t h e s l u r r y a t o m i s a t i o n - DCP -

AES systems d e c r i b e d above, a r e f l e x i b i l i t y and speed. 

Even when u s i n g a c a l i b r a t i o n c l a y sample, i t i s p o s s i b l e 

f o r a l l t h e a n a l y t i c a l and p r e d i c t i v e work t o be completed 

w i t h i n a t e n minute p e r i o d . U s i n g a f u l l y c o mputerised, 

muti-element instrument, a l l t h e p h y s i c a l p r o p e r t i e s 

d e s c r i b e d i n t h i s work; a b r a s i o n , v i s c o s i t y c o n c e n t r a t i o n , 

m o n t m o r i l l o n i t e c o n t e n t , b r i g h t n e s s and o t h e r s , c o u l d be 

p r e d i c t e d and c o n t r o l l e d . T h i s m u l t i p l e x system i s not 

c o n s t r a i n e d t o p r o d u c t i o n m a t t e r s , but c o u l d be e a s i l y 

used by managers t o ensure e f f i c i e n t t r a n s p o r t a t i o n , 

r e c y c l i n g of waste and e f f e c t i v e management g e n e r a l l y of 

the c l a y i n d u s t r y . 
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