
HIOilPHiOILOCS 

&• iEli,^]lli:iPiOi?iElflIlES OF- : 

SElL,ECTI¥iE!LY B O r a 
SYif^lTI . 1 : 1 h i ^ . I ! l ] L .lf^ACiiv. ! l ^ m i l I ] tdh 



E L E C T R O N S P I N R E S O N A N C E 

M O R P H O L O G Y 

A N D R E L A T E D P R O P E R T I E S O F 

S E L E C T I V E L Y D O P E D 

S Y N T H E T I C K A O L I N I T E S 

A T h e s i s s u b m i t t e d t o t h e C o u n c i l f o r N a t i o n a l 

Academic Awards f o r t h e d e g r e e o f 

D o c t o r o f P h i l o s o p h y by K.S. R i c h a r d s , B.Sc, 



nmmn POLrrcciifJic 
LtmnilB RESOUHCHS C£fJTfiE 

ACCN. 
(Jo. 

CLASS 
f i o . 

5 500259 



THe work d e s c r i b e d i n t h i s t h e s i s was c a r r i e d out 

i n the Department of M a t h e m a t i c a l S c i e n c e s a t PXymouth 

P o l y t e c h n i c , Plymouth, Devon i n the p e r i o d between 

September 1973 an<i September 1976. 

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

t h e r e s u l t s p r e s e n t e d h e r e i^ere o b t a i n e d by Mr. K.S. 

R i c h a r d s u n d e r my s u p e j r v i s i o n . 

B. R. A n g e l , B . S c . , M.Sc., Ph.D 

S e n i o r L e c t u r e r i n P h y s i c s , 

Plymouth P o l y t e c h n i c , 

Plymouth, 

Devon, 

August 1976. 



2 -

ACKNO V/LEDGMENT S . 

I am d e e p l y i n d e b t e d t o my s u p e r v i s o r Dr.B,R.Angel 

f o r h i s c o n t i n u e d h e l p , ^ i d c o i c e and encouragement 

throughout t h i s work. I would a l s o l i k e t o thank 

th e members o f s t a f f o f the Department o f M a t h e m a t i c a l 

S c i e n c e s e s p e c i a l l y Dr. A . H . C u t t l e r f o r many h e l p f u l 

d i s c u s s i o n s . My thsmlcs a r e a l s o due t o M r s . W . P h i l l i p s 

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

The r e c e i p t o f a r e s e a r c h a s s i s t a n t s h i p from t h e 

Boa r d o f G o v e r n o r s Plymouth P o l y t e c h n i c i s g r a t e f u l l y 

acknowledged, 



- 3 

ABSTRACT 

T h i s t h e s i s i s d i v i d e d i n t o s i x c h a p t e r s . The 

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

p r o p e r t i e s of n a t u r a l k a o l i n i t e s . The second c h a p t e r 

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

v a r i o u s r e a c t i o n p a r a m e t e r s and t h e i r e f f e c t on t h e 

morphology of s y n t h e t i c k a o l i n i t e s . 

C h a p t e r s 3 aJid k a r e d e v o t e d to E l e c t r o n S p i n 

Resonance i n n a t u r a l and doped s y n t h e t i c k a o l i n i t e s o 

C h a p t e r 5 i s a s t u d y of Fe"̂ **" and Fe-^"^ i n k a o l i n i t e 

by NOssbauer s p e c t r o s c o p y . The f i n a l c h a p t e r c o n s i s t s 

o f a s h o r t summary and d i s c u s s i o n w i t h some s u g g e s t i o n s 

f o r f u t u r e work. 

C o p i e s of p a p e r s a c c e p t e d and s u b m i t t e d f o r 

p u b l i c a t i o n a r e bound a t the end o f t h i s t h e s i s ^ 
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I N T R O D U C T . I 0 N. 

0 ,17^ of the e a r t h ' s mass i s a t t r i b u t a b l e to c l a y ^ 
but as i t occurs s o l e l y i n the c r u s t i t i s a major 
c o n s t i t u e n t of our p l a n e t ' s s u r f a c e . E a r l y c i v i l i z e d 
man manipulated c l a y s f o r domestic purposes and r e l i e d 
on b a s i c p h y s i c a l and chemical p r o p e r t i e s of the 
m a t e r i a l which nowadays are e x p l o i t e d i n many t e c l i n i c a l 
a p p l i c a t i o n s . For example c l a y s are used e x t e n s i v e l y 
i n the chemical i n d u s t r y as c a t a l y s t s , they are a 
co n s t i t u e n t of p a i n t s , wallpaper, dyes, cosmetics, 
medicines and p l a s t i c s . 

Probably the most extensive commercial use of 
china c l a y i s the coating or f i l l i n g of paper. I n 
co n t r a s t to most other c l a y minerals k a o l i n i t e u s u a l l y 
occurs as a r e l a t i v e l y pure white powder and I t s 
a p p l i c a t i o n i n the paper i n d u s t r y depends on two main 
p r o p e r t i e s . These are apparent whiteness and 
r h e o l o g i c a l behaviouro The degree of whiteness euid 
the r h e o l o g i c a l p r o p e r t i e s of a k a o l i n i t e i n p a r t 
determines i t s commercial value and has played an 
important r o l e i n the f i n a n c i a l support f o r r e s e a r c h 
progreumnes both i n i n d u s t r y and academic i n s t i t u t i o n s * 

Past s t u d i e s have shown th a t i m p u r i t i e s and 
de f e c t s a s s o c i a t e d with k a o l i n i t e most probably a f f e c t 

2 
whiteness and rheology. Also i t i s known that 
v a r i a t i o n s i n p a r t i c l e s i z e a f f e c t b r i g h t n e s s and 

2 
rheology of a c l a y . 
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The rheology of a clay-water system would a l s o 

be expected to depend on the morphology of the c l a y 

p a r t i c l e s . 

T h i s t h e s i s d e s c r i b e s a p r o j e c t which i s a 
con t i n u a t i o n of the work p r e v i o u s l y done i n the same 
la b o r a t o r y by P.L. H a l l (1973) Pli.D, T h e s i s London 
U n i v e r s i t y and J.P.Bo Jones (1975) Ph.D. T h e s i s London 
U n i v e r s i t y * An attempt has been made to s i m t h e s i s e 
k a o l i n i t e s s e l e c t i v e l y doped w i t h known i m p u r i t i e s 
or induced d e f e c t s and to study t h e i r p o s s i b l e e f f e c t s 
on morphology and brightnesso 
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C H A P T E R 1 

1 • 1 B a s i c S t r u c t u r e and Composition of C l a y Minerals 

The general term c l a y d e s c r i b e s l a y e r s i l i c a t e , 
m inerals w i t h p a r t i c l e s i z e l e s s than about two 
micrometers. The b a s i c c r y s t a l s t r u c t u r e of c l a y /' 

3 / minerals comprise two b a s i c u n i t s which are often^ 
r e f e r r e d to as the o c t a h e d r a l and t e t r a h e d r a l l a y e r s . 

The o c t a h e d r a l l a y e r c o n s i s t s of d i v a l e n t or 
t r l v a l e n t c a t i o n s o c t a h e d r a l l y co-ordinated ( s i x - f o l d 
co-ordination) to oxygen atoms and hydroxyl groups* 
For d i v a l e n t c a t i o n s such as Mĝ*** a l l a v a i l a b l e 
c a t i o n s i t e s are occupied aoid the s t r u c t i i r e i s termed 
t r l o c t a h e d r a l * T h i s p a r t i c u l a r c o n f i g u r a t i o n may be 
regarded as a d e r i v a t i v e of b r u c l t e Mg^ ( O H ) ^ . For 
t r l v a l e n t c a t i o n s such as Al"^* only two of three 
a v a i l a b l e c a t i o n s i t e s are occupied. The c o n f i g u r a t i o n 
I s s a i d to be d l - o c t a h e d r a l and may be regarded ae a 
d e r i v a t i v e of ^ b b s l t e Al^ (OH)^. 

A t e t r a h e d r a l a r r a y of oxygen atoms w i t h s i l i c o n 
atoms co-ordinated a t the centre (SIO^ u n i t s ) make up 
the t e t r a h e d r a l l a y e r . These t e t r a h e d r a are l i n k e d 
together to form a repeated, hexagonal, two dimensional 
network* 

The two b a s i c l a y e r s can. be c h e m i c a l l y combined 

i n a number of ways £ind has r e s u l t e d i n c l a y m i n e r a l s 
3 

being subdivided I n t o two main groups. These a r e 
c l a s s i f i e d as 2:1 or 1:1 l a y e r m i n e r a l s . 
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The r a t i o I n d i c a t e s the number of t e t r a h e d r a l to 
octahedral, l a y e r s * The m a j o r i t y of c l a y m i n e r a l s are 
of the 2 t l type formed by a s i n g l e o c t a h e d r a l l a y e r 
sandwiched between two tetrethedral layers» the most 
Important members of t h i s group being the micas, 
montmorillonites, c h l o r i t e s and v e r m i c u l l t e e * 

The most Important members of the 1:1 group are 
known as the Kandltes and i n c l u d e the m i n e r a l s 
k a o l l n i t e , d l c k i t e , n a c r i t e , and h a l l o y s l t e * D l c k i t e 
and n a c r l t e are polymorphs of k a o l i n i t e d i f f e r i n g 
mainly i n the s t a c k i n g of the l a y e r s , H a l l o y s i t e may 
d i f f e r from k a o l i n i t e not only i n s t a c k i n g but a l s o i n 
i t s water content. The morphology of h a l l o y s i t e i s 
markedly d i f f e r e n t from k a o l i n i t e c o n s i s t i n g of long 
t h i n w a l l e d tubes* 

1*2 Atomic S t r u c t u r e o f kaoldLnlte* 

K a o l i n i t e i s a I s l d i o c t a h e d r a l c l a y m i neral* 
The Al^**" c a t i o n i s o c t a h e d r a l l y co-ordinated to two 
oxygens and four hydroxyl groups forming an^octahedral 
alumina l a y e r * T h i s l a y e r i s bonded to a t e t r a h e d r a l 
s i l i c a l a y e r to form a b a s i c k a o l i n i t e u n i t * F i g * 1*1 
Successive k a o l i n i t e l a y e r s are hydrogen bonded"^* to 
form k a o l i n i t e c r y s t a l s . 

The c r y s t a l s t r u c t u r e was f i r s t determined by 
Gruner^ who suggested a monoclinic s t r u c t x i r e * More 

6 7 
d e t a i l e d work by B r i n d l e y *'gave a t r i c l i n i c u n i t c e l l 

of dimensions* 
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Fig 1.1 The structure of kaolinite 2( AljOHJ i Si^OJ 
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a = 5.I5X b = 8.95X c = 7.39X 
o< = 91.8** ^ = 10i*«5** y = 90** 

Repulsion between adjacent Al-^* Ions produces 
l a t e r a l d i s t o r t i o n s i n the oc t a h e d r a l l a y e r w i t h an 
In c r e a s e i n the c r y s t a l dimensions. 

Since there i s chemical bonding between the 
octahe d r a l and t e t r a h e d r a l l a y e r s the s i l i c o n 
t e t r a h e d r a r o t a t e s l i g h t l y both clockwlde and a x i t i -
clockwise about an a x i s p e r p e n d i c u l a r to the l a y e r s 
thus d e s t r o y i n g the I d e a l hexagonal symmetry of the 
t e t r a h e d r a l l a y e r * An X-ray d i f f r a c t i o n s p e c t r a of a 
t y p i c a l n a t u r a l k a o l i n i t e i s shown i n Flg« 1,2. 

1*3 V a r i a t i o n s i n c r y e t a l l l n l t y of k a o l i n i t e 
determined by X-ray d i f f r a c t i o n , 

K a o l i n i t e u s u a l l y c o n s i s t s of s m a l l hexagonal 
p l a t e l e t s w i t h dimensions of the order of one micrometer 
e.s«d. The t h i c k n e s s of the p l a t e l e t s l e t y p i c a l l y 
0*05 micrometers and hence the m a j o r i t y of c r y s t a l s 
have l a r g e aspect r a t i o s . G e n e r a l l y speaking the f l a t 
p l a t e l i k e nature o f k a o l i n i t e c r y s t a l s tends to make 
them sediment w i t h t h e i r b a s a l planes p a r a l l e l to a 
su b s t r a t e , thus preventing the p r e p a r a t i o n of completely 
random o r i e n t a t e d samples. The e f f e c t of t l i e p r e f e r r e d 
o r i e n t a t i o n I s to produce an I n c r e a s e i n the i n t e n s i t y 
of the b a s a l r e f l e c t i o n s and prevents a c c u r a t e 
q u E i n t l t a t l v e a n a l y s i s by X-ray d i f f r a c t i o n . V arious 
methods have been reported f o r reducing e f f e c t s due to 
p r e f e r r e d o r i e n t a t i o n f o r q u a n t i t a t i v e a n a l y s i s of 
k a o l i n i t e by X-ray d i f f r a c t i o n ? * ^ 



Fig 1.2 X - R a y Spectrum, of a typical 

natural kaolinite 
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Q a a n t l t a t l v e a n a l y s i s of n a t u r a l k a o l l n i t e s by-
X-ray d i f f r a c t i o n i s f u r t h e r complicated by the 
presence of a d d i t i o n a l m i n e r a l i m p u r i t i e s which may 
have s i m i l a r X-ray d i f f r a c t i o n s p e c t r a . I t i s p o s s i b l e 
to d i s t i n g u i s h some m i n e r a l i m p u r i t i e s by t r e a t i n g the 
c l a y w i t h c e r t a i n p o l a r l i q u i d s ^ " ^ E a o l i n i t e has no 
molecular water dLn i t s c r y s t a l l i s a t i o n and when t r e a t e d 
w i t h ethylene g l y c o l does not show any observable 
d i f f e r e n c e s i n i t s X-ray d i f f r a c t i o n p a t t e r n * 
However, minerals such as e n d e l l i t e (hydrated h a l l o y s i t e ) 
and montmorillonite c o n t a i n molecular water which can 
be d i s p l a c e d by ethylene g l y c o l • The displacement 
r e s u l t s i n l a r g e r d-spacings and observable changes i n 
X-ray d i f f r a c t i o n s p e c t r a . The a p p l i c a t i o n of ethylene 
g l y c o l provides a technique which i s capable of 
d e t e c t i n g montmorillonite a t c o n c e n t r a t i o n s a s s m a l l 
a s 1^6. 

For many n a t u r a l samples of k a o l i n i t e some 
r e f l e c t i o n s which t h e o r e t i c a l l y would be expected to 
occur are not resolved, i n the X-ray d i f f r a c t i o n s p e c t r a . 
E x p l a n a t i o n s f o r t h e i r absence have been suggested by 
B r i n d l e y and Robinson. Xt i s proposed t h a t the 
hydroxyl groups i n an i d e a l k a o l i n i t e l a y e r a r e 
arranged at r e g u l a r i n t e r v a l s of b^^ along the b-axis« 
I f the displacement however i s random and not an 
i n t e g r a l m u l t i p l e of b^^ then a l l r e f l e c t i o n s are 
e l i m i n a t e d except those w i t h a k - M i l l e r index of 
0 , 3 , 6 e t c . 
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B a i l e y ^ ^ has a l s o a t t r i b u t e d c r y s t a l l i n i t y v a r i a t i o n s 
I - . 

to the d i s t r i b u t i o n of the vacant c a t i o n s i t e , Newnheun'^ 
and Radoslovich reached s i m i l a r c o n c l u s i o n s . 

I n view of the i n t e n s i t y v a r i a t i o n s of b a s a l 
r e f l e c t i o n s which may be caused by the degree of 
p r e f e r r e d o r i e n t a t i o n i n v a r i o u s methods of sample 
pre p a r a t i o n , Hinckley has proposed a method of 
measuring c r y s t a l l i n i t y which permits a numerical 
parameter to be evaluated from the X-ray s p e c t r a w i t h 
samples i n a p r e f e r r e d o r i e n t a t i o n . The technique 
i s i l l u s t r a t e d i n F i g , 1 , 3 . N a t u r a l c l a y s w ith h i g h 
c r y s t a l l i n i t y t y p i c a l l y have a H i n c k l e y c r y s t a l l i n i t y 
index of approximately 1,2 and poorly c r y s t a l l i n e 
samples have/'an index l e s s than 0 , 5 , 

1,4 Morphology of. k a o l i n i t e . 

The r h e o l o g i c a l p r o p e r t i e s of c l a y s l i p s used f o r 
paper c o a t i n g are determined to a veiry l a r g e extent 
by the morphology of the p a r t i c l e s . The macroscopic 
shape of the p a r t i c l e s however, does not appear to be 
d i r e c t l y c o r r e l a t e d w i t h i n t e r n a l s t r u c t u r e or 
m i c r o c r y s t a l l i n i t y . Although i t i s u s u a l t h a t 
k a o l i n i t e s w ith high c r y s t a l l i n i t y show g r e a t e r 
hexagonal form, i d e n t i c a l H i n c k l e y c r y s t a l l i n i t y 
I n d i c e s can be obtained from k a o l i n i t e s with v a s t l y 
d i f f e r e n t morphology. I n the work reported here 
s y n t h e t i c k a o l i n i t e s have been produced w i t h high 
c r y s t a l l i n i t y i n d i c e s but w i t h no d e t e c t a b l e hexagonal 
forma 
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Diagram showing calculation of X-ray 
crystallinity index 

002 

Crystallinity 

Index 
AB+ CD 

12" 10' 

Fig 1.3 
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1o5 I m p u r i t i e s a s s o c i a t e d with k a o l l n i t e , 

A chemical a n a l y s i s of a t y p i c a l n a t u r a l k a o l i n i t e 
i n d i c a t e s the presence of i r o n , t i t a n i u m , magnesium, 

3 
calcium, potassium and sodium as i m p i i r i t i e s . Also, 
most samples have e i t h e r excess alumina or s i l i c a . 
Conventional v e t chemical a n a l y s i s can only determine 
elemental £uialysis by the production of oxides and 
t h e r e f o r e g i v e s no i n d i c a t i o n whether the impurity i s 
an a d d i t i o n a l m i n e r a l or noto The same c r i t e r i a i s 
true f o r a n a l y s i s by X-ray fluorescence« P i g . !• 4 

shows the X-ray f l u o r e s c e n c e a n a l y s i s of a t y p i c a l 
n a t u r a l k a o l i n i t e . However, by combining X-ray 
d i f f r a c t i o n measurements with r e s u l t s obtained by 
chemical a n a l y s i s i t may be p o s s i b l e to determine both 
the elemental and m i n e r a l o g i c a l i m p u r i t i e s a s s o c i a t e d 
w i t h k a o l i n i t e . The mineral i m p u r i t i e s quartz, 
anatase, r u t i l e and montmorillonite are commonly 
found as w e l l as micas. However, i t i s seldom 
p o s s i b l e to make a n a l y s i s s u f f i c i e n t l y q u a n t i t a t i v e 
to detex*mine d e v i a t i o n s from the i d e a l composition 
of k a o l i n i t e . 

N a t u r a l k a o l i n i t e s a l s o may have a s m a l l organic 
component as an i m p u r i t y H a l l ^ has e x t e n s i v e l y 
studied the organic f r a c t i o n a s s o c i a t e d w i t h n a t u r a l 
c l a y s p a r t i c u l a r l y b a l l c l a y s which tend to be more 
h e a v i l y contaminated with organic matter than c h i n a 
c l a y s . 
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Fig 1.4 X-ray flourescence analysis of a typical 
natural kaolinite 

OXIDE 7 /o 
Theoretical 
composition 

38-3 39-50 

SiOj 46-6 46-54 

Fe,03 0-49 — 

T i 0 2 0 0 5 — 

AAgO 0-20 — 

CaO 0-20 — 

0-68 — 

Na^O 0 0 7 — 

Ign loss 13-4 13-96 
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As w e l l as s u r f a c e contamineuits and a d d i t i o n a l 

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

known that c e r t a i n i m p u r i t i e s - e x i s t as s u b s t i t u e n t s 

w i t h i n the c r y s t a l stinicturef^*^^*'^'' F o r example 

titanium which i s a common impurity i n Americem c l a y s 

may r e p l a c e Sl^"*" Ions w i t h Ti^"*" ionsi"^ Vanadium i s 

a l s o a common impurity i n American c l a y s and i s u s u a l l y 

found with t i t a n i u m . Work i s a t present being c a r r i e d 

out i n t h i s l a b o r a t o r y to determine i f vanadium i s 

s u b s t i t u t e d w i t h i n the k a o l i n i t e s t r u c t u r e * 

The v i a b l e e x p l o i t a t i o n of c h i n a c l a y d e p o s i t s 

depend to a l a r g e extent on techniques which have 

been developed to i n c r e a s e whiteness and improve 

r h e o l o g l c a l behaviour. Both these parameters may 

depend on the presence of i r o n as an imp u r i t y . For 

example9 magnetic se p a r a t i o n of c l a y f r a c t i o n s to 

improve whiteness i s used e x t e n s i v e l y i n the c l a y 

i n d u s t r y . Also, although the reasons are not f u l l y 

xinderstood i t i s w e l l known t h a t removal or a l t e r a t i o n 

of s u r f a c e i r o n from c h i n a c l a y s may dLmprove the 

whiteness. The p o s s i b l e I n f l u e n c e of s u b s t i t u t i o n a l 

i r o n on br i g h t n e s s has not been s a t i s f a c t o r i l y 

i n v e s t i g a t e d mainly due to experimental d i f f i c u l t i e s , 

and the presence of surface i r o n . 

The nature of i r o n I m p u r i t i e s i n k a o l l n l t e s i s 

of p a r t i c u l a r importance i n t h i s work. A more 

d e t a i l e d d i s c u s s i o n which i n c l u d e s the a p p l i c a t i o n of 

E l e c t r o n Spin Resonance ( E . S . R . ) and MOssbauer 
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techniques to the study of i r o n i n k a o l i n i t e i s 
given i n Chapters 3 , k and 5 . 

17 

Jones ' has shown t h a t , i n a d d i t i o n to i r o n , 
magnesium as w e l l as a number of i d e n t i f i a b l e d e f e c t s 
can a l s o s u b s t i t u t e i n k a o l i n i t e . These w i l l be 
d i s c u s s e d i n more d e t a i l i n Chapter 4 . 

The i m p u r i t i e s which c o - e x i s t w i t h or s u b s t i t u t e 
d i r e c t l y i n n a t u r a l k a o l i n i t e can e a s i l y l e a d to 

m i s i n t e r p r e t a t i o n of experimental d a t a . I n h i s 
p r e l i m i n a r y s t u d i e s on n a t u r a l k a o l i n i t e s i n t h i s 
l a b o r a t o r y H a l l ^ ^ encountered c o n s i d e r a b l e d i f f i c u l t i e s 
w i t h the i n t e r p r e t a t i o n of h i s r e s u l t s due to the 
m u l t i p l i c i t y of i m p u r i t i e s . The s i t u a t i o n was 
cons i d e r a b l y improved by Jones ' who f i r s t e s t a b l i s h e d 
methods of s y n t h e s i s euid doping k a o l i n i t e s w i t h known 

i m p u r i t i e s . The techniques he developed allowed more 
accurate assignment of experimental r e s u l t s to 
s p e c i f i c i m p u r i t i e s . The work to be re p o r t e d here i s 

a l o g i c a l c o n t i n u a t i o n of the work i n i t i a t e d by H a l l ^ ^ 
17 

and Jones. 
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C H A P T E R 

SYNTHESIS OF KAOLINITE 

2,1 N a t u r a l processes of s y n t h e s i s . 

F i e l d s t u d i e s by g e o l o g i s t s combined w i t h many 
labo r a t o r y s t u d i e s of k a o l i n i t e have e s t a b l i s h e d t h a t 
n a t u r a l s y n t h e s i s of k a o l i n i t e s probably occurred 
e i t h e r by hydrothermal a l t e r a t i o n or weathering of 
r o c k s . C l a y s are f r e q u e n t l y found surrounding 
m e t a l l i f e r o u s d e p o s i t s , ^ For example k a o l i n i t e i s 
o f t e n found surrounding a quartz v e i n deep beneath 
the ground where weathering could not have taken 
p l a c e . The formation of these c l a y s i s a t t r i b u t e d 
to hydrothermal processes a t temperatures between 
250 and 405^C, Small amoimts of s i l i c a and alumina 
are d i s s o l v e d and combine w i t h water to p r e c i p i t a t e 
as k a o l i n i t e . 

A c id c o n d i t i o n s favour the growth of k a o l i n i t e 
whereas a l k a l i n e c o n d i t i o n s favour the formation of 
s m e c t i t e s or micas,^ I t i s thought t h a t i n the 
formation of k a o l i n i t e by the hydrothermal a l t e r a t i o n 
of g r a n i t e a l k a l i n e i o n s are i n i t i a l l y removed thus 
c r e a t i n g the more favourable a c i d environment* 

Veathering takes p l a c e a t lower temperatures and 

p r e s s i i r e s and i t would appear that any aluminium-

s i l i c a t e parent rock or f e l d s p a r can produce k a o l i n i t e 

by weathering provided the K*, Na*, Ca^* and Mg^* 
2 

i o n s are leached from the parent r o c k s . 
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2 .2 Methods of s y n t h e s i s of k a o l i n i t e i n the l a b o r a t o r y . 

Three main methods of s y n t h e s i s of k a o l i n i t e have 
been attempted i n the l a b o r a t o r y . 

2.2.1 Low temperature s y n t h e s i s ( l e s s than .200*^0) 

The m a j o r i t y of s u c c e s s f u l methods of s y n t h e s i s of 
k a o l i n i t e s a t low temperatures have been developed '-̂  
by d i s s o l v i n g s m a l l amoimts of alumina and s i l i c a from 
separate s i l i c a and alumina phases or from s i l i c a - a l u m i n a 
g e l s with the k a o l i n i t e p r e c i p i t a t i n g from the weak 
s o l u t i o n . Such s t u d i e s are p a r t i c u l a r l y d i f f i c u l t due 
to the extremely slow r e a c t i o n r a t e s but are of p a r t i c u l a r 
i n t e r e s t to g e o l o g i s t s and m i n e r a l o g i s t s i n g e n i s l s 
s t u d i e s . 

2 . 2 . 2 A l t e r a t i o n of minerals a t temperatures g r e a t e r 
than 200°C, 

I n t h i s technique k a o l i n i t e i s produced by d i r e c t 
transformation through hydrothermal r e a c t i o n of 

1 3 
n a t x i r a l l y o c c u r r i n g minerals such as f e l d s p a r s . * For 
t h i s method of s y n t h e s i s the p u r i t y of the k a o l i n i t e 
produced i s l i m i t e d by the t r a c e Impurity l e v e l s o f the 
s t a r t i n g m a t e r i a l s which i s beyond the experlmentors 
con t r o l . . Pure minerals are comparatively r a r e and 
consequently the k a o l i n i t e s foinned are u s u a l l y 
conteuninated by unreacted m a t e r i a l s as w e l l as 
i m p u r i t i e s a s s o c i a t e d with them. However, these 
methods are I d e a l l y s u i t e d f o r the production of phase 
s t a b i l i t y diagrams f o r v a r i o u s m i n e r a l a s s e m b l i e s . 



The two methods of s y n t h e s i s j u s t d e s c r i b e d have 

been e x t e n s i v e l y reviewed by Grim^ and more r e c e n t l y 
3 

by Jones. 
' 2 . 2 .3 Hydrothermal s y n t h e s i s of k a o l i n i t e at 

temperatures g r e a t e r than 200°C. 

Hydrothermal s y n t h e s i s i n v o l v e s the d i s s o l u t i o n 
of alumina and s i l i c a followed by r e c r y s t a l l i s a t i o n 
to form k a o l i n i t e from aqueous s o l u t i o n s i n s e a l e d 
v e s s e l s at high temperatures and p r e s s u r e s . E a r l y 
r e p o r t s d a t i n g back to 1930 concentrated mainly on 
r e a c t i o n s of mixtures of alumina and s i l i c a or 
aluminium and s i l i c o n s a l t s . The f i r s t e x t e n s i v e 
study of the AlgO^/SiO^/H^O system f o l l o w i n g the 

development of X-ray d i f f r a c t i o n i d e n t i f i c a t i o n of 
h 

minerals was made by N o l l . N o l l used a mixture of 
altuninium c h l o r i d e and sodium s i l i c a t e , hydrothermally 
r e a c t i n g them to form a number of a l i i m i n a - s i l i c a t e 
m inerals which included k a o l i n i t e . 

Although the r a t e of hydrothermal r e a c t i o n of 
s i l i c a alumina mixtures a t temperatures of 200**C i s 
very slow a number of s u c c e s s f u l s y n t h e s i s of k a o l i n i t e 

4 

u s i n g s i m i l a r techniques to those employed by N o l l 

have been r e p o r t e d . ^ ' 

Probably the most s u i t a b l e s t a r t i n g m a t e r i a l s f o r 

s y n t h e s i s of k a o l i n i t e s are c o - p r e c i p i t a t e d alumina-

s i l i c a g e l s i n which the s i l i c a £Uid alumina a r e much 

more i n t i m a t e l y mixed. Many methods of g e l p r e p a r a t i o n 

have been reported.^*'^*®*^*^^ 
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I n t h i s work g e l s have been used e x c l u s i v e l y and 
therefore a b r i e f review w i l l be given'of releveuit 
papers which d e s c r i b e g e l production f o r k a o l i n i t e 
s y n t h e s i s , 

8 

E w e l l and I n s l e y prepared Al^O^- SiOg g e l s by 
c o - p r e c i p i t a t i n g a s o l u t i o n of aluminium sulphate 
and sodium s i l i c a t e . The p r e c i p i t a t e was f i l t e r e d 
and washed with water. At t h i s stage i t was found 
that the g e l s contained s u f f i c i e n t Na^O to produce 
three l a y e r m inerals such as montmorillonite, By 
e l e c t r o d i a l y s i s f o r 2 to 3 days i t was reported t h a t 
the NagO content ivas reduced to l e s s them 0 , 5 ^ . The 
r e s u l t i n g g e l was hydrothermally r e a c t e d a t 310^0 to 
produce k a o l i n i t e . The X-ray s p e c t r a shown were 
i n d i c a t i v e of poorly c r y s t a l l i s e d k a o l i n i t e , 

7 

To avoid alkaldLne contamination Kay and Osbom' 
prepared g e l s from e t h y l - o r t h o - s i l i c a t e and aluminium 
n i t r a t e by d i s s o l v i n g i n e t h y l a l c o h o l and h e a t i n g . 
Attempts were inade to s y n t h e s i s e k a o l i n i t e , n a c r i t e 
and d i c k i t e . The products were reported to be so 
f i n e l y grained t h a t they y i e l d e d v e r y d i f f u s e . X-ray 
d i f f r a c t i o n s p e c t r a . The d i f f u s e nature of the 
sp e c t r a prevented the i d e n t i f i c a t i o n of the d i f f e r e n t 
polymorphs, <. 

Rayner^^ prepared s i l i c a - a l u m i n a g e l s by 

simultaneous h y d r o l y s i s of sodium alumlnate and sodiiim 

s i l i c a t e . I n order to remove a l l the sodium ions the 
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p r e c i p i t a t e was washed with ammonium n i t r a t e and then 

repeatedly washed with water and c e n t r i f u g e d . The g e l 

was then d r i e d ; the f i n a l sodium content being reported 

a t l e s s than 0,39^. The g e l was hydrothermally r e a c t e d 

a t d i f f e r e n t temperatures and f o r d i f f e r e n t r e a c t i o n 

times. A sample e x h i b i t i n g an X-ray d i f f r a c t i o n s p e c t r a 

of w e l l c z * y s t a l l i s e d k a o l i n i t e was obtained by 

hydrothermal r e a c t i o n of the g e l a t 300^C f o r 7 days. 

2 , 3 The s t r u c t u r e of a l u m i n a - s i l i c a g e l s . 

C o ^ p r e c i p i t a t e d a l \ i m i n a - s i l i c a g e l s a r e amorphous 
and i t i s not p o s s i b l e to make conventional X-ray 
d i f f r a c t i o n s t u d i e s to e l u c i d a t e t h e i r s t r u c t u r e . Cloos^' 
has proposed a s t r u c t u r a l model i n which a c e n t r a l core 
of t e t r a h e d r a l s i l i c a , w i th some aluminium s u b s t i t u t i o n , 
i s surrounded by hydroxy aluminium c a t i o n s * The core 
c a r r i e s a n e t negative charge which i s balanced by the 
p o s i t i v e charge of the c o a t i n g . 

The e s t a b l i s h e d f a c t that i n k a o l i n i t e the aluminium 
i s i n s i x - f o l d c o - o r d i n a t i o n has r e s u l t e d i n a number of 

12 
s t u d i e s of the c o - o r d i n a t i o n of aluminium i n g e l s p r i o r 

1 3 
to s y n t h e s i s . Leonard e t a l s t u d i e d the v a r i a t i o n s of 

c o - o r d i n a t i o n of aluminium and s i l i c c a i n an alumina-

s i l i c a t e g e l as a f i m c t i o n of alumina and s i l i c a 

c o n c e n t r a t i o n s . For a g e l d r i e d a t lOO^C the s i l i c o n 

had a c o - o r d i n a t i o n of f o u r . The aluminium remained 

i n f o u r - f o l d c o - o r d i n a t i o n u n t i l the percentage of 

alumina reached about . 33^ . 
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The average co - o r d i n a t i o n number of the alximinium 

then i n c r e a s e d l i n e a r l y w i t h the percentage of 

alumina i m t i l a t 100^ alumina the g e l c o n s i s t e d of 
only s i x co-ordinated aluminium. I t has a l s o been 

12 

shown that the c o - o r d i n a t i o n number of aluminium 
can be i n c r e a s e d i n . a g e l by lowering the pH of the 
r e a c t i o n mixture. 
2.U Development of g e l s and methods of s y n t h e s i s used 

I n t h i s work. 

The f i r s t method of g e l p r e p a r a t i o n attempted 
1 k 

i n t h i s work was i d e n t i c a l to t h a t of.De Kimpe which 
i n v o l v e s the c o - h y d r o l y s i s of aliuninium iso-propoxide 
and t e t r a - e t h y l s i l i c a t e . S o l i d aluminixim i s o -
propoxide and l i q u i d t e t r a - e t h y l s i l i c a t e were slowly 
added to water w i t h continuous s t i r r i n g . The 
r e s u l t i n g mixture was then s t i r r e d v i g o r o u s l y f o r a t 
l e a s t 2h hours to obtain complete h y d r o l y s i s . The 
g e l was then recovered as a white powder by r o t a r y 
evaporation of' the s o l u t i o n . I t was foiuid, however, 
by X-ray f l u o r e s c e n c e a n a l y s i s t h a t the s i l i c a alumina 
r a t i o i n the f i n a l products v a r i e d g r e a t l y and c o n s i s t e n t 
r e s u l t s were d i f f i c u l t to obtain. T h i s e f f e c t was 
p o s s i b l y due to incomplete h y d r o l y s i s of the t e t r a - e t h y l 
s i l i c a t e which h y d r o l i s l s more slowly than, aluminium 
iso-propoxide, or a l t e r n a t i v e l y due to evaporation of 
the t e t r a - e t h y l s i l i c a t e p r i o r to h y d r o l y s i s . Indeed, 
r e s u l t s were improved s l i g h t l y i f a l l the t e t r a - e t h y l 
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s i l i c a t e was added to the water before £uiy alvuninium 
iso-propoxide g i v i n g the former a b e t t e r chance to 
h y d r o l i s e . Aluminium iso-propoxide h y d r o l i s e s 
r e l a t i v e l y e a s i l y and i n the m a j o r i t y of samples 
purchased i t was apparent t h a t some h y d r o l y s i s had 
already taken p l a c e . Thus when added with the t e t r a -
e t h y l s i l i c a t e to water c o - h y d r o l y s i s of the t e t r a - e t h y l 
s i l i c a t e and the alr e a d y h y d r o l i s e d aluminium i s o -
propoxide could not take p l a c e . 

2 .5 The l i q u i d A Process 

I t was contemplated that c o n s i s t e n t r e s u l t s might 

be obtained i f a more intimate mix of s i l i c a and alumina 

could be formed by mixing the r e a c t a n t s as l i q u i d s p r i o r 
to h y d r o l y s i s . However a t room temperature aluminium 
iso-propoxide remains s o l i d and melts at approximately 
106^0. I t was decided, t h e r e f o r e , that i t might be 
p o s s i b l e to obtain an intimate mixture by adding an 
appropriate amount of t e t r a - e t h y l s i l i c a t e to hot 
l i q u i d aluminium iso-propoxide immediately f o l l o w i n g 
i t s vacuum d i s t i l l a t i o n . The proposed procedure was 
a s s i s t e d by the f a c t t h a t aluminium iso-propoxide 

behaves as a super cooled l i q u i d and may take s e v e r a l 

hours to s o l i d i f y even a t room temperature. Also, i t 

i s known that metal a l k o x i d e s can exchange t h e i r 
1 5 

a l c o h o l groups and f o r the process J u s t d e s c r i b e d i t 

was p o s s i b l e t h a t such an exchemge might occur. To 

a s s i s t the exchange the mixture was r e f l u x e d f o r 
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approximately 10 minutes. The r e s u l t s obtained were 

very encouraging. I t was found that when the mixture 

cooled to room temperature i t remained a c l e a r l i q u i d 

f o r periods up to f i v e hours before any c r y s t a l l i n e 

sediment became v i s i b l e . Complete prevention of 

p r e c i p i t a t i o n was f i n a l l y achieved by the a d d i t i o n of 

10^ by volume of i s o - p r o p a l a l c o h o l to the mixture 

p r i o r to r e f l u x i n g . The r e s u l t i n g l i q u i d remained 

c l e a r f o r s e v e r a l weeks at room temperature. The 

l i q u i d formed w i l l be r e f e r r e d to as l i q u i d A throughout 

the remainder of t h i s t e x t . 

The g e l was produced by h y d r o l i s i n g l i q u i d A 

with excess water over a period of one week w i t h 

o c c a s i o n a l shaking. The most probable type of r e a c t i o n s 

diiring h y d r o l y s i s assuming no exchange of a l c o h o l groups 

are of the form. 

2 Al (OP^:)^ + 3H2O ^ Al^O^ + 6P^:0H 

and S i ( O E t ) ^ + 2H2O =^ SiO^ + UEtOH 

X-ray fluorescence auialysis of the f i n a l g e l suggested 

the l i q u i d A had undergone complete h y d r o l y s i s cUid 

c o n s i s t e n t r e s u l t s were obtained f o r repeated t r i a l s . 

The excess water was removed e i t h e r by r o t a r y 

evaporation or heating i n a furnace a t l l O ^ C . At t h i s 

stage i t was no t i c e d that the g e l possessed an aroma 

c h a r a c t e r i s t i c of a l c o h o l s cUid i t was suggested that 

the g e l might s t i l l be contaminated with some organic 

matter. 
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H e a t i n g t h e g e l a t 1,000°C f o r ^8 h o u r s was 

c o n s i d e r e d to be s u f f i c i e n t to remove any r e m a i n i n g 

o r g a n i c m a t t e r . 

As f a r a s t h e a u t h o r i s aware t h e method o f g e l 

p r o d u c t i o n j u s t d e s c r i b e d i s u n i q u e and proved to be o f 

g r e a t v a l u e i n t h i s work. P r e v i o u s r e p o r t s o f g e l s 

p r e p a r e d from sodium a l u m i n a t e and sodium s i l i c a t e o r 

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

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

d i a l y s i s . F o r g e l s p r e p a r e d from l i q u i d A the o n l y 

i m p u r i t y l i k e l y t o be p r e s e n t i s o r g a n i c i n form and 

c a n e a s i l y be removed by h e a t i n g a t 1,000*^C. 

As w e l l as p r o v i d i n g a c o n v e n i e n t s o u r c e o f 

i n t i m a t e l y mixed a l u m i n a and s i l i c a , l i q u i d A a l s o 

p r o v i d e d a c o n v e n i e n t means o f c o n t r o l l e d a d d i t i o n o f 

d o p a n t s p r i o r to h y d r o l y s i s . With a l l t h e r e q u i r e d 

r e a c t a n t s i n i t i a l l y I n s o l u t i o n i t was r e a s o n a b l e to 

e x p e c t t h a t b o t h doped and undoped g e l s p r o d u c e d from 

l i q u i d A c o m p r i s e d homogeneous m i x t u r e s . To c h e c k t h e 

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

v a r y i n g a l i i m i n a - s i l i c a r a t i o s were s u b j e c t e d t o X - r a y 

f l u o r e s c e n c e a n a l y s i s . The r e s u l t s showed c l o s e 

agreement between c a l c u l a t e d and e x p e r i m e n t a l l y o b s e r v e d 

v a l u e s . 

2.6 S y n t h e s i s o f k a o l i n i t e u s i n g l i q u i d A., a t 
p r e s s u r e s d e t e r m i n e d by the t e m p e r a t u r e o f r e a c t i o n . 

G e l s p r e p a r e d from l i q u i d A were r e a c t e d h y d r o t h e r m a l l y 
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i n s t a i n l e s s s t e e l p r e s s u r e v e s s e l s s i m i l a r to t h o s e 

d e s i g n e d by T u t t l e . ^ ^ T y p i c a l l y i gram o f g e l was p l a c e d 

w i t h 1 c c o f w a t e r i n a P.T.F.E. tube p l u g g e d w i t h P.T.F.E 

a t b o t h ends to produce a JO^ f i l l i n g f a c t o r . The 

PoT.F.E. tube was p l a c e d i n the r e a c t i o n v e s s e l and w a t e r 

was i n t r o d u c e d around t h e tube t o b a l a n c e t h e s a t u r a t e d 

vapour p r e s s u r e of the r e a c t i o n m i x t u r e * The bomb was 

s e a l e d and h e a t e d to 280**C ^ 5*̂ C f o r 7 d a y s i n a f u r n a c e 

c o n t r o l l e d by a E u r o t h e r m P.D.I, c o n t r o l l e r . At t h e end 

of the r e a c t i o n p e r i o d the p r o d u c t s were a l l o w e d t o c o o l , 

poured from t h e P.T.F.E. tube and f i n a l l y d r i e d a t 110°C. 

2,7 The morphology of s y n t h e t i c k a o l i n i t e s . 

A l t h o u g h t h e r e have been numerous r e p o r t s o f 

s u c c e s s f u l s y n t h e s i s of k a o l i n i t O y i n g e n e r a l the b a s i s 

of I d e n t i f i c a t i o n o f t h e p r o d u c t s h a s been by X - r a y 

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

has n o t r e s e m b l e d t h a t o f n a t u r a l k a o l i n i t e s . I n t h i s 

work i t h a s been found t h a t the p a r a m e t e r s w h i c h a f f e c t 

the s y n t h e s i s and morphology o f k a o l i n i t e i n c l u d e : -

1) The n a t u r e , c o m p o s i t i o n and method of p r o d u c t i o n o f 

t h e s t a r t i n g m a t e r i a l , 

2 ) The t e m p e r a t u r e o f r e a c t i o n , 

3) The p r e s s u r e of r e a c t i o n . 

k) The time o f r e a c t i o n . 

5) The pH o f t h e r e a c t i o n m i x t u r e . 

6) The c o n c e n t r a t i o n and type o f dopant, 

7) P o s s i b l e c o n t a m i n a t i o n from r e a c t i o n v e s s e l s or 

from i m p u r i t i e s i n s t a r t i n g m a t e r i a l s , 

8 ) C y c l e s o f c o o l i n g and r e h e a t i n g d u r i n g s y n t h e s i s . 
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C l e a r l y , some 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 - r e l a t e d o 

F o r example, c o o l i n g and r e h e a t i n g c y c l e s c a u s e p r e s s u r e 

v a r i a t i o n s ; dopaints c o u l d a f f e c t pH* Assuming 

minimum i n t e r - r e l a t i o n i t i s c l e a r t h a t a veary l a r g e 

number of e x p e r i m e n t s would have t o be p e r f o r m e d to 

s u r v e y a l l the i n f l u e n c e s o f v a r i a b l e s 1 t o 8. I n 

t h i s work a t l e a s t 500 k a o l i n i t e s have been s y n t h e s i s e d 

u nder v a r y i n g c o n d i t i o n s i n an a t t e m p t t o d e t e r m i n e 

the i n f l u e n c e o f f a c t o r s 1 t o 8 on morphology and 

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

c o u l d be a r g u e d t h a t t h i s number i s too s m a l l to p r o v i d e 

r e l i a b l e r e s u l t s , n e v e r t h e l e s s a ntimber o f i n t e r e s t i n g 

and s i g n i f i c a n t o b s e r v a t i o n s have been made. 

The k a o l i n i t e s formed have been s t u d i e d by the 

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

X - r a y d i f f r a c t i o n s p e c t r a were o b t a i n e d w i t h an A . E . I 

X - r a y s e t . The c r y s t a l l i n i t y o f t h e s y n t h e t i c 

k a o l i n i t e s were measured from the X - r a y d i f f r a c t i o n 
17 

s p e c t r a u s i n g t h e method o f H i n c k l e y . As mentioned 

p r e v i o u s l y i n C h a p t e r 1 t h e p l a t e - l i k e n a t u r e o f 

k a o l i n i t e c r y s t a l s t e n d s to make them s e d i m e n t w i t h t h e i r 

b a s a l p).ane8 p a r a l l e l to t h e s u b s t r a t e , and e n h a n c e s t h e 

i n t e n s i t y o f the b a s a l r e f l e c t i o n s . The d e g r e e o f 

p r e f e r r e d o r i e n t a t i o n i s d e t e r m i n e d by the d e g r e e of 

p l a t e - l i k e n a t u r e o f the c r y s t a l s , and hence t h e 

r e l a t i v e i n t e n s i t y o f the 001 peak t o n o n - b a s a l 

r e f l e c t i o n s g i v e s an i n d i c a t i o n o f t h e morphology and 

r e l a t i v e p l a t e t h i c k n e s s o f t h e s y n t h e t i c k a o l i n i t e s . 
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E l e c t r o n m i c r o g r a p h s were o b t a i n e d w i t h a 
P h i l l i p s EM 300 e l e c t r o n m i c r o s c o p e , to o b t a i n aji 
e s t i m a t e o f a v e r a g e p a r t i c l e s i z e and t o make 
co m p a r i s o n s o f t h e shape o f the k a o l i n i t e c r y s t a l s o 
As t h e r e i s no r e c o g n i s e d q u a n t i t a t i v e method of 
d e s c r i b i n g t h e morphology of a k a o l i n i t e c r y s t a l , 
throughout t h i s t e x t s y n t h e t i c k a o l i n i t e s whose 
mojTphology i s s i m i l a r t o t h a t o f n a t u r a l k a o l i n i t e s 
w i t h c l e a r l y d e f i n e d h e x a g o n a l form, w i l l be 
r e f e r r e d to a s h a v i n g i d e a l morphology, 

2,7,1 The a f f e c t on morphology o f t h e c o m p o s i t i o n 
and method o f p r o d u c t i o n o f the g e l . 

Work by Jones"' s u g g e s t e d t h a t compared w i t h o t h e r 

s t a n d a r d methods o f g e l p r e p a r a t i o n s on a v e r a g e more 

c i T y s t a l l i n e k a o l i n i t e w i t h r e a s o n a b l e m o r p h o l e p was 

o b t a i n e d by u s i n g l i q u i d A. Moreover i t was a l s o 

r e p o r t e d t h a t r e s u l t s were not a l w a y s r e p r o d u c i b l e and 

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

k a o l i n i t e w i t h i d e a l morphology was p r e v e n t e d by 

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

c o n t r o l . T h i s b e i n g s o , a t t e m p t s were made i n t h i s 

work t o i d e n t i f y the unknown p a r a m e t e r s w h i c h p r e v i o u s l y 

had produced i n c o n s i s t e n t r e s u l t s . 

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

h y d r o l y s i s o f l i q u i d A might have been r e s p o n s i b l e f o r 

Jones'' r e s u l t s and t h e r e f o r e a number o f d i f f e r e n t 

methods o f h y d r o l y s i s were attemptedo 
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Svow a d d i t i o n o f w a t e r mixed w i t h a l c o h o l c a u s e d 

the l i q u i d A to s o l i d i f y and formed a compound w h i c h 

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

the c l e a r g l a s s - l i k e m a t e r i a l was amorphous to X - r a y s 

and i t was n o t p o s s i b l e to I d e n t i f y t h e c o - o r d i n a t i o n 

numbers o f t h e aluminium and s i l i c o n i t was a n t i c i p a t e d 

t h a t due t o i t s c o m p l e t e l y t r a n s p a r e n t a p p e a r a n c e an 

I d e a l r e a c t i o n had o c c u r r e d f o r g e l p r o d u c t i o n . By 

h e a t i n g the s o l i d t o remove any o r g a n i c c o n t a m i n a n t s 

the s t r u c t u r e broke up i n t o a f i n e powder. The 

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

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

w i t h i n the m a t e r i a l . F o l l o w i n g t h i s t r e a t m e n t i t was 

foiind t h a t no marked change had o c c i o r r e d o t h e r t h a n the 

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

were s u f f i c i e n t l y l a r g e to be examined w i t h an o p t i c a l 

m i c r o s c o p e . 

R e s u l t s o b t a i n e d w i t h t h i s g e l were d i s a p p o i n t i n g . 

H y d r o t h e r m a l t r e a t m e n t produced k a o l i n i t e w i t h poor 

morphology and a low c r y s t a l l l n l t y i n d e x o f 0.5. 

Improved c r y s t a l l i n i t y and morphology was o b t a i n e d 

from samples grown from l i q u i d A w h i c h was added 

d i r e c t l y t o e x c e s s w a t e r , f o l l o w e d by o c c a s i o n a l s h a k i n g 

a v e r a p e r i o d o f one week and t h e n d r i e d i n a f i i m a c e a t 

105°C. The s o l i d was f i r e d a t 1000*^0 t o remove t h e 

o r g a n i c c o n t a m i n a n t s . Up to t h i s p o i n t t h e t e m p e r a t u r e 

f o r b u r n i n g o f f the orgsmic m a t t e r had been m a i n t a i n e d 

a t 500^0 I d e n t i c a l t o t h e work o f J o n e s . 
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The p o s s i b i l i t y t h a t the t e m p e r a t u r e o f t h i s f i r i n g 

s t a g e might have a f f e c t e d the n a t u r e o f the g e l and 

hence the form o f the k a o l i n i t e produced was i n v e s t i g a t e d 

i n more d e t a i l . I t was e v e n t u a l l y found t h a t improved 

k a o l i n i t e was produced when the f i r i n g t e m p e r a t u r e o f the 

g e l was i n c r e a s e d t o 1,000°C. T h i s i s p e r h a p s a 

s u i r p r i s i n g r e s u l t , L e o n a r d h a s shown t h a t t h e r a t i o 

of f o u r - f o l d t o s i x - f o l d c o - o r d i n a t e d a l u m i n i u m i n c r e a s e s 

w i t h the f i r i n g t e m p e r a t u r e o f the g e l . Hence t h e u s e 

of l o w e r t e m p e r a t u r e s were e x p e c t e d t o produce a g e l 

whi c h would f a v o u r t h e s y n t h e s i s of k a o l i n i t e . I t i s 

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

r e - o r g a n i s e d t h e g e l s t r u c t u r e i n some way or 

a l t e r n a t i v e l y more i m p u r i t i e s were removed. H a v i n g 

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

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

h y d r o t h e r m a l r e a c t i o n to form k a o l i n i t e i t was now 

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

of the g e l on t h e s y n t h e s i s . A s e r i e s o f g e l s were 

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

7 d a y s of h y d r o t h e r m a l r e a c t i o n i t was found t h a t a l l 

samples c o n t a i n e d some d e t e c t a b l e k a o l i n i t e e x c e p t t h o s e 

w h i c h c o n t a i n e d e i t h e r IOO5& s i l i c a o r 100^ a l u m i n a . 

G e l s w i t h an e x c e s s of alvunina on h y d r o t h e r m a l 

r e a c t i o n produced k a o l i n i t e and a n o t h e r c r y s t a l l i n e 

phase w h i c h was i d e n t i f i e d a s boehmite, w h e r e a s g e l s 

h a v i n g an e x c e s s o f s i l i c a produced o n l y k a o l i n i t e . 

G e l s c o n s i s t i n g o f 100^ s i l i c a p r oduced no c i r y s t a l l i n e 

p h a s e . 
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K a o l i n i t e s w i t h b e s t morphology and X - r a y 
c r y s t a l l l n l t y were formed from g e l s w i t h an a l u m i n a -
s i l i c a r a t i o c l o s e t o t h e I d e a l r a t i o o f ^6^, 

H a v i n g o b s e r v e d f a i r l y minor v a r i a t i o n s i n t h e 

morphology o f t h e s y n t h e t i c k a o l i n i t e s by c h a n g i n g t h e 

method o f g e l p r o d u c t i o n t h e p a r a m e t e r s 2 t o 8 were 

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

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

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

o f k a o l i n i t e . 

2o7.2 The v a r i a t i o n i n morphology o f s y n t h e t i c 
k a o l i n i t e s a t v a r i o u s p r e s s u r e s , t e m p e r a t u r e s 
and t i m e s o f r e a c t i o n . 

Many a u t h o r s have r e p o r t e d t h e e f f e c t o f p r e s s u r e , 

temperatxire and time o f r e a c t i o n on t h e s y n t h e s i s o f 

kaollnite.®'^^ 

R a y n e r ^ ^ s t u d i e d s y n t h e s i s r a t e s and t h e k i n e t i c s 

o f t h e f o r m a t i o n o f k a o l i n i t e and showed t h e r e a c t i o n t o 

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

t e m p e r a t u r e r a n g e 180**C t o 300^0. I t h a s l o n g been 

thought t h a t d i f f e r e n t p r e s s u r e s and t e m p e r a t u r e s of 

r e a c t i o n may be r e s p o n s i b l e f o r t h e f o r m a t i o n o f the 
8 

polymorphs o f k a o l i n i t e , E w e l l and I n s l e y r e p o r t e d t h e 

s j o i t h e s l s o f d i c k l t e a t 3^0^C and l 6 MPa. As f a r a s t h e 

a u t h o r I s . aware no s u c c e s s f u l s y n t h e s i s o f h a l l o y s l t e o r 
18 

n a c r l t e h a s been r e p o r t e d . R e c e n t l y E b e r l and Hower 
o 

r e p e a t e d E w e l l and I n s l e y s work b u t were u n a b l e t o grow 

any o f t h e polymorphs o f k a o l i n i t e * T hey r e p o r t e d t h a t 
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n a t u r a l h a l l o y s l t e was c o n v e r t e d t o k a o l i n l t e a t 150*̂ C 

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

polymorph. Many e x p e r i m e n t o r s have c o n c e n t r a t e d on 

s y n t h e s i s a t t e m p e r a t u r e s below ZOO^C b u t due t o t h e 

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

t o c a r r y out s i m i l a r e x p e r i m e n t s i n t h i s work, 

P,T.P,E. decomposes a t about 320*̂ 0 b u t i s known t o 

change i t s p r o p e r t i e s below t h i s t e m p e r a t u r e . E x p e r i m e n t s 

on s y n t h e s i s so f a r d e s c r i b e d i n t h i s work were l i m i t e d 

t o t e m p e r a t u r e s n o t g r e a t e r them 280*^C. A t t e m p t s were 

made t o s y n t h e s i s e k a o l i n i t e s i n P.T.F.E. t u b e s a t 

t e m p e r a t u r e s i n e x c e s s o f 280^C b u t i n a l l c a s e s t h e 

r e s u l t i n g k a o l i n i t e was p o o r l y c r y s t a l l i n e and the P.T.F.E 

l o s t i t s p l a s t i c i t y . I t was s u s p e c t e d t h a t t h e breakdown 

of the P,T.F.E. was i n some way a f f e c t i n g t h e s y n t h e s i s 

a s p r e v i o u s r e p o r t s would s u g g e s t t h a t k a o l i n i t e may be 

s y n t h e s i s e d a t t e m p e r a t u r e s up t o 405^C,^ 

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

complete r e a c t i o n , a s e r i e s o f • k a o l i n i t e s were pr o d u c e d 

from a g e l a t .280°C w h i c h was r e a c t e d f p r p e r i o d s r a n g i n g 

from 1 day t o 3 weeks. The k a o l i n i t e s p r o d u c e d were t h e n 

s t u d i e d by X - r a y d i f f r a c t i o n , ' A l t h o u g h k a o l i n i t e was 

d e t e c t a b l e a f t e r o n l y one day_ t h e X - r a y d i f f r a c t i o n 

p a t t e r n became more d i s t i n c t f o l l o w i n g 6 d a y s r e a c t i o n . 

T h e r e a f t e r , no s i g n i f i c a n t change i n t h e X - r a y d i f f r a c t i o n 

p a t t e r n was o b s e r v e d . On t h e b a s i s o f t h e s e r e s u l t s i t 

was assiimed t h a t a f t e r one week no f o i r t h e r r e a c t i o n would 

o c c u r . To check t h i s a s s u m p t i o n a number o f sa m p l e s 
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r e a c t e d f o r v a r i o u s t i m e s were s u b j e c t e d t o 

t h e r m o g r a v l m e t r l c a n a l y s i s ( T . G . A . ) 

Pure k a o l l n l t e c o n t a i n s 13»5i> w a t e r w h i c h I t l o s e s 

c o m p l e t e l y on d e h y d r o x y l a t l o n a t 550**C. I n t h i s work 

ToG.A. h a s been u s e d t o e s t i m a t e t h e amount o f k a o i l n l t e 

I n a sampl=e by m e a s u r i n g the w e i g h t l o s s o f t h e sample 

between k50^C and 600^C. I t was assumed t h a t t h e m i x t u r e 

a f t e r r e a c t i o n c o n t a i n e d o n l y k a o l i n i t e and some u n r e a c t e d 

g e l so t h a t a l l w e i g h t l o s s c o u l d be a t t r i b u t e d t o 

k a o l i n i t e i n the sample. However I t s h o u l d be n o t e d t h a t 

t h e d e h y d r o x y l a t l o n t e m p e r a t u r e o f boehmlte i s t h e same a s 

t h a t of k a o l i n i t e and may c o n s t i t u t e a n e r r o r i n the 

r e s u l t s . A t l e a s t 3% boehmlte I s r e q u i r e d f o r d e t e c t i o n 

by X - r a y d i f f r a c t i o n . The p e r c e n t a g e s o f k a o l i n i t e 

quoted below assumes no boehmlte o r s i m i l a r phase t o be 

p r e s e n t i n t h e s a m p l e . Samples r e a c t e d f o r 6 d a y s 

c o n t a i n e d between 85 and 92^ k a o l i n i t e and t h i s v a l u e 

c o u l d n o t be I n c r e a s e d by f u r t h e r r e a c t i o n . 

A l l e x p e r i m e n t s on s y n t h e s i s s o f a r d e s c r i b e d were 

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

v apour p r e s s u r e o f t h e r e a c t a n t s a t t h e t e m p e r a t u r e o f 

r e a c t i o n . I n o r d e r t o s t u d y t h e e f f e c t o f p r e s s u r e on 

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

e f f e c t o f t e m p e r a t u r e s g r e a t e r t h a n 280°C I t was d e c i d e d 

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

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

sys t e m r e q u i r e d t h a t t h e P.T.F.E. r e a c t i o n t u b e s were 

r e p l a c e d by p l a t i n u m t u b e s . 
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A photograph o f the e x p e r i m e n t a l r i g i s shown i n 

P i g . 2.1. Thre e tube f u r n a c e s were c o n s t r u c t e d u s i n g 

Nichrome 5 element w i r e wound round a h o l l o w c y l i n d r i c a l 

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

i n s u l a t e d u s i n g s u p e r p l a s t i c 85 and moxmted i n a 

c y l i n d r i c a l a s b e s t o s tube mounted v e r t i c a l l y a s shown. 

The f u r n a c e s were c o n t r o l l e d by t h r e e E.C.C. t e m p e r a t u r e 

c o n t r o l l e r s u s i n g N i C r / N i A l t h e r m o c o u p l e s . T h r e e T u t t l e 

bombs were c o n s t r u c t e d w i t h h i g h p r e s s u r e J o i n t s f i t t i n g 

i n t h e c a p s (Fig.2.2).. Up to 300 MPa were p r o d u c e d by 

a S t a n s t e a d AOk 12 pump d r i v e n by compressed a i r and 

d i s t r i b u t e d to the T u t t l e bombs by a sy s t e m o f h i g h 

p r e s s u r e v a l v e s and t u b e s ( A u t o c l a v e E n g i n e e r s 400 MPa). 

A s a f e t y blow out v a l v e was f i t t e d ( A u t o c l a v e E n g i n e e r s 

300 MPa) and a l s o a r e s e r v o i r was a t t a c h e d ( c a p a c i t y 200cc) 
to p r e v e n t p r e s s u r e f l u c t u a t i o n s . The f l u i d f o r 

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

and 10^ s o l u b l e machine o i l . 

P l a t i n u m t u b e s 120mm l o n g w i t h 5mm o.d. and 0.2mm 
w a l l t h i c k n e s s were u s e d a s r e a c t i o n l i n e r s . The tu b e s 

were s e a l e d by f l a t t e n i n g t h e i r ends and t h e n w e l d i n g . 

The t e c h n i q u e f o r w e l d i n g t h e t u b e s t o produce a 

s a t i s f a c t o r y s e a l r e q u i r e d some development. I n i t i a l l y 

t h e a r c was produced by d i r e c t s h o r t i n g o f a h e a v y d u t y 

c a r b a t t e r y but d i d n o t produce s a t i s f a c t o r y r e s u l t s . 

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

and choke were u n s u c c e s s f u l and e v e n t u a l l y a s a t i s f a c t o r y 

c o n t r o l l a b l e a r c was o b t a i n e d u s i n g a 12 amp v a r i a c a c r o s s 
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a 100 v o l t s b r i d g e r e c t i f i e r w i t h a 1.1 H choke. 

A v o l t a g e o f a p p r o x i m a t e l y 80 v o l t s was u s e d f o r w e l d i n g . 

I t s h o u l d be p o i n t e d out t h a t t h e number o f e x p e r i m e n t s 

w h i c h c o u l d be c a r r i e d out w i t h t h e v a r i a b l e p r e s s u r e 

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

due t o the h i g h c o s t o f p l a t i n u m . A l s o i t was found 

from p r e l i m i n a r y e x p e r i m e n t s t h a t a f t e r b e i n g s u b j e c t e d 

t o p r e s s u r e s i n e x c e s s o f 5»000 p s l t h e r e a c t i o n t u b e s 

had been compressed t o such a n e x t e n t t h a t i t was n o t 

p o s s i b l e t o r e - u s e them. F o r a l l t h e e x p e r i m e n t s a t 

c o n t r o l l e d p r e s s u r e s a s i n g l e undoped g e l was us e d * 

T y p i c a l l y 0,3gm o f g e l was p l a c e d w i t h 0,8cc o f w a t e r i n 

a p l a t i n u m tube w e l d e d a t b o t h e n d s . T h e ' t u b e s were t h e n 

p l a c e d i n t h e T u t t l e bombs w h i c h were f i l l e d w i t h t h e 

p r e s s u r e t r a n s m i t t i n g f l u i d . A f t e r t h e bombs were 

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

8»v.p, were a p p l i e d . The f u r n a c e s were t h e n r a i s e d t o 

s u r r o u n d t h e T u t t l e bombs and b r o u g h t t o t h e d e s i r e d 

t e m p e r a t u r e . 

The k a o l i n i t e s produced were s t u d i e d by X - r a y 

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

the morphology o f the k a o l i n i t e was poor u s u a l l y showing 

no s i g n o f h e x a g o n a l form and gave weak X - r a y d i f f r a c t i o n 

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

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

H i n c k l e y ^ ^ c r y s t a l l i n i t y i n d e x . A s e l e c t i o n o f s p e c t r a 

liave been r e p r o d u c e d i n P i g . ( 2 . 3 ) * S p e c t r a 1 and 2 

show k a o l i n i t e s y n t h e s i s e d a t 280^C a t p r e s s u r e s o f 69MPa 
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and 172 MPa r e s p e c t i v e l y . B o t h s p e c t r a show a 

s u r p r i s i n g l y s m a l l amount o f c r y s t a l l i n e m a t e r i a l but 

a r e v e r y s i m i l a r i n appeeirance. S p e c t r a 3 and 4 show 

k a o l i n i t e s y n t h e s i s e d a t 320*̂ C a t p r e s s u r e s o f 69MPa 
and 172 MPa Euid a g a i n have a l m o s t i d e n t i c a l form w i t h 

s m a l l amounts o f k a o l i n i t e . S p e c t r a 5 and 6 show much 

more c r y s t a l l i n e m a t e r i a l w h i c h was s y n t h e s i s e d a t 365**C 

a t p r e s s u r e s o f 69 and 172 MPa. Here, a s a t l o w e r 

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

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

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

p r e s s u r e . I n a d d i t i o n t o t h e e x p e r i m e n t s J u s t d e s c r i b e d 

k a o l i n i t e s were s y n t h e s i s e d a t v a r i o u s p r e s s u r e s between 

20 MPa and 250 MPa and t e m p e r a t u r e s i n t h e r a n g e 260 to, 365**C, 

V l t h o u t e x c e p t i o n i t was found t h a t t h e p r e s s u r e o f r e a c t i o n 

made no obseirvable d i f f e r e n c e t o the c l a y p r o d u c e d . None 

o f the polymorphs o f k a o l i n i t e were d e t e c t a b l e i n t h e 

samples by X.R.D. Due t o the poor morphology o f t h e c l a y s 

produced i t was n o t p o s s i b l e t o g a i n any u s e f u l i n f o r m a t i o n 

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

I t s h o u l d be n o t e d t h a t t h e k a o l i n i t e s p roduced i n 

the p l a t i n u m r e a c t i o n v e s s e l s were o f i n f e r i o r q u a l i t y 

compared t o t h o s e grown i n P.T.P.B. t u b e s a t t h e same 

t e m p e r a t u r e s . The o n l y k a o l i n i t e s w h i c h were s i m i l a r t o 

tho s e grown i n P.T.F.E. were produced when t h e p l a t i n u m 

t u b e s l e a k e d and t h e k a o l i n i t e s were conteuninated. 

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

2.7.5 and 2 .7 .7 . 
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2,7 * 3 S t u d y o f t h e monjhology o f k a o l i n i t e s y n t h e s i s e d 
a t v a r i o u s p H - v a l u e s , 

I n n a t u r e I t i s thought t h a t k a o l i n i t e o n l y forms 

tuider a c i d c o n d i t i o n s , ^ t h e a l k a l i i o n s b e i n g l e a c h e d 

from the r e a c t i o n p r o d u c t s b e f o r e k a o l l n l s a t l o n t a k e s 

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

k a o l i n i t e f o r two p r o b a b l e r e a s o n s . F i r s t l y , i n n e u t r a l 

o r a l k a l i n e s o l u t i o n s s i l i c a i s f a r more s o l u b l e t h a n 

a l u m i n a . A c i d s o l u t i o n s c o u l d I n c r e a s e t h e s o l u b i l i t y 

o f a l u m i n a t o t h e p o i n t where i t I s a s s o l u b l e a s s i l i c a . 

I n much o f t h e work w h i c h h a s been done on low t e m p e r a t u r e 

s y n t h e s i s o f k a p l l n i t e the s o l u b i l i t y o f t h e a l u m i n a h a s 
1 9 

been i n c r e a s e d by t h e a d d i t i o n o f o r g a n i c a c i d s , 
12 

S e c o n d l y , i t h a s been shown t h a t low pU v a l u e s t e n d t o 

s t a b i l i s e a l u minium i n s i x - f o l d C o - o r d i n a t i o n w h i c h i s 

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

s t r u c t u r e • 
Some r e p o r t s have been made o f s y n t h e s i s o f k a o l i n i t e 

20 20 i n a l k a l i n e media, De Kimpe h a s grown k a o l i n i t e a t 

a t e m p e r a t u r e o f 1 7 5 ^ C up t o a pH o f 1 2 . He r e p o r t e d a 

drop i n pH o f t h e a l k a l i n e s o l u t i o n s d u r i n g h y d r o t h e r m a l 

r e a c t i o n and h a s shown t h e cheuige i n pH t o I n c r e a s e w i t h 

i n c r e a s i n g g e l / s o l u t i o n r a t i o s . To t h e a u t h o r ' s 

knowledge a f i n a l pU o f 8 i s t h e h i g h e s t r e p o r t e d v a l u e 

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

The r e s u l t s o b t a i n e d i n t h i s s e c t i o n , from an undoped 
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s i l i c a alumina g e l which was r e a c t e d hydrothermally at 
280°C + 5°C f o r one week i n v a r i o u s pH s o l u t i o n s , are 
summarised i n Fig,2.4• The d i f f e r e n t pH v a l u e s were 
obtained by adding e i t h e r sodium hydroxide or h y d r o c h l o r i c 
a c i d to d i s t i l l e d water. 

The morphology of k a o l i n i t e s grown i n a l k a l i n e 
s o l u t i o n s was found to be very poor showing no s i g n of 
hexagonal form ( P i g . 2«3) However, those k a o l i n i t e s 
grown i n s o l u t i o n s with a f i n a l pH of as high as 10 
showed a high degree of c r y s t a l l i n i t y • R e a c t i o n mixtures 
with a f i n a l pH of 11 produced a sodium s a t u r a t e d 
montmorillonite and those with a f i n a l pH v a l u e of 12 
produced a n a l c i t e . The .X-ray d i f f r a c t i o n pattex*ns of 
the minerals s y n t h e s i s e d at f i n a l pH v a l u e s of 10,11 and 
12 are i l l u s t r a t e d i n P i g . 2.6* Prom these i t can be 
seen t h a t f o r each pH value only one c r y s t a l l i n e phase i s 
present. For example the X-ray d i f f r a c t i o n spectx*um of 
the sodium s a t u r a t e d montmorillpnite grown a t a f i n a l pU 
of 11 shows l i t t l e t r a c e of k a o i l n i t e or a n a l c i t e . 

Highly c r y s t a l l i n e k a o l i n i t e s were a l s o grown at 

low pH value's with g r e a t l y improved morphology which very 

c l o s e l y resembles n a t u r a l k a o l i n i t e ( F i g . 2.7) although the 
p a r t i c l e s are r a t h e r s m a l l being of the order of 0.2 

micrometers e.s.d. For f i n a l pH v a l u e s between 2 and 10 
17 

there was l i t t l e change i n the Hinckley c r y s t a l l i n i t y , 

although an i n c r e a s e i n the r e l a t i v e i n t e n s i t y of b a s a l 

to non-basal r e f l e c t i o n s was observed i n those samples 
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Fig 2.4 

Initial 
Ph 

Final 
ph Brightness Grystal-

linity 
Reaction 
solution 

1 2 0-54 89 HCI 

2 5 0-71 88 HCI 

3 5 0 5 2 91 HCI 

4 6 0-72 84 HCI 

5 6 0-75 8 3 5 H^O 

6 6 0-66 88 NaOH 

7 6 0-78 89-5 No OH 

8 6 0-63 92 NaOH 

9 6 0r56 91 NaOH 

1 0 6-5 0-88 88 NaOH 

M 8-5 0-76 86 NaOH 

1 2 1 0 0-76 85 NaOH 

1 3 n M 86 NaOH 

14 12 A 83 NaOH 
M=Na saturated montmorrillonite 
A = Analcite 
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ayntbesised a t lower pH v a l u e s a l s o suggesting improved 
morphology. 

The measured values of the pH a f t e r r e a c t i o n , 
r e g a r d l e s s of the i n i t i a l v a l u e , always s h i f t e d towards 
more normal v a l u e s and the magnitude of the s h i f t was 
foxind to depend on the s o l i d / l i q u i d r a t i o i n the r e a c t i o n 
mixture. The higher the percentage of s o l i d s the g r e a t e r 
the pH-change. Alumina i s known to a c t as a b u f f e r 
because of i t s amphoteric n a t u r e . T h i s probably accounts 
f o r the s h i f t s i n pH towards more normal v a l u e s . Also 
given i n F i g . 2 . ^ are the b r i g h t n e s s v a l u e s of the 
k a o l i n i t e s produced a t d i f f e r e n t pH v a l u e s . 

I n order to measure the b r i g h t n e s s of a c l a y the 
ma j o r i t y of china c l a y producers use a commercial 
instrument manufactured by Z e i s s known as an £1 Repho 

br i g h t n e s s measuring meter. Xn g e n e r a l , a f a i r l y 
22 

elaborate procedure i s adopted to prepajre the c l a y s f o r 
br i g h t n e s s measurement. A f t e r being prepared i n the 
form of a d i s c the sample i s placed i n the instriunent 
to become par t of the inner s u r f a c e of a sphere. The 
i n t e r n a l s u r f a c e of the sphere i s coated with betrium 
sulphate. The seimple i s s u b j e c t e d to r a d i a t i o n with 
wavelengths from 380nm to 700nm and u s i n g a p h o t o m u l t i p l i e r 
i t i s p o s s i b l e to measure the t o t a l r e f l e c t a n c e of the 
c l a y s u r f a c e . By d e f i n i t i o n the b r i g h t n e s s i s taiken 
as the percentage r e f l e c t a n c e of monochromatic l i g h t 
( u s u a l l y ^58 nm) from a k a o l i n i t e sample compared to a 
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standardy u s u a l l y magnesium carbonate. 

The E l Repho instrument i s expensive c o s t i n g about 
£3fOOO aind i n t h i s work i t was not p o s s i b l e to arrange 
convenient a c c e s s to such an instrument. An a l t e r n a t i v e 
system was b u i l t from equipment a v a i l a b l e w i t h i n t h i s 
department. A photograph of the apparatus i s given i n 
Fig.2.8. From the diagram i t can be seen t h a t the apparatus 
measures only r a d i a t i o n r e f l e c t e d at about 45° from the 
c l a y s u r f a c e and does not include an i n t e g r a t i n g sphere. 
Nevertheless, i t was found from p r e l i m i n a r y s t u d i e s u s i n g 
a s u i t e of n a t u r a l c l a y s of known b r i g h t n e s s that the 
instrument produced comparable r e s u l t s . From the data 
presented i n Fig.2.U. i t would appear t h a t the b r i g h t n e s s 
i s l i t t l e a f f e c t e d by the pH value of the r e a c t i o n mixture. 
The k a o l i n i t e s s y n t h e s i s e d at v a r i o u s pH's had very 
d i f f e r e n t morphology which might have been expected to 
a f f e c t the b r i g h t n e s s . 

2.7-4 Study of morphology amd p r o p e r t i e s of s y n t h e t i c 
k a o l i r i i t e s doped with d i f f e r e n t i m p u r i t i e s . 

Numerous past reports*^* have suggested that i m p u r i t i e s 
which s u b s t i t u t e i n the k a o l i n i t e s t r u c t u r e most probably 
a f f e c t the p h y s i c a l and chemical p r o p e r t i e s of the m a t e r i a l 
and a l s o might a f f e c t i t s morphology. I t has not been 
po s s i b l e however with n a t u r a l products to p o s i t i v e l y 
i d e n t i f y any p a r t i c u l a r impurity as being r e s p o n s i b l e f o r 
a s p e c i f i c c r y s t a l form. 

I n t h i s work p a r t i c u l a r a t t e n t i o n was given to those 
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s u b s t i t u t e d i m p u r i t i e s which are paramagnetic and produce 
an E.S.R. spectrum. The d e t a i l s and background information 
with regaxd to E.S.R. i n k a o l i n i t e are given i n the next 
chapters. I t i s shown how the E.S.R. technique can 
un e q u i v o c a l l y detect s u b s t i t u t i o n of i r o n and magnesium 
i n the k a o l i n i t e s t r u c t u r e . I t i s f o r t h i s reason that 
a study of the e f f e c t of s u b s t i t u t e d i o n s on morphology of 
s y n t h e t i c k a o l i n i t e s has been l i m i t e d to those doped w i t h 
e i t h e r i r o n or magnesium or mixtures of both* 

2,7.4.1 P r e p a r a t i o n of i r o n doped s y n t h e t i c k a o l i n i t e s , 

Jones"^ reported t h a t by adding s o l u b l e I r o n s a l t s such 
as f e r r i c c h l o r i d e I n t o the water of h y d r o l y s i s i t was 
p o s s i b l e to Introduce c o n t r o l l e d amoiints of i r o n i n t o the 
g e l . Prom such g e l s k a o l i n i t e s doped w i t h i r o n were 
prepared. I t was considered i n t h i s work t h a t anions of 
the s a l t used f o r doping may a f f e c t the morphology of the 
f i n a l k a o l i n i t e . I t was decided t h e r e f o r e to devise a 
method of preparing i r o n doped g e l s which contained only 
anions r e l e v a n t to the formation of I r o n doped k a o l i n i t e . 

F e r r i c benzoate appeared to s a t i s f y the requirements 
f o r the experiment. On h e a t i n g a t 1,000^C I t decomposes 
to form Fe^O^, F e r r i c benzoate was fo\and t o be I n s o l u b l e 
i n l i q u i d A but a s o l u t i o n of f e r r i c benzoate I n dl-methyl 
formamlde (D.M.F) mixed uniformly w i t h l i q u i d A, thus 
p r o v i d i n g a convenient method of pr e p a r i n g an I r o n doped g e l . 

Sol u t i o n s of f e r r i c n i t r a t e ( 4 0 g / l l t r e ) and ammonium 
benzoate ( 4 0 g / l l t r e ) were mixed.- A p r e c i p i t a t e of f e r r i c 
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benzoate formed which being I n s o l u b l e I n water was 

f i l t e r e d and washed thoroughly w i t h d i s t i l l e d water 
I. 

before being d r i e d at 50°C 

Pe(NO^)^ + 3 NH^ (C^ 0^) ^ 3 NH^ (NO^) + Fe ( C ^ H ^ O ^ ) ^ ^ 

5 g of dz*y f e r r i c • benzoate was then d i s s o l v e d i n 73cc of 
D.M.F, to form a s o l u t i o n with a c o n c e n t r a t i o n of 6 6 o 6 g / l i t r 6 . 
By adding c o n t r o l l e d amounts of t h i s s p l u t i o n to l i q u i d A . 
i t was p o s s i b l e to introduce known amounts of i r o n i n t o 
the r e s u l t i n g k a o l i n i t e . For example, c o n s i d e r a doping 
l e v e l of Vjl> Fe^O^ by weight i n k a o l i n i t e . 

1 0 0 gms of k a o l i n i t e c o n t a i n 1 3 o 9 5 g H^O 
3 ^ . ^ 2 g A l ^ 

5 1 . 6 3 g SiO 

To form these r e q u i r e s : -
20k X 3^.42 X 2g Aluminium iso-propoxide 
102 

and 208 x 51.63g T e t r a - e t h y l - s i l i c a t e 
60 

i . e . 137g Al-iso-propoxide (Sp.gr 1*03) 
and 178.98g T e t r a - e t h y l - s i l i c a t e (Sp.gr Oo933) 
i . ^ . 133.7cc of Al-iso-propoxide 
and 191.8cc of T e t r a - e t h y l - s i l i c a t e 

Since l i q u i d A contains 10^ by volume of i s o - p r o p a l 
a l c o h o l the re q u i r e d volume of l i q u i d A i s t h e r e f o r e -

325.5 + 105& = 358cc to produce lOOg of k a o l i n i t e . 
Now 838g of f e r r i c benzoate produce l60g Fe^O^ , th e r e f o r e 

to produce I g ̂ ©2^3 838 = 5.23g f e r r i c benzoate 
160 
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that i s 1000 x 5.23 = 75cc of 6 6 , 6 g / l i t r e s o l u t i o n 
66.6 of f e r r i c benzoate i n di-methyl 

formamide• 

Therefore to produce a k a o l i h i t e w i t h a doping l e v e l 
of 1^, I c c of 6 6 . 6 g / l i t r e f e r r i c benzoate i n di-methyl 
formamide s o l u t i o n must be added to every 4«8cc of 
l i q u i d A. 

The doped s o l u t i o n s were h y d r o l i s e d w i t h excess 
water over a p e r i o d o f one week. F o l l o w i n g h y d r o l y s i s 
the excess water was removed by h e a t i n g i n an oven a t 
ll O ^ C and f i n a l l y the g e l s were f i r e d a t 1,000®C f o r 48 
hours to remove any remaining organic m a t e r i a l . The g e l s 
were r e a c t e d hydrothermally under i d e n t i c a l n e u t r a l 
c o n d i t i o n s to produce a range of k a o l i n i t e s doped w i t h 
d i f f e r i n g amounts of i r o n . Some of the samples produced 
were subjected to X-ray f l u o r e s c e n c e a n a l y s i s and i t was 
found that the v a l u e s of the i r o n c o n c e n t r a t i o n s were i n 
agreement w i t h the expected v a l u e s w i t h i n the l i m i t s of 
experimental e r r o r . 

2.7.4.2 Morpholofiy and p r o p e r t i e s of i r o n doped 
s y n t h e t i c k a o l i n i t e . 

Although no absolute p a r t i c l e s i z e measurements were 
made on the f i n a l products i t was d i s c e m a b l e by e l e c t r o n 
microscopy t h a t the p e i r t i c l e s i z e was i n f l u e n c e d by the 
i r o n c o n c e n t r a t i o n (Pig.2.9*and l O ) . A d d i t i o n of 
concentrations as smal l as 0.05*?̂  Pe^O^ produced l a r g e r 
k a o l i n i t e p l a t e s r e l a t i v e to undoped k a o l i n i t e s . The 
in c r e a s e i n p l a t e s i z e w i t h i r o n c o n c e n t r a t i o n continued 
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up to an i r o n c o n c e n t r a t ion of 3^ Fe^O^. Beyond t h i s 
value the product was no longer r e c o g n i s a b l e as k a o l i n i t e 
p l a t e s and the X-ray d i f f r a c t i o n p a t t e r n s became d i f f u s e . 
No separate c r y s t a l l i n e i r o n phase was d e t e c t a b l e by X.R.D. 
I t i s conceivable that i r o n may promote i n c r e a s e d c r y s t a l 
growth to produce l a r g e r p l a t e s compared w i t h undoped 
seunples. However, the same e f f e c t i s not r e a d i l y apparent 
i n n a t u r a l samples. For example, i n Keokuk k a o l l n l t e 
the i r o n content i s only 0,09?S and the p l a t e s are 
comparatively l a r g e , 

C r y s t a l l l n i t y of the k a o l i n i t e s as measured by the 
17 

method of Hinckley was a l s o found to be dependant on 
i r o n c o n c e n t r a t i o n . F i g , 2J1 i s a p l o t of X-ray 
c r y s t a l l i n l t y a g a i n s t ^ ^®2^3 ^ s y n t h e t i c k a o l i n i t e s 
and suggests that the most c r y s t a l l i n e k a o l i n i t e s are 
formed w i t h an i r o n content of approximately 1,9^ ^®2^3* 
However t h i s f i g u r e seems remarkably high; N a t u r a l 
k a o l i n i t e s with high c r y s t a l l i n i t y r a r e l y c o n t a i n 
g r e a t e r than Fe^O^. Repeats of the experiment are 
represented by p o i n t s which have been marked with a s m a l l 
c i r c l e i n F i g , 2.11. Even though i n some c a s e s there i s 
considerable discrepancy with previous v a l u e s the 
maximum c r y s t a l l i n i t y was obtained with a doping l e v e l 
of about 1,9?^ Pe^O^. I t i s p o s s i b l e t h a t a g r e a t e r 
proportion of the i r o n I s on. the s u r f a c e of the s y n t h e t i c 
k a o l i n i t e s compared w i t h natura.1 samples. 

With the exception of g e l s r e a c t e d at c o n t r o l l e d 
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p r e s s u r e s (sec.2.7«2} i n platinum tubes a l l g e l s had been 
re a c t e d i n P.T.F.E* l i n e r s . With these l i n e r s i t was 
n o t i c e d t h a t v a r i a t i o n s i n colour sometimes occux*red 
when i d e n t i c a l g e l s were r e a c t e d under i d e n t i c a l conditions, 
The e f f e c t was a t t r i b u t e d to s t a i n i n g by l e a c h i n g s from the 
s t a i n l e s s s t e e l bombs caused by the end s e a l s of the 
P.T.P.E, l i n e r s l e a k i n g . C l e a r l y , e f f e c t s of t h i s type 
would destroy any v a l i d i t y i n measuring b r i g h t n e s s of doped 
k a o l i n i t e s so prepared. I n order to study b r i g h t n e s s i t 
was therefore decided to change the r e a c t i o n l i n e r s to 
platinum as d e s c r i b e d i n sec, 2.7*2. A s e r i e s of g e l s 
with d i f f e r e n t i r o n c o n c e n t r a t i o n s were r e a c t e d i n platinum 
and the'brightness of the r e s u l t i n g k a o l i n i t e s measured by 
the method de s c r i b e d i n sec.2.7.3. 

The p l o t of b r i g h t n e s s a g a i n s t i> F©2^3 (Fie«2.12) 
c l e a r l y demonstrates the e f f e c t of i r o n on b r i g h t n e s s . 
I t should be remembered however that i t was shown i n 
sec.2.7.^.2 t h a t the presence of i r o n appears to i n c r e a s e 
p a r t i c l e s i z e . Such an e f f e c t would reduce s c a t t e r i n g 
e f f e c t s and hence a lower value of b r i g h t n e s s would be 
measured.. I t i s p o s s i b l e that some of the e f f e c t s 
observed i n Pig«2.12 may be a t t r i b u t e d to p a r t i c l e s i z e 
v a r i a t i o n s . Benzoal benzoate has the same r e f r a c t i v e 
index as k a o l i n i t e enabling p a r t i c l e s i z e e f f e c t s to be 
e l i m i n a t e d . The s y n t h e t i c k a o l i n i t e s were p l a c e d i n 
small q u a n t i t i e s of benzoal benzoate and a darkening i n 
colour was observed i n a l l c a s e s suggesting the presence 
of p a r t i c l e s i z e e f f e c t s . However from v i s u a l o b s e r v a t i o n 
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the b r i g h t n e s s of the k a o l i n i t e s followed the same trend 

as i n P i g » 2 , 1 2 . As the k a o l i n i t e s were i n suspension 

absolute measurements of b r i g h t n e s s were not p o s s i b l e . 

From these r e s u l t s i t \tfould seem c l e a r that the 
presence of i r o n has a pronounced e f f e c t on the morphology 
and p h y s i c a l p r o p e r t i e s of k a o l i n i t e s . The E.S.R. 
p r d p e r t l e s of i r o n doped s y n t h e t i c k a o l i n i t e are d i s c u s s e d 
i n Chapter 3 . 

2 . 7 » ' * « 3 . P r e p a r a t i o n of Magnesium doped s y n t h e t i c 
kaolinites« 

For magnesium i t was not p o s s i b l e to reproduce the 
technique used f o r doping with i r o n as a l l attempts to 
produce a magnesium benzoate f a i l e d . Doping with 
magnesium was th e r e f o r e u s u a l l y accomplished by the 
ad d i t i o n of small amounts of magnesium n i t r a t e to the water 
of h y d r o l y s i s . Magnesium sulphate and magnesium c h l o r i d e 
were a l s o t r i e d " but the a d d i t i o n of more than 0 , 1 ^ MgO 
by the sulphate or 0 . 2 5 ^ MgO by the c h l o r i d e prevented 
the s y n t h e s i s of k a o l i n i t e . T h i s was e s p e c i a l l y n o t i c e a b l e 
i n k a o l i n i t e s doped with both magnesium and i r o n . I t was 
a l s o hoped that the g e l would not be contaminated by the 
n i t r a t e anion as t h i s should be removed on f i r i n g the g e l 
at 1 , 0 0 0°C. The g e l s were d r i e d and hydrothermally 
reacted i n an i d e n t i c a l f a s h i o n to t h a t d e s c r i b e d f o r the 
prepEtration of i r o n doped s y n t h e t i c k a o l i n i t e s , 

2 , 7 , ^ . 4 Morpholofiy of Magnesium doped s y n t h e t i c k a o l i n i t e s . 

A number of s y n t h e t i c k a o l i n i t e s were produced doped 
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with vaxying amounts of magnesixun and ±n a l l c a s e s the 
most n o t i c e a b l e f e a t u r e of study by e l e c t r o n microscopy 
was tbe formation of very mucti s m a l l e r p a r t i c l e s than 
i r o n doped or undoped samples ( F i g . 2 * 1 3 ) . I t was a l s o 
n o t i c e a b l e t h a t the p l a t e s though v e r y s m a l l and. t h i n 
were w e l l formed showing b e t t e r hexagonal form than those 
undoped or doped w i t h i r o n . 

Some samples were prepared doped w i t h both magnesixim 

and i r o n by adding f e r r i c benzoate i n D.M.F. t o l i q u i d A 

and magnesium n i t r a t e to the water of h y d r o l y s i s . From 

the p r e v i o u s r e s u l t s i t seemed t h a t i r o n alone tended to 

i n c r e a s e p a r t i c l e s i z e i n c o n t r a s t to magnesium alone 

which decreased p a r t i c l e s i z e . For the doubly doped 

samples c o n t a i n i n g both s u b s t i t u e n t i t was found that 

l a r g e r p l a t e s ( F i g 1 2 f ) w e r e formed* I t would seem 

th e r e f o r e t h a t c r y s t a l l i s a t i o n p r o c e s s e s are more e a s i l y 

a f f e c t e d by i r o n than Mg. The reason f o r these e f f e c t s 

are tuiknown. The B.S.R. p r o p e r t i e s of both magnesium 

and i r o n and magnesium doped k a o l i n i t e s are d i s c u s s e d i n 

Chapter 4 . 

2 , 7 , 5 The p o s s i b l e contaminants from r e a c t i o n v e s s e l s 
or I m p u r i t i e s i n s t a r t i n g m a t e r i a l s and t h e i r 
a f f e c t on the morphology of kaollnite» 

Undoped g e l s r e a c t e d hydrothermally i n P.T.F.B. 

l i n e r s were o f t e n found to produce k a o l i n i t e s that were 

r a t h e r a d u l l grey I n colour having a b r i g h t n e s s value 

s e v e r a l p o i n t s lower than k a o l i n i t e s produced from the 

same g e l r e a c t e d i n platinum tubes. Although i t was 

expected t h a t the s a t u r a t e d vapour p r e s s u r e of the water 
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on e i t h e r s i d e of the P.T.F.E. tubes would be equal i t 
seemed o p t i m i s t i c to assume that the r e a c t i o n tube was 
completely s e a l e d from the water surrounding i t . T h i s 
being so i t seems plausable t h a t some contamination of 
the s y n t h e t i c k a o l i n i t e s could be a t t r i b u t e d to lea.ching 
of the s t a i n l e s s s t e e l T u t t l e bomb. The most l i k e l y 
contaminant from the s t e e l was thought to be i r o n though 
none was d e t e c t a b l e by X-ray f l u o r e s c e n c e a n a l y s i s . 
However a n a l y s i s did show that calcliim contamination 
(about 0 . 0 2 ^ ) was present i n the g e l s and probably 
o r i g i n a t e d from the alumlniiim iso-propoxide. 

2*5 

F l u o r i n e i s known to s t a i n k a o l i n i t e and being a 

major c o n s t i t u e n t of P.T.F.E. was t h e r e f o r e thought to 

be a p o s s i b l e cause of d i s c o l o u r a t i o n . However, p e r s o n a l 

communication with the m8inufacturers of the P.T.P.E. 

i n d i c a t e d that the r e l e a s e of f l u o r i n e was extremely 

u n l i k e l y . I t has not been p o s s i b l e to date to s u b j e c t 

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

S y n t h e t i c k a o l i n i t e s grown under p r e s s u r e i n platinum 

( S e c . 2 . 7 . 2 ) were found to produce very d i f f u s e X-ray 

p a t t e r n s and were l e s s c z * y s t a l l i n e than those produced 

at the seune temperature (but d i f f e r e n t p r e s s u r e ) i n P.T.F.B 

r e a c t i o n l i n e r s . However more c r y s t a l l i n e k a o l i n i t e s 

were produced from the high pressure r i g when the platinum 

tubes leaked and the k a o l i n i t e s were s t a i n e d w i t h the 1 0 ^ 

s o l u b l e o i l and water mixture. An i d e n t i c a l o i l was used 

i n the production of the T u t t l e bombs and i t was t h e r e f o r e 

suspected that p o s s i b l y a component w i t h i n the machine o i l 
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was a c t i n g as a c a t a l y s t to produce more c r y s t a l l i n e 

k a o l i n i t e s . 

To t e s t t h i s theory some platinxim l i n e d bombs were 
constructed so t h a t the r e a c t a n t s could only come i n t o 
contact with platinum and the s m a l l a r e a of P.T.F.E. 
forming the s e a l . The k a o l i n i t e s produced were not 
s t a i n e d and were w e l l c r y s t a l l i n e . I n t h i s method i t 
was impossible f o r the r e a c t a n t s to come i n t o contact w i t h 
the s t e e l of the bomb or w i t h any machine o i l so i t seemed 
u n l i k e l y that the machine o i l had any e f f e c t on the 
s y n t h e s i s . Prom t h i s i t would seem l i k e l y t h a t the 
s t a i n i n g was due to l e a c h i n g from the s t a i n l e s s s t e e l 
but no reason f o r the d i f f e r e n c e i n c r y s t a l l i n l t y of 
samples grown i n platinum or P.T.F.E, was forthcoming. 
At t h i s stage the most c r y s t a l l i n e k a o l i n i t e s had been 
produced i n the presence of P.T.P.E. e i t h e r as a r e a c t i o n 
l i n e r or as a s e a l . I t was decided t h e r e f o r e to 
i n v e s t i g a t e the p o s s i b l e e f f e c t of P.T.F.E. on the 
s y n t h e s i s , A s m a l l amount of P.T.F.E. was groimd and 
added to an undoped g e l . T h i s mixture was then s e a l e d 
i n a platinum tube with water and r e a c t e d f o r 7 days at 
280**C. An equal amount of g e l and water was r e a c t e d 
without P.T.F.E. i n another platinum tube to a c t as a 
standard. The two r e s u l t i n g k a o l i n i t e s were e q u a l l y 
c r y s t a l l i n e and any c a t a l y t i c e f f e c t of P.T.F.E. was 
discounted. 

The r e s u l t s d e s c r i b e d above give no I n d i c a t i o n as 

to why there should be the d i f f e r e n c e s i n c r y s t a l l i n i t y 

between samples grown i n P.T.P.E. a t the s a t u r a t e d vapour 
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presstire and those grown i n platinum lander p r e s s u r e s 

g r e a t e r than the s a t u r a t e d vapour p r e s s u r e . The e f f e c t 

w i l l be d i s c u s s e d f u r t h e r i n S e c . 2 * 7 * 7 « 

2 . 7 . 6 , Cooling and r e h e a t i n g c y c l e s dtiring the s y n t h e s i s 
of k a o l i n i t e and t h e i r a f f e c t on inoi*phology« 

Many c r y s t a l growing techniques i n v o l v e c y c l e s of 

c o o l i n g and r e h e a t i n g . * Xn an attempt to study the 

e f f e c t of h e a t i n g c y c l e s on the s y n t h e s i s of k a o l i n i t e , 

undoped g e l s were r e a c t e d f o r a t o t a l of two weeks du r i n g 

which time the teraperattire was v a r i e d from 2^0*^0 to 280^C 

and down to ZkO^C slowly a t a r a t e of 1 0 ^ per day. The 

k a o l i n i t e s produced had c r y s t a l l i n i t y i n d i c e s i d e n t i c a l 

to samples r e a c t e d f o r 1 week a t a constant temperature 

of 280^C« However, e l e c t r o n microscope obsez*vations 

( P i g . 2 . 1 5 ) showed a l a r g e number of tube l i k e s t r u c t u r e s 

of the order of a few microns i n length very s i m i l a r i n 

appearance to h a l l o y s i t e . E l e c t r o n d i f f r a c t i o n measurements 

confirmed t h a t the tubes were s i m i l a r i n st i n i c t u r e to 

k a o l i n i t e . I t should be noted however that o c c a s i o n a l l y 

samples grown at constant temperature were foiind to c o n t a i n 

small q u a n t i t i e s of t u b e - l i k e s t r u c t u r e s but i n these 

I n s t a n c e s the concentration of the m a t e r i a l was much l e s s 

than t h a t produced by temperature c y c l i n g . 

2 . 7 . 7 D i s c u s s i o n of the p r o p e r t i e s emd morphology of 
k a o l i n i t e s s y n t h e s i s e d tinder v a r i o u s c o n d i t i o n s . 

The previous s e c t i o n s have d e s c r i b e d some of the 

e f f e c t s of pH, temperature, p r e s s u r e , type and q u a n t i t y of 

dopant on the s y n t h e s i s of k a o l i n i t e . The number of 
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anr! h o - ^ t i n g . 

F i g . 2 . 1 5 
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experiments performed were l i m i t e d and were intended to 

i n d i c a t e g e n e r a l trends to show how the products vary when 

s y n t h e s i s e d under d i f f e r e n t c o n d i t i o n s . 

I n s e c t i o n 2.7.2 i t was shown t h a t no f u r t h e r r e a c t i o n 

takes p l a c e a f t e r r e a c t i o n a t 280^0 f o r one week. I t I s 

p o s s i b l e t h a t Improved s y n t h e t i c c r y s t a l s might be produced 

a t h i gher temperatures and longer r e a c t i o n times but the 

use of P.T.F.E. l i n e r s and time r e s t r i c t i o n s prevented 

f u r t h e r study. R e s u l t s a l s o suggested t h a t p r e s s u r e 

appeared to have no e f f e c t on the s y n t h e s i s of k a o l i n i t e . 

However, co n s i d e r i n g r e s u l t s obtained i n Sec.2.7 , 5 t h i s 

may only be true f o r p r e s s u r e s between 3 5 and 280 MPa. 

I t appears that a k a o l i n i t e s y n t h e s i s e d a t the s a t u r a t e d 

vapour pressure of r e a c t a n t s a t 280**C i n platinum i s more 

c r y s t a l l i n e than one s y n t h e s i s e d a t a pressure of 3 5 MPa. 

F u r t h e r i n c r e a s e of p r e s s u r e does not a f f e c t the s y n t h e s i s . 

T h i s e f f e c t may be due to the c o l l a p s e of the platijixam tube 

a t p r e s s u r e s g r e a t e r than the s.v.p. changing the f i l l i n g 

f a c t o r i n s i d e the tube, but how t h i s might a f f e c t the 

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

s i l i c a both depend on p r e s s u r e so i t i s f e a s i b l e t h a t 

only a t p r e s s u r e s around the s.v.p. a t 280^C ar e the 

s o l u b i l i t i e s compatible f o r s y n t h e s i s . I t may a l s o be 

t h a t l a r g e p r e s s u r e s i n h i b i t the production of the 

hydrogen bonding between l a y e r s by h o l d i n g l a y e r s too 

t i g h t l y together. 

I n s e c t i o n 2.7*3« undoped k a o l i n i t e s prepared u s i n g 

v a r i o u s pH-reaction mixtures were considered. I t was 
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found that w e l l formed hexagonal p l a t e l e t s were only 
produced a t low pH v a l u e s and that morphological 
v a r i a t i o n s had l i t t l e e f f e c t on b r i g h t n e s s . However 
these w e l l formed p l a t e l e t s grown a t low pH were r a t h e r 
small compared to n a t u r a l samples. Xn s e c t i o n 2 « 7 . 4 . i t 
was proposed t h a t k a o l i n i t e s doped w i t h i r o n comprised 
l a r g e r p l a t e s than undoped samples. These r e s u l t s 
suggested that a s y n t h e t i c k a o l i n i t e c o n s i s t i n g of l a r g e 
w e l l formed hexagonal p l a t e s might be s y n t h e s i s e d by 
r e a c t i n g on i r o n doped g e l a t low pH. To t h i s end a 
s y n t h e t i c k a o l i n i t e was produced a t a pH of 2 doped with 
1 * 9 ^ i r o n . Obsez*vation of t h i s sample imder the e l e c t r o n 
microscope showed i t to be I n d i s t i n g u i s h a b l e from a w e l l 
c r y s t a l l i n e n a t u r a l sample. ( F i g , 2 , l 6 ) 

The e f f e c t of magnesium on the s y n t h e s i s of k a o l i n i t e 

appeared to be the production of s m a l l e r p l a t e s than i n 
i r o n or undoped samples. These p l a t e s however were 

3 

quite w e l l formed. Jones'' pointed out the d e t r i m e n t a l 
e f f e c t magnesium appeeired to have on the s y n t h e s i s of 
k a o l i n i t e . I t may be that magnesitim slows down the r a t e 
of c r y s t a l l i s a t i o n and hence produces s m a l l e r w e l l formed 
p l a t e s . No experiments have been performed on magnesium 
doped g e l s r e a c t e d f o r more than one week. 

I n nature w e l l formed k a o l i n i t e s are v e r y widespread 

and i t seems d i f f i c u l t to imagine the r i g h t c o n d i t i o n s 

(as described above) f o r s y n t h e s i s of such k a o l i n i t e s alwayi 

being present. I t may be that the s y n t h e s i s at 280^0 i s 

too f a s t and l e s s d e f i n i t e parameters f o r s y n t h e s i s may be 

necessary a t lower temperatures where c r y s t a l l i s a t i o n i s 

slower. 
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C H A P T E R 3 

3 « 1 The b a s i c p r i n c i p l e s of e l e c t r o n s p i n resonance 
( E . S . R . ) and i t s a p p l i c a t i o n to the f e r r i c i r o n 
i n strong c r y s t a l f i e l d s . 

E l e c t r o n i c paramagnetism I s c r e a t e d by one or more 
unpaired e l e c t r o n s i n an atomic system. When placed i n 
an e x t e r n a l magnetic f i e l d the degeneracy of the s p i n 
s t a t e s i s l i f t e d to c r e a t e a number of energy l e v e l s , 
t r a n s i t i o n s between the energy s t a t e s may be induced by 
the a p p l i c a t i o n of eledtro-magnetlo waves w i t h appropriate 
energy to produce e l e c t r o n s p i n resonemce. 

The s i m p l e s t system i s t h a t of a f r e e unpaired 
e l e c t r o n where t r a n s i t i o n s w i l l occur provided the 
resonance c o n d i t i o n i s s a t i s f i e d : 

hv = 
Vhere ̂  i s the Bohr magneton 

H i s the a p p l i e d magnetic f i e l d 
and g^ = 2 . 0 0 2 3 

The i n t e r a c t i o n between the unpaired s p i n and the 
a p p l i e d magnetic f i e l d i s c o n s i d e r a b l y more complicated 
when the e l e c t r o n i s coupled to an atomic system and 
even more so when contained w i t h i n a c r y s t a l f i e l d . 
Although i t i s p o s s i b l e to d e s c r i b e the energy of such 
an assembly by a Genera l Hamiltonian, Bleaney e t a l ̂  
have shown that i t i s p o s s i b l e to n e g l e c t a l l s p i n 
Independant terms and formulate a *Spln Hamiltonian>« 
I n general the s p i n Hamlltonian c o n t a i n s s e v e r a l terms 
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r e p r e s e n t i n g the e f f e c t of c r y s t a l f i e l d , a p p l i e d 
magnetic f i e l d and other i n t e r a c t i o n s , each term 
c o n t a i n i n g a s p i n operator which operates on the s p i n 
f i m c t i o n s of the system. 

I n t h i s chapter the s u b s t i t u t i o n of Fe^**" I n 

k a o l i n i t e i s considered, f o r which the s p i n Hamiltonian 
f o r the Fe^**" i o n i n a c r y s t a l f i e l d may be w r i t t e n i n 
the form, 

^ = e^H.S. + D s| . i S(s+.>) + E Sx^ - Sy^ 

The terms D and E e f f e c t i v e l y r e p r e s e n t the syimnetry 
of the c r y s t a l f i e l d c r e a t e d by the siirroundlng l i g a n d s 
and s p i n - o r b i t coupling. A common method f o r s o l u t i o n s 
of such equations i s to t r e a t the terms i n D and E as 
a p e r t u r b a t i o n of the Zeeman i n t e r a c t i o n term or v i c e -

2 1 + v e r s a . I t has been shown Castner et a l th a t f o r Fe*^ 
i n an environment where Zoeman and c r y s t a l f i e l d terms 
are comparable, i n magnitude, the use of p e r t u r b a t i o n 
theory i s not v a l i d , A l a r g e c r y s t a l f i e l d l i f t s the 
s i x - f o l d degeneracy of the ̂ S_y ground s t a t e of the 
f e r r i c i r o n to give three Kramers doublets. The 
degeneracy of the doublets may be removed by the 
a p p l i c a t i o n of an e x t e r n a l magnetic f i e l d and thus 

provide a system f o r e l e c t r o n s p i n resonance. However, 
from computed numerical s o l u t i o n s of the s p i n Hamiltonian 
I t has been shown that the way i n which the energy l e v e l s 
of the three doublets diverges i n an i n c r e a s i n g , magnetic 
f i e l d i s p a r t i c u l a r l y complicated. The divergence 
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depends c r i t i c a l l y on the r a t i o of D and E and also on 
the angle which the applied magnetic f i e l d makes with 
the c r y s t a l a x i s . For a randomly orientated powder i t 
i s possible to predict the f i n a l lineshape"^ and to assign 
the resonances observed; to t r a n s i t i o n s within the doublets. 
These tra n s i t i o n s are usually described by a notation of 

h 

numbers and l e t t e r s as proposed by Aasa • The eigen
values of energy are la b e l l e d 1 to 6 i n order of increasing 
energy* Xf f i e l d v a r i a t i o n s cause l e v e l s to cross ̂  the 
l a b e l l i n g i s changed so that the energy ordering i s 
maintained. A t r a n s i t i o n quoted as 1-2X i s that between 
the lowest two energy levels» corresponding to the applied 
f i e l d being p a r a l l e l to the X-principal a x i s of the c r y s t a l , 
3.2 Electron spin resonance of k a o l i n i t e . 

The B.S.R. spectra of n a t w a l k a o l i n i t e s almost 
without exception contain two groups of resonance l i n e s 
one of which occurs at g^^t and the other at g=2y as 
i l l u s t r a t e d i n Fig» 3« 1 • The next two chapters deal 
with each group i n turn s t a r t i n g with the group at g=4« 
Most previous publications^*^*'^'®*^*^^* have a l l suggested 
that the llines at g=4 can be attributed to iro n substituting 
i n the k a o l i n i t e structure. Perhaps the most convincing 
r e s u l t s to substantiate t h i s argument are those recently 
produced by Jones^ i n t h i s laboratory, using both doped 
and undoped synthetic k a o l i n i t e s . The resonances at 
g=4.0 were only observed i n those samples doped with iron* 
Further refinement of B.S.R. studies by Angel et a l ^ ^ 



E S R Spectrum of a typical 

natural kaolinite 

Fig 3.1 
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have shown that the apparent three l i n e signal at g=4 
I s created by the superposition of two d i s t i n c t sets 
of signals which may be attributed to. iron In d i f f e r e n t 
s i t e s * The f i r s t s i t e (centre l ) produces a single 
i s o t r o p i c l i n e at g=:4*2 and the second (centre 2} a 
three l i n e spectrum with g values of 4 . 9 1 3 . 7 and 3 , 5 , 

H a l l ^ u t i l i z e d the computer program of Dowsing and 
Gibson^^ to solve numerically the spin Hamiltonlan for 
Pe-*"*" i n k a o l i n l t e and found t h a t ^ = ^ with a value of 
0.22 corresponding to a .site symmetry between ajxial and 
rhombic gave the best f i t for the three l i n e spectrum. 
F i g . 3.2 shows t r a n s i t i o n s predicted for A 0.22 for 
various D values. The I s o t r o p i c l i n e at g=4.2 was 
interpretated as Fe"̂ "*". occupying a completely orthorhombic 
s i t e wlthiA = 1 . 

Although i t i s possible to f i n d values of A from 
the B.S.R. data I t i s d i f f i c u l t nevertheless to specify 

3+ 
the exact nature of the environment of the Fe ion I n 
k a o l i n l t e and to distinguish substitution either for Al"̂ "*" 
i n the octahedral layer or S i i n the tetrahedral layer. 

I t i s known that chemical treatments and heating can 
a f f e c t both groups of resonances and t h e i r e f f e c t s have 
been used to suggest possible s i t e locations for the 
paramagnetic species. For example Jone^ studied the 
effect on the E.S.R. signals of i n t e r c a l a t i o n of k a o l l n i t e 
with D.M.S.O* The composite g=4 signal was found to 
collapse to a single i s o t r o p i c l i n e . This e f f e c t 
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suggests that the paramagnetic defects could be i n an 
i n t e r l a y e r s i t e and the i n t e r c a l a t i o n a f f e c t s t h e i r 
synnnetry. However i t i s thought that i n t e r c a l a t i o n most 
probably a f f e c t s the hydroxyl groups i n k a o l i n i t e and 
therefore would also perturb the symmetry of the 
octahedral s i t e . The mineral gibbsite has only 
octahedral Al-^ s i t e s and exhibits an E.S.R. si g n a l at 
g s 4 s i m i l a r to that observed i n k a o l i n i t e . On t h i s 
basis Angel et a l ^ ^ preferred to assign the g=^ signal 

3+ 
to Fe-^ i n an octahedral rather than an i n t e r l a y e r s i t e 
i n k a o l i n i t e . 

I n order to distinguish the tvo resonances which 
contribute to the g=^ signal and monitor t h e i r r e l a t i v e 
i n t e n s i t i e s Jones^ ( F i g . 3 . 3 ) proposed an "E.S.R. Lineshape 
parameter" and examined possible correlations of the 
parameter with sample c r y s t a l l i n i t y . I t was shown from 
a survey of natural k a o l i n i t e s with varying c r y s t a l l i n i t y 
that the contribution to the g=4 s i g n a l by the single 
isotropic resonance increased with decreasing 
c r y s t a l l i n i t y . Since Angel et a l ^ ^ had shown previously 
that s i m i l a r e f f e c t s could be obtained by contributions 
due to mica impurities a separate s e r i e s of experiments 
u t i l i z i n g the same sample were i n i t i a t e d i n which the 
c r y s t a l l i n i t y was gradually decreased by applying 
increased s t r a i n to the samples. I t was found that as 
the pressure increased and the crystalldLnity decreased 
the E.S.R* lineshape parameter also decreased. Hence 
i t was proposed that the application of pressuz*e had 
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reduced the c r y s t a l l i n i t y and hence changed the symmetry 
of the s i t e associated with the three l i n e spectrum into 
the l e s s c r y s t a l l i n e s i t e associated with the i s o t r o p i c 
l i n e at g = 4 , 2 . 

As w e l l as aibstituting i n the octahedral layer i t 
i s possible that iron atoms might replace s i l i c o n atoms 
In the tetrahedral layer. However for t h i s process to 
occur some sort ot charge compensation i s necessary and 
i t might therefore be argued that tetrahedral substitution 
I s l e s s l i k e l y than octahedral substitution. Nevertheless, 
s i l i c a t e glasses doped with small quantities of iron and 
i n which there can only be tetrahedral substitution 
produce isotropic signals around g=^. Further evidence 
for possible tetrahedral substitution i n k a o l i n i t e i s 
provided by the collapse of the g=4 signals to a single 
isotropic g= ^ . 2 s i g n a l following dehydrozylation by 
heating to 5 5 0 ^ 0 * Dehydrozylation removes the hydroayl 
groups and modifies the octahedral s i t e s to form a new 
structure which i s commonly c a l l e d metakaolin. I f the 

12 
model suggested by Brindley for metalcaolin i s adopted 
then i t i s possible to suggest that the remaining 
is o t r o p i c l i n e be assigned to tetrahedral substitution . 
there being only tetrahedral s i t e s i n the structure of 

9 

metakaolin. More recent work by Herblllon'^ gives 
further evidence for both tetrahedral and octahedral 
substitution of iron i n natural k a o l i n i t e s . A number of 
natural k a o l i n i t e s were boiled i n concentrated hydrochloric 
acid i n an attempt/to p r e f e r e n t i a l l y dissolve away the 
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octahedral layer. The rate of dis s o l u t i o n of Iron and 
alumina were followed by chemical a n a l y s i s and the E.S.R 
signals were monitored. I t was found that the rate of 
dissolution of iron closely followed that of the alumina 
thus demonstrating that the iron i s probably associated 
with the alumina layer and i s therefore i n octahedral 
co-ordination. However^ for some samples complete 
removal of the alumina content did not remove a l l the 

Iron. Herbillon-' proposed that the r e s i d u a l iron was 
tetrahedrally co-ordinated. However the presence of 
other iron bearing minerals made the interpretation of 
r e s u l t s extremely d i f f i c u l t e s p e c i a l l y etfter long 
dissolution times where the iron i n the residue was 
found to become more concentrated as the acid attack 
progressed. 

When H a i l ^ solved the Hamiltonian by the method of 
Dowsing and Gibson^ ̂  he proposed two octahedral s i t e s but 
also stated that the Isotropic l i n e could be caused by 
tetrahedral substitution of iron for s i l i c o n . I f the 
l a t t e r were true one would expect i n the work by Herbillon^ 
where the alumina layer i s dissolved away by acid that the 
three l i n e spectrum would be removed p r e f e r e n t i a l l y 
leaving behind the isotropic l i n e associated with the 
tetrahedral s i l i c a layer. However, i n the E.S.R. spectra 
published by Herblllon of k a o l i n i t e s subjected to acid 
attack i t i s the central i s o t r o p i c l i n e that i s removed 
f i r s t . This effect would be expected i f the isotropic 
l i n e were associated with a l e s s c r y s t a l l i n e s i t e as 
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proposed by Angel et a l ^ ^ . 
1 ' i 

As an al t e r n a t i v e to B.S.H. Pott. examined a natural 
- _ 

clay by phosphorescence spectroscopy i n an attezupt to 
ident i f y tetrahedrally co-ordinated Fe-^*. However 
no fluorescence peaks were i d e n t i f i e d which could be 
attributed to iron. Pott suggested that either there 
was no s i g n i f i c a n t quantity of tetrahedrally co-ordinated 
Fe^* or a l t e r n a t i v e l y that any phosphorescence was 
e f f e c t i v e l y quenched by hydroxyl groups which are known 
to quench phosphorescent emission. 

To summarise, the majority of workers i n t h i s f i e l d 
would seem to favour the assignment of the three l i n e E.SoR 
spectrum at g=U to Fe*' substitution i n the octahedral 
layer* The is o t r o p i c l i n e at': may be due to either 

3+ 
Fe^ i n a distorted octahedral or tetrahedral s i t e . Apart 
from su b s t i t u t i o n a l iron some iron may e x i s t as a surface 
contaminant probably i n the form of oxides or hydroxides* 
A chemical a n a l y s i s of a k a o l i n i t e gives the t o t a l iron 
content but gives no indication of the proportions of 
substituted and surface iron* 

lL 

Jepson examined the i r o n i n natural*^ k a o l i n i t e by 
electron microprobe micro-analysis* Good agreement was 
reported between iron concentrations calculated by 
chemical a n a l y s i s and electron microprobe micro-analysis 
of the k a o l i n i t e plates, suggesting that most of the iron was associated with the k a o l i n i t e phase i n the sample* 
Jepson projposed that, because only six. per cent of th< 
t o t a l iron could be removed by surface treatments, most 
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of the iron was i n s t r u c t u r a l s i t e s . 

Some i n d u s t r i a l processes for the benefication of 
clay involve the removal of iron. Two main processes 
are used. F i r s t l y the reduction of surface i r o n by 
sodium dithionate and subsequent removal of the re s u l t i n g 
soluble ferrous iron. Secondly magnetic f i l t r a t i o n 
which may be effe c t i v e for the removal of both surface 
iron and p a r t i c l e s high i n substituted i r o n . I n the 
laboratory the most common methods used to remove surface 
iron are by treating the clay with sodium dithionate as 
on the i n d u s t r i a l scale or with ammonium oxalate. A l l 
these methods produce an increase i n the brightness of 
the k a o l i n i t e . A t y p i c a l china clay from St. A u s t e l l 
may s t a r t with a brightness of about 8 7 ; treatment with 
sodium dithionate may increase t h i s to 9 2 * This c l e a r l y 
i l l u s t r a t e s that surface iron has a detrimental, effect 
on brightness but i n no way indicates the e f f e c t of 
substitutional iron on the brightness of a k a o l i n i t e . 

Surface treatments remove only a small percentage 
of the t o t a l iron content suggesting that the major part 
of the .iron i s i n s t r u c t u r a l s i t e s . However, i t i s clear 
from the author's numerous discussions with workers i n 
th i s f i e l d that the effectiveness of these methods of 
iron removal, as well as their mode of action, i s i n constant 
debate. Clearly, the amount of iron removed depends not 
only on the method used but also on the nature of the iron 
associated with the k a o i i n i t e . I t i s agreed however, 
that i n general, except for k a o l i n i t e s with excessively 
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high iron contents the amount of iron removed;;by these ' 
methods i s usually of the order of 1 0 ^ or l e s s of the t o t a l 
iron impurity. A number of k a o l i n i t e s from Georgia and 
a few synthetic iron doped' sapiiples have been treated with 
ammonium oxalate i n t h i s laboratoiry and i n a l l cases only 
a few per cent of the t o t a l i r o n was removed. 

By double integration of an B.S.R, spectrum i t i s 
possible to get a rough estimate of the number of spins 
per gram and hence an indication of the concentration of 
substituted iron. For a natiiral k a o l i n i t e H a l l ^ reported 
reasonable agreement between the i r o n concentration 
calculated by double integration of the g=4 signal and 
from chemical a n a l y s i s . However, H a l l ^ did not quote the 
standard sample used for the B.S.R. c a l c u l a t i o n . These 
measurements have been repeated i n t h i s work on one 
synthetic and two natural k a o l i n i t e s using a f r e s h l y 
prepared copper sulphate standard. I n a l l three samples 
l e s s than 5 ^ of the t o t a l iron appeared to be paramagnetic. 
These r e s u l t s tend to suggest that a large proportion of 
the iron i s not paramagnetic and not removable by surface 
treatments. Possible reasons for these r e s u l t s are 
given below. ^. 

Accurate spin concentration measurements are d i f f i c u l t 
to reproduce and the use of a suitable standard i s very 
important. I n the estimation of the iro n content by 
consideration of the g=U s i g n a l the standard s i g n a l used 
was at g=2. I t i s known that t r a n s i t i o n p r o b a b i l i t i e s 
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vary with applied magnetic f i e l d . No corrections were 
made for differences i n t r a n s i t i o n p r o b a b i l i t i e s . I t 
may be possible that some sxirface iron i s not e a s i l y 
removed or a l t e r n a t i v e l y metallic iron or iron compounds 
are included within the k a o l i n i t e structure and as such 
are protected from ammonium oxalate treatment. 

Previous workers have suggested that surface iro n 
i s i n the form of oxides or hydroxides.^^ I f p a r t i c u l a t e , 
these compounds may be ferromagnetic because of strong 
coupling between adjacent 5 / spins. These ferromagnetic 
contaminants are detected as broad resonances around g=2 

(Fig . 3«l) eoid usually can be reduced by treatment with 
ammonirim oxalate. However, i t i s unusual f or a l l the 
broad resonance to be removed. For example, i n the work 
by Herbillon^ described e a r l i e r a broad ferromagnetic 
resonance remadlned a f t e r oxalate treatment followed by 
extensive acid attack of the alumina l a y e r . I t i s the 
author*s contention that these broad resonances should be 
included i n the E.S.R. calculations and therefore might 
account for some of the iron not accoxmted for previously. 
To avoid t h i s complication E.S.R. calculations i n t h i s 
work have been on samples which exhibit very small broad 
resonances. 

Some iron tnay-be i n a super-paramagnetic s t a t e . The 
spin relaxation time of f e r r i c iron depends on p a r t i c l e 

17 

size of the host materials • For example i n iron oxides 
or hydroxides the p a r t i c l e s i z e can be s u f f i c i e n t l y smaJ.1 
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to reduce the relaxation time and destroy the spin 
coupling and hence produce a change from ferromagnetism 
to super-paramagnetism. E.S.R. may only be obseirved i f 
the relaxation time i s longer than lO"^^ sec and hence i t 
i s possible for super-paramagnetic iron hot to be detectable 
by E.S.Ro Super-paramagnetic states may be studied by 
M6ssbauer spectroscopyo 

Some iron may also be associated with a separate 
mineral phase, in fact i t i s probable that some iron i s 
associated with the mica content of natiiral samples^ however 
no mica has been detected i n synthetic samples produced i n 
t h i s work. 

To summarise, i t i s cloEir that the nature emd 
proportions of substituted, surface and included iron 
associated with k a o l i n l t e remains uncertain. A large 
proportion of iron i n some k a o l i n i t e s i s not removed by 
present methods of surface treatments and i s not accountable 
by E.S.R. measurements as substituted iron. Some Iron I s 
detected i n a ferromagnetic form by E.S.R. and may be due 
to surface, or Inclusions of, hydroxides, oxides or even 
me t a l l i c i r o n . I t may also be pbsslble f or some iron to 
be i n a super-paramagnetic s t a t e . 

Clearly, additional techniques were required to study 
both surface and substituted iron. MOssbauer spectroscopy 
enables the valence states of iron i n a structure to be 
determined and can also d i s t i n g u i s h different s i t e synmietrles. 
An account of t h i s work i s given i n Chapter 5. 
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C H A P T E R 

4 . 1 Previous E.S.R. studies of the signals at g=2 i n 
k a o l i n i t e s . 

An expanded trace of the B.S.R. signals which occur 
aroxrnd g = 2 . 0 i n the majority of natur a l k a o l i n i t e s i s 
shown i n F i g . 4 . 1 . With the exception of work ceirried 
out i n t h i s laboratory past workers have recorded the 
signal at g = 2 . 0 mider conditions of poor resolution. 
More precise measurements by Hall^ demonstrated that the 
r e l a t i v e I n t e n s i t y of the two p r i n c i p a l l i n e s varied 
considerably i n di f f e r e n t samples and tliat on heating the 
samples to 3 0 0 ^ C for h a l f an hour the two l i n e s were more 
c l e a r l y defined. By studying the expanded traces of a 
se r i e s of natural samples before and a f t e r heating to 
3 0 0 ^ 0 Hall^ was able to assign the resonances observed 
at g a 2 . 0 to two discrete centres. A main two l i n e 
spectrum that remained a f t e r heating at 3 0 0 ^ 0 (Centre A) 
and a number of smaller hyperfine signals (Centres B ) 
that were removed by the heating. The v a r i a t i o n I n 
int e n s i t y of the main two l i n e spectrum on heating was 
found to be due to the removal of the hyperfine l i n e s . 

The main two l i n e spectrum (Centre A) at g = 2 . 0 i s 
c h a r a c t e r i s t i c of an a x i a l l y symmetric paramagnetic 
species i n a randomly orientated powder, and has the 
p r i n c i p a l g - values 

ĝ ^ = 2 . 0 4 9 + 0 . 0 0 1 and ej_ = 2 . 0 0 3 + 0 . 0 0 1 



E S R Spectrum at g=2 of a 

typical natural kaolinite 

g = 2.00 

20 gauss 

Fig 4.1 
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H a l i ^ prepeired a p r e f e r e n t i a l l y o r i e n t a t e d stack 
by sedimentation and s t u d i e d v a r i a t i o n s i n i n t e n s i t y o f 
the two components as a f u n c t i o n o f o r i e n t a t i o n i n the 
mag^ietic f i e l d * He concluded t h a t the unique a x i s of 
the A-centre l i e s p a r a l l e l t o the c-axis of the k a o l i n l t e 
c r y s t a l * Also i t was found t h a t the A centre could be 
destroyed by h e a t i n g t o k^O^C f o r 2 hours p r i o r t o 
complete dehydroxylation* 

A number o f t h e o r i e s have been fox*warded t o e x p l a i n 
the occurrence o f the main s i g n a l a t gs=2*0* The possible 
sources of the s i g n a l Include -

( i ) an organic f r a c t i o n i n the c l a y 
( l i ) i r o n s u b s t i t u t i n g f o r e i t h e r s i l i c a or alumina'' or 
( i i i ) d e f e c t c e n t r e s . ^ 

Angel and H a l l ^ removed the organic f r a c t i o n from some 
n a t u r a l k a o l i n i t e s and found t h a t the g=2 s i g n a l remains 

U 

unchanged. I n the work by Jones described din the previous 
chapter where k a o l i n i t e s doped w i t h Fe'̂ '** ions were 
synthesised no s i g n a l a t g£:2 was detected* The p o s s i b i l i t y 
of the s i g n a l being caused d i r e c t l y by Fê '*' i s very remote 
due t o i t s very f a s t r e l a x a t i o n times which precludes 
d e t e c t i o n by £*S«R. a t room temperatures. !0n t h i s basis 

4 
Jones concluded t h a t the s i g n a l must be due t o a defe c t 
c e n t r e . To v a l i d a t e t h i s theory he f i r s t o f a l l 
X«irradiated and subsequently annealed pure s y n t h e t i c 
k a o l i n i t e s . As there was no g=2 s i g n a l produced he 
concluded t h a t the defe c t centre was not associated w i t h 
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the I n t r i n s i c k a o l i n l t e s t r u c t u r e but was s t a b i l i s e d by 
an I m p u r i t y , For example, s u b s t i t u t i o n of t r l v a l e n t 
c a t i o n s f o r SI or d i v a l e n t c a t i o n s f o r A l ^ may produce 
centres capable o f t r a p p i n g a b o l e . Hence, s y n t h e t i c 
k a o l i n i t e s doped w i t h Mĝ **" were produced I n which i n i t i a l l y 
no E,S.R, sig n a l s were found. However, X - l r r a d i a t l o n 
f o l l o w e d by annealing produced s i g n a l s a t g=s2,0 i d e n t i c a l 
t o those i n n a t u r a l k a o l i n i t e s . Jones suggested t h a t a 
s i m i l a r hole centre produced by Fe s u b s t i t u t i n g f o r Al-^ 
i s less l i k e l y because Fê "*" has a l a r g e r i o n i c r a d i u s tlxan 

2+ 
Mg and th e r e f o r e would not be so e a s i l y accommodated i n 
the stxnictiire* Also the o x i d a t i o n of Fê **" t o Fê *̂*" would 
be expected t o occur d u r i n g s y n t h e s i s , 

k 

Jones s t a t e d t h a t doping the g e l w i t h magnesium 
appeared t o i n h i b i t the subsequent a3aithe6ls of k a o l i n l t e 
producing p o o r l y c r y s t a l l i n e samples. He also noted t h a t 
the s i g n a l s produced at g=2 were much le s s intense than 
those u s u a l l y associated w i t h n a t u r a l samples. Although 

k 

previous work by Jones had reproduced s i g n a l s a t e i t h e r 
g=4,0 or g=2,0 the complete simultaneous r e p r o d u c t i o n of 
both resonances had not been achieved and i t was not c l e a r 
from h i s work the extent t o which s u b s t i t u t i o n of one 
defect might p o s s i b l y e f f e c t the behaviour of the ot h e r . 
Also the k a o l i n i t e s which produced the g=2,0 resonance 
were of very poor q u a l i t y . To make f u r t h e r s t u d i e s on 
the g=2 s i g n a l i n s y n t h e t i c k a o l i n l t e the method o f 
synthesis would have t o be improved. 
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4.2 The synthesis o f magnesium doped cl a y s * 

I n order t o understand more f u l l y tbe synthesis o f 
magnesium doped k a o l i n l t e a s e r i e s of gels were prepared 
doped w i t h v a r y i n g concentrations of magnesium s a l t s . As 
s t a t e d i n Chapter 2 the a d d i t i o n o f magnesium n i t r a t e t o 
the water of h y d r o l y s i s o f the g e l produced more h i g h l y 
c r y s t a l l i n e k a o l i n l t e than the use of magnesium sulphate 
or c h l o r i d e . The use of magnesium n i t r a t e a l s o a s s i s t e d 
the p r o d u c t i o n of the g=2 s i g n a l and t h i s e f f e c t was 
considered t o be due t o the higher c r y s t a l l l n l t y o f the 
magnesium n i t r a t e doped sample. The optimum c o n c e n t r a t i o n 
of MgO f o r p r o d u c t i o n o f the g=2 s i g n a l was found t o be 
about 0.04^. This value I s s u r p r i s i n g l y low being l e s s 
than one t h i r d of the c o n c e n t r a t i o n o f MgO i n a n a t u r a l 
k a o l l n l t e e x h i b i t i n g a g=2 s i g n a l of about the same 
i n t e n s i t y . I t was considered t h a t i n n a t u r a l samples the 
s i g n a l might be Increased by I r r a d i a t i o n and annealing. 
However, t h i s was found not t o be so and I t was t h e r e f o r e 
assumed t h a t the * e x t r a ' magnesium i n the n a t u r a l samples 
was i n a form unable t o s t a b l l s e a d e f e c t . For example 
i n the mica f r a c t i o n . Indeed a study of about twenty 
American and E^ngllsh clays showed no c o r r e l a t i o n between 
the i n t e n s i t y of the g=52 s i g n a l and t h e i r magnesium content. 

Double I n t e g r a t i o n of the g=2 s i g n a l f o r both n a t u r a l 
and s y n t h e t i c samples accounted f o r only a small percentage 
of t h e i r magnesium content assuming one s p i n per s u b s t i t u t e d 
I o n . To maintain cheirge balsuice i n the octahedral l a y e r . 
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Mg^* would have t o s u b s t i t u t e t r i o c t a h e d r a l l y . I t seems 
possible t h a t the defect responsible f o r the g=2 s i g n a l 
may only be s t a b i l i s e d when a charge Inbalance I s present:, 
f o r example d l o c t a h e d r a l s u b s t i t u t i o n of Mĝ "*"» 

I t i s t h e r e f o r e proposed t h a t the g=2 s i g n a l (Centre A) 
2 + 

I s caused by d i o c t a h e d r a l s u b s t i t u t i o n of Mg • The 
reason f o r the 'discrepeuicy• i n i n t e n s i t i e s between n a t u r a l 
and s y n t h e t i c SEunples w i t h s i m i l a r magnesium contents I s 
a t t r i b u t e d t o either, magnesium i n another min e r a l phase 
associated w i t h the n a t u r a l sample or an excess of 
d l o c t a h e d r a l s u b s t i t u t i o n i n the s y n t h e t i c k a o l i n l t e s . 

The synthesis o f k a o l i n i t e doped w i t h both magnesium 
and iron« 

Having e s t a b l i s h e d the optimum c o n d i t i o n s t o produce 
f a i r l y Intense s i g n a l s at both g=2 and g=U i t was now 
hoped t h a t the synthesis of a k a o l i n i t e e x h i b i t i n g both 
sets o f s i g n a l s would be accomplished. Previous attempts 

U 
by Jones had f a i l e d t o produce any dete c t a b l e k a o l i n i t e 
but the main i n h i b i t o r of the synthesis employed by Jones 
seemed t o be use of magnesium sulphate. I t was hoped 
t h a t the use of magnesium n i t r a t e which had been successful 
i n improving the synthesis of magnesium doped samples would 
enable a k a o l i n i t e doped w i t h both magnesium and i r o n t o be 
syntheslsed. 

6cc of f e r r l b e n z o a t e i n D.M.P. (6? gms per l i t r e ) 
were added t o 23cc of l i q u i d A, euid mixed thoroughly. 
The mixture was then added t o lOOcc o f water c o n t a i n i n g 
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about 0.2 gms magnesixim n i t r a t e and then shaken thoroughly 
and allowed t o h y d r o l l s e f o r about a week w i t h occasional 
shaking. The g e l was then d r i e d and f i r e d a t 1,000^C 
before bedLng hydrothermally r e a c t e d . The r e s u l t i n g sample 
was subject t o X-ray d i f f r a c t i o n £uid B.S.R. and found t o 
be w e l l c r y s t a l l i n e k a o l i n i t e e x h i b i t i n g a reasonably 
Intense g=^ resonance. I r r a d i a t i o n of the sample produced 
a broad resonance a t g=2 and annealing a t 200^0 produced 
a s i g n a l a t g=2 i d e n t i c a l t o those i n n a t u r a l samples. (Pig.4.2) 

k.k B. Centres. 

Apart from the main two l i n e resonance (Centre A) H a l l ^ 
a l so studied the h y p e r f l n e l i n e s (B Centres) i n n a t u r a l 
k a o l l n l t e s and p o i n t e d out t h a t t h e i r spacing, o f about 
?•? + 0.2 gausst i s i n f a i r agreement w i t h values f o r a 

27 
d e f e c t centre i n which the spins i n t e r a c t w i t h A l ' n u c l e i 
which has s p i n 1 = ^/z* ^® observed t h a t the B Centres 
were less s t a b l e than the A centre responsible f o r the main 
two l i n e resonance and could be e a s i l y annealed a t 
temperatures.of 200®C. 

From Pig . 4.1 i t i s c l e a r t h a t i t i s d i f f i c u l t t o 
make d e t a i l e d studies o f the B centres when resonance 
l i n e s are superimposed on the l i n e s associated w i t h the 
A centre. As a p o s s i b l e a i d t o s t u d y i n g the B centre 
s i g n a l s H a l l ^ heated a k a o l i n i t e t o 450^C t o remove a l l 
s i g n a l s a t g=2. By. subsequent i r r a d i a t i n g he was able t o 
reproduce the B centres superimposed on? a broad 
resonance a t g=:2.0. . 
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The E.S.R spectrum of an iron 
and magnesium doped synthetic 
kaolinite after X- irradiat ion and 
annealing. 

9=2 

g = 4 

Fig 4.2 
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I t was not e s t a b l i s h e d i n previous work whether or 
not the defects were s p e c i f i c a l l y associated w i t h e i t h e r 
the s i l i c a or alumina l a y e r . I t seemed f e a s i b l e t h a t a 
poss i b l e method of i d e n t i f y i n g , the l o c a t i o n of the centres 
would be t o study s i g n a l s which were reproduced i n pure 
s i l i c a or alumina compounds. I n i t i a l l y g e ls o f piire 
s i l i c a and pure alumina were produced doped w i t h small 
amotmts of magnesiiim. These were hydro t h e r m a l l y reacted 
t o produce boehmite i n the case o f the alumina g e l and an 
amorphous s i l i c a phase i n the case o f the s i l i c a g e l . 
These were i r r a d i a t e d and annealed but u n f o r t u n a t e l y both 
f a i l e d t o produce any s i g n a l s a t g = 2 . An a l t e r n a t i v e 
approach was t h e r e f o r e made by r e c o n s i d e r i n g n a t u r a l 
samples. 

H a l l ^ had p r e v i o u s l y noted t h a t i t was pos s i b l e to 
remove the g c 2 resonance ( c e n t r e A) by h e a t i n g the sample 
t o 4 5 0 ^ 0 and then by i r r a d i a t i n g regrow the B centre 
s i g n a l s . H a l l ^ n o t i c e d t h a t the B centres seemed t o give 
more intense s i g n a l s than were present before the main 
g = 2 s i g n a l was removed. This e f f e c t H a l l ^ considered t o 
be caused by the absence o f the main g = 2 s i g n a l which 
p r e v i o u s l y p e i r t l y obscured the h y p e r f i n e l i n e s * 

These experiments have been repeated i n t h i s work and 
i t has been shown t h a t a f t e r the d e s t r u c t i o n o f the main 
g c = 2 s i g n a l s by h e a t i n g the main (centre A) resonance may 
be regrown by i r r a d i a t i o n and subsequent annealing a t 
2 0 0 * ^ C o This suggests t h a t the g = 2 s i g n a l associated 
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w i t h Centre A i s auinealed before d e h y d r o x y l a t i o n . Attempts 
t o grow these g=2 signals i n dehydroxylated samples were 
unsuccessful. 

Although X-ray d i f f r a c t i o n spectra show no detectable 
change when a k a o l l n l t e I s heated t o 450^0 thermogravlmetric 
a n a l y s i s i n d i c a t e s a small weight l o s s and suggests t h a t 
dehydroxylation may have a l r e a d y s t E i r t e d , Jones 
suggested t h a t B centres may be e i t h e r an aluminium atom 
s u b s t i t u t e d i n the s i l i c a l a y e r or an e l e c t r o n trapped i n 
a h y d r o x y l vacsmcy. However, no experimental evidence i n 
support of e i t h e r assignment was given. Assuming t h a t 
the two Eirguments suggested by Jones f o r the B centres 
were possible i t was thought f r u i t f u l t o consider what 
might, be expected t o happen t o the F,S«R, s i g n a l s f o r each 
model when I r r a d i a t e d or annealed i n v a r i o u s ways. 

I t was thought t h a t I f the centre was caused by 
aluminium s u b s t i t u t i n g i n the s i l i c a l a y e r t h a t the centre 
may be produced i n dehydroxylated samples by i r r a d i a t i o n , 
as the s i l i c a t e l a y e r i s u n a f f e c t e d by d e h y d r o x y l a t i o n , 
Xf, however, the centre was caused by an e l e c t r o n i n a 
h y d r o x y l vaceuicy, collapse o f the s t r u c t u r e upon 
dehydroxylation would prevent f o r m a t i o n of the s i t e s i n 
dehydro^^lated seunples, Xn a d d i t i o n p a r t i a l d e h y d r o x y l a t i o n 
may produce more hydroxyl vacancies and I t was t h e r e f o r e 
thought t h a t more Intense B centre s i g n a l s might be 
produced i n samples p a r t i a l l y dehydroxylated. I t has 
already been s t a t e d t h a t H a l l ^ r e p o r t e d an Increase i n the 
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I n t e n s i t y o f the B centre s i g n a l s by i r r a d i a t i n g a f t e r 
h e a t i n g t o kOO^C. 

To t e s t these t h e o r i e s a n a t u r a l k a o l i n l t e was 
completely dehydroxylated by h e a t i n g t o 700**C f o r two 
hours and then X - l r r a d l a t e d w i t h a dose of approximately 
1 M.Rad. Observation o f the E.S.R. s i g n a l s a t g=2 showed 
only a broad s i g n a l w i t h no d e t e c t a b l e h y p e r f l n e s t r u c t i i r e 
associated w i t h B centres. These r e s u l t s provide 
s u b s t a n t i a l support f o r the assignment o f B centres t o a 
c o n f i g u r a t i o n w i t h i n the octahedral l a y e r as opposed t o 
the t e t r a h e d r a l l a y e r . The s t r u c t u r e of the s i l i c a l a y e r 
i s v i r t u a l l y uncheuiged by d e h y d r o x y l a t i o n . 

I n samples heated a t temperatures up t o but not 
i n c l u d i n g d e h y d r o x y l a t i o n i t was found t h a t i n c r e a s i n g the 
degree of p a r t i a l d e h y d r o x y l a t i o n caused a corresponding 
Increase i n the i n t e n s i t y o f the B centre resonance when 
subsequently I r r a d i a t e d . Hence, i t would seem t h a t the 
B centres sire r e l a t e d t o the c o n c e n t r a t i o n of h y d r o x y l 
vacancies thus g i v i n g f u r t h e r evidence f o r the assignment 
o f the B centre s^lgnals t o e l e c t r o n s i n h y d r o x y l vacancies, 

To summarise; a t t h i s stage of the work the main g=2 
resonance associated w i t h the A centre was a t t r i b u t e d t o 
a hole trapped by magnesium s u b s t i t u t i n g f o r aluminium 
and B centres s i g n a l s were probably caused by e l e c t r o n s 
occupying h y d r o x y l vacancies. Previous work has shown 
t h a t i r o n may s u b s t i t u t e i n the l a t t i c e as Pe t o 
produce resonances at. g=4.0. The p o s s i b i l i t y o f the 
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f e r r o u s i o n s u b s t i t u t i n g i n the k a o l i n i t e t o produce 
' 2 + 

the same e f f e c t s as Mg had been considered but 
dismissed as u n l i k e l y because of i t s l a r g e r i o n i c size 
and easy o x i d a t i o n t o Fe*'"**, 
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C H A P T E R 5 

5 , 1 Basic p r i n c i p l e s of the Mdssbauer e f f e c t . 

F o llowing i t s discoveiry i n 1957 the Mdssbauer e f f e c t 
1 2 

has been the subject of many books euid papers, * The 
technique can d i s t i n g u i s h valence s t a t e s of c e r t a i n 
elements and may give valuable i n f o r m a t i o n w i t h regard t o 
co - o r d i n a t i o n . I r o n i s the most s u i t a b l e element f o r 
study by the MOssbauer technique. 

Resonant absorption of electromagnetic r a d i a t i o n i s 
the p r e r e q u i s i t e of the m a j o r i t y of spectrographlc studies 
and when an atom or molecule emits or absorbs an 
electromagnetic wave i t r e c o i l s . Hence f o r resonant 
absorption t o occur between I d e n t i c a l systems the 
electromagnetic wave i n v o l v e d must have an energy equal 
t o the sum o f the t r a n s i t i o n energy and the two r e c o i l 
energies. The magnitude of r e c o i l i s determined by the 
t r a n s i t i o n energy. V i b r a t i o n a l t r a n s i t i o n s I n the i n f r a 
red r e g i o n of the electromagnetic spectrum are o f low 
energy and the e f f e c t of r e c o i l i s almost completely 
overcome by Doppler broadening as demonstrated i n F i g , 5 o l o 

I n d i r e c t c o n t r a s t gamma ray t r a n s i t i o n s are very energetic 
and resonant a b s o r p t i o n does not r e a d i l y occur. The 
r e c o i l of both the e m i t t i n g and absorbing n u c l e i i s large 
compared t o the Doppler broadening e f f e c t s and the amount 
o f resonant overlap i s extremely small. F i g , 5 » 1 » I t 
I s p o s s i b l e , however, t o b r i n g the system i n t o resonancia 
by adding a c l o s i n g v e l o c i t y t o the absorber and e m i t t e r 
t o e l i m i n a t e the e f f e c t of tl i e r e c o i l energies. The 
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Low energy transitions (eg Infrared) 
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Diagram demonstrating energy profile 
overlaps for transitions with recoil. 

Fig 5.1 
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v e l o c i t y r e q u i r e d t o produce complete overlap o f the source 
and absorber energy p r o f i l e s i s about 200 m/s. To achieve 
these values presents considerable p r a c t i c a l d i f f i c u l t i e s . 
However, by c o n s i d e r i n g i n d e t a i l the p o s s i b l e ways i n 
which an atom may r e c o i l when borind w i t h i n a s t r u c t u r e the 
s u b t l e technique of Mdssbauer spectroscopy comes t o l i g h t . 

When an atom i s bound I n a s t r u c t u r e t here are three 
ways i n which i t s r e c o i l energy may a c t * The atom may 
be e j e c t e d from the s t r u c t u r e , the energy may be passed 
t o the c r y s t a l as a whole or t o a l a t t i c e v i b r a t i o n a l mode. 
The r e c o i l energy f o r an atom w i t h mass number A = 100 i s 

—2 
about 10 e V whereas chemical b i n d i n g energies are o f the 
order o f 1 - lOeV. I n general, t h e r e f o r e , the r e c o i l 
energy i s not s u f f i c i e n t t o e j e c t the atom from the s t r u c t u r e . 
I f the r e c o i l energy i s t r a n s f e r r e d t o the c r y s t a l as a 
whole, which by comparison w i t h the e m i t t i n g or absorbing 
atom has a very l a r g e mass, then the process, f i r s t 
recognised by MOssbauer, may be regarded as r e c o i l l e s s . 

As mentioned above the r e c o i l energy may be passed t o 
a l a t t i c e v i b r a t i o n a l mode* I n the E i n s t e i n model f o r a 
s o l i d the modes are quantized i n m u l t i p l e s o f h lO. I f 
t h e r e f o r e the r e c o i l energy i s not a m u l t i p l e o f h u> i t 
w i l l be t r a n s f e r r e d t o the c r y s t a l as a whole and the 
emission and absorption can be r e c o i l l e s s * I n the 
Debye model f o r a s o l i d the l a t t i c e v i b r a t i o n s SLTG allowed 
a continuous energy d i s t r i b u t i o n b u t the lower energy 
modes are d i f f i c u l t t o e x c i t e * Hence, a f r a c t i o n o f 
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photons w i l l be emitted and absorbed w i t h o u t r e j ; o l l . 
The number in v o l v e d i s termed the r e c o i l f r e e f r a c t i o n 
and i s u s u a l l y denoted by the l e t t e r ^ ^ . Mttssbauer showed 
t h a t f o r some low energy -ray t r a n s i t i o n s the r e c o i l energy 
and n a t u r a l Doppler energy become n e g l i g i b l e so t h a t e m i t t e r 
and absorber energy p r o f i l e s completely overlap and 
l l n e w l d t h s approaching the Veisenberg n a t u r a l w i d t h can be 
observed. 

5 # 2 MOssbauer Spectroscopy. 

The m a j o r i t y of MOssbauer work has u t i l i z e d i r o n - 5 7 

as the absorbing species. The resonant ̂ - r a y i s produced 
from the decay of Cobalt - 5 7 which I s i l l u s t r a t e d i n 
F i g . 5 . 2 . Because of i t s low energy the l 4 , 4 keV 
t r a n s i t i o n i s the t r a n s i t i o n , most commonly observed dLn 
MOssbauer spectroscopy. 

57 57 

I f the Co-̂ ' and Pe-" n u c l e i , I n soxirce and absorber 
r e s p e c t i v e l y t have i d e n t i c a l chemical environments resonance 
w i l l , be observed f o r a l l r e c o i l f r e e t r a n s i t i o n s . However, 
i n general the nuclear energy l e v e l s are perturbed by 
d i f f e r e n t chemical environments and resonance does not occur. 
I t i s possible however by v i b r a t i n g the source o f JT-rays 
t o modulate the 3^-ray energy and hence * compensate* f o r 
the d i f f e r e n t environments. As the environment o f the 
nucleus determines the r e l a t i v e v e l o c i t y a t which' resonance 
occxirs a Mdssbauer spectrum i s u s u a l l y presented as a p l o t 
of gamma ray transmission against v e l o c i t y of source. 



t;,=270 days " 'Co 

109 

Electron 
capture 

57, Fe 

137keV 123keV 
_ i _ 

stable "̂"Fe 

I 

U.AkeV 
i 

The decay of 'to to '^R 

Fig 5.2 



110 -

5o2,1 C h e m i c a l o r I s o m e r S h i f t , 

The e l e c t r i c f i e l d a s s o c i a t e d w i t h t h e s - e l e c t r o n : 

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

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

depends n o t o n l y on t h e s - e l e c t r o n s b u t a l s b on t h e o u t e r 

e l e c t r o n i c s h e l l s emd t h e v a l e n c e e l e c t r o n s . The n e t 

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

l e v e l s w h i c h depends on t h e c h e m i c a l e n v i r o n m e n t o f t h e 

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

s t a n d a r d i s m e a s u r a b l e and i s termed t h e c h e m i c a l or 

Is o m e r s h i f t . 

5*2,2 Quadrapole S p l i t t i n g . 

N u c l e i w i t h s p i n quantum number I^-J- h ave a non-

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

p o s s e s s a n e l e c t r i c q u a d r a p o l e moment g i v e n by 

^ ^ = /A ^ (-^ cos=^ gi'i) d -r: 
where = c h a r g e on pro t o m 

= c h a r g e d e n s i t y i n volume d 

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

= a n g l e £~ makes w i t h s p i n q u a n t i z a t i o n a x i s * 

When s u c h a n u c l e u s i s i n a c r y s t a l s t r u c t u r e a n e l e c t r i c 

f i e l d g r a d i e n t 9 c a u s e d by t h e s u r r o u n d i n g atoms, c a n c a u s e 

a s p l i t t i n g o f d e g e n e r a t e n u c l e a r l e v e l s and hence produce 

f i n e s t r u c t u r e i n t h e MOssbauer spectz*um« T h i s i n t e r a c t i o n 

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

l e v e l s e 
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As t h e q u a d r a p o l e s p l i t t i n g ( ^ ) i s d e t e r m i n e d by t h e 

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

v a l u a b l e i n f o r m a t i o n r e g a r d i n g t h e n a t u r e o f t h e 

c o - o r d i n a t i o n o f t h e atom* 

F o r n u c l e i w i t h i n t e g r a l n u c l e a r s p i n s ( l > l ) 

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

n u c l e a r l e v e l s t o produce 2 1 + 1 l e v e l s * T h i s s p i n 

d e g e n e r a c y may a l s o be removed by t h e a p p l i c a t i o n o f an 

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

f i e l d s o f t h e o r d e r o f 5 T e s l a are r e q u i r e d * 

S p e c t r a r e c o r d e d f o r t h i s work were o b t a i n e d usdLng 

a Mdssbauer u n i t c o n s t r u c t e d w i t h i n t h e department o f 

M a t h e m a t i c a l S c i e n c e a t Plymouth P o l y t e c h n i c . The Co"^' 

i n Pd s o i i r c e was v i b r a t e d i n t h e c o n s t a n t a c c e l e r a t i o n 

mode and s p e c t r a c o l l e c t e d by a ^00 c h a n n e l a n a l y s e r i n t h e 

m u l t i s c a l a r mode* The d r i v e f r e q u e n c y was d e r i v e d from a 

q u a r t z c r y s t a l i n t h e m u l t i - c h a n n e l a n a l y s e r and was d>out 

25 H2. The s t a b i l i t y o f t h e s y s t e m was p e r i o d i c a l l y 

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

r e p r o d u c i b i l i t y h a s been o f t h e o r d e r o f 0*35& e v e n though 

the v e l o c i t y r ange h a s been a l t e r e d * .. A l l i s o m e r s h i f t s 

a r e quoted r e l a t i v e t o i r o n f o i l and a l l s p e c t r a were 

r e c o r d e d a t room t e m p e r a t u r e * 

The samples were powdered and mounted i n p l a s t i c t r a y s 

between s h e e t s o f s e l l o t a p e * The sample t h i c k n e s s was 
•57 

about 1mm* F o r e n r i c h e d Fe"^' s a mples t h e seimple t h i c k n e s s 

was r e d u c e d t o p r e v e n t l i n e b r o a d e n i n g by s a t u r a t i o n 

e f f e c t s * 
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5«3 Mdssbauer e f f e c t I n n a t w a l k a o l i n i t e > 

N a t u r a l l y o c c u r r i n g Fe-'' i s a p p r o x i m a t e l y 

abundant. Most n a t u r a l k a o l l n l t e s w h i c h a r e c o n u n e r c l a l l y 

e x p l o i t e d c o n t a i n l e s s t h a n 1^ t o t a l i r o n and h e n c e l e s s 

t h a n 0,02^ Pe^'''. Due t o t h e low c o n c e n t r a t i o n o f F e ^ ^ 

i n n a t u r a l k a o l i n i t e s t h e s i g n a l t o n o i s e r a t i o i s low 

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

a r e somewhat u n r e l i a b l e . A l s o n a t u r a l k a o l i n i t e s a r e 

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

a s m i c a s w h i c h t h e m s e l v e s may c o n t r i b u t e t o and c o m p l i c a t e 

t h e f i n a l s p e c t r a * I n a n a t t e m p t t o overcome t h e 

d i f f i c u l t i e s I n t r o d u c e d by a d d i t i o n a l m i n e r a l o g l C G v l 

i m p u r i t i e s Meads^ m a g n e t i c a l l y r e f i n e d two n a t u r a l k a o l i n i t e s 

f o r Mdssbauer s t u d i e s a f t e r w h i c h no d e t e c t a b l e c r y s t a l l i n e 

I m p u r i t i e s were p r e s e n t . The k a o l i n i t e s were t h e n a c i d 

washed and were s t i l l found t o c o n t a i n 0.5 and 0.8^ i r o n 

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

MOssbauer s t u d i e s o f t h e r e f i n e d s a m p l e s show t h a t most o f 
3+ 

t h e i r o n was s u b s t i t u t e d a s Fe-' and by c o m p a r i s o n w i t h 

r e s u l t s from g i b b s i t e i t was s u g g e s t e d t h a t Fe"^ was i n 

s i x ^ f o l d c o - o r d i n a t i o n . A l t h o u g h t h e v a l u e s q u o t e d f o r 

t h e I s o m e r s h i f t and q u a d r a p o l e s p l i t t i n g r e B e m b l e d c l o s e l y 
1 4 

t h o s e o b t a i n e d by o t h e r w o r k e r s f o r PeOOH and Fe^O^ 

Meads^ d i s c o u n t e d t h e i r p r e s e n c e s u g g e s t i n g t h a t t h e y 

s h o u l d be e a s i l y removed by t h e a c i d treatment« S p i n 

c o n c e n t r a t i o n c a l c u l a t i o n s d e s c r i b e d i n C h a p t e r 3 s u g g e s t 

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

p a r a m a g n e t i c form.. A l s o t h e r e c e n t work by H e r b l l l o n ^ 

would s u g g e s t t h a t some n o n - p a r a m a g n e t i c i r o n may be 
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h a r d e r to remove by a c i d t r e a t m e n t t h a n p r e v i o u s l y 
3 

e x p e c t e d . Meads"^ a l s o s u g g e s t e d t h a t some i r o n may be 

s u b s t i t u t e d a s Fe^"*" b u t poor s t a t i s t i c s p r e v e n t e d a j i y 

d e f i n i t e c o n c l u s i o n s * 

A t t h i s s t a g e i n the ^^ork r e p o r t e d h e r e t h e methods 

o f s y n t h e s i s i n g and d o p i n g k a o l i n i t e s w i t h Fe-^* had been 

w e l l e s t a b l i s h e d and p r o v i d e d t h e i d e a l o p p o r t i m i t y t o 

produce a s y n t h e t i c k a o l i n i t e doped w i t h e n r i c h e d i r o n 57. 

C o n s i d e r a t i o n o f t h e coxmting s t a t i s t i c s shows t h e 
57 

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

t h e r e s o l u t i o n and s e n s i t i v i t y o f t h e s y s t e m b u t i n 

r e d u c i n g t h e time f o r w h i c h s a m p l e s have t o be run« 

However, f o r a n\imber o f r e a s o n s the methods d e s c r i b e d 

p r e v i o u s l y f o r s y n t h e s i s i n g doped k a o l i n i t e : had t o be 

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

most s i g n i f i c a n t and i n o r d e r t o a p p r e c i a t e t h e i m p o r t a n c e 

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

p r e s e n t e d i n c h r o n o l o g i c a l o r d e r . 
5,4 P r e p a r a t i o n of. Fe^*^ doped k a o l i n i t e . 

The i r o n - 57 i s o t o p e i s e x t r e m e l y e x p e n s i v e ( a b o u t 

£3,000 p e r gram) and t h e r e f o r e i t was d e s i r a b l e t h a t any 

method o f s y n t h e s i s i n g t h e k a o l i n i t e s h o u l d have b e e n 

p r e v i o u s l y shown t o be s u c c e s s f u l and r e p e a t a b l e . On a 
57 

c o s t b a s i s o n l y lOmg o f -^'Fe c o u l d be made a v a i l a b l e f o * 

t h e e x p e r i m e n t and i t was n e c e s s c i r y t o s c a l e down t h e 

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

s y n t h e t i c k a o l i n i t e s . 
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P r e v i o u s e x p e r i m e n t s h ad d e m o n s t r a t e d the a d v a n t a g e s 

o f u s i n g f e r r i c b e n z o a t e t o p r o d u c e F.S.R. s i g n a l s a t 

g=4.0. The b e n z o a t e was p r e p a r e d fr.om c o i m n e r c i a l l y 

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

i r o n 57 i s s u p p l i e d i n m e t a l l i c form and i t was t h e r e f o r e 

necessax*y t o p r e p a r e one o f t h e two a p p r o p r i a t e s a l t s 

from lOmg o f m e t a l l i c i r o n dLn o r d e r t o p r e p a r e t h e b e n z o a t e . 

I n i t i a l l y ^ e x p e r i m e n t s t o show t h a t s c a l i n g down was 

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

D i s s o l u t i o n o f i r o n i n n i t r i c a c i d c a n be d i f f i c u l t b e c a u s e 

t h e i r o n t e n d s t o become p a s s i v e . I t was t h e r e f o r e 

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

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

b e n z o a t e by t h e a d d i t i o n o f ammonium b e n z o a t e . The e x a c t 

method was a s f o l l o w s . 

lOmg o f i r o n m e t a l were d i s s o l v e d i n O.^cc o f 

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

b a t h . When c o m p l e t e l y d i s s o l v e d a s o l u t i o n o f sodium 

a c e t a t e i n w a t e r ( l * 3 6 gm/cc) was added u n t i l t h e pH 

r e a c h e d about f i v e . A s o l u t i o n o f ammonium b e n z o a t e i n 

w a t e r (0.06 gm/cc) was t h e n added s l o w l y u n t i l 

p r e c i p i t a t i o n o f f e r r i c b e n z o a t e was c o m p l e t e . The brown 

p r e c i p i t a t e was f i l t e r e d o f f i n a s m a l l s i n t e r e d Gooch 

c r u c i b l e ( p o r o s i t y k) r i n s e d w i t h sodium a c e t a t e and 

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

b e n z o a t e was t h e n d r i e d a t 50^C. A t a l l s t a g e s p r i o r 

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

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

Both t y p e s o f i r o n were found t o be p r e s e n t . I t was 

a n t i c i p a t e d t h a t subsequent f i r i n g o f t h e g e l t o remove 

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

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

The d r y f e r r i c b e n z o a t e was d i s s o l v e d i n 1 c c o f 

D.M.F. The s o l u t i o n was t h e n added t o 5 c c o f l i q u i d A 

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

w a t e r f o r one week. The r e s u l t i n g g e l was d r i e d a t 105^C 

and f i r e d a t 1,000^C f o r k8 h o u r s t o remove any o r g a n i c 

m a t t e r . F i n a l l y t h e g e l was h y d r o t h e r m a l l y r e a c t e d a s 

d e s c r i b e d i n C h a p t e r 2 t o produce £ui i r o n doped s y n t h e t i c 

k a o l i n i t e . The development o f t h i s method was r e f i n e d t o 

t h e e x t e n t whereby r e p r o d u c i b i l i t y c o u l d be g u a r a n t e e d 

w i t h i n t h e l i m i t s of e x p e r i m e n t a l e r r o r and i t was 

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

a w e l l r e s o l v e d s i g n a l a t g=4. 

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

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

o f the method to the e n r i c h e d i r o n 57, An i r o n - 57 

doped c l a y was produced by the method d e s c r i b e d and X - r a y 

d i f f r a c t i o n said E.S.R. measurements showed t h e r e s u l t i n g 

k a o l i n i t e to be w e l l c r y s t a l l i n e w i t h a c r y s t a l l i n i t y 

i n d e x o f 0,8 zmd t o e x h i b i t a w e l l r e s o l v e d g=^ s i g n a l 

w i t h an E.S.R. l i n e s h a p e p a r a m e t e r o f 0,9. However th e 

s i g n a l a t g=U was n o t i c e a b l y l e s s i n t e n s e t h a n i n s a m ples 
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w h i c h had been groim u s i n g c o m m e r c i a l l y a v a i l a b l e f e r r i c 

c h l o r i d e . 

E x p e r i m e n t a l r e s u l t s * 

I n marked c o n t r a s t to p r e v i o u s e x p e r i m e n t s u s i n g 

n o r m a l i r o n t h e i r o n - 57 doped c l a y when s u b j e c t e d t o 

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

one houj:** However, the n u m e r i c a l v a l u e s o f l , l 4 mm/s 

and 2.53 mm/s f o r t h e i s o m e r s h i f t smd q u a d r a p o l e s p l i t t i n g 

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

o f t h e i r o n xfe^s i n t h e form o f F e ^ * and n o t Fe-^* a s 

e x p e c t e d . ( F i g . 5 • 3 ) 

A t t h i s s t a g e o f t h e work t h e r e s u l t s seemed r a t h e r 

c o n t r a d i c t o r y and an immediate e x p l a n a t i o n was n o t 

f o r t h c o m i n g * However, a s s u m i n g t h e r e s u l t s t o be 

i n d i s p u t a b l e an e x t r e m e l y f a s c i n a t i n g s i t u a t i o n now 

p r e s e n t e d i t s e l f * P r e v i o u s l y i t had been s u s p e c t e d t h a t 
2 + 

t h e s y n t h e s i s o f a c l a y doped w i t h Fe would be v e r y 

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

t o o x i d i z e t h e i r o n t o t h e f e r r i c s t a t e . H a v i n g now, 

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

w h i c h from t h e Mdssbauer e v i d e n c e , and c o n t r a r y t o t h e 
2 + 

e x p e c t e d r e s u l t s , c o n t a i n e d Fe i t was p o s s i b l e t o t e s t 

t h e h y p o t h e s i s t h a t F e ^ * s h o u l d c o n c e i v a b l y p r oduce t h e 

same e f f e c t s a s Mĝ '*' and s t a b i l i s e t h e d e f e c t d e s c r i b e d 

i n C h a p t e r k and produce an E.S.R. s i g n a l a t g=:2.0 

i d e n t i c a l t o t h o s e o b s e r v e d i n n a t u r a l s a m p l e s * 
57 

A c c o r d i n g l y t h e Pe"^' doped sample .was i r r a d i a t e d 
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{kO kV, 20 mA, f o r k h o u r s ) and t h e n emnealed f o r 2 h o u r s 

a t 200*^0. An i d e n t i c a l g=2 s p e c t r u m was p r o d u c e d 

i n t h e E.5.R. s p e c t r u m a s had been p r o d u c e d by t h e 

magnesium doped s a m p l e s t h e r e b e i n g no m e a s u r a b l e 

d i f f e r e n c e i n g - v a l u e s . I t was a l s o n o t i c e d t h a t t h e 

i s o t r o p i c l i n e a t g=4 had i n c r e a s e d i n i n t e n s i t y 

i n d i c a t i n g t h a t some of t h e Fe^'*' had b e e n o x i d i z e d t o 

Fe-' d u r i n g i r r a d i a t i o n . 

T hese r e s u l t s a r e v e r y s i g n i f i c a n t . They show 

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

Q=k and g=2 s i g n a l s s o l e l y i n t e r m s o f i r o n i m p u r i t i e s . 

A l t h o u g h t h e e x p e r i m e n t s J u s t d e s c r i b e d had produced 

some v e r y i n t e r e s t i n g Eind s i g n i f i c a n t r e s u l t s t h e main 

o r i g i n a l aim o f t h e e x e r c i s e h a d n o t b e e n a c h i e v e d and 
2 + 

t h e r e a s o n f o r i r o n s u b s t i t u t i n g p r e f e r e n t i a l l y a s Fe 
3+ 

and n o t Fe was n o t c l e a r . F u r t h e r i n v e s t i g a t i o n s 

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

b e n z o a t e f e r r o u s i o n s were formed by t h e d i s s o l u t i o n o f 

i r o n i n h y d r o c h l o r i c a c i d . I t was t h o u g h t t h a t t h e s e 
2+ 

Fe i o n s had n o t o x i d i z e d a s e x p e c t e d i n t h e s u b s e q u e n t 
s y n t h e s i s and hence p r o d u c e d axi F e ^ * doped c l a y . 

57 
F o r t x i n a t e l y , p a r t o f t h e Pe*" doped g e l had b e e n r e t a i n e d 
and i t was c o n t e m p l a t e d t h a t i f t h e g e l c o n t a i n e d an 

2+ 

abundance o f Fe i o n s i t s h o u l d be p o s s i b l e t o o x i d i z e 

them by h e a t i n g t h e g e l i n oxygen. The g e l h a d a l r e a d y 

been h e a t e d t o 1,000^C f o r 48 h o u r s i n a i r . A s i m p l e 
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tube f u r n a c e was c o n s t r u c t e d and a p o r t i o n o f t h e 

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

a p p r o x i m a t e l y 2 h o u r s a t XkOO^C w i t h a c o n t i n u o u s s t r e a m 

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

r i g o r o u s t r e a t m e n t seemed t o have no e f f e c t on t h e 

s u b s t i t u t e d i r o n . When the g e l was h y d r o t h e r m a l l y 

r e a c t e d the k a o l i n i t e e x h i b i t e d E.S.R. and M0ssbauer 

spectrums a l m o s t i d e n t i c a l t o t h o s e o b t a i n e d from t h e 

p r e v i o u s sample* I t was c l e a r t h a t the sample s t i l l 

c o n t a i n e d m a i n l y F e ^ * i o n s * 

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

o f m i n e r a l s y n t h e s i s , a l l o f whom e x p r e s s e d some 

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

n o t been o x i d i z e d u n d e r s u c h extreme c o n d i t i o n s , l e d t o 

t h e c o n c l u s i o n t h a t t h e F e ^ * must be v e r y c l o s e l y 

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

expladLn the h i g h c o n c e n t r a t i o n o f Fe^"*" i n t h e k a o l i n i t e 

i s t o s u g g e s t t h a t t h e i r o n may i n f a c t be i n a 3**" s t a t e 

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

some way. The i d e a l s t r u c t u r e o f k a o l i n i t e c o n t a i n s 

d i o c t a h e d r a l aluminium, t h a t i s Al"^**" o c c u p y i n g two out o f 

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

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

P u r e l y from t h e p o i n t o f v i e w o f c h a r g e b a l a n c e i t may be 
2+ 

p o s s i b l e f o r Fe i o n s t o s u b s t i t u t e t r i o c t a h e d r a l l y i n 
t h e s t r u c t u r e . I f c h a r g e b a l a n c e i s n o t r e q u i r e d any 

2+ 3+ 3+ c o m b i n a t i o n o f Fe , Fe-' and Al-' mayf^bccupy t h e s i t e s 

e i t h e r t r i o c t a h e d r a l l y o r d i o c t a h e d r a l l y * 
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I n o r d e r t o e l i m i n a t e t h e e x i s t e n c e o f F e ^ * i o n s i n 

t h e g e l a number o f d i f f e r e n t methods o f p r e p e i r a t i o n were 

t r i e d . 

T e s t s f o r f e r r i c and f e r r o u s i o n s a f t e r t h e 

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

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

i o n s t o o x i d i z e i n t h e s u b s e q u e n t s y n t h e s i s was t h e r e a s o n 

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

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

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

A l t h o u g h hydrogen p e r o x i d e o r n i t r i c a c i d p r o v e d 

s u c c e s s f u l o x i d i z i n g a g e n t s , t h e most c o n v e n i e n t method 

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

i n Aqua Rega, S o l u t i o n s p r e p a r e d i n t h i s way gave 

n e g a t i v e r e s u l t s when t e s t e d f o r Fe^"*" i o n s w i t h p o t a s s i i u n 

f e r r i c y a n i d e • 

A g e l was t h e r e f o r e p r e p a r e d by d i s s o l v i n g lOmg 

o f i r o n i n 0«4cc o f Aqua Rega, The pH o f t h e s o l u t i o n 

was t h e n r a i s e d t o about f i v e by t h e a d d i t i o n o f sodiiim 

a c e t a t e . Ammonium b e h z o a t e was t h e n added t o p r e c i p i t a t e 

t h e f e r r i c b e n z o a t e and t h e method c o n t i n u e d a s b e f o r e . 

The c l a y formed from t h i s g e l however s t i l l p r o d u c e d 

a g=52 s i g n a l a f t e r i r r a d i a t i o n and a n n e a l i n g and i n d e e d 

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

i r o n was a u b s t i t u t e d i n t h e F e ^ * form. T h e r e seemed now 

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

s y n t h e t i c k a o l i n i t e s had been doped w i t h i r o n by p r e p a r i n g 

f e r r i c b e n z o a t e from c o m m e r c i a l l y a v a i l a b l e f e r r i c c h l o r i d e 
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o r f e r r i c n i t r a t e . The two k a o l i n i t e s produced Mdssbauer 

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

t h e 3+ s t a t e . However s y n t h e t i c k a o l i n i t e s p r e p a r e d 

from g e l s w h i c h were doped by d i s s o l v i n g i r o n i n Aqua Rega 

i n the l a b o r a t o r y and t h e n making t h e f e r r i c b e n z o a t e 

c o n t a i n e d a m a j o r i t y o f s u b s t i t u t e d Fe^"*", The o n l y 

d i f f e r e n c e i n the two methods o f p r e p a r a t i o n , w h i c h c o u l d 

be i d e n t i f i e d t o a c c o u n t f o r t h e anomoly, was t h a t I n t h e 

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

m e t a l and n o t d i r e c t l y from a c o m m e r c i a l l y a v a i l a b l e f e r r i c 

s a l t . However, i n b o t h c a s e s t e s t s f o r Fe^*** i o n s p r i o r 

t o t h e p r e c i p i t a t i o n of t h e f e r r i c b e n z o a t e were n e g a t i v e , 

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 e a p p a r e n t a n o m o l i e s i n 

t h e r e s u l t s d e s c r i b e d above might be p r o v i d e d by c o n s i d e r i n g 

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

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

p r e s e n c e o f s m a l l amounts of m i n e r a l a c i d s . I t t h e r e f o r e 

seemed p o s s i b l e t h a t r e d u c t i o n o f t h e i r o n might have 

o c c u r r e d when p r e p a r i n g t h e f e r r i c b e n z o a t e by e i t h e r 

method, b u t i n t h e c a s e where t h e i r o n had been d i s s o l v e d 

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

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

C o n s e q u e n t l y when the s o l u t i o n o f f e r r i c b e n z o a t e i n 

d i - methyl-formamide was added t o t h e l i q u i d A t h e a l u m i n i u m 

I s o - p r o p o x i d e r e d u c e d the i r o n . I n an a t t e m p t t o combat 

the p o s s i b l e r e d u c i n g e f f e c t o f t h e alvuninium i s o - p r o p b x i d e 

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

b e n z o a t e i n di-methyl-formamide and l i q u i d A, i n ammonia 
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and H^O^* I t was hoped t h a t t h e ammonia would 

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

would o x i d i z e t h e aluminixim i s o - p r o p o x i d e • U n f o r t i m a t e l y 

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

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

MOssbauer r e s u l t s a l s o showed most o f t h e i r o n r e m a i n e d 

i n the F e ^ ^ s t a t e . I t i s p o s s i b l e t h a t t h i s method f a i l e d 
3+ 

t o produce Fe b e c a u s e t h e i r o n had a l r e a d y been r e d u c e d 

by t h e a l u m i n i u m i s o - p r o p o x i d e and t h a t upon h y d r o l i s i n g 

t h e hydrogen p e r o x i d e was n o t e f f e c t i v e i n o x i d i z i n g t h e 

i r o n b e f o r e t h e g e l was formed. P r e v i o u s a t t e m p t s t o 

o x i d i z e t h e i r o n i n t h e g e l had d e m o n s t r a t e d the a p p a r e n t 

s t a b i l i t y o f F e ^ * i n t h e g e l . 

H a v i n g n o t e s t a b l i s h e d beyond doubt t h a t s m a l l t r a c e s 

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

o f F e ^ * an a l t e r n a t i v e method o f p r e p E u r a t i o n o f t h e f e r r i c 

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

F e r r i c c h l o r i d e was produced by d i r e c t c h l o r i n a t i o n o f lOmg 

of i r o n i n a g l a s s tube h e a t e d t o about 300**C. The f e r r i c 

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

d i s t i l l e d w a t e r £uid ammoniiim b e n z o a t e added t o p r e c i p i t a t e 

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

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

c o n t a i n e d some i r o n i n t h e 2+ s t a t e though Mdssbauer 
2 + 3+ 

r e s u l t s s u g g e s t e d a l a x g e r e d u c t i o n i n t h e F e / F e r a t i o 
( F i g . 5.4.) The r e a s o n f o r t h e f a i l u r e o f t h i s method t o 

3+ 

produce o n l y s u b s t i t u t e d Fe-* i s n o t c l e a r . I t may w e l l 

be t h a t some c h l o r i n e g a s was h e l d i n t h e f e r r i c c h l o r i d e 

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

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

I t i s known t h a t i n the p r o c e s s o f o x i d i z i n g 

o r g a n i c m a t t e r any c a r b o n found may a c t a s a r e d u c i n g 

a g e n t , 

I t was c o n s i d e r e d t h a t t h i s e f f e c t may have been 

r e s p o n s i b l e f o r t h e r e d u c t i o n o f t h e i r o n from Fe-'"*' t o 
2+ o Fe when t h e g e l was f i r e d a t 1,000 C, However, i f t h i s 

were so i t would not e x p l a i n why t h e e f f e c t was o n l y 

d e t e c t a b l e i n t h e s e s a mples where t h e f e r r i c b e n z o a t e was 

p r e p a r e d from t h e m e t a l a s opposed t o t h o s e w h i c h were 

p r e p a r e d from c o m m e r c i a l f e r r i c n i t r a t e . 

I n f u r t h e r a t t e m p t s t o r e d u c e t h e F e ^ ^ / F e ^ * r a t i o 

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

m e t a l , t h e o r g a n i c c o n t a m i n a n t s were removed a s f a r a s 
< 

p o s s i b l e by r o t a r y e v a p o r a t i o n u n d e r vacuum i n s t e a d o f 

f i r i n g t h e g e l a t 1,000^C t h e r e b y p r e v e n t i n g t h e f o r m a t i o n 

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

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

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

57 

Due t o t h e low c o n c e n t r a t i o n o f Pe*^' i n s y n t h e t i c 

s a m p l e s doped w i t h n a t u r a l i r o n MOssbauer s t u d i e s had 

been l i m i t e d t o t h o s e doped w i t h c o n c e n t r a t i o n g r e a t e r 

t h a n 1,55^ i r o n , w h e r e a s t h e d o p i n g l e v e l i n i r o n - 57 

doped s a m p l e s had been r e d u c e d t o about 0,4^. I t was 

c o n s i d e r e d t h e r e f o r e t h a t the d i f f e r e n c e i n i r o n 

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

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

from t h e m e t a l s a l t . To t e s t t h i s t h e o r y a s y n t h e t i c 

k a o l i n i t e was doped w i t h 2,4^ i r o n by d i s s o l v i n g t h e 

a p p r o p r i a t e eimount o f i r o n m e t a l i n Aqua Rega and 

p r o c e e d i n g a s b e f o r e . The k a o l i n i t e gave e n c o u r a g i n g 

r e s u l t s e x h i b i t i n g a n Fe"^* d o u b l e t i n i t s MOssbauer 

s p e c t r u m . The E,S,R« s p e c t r u m c o n t a i n e d a w e l l r e s o l v e d 

g=4 s i g n a l and a l a r g e b r o a d r e s o n a n c e . I t was s u s p e c t e d 

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

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

I t now seemed p l a u s i b l e t o s u g g e s t t h a t t h e r e a s o n f o r t h e 

d i f f i c u l t i e s p r e v i o u s l y e n c o u n t e r e d i n p r o d u c i n g an Fe'''*' 

doped k a o l i n i t e w i t h f e r r i c b e n z o a t e p r e p a r e d from m e t a l l i c 

i r o n were due to the low c o n c e n t r a t i o n o f i r o n u s e d i n 

p r e v i o u s methods. 

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

s y n t h e t i c k a o l i n i t e s were doped w i t h v a r i o u s amounts of 

i r o n by p r e p a r i n g f e r r i c b e n z o a t e from c o m m e r c i a l f e r r i c 

n i t r a t e . The r e s u l t i n g k a o l i n i t e s were s u b j e c t e d t o 

X - r a y d i f f r a c t i o n , E.S.R- and Mttssbauer s t u d i e s . The 

r e s u l t s t a b u l a t e d i n F i g . 5,5 a r e r a t h e r d i s a p p o i n t i n g . 

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

y e t t h e r e i s a l a r g e v a r i a t i o n i n t h e Fe^^/Fe"''*" r a t i o s . 

F u r t h e r m o r e no c o r r e l a t i o n seems t o e x i s t between t h e 

Fe^^/Fe-'"*" r a t i o and i r o n c o n c e n t r a t i o n . No r e a s o n f o r 

t h e v a r i a t i o n i n the Fe^^/Fe"^* r a t i o c o u l d be f o u n d . 



SAMPLE Crystpllinity E.S.R. Lineshape \ Total 
No. Index Parameter Iron 

KG 100 0-9 16 19 < 01 

KG 99 0 9 0-8 1-7 >0-9 

KG 98 0-8 0-3 1-4 r^J 0-5 

KG 83 0-4 0-3 0-6 <0- l 

0\ 

Fig 5.5 



- 1 2 7 -

Two s y n t h e t i c i r o n - 5 7 doped k a o l i n i t e s had b e e n 
2 + 

p r o d u c e d one o f w h i c h c o n t a i n e d a m a j o r i t y o f Pe and 

t h e o t h e r Fe-^*, I t was d e c i d e d t o s t u d y t h e Mdssbauer 

p r o p e r t i e s o f t h e s e s a m p l e s i n more d e t a i l , 
5 o 5 A Mflssbauer s t u d y o f F e ^ ^ i n k a o l i n i t e . 

To t h e a u t h o r ' s knowledge no d e f i n i t e a c c o u n t h a s 

been made of the e x i s t e n c e o f F e ^ * s u b s t i t u t i o n i n k a o l i n i t e . 

Meads-' s t u d i e d a n a t x i r a l k a o l i n i t e by NOssbauer s p e c t r o s c o p y 

and s u g g e s t e d the p o s s i b i l i t y o f F e ^ * s u b s t i t u t i o n . 

However b e c a u s e o f t h e low F e ^ * c o n c e n t r a t i o n and t h e 

p r e s e n c e o f m i c a w h i c h i s known t o e x h i b i t an Pe^*** d o u b l e t 

o n l y an approximate v a l u e o f t h e q u a d r a p o l e s p l i t t i n g was 

o b t a i n e d w h i c h was q u o t e d a s a p p r o x i m a t e l y 2 , 2 3 mm/s* 
7 2 + J e f f e r s o n ' e t a l o b s e r v e d F e s i g n a l s i n some i r o n s t a i n e d 

k a o l i n i t e s b u t t h e s e were fovmd t o be p a r t i a l l y removed by 

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

The Mossbauer s p e c t r u m o f an i r o n - 57 doped s y n t h e t i c 

k a o l i n i t e c o n t a i n i n g m o s t l y F e ^ * was shown i n Pigo 5 « 3 . 

A computer f i t o f t h e spectmim gave a s i n g l e d o u b l e t w i t h 

an i s o m e r s h i f t o f I , l 4 mm/s and a q u a d r a p o l e s p l i t t i n g o f 

2 , 5 3 mm/s. On h e a t i n g the scunple t o kOO^C f o r 1 h o u r 

i t was found t h a t t h e s i n g l e F e ^ * d o u b l e t s p l i t t o g i v e 

two d o u b l e t s w i t h q u a d r a p o l e s p l i t t i n g s o f 2 , 5 3 mm/s and 

1 , 9 ^ mm/s. F i g . 5 . 6 . 

The r a t i o o f t h e i n t e n s i t i e s o f the two d o u b l e t s 

b e i n g about 2 : 1 , t h e o r i g i n a l 2 , 5 3 mm/s d o u b l e t r e m a i n i n g 

t h e more i n t e n s e . F u r t h e r h e a t i n g t o JOO^C changed the 
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s p e c t r u m l i t t l e though an i n c r e a s e i n the Fe-̂ "*" s i g n a l was 

o b s e r v e d . Washing o f t h e k a o l i n i t e w i t h ammonium o x a l a t e 

d i d n o t a f f e c t t h e s pectrum so i t was assumed t h e Pe^"*" 

was s u b s t i t u t e d i n the k a o l i n i t e s t r u c t u r e . I t i s most 

p r o b a b l e t h a t Fe^"*" would s u b s t i t u t e t r i o c t a h e d r a l l y t o 

m a i n t a i n c h a r g e b a l a n c e . 

The c h a r a c t e r i s t i c s o f t h e two Fe^"*" d o u b l e t s aire 

v e r y s i m i l a r t o p r e v i o u s l y quoted v a l u e s f o r some 

t r i o c t a h e d r a l b i o t i t e s . I n s u c h ssunples t h e o c t a h e d r a l 

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

o n l y c i s s i t e s i n k a o l i n i t e . I t i s g e n e r a l l y a g r e e d 

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

and t h e i n n e r t o a t r a n s s i t e . I n k a o l i n i t e t h e c o n v e r s i o n 

o f -J o f the s i t e s from c i s t o t r a n s on h e a t i n g t o produce 

t h e 2 : 1 r a t i o would r e q u i r e t h e c o n v e r s i o n o f p a r t i c u l a r 

o u t e r h y d r o x y l s groups t o oxygen i o n s . T h i s i s d e m o n s t r a t e d 

i n F i g . 5 « 7 « A s i m i l a r e f f e c t i s known t o o c c u r i n 
9 

c h a m o s i t e s . 

The a v e r a g e v a l u e o f t h e two q u a d r a p o l e s p l i t t i n g f o r 

F e ^ * i n t h e s y n t h e t i c k a o l i n i t e a f t e r h e a t i n g i s 2 , 2 3 mm/s 

w h i c h i s v e r y c l o s e t o t h e v a l u e s u g g e s t e d f o r F e ^ * i n 
3 

n a t u r a l s a m ples by M e a d s , T h i s s u g g e s t s t h a t i n n a t u r a l 

samples the c i s ajid t r a n s s i t e s may be p r e s e n t b e f o r e 

h e a t i n g and b e c a u s e o f poor c o n c e n t r a t i o n s o f F e ^ * p r e v i o u s 

w o r k e r s were u n a b l e t o r e s o l v e t h e two d o u b l e t s . I t i s 
s u r p r i s i n g p e r h a p s t h a t t h e two d o u b l e t s r e m a i n s t f t e r 

h e a t i n g t o 7 0 0 ° C f o r 1 hour, t h a t i s a f t e r d e h y d r o x y l a t i o n , 

a s r e m o v a l o f a l l h y d r o x y l g roups would g i v e t h r e e i d e n t i c a l 
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t e t r a h e d r a l s i t e s a s i n m e t e i k a o l i n , 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 anamoly i s t h a t t h e p r e s e n c e o f t r i o c t a h e d r a l 

F e ^ * may r e s i s t the r e m o v a l o f c e r t a i n h y d r o x y l s . 

I t may a l s o be p o s s i b l e f o r t h e i n n e r d o u b l e t c r e a t e d 

by h e a t i n g t o be c a u s e d by Fe"^* i n an e x t r e m e l y d i s t o r t e d 

t e t r a h e d r a l s i t e . However t h i s seems i m l i k e l y f i r s t l y 

b e c a u s e o f the extreme d i s t o r t i o n n e c e s s e i r y to produce 

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

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

h a s o c c u r r e d . I t seems u n l i k e l y t h a t one t h i r d , o f t h e 

s i t e s would be c o n v e r t e d a t kOO^C and no more a t 7 0 0 ° C , 

5 o 6 A MOasbauer s t u d y o f Fe"̂ '*' a s s o c i a t e d w i t h k a o l i n i t e . 

I t i s l i k e l y t h a t Fe"'"*" may e x i s t a s a c o n t a m i n a n t i n 

n a t u r a l k a o l i n i t e s i n t h r e e main f o r m s . As a f e r r o m a g n e t i c 

oxide o r h y d r o x i d e on t h e s u r f a c e , a s a s u p e r - p a r a m a g n e t i c 

o x i d e or'-.hydroxide on t h e s u r f a c e , or a s a s u b s t i t u t e d 

p axamagnetic i o n . F e r r o m a g n e t i c s a m p l e s e x h i b i t s i x l i n e 

Mdssbauer s p e c t r u m s and a s s u c h a r e e a s i l y d i s c e m a b l e . 

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

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

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

due t o s u b s t i t u t i o n a l i r o n . S u p e r - p a r a m a g n e t i c s t a t e s 

may be c a u s e d by v e r y s m a l l p a r t i c l e s i z e . The s p i n 

r e l a x a t i o n time d e c r e a s e s w i t h d e c r e a s i n g p a r t i c l e s i z e 

and may p r e v e n t s p i n - s p i n c o u p l i n g i n an o t h e r w i s e 

f e r r o m a g n e t i c system. Such s y s t e m s a r e b e s t s t u d i e d a t 

low t e m p e r a t u r e s . By r e d u c i n g t h e t e m p e r a t u r e s u f f i c i e n t l y 
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s p i n r e l a x a t i o n i s slowed so a s t o a l l o w s p i n - s p i n c o u p l i n g 
and a s i x - l i n e s p e c t r u m i s o b s e r v e d , 

3 7 8 

P r e v i o u s r e p o r t s ' ^ * on MOssbauer s t u d i e s o f 

s u b s t i t u t i o n a l Pe-̂ "*" i n k a o l i n i t e have a l l quoted v a l u e s 

f o r q u a d r a p o l e s p l i t t i n g s between 0.k5 and 0 , 5 5 mm/s and 

i s o m e r s h i f t s o f 0 , 3 7 5 mm/s. F i g . 5 . ^ shows a Mdssbauer 

spectznim o f a s y n t h e t i c k a o l d L n l t e doped w i t h i r o n - 5 7 

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

Fe-^ d o u b l e t g i v e s a q u a d r a p o l e s p l i t t i n g o f 0 , 7 mm/s and 

an I s o m e r s h i f t o f 0 , 3 2 mm/s. The Fe-'"*' doped c l a y was 

washed w i t h ammonium o x a l a t e b u t no change i n t h e s p e c t r u m 

was o b s e r v e d . S e v e r a l s y n t h e t i c c l a y s doped w i t h n a t u r a l 

I r o n were a l s o s u b j e c t e d t o MOssbauer s p e c t r o s c o p y and 

a l t h o u g h s t a t i s t i c s were poor a l l e x h i b i t e d a q u a d r a p o l e 

s p l i t t i n g o f 0 , 7 mm/s. T h e s e were a l s o w a f f e c t e d by 

ammonium o x a l a t e t r e a t m e n t . No change i n t h e s p e c t r a 

was o b s e r v e d on h e a t i n g s a m p l e s t o 4 0 0 ^ C . 

A n a t u r a l k a o l i n i t e h i g h i n i r o n was a l s o i n v e s t i g a t e d 

and found t o e x h i b i t a f e r r i c d o u b l e t o f s p l i t t i n g 0 , 5 mm/s. 

T r e a t m e n t o f t h i s sample w i t h ammonium o x a l a t e i n c r e a s e d 

t h e s p l i t t i n g t o 0 , 6 mm/s, 

A number o f o x i d e s and h y d r o x i d e s o f i r o n h a v e 

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

k a o l i n i t e . T h e s e a r e l i s t e d i n F i g . 5 , 8 . I t was 

r e p o r t e d i n C h a p t e r 3 t h a t many, c o n f l i c t i n g r e p o r t s about 

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

made i t v e r y u n c l e a r a s t o what .types o f i r o n s u c h t r e a t m e n t s 
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w i l l remove. I n t h i s work i t was foiand t h a t i n s a m p l e s 
e x h i b i t i n g a s i x - l i n e spectxnim t h a t t h i s was u s u a l l y 
e a s i l y removed and hence a t t r i b u t e d t o f e r r o m a g n e t i c 
s u r f a c e o x i d e s o r h y d r o x i d e s . The s p l i t t i n g s o f t h e s e 
m a g n e t i c s p e c t r a s u g g e s t e d t h e p r e s e n c e o f Pe^O^ and 

I n d i r e c t c o n t r a s t i t a p p e a r e d t h a t ammoni\un o x a l a t e 

t r e a t m e n t had no a f f e c t on t h e 0 , 7 mm/s d o u b l e t i n s y n t h e t i c 

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

r e p o r t e d above f o r t h e n a t r i r a l sample c o u l d be i n t e r p r e t e d 

a s t h e p r e f e r e n t i a l r e m o v a l o f a 0 , 5 mm/s d o u b l e t l e a v i n g 

b e h i n d a 0 , 7 mm/s d o u b l e t . I n d e e d the Fe"^* s i g n a l s were 

b r o a d and s u g g e s t e d t h e p r e s e n c e o f more t h a n one s i t e , 

7 5 R e p o r t s by J e f f e r s o n and H e r b i l l o n b o t h s u g g e s t 

t h a t some s u r f a c e i r o n may be v e r y d i f f i c u l t t o remove. 

I t i s p o s s i b l e t h a t some d o u b l e t s r e p o r t e d a s b e i n g due 

t o s u b s t i t u t i o n a l i r o n may i n f a c t be due t o s u r f a c e i r o n 
7 

w h i c h i s u n a f f e c t e d by w a s h i n g , J e f f e r s o n ' c l e a n e d t h e 

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

t h a t i n two samples some i r o n c o u l d n o t be removed. The 

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

was 0 , 5 2 and 0 , 5 5 mm/s. The sample was i n v e s t i g a t e d a t a 

t e m p e r a t u r e o f 8 8 ® K and found n o t t o e x h i b i t a s i x - l i n e 

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

s u b s t i t u t e d a s opposed t o s u r f a c e i r o n . However t h e 

v a l u e s quoted by Jefferson''' a r e i n d i c a t i v e o f a' Pe.OOH 

and much l o w e r t e m p e r a t u r e s may be needed b e f o r e t h i s 
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h y d r o x i d e becomes f e r r o m a g n e t i c . ^ 

I n an a t t e m p t t o r e p r o d u c e Fe OOH and Fe^O^ on the 

s u r f a c e o f a n a t u r a l k a o l i n i t e a n undoped s y n t h e t i c c l a y 

was soEiked i n f e r r i c n i t r a t e . F e r r i c h y d r o x i d e was 

p r e c i p i t a t e d on the c l a y s u r f a c e by t h e a d d i t i o n o f sodium 

h y d r o x i d e and d r y i n g a t 105°C. F e r r i c o x i d e was 

p r e c i p i t a t e d on the s u r f a c e by d r y i n g t h e c l a y i n t h e 

n i t r a t e s o l u t i o n a t 1 0 5 * * C and t h e n h e a t i n g t o ^ 5 0 * ^ C . The 

Mdssbauer spectrums of b o t h t h e s e s a m p l e s were v e r y s i m i l a r 

to t h a t o f s y n t h e t i c k a o l i n i t e s h a v i n g a quadrap.ole 

s p l i t t i n g o f 0 , 6 9 mm/s and an i s o m e r s h i f t o f 0 , 3 7 mm/s. 

The s e v a l u e s a r e i n d i c a t i v e o f ^ F e OOH. T r e a t m e n t w i t h 

ammonium o x a l a t e c o m p l e t e l y removed the i r o n on t h e 

s u r f a c e o f the undoped c l a y w h i c h c a s t s doubt on t h e 

a s s i g n m e n t o f t h e 0 , 7 mm/s d o u b l e t e x h i b i t e d by i r o n doped 

s y n t h e t i c s , t o s u r f a c e ^ Fe OOH a s t h i s was n o t removed 

by s u c h t r e a t m e n t . No e x p l a n a t i o n o f the l a r g e r f e r r i c 

d o u b l e t i n s y n t h e t i c k a o l i n i t e s a s compared t o n a t u r a l 

s amples h a s y e t come t o l i g h t . So f a r the o n l y 

e x p l a n a t i o n i s t h a t p r e v i o u s r e p o r t s were i n e r r o r h a v i n g 

not s u f f i c i e n t l y c l e a n e d t h e s u r f a c e and t h a t t h e 0 , 5 mm/s 

d o u b l e t i s a t t r i b u t a b l e t o s u r f a c e i r o n and t h e 0 , 7 mm/s 

d o u b l e t t o s u b s t i t u t i o n a l i r o n . 
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C H A P T E R 6 

6 . 1 F i n a l siimmairy 

A l t h o u g h k a o l i n i t e o c c u r s i n n a t u r e a s a r e l a t i v e l y 

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

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

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

s t u d i e s o f n a t i i r a l k a o l i n i t e . To a v o i d unwanted i m p u r i t i e s 

much o f t h e work p r e s e n t e d i n t h i s t h e s i s i s c o n c e r n e d 

w i t h s y n t h e t i c k a o l i n i t e s . The development and u s e o f 

l i q u i d A a s a method f o r p r e p a r i n g doped s y n t h e t i c s a m p l e s 

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

a f f e c t i n g t h e s y n t h e s i s o f k a o l i n i t e have been s t u d i e d 

and from t h i s work i t i s e v i d e n t t h a t t h e p r e s e n c e o f i r o n 

and an a c i d media a r e most a d v a n t a g e o u s f o r t h e p r o d u c t i o n 

o f s y n t h e t i c k a o l i n i t e s w i t h i d e a l morphology. However 

i t h a s a l s o been shown t h a t i r o n h a s a d e t r i m e n t a l e f f e c t 

on t h e b r i g h t n e s s o f the k a o l i n i t e s . 

P r e v i o u s x^rork i n t h i s l a b o r a t o r y h ad shown t h a t the 

Q=k s i g n a l i n t h e E.S.R. spectrum o f a k a o l i n i t e s y n t h e s i s e d 

under n e u t r a l c o n d i t i o n s c o u l d be a t t r i b u t e d t o Pe*'* 

s u b s t i t u t i o n . I n t h i s work s a m p l e s p r e p a r e d a t low pH 

d i d n o t e x h i b i t a g=4 s i g n a l and t h e i r o n was e a s i l y 

removed by ammonium o x a l a t e t r e a t m e n t . I t seems t h a t 

i r o n does n o t r e a d i l y s u b s t i t u t e i n t h e kaoldLnite s t n a c t u r e 

under low pH but r e m a i n s a s a s u r f a c e c o n t a m i n a n t . I t 

i s n o t c l e a r t h e r e f o r e , how i n n a t u r e k a o l i n i t e s o c c u r 
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w i t h i d e a l moa^phology and \v'ith s u b s t i t u t e d i r o n . For. 
the s E i m p l e s grown i n the l a b o r a t o r y i t might be argued 
th a t i r o n , being more sol u b l e than alumina or s i l i c a i n 
a c i d media, remains i n s o l u t i o n a s the k a o l i n i t e 
p r e c i p i t a t e s . When the c l a y i s d r i e d the i r o n c o l l e c t s 
on the siarface of the c l a y , 

Jones^ had p r e v i o u s l y shown th a t the g=2 s i g n a l i n 
n a t u r a l k a o l i n i t e s could be a t t r i b u t e d to a hole 
s t a b i l i s e d by s u b s t i t u t i o n of Mĝ"*" f o r A l ^ * , He had 
suggested t h a t Fe^* a s w e l l a s Mĝ"*" might r e p l a c e Al"^* but 
apparently f a i l e d to produce an Fe^"*" doped k a o l i n i t e . 
The work presented here has shown t h a t i t i s p o s s i b l e to 
sy n t h e s i s e Fe suid Fe-^ doped k a o l i n i t e s which t h e r e f o r e 
permit the i n t e r p r e t a t i o n of a l l the main C S . R . resonamces 
i n k a o l i n i t e i n terms of i r o n s u b s t i t u t i o n alone or 

mixtures of i r o n and magnesium. C a r e f u l exsunination of 
2+ 

the g=32 s i g n a l s e x h i b i t e d by samples doped w i t h Mg or 
2 + 

Fe showed no observable d i f f e r e n c e i n t h e i r g - v a l u e s 
or l i n e shapes. Hence i t was not p o s s i b l e to i n t e r p r e t 
the g=2 s i g n a l observed i n n a t u r a l samples s p e c i f i c a l l y 

2+ 2+ 
to Fe or Mg s u b s t i t u t i o n . A method to d i s t i n g u i s h 

2+ 2+ 
betxireen Mg and Fe s u b s t i t u t i o n in. n a t u r a l samples 
was s t u d i e d by observing the v a r i a t i o n i n the £,S.R. s i g n a l s 

3 + " 

i n heated natujcal and s y n t h e t i c samples doped w i t h Fe-' , 

Fe^**" and Fe^*, Mg^* and Fe^*. 

The l a r g e r I o n i c r a d i u s of Fe^"*" compared w i t h Mg^* 

provided a p o s s i b l e d i f f e r e n c e which might cause v a r i a t i o n 
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i n the ions environment which i n t u r n could p o s s i b l y 
be r e f l e c t e d i n the obsei^ed E,S,R, s i g n a l s , p a r t i c u l a r l y 
a s dehydroxylation approached. Also i t was considered 
that a defect caused by Fê "*" s u b s t i t u t i o n may be l e s s 
t h e r mally s t a b l e than one caused by Mg^* because of the 
p o s s i b i l i t y of o x i d a t i o n from Fe^"*" to Pê "*". Unfortunately 
from the study of the heated samples i t was not p o s s i b l e , 
to d i s t i n ^ i s h between g=2 s i g n a l s c r e a t e d by Fe^* or 
Mg^* s u b s t i t u t i o n . 

Comparison of the i n t e n s i t y of the E.S.R. g=2 s i g n a l 
i n £ui i r r a d i a t e d and annealed Fe^"*" doped k a o l i n i t e w i t h 
the t o t a l Fe^* content estimated from the MOssbauer s p e c t r a 
showed that a t l e a s t 9 7 ^ of the f e r r o u s i o n s had not 
trapped a hole* I n c r e a s i n g the r a d i a t i o n dose beyond 
1 MHad did not change the i n t e n s i t y of the g=2 s i g n a l * 
Even a l l o w i n g f o r the p o s s i b i l i t y of recombination of 
holes cuid e l e c t r o n s created by the i r r a d i a t i o n i t would 
seem not imreasonable to suggest t h a t a l a r g e number of 
the t o t a l Fe^* ions xcithin the s t r u c t u r e do not a c t as 
«pre-centres* f o r trapping h o l e s . The main p r e - r e q u i s i t e 
that a f o r e i g n i o n should a c t as a pre-centre i s t h a t i t s 
valence s t a t e should be d i f f e r e n t from the i o n i t r e p l a c e s ; 
i n t h i s case Fe^*^ f o r A l ^ * . 

A p o s s i b l e explanation of the comparatively h i g h 

concentrations of Fe^"*" ions not trappdLng h o l e s i s provided 

by assuming t r i o c t a h e d r a l s u b s t i t u t i o n of Fe^"*". Only 

those ions which s u b s t i t u t e d i o c t a h e d r a l l y possess the 
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r e q u i r e d c h a r g e i n b a l a n c e and a r e c a p a b l e o f p r o d u c i n g 

t h e A c e n t r e s r e s p o n s i b l e f o r t h e g=2 s i g n a l . 

I n a d d i t i o n t o t h e A c e n t r e s a s h o r t s t u d y was made 

of the h y p e r f i n e s i g n a l s around g = 2 . 0 ( B c e n t r e s ) w h i c h 

a r e p r e s e n t i n n a t u r a l and s y n t h e t i c s a m p l e s . Jones^ 

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

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

a h y d r o x y l v a c a n c y . The r e s u l t s p r e s e n t e d i n C h a p t e r k 

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

The r e s u l t s from MOssbauer s t u d i e s p r e s e n t e d i n C h a p t e r 
2 + 

5 p r o v i d e c o n c l u s i v e e v i d e n c e t o show t h a t F e c a n 

s u b s t i t u t e i n t h e k a o l i n i t e s t r u c t u r e most p r o b a b l y i n a 

t r i o c t a h e d r a l form. I t i s t h e r e f o r e p r o p o s e d t h a t Mg^* 

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

n e c e s s a r i l y produce A c e n t r e s . 
D i f f e r e n c e i n t h e v a l u e s o f q u a d r a p o l e s p l i t t i n g s o f 

2 + 

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

t h e s u g g e s t i o n t h a t t h e s u b s t i t u t i o n o f F e ^ * i n n a t u r a l 

k a o l i n i t e s i n v o l v e s t h e r e m o v a l o f some o u t e r h y d rogens 

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

i n s t r u c t u r e t o c h a m o s i t e . 
Combined MOssbauer and E.S.R. e v i d e n c e from doped 

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

s i g n a l s by p a s t w o r k e r s . A l s o i t i s shown t h a t t h e 
2 + 

p r e s e n c e of Fe i n s a m p l e s may a c c o i m t f o r f u r t h e r e r r o r s 

i n E.S.R. s p i n d e n s i t y c a l c u l a t i o n s f o r i r o n i n k a o l i n i t e . 



The s i g n a l s a s s o c i a t e d w i t h Pe"'"*" i n the Mdssbauer 
s p e c t r a were found to be r a t h e r broad and were t h e r e f o r e 
i n d i c a t i v e of more than one s i t e . T h i s may correspond 
to the two s i t e s as proposed by H a l l ^ {C\ = 0 , 2 2 andC^ = 0 , 3 3 ) < 

I t has not been p o s s i b l e to f i n d a s a t i s f a c t o r y e x p l a n a t i o n 
f o r the v a l u e s of quadrapole s p l i t t i n g s of Pe^* i n s y n t h e t i c 
k a o l i n i t e s which are l a r g e r than ±n n a t u r a l samples, 

6 . 2 Suggestions f o r f u r t h e r xvork. 

Vanadium i s an impurity i n many n a t u r a l c l a y s but i t 

i s not c l e a r i n what form i t i s present or what e f f e c t s i t 

may have on the p r o p e r t i e s of k a o l i n i t e . There i s some 

evidence that vanadium has an advantageous e f f e c t on 

rheology but t h i s may be due to ti t a n i u m w i t h which i t i s 

u s u a l l y found. Work i s a t present being c a r r i e d out i n 

t h i s l a b o r a t o i ^ on vanadium i n both n a t u r a l and s y n t h e t i c 

k a o l i n i t e s . 

I n v e s t i g a t i o n s of super-paramagnetic s t a t e s i n t h i s 
work were s e v e r e l y hampered by l a c k of ciryogenic f a c i l i t i e s 
f o r the MOssbauer spectrometer. An ex t e n s i v e sujrvey and 
study of surface and s u b s t i t u t e d i r o n by MOssbauer 
spectroscopy i n n a t i i r a l £Uid s y n t h e t i c k a o l i n i t e s a t v a r i a b l e 
temperatures and the e f f e c t i v e n e s s of s u r f a c e c l e a n i n g 
techniques w i l l most probably provide r e s u l t s which l e a d 
to a c l e a r e r understanding of i r o n i m p u r i t i e s i n k a o l i n i t e . 

Due to the combined e f f e c t s of smal l p a r t i c l e s i z e 

and lov/ i r o n concentration i t has not been p o s s i b l e to 
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i d e n t i f y i n d e t a i l the o p t i c a l p r o p e r t i e s whicH a f f e c t 

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

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

a new a p p r o a c h t o the problem a photon countdLng s y s t e m i s 

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

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

n a t u r a l and s y n t h e t i c k a o l i n i t e s i s p l a n n e d . I n t h i s way 

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

r e l a t i v e e f f e c t s the v a r i o u s d e f e c t s i n k a o l i n i t e have 

on i t s b r i g h t n e s s . 
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To be presented at 25th U.S. Clay Min. Conf. Oregan August 1976. 

Proceedings to be published i n Clays and Clay Minerals. 

" 57 2+ A MOSSBAUER STUDY OF SYNTHETIC KAOLINITES DOPED WITH Fe . 

Draft of paper to be submitted to Clays and Clay Minerals for j o i n t 

publication with previous paper. 



- 1 

S y n t h e t i c K a o l i n i t e s - G e n e r a l Comments. 

B.n. A n g e l , P.Jones, K. R i c h a r d s 

S c h o o l of M a t h e m a t i c a l S c i e n c e s , 
Plymouth P o l y t e c h n i c , 
Plymouth, VlM 8AA 
Devon. 

The main purpose o f t h i s p a p e r i s t o d i s c u s s t h e 

p o s s i b l e s i g n i f i c a n c e o f t h e a v a i l a b i l i t y of doped 

s y n t h e t i c k a o l d L n i t e s and t o p r e s e n t a b r i e f summary o f 

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

r e c e n t months. The m a j o r i t y o f the r e s u l t s have been 

t r e a t e d i n d e t a i l i n p a p e r s w h i c h have been r e c e n t l y 

a c c e p t e d f o r p u b l i c a t i o n i n C l a y M i n e r a l s , 

A b r o a d s i i r v e y o f t h e methods of p r o d u c t i o n and 

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

t h e i m p o r t a n c e of the a b i l i t y t o s j T i t h e s i s e pure c r y s t a l 

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

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

many m a t e r i a l s * the amoiuit of d o p i n g w h i c h may be a s s m a l l 

a s O.Ol-Ool^ dumpurity c o n c e n t r a t i o n c a n p r o f o u n d l y a f f e c t 

t h e i r p h y s i c a l eind c h e m i c a l p r o p e r t i e s . To quote two 

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

and doping, v e r y l a r g e i n d u s t r i e s have e v o l v e d w h i c h now 

form v e r y i m p o r t a n t l i f e l i n e s i n the economy and p r o d u c t i o n 

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

diamonds. Development o f t h e t r t m s i s t o r and i n t e g r a t e d 

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

communications, m e d i c i n e , and computers h a s made a 
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s i g n i f i c a n t c o n t r i b u t i o n t o our c u l t u r a l and s c i e n t i f i c 

development i n r e c e n t y e a r s . The s u c c e s s f u l development 

o f s y n t h e t i c diamond h a s not p r o d u c e d s i m i l a r e f f e c t s but 

now p l a y s an e x t r e m e l y i m p o r t a n t r o l e i n t h e engineerdLng 

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

c o n d i t i o n s i t i s p o s s i b l e to memipulate t h e shape and 

f r i a b i l i t y o f s y n t h e t i c diamond t o produce a wide v a r i e t y 

o f c u t t i n g o r g r i n d i n g machanisms f o r many d i f f e r e n t t y p e s 

o f h a r d a l l o y s ajid c e r a m i c s . 

I n some r e s p e c t s t h e development s i n c e 1959 o f the 

s y n t h e s i s t e c h n i q u e f o r diamond might e a s i l y p a r a l l e l t h o s e 

w h i c h we f e e l may be p o s s i b l e to e x p l o r e i n f u t u r e s y n t h e s i s 

and d o p i n g o f k a o l i n i t e . I t i s w o r t h n o t i n g f o r example 

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

diamond p r o v e d t o be a v e r y c o s t l y p r o c e s s w h i l s t v a s t 

r e s e r v e s o f n a t u r a l m a t e r i a l were a v a i l a b l e . I n f a c t i t 

i s p r o b a b l y t r u e t o s a y t h a t p o l i t i c a l i n s t a b i l i t y i n some 

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

t h e i n v e s t m e n t s made f o r diamond r e s e a r c h . 

F o r the s u c c e s s f u l s y n t h e s i s o f diamond i t was found 

f o r r e a s o n s unknown t h a t t h e a d d i t i o n o f s m a l l amounts o f 

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

produced a mechanism w h i c h a l l o w e d t h e g r a p h i t e t o 

r e c r y s t a l l i s e more r e a d i l y a s diamond. A l t h o u g h the 

r e s u l t s we have o b t a i n e d so f a r a r e n o t c o n c l u s i v e we s u s p e c t 

t h a t the growth and morphology o f k a o l i n i t e might p o s s i b l y 

be i n f l u e n c e d i n a s i m i l a r manner by s u b s t i t u t e d i m p u r i t i e s . 
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F o r exajnple c o n s i d e r t h e e l e c t r o n m i c r o g r a p h I d o f a n 

luidoped s y n t h e t i c k a o l i n i t e w h i c h compared w i t h t h a t o f 

a n a t t i r a l k a o l i n i t e i n m i c r o g r a p h l b shows poor moirphology. 

F o r r e a s o n s unknown i t would appear from p r e l i m i n a r y s t u d i e s 

t h a t s y n t h e t i c k a o l i n i t e s v/ith i d e a l morphology a s i n 

m i c r o g r a p h I c a r e more l i k e l y t o be produced when t h e 

r e a c t i o n m i x t u r e s a r e doped i ? i t h t r a n s i t i o n m e t a l s . 

The morphology o f k a o l i n i t e i s v e r y i m p o r t a n t i n 

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

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

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

p r o d u c t i o n and a p p l i c a t i o n o f t h e m i n e r a l eind \irhich a r e 

knoim t o be a s s o c i a t e d w i t h s u r f a c e and s u b s t i t u t e d 

i m p u r i t i e s . F o r example, t h e c a t i o n excheinge c a p a c i t y 

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

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

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

i m p u r i t i e s . I n c o n t r a s t , s u b s t i t u t e d i m p u r i t i e s a r e 

kno\m to i n f l u e n c e b o t h t h e o p t i c a l and m a g n e t i c p r o p e r t i e s 

of k a o l i n i t e . I n many samples o f k a o l i n i t e t h e w h i t e n e s s 

or b r i g h t n e s s would a p p e a r t o be d e t e r m i n e d i n p a r t by 

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

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

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

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

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

i n the l a t t i c e . 
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Nuunerous p u b l i c a t i o n s i l l u s t r a t e t h e e x t e n t t o w h i c h 

n a t u r a l k a o l i n i t e s have been s t u d i e d i n o r d e r t o u n d e r s t a n d 

more f u l l y t h e i r p h y s i c a l and c h e m i c a l p r o p e r t i e s . However 

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

p r o v e s t o be e x t r e m e l y d i f f i c u l t t o m o n i t o r any p o s s i b l e 

e f f e c t s o f s u b s t i t u t e d i m p u r i t i e s on c a t i o n exchange 

c a p a c i t y , o p t i c a l p r o p e r t i e s or m a g n e t i c s u s c e p t i b i l i t y 

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

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

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

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

c h a r a c t e r i s t i c i s n o t possi.ble» 

I t might be a r g u e d t h a t a t r u e s y n t h e s i s o f k a o l i n i t e 

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

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

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

s y n t h e s i s e d s y s t e m s o f t h i s t y p e would n o t be u s e f u l f o r 

r e s e a r c h p u r p o s e s . 

I n our r e c e n t \irork \/e have s y n t h e s i s e d r e l a t i v e l y 

pvire k a o l i n i t e s . I n a d d i t i o n we have s y n t h e s i s e d 

k a o l d L n i t e s w i t h known s u b s t i t u t e d i m p u r i t i e s . The 

i m p i i r i t i e s we have c h o s e n t o i n v e s t i g a t e a r e t h o s e w h i c h 

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

a l t e r n a t i v e l y c a n be made p a r a m a g n e t i c by i r r a d i a t i o n . 

The main r e a s o n f o r c o n s i d e r i n g p a r a m a g n e t i c i m p u r i t i e s 

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

t e c h n i q u e o f E l e c t r o n S p i n Resonance ( E . S . R . ) E . S . R . i s 

a phenomena w i t h w h i c h i t i s p o s s i b l e t o d e t e c t v e r y s m a l l 



c o n c e n t r a t i o n s ( l i n 10^'*) o f most t y p e s o f a t o m i c o r 

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

and a r e p a r a m a g n e t i c . 

F i g . 2a i l l u s t r a t e s a t y p i c a l E^S.R, s p e c t r u m o f a 

n a t u r a l k a o l i n i t e w h i c h we d i s c u s s e d i n some d e t a i l w i t h 

a p o s s i b l e i n t e r p r e t a t i o n a t the I n t e r n a t i o n a l C l a y 

C o n f e r e n c e i n Madrid i n 1972. At t h a t time n a t u r a l 

s amples v/ere the o n l y t y p e a v a i l a b l e and we t e n t a t i v e l y 

s u g g e s t e d t h a t r e s o n a n c e l i n e s a t g=^0 were p o s s i b l y due 

t o the d i f f e r e n t t y p e s o f i r o n s u b s t i t u t i o n i n k a o l i n i t e 

i n the t e t r a h e d r a l l a y e r eind l i n e s a t g=2.0 might be due 

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

d e f e c t c e n t r e s . 

D e h y d r a t i o n o f t h e k a o l i n i t e a t t e m p e r a t u r e s up t o 

'^SO^C p r o d u c e s v e r y p r o f o u n d e f f e c t s on t h e E.S.R, s i g n a l s 

( f i g . 2b) and dLn f a c t v e r y n o t i c e a b l e c hanges o c c u r i n the 

s i g n a l s b e f o r e any chsmge i n c r y s t a l l i n i t y c a n be 

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

t h a t f o r the E.S.R. t e c h n i q u e v a l u a b l e i n f o r m a t i o n i s 

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

f o r t h e s i g n a l s c a n be i d e n t i f i e d . I t was t o t h i s end 

t h a t our r e c e n t work was d i r e c t e d . I n F i g s . 3a - f £ind 

ha. ~ h the E.S.R. r e s u l t s o b t a i n e d from s y n t h e t i c c l a y s 

doped w i t h knoivn i m p u r i t i e s a r e summarised. 

Comparison o f t h e s p e c t r a show t h a t i t i s p o s s i b l e 

t o r e p r o d u c e t h e E.S.R. s i g n a l s o f n a t u r a l k a o l i n i t e i n 

s u i t a b l y doped s y n t h e t i c k a o l i n i t e s and t h e r e b y dra\^ more 
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p r e c i s e c o n c l u s i o n s t h a n was p r e v i o u s l y p o s s i b l e . We 

have shown from p r e l i m i n a r y work t h a t r e s o n a n c e l i n e s a t 

g = ^ i n n a t u r a l k a o l i n i t e s c a n be a t t r i b u t e d t o Fe'̂ '*" 

s u b s t i t u t i o n ( c . f . f i g s ^ a and kc) and l i n e s a t g=2.0 

ca n be a t t r i b u t e d to a d e f e c t c e n t r e s t a b i l i s e d by the 

s u b s t i t u t i o n o f Mg^* ( c . f . f i g s ka. and U f ) . D e t a i l e d 

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

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

As f a r a s t h e a u t h o r s a r e ai^are t h e r e a r e no p r e v i o u s 

r e p o r t s o f s y n t h e s i s and combined d o p i n g o f k a o l i n i t e . 

We have made a p r e l i m i n a r y s t u d y o f doped m a t e r i a l u s i n g 

o n l y E.S.R. I t i s f e l t t h a t t h e wide v a r i e t y o f 

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

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

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

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

m i n e r a l . 
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ABSTRACT 

Methods of s y n t h e s i s and c o n t r o l l e d d o p i n g o f 
k a o l i n i t e s w i t h t h e a i d o f a u n i q u e method o f g e l 
p r e p a r a t i o n a r e d e s c r i b e d . 

A siimmary o f c o m p a r a t i v e e l e c t r o n s p i n r e s o n a n c e ( E O S . R ) 

measurements. X - r a y d i f f r a c t i o n and e l e c t r o n m i c r o s c o p i c a l 

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

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

o f m e t a l l i c i o n s and d e f e c t s i n t o t h e l a t t i c e s o f h i g h l y 

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

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

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

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

pH v a l u e s o f r e a c t i o n m i x t u r e and dopsuit l e v e l s . The 

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

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

of h i g h q u a l i t y doped s y n t h e t i c k a o l i n i t e s . 

INTRODUCTION. 

I n 1972 a t t h e c o n f e r e n c e i n M a d r i d a p a p e r was 

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

a p o s s i b l e i n t e r p r e t a t i o n o f E.S.R. s i g n a l s commonly fotind 

i n n a t u r a l k a o l i n s . As i n many p a s t e x p e r i m e n t a l i n v e s t i g a t i o n s 

of n a t u r a l k a o l i n i t was d i f f i c u l t a t t h e time t o draw 

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

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

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

i n t h e u n d e r s t e u i d i n g o f t h e o b s e r v e d p h y s i c a l phenomena. 
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h a s been a c h i e v e d s i n c e 1972 by s y n t h e s i s i n g p u r e and 

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

k a o l i n i t e s w i t h v a r i o u s known s u b s t i t u t e d d o p a n t s a s w e l l 

a s p r o v i d i n g a sound f o u n d a t i o n f o r E.S.R. s t u d i e s c a n 

a l s o be u s e d i n a wide r a n g e o f e x p e r i m e n t a l i n v e s t i g a t i o n s . 

We r e p o r t i n t h i s p a p e r t h e development o f methods o f 

s y n t h e s i s and d o p i n g and some of t h e a p p l i c a t i o n s of t h e 

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

Development o f methods o f s y n t h e s i s and d o p i n g o f k a o l i n i t e . 

A l t h o u g h a v a s t amount o f l i t e r a t u r e d a t i n g from 

a p p r o x i m a t e l y I 8 8 7 i s a v a i l a b l e w h i c h desc£*ibes wide r a n g e s 

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

a s f a r a s the a u t h o r s a r e aware no r e p o r t s e x i s t w h i c h r e f e r 

t o methods o f dopdLng s y n t h e t i c k a o l i n i t e s . The r e f e r e n c e s 

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

a v a i l a b l e on k a o l i n s y n t h e s i s and a r e q uoted t o p r o v i d e 

t y p i c a l examples o f p a s t work. The methods o f s y n t h e s i s 

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

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

o f an a l u m i n o - s i l i c a t e g e l o r g l a s s a t t e m p e r a t u r e s up t o 

400°C, t h e d i r e c t h y d r o t h e r m a l a l t e r a t i o n o f m i n e r a l s 

( p a r t i c u l a r l y f e l d s p a r s ) a t e l e v a t e d t e m p e r a t u r e s and the 

f o r m a t i o n o f k a o l i n i t e a t low t e m p e r a t u r e s . 

I t i s known (BiggaJ? and O'Hara I969) t b q t i n h y d r o t h e r m a l 

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

c a n a f f e c t t h e p h a s e f i n a l l y formed. I n t h i s work a number 

of d i f f e r e n t p r e v i o u s l y a t t e m p t e d t e c h n i q u e s o f s y n t h e s i s 
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were r e i n v e s t i g a t e d f o r preparing c o n t r o l l e d doping of 
s y n t h e t i c k a o l i n i t e which included s y n t h e s i s form a l b i t e , 
montmorillonite, s i l i c o alumina g e l s and mixtures of pre-
g i b b s l t i c g e l s , g i b b s i t e and s i l i c a . F or those techniques 
which involved the use of n a t u r a l l y o c c u r r i n g m i n e r a l s i t 
was found i n g e n e r a l that s u b s t i t u t e d i m p u r i t i e s were 
detectable i n the s t a r t i n g m a t e r i a l s and i t was not p o s s i b l e 
t h e r e f o r e , to c o n t r o l the doping p r o c e s s e s s a t i s f a c t o r i l y . 
Considerable emphasis was placed on the development of doped 
s i l i c o - a l i i m i n a g e l s through which i t was p o s s i b l e to achieve 
greater p u r i t y i n s t a r t i n g m a t e r i a l s and c o n t r o l l e d doping. 

I n i t i a l l y , g e l s were prepared by tUe c o h y d r o l y s i s of 
t e t r a c h y l s i l i c a t e and aluminium isopropoxide. The 
aluminitim isopropoxide was added to the water a t a slower 
r a t e compared with the t e t r a c l t h y l s i l i c a t e and continuous 
s t i r r i n g was a p p l i e d f o r approximately 2k hours. The g e l s 
were recovered as powders by removing e x c e s s water i n a 
r o t a r y evaporator and dr y i n g a t 110°C p r i o r to hydrothermal 
r e a c t i o n of t y p i c a l l y 0.5g of g e l with 3ml of water. 
Although the method excluded i o n i c i m p u r i t i e s i t was d i f i c u l t 
to determine the degree of mixing of the s i l i c a and alumina. 
I t was l i k e l y that poor y i e l d s of k a o l i n i t e w i t h high 
proportions of boehmite were sometimes formed by the aliiminium 
isopropoxide h y d r o l y z i n g s u f f i c i e n t l y r a p i d l y to remain i n 
the g e l as a separate alumina pliase. Aluminium isopropoxide 
v a r i e s i n i t s r a t e of h y d r o l y s i s because i t behaves i n some 
in s t a n c e s as a v i s c o u s supercooled l i q u i d , which, not 
having c r y s t a l l i s e d f u l l y h y d r o l y s e s more r a p i d l y than usualb 
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We found that when the altuolniuin Isopropoxide was w e l l 

c x * y s t a l l 3 . s e d and s o l i d the r e a c t e d g e l s produced Improved 

q u a l i t y k a o l i n l t e s with no., t r a c e s of boehmite. I n view 

of the vinpredictable behaviour of alxjunlnium isopropoxide 

r e d i s t i l l a t i o n followed by s o l i d i f i c a t i o n i n a d e s s i c a t e r 

f o r a t l e a s t one week was c a r r i e d out before i t was used 

eind i n a d d i t i o n a v a r i e t y of temperatures f o r s y n t h e s i s 

were u t i l i s e d i n attempts to produce c o n s i s t e n t r e s u l t s . 

I n g e n e r a l , i t was found that no r i g i d c o n t r o l of the nature 

of the f i n a l product was p o s s i b l e although on average 

e x c e l l e n t y i e l d s of k a o l i n i t e were obtainable by u s i n g 

f r e s h l y prepared aluminium isopropoxideo 

For i o n s which are s t a b l e i n n e u t r a l s o l u t i o n s doping 

of the g e l can be achieved by adding tlie r e l e v a n t s o l u b l e 

s a l t as the mixture i s h y d r o l i s i n g . However, Fe'''*' which 

i s known to s u b s t i t u t e i n n a t i i r a l c l a y s and i s of p a r t i c u l a r 
i n t e r e s t ^ * i s extremely i n s o l u b l e under n e u t r a l 

18 
c o n d i t i o n s and only becomes s o l u b l e i f the pH i s l e s s 

than 1.5. Attempts to introduce Fe-'* i n t o s y n t h e t i c 

k a o l i n i t e by hydrothermally r e a c t i n g g e l s i n the presence 

of FOgO^ were u n s u c c e s s f u l * The gradual a d d i t i o n of s m a l l 

£imounts of F e C l ^ . ^^2^ d uring h y d r o l y s i s of a g e l r e s u l t e d 

only i n the subsequent production of a poorly c r y s t a l l i n e 

k a o l i n i t e with a s i n g l e E . S . R , l i n e a t g=^.0. I t was 

found however, th a t when the f e r r i c c h l o r i d e was added as 

a s i n g l e lump h a l f way through the h y d r o l y s i s the r e a c t e d 

g e l produced a higher q u a l i t y k a o l i n i t e w i t h a 3 l i n e 
E o S o R . spectrum a t g=^.0 very s i m i l a r to t h a t observed i n 

3+ 
n a t u r a l samples of k a o l i n i t e . I t i s probable that Fe"^ 
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ions remained i n s o l u t i o n i n the v i c i n i t y of the f e r r i c 
c h l o r i d e long enough to become bound i n the g e l during i t s 
h y d r o l y s i s , 

A number of g e l s were doped w i t h i r o n by u s i n g F e r r i c 
ethoxide, a metal alkoxide^ as are t e t r a e t h y l s i l i c a t e and 
aluminium ixopropoxide or l i q u i d t e t r a e t h y l s i l i c a t e 
s e p a r a t e l y p r i o r to c o h y d r o l y s i s . However, i t was found 
that aluminium isopropoxide hydrolysed more r a p i d l y when 
doped with f e r r i c ethoxide thereby producing g r e a t e r phase 
se p a r a t i o n and r e s u l t e d i n the production of poor k a o l i n i t e s 
together w i t h boehmite. R e s u l t s obtained from the doped 
t e t r a e t h y l s i l i c a t e were s l i g h t l y b e t t e r but p r e c i s e 
reproduction of s i g n a l s observed from n a t u r a l k a o l i n i t e s 
were d i f f i c u l t to obtain and were often not r e p r o d u c i b l e . 
A f t e r attempting many combinations of the techniques j u s t 
d e s cribed a method of g e l production and doping was 
e s t a b l i s h e d which a;s f a r as the authors E i r e aware i s q u i t e 
unique and i s proving to be of great value i n our work. 

Gel production and doping with l i q u i d A 

By adding an appropriate amount of t e t r a e t h y l s i l i c a t e 

to hot l i q u i d aluminium isopropoxide a c l e a r l i q u i d forms 
1 9 

which remains l i q u i d at room temperature. I t i s known 
that metal a l k o x i d e s w a s i l y exchange t h e i r a l c o h o l groups 
and i n the mixture formed i t was assumed t h a t such an 
exchange had talcen p l a c e . The l i q u i d formed w i l l be 
r e f e r r e d to as l i q u i d A. The h y d r o l y s i s of l i q u i d A occurs 
f a i r l y r a p i d l y and i f l e f t i n an open c o n t a i n e r absorbs 
water from the a i r and slowly h y d r o l y s e s w i t h the g e l 
p r e c i p i t a t i n g as a white powder. 



- 7 -

The a d d i t i o n of I s o p r o p a l a l c o h o l to l i q u i d A I n an open 

v e s s e l prevents p r e c i p i t a t i o n sind the l i q u i d e v e n t u a l l y 

s e t s to form a c l e a r s o l i d g e l . 

Doping w i t h Fe-̂ "*" can be achieved e i t h e r by adding 

f e r r i c ethoxide to f r e s h l y prepared l i q u i d A more 

conveniently and e q u a l l y as e f f e c t i v e by adding f e r r i c 
benzoate d i s s o l v e d i n dimethyl formamide, (D.M.F.) F e r r i c 
benzoate i s much e a s i e r to prepare and does not h y d r o l i s e 
as r a p i d l y as f e r r i c ethoxide. The production of a c l e a r 
s i l i c o - a l u m i n a g e l from l i q u i d A doped w i t h f e r r i c bonzoate 
makes i t p o s s i b l e to v i s u a l l y check the homogeneity of the 
g e l euid ensure t h a t the Fe-^* I o n s are uniformly d i s t r i b u t e d 
throughout the mixture. liThen the l i q u i d A isoproponal 
mixture ages slowly i n a i r i t becomes p r o g r e s s i v e l y more 
v i s c o u s and i f at some poi n t immediately p r i o r to g e l l i n g 
a mixture of water and ethanol i s added no p r e c i p i t a t i o n 
occurs. Thus, f o r water s o l u b l e i o n s doping of the g e l 
can be r e a d i l y achieved and a t the same time the r a t e of 
g e l l a t i o n can be i n c r e a s e d . D o l i n g of k a o l i n i t e s w i t h 
magnesium can be achieved simply by d i s s o l v i n g a s o l u b l e 
s a l t i n water and adding the s o l u t i o n to l i q u i d A. 

The u s u a l method adopted i n the past by other workers, 
f o r producing comparable c l e a r s i l i c o - a l t i m i n a g e l s has 
been to mix s o l u t i o n s of sodium s i l i c a t e and sodiiim 
aluminate and n e u t r a l i s e w i t h a c i d . T h i s technique s u f f e r i 
the disadvantage of contamination of the g e l by sodium 
ions and euiions from the a c i d which even a f t e r washing 
remain i n the g e l a t r e l a t i v e l y high c o n c e n t r a t i o n s . 
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20 I t has been suggested that impurity i o n s of t h i s type 
i n h i b i t the s y n t h e s i s of k a o l i n i t e . By u s i n g l i q u i d A 
contamination does not occur and a f t e r d r y i n g the g e l s 
f u r t h e r h e a t i n g a t temperatures up to lOOO^C can be. used 
to remove any organic matter. Using l i q u i d A we are able 
to produce abundant w e l l c r y s t a l l i s e d k a o l i n i t e s and i t i s 
p o s s i b l e to dope under c o n t r o l l e d c o n d i t i o n s . I n g e n e r a l 
r e s u l t s are e a s i l y r e p r o d u c i b l e . 

I n view of our p a r t i c u l a r i n t e r e s t i n E.S.R. phenomena 
i n k a o l i n i t e s the bulk of our work has so f a r concerned 
i t s e l f x/ith the reproduction of s i g n a l s i n s y n t h e t i c 
samples which are common to n a t u r a l samples. The r e s u l t s 
obtained to date are conveniently demonstrated by r e f e r r i n g 
to the E.S.R. s p e c t r a A-F i n F i g 1, Comparison of the 
E,S.R. s p e c t r a of natuiral and s e l e c t i v e l y doped samples 
demonstrate how i t i s p o s s i b l e to un e q u i v o c a l l y a s s i g n 
s i g n a l s to s p e c i f i c types of paramagnetic centre i n a more 
p r e c i s e manner than was p o s s i b l e p r e v i o u s l y . For example, 
i n 1972 u s i n g only n a t u r a l samples we were only able to 
speculate on p o s s i b l e mechanisms being r e s p o n s i b l e f o r the 
two groups of main s i g n a l s which are centred a t g-values 
2.0 and 4,0. Spectxnim C demonstrates the unquestionable 
assignment of s i g n a l s a t g=4,0 to Fe"^* i o n s s u b s t i t u t i n g 
i n the l a t t i c e w ith no e f f e c t s observable a t g=2,0. I n 
c o n t r a s t , s i g n a l s at g=2,0 with no s i g n a l s a t g=4,0 have 
been obtained from samples doped w i t h magnesium followed 
by i r r a d i a t i o n and annealdLng .(.Spectirum E ) . A d e t a i l e d 
d i s c u s s i o n of the way i n which we have been able to a s s i g n 
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the s i g n a l s to p a r t i c u l a r types of c r y s t a l l a t t i c e s i t e s 
i s given i n papers r e c e n t l y p u b l i s h e d ^ ^ ' •̂''̂. I t i s 
i n t e r e s t i n g to note that a t the time of p u b l i c a t i o n of 
the papers quoted above we were unable to reproduce both 
groups of s i g n a l s simultaneously a t g=2.0 and g=4.0 i n a 
s y n t h e t i c k a o l i n i t e . We found t h a t although i t was 
p o s s i b l e to reproduce s i g n a l s a t g=2.0 by doping with 
magnesixam c h l o r i d e (followed by i r r a d i a t i o n and aimealing) 
the combined a d d i t i o n of magnesium c h l o r i d e and f e r r i c 
benzoate f a i l e d to produce any c z * y s t a l l i n e phase i n 
subsequent r e a c t i o n s . At the time of x^rriting t h i s paper 
we have reproduced both groups of s i g n a l s by u s i n g magnesium 
n i t r a t e smd f e r r i c benzoate as dopants (Spectrum F ) and 
i t w i l l now be p o s s i b l e to study i n more d e t a i l the e f f e c t 
of dehydroxylation on the E.S.R. s i g n a l s i n k a o l i n i t e . 

Morpholofry of s y n t h e t i c k a o l i n i t e s . 

Although there have been numerous r e p o r t s of the 
s u c c e s s f u l s y n t h e s i s of k a o l i n i t e , i n g e n e r a l the b a s i s of 
i d e n t i f i c a t i o n of the products has been almost e x c l u s i v e l y 
by X-ray d i f f r a c t i o n and f r e q u e n t l y the morphology of the 
products has not resembled n a t u r a l k a o l i n i t e s . We have 
found that the p o s s i b l e number of v a r i a b l e pareuneters 
encountered i n s y n t h e s i s and combined doping experiments 
which p o s s i b l y i n f l u e n c e the nature and morphology of the 
f i n a l product can in c l u d e ^ 

( i ) The nature and composition of the s t a r t i n g m a t e r i a l s 
of g e l production. 

( i i ) The temperature and time of r e a c t i o n * 

( i i i ) The pH of the r e a c t i o n mixture« 

( i v ) The co n c e n t r a t i o n and type of dopant* 
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(v) P o s s i b l e contamination from r e a c t i o n v e s s e l s 
depending on the experimental techniques used. 

on 
( v i ) The pressure of r e a c t i o n which i s kno^m to 

inf l u e n c e the s o l u b i l i t y of the r e a c t i o n products 
and which may be determined by the s.v.p. a t the 
temperature of r e a c t i o n or which may be c o n t r o l l e d , 
e x t e r n a l l y with the a i d of more s o p h i s t i c a t e d 
types of apparatus. 

( v i i ) C y c l e s of c o o l i n g and r e h e a t i n g during s y n t h e s i s . 

Also, i t i s p o s s i b l e t h a t some of the parameters 

quoted above might be i n t e r r e l a t e d , f o r example the dopant 
could a f f e c t the pH. Assuming minimum i n t e r r e l a t i o n i t 
i s c l e a r t h a t a very l a r g e niimber of experiments would have 
to be completed i n order to survey the i n f l u e n c e o f a l l 
v a r i a b l e s i - v i i . To date we have synthe&ised approximately 
500 k a o l i n i t e s without being able to c o n t r o l f a c t o r s (v) 
and ( v i ) f o r reasons d i s c u s s e d i n d e t a i l i n the papers 

16 17 
r e c e n t l y published. • we make no r i g i d c l a i m s t h e r e f o r e , 
as to f a c t o r s which produce d e f i n i t e types of morphology 
but r e p o r t here some general trends and observations which 
we. f e e l w i l l tte of i n t e r e s t . The f e a t u r e s to be d i s c u s s e d 
are i l l u s t r a t e d i n e l e c t r o n micrographs A - F of s y n t h e t i c 
k a o l i n s which v/ere grown from l i q u i d A. I n ge n e r a l i t has 
been found.that with no dopants i n v o l v e d a c i d c o n d i t i o n s 
w ith pH v a l u e s between 2.0 and 6.0 favour the grov/th of 
hig h l y c r y s t a l l i n e k a o l i n s w i t h hexagonal morphology. The 
p a r t i c l e s tend to be t h i n n e r than most n a t u r a l samples and 
p a r t i c l e s i z e i s u s u a l l y l e s s than 0.5 microns. I t i s 
a l s o perhaps s u r p r i s i n g that r e g a r d l e s s of the value of pll 
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A (X 27000) 

C (X 35000) 

B*(X 35000) 

9̂  

D (X 7,700) 

E (X A^OOO) F (X 7.700) 

A Nacurai k a o l i n l t e 

B Undoped s y n t h e t i c k a o l i n i t e 

C 0.0.5% Fe^* doped s y n t h e t i c k a o l i n i t e 

D O.IZ Fe^* doped s y n t h e t i c k a o l i n i t e 

E Mg doped s y n t h e t i c k a o l i n i t e 

F Undoped s y n t h e t i c k a o l i n i t e produced by s l o w l y c o o l i n g 
r e a c t i o n products. 
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the I n i t i a l r e a c t i o n mixtures the s h i f t In.pH always tends 
towards more normal v a l u e s . For an i n i t i a l pH value of 
12.0 a f t e r r e a c t i o n the pH drops to v a l u e s between 8.0 and 
10.0 and a h i g h l y c r y s t a l l i n e k a o l i n i t e i s s t i l l produced 
but with v e r y poor morphology. S i m i l a r r e s u l t s are 
obtained from samples grown w i t h normal s o l u t i o n s f o r 
which the pH value does not change. 

The main trend i n samples grown from f e r r i c doped 
l i q u i d A i s to produce k a o l i n i t e s w i t h Improved morphology 
under a c i d c o n d i t i o n s . F e r r i c doped g e l s w i t h high pH 
v a l u e s have not been i n v e s t i g a t e d . The v a r i a t i o n of 
c o n c e n t r a t i o n of i r o n dopant f o r a f i x e d pH s t a r t i n g v a l u e 
produces n o t i c e a b l e changes i n c r y s t a l l i n i t y and morphology. 
Small c o n c e n t r a t i o n s of iron/%..0.05^ decreases c r y s t a l l i n i t y 
but w i t h higher c o n c e n t r a t i o n s - ^ . S - 1.0^ c r y s t a l l i n i t y 
i n c r e a s e s and the aspect r a t i o chsmges c o n s i d e r a b l y . 
(Micrographs £ & D ) . For magnesivim doped k a o l i n i t e s the 
most, n o t i c e a b l e f e a t u r e r e g a r d l e s s of the pH va l u e of 
r e a c t i o n i s the tendency of formation of very small p s i r t l c l e s 
but again a c i d c o n d i t i o n s produce b e t t e r morphology (Micrograph 
E ) . I n c r e a s i n g the l e v e l of magnesium doping above Oo5^ 
prevents the formation of k a o l i n i t e . 

As w e l l as the general o b s e r v a t i o n s mentioned above 
a number of i n t e r e s t i n g phenomena have been obseirved which 
i t i s hoped w i l l be i n v e s t i g a t e d i n more d e t a i l i n the 
f u t u r e . Micrograph F demonstrates the e f f e c t of a l l o w i n g 
r e a c t i o n products to cooU s l o w l y from 280^C to room 



^h -

temperature over a period of 3 or U days by g r a d u a l l y 

reducing the temperature of the furnace. T h e " f o l d i n g 

or c u r l i n g of the p a r t i c l e s i s very e v i d e n t and does not 

occur when a s i m i l a r g e l i s cooled over the same temperature 

range i n a period of 3 to 4 hours. 

To date no q u a n t i t a t i v e measurements w i t h regard to 
o p t i c a l p r o p e r t i e s i n the v i s i b l e r e g i o n have been made on 
our s y n t h e t i c k a o l i n i t e s . However, i t i s v e r y n o t i c e a b l e 
that maxiy of the s y n t h e t i c k a o l i n i t e s v a r y i n t h e i r apparent 
whiteness. I t i s perhaps s u r p r i s i n g to f i n d t h a t some 
undoped k a o l i n i t e s w ith high c r y s t a l l i n i t y and i d e a l 
morphology appeeir very dark compared with siraileir samples 
which con t a i n concentrations of s u b s t i t u t e d i r o n as high 
as 1,0^, We suspect that a p o s s i b l e e x p l a n a t i o n of the 
s y n t h e s i s e d products from the P.T.F.E, l i n e r s which have 
been used i n the r e a c t i o n v e s s e l s . I t i s hoped t h a t i n 
the near f u t u r e the s y n t h e t i c c l a y s w i l l be analysed f o r 
p o s s i b l e organic contajnination and.larger t u t t l e bombs w i t h 
platiniim l i n e s are being constructed which w i l l a l s o 
p o s s i b l y provide s u f f i c i e n t l y l a r g e samples f o r r h e o l o g i c a l 
meastirements. I n a d d i t i o n , an experimental r i g has been 
constructed which w i l l produce small samples of s y n t h e t i c 
k a o l i n i t e s i n platinum ampules under e x t e r n a l l y c o n troled 
p r e s s u r e s . 

The development of l i q u i d A and p r o c e s s of doping 

c l a y s with Pe-̂ **" has provided the f a c i l i t y of being able to 
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s y n t h e s i s e a k a o l i n i t e doped w i t h en r i c h e d Pe^^, Past 
experimental s t u d i e s of s u b s t i t u t e d i r o n i n n a t u r a l 
k a o l i n i t e u s i n g Mdssbauer spectroscopy which depends on 
the e x i s t e n c e of the i r o n 57 isotope have been l i m i t e d 
to some extent because of poor s t a t i s t i c e i n v o l v e d i n 

-.the d e t e c t i o n p r o c e s s . I r o n 57 i s 2.2^5^ n a t u r a l l y 
abundant and consequently n a t u r a l c l a y s w i t h t y p i c a l l y 
0.3^ t o t a l i r o n c o n t a i n of the order of 0,006^ Fe^^. 

At t h i s stage our r e s u l t s from Mdssbauer s t u d i e s 
57 

of the Fe"^' doped samples before and a f t e r dehydroxylation 

£ire not s u f f i c i e n t l y r e f i n e d to warrant d e t a i l e d d i s c u s s i o n * 
The same may be s a i d f o r p r e l i m i n a r y s t u d i e s which 

have been made on the magnetic s u s c e p t i b i l i t y of s y n t h e t i c 
k a o l i n s doped w i t h i r o n and the p o s s i b l e i n f l u e n c e of 
s u b s t i t u t e d vanadium on the p h y s i c a l and chemical p r o p e r t i e s 
of k a o l i n i t e * 

We conclude from the smal l number of r e s u l t s so f a r 
obtained t h a t the continued development of s y n t h e s i s , of 
k a o l i n i t e s w ith known s u b s t i t u t e d i m p u r i t i e s w i l l provide 
v a l u a b l e information to e l u c i d a t e unknoxm f a c t o r s which 
would appear to i n f l u e n c e the b e h a v i o u r a l c h a r a c t e r i s t i c s 
of t h i s m i n e r a l and provides s u f f i c i e n t i n c e n t i v e to 
continue t h i s approach i n f u t u r e work. 
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FIGURE CAPTIONS 

F i g . 1 X-Band E.S.R s p e c t r a of n a t u r a l and s e l e c t i v e l y 
doped k a o l i n i t e s . 

F i g . 2. E l e c t r o n micrographs of n a t \ i r a l and s e l e c t i v e l y 
doped s y n t h e t i c k a o l i n i t e s . 
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A b s t r a c t 

Previous s t u d i e s by E l e c t r o n Spin Resonance (E.S.R.) have e s t a b l i s h e d the 

s u b s t i t u t i o n of Fe"^* and Mg^* i n the k a o l i n i t e s t r u c t u r e . I t i s shown that Fe^* 

can s u b s t i t u t e i n k a o l i n i t e and s t a b i l i s e d e f e c t s which are d e t e c t a b l e by E.S.R. 

i n a manner i d e n t i c a l to Mg^*. The development of methods of p r e p a r i n g a 

s y n t h e t i c k a o l i n i t e doped with Fe^* i s d e s c r i b e d i n d e t a i l . I t i s shown that the 

main E.S.R. s i g n a l s , which occur a t g => 4.0 and g = 2.0 i n n a t u r a l k a o l i n i t e s and 

which p r e v i o u s l y have been i n t e r p r e t e d i n terms o f i r o n and magnesium, can be 

a t t r i b u t e d to i r o n alone. 

I n t r o d u c t i o n 

The general E.S.R. c h a r a c t e r i s t i c s of n a t u r a l l y o c c u r r i n g k a o l i n i t e s were 

f i r s t examined i n t h i s laboratory i n 1968 and a survey of a l a r g e number of 

samples e s t a b l i s h e d , without exception, the e x i s t e n c e of f a i r l y i n t e n s e s i g n a l s ^ 

The E.S.R. s p e c t r a u s u a l l y contained two main groups of resonance l i n e s centred 

a t about g = 2.0 and g = A.O r e s p e c t i v e l y ( F i g . 1 ) . However, some samples 

e x h i b i t e d only one of the main groups of resonances e i t h e r a t g = 2.0 or a t 

g = 4.0. On t h i s b a s i s i t seemed reasonable to suggest that the paramagnetic 

s p e c i e s r e s p o n s i b l e for the two groups of s i g n a l s were not n e c e s s a r i l y 

r e l a t e d or connected i n any way and could e x i s t as separate e n t i t l e s . 

A s e r i e s of experiments was c a r r i e d out to e s t a b l i s h that the E.S.R. s i g n a l s 

a s s o c i a t e d with k a o l i n i t e could be a t t r i b u t e d to i m p u r i t i e s s u b s t i t u t e d w i t h i n 

the c r y s t a l s t r u c t u r e and not to m l n e r a l o g l c a l i m p u r i t i e s or s u r f a c e 



g =4 

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

n a t u r a l kao l i n i t e , 0 - 0 . 6 T 



2 contaminants. For the signal at g = 2.0 i t was clear t h a t , w i t h the exception 
of b a l l clays which contain r e l a t i v e l y high concentrations of organic matter, 
there was no measurable c o n t r i b u t i o n to the s i g n a l from the organic f r a c t i o n . " ^ 
This being so, i t seemed fe a s i b l e to seek the source of the resonances from 
comparison of the chemical analysis of n a t u r a l samples w i t h the known 
s t r u c t u r e of k a o l i n i t e and the r e s u l t s i n d i c a t e d t h a t i r o n was most probably 
responsible. I t i s w e l l known that glasses doped w i t h i r o n produce intense 
resonance signals at g = ^.0 s i m i l a r to those found i n k a o l i n i t e s . I n f a c t , 
i t has been established that the g = 4.0 resonance i n k a o l i n i t e can be 
assigned to i r o n s u b s t i t u t e d i n the s t r u c t u r e . ^ ' ^ However, the signals at 
g = 2.0 are less e a s i l y a t t r i b u t e d to i r o n . 
The g = 2.0 Resonance 

The resonance at g = 2.0 i s stable at temperatures up to about 400*^0. 

The collapse of the signal on dehydroxylation suggests that the paramagnetic 

species i s more c l o s e l y associated w i t h the octahedral layer than the t e t r a -

hedral l a y e r , which i s v i r t u a l l y unchanged by dehydroxylation.^ Furthermore, 

i t i s found that i n t e r c a l a t i o n of k a o l i n i t e w i t h dimethylsulphoxide^ leaves 

the g = 2.0 s i g n a l unaffected, which i n d i c a t e s t h a t the s i g n a l i s not due to 

an i n t e r l a y e r defect. 
2+ 8 The spin r e l a x a t i o n time of Fe i s extremely short and l i q u i d helium 

temperature; are required to detect i t d i r e c t l y by E.S.R. Hence i t would seem 

u n l i k e l y that Fe^* could be responsible f o r a s i g n a l at g = 2.0 at room 

temperature. I t i s also d i f f i c u l t to a t t r i b u t e t h i s resonance to Fe^* sub

s t i t u t i o n . The f i v e unpaired electrons associated w i t h the f r e e f e r r i c i o n , 

e i t h e r through spin o r b i t coupling or i n t e r a c t i o n of surrounding ligands or 

both, can be shown to s t a b i l i s e i n a number of d i f f e r e n t ways, depending on 

the r e l a t i v e strengths of the i n t e r a c t i o n s and the geometry of the c r y s t a l 

f i e l d . I t has been found that at room temperature e i t h e r groups of l i n e s at 
8 

g = 4.0 are observed or at l e a s t f i v e l i n e s at g = 2.0. However, i n 
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k a o l i n i t e only two l i n e s are present a t g = 2.0, which i s i n d i c a t i v e o f a 

paramagnetic system w i t h an e f f e c t i v e spin S = J and i n a x i a l symmetry. 

Therefore, i t i s d i f f i c u l t to see how such a resonance could be produced 

d i r e c t l y by i r o n . 

A considerable volume of l i t e r a t u r e i s a v a i l a b l e d e s c r i b i n g the various 

defects which have been i d e n t i f i e d i n m i n e r a l s ' ^ ^ ' ^ ^ I n p a r t i c u l a r , 

i t has been suggested that the production o f a stable paramagnetic centre 

(such as that which might account f o r the g = 2.0 signal i n k a o l i n i t e ) 

usually requires the presence of some s o r t of "pre-centre", which, when 
9 10 

i r r a d i a t e d , subsequently traps a hole or an e l e c t r o n . * The pre-centre 

often takes the form of a f o r e i g n ion s u b s t i t u t i n g w i t h i n the c r y s t a l 

s t r u c t u r e and r e q u i r i n g charge compensation. For k a o l i n i t e i t was proposed 

th a t d i v a l e n t magnesium or i r o n s u b s t i t u t i n g f o r t r i v a l e n t aluminium might 

provide the necessary pre-centre f o r the production of a stable defect. 

To t e s t t h i s hypothesis k a o l i n i t e s doped w i t h magnesium were 

synthesised. These samples d i d not e x h i b i t E.S.R. s i g n a l s , but when 

i r r a d i a t e d by X-rays w i t h a dose of the order of 1 MRad a f a i r l y intense 

broad resonance around g = 2.0 w i t h a p o s i t i v e g - s h i f t was observed. 

By annealing the samples at 200°C f o r two hours the m a j o r i t y o f the resonance 

disappeared to leave a signal at g = 2.0 i d e n t i c a l to that observed i n n a t u r a l 

k a o l i n i t e s . 
These r e s u l t s suggested that Fe^* might be able to perform the same f u n c t i o n 
2 + 

as Mg . Hence, i t now seemed possible t h a t both groups of resonances a t 

g = 4.0 and at g = 2.0 might be caused by i r o n i m p u r i t i e s . C l e a r l y , evidence 

f o r Fe^* producing the g = 2.0 signal i n k a b l i n i t e could be obtained from a 

synthetic sample which was known to contain a reasonable amount of sub

s t i t u t e d ferrous i r o n . 
2+ 

In order t h a t Fe could be detected d i r e c t l y i n k a o l i n i t e samples, 
I I 

Mossbauer spectroscopy was considered as an a l t e r n a t i v e to E.S.R. The *' 2+ 3+ Mossbauer technique has the advantage that both Fe and Fe can be 
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detected and e a s i l y d i s t i n g u i s h e d at room temperatures. The main 

disadvantage of t h i s method i s t h a t only the ^^Fe isotope, which i s 2.245% 

abundant, i s detectable. A t y p i c a l c l a y , which might contain up to 2% t o t a l 

i r o n i m p u r i t y , w i l l contain a r e l a t i v e l y small amount of ^^Fe and con

sequently the s t a t i s t i c s of r e s u l t s obtained from past studies on n a t u r a l 

clays have placed r e s t r a i n t on t h e i r i n t e r p r e t a t i o n . Therefore, i t was 

decided to attempt the synthesis of a k a o l i n i t e doped w i t h iron-57. 

Although from previous work i t was thought t h a t the i r o n would s u b s t i t u t e 

predominantly as Fe*^*, i t was a n t i c i p a t e d t h a t s u f f i c i e n t Fe^* would also 
IT 

be present to provide a k a o l i n i t e s u i t a b l e f o r d e t a i l e d Mossbauer st u d i e s . 

Synthesis of ^^Fe - Doped K a o l i n i t e 

I n order to dope a k a o l i n i t e w i t h ^^Fe a number of p r a c t i c a l d i f f i c u l t 

ies a r i s e . I n previous experiments the method of doping w i t h i r o n was to 

u t i l i s e commercially-available f e r r i c c h l o r i d e , from which f e r r i c benzoate 

was p r e p a r e d . T h i s was dissolved i n dimethylformamide and could be added 

to the mixture of aluminium isoproproxide and t e t r a e t h y l s i l i c a t e p r i o r to 

h y d r o l y s i s . Reaction of the gels so formed produced Fe^* doped k a o l i n i t e 

w i t h resonances a t g = A.O. 

To repeat the process i n an i d e n t i c a l manner w i t h ^^Fe i s more d i f f i c u l t , 

F i r s t l y , i t should be noted t h a t ^^Fe i s very expensive (approximately £10^/ 

k i l o ) and so only small amounts could be used. Secondly ^^Fe i s a v a i l a b l e 

only i n the form of m e t a l l i c f i l i n g s or chips. Therefore a method had to be 

devised to produce f e r r i c benzoate from a few milligrams of m e t a l l i c i r o n . 

I n i t i a l l y , a method was established using n a t u r a l i r o n . The i r o n was 

dissolved i n concentrated h y d r o c h l o r i c acid and then oxidised by the 

a d d i t i o n o f a small q u a n t i t y of n i t r i c a c i d . The pH of the s o l u t i o n 

was raised to about f i v e w i t h sodium acetate before adding ammonium 

benzoate s o l u t i o n . The p r e c i p i t a t e o f f e r r i c benzoate formed was f i l t e r e d , 

washed w i t h sodium acetate s o l u t i o n and d i s t i l l e d water, and d r i e d at 50°C. 



Although the E.S.R. spectra of Fe"^* i n the k a o l i n i t e s produced were f a i r l y 

weak compared w i t h those of k a o l i n i t e s produced from commercially-available 

f e r r i c c h l o r i d e , the technique was s u f f i c i e n t l y r e f i n e d to i n i t i a t e experiments 

w i t h Fe. Accordingly, a sample of k a o l i n i t e was grown and doped w i t h ^^Fe. 

Most s u r p r i s i n g l y the MBssbauer spectrum ( F i g 2) shovjefl t h a t the i r o n was sub-
2+ . 

s t i t u t e d i n the k a o l i n i t e s t r u c t u r e as Fe w i t h very l i t t l e i n d i c a t i o n of 

Fe*̂ *" Although a f a i r l y weak g = 4.0 resonance could be i d e n t i f i e d i n the 

sample by E.S.R. i t should be noted that the E.S.R. technique i s probably at 
I I 

l e a s t an order of magnitude more s e n s i t i v e than Mossbauer spectroscopy. 

I t seemed, therefore, that during the course of the preparation of the 

^^Fe-doped k a o l i n i t e the i r o n had been reduced to the ferrous s t a t e . I n an 

attempt to ensure complete o x i d a t i o n of the i r o n i n the gel p r i o r to hydro-

thermal r e a c t i o n to form k a o l i n i t e , some of the ̂ ^Fe-doped gel was heated i n 

oxygen to 1400°C. However, i t was found that the k a o l i n i t e produced s t i l l 

contained an abundance of Fe^* w i t h very l i t t l e Fe"^^. 

An i n t r i g u i n g s i t u a t i o n presented i t s e l f . The E.S.R. signals a t g = 4.0 

and g = 2.0 i n k a o l i n i t e s had so f a r been a t t r i b u t e d to Fe"^* and a defect 
s t a b i l i s e d by Mg^* res p e c t i v e l y . Now a sample had been produced which from 

I I 

the Mossbauer study was known to contain i r o n , predominantly i n the ferrous 

s t a t e . This k a o l i n i t e was therefore i r r a d i a t e d and annealed i n a manner 

i d e n t i c a l to th a t which had been used previously f o r samples doped w i t h Mg^*. 

I t was found to e x h i b i t a g = 2.0 resonance i d e n t i c a l to that observed i n 

natural k a o l i n i t e s . Hence, a synthetic k a o l i n i t e had been produced doped 

only w i t h i r o n , but e x h i b i t i n g both the g = 2.0 and the g = 4.0 signal s present i n n a t u r a l samples. I t must be emphasised, however, that f o r the 
2+ 

g = 2.0 signal s u b s t i t u t e d Fe does not i n i t s e l f produce the s i g n a l , but 

acts as a centre f o r the paramagnetic defect which i s produced on i r r a d i a t 
ion 

57 2+ 
The a v a i l a b i l i t y of an Fe -doped k a o l i n i t e has provided a f a c i l i t y 

I I 2+ 
whereby the Mossbauer spectrum of Fe i n n a t u r a l clays has been 



Total count 

(b) Total count 
18x10*^ 

- 4 - 3 -1 4 mm/s 

57_ 2+ 
Mossbauer spectra of (a) F e - d o p e d kaolinite 

{b) a typical natural kaolinite 

Fig 2 



i n t e r p r e t e d i n more d e t a i l . The r e s u l t s of t h i s study are presented i n a 

separate paper. 
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Abstract 
57 2+ . . " An Fe doped s y n t h e t i c k a o l i n i t e has been studied by Mossbauer spectroscopy. 

By thermal treatment o f t h i s k a o l i n i t e and comparison w i t h t r i o c t a h e d r a l bio c i t e i t 

i s proposed t h a t Fe" s u b s t i t u t e s t r i o c t a h e d r a l l y , as expected by c o n s i d e r a t i o n of 

charge balance. Furthermore, i t i s proposed t h a t t h i s s u b s t i t u t i o n may i n some 

cases, involve a l t e r a t i o n of the hydroxyl l a y e r to form two d i s t i n c t t r i o c t a h e d r a l 

s i t e s . 

I n t r o d u c t i o n 

The existence i n n a t u r a l k a o l i n i t e s o f a m u l t i p l i c i t y of trace i m p u r i t i e s tends 

to complicate the i n t e r p r e t a t i o n of experimental r e s u l t s . Work i n t h i s l a b o r a t o r y 

has been d i r e c t e d towards the synthesis of pure and s e l e c t i v e l y doped k a o l i n i t e s . 
1.2.3 

For example, Angel e t a l have shown that only s y n t h e t i c k a o l i n i t e s doped w i t h 

Fe^* ions and defects s t a b i l i s e d by Mg^* or Fe^* s u b s t i t u t i o n can reproduce the 

main E.S.R. signal s which are common to the m a j o r i t y of n a t u r a l k a o l i n i t c s , 
2+ 2+ 

The a b i l i t y o f Fe as w e l l as Mg to s t a b i l i s e i r r a d i a t i o n induced defects 
" 57 2+ was established by combined E.S.R. and Mossbauer studies o f an Fe doped 

k a o l i n i t e . The nature of s u b s t i t u t e d i r o n i n n a t u r a l k a o l i n i t ^ and other 
4.5,6,7 

•minerals has been studied f a i r l y extensively by previous workers 
11 

using Mossbauer techniques. A summary of a v a i l a b l e data i s presented i n Table I . 
2+ 

The values o f th? isomer s h i f t s and quadrapole s p l i t t i n g s obtained f o r Fe and 

Fe^* are imprecise due to the low concentration of s u b s t i t u t e d i r o n i n n a t u r a l 

k a o l i n i t e . 

The reported l i n e w i d t h s are approximately twice the value o f those f o r 

nst u r a t J o r f e r r i c oxide w i t h s u f f i c i e n t l y l a r g e p a r t i c l e size to produce cagnetic 

s p l i t t i n g . The poor s t a t i s t i c s normally encountered when studying i r o n i n 

n a t u r a l k a o l i n i t e have been considerably improved i n t h i s work by producing 



mm/s A mm/s O" mm/s A mm/s 

Dioctahedral 
Kaplinite M — — 0.36 0.48 

Trioctahedral 
Chamosite M 

1.14 2 .57 0 .38 0 .78 

Dioctahedral 
Muscovite 2:1 

i : i3 
1.13 

2.98 
2.21 0 .37 0 .75 

Trioctahedral 
Biotite 2=1 

1.13 2.46 0.45 0. 70 

TABLE 1 
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^^Fe doped k a o l i n i t e s . 

Experimental Apparatus and Techniques 
I I 

The Mossbauer d r i v e system used i n t h i s work was s i m i l a r to t h a t described by 
8 

Clark et a l The s t a b i l i t y was checked p e r i o d i c a l l y using an i r o n f o i l 

standard. Over a period o f a year the r e p r o d u c i b i l i t y on s e t t i n g the d r i v e 

amplitude has been b e t t e r than 0.3% . The source was ^^Co i n Pd and a l l data 

i s quoted r e l a t i v e to i r o n f o i l . The d r i v e frequency was derived from a quartz 

c r y s t a l i n the multichannel analyser. 

Samples were powdered and mounted between two sheets o f s e l l o t a p e . The 

sample thickness was about 1 mm f o r n a t u r a l i r o n samples and O.l mm f o r samples 

containing enriched i r o n . 

Experimental Results 
" 57 2+ The Mbssbauer spectra of a s y n t h e t i c k a o l i n i t e doped w i t h 90% Fe 

before and a f t e r heating a t 400*̂ C f o r 30 minutes are given i n F i g s , l a and l b . 

F i g . I c shows the e f f e c t o f f u r t h e r heating to 700^C. A s y n t h e t i c k a o l i n i t e doped 

w i t h ^^Fe*'* as w e l l as ^^Fe^* and contaminated s l i g h t l y w i t h ^^2^3 pro*l^<^ss a 
I t 

Mossbauer spectrum as i n F i g , 2a. The spectrum of the same sample a f t e r treatment 

w i t h ammonium oxalate i n order to remove the F^2^3 given i n F i g . 2b. The 

spectrum i n F i g . 3 was obtained from a s y n t h e t i c k a o l i n i t e doped w i t h normal 

i r o n and i s very s i m i l a r to those obtained from n a t u r a l samples. This sample 

contains mainly Fe"^* and .a weak Fe^* doublet which i s not c l e a r l y d e fined due to 

poor s t a t i s t i c s . For comparison, spectra obtained from a m i c a ^ i o t i t c ^ c o n t a i n i n g 

ferrous ions are given i n Figs 4a and 4b, The mica was heated under 

Che same con d i t i o n s as the k a o l i n i t e which produced the spectrum i n 

F i g . l b . 

Discussion 
Comparison of Figs. 1 and 4 shovs t h a t separate and d i s t i n c t changes occur 

" 2+ • i n the Mossbauer spectra o f Fc i n k a o l i n i t c but not i n the mica \<h^n hcatel 

under i d e n t i c a l conditions. I n c o n t r a c t to the mica, the k a o l i n i t e 



la 

lb 

Ic 

-3 mm/s 

57 24" 

Mossbauer spectra of o syrithetic Fe doped kaolinite 

(a) Untreated 

(b) After h e a t i n g at 4 0 0 C for 30 minutes 
( c ) After further heoting at 7 0 0 ° C 

Fig 1 



2 a 

2b 

-2 mm/s 

Fig 2 

1 1 I . r 57 3 + 57 2+ 

M o s s b a u e r s p e c t r u m of a s y n t h e t i c F e a n d Fe 

d o p e d k a o l i n i t e c o n t a m i n a t e d w i t h F e203 . ( a ) u n t r e a t e d , 

(b j of ter t r e a t m e n t w i t h a m m o n i u m o x a l a t e . 



- 4 - 3 1 2 3 4 mm/s 

Fig 3 

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

w i t h n a t u r a l i r o n . 



4a 

4b >; 

- 4 -3 3 mm/s 

Fig 4 

M o s s b o u e r s p e c t r u m of b i o t i t e . ^a J u n t r e a t e d , 

( b ) a f t e r h e a t i n g a t 4 0 O ^ ' c f o r 3 0 m i n u t e s . 



2+ 
Fe^* doublet.at room temperature s p l i t s to give two c l e a r l y r e s o l v a b l e Fe 

4 

doublets a f t e r h e a t i n g at 400°C f o r 30 minutes. There i s no evidence o f 

ox i d a t i o n before f u r t h e r heating a t 700°C. Although there also appears t o be 

no evidence of o x i d a t i o n i n the mica when heated to 400°C f o r 30 minutes 
9 2+ (F i g . 4a and 4b), Hogg e t a l have shown th a t o x i d a t i o n of Fe occurs i n 

some b i o t i t e s when heated t o 400^0 f o r 12 hours or more. The p o s s i b i l i t y 

t h a t s i m i l a r e f f e c t s might occur i n k a o l i n i t e i s being studied i n t h i s 

l a b o r a t o r y . 
The production of two c l e a r l y resolved Fe^* doublets from the s y n t h e t i c 

k a o l i n i t e heated t o 400°C suggests t h a t two d i s t i n c t s i t e s f o r Fe^* are 

created. This behaviour i s i n d i r e c t c o n t r a s t t o the e f f e c t s observable by 

E.S.R. f o r Fe^* s u b s t i t u t i o n i n a k a o l i n i t e . The e f f e c t on the room 

temperature E.S.R. spectrum at g = 4 i s t o transform the composite spectrum 
10 • • " 3+ 

to an i s o t r o p i c l i n e . The e f f e c t has been i n t e r p r e t e d i n terms o f Fe 

occupying two d i s t i n c t s i t e s p r i o r t o heating which are transformed t o a 

si n g l e i d e n t i c a l s i t e . For Fe^* i t would appear t h a t one s i t e i s t r a n s 

formed i n t o two. 

The value obtained f o r the quadrapole s p l i t t i n g of the Fe^* doublet i n 

the s y n t h e t i c k a o l i n i t e p r i o r t o heaiting i s g r e a t e r than the value published 

p r e v i o u s l y by Maiden and Meads f o r a n a t u r a l k a o l i n i t e but the l i n e w i d t h s 

are narrower. A value of quadrapole s p l i t t i n g s i m i l a r t o t h a t obtained by 

Maiden and Meads may be found from the average of the quadrapole s p l i t t i n g s 

2+ 

of the two Fe doublets i n the heated s y n t h e t i c sample. I t would seem f e a s i b l e 

to suggest, t h e r e f o r e , t h a t Maiden and Meads may have f a i l e d t o resolve two Fe^* 

doublets i n n a t u r a l samples. The lack o f r e s o l u t i o n i s due t o the combined 
e f f e c t s o f the low concentration of i r o n and overlap i n the spec t r a from Fe" 
doublets. ( F i g . 3) 

The f o l l o i ^ i n g model and mechanisms are suggested as a po s s i b l e explan-
2+ 

a t i o n f o r the s p l i t t i n g of the Fe doublet i n the s y n t h e t i c k a o i i n i t e . 

Comparison of the s t r u c t u r e of mica and k a o l i n i t e show t h a t f o r ions such 

as Fe^*, Fe^* and A l ^ * which are held i n s i x - f o l d c o - o r d i n a t i o n w i t h i n the 

octahedral l a y e r , the surrounding ligands have s l i g h t l y d i f f e r e n t c o n f i g u r a t i o n s 

3+ 
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I n micas the ligands comprise four oxygens and hydroxyl groups w i t h cations 
i n e i t h e r c i s or trans s i t e s . For k a o l i n i t e s only c i s s i t e s are present 
formed by two oxygens and four hydroxyl groups. 

I t i s proposed t h a t the s y n t h e t i c k a o l i n i t e contains t r i o c t a h e d r a l 

u n i t s , i n the octahedral l a y e r , i n which three Fe^*i6ns replace two A l ^ ^ i o n s 

m a i n t a i n i n g charge balance. I t i s suggested t h a t the t r i o c t a h e d r a l u n i t s 

w i t h i n the k a o l i n i t e are s i m i l a r i n s t r u c t u r e to those i n a f e r r o u s chamosite. 

Furthermore, i t i s suggested t h a t the e f f e c t of h e a t i n g these k a o l i n i t e s a t ^OO^C 

i s to cause the release of hydrogen. Brindley has proposed t h a t the e f f e c t of 

heating chamosite at 400°C i s to cause o x i d a t i o n of Fe2+ 

I f i t i s assumed th a t the e f f e c t o f heating the s y n t h e t i c k a o l i n i t e a t 

400°C i s to remove two hydrogen atoms from the hydroxyl l a y e r , w i t h o u t any 

accompanying o x i d a t i o n of Fe^*, the e f f e c t i s to transform one t h i r d of the 

c i s s i t e s i n t o trans s i t e s s i m i l a r to those i n b i o t i t e . I t has been shown ^ 

t h a t the i r o n i n a trans s i t e produces a smaller quadrapole s p l i t t i n g com

pared w i t h t h a t i n the c i s s i t e . 

The. mechanisms proposed above would produce two d i s t i n c t f e r r o u s doublets 
I t 

w i t h an i n t e n s i t y r a t i o o f 2:1. Without r e f i n i n g the Mossbauer spectra by 

computer f i t t i n g i t i s c l e a r from F i g . l b t h a t such an i n t e n s i t y r a t i o and 

the nature of the proposed s i t e s could e x i s t w i t h i n the heated k a o l i n i t e . 

Furthermore, the assignment of the c i s and trans quadrapole s p l i t t i n g s i s 

c o n sistent w i t h r e s u l t s obtained f o r micas by Goodmanl2 and Annestem^^. 

The existence of u n i t s or sub-layers of t r i o c t a h e d r a l l y co-ordinated 

i r o n i n s u f f i c i e n t q u a n t i t y could p o s s i b l y a f f e c t the c r y s t a l l i n i t y of the 

k a o i i n i t e . A number of k a o l i n i t e s c o n t a i n i n g various f e r r o u s / f e r r i c r a t i o s 

has been examined by X-ray d i f f r a c t i o n . However, no s i g n i f i c a n t c o r r e l a t i o n 

between f e r r i c / f e r r o u s r a t i o s and c r y s t a l l i n i t y has been discovered. 

The p o s s i b i l i t y that the ferrous doublets might be due to a separate 

mineral phase i s minimised by c o n s i d e r a t i o n of the r e s u l t s from samples 

tr e a t e d w i t h amnonium oxalate ( f i g . 3). No change i n the >!ossbauet spectra 
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of Fe^* could be detected 

More d e t a i l e d measurements are being made to gain a deeper understanding o f 

the phencmena described. 
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