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Appendix  A

P has e  P r e s e n t  '

P h a s e s  p r e s e n t  o f  s a mp l e s  were  d e t e c t e d  by x - r a y  

d i f f r a c t o m e t e r  (XRD). XRD i s  an i n s t r u m e n t  f o r  s t u d y i n g  

c r y s t a l l i n e  (and non c r y s t a l l i n e )  m a t e r i a l s  by m e a s u r i n g  t h e  

way in  whi ch  t h e y  d i f f r a c t  X - r a y s  o f  known w a v e l e n g h t ( Cul  1 i t y ,  

1969) .  The e s s e n t i a l  f e a t u r e s  o f  a d i f f r a c t o m e t e r  a r e  shown 

i n  F i g .  36.  A powder  s p e c i me n  c ,  i n  t h e  fo rm o f  a f l a t  p l a t e  

i s  s u p p o r t e d  on a t a b l e  H, whi ch  can  be r o t a t e d  a b o u t  an  a x i s  

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

F i g .  38.  S c h e m a t i c  o f  X - r a y  d i f f r a c t o m e t e r . ( Cul  1 i t y , 1969)



1 0 8

The X - r a y  s o u r c e  i s  ร , t h e  l i n e  f o c a l  s p o t  on t h e  

t a r g e t  T o f  t h e  x - r a y  t u b e ;  ร i s  a l s o  n o r ma l  t o  t h e  p l a n e  

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

a x i s  0.  X - r a y s  d i v e r g e  f rom t h i s  s o u r c e  and a r e  d i f f r a c t e d  by 

t h e  s p e c i me n  t o  form a c o n v e r g e n t  d i f f r a c t e d  beam w hi ch  comes 

t o  a f o c u s  a t  t h e  s l i t  F and t h e n  e n t e r s  t h e  c o u n t e r  G. A and 

B a r e  s p e c i a l  s l i t s  whi ch  d e f i n e  and c o l l i m a t e  t h e  i n c i d e n t  

and d i f f r a c t e d  beam.

The r e c e i v i n g  s l i t s  and c o u n t e r  a r e  s u p p o r t e d  on t h e  

c a r r i a g e  E , whi ch  may r o t a t e  a b o u t  t h e  a x i s  0 and whose 

a n g u l a r  p o s i t i o n  20 may be r e a d  on t h e  g r a d u a t e d  s c a l e  K. The 

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

o f  t h e  c o u n t e r  t h o u g h  28 d e g r e e s  i s  a u t o m a t i c a l l y  a c c o mp a n i e d  

by r o t a t i o n  o f  t h e  s p e c i me n  t h r o u g h  20 d e g r e e s .

When a r an d o ml y  o r i e n t a t e d  a g g r e g a t e d  o f  s m a l l  c r y s t a l  

f r a g m e n t s  (powder )  i s  i r r a d i a t e d  w i t h  a m o n oc h r om a t i c  beam o f  

X - r a y ,  t h e  v a r i o u s  p l a n e s  o f  a toms w i l l  d i f f r a c t  t h e  x - r a y  

beam a t  a n g l e s  d e t e r m i n e d  by t h e  s p a c i n g  b e t w e e n  t h e  p l a n e s ( d ) ,  

a c c o r d i n g  t o  t h e  Br agg  law,

ท;) = 2 d s i n 0

where  8 i s  t h e .  d i f f r a c t i o n  a n g l e  f o r  l a t t i c e  s p a c i n g ,  

i s  t h e  w a v e l e n g t h  o f  t h e  x - r a y ,  and ท i s  an  i n t e g e r  ( Reed,

1989) .  Th es e  d i f f r a c t e d  beams a r e  r e c o r d e d  on f i l m  p l a c e d
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a p p r o p r i a t e l y  around t h e  s a m p le  or  by a s c a n n in g '  d e t e c t o r .  

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

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

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

To d e t e c t  t h e  p h a s e  p r e s e n t  i n  t h i s  e x p e r i m e n t ,  

s a m p l e s  were  d r i e d  and ground  i n t o  f i n e  powder in  a p o r c e l a i n  

m o r t a r .  The powders  w ere  c o m p a c te d  in  a r e c e s s  o f  p l a t e s .  

T h e s e  p l a t e s  w-ere t h e n  i n s e r t e d  in  t h e  XRD s p e c i m e n  h o l d e r .  

XRD was run w i t h  c o p p e r  K r a d i a t i o n  and Ni f i l t e r .  The 

s c a n i n g  s p e e d  was ,2 p er  min .
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A p p en d ix  B

I n f r a r e d  S p e c t r o p h o t o m e t r y

I n f r a r e d  (IR) r a d i a t i o n  i s  e l e c t r o m a a g n e t r i c  r a d i a t i o n  

(EMR). The i n f r a r e d  r e g i o n  s t a r t s  a t  a w a v e l e n g h t  o f  a b o u t  0 . 7  

Mm and end a t  a w a v e l e n g t h  o f  a b o u t  500Mm. I n f r a r e d  a b s o r p t i o n  

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

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

p o - s s i b l e  c h a n g e  in  a v i b r a t i o n a l  or r o t a t i o n a l  f r e q u e n c y  o f  

t h e  a b s o r b i n g  m o l e c u l e  . When a m a tch  o c c u r s ,  EMR c a n  be  

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

v i b r a t i o n  or a c h a n g e  in  t h e  r a t e  o f  r o t a t i o n .

In o r d e r  f o r  e l e c t r o m a g n e t i c  r a d i a t i o n  t o  be a b s o r b e d  

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

c h a n g e  o f  d i p o l e  moment d u r i n g  t h e  a b s o r p t i o n . I f  no c h a n g e  in  

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

c h a r g e  in  t h e  e l e c t r i c  com ponent  o f  t h e  r a d i a t i o n  h a s  n o t h i n g  

w i t h  w h i c h  t o  i n t e r a c t  and can  n o t  t r a n s f e r  e n e r g y  t o  t h e  

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

d i s t r i b u t i o n  and in  w h i c h  no ch a n g e '  in  d i p o l e  momemt o c c u r e s  

when t h e  m o l e c u l e  v i b r a t e s  w i t h  a d i f f e r e n t  a m p l i t u d e  or
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r o t a t e s  a t  a d i f f e r e n t  r a t e  do n o t  a b s o r b  i n f r a r e d  r a d i a t i o n .  

S u b s t a n c e s  t h a t  a r e  t r a n s p a r e n t  t o  i n f r a r e d  r a d i a t i o n  a r e  

p r i m a r i l y  m on oatom ic  h o m o n u c l e a r  d i a t o m i c  g a s  s u c h  a s  He,  Ne,  

C l ,  N2 and 0 . N e a r l y  a l l  o t h e r  s u b s t a n c e s  a b s o r b  

r a d i a t i o n  in  t h e  i n f r a r e d  r e g i o n .

As i s  t h e  c a s e  w i t h  e l e c t r o n  l e v e l ,  r o t a t i o n a l  and 

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

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

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

The n u c l e i  a r e  asumed t o  be known m a s s e s  t h a t  a r e  c o n n e c t e d  t o  

e a c h  o t h e r  by s p r i n g ' s .  The s p r i n g s  r e p r e s e n t  c h e m i c a l  bonds  

b e t w e e n  t h s  a t o m s .  E i t h e r  h a rm o n ic  or  a n h a r m o n ic  o s c i l l a t i o n  

c a n  be a s s u m e d .

B e c a u s e  m ost  a n a l y t i c a l  s a m p l e s  a r e  in  t h e  l i q u i d  or  

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

in  v i b r a t i o n a l  l e v e l s .  M o l e c u l a r  v i b r a t i o n s  a r e  c a t e g o r i z e d  

a s  e i t h e r  s t r e t c h i n g  or  b e n d i n g  v i b r a t i o n s .  A s t r e t c h i n g  

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

a x i s .

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

r o t a t i o n s  ( i f  a c h a n g e  in  d i a p o l e  moment o c c u r s  ) can  

i n d i v i d u a l l y  be r e p o n s i b l e  f o r  a n ■ a b s o r p t i v e  band. .  B e c a u s e

many p o s s i b i l i t i e s  f o r  a p a r t i c u l a r  m o l e c u l e  c a n  e x i s t ,
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t y p i c a l  i n f r a r e d  s p e c t r a  c o n t a i n  many a b s o r p t i v e  bands  . That  

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

few  a b s o r p t i v e  ba nds a r e  o b s e r v e d  f o r  a s i n g l e  compoud.  The 

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

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

o f  t h e  n u c l e i ,  t h e  s t r e n g h t s  o f  t h e  bonds i n  t h e  m o l e c u l e ,  and  

t h e  number o f  a to ms in  t h e  m o l e c u l e .  A d d i t i o n a l l y  i n t e r a c t i o n s  

( c o u p l i n g )  b e t w e e n  d i f f e r e n t  v i b r a t i o n s  w i t h i n  t h e  same  

m o l e c u l e  c a n  o c c u r .  T h e o r e t i c a l l y  no two com p ou n d s ,  w i t h  t h e  

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

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

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

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

s p e c t r o p h o t o m e t r y  c o n s i s t s  o f  t h e  same t y p e s  o f  c o m p o n e n t s  

t h a t  a r e  u s e d  f o r  u l t r a v i o l e t - v i s i b l e  s p e c t r o p h o t o m e t r y .  In 

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

m ost  u l t r a v i o l e t - v i s i b l e  s p e c t r o p h o t o m e t e r s .  A b l o c k  d ia g r a m  

o f  t h e  m ajo r  c o m p o n e n t s  in  an i n f r a r e d  s p e c t r o p h o t o m e t e r  i s  

shown in  F i g . 39 . Most i n f r a r e d  s p e c t r o p h o t o m e t e r s  a r e  d o u b l e 

beam i n s t r u m e n t s .
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Detector

F i f . 39 A b l o c k  d ia g r a m  o f  an i n f r a r e d  s p e c t r o p h o t o m e t e r . T h e  

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

( R o b e r t ,  1987 )

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

e x p e r i m e n t ,  2 t o  10 mg' o f  f i n e l y  g'round s a m p le  i s  f u r t h e r  

ground  w i t h  a drop  or  two o f  m u l l i n g 1 a g e n t .  T h e s e  a g e n t s  a r e  

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

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

medium whose  r e f r a c t i v e  in d e x  more c l o s e l y  m a t c h e s  t h a t  o f  t h e  

s a m p le  t h a n  d o e s  a i r .  N u j o l ,  r e f i n e d  m i n e r a l  o i l ,  i s  commonly
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u s e d  a l t h o u g h  i t  - i s  n o t  a p p r o p r i a t e  f o r  e x a m i n a t i o n  o f  

a l i p h a t i c  CH and c c  v i b r a t i o n s .  S e v e r a l  o t h e r  m a t e r i a l s  a r e  

commonly u s e d  as  w e l l .  The r e s u l t i n g  m u l l  s h o u l d  h a v e  a 

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

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

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

4?
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A ppendix  c

I n d u c t i v e l y  Coup led  P 1asms  

A tom ic  E m i s s i o n  S p e c t r o s c o p y ! I C P - A E S )

I n d u c t i v e l y  C o u p led  Plasm a (ICP) D i s c h a r g e .  The a r c  

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

s p e c t r o s c o p y  in  t h e  m i d - 1 8 0 0 s ;  t h e  i n d u c t i v e l y  c o u p l e d  p la sm a  

(ICP) d i s c h a r g e  i s  a r e l a t i v e l y  r e c e n t  d e v e l o p m e n t ,  and i s  

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

t o d a y .

The ICP d i s c h a r g e  i s  c a u s e d  by t h e  e f f e c t  o f  a r a d i o 

f r e q u e n c y  f i e l d  on a f l o w i n g  g a s .  In F i g . 40 t h e  d i s c h a r g e  i s  

i n d u c e d  w i t h o u t  e l e c t r o d e  c o n t a c t  in  a r g o n  f l o w i n g  upward 

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

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

b e t w e e n  a b o u t  5 and 75 MHz; t y p i c a l  f r e q u e n c i e s  a r e  27 and 41 

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

f i e l d  H i n s i d e  t h e  c o i l  in  t h e  f l o w i n g  a r g o n  g a s .

A c h a n g i n g  m a g n e t i c  f i e l d  i n d u c e s  a c i r c u l a t i n g ( e d d y ) 

c u r r e n t  in  a c o n d u c t o r ,  w h i c h  in  t u r n  h e a t s  t h e  c o n d u c t o r .  At

room t e m p e r a t u r e ,  a r g o n  i s  n o t  a c o n d u c t o r ,  but  i t  c a n  be made
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e l e c t r i c a l l y  c o n d u c t i v e  i f  h e a t e d .  To s t a r t  t h e  ICP d i s c h a r g e ,  

a p i l o t  s p a r k ,  a r c ,  or  T e s l a  d i s c h a r g e  i s  a p p l i e d  t o  t h e  a r g o n .  

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

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

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

e q u i l i b r i u m  t e m p e r a t u r e  in  t h e  a n n u l u s  o f  an-IC P d i s c h a r g e  

o p e r a t i n g  a t  1 t o  2 kW i n p u t  power i s  ab o u t  9 0 0 0  t o  1 0 , 0 0 0  K.

More t h a n  on e  s t r e a m  o f  a r g o n  i s  o f t e n  u s e d  f o r  

s p e c t r o c h e m i c a 1 a n a l y s i s  w i t h  t h e  ICP d i s c h a r g e .  One a r g o n  

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

t h e  q u a r t z  from t h e  h i g h - t e m p e r a t u r e  d i s c h a r g e .  A s e c o n d  

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

d i s c h a r g e  t o  p r o d u c e  an e f f e c t i v e  pathw ay  t h r o u g h  t h e  

d i s c h a r g e .  I f  t h i s  pa thw ay  w e r e  n o t  f o r m e d ,  t h e  s a m p l e  m ig h t  

f l o w  around  t h e  h o t  d i s c h a r g e  and be h e a t e d  l e s s  e f f e c t i v e l y .
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(0 .8 -1 .5  L/min) (0 -0 .5  L/min)

F i g . 40 S c h e m a t i c  r e p r e s e n t a t i o n  o f  an i n d u c t i v e l y  c o u p l e d

p l as ma d i s c h a r g e . ( C h r i s t a i n  and O’R e i l l y ,  1986)
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A l t h o u g h  s a m p l e s  may be i n j e c t e d  as  p ow d er ,  g a s e s ,  or  

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

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

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

i s  i l l u s t r a t e d  in  F i g . 41 , A l t h o u g h  r i g h t - a n g l e  and

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

e m i s s i o n  s p e c t r o s c o p y  , s p e c i a l - p u r p o s e  n e b u l i z e r s  and 

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

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

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

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

a n a l y t e  a t o m i z e d .  ' With u l t r a s o n i c  n e b u l i z a t i o n ,  a b o u t  10 

t i m e s  more a e r o s o l  r e a c h e s  t h e  ICP, w h i c h  c o u l d  e x c e e d  t h e  

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

u n s t a b l e .  T hu s ,  an o v e n  i s  i n s e r t e d  b e t w e e n  t h e  u l t r a s o n i c  

n e b u l i z e r  s p r a y  chamber and ICP d i s c h a r g e  t o  remove  t h e  s o l v e n t  

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

i n c r e a s e s  t h e  ICP s e n s i t i v i t y  by 3 t o  10 t i m e s .
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F i g ' . 41 C o n c e n t r i c  a n n u l a r  n e b u l i z e r ,  s p r a y  ch am ber ,  and t o r c h  

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

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

o f  arg'on t h r o u g h  t h e  o u t e r  j a c k e t .  F low r a t e  a r e  

t y p i c a l l y  0 . 8  L/min a r g o n  and 1 m l / m i n  a n a l y t e  s o l u t i o n .  

The a e r o s o l  formed by t h e  n e b u l i z e r  i s  p a s s e d  i n t o  a 

d o u b l e  s p r a y  cham ber ,  where  t h e  l a r g e r  d r o p l e t s  c o l l e c t  

in  t h e  d r a i n .  About 2% o f  t h e  o r i g i n a l  s a m p l e  p a s s e s  

i n t o  t h e  c e n t e r  t u b e  o f  t h e  ICP t o r c h  and i n t o  t h e  ICP 

d i s c h a r g e .  The same s p r a y  chamber c a n  be a d a p t e d  t o  a 

v a r i e t y  o f  n e b u l i z e r s  by r e p l a c i n g  t h e  end c a p .
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B e c a u s e  o f  t h e  h i g h  t e m p e r a t u r e s  a v a i l a b l e  and t h e  

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

c a u s e d  by t h e  f o r m a t i o n  o f  s t a b l e  compounds in  f l a m e s  a r e  

n e g l i g i b l e  w i t h  t h e  ICP d i s c h a r g e !  and t h u s  r e l e a s i n g  a g e n t s  

or  s p e c i a l  c o n d i t i o n s  a r e  n o t  n e e d e d .  A l l  compounds a r e  l i k e l y  

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

pathw ay  in  t h e  c e n t e r  o f  t h e  d i s c h a r g e .  I o n i z a t i o n

i n t e r f e r e n c e s  t h a t  o c c u r  in  e x c i t a t i o n  s o u r c e s  w i t h  h i g h  

t e m p e r a t u r e  s u c h  a s  t h e  DC a r c  a r e  m in im a l  in  t h e  ICP p l a s m a .  

For s i m u l t a n e o u s  m u t i e l e m e n t  a n a l y s i s !  s u c h  i n t e r f e r e n c e  can  

g e n e r a l l y  be k e p t  t o  l e s s  t h a n  10% u n d er  c o o m p r o m is e  a n a l y s i s  

cond  i t  i o n s .

A l l  o f  p r o p e r t i e s  o f  t h e  ICP d i s c h a r g e  p r o v i d e

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

o p e r a t i n g  p a r a m e t e r s  a r e  c r u c i a l i  i n p u t  power!  p la sm a  g a s  f l o w  

r a t e !  and o b s e r v a t i o n  h e i g h t  a b o v e  t h e  i n d u c t i v e  c o i l .  T h e s e  

o p e r a t i n g  c o n d i t i o n s  can  be r e a d i l y  s e l e c t e d  so  t h a t  n e a r l y  

optimum s i g n a l  i n t e n s i t i e s  f o r  m ost  e l e m e m t s  c a n  be  o b t a i n e d

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

d i s c h a r g e .  T h i s  a l l o w s  t h e  s i m u l t a n e o u s  d e t e r m i n a t i o n  o f  35 

e l e m e n t s ,  e x a m p l e !  in  a s i n g l e  s a m p le  w i t h o u t  m o d i f y i n g  t h e

c o n d i t i o n s  f o r  e a c h  e l e m e n t .
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i n s t r u m e n t a l  N e u t r o n  A c t i v a t i o n  A n a l y s i s  ( INAA)

A c t i v a t i o n  a n a l y s i s  i s  a t e c h n i q u e  o f  e l e m e n t a l

a n a l y s i s  b a s e d  on s e l e c t i v e l y  in duc in g '  r a d i o a c t i v i t y  in  some  

atoms o f  t h e  e l e m e m t s  t h a t  make up t h e  s a m p l e  and t h e n  

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

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

from t h e  e n e r g y  o f  t h e  e m i t t e d  s p e c t r u m .  Q u a n t i t a t i v e  

d e t e r m i n a t i o n  i s  b a s e d  on t h e  i n t e n s i t y  o f  r a d i a t i o n ( s )  

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

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

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

a c t i v a t i o n  a n a l y s i s  i n v o l v e s  bom b ard in g  t h e  s a m p l e  w i t h  

n e u t r o n s  and m e a s u r i n g  t h e  r a d i o a c t i v i t y  i n d u c e d  in  t h e  s a m p le  

(commonly u s i n g  gamma-ray s p e c t r o m e t r y )  . N e u t r o n s  a r e  

n u c l e a r  p a r t i c l e s  w i t h  u n i t  mass number and n e u t r a l  c h a r g e ;  

t h e y  a r e  commonly p r o d u c e d  as  a r e s u l t  n u c l e a r  r e a c t i o n s  or  

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

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

Appendi x  D 1
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n u c l e u s  o f  an atom in  s e v e r a l  w a y s .  I t  c a n  u n d e r g o  e l a s t i c  

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

n u c l e u s  and i s  s c a t t e r e d  . D e p e n d in g  on t h e  s i z e  o f  t h e  t a r g e t  

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

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

t o  t h e  t a r g e t  n u c l e u s .  I f  t h e  t a r g e t  n u c l e u s  h a s  a low m a s s ,  

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

may be l o s t  in t h e  c o l l i s i o n  . T h i s  i s  why l o w -m a s s  m a t e r i a l s  

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

p r o d u c e d  by f i s s i o n - i n  n u c l e a r  r e a c t o r s  -  a p r o c e s s  known as  

t h e r m a l i z a t i o n ,

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

t a r g e t  n u c l e u s .  In t h i s  c a s e ,  t h e  n e u t r o n  s c a t t e r s  o f f  t h e  

n e c i e u s  o f  a t a r g e t  atom, t r a n s f e r s  p a r t  o f  i t s  k i n e t i c  e n e r g y ,  

and e x c i t e s  t h e  n u c l e u s  t o  one  o f  i t s  h i g h e r  e n e r g y  l e v e l s .  

The t a r g e t  n u c l e u s  can  t h e n  d i s s i p a t e  t h i s  e x c e s s  e n e r g y  by 

e m i t t i n g  e l e c t r o m a g n e t i c  r a d i a t i o n

The t h i r d  t y p e  o f  n e u t r o n  i n t e r a c t i o n ,  t h e  c a p t u r e  

r e a c t i o n  , i s  t h e  m ost  im p o r t a n t  one  o f  a c t i v a t i o n  a n a l y s i s .  

The c o m in g  n e u t r o n  i s  a b s o r b e d  ( c a p t u r e d )  by a t a r g e t  n u c l e u s ,  

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

n u c l i d e ,  but  one  o f  u n i t  h i g h e r  in mass  number.  An amount o f

e n e r g y  e q u a l  t o  t h e  b i n d i n g  e n e r g y  o f  t h e  n e u t r o n -  in  t h a t
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n u c l e u s  p l u s  t h e  k i n e t i c  e n e r g y  o f  t h e  i n c o m i n g  n e u t r o n  i s  

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

The b i n d i n g  e n e r g y  d i f f e r s  f o r  d i f f e r e n t  n u c l i d e s i  b u t ,  f o r  

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

8MeV/'neuteon.  Thus ,  e v e n  i f  t h e  c a p t u r e  n e u t r o n  has  a l m o s t  

z e r o  k i n e t i c  e n e r g y ,  t h e  e x c e s s  e n e r g y  o f  t h e  compound n u c l e u s  

i s  a b o u t  8 MeV.

T h ere  a r e  tw o ways in  w h ic h  t h e  compound n u c l e u s  can  

r e l e a s e  t h i e  e x c e s s  e n e r g y :  (a )  It  may r a d i a t e  gamma r a y s ,  or  

(b )  i t  may e m i t  one  or  more n u c l e a r  p a r t i c l e s  ( n e u t r o n s ,  

p r o t o n s ,  or  a l p h a  p a r t i c l e s ) .  Which o f  t h e s e  two p r o c e s s e s  

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

compound n u c l e u s .  I f  s u f f i c i e n t  e n e r g y  i s  a v a i l a b l e ,  more  

t h a n  one  r e a a c t i o n  can  t a k e  p l a c e .

To d e t e c t  s a m p le  by 1NAA, t h e  s a m p l e  i s  e x p o s e d  t o  

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

c o u n t i n g  s t a t i o n  and a l l o w e d  t o  c o o l  or  d e c a y  f o r  a d e f i n i t e  

l e n g t h  o f  t i m e .  Gamma-ray s p e c t r u m  i s  a c q u i r e d  f o r  c o u n t i n g  

t i m e ,  t h e  a r e a  under  t h e  f u l l - e n e r g y  peak (FEP) o f  i n t e r e s t  i s  

ca l e u  l a t e d .

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

s t a n d a r d )  c o n t a i n i n g  a known amount o f  t h e  e l e m e n t  o f  i n t e r e s t .  

From t h e  w e i g h t  o f  t h e  e l e m e n t  in  t h e  s t s n d a r d ,  t h e  r e l a t i v e
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FEP a r e a s  o f  t h e  s a m p le  and s t a n d a r d ,  t h e  r e l a t i v e  n e u t r o n  

f l u x e s  u s e d  f o r  i r r i a d i a t i n g  t h e  s a m p le  and s t a n d a r d ,  and t h e  

t i m e s  i n v o l v e d ,  t h e  amount o f  t h e  e l e m e n t  in  t h e  s a m p l e  i s  

c a l c u l a t e d .
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D i f f e r e n t i a l  Thermal A n a l y s i s  (DTA)

D i f f e r e n t i a l  t h e r m a l  a n a l y s i s  e s s e n t i a l  r e p r e s e n t s  an 

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

i n v e s t i g a t i n g  p h a s e  t r a n s f o r m a t i o n s  by means o f  t i m e ( t )  and 

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

o f  a s o l i d  s u b s t a n c e .  E x p e r i m e n t a l l y  t h e  method  c o n s i s t s  o f  

h e a t i n g  under  i d e n t i c a l  c o n d i o n s  a s a m p le  and a t h e r m a l l y  i n e r t  

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

t h e  f u r n a c e  and t h e  t e m p e r a t u r e  d i f f e r e n c e  &T  r e s u l t i n g  

b e t w e e n  t h e  s a m p le  and t h e  r e f e r e n c e  m a t e r i a l .  Under i d e a l  

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

in  t h e  c o u r s e  o f  h e a t i n g  or c o o l i n g  s h o u l d  be r e c o r d e d  a t  a 

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

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

d e p e n d i n g  on t h e  t y p e  o f  i n s t r u m e n t  u s e d .

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

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

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

Appe ndi x  E

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

h a v i n g  one  t h e r m o c o u p l e  p l a c e d  in  t h e  s a m p le  and t h e  o t h e r  

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

a t  a c o n s t a n t  r a t e  ( F i g . 42)

AT; i s  t h e  t e m p e r a t u r e

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

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

โ i s  t h e  t e m p e r a t u r e  o f  

t h e  s a m p le

โ )  i s  t h e  t e m p e r a t u r e  o f  

t h e  s u b s t a n c e .

F i g . 42  S c h e m a t i c  d ia g r a m  o f  an a p p a r a t u s  f o r  d i f f e r e n t i a l

t h e r m a l  a n a l y s i s  ( T o d e r ,  1976 ) .
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Assuming" t h e  t e m p e r a t u r e  f l o w  t o  be e q u i v a l e n t  in  t h e  

f u r n a c e ,  in  t h e  s a m p le  and in  t h e  i n e r t  s u b s t a n c e ,  h e n c e  a 

t e m p e r a t u r e  d i f f e r e n c e  b e t w e e n  them e q u a l  t o  z e r o  , t h e  

i n s t r u m e n t  would  t h e n  r e c o r d  t h e  s o - c a l l e d  b a s e  l i n e  a s  

a f u n c t i o n  o f  t i m e  and t e m p e r a t u r e  &T = 0 . I f  on e  p h a s e

i s  m o d i f i e d  or i f  a d e c o m p o s i t i o n  r e a c t i o n  t a k e s  p l a c e  in  t h e  

s a m p le  w i t h  h e a t  a b s o r p t i o n  or e v o l u t i o n ,  t h e  t e m p e r a t u r e  

g r a d i e n t  a g a i n s t  t h e  r e f e r e n c e  m a t e r i a l '  w i l l  t h e n  be  m o d i f i e d  

and t h e  t e m p e r a t u r e  v a r i a t i o n  w i l l  be r e c o r d e d  by t h e  

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

i n i t i a l  b a s e  l i n e .  The s e n s e  o f  t h e  d e v i a t i o n  a g a i n s t  t h e  z e r o  

l i n e  i s  d e t e r m i n e d  by t h e  t e m p e r a t u r e  g r a d i e n t  b e t w e e n  t h e  

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

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

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

e n h e r m a l  or e x o t h e r m a l  p r o c e s s e s  1t h e y  may p r o d u c e  n e g a t i v e  or  

p o s i t i v e  d e v i a t i o n s  o f  t h e  t e m p e r a t u r e  d i f f e r e n c e *4 T a g a i n s t  

t h e  a r b i t r a r y  z e r o  l i n e  (AT i  0 ) .

Such v a r i a t i o n s  depend n o t  o n l y  on t h e  n a t u r e  o f  t h e  

t h e r m a l  p r o c e s s  w h i c h  t a k e s  p l a c e ,  but. a l s o  on some p h y s i c a l  

p r o p e r t i e s  o f  t h e  m a t e r i a l  under  i n v e s t i g a t i o n  on t h e  h e a t i n g  

or  c o o l i n g  r a t e ,  and on some b a s i c  f a c t o r s ,

Any p h y s i c a l  c o n v e r s i o n s  or c h e m i c a l  r e a c t i o n s
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g e n e r a t e d  by t e m p e r a t u r e  h e n c e  p r o d u c e  a maximum i n  t h e  

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

t i m e  û T = f ( t ) ;  from t h i s  maximum i t  i s  p o s s i b l e  t o  o b t a i n  

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

F i g . 43 i l l u s t r a t e s  s c h e m a t i c a l l y  t h e  d ia g r a m  o f  a d i f f e r e n t i a l  

t h e r m a l  c u r v e .

F i g . 43 I d e a l i z e d  d ia g r a m  o f  a DTA c u r v e .  ( T o d o r ,  1976 )

To d e t e c t  t h e  DTA c u r v e ,  0 . 2 5 0 0  grams o f  s a m p l e  /

0 . 2 5 0 0  grams o f  i n e r t  t h e r m a l  s u b s t a n c e  ( a l u m i n a )  w e r e  ground  

i n t o  f i n e  powders in  p o r c e l a i n  m otar  and added i n  a l u m i n a  

r e c e p t a c l e s  in  s i d e  o f  sa m p le  and i n e r t  t h e r m a l  s u b s t a n c e  

r e s p e c t i v e l y .  T e m p e r a t u r e  program was s t a r t e d  from 2 0 ’ c t o  

1350 c ,  h e a t i n g  r a t e  5 c / m i n .



Appendix F

X-Ray D i f f r a c t i o n  Card
of  H y dr o x ya p a t i t e

9 "  4  3  2  MAJOR CORRECTION

d 2.SI 2.78 2.72 ร.17

1/1. 100 (0 «0 11

Ca,(P0*),(CH)

Calcium f-hSUPHAU HVDAOXIDC

V*[Ca(CH),.JCa,(P04),J

vHy0A0xrL*A»A!iu)
Rad. CuKc, 
Cutoff 50 
Rei. Sfloirr

* 1.5405 niter 
I/I, PhOTCMETER*

1 Techn. Phys. Dienst,
Oil. 114.6mm 

(Guiniea camera) 
OtLfT, Holland

Sya. แโ*AGONAL 
&9 ? «418 bo
0 i  
R«L I1ID.

S.C. P6j/U (176) 
e. 6.384 A c 0.730» 
y z 2 Dx 1.16

f a
ะV 
R«r.

r. พ à 
D 3.08

fy
mp

Sign
Color

* OTj »NE K k t VALUES r«eu A AATTEAN «MICM SHC»JSLiSMf SACAiEMiNa cr MISU eerLECT1 ONI.
Sau'LE OITAINED rOLLOeiva *Hf »«OCfOU«( INDICATED ly 

Horae ะ.!,, Ins. Ens. Chew. Anal. Ed. JJ2 156 (1938).

T T I/I. hkl ' T T T I/I. hU
ร. 17 12 100 2.040 2 400
5.28 6 101 2.000 6 203
4.72 4 110 1.943 30 222
4.07 10 200 1.890 16 212
3.88 10 111 1.871 6 320
3.51 2 201 1.841 40 213
3.44 40 002 1.806 20 3213.17 12 102 1.780 12 410
3.08 ะร 210 1.754 16 402,303
2.814 100 211 1.722 20 004,411
2.778 60 112 1.684 4 104
2.720 60 300 1.644 1C 322,223
2.631 25 202 1.611 3 313
2.528 6 301 1.587 4 501,204
2.296 8 -212 1.542 6 420
2.262 20 310 1.530 6 331
2.223 2 221 1.503 10 214,421
2.148 10 311 1.474 น *02
2.134 ร่ 302 1.465 4 5102.085 i 113 PL» r. SUl£i A L LINE.



Appendix G

X-Ray D i f f r a c t i o n  Card
of  Monocalcium Phospha te  Monohydrate

9 ~ 3 4 7  major correction

d 3.88 3.89 11.7 11.7 CAfHgPÔ a.lHjO

I/I. 100 90 75 75 Calcium Hydrogen Orthormoerhaie

Rid. CuKo 1 A 1.5405 Filur DU. 114.6UU
Cut off 50 I/Ii Photometer (Guinier camera)
R*J. DEWoirr 1 TECMN. PHY». OlENBT, OELrT, Holland

Syt. Triclinic s.g.
A. 6.250 b, 11.892 c 5.629 Ô< 52556 CO.47334
■ 96.67° 1 114.21° Y 92.56° z 2 Di 2.22
Ref. Ibid.

(a 1.501 ru» B 1*518 i Y 1.528 Sign
2V D 2*220 mp Color
Rtf. Bali, 30NNER, Hodge, InD. Eng. Chew. 1 Anal. Ed. 17

491 f 194 5 ไ
Commercial SAMPLE' RECftYSTALLIZED

T a in, hkl dA I/I, hi]
11.7 75 010 2.952 30 111
5.85 10 020 2.935 10 040
5.66 16 100 2.833 12 200
5.34 2 lio 2.788 10 ll3
4.94 10 011,101 2.728 10 170,041
4.90 20 110 2.688 14 210
4.65 4 111 2.677 6 l il
4.42 16 Oil 2.669 25 250
4.32 10 lio 2.652 4 112
4.16 14 027 2.640 2 125
3.88 100 121 2.585 น 141
3.69 90 171 2.560 20 Ol5
3.58 14 021 2.537 2 002
3.40 6 130 2.473 8 171,025+3.35 16 03Ï 2.452 16 231,220
3.19 16 . i l l 2.422 8 230,1753.18 14 101 2.406 10 012,1353.15 10 137 2.392 10 231,0413.08 8 201 2.347 4 050,1Ï12.996 25 l it ,  ITT Sec roLLO.iNo CAPO

9 “  3 4 7  a  major correction
d 3.88 3.69 11.7 11.7 CA(H,P04)a.lHa0 5 ^

VI, 100 90 75 75 Calcium Hydroscn Orthorhobrnate Hydrate

d A I/I. hkl d A in,
2.323 . 4 225 _ 1.854 k
2.296 4 131,032 1.845 4
2.266 2 05l 1.831 6
2.240 4 255 1.792 12
2.211 4 022 1.780 4
2.158 8 240,277 1.762 8
2.147 d 145 lè 745 8
2.124 6 201 1.723 4
2.097
2.081 10 l7l!o45

1.703 10

2.046 4 U2̂ 32,151
2.021 10 012
1.996 20 032
1.958 .8 060,3051.942 12 2̂ 5
1.934 10 113̂12,240
1.925 » lïzpttxï
1.881 2
1.872 4
1.863 "  2

Rid. 
Cut off R*L

* Filurl/li DU.

Syt.

L
b, c. 
« T

so. Az cDi

(• ru»0 I t Sign
2V D mp Color
R«1.

See RRECEDINO CARD

hkl
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X-Ray D i f f r a c t i o n  Card
of  Dica l c ium Phospha te  Di h yd r a t e

9 ” 7  7  m a j o r  c o r r e c t i o n

d 7.57 4.24 3.05 7.57

I/I. 100 100 75 100 Calcium Hydrogen OrihormocrhateHydrate
(Brucmite)

Rid, CuKa 1 A 1.5405 niter
Cutoff 50 1/1) Photometer
Ret. DtWoirr, Techn. Phy». DitHer, DELfT, Holland

Dll. 114.6uu (Guinier camera;

Sy». Monocl I NIC 
A* 6.363 b, 15.19
e t  118.48°
Ret. I (ID.

S.G. 02 
c 5.815 
Y

(5)A 0.4189 c 0.3828 z 4 D« 2.32

(* 1.540 n i t  1.545 I t
2V อ 2.306 mp
Ret. Bale, Bonner, Hodge, Ind. Eng. Chev., Anal

Sip) -
Ed.. JJAN A w • HUi t

491 [1945J
8EEVEA» «C7A Cry»T £1 273-277 (1958) GIVE! A ». 5.812,
• » 15.180,e » 6.2J» $  ะ 116 25. 3.G. 12/ a a • 6.359,
• -  15.180, CM 3.»i,'P*118 31 S.G. C2/c IN THE
ICTTINC UiED HERE,

n r I/It hU n r in , hkl
7,57 100 020 2.252 2 240
4.93 2 111 2.172 20 151
4.24 100 021 2.140 16 247
3.00 8 040 2.120 2 042
3.75 «1 130 Üaoo 6 1573.63 2 137 2.084 10 317oios 75 111,041 2.022 4 170,317
3.928 50 22T 2.001 10 221,171
21855 10 ll7 1.976 6 267,112
2̂ 797 2 200 1.943 3 331
2.670 4 150 1.899 . 2 000
2.648 4 131 1.888 4 11Î
2.623 50 220,151 1.878 14 260
2.603 30 207 1.858 6 22 J
2.554 4 002 1.855 «1 132
2.532 3 060 1.819' 20 241
2.520 4 13? 1.799 10 062
2.434 14 247 1.780 4 081,1714
2.421 16 022 1.748 2 330

r-g.868... 4 J2sl____ ,.rm Il aim AL LINE»



Appendix I

X-Ray D i f f r a c t i o n  Card
of  g - T r i c a l c i u m  Phospha te



I

B e t a  T r i c a l c i u m  P h o s p h a t e  

( ^ -  C a 3 ( P 0 4 ) 6 )

133

In d ices
(h kl)

d(A’ ) In d ices
(hkl)

. ( * • )
K

012 8 .15 12 220 2.607 65

104 6 .4 9 16 0 .1 .1 4 2.562 6

006 6.22. 6 223 2.553 8
110 5 .21 20 2 .1 .1 0 2.520 12
113 4.S0 2 131 2.499 6
202 4 .3 9 8- 1 .2 .1 1 ,  226 2.407 10
018 •4 .15 4 315 • 2 .375 6
024 4 .0 6 16 1 . 0 .16  . 2 .263 10
116 4 .00 4 1 .1 .1 5 2 .2 4 9 4
,1.0 .10 3 .45 25 042 2.241 2
211 3 .40 4 404 2 .195 14
,122 3 .36 10 3 .0 .1 2 2 .16 5 12
199» 208 3 .25 8 1 .2 .1 4 2 .103 4
214 3.21 55. 0 .2 . l 6 f 2.076 8
0 .0 .1 2 ,  125 3 .11 2 321 2.063 4
300 '3 .01 16 232 2.061 6
0 .2 .1 0 ,  217 . 2 .680 100 048 2.033 10
128 2.757 20 .324 2.023 ' 6
306 2.710 10 3*1.11 2 .017 4
,1.1.12 2 .674 8 P lu s A dd itional l in e s



Appendix J

X-Ray D i f f r a c t i o n  Card
of  a - T r i c a l c i u m  Phospha te

9 - 3 4 8  MAJOR CORRECTION
4 2. 91 ร.«ร 3.91 12.1 , a-CAgfPÔ a

ท! 100 so 40 4 ALPHA Calcium Opthopho»pmate

JUd.CuKa, A 1.5405 ruttr Dia, 114.6mm d A ท! hU d A ท! hkl
Cut off SO1 ท . Phot ometfp (Guiniep cauepa) 12.3 4 no 3.35 8 312
K*t DEWoLrr, TtcHN. Phy*. Dienst, DELrT, Holland 7.31 25 111: 3.33 4 421

6.82 4 021 3.15 4 260
Syi. 0PTHOPH0U91c* S.G. 6.29

6.12
10 . 
4

130
220

3.12
3.07

4
4

242
440A. 15.22 b. 20.71 4 9.109 A 0.7349 c 0.4398 ร.83 10 201 3.05 4 332• B y z 16 Di 2.87 5.18 12 131,040 3̂ 01 20 510R«1. 1910. 4.55 4 002 ร.947 20 1134 311 402,023

!• A t Sign 4.28 2 240,112 2.905 100 441,170
2V D 2.814 mp 1720 c Color 4.17 2 022 2.860 30 511
RW. Mackay ((EC 9EL0V ) 4.00 20 150 2.816 2 203,422

3.91 40 202 2.786 12 530
* Stated to 9E uonoclinic PSEUDOPHOuaic 9Y Mackay. 3.88 40 241 2.767 4 171
Acta CPY9T. « 743 (1953) 3.81 8 400 2.734 < 1 133

Sample obtained 9Y heatino p-PHASE AT 1400°C. 3.73 4 331 ร. 720 « 1 2233.69 40 132 ร. 665 4 531
3.66 18 151,222 2.621 50 043,353
3.51 4 401 3.590 30 080
3.45 6 060 PLUS ADUTIOWKL unes





11 เ  ̂ Designation; F 1135 -  b8 .

S ta n d a rd  S p e c if ic a tio n  for
C o m p o s it io n  o f C e r a m ic  H y d r o x y la p a t ite  fo r  S u r g ic a l  
I m p la n ts 1
This standard is issued under the fixed designation F 1185; the number immediately following the designation indicates the year of ongina! adoption or. in the case ol revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A superscript epsilon I»i indicates an editorial change since the last revision or reapproval.

1. Scope
บ  This specification covers material requirements for 

ntiàmic hydroxylapatite intended for surgical implants. For ] matcriai to be called ceramic hydroxylapatite, it must 
conform to this specification. (See Appendix XI.)
' 1,2 The biological response to ceramic hydroxylapatite in 
joft tissue and bone has been characterized by a history of 
jjjnical use (1, 2, 3): and by laboratory' studies (4, 5, 6).

1.3 This specification specifically excludes hydroxyl- 
apatite coatings, non-ceramic hydroxylapatite. ceramic- 
classes, tribasic calcium phosphate, whitlockite. and alpha- 
md beta-tncalcium phosphate. (See Specification F 108ร.)
2, Referenced Documents

2.1 ASTM Standard:
. F 1088 Specification for Beta-Tricalcium Phosphate for 

Surgical Implantation3
2.2 Code of Federal Résiliations:* *

-Title 21, Part 820.
2.3 National Formularyf 
Tribasic Calcium Phosphate
2.4 United States Pharmacopeia:6
Identification Tests for Calcium and Phosphate < 1 91> 
Lead < 2 5 1>
Mercury < 2 6 1>
Arsenic < 2 1 1>
Heavy Metals <231 ะ» Method 1
2.5 บ. ร. Geological Sumy Method:1 
Cadmium

3* Descriptions of Terms Specific to This Standard
3.1 hydroxylapatite—the chemical substance having the 

empirical formula C aj(PO JjO H .8

. This specification IS under the jurisdiction of ASTM Committee F-4 on f f[,cal and Surgical Materials and Devices and is the direct responsibility of «̂ommiitee F04.02 on Resources.Current edition approved Oct. 31. 1986. Published December I9S8.-The boldface numbers in parentheses refer to the list of references at the end ' “'is specification.t Annual Book of ASTM Standards, Vol 13.01.Available from u.s. Government Printing Office. Washington. DC 20402., Rational Formulary XVI. Available from บ.ร. Pharmacopeia Convention,*2601 T1winbrook Parkway. Rockville. MD 20852. bniled States Pharmacopeia XXI. Available from บ.ร. Pharmacopeia Con- a“On, Inc., 12601 Twinbrook Parkway, Rockville. MD 20852. o ;̂ -r°ck, J, G„ Felichie. F. H.. and Br.ggi. P. H.. "Determination of Elements in ®'jrcsu of Standard» Geological Reference Materials SRM 278 Obsidian . S*M 688 Basalt by Inductively Coupled Argon Plasma—Atomic Emission r̂ tometry," Oeomndardi Xcnsieucr. Vol 7, 1983, pp. 335-540.£  Chemical Abstracis Service Registry Number [1306-06-5],

3.2 cera m ic  h y d ro xy la p a tite— -hydroxylapatite which has
been fired at sintering temperatures. Firing time is mass 
dependent, and should be sufficiently long to cause signifi
cant densification and formation of a biologically stable 
form. ••

3.3 s in ter in g— an integration of time and temperature of a 
ceramic precursor which develops a coherent body with 
useful properties. Sintering is a non-melting process accom
panied by significant surface area and bulk volume reduc
tions (densification), grain growth, and increases in mechan
ical properties.

3.4 ca lcin ing— the heat treatm ent of a ceramic precursor 
for the purpose of eliminating volatile constituents. Cal
cining is also accompanied by some surface area and bulk 
volume reductions. Increases in mechanical properties are 
not usually significant.

4. Chemical Requirement*
4.1 Elemental analysis for calcium and phosphorus will be 

consistent with the expected stoichiometry' of hy
droxylapatite.

4.2 A quantitative X-ray diffraction analysis shall indicate 
a minimum hydroxylapatite content of 95 % (7). Analysis of 
relative peak intensities shall be consistent with published 
data.9

4.3 The concentration of trace elements in the hy
droxylapatite shall be limited as follows:

Dement ppm, max
As 3Cd ริHs รPb 30total heavy metals (as lead) ÎO

For referee purposes, methods in 2.4 and 2.5 shall be used.
4.4 The maximum ฟุ!owable limit of all heavy metals 

determined as lead will be 50 ppm as described in 2 4 or. 
equivalent. Sample preparation will be identical 10 that for 
tnbasic calcium phosphate as specified in the National 
Formulary (2.2) except that approximately 1 g of material 
will be dissolved in approximately 30 mL of 5 % HC! and 
boiled.

_9The Joint Committee on Powdered Diffraction Standards has established 9 Powder Diffraction File. ■ nie'Commmëé'çperaïés on an intemiiuonal basis and cooperates closely with the Data Commission of the International Union of Crystallography and ASTM (American Society for Testing and Materials) Hydroxylapatite data can be found on file card number 9-432 and IS available from 'the Joint Committee on Powder Diffraction Standards, 1600 Park Lane. Swanhmore, PA 19081.
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4.5 It is recommended that all metals or oxides not 

detected as lead present in concentrations equal to or greater 
than o.l % be listed on the package insert.
5. Test Specimen Fabrication 

5.1 Prepare test specimens from the same batch of mate
rial and by the same processes as those employed in

fabricating the ceramic implant device.

6. Quality Program Requirements
6 .1  The manufacturer shall conform to Good M a n u fac, 

turing Practices (2.2) or its equivalent.

APPENDIX
(Nonmandatory Information) 

XI. RATIONALE
X l.l Ceramic hydroxylapatite is commercially available 

as a synthetic bone-grafting material. As with any implant 
material, the bioresponse is critically dependent upon the 
material properties. To achieve reliable biocompatibilitv 
these must be known and consistent. This material standard 
provides specifications for a biocompatible grade of 
hydroxylapatite. Trace element content and teachability, 
physical form, and size must be within established 
biocompatibility standards.

5»

X1.2 X-ray powder diffraction analysis provides better 
differentiation between hydroxylapatite and several com. 
monly occurring second phases than traditional wet chem. 
ical methods.

X I.3 It is recognized that a separate performance 
standard may be necessary for each end-use product. For this 
reason, physical and mechanical properties were not sped, 
fled. A source of general test methods for ceramics may be 

' found in Ref (8). -
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T h e  A m e r i c a n  S o c i e t y  to r  T e s t i n g  a n d  M a te r ia l s  t a k e s  n o  p o s i t i o n  r e s p e c t i n g  t h e  v a l id i ty  o f  a n y  p a t e n t  r i g h t s  a s s e n e d  เท c o n n e c t i o n  

w i th  a n y  i t e m  m e n t i o n e d  in  t h i s  s t a n d a r d .  U s e r s  o l  th is  s t a n d a r d  a r e  e x p r e s s l y  a d v i s e d  t h a t  d e t e r m i n a t i o n  o f  t h e  v a l id i t y  o l  a n y  s u c h  
p a t e n t  r ig h t s ,  a n d  t h e  r is k  o l  i n f r i n g e m e n t  o f  s u c h  r ig h ts ,  a r e  e n t i r e l y  th e i r  o w n  r e s p o n s ib i l i t y .

T h is  s t a n d a r d  is  s u b j e c t  t o  r e v i s i o n  a t  a n y  t i m e  b y  t h e  r e s p o n s i b l e  t e c h n i c a l  c o m m i t t e e  a n d  m u s t  b e  r e v i e w e d  e v e r y  f i v e  y e a r s  a n d  
i f  n o t  r e v i s e d ,  e i t h e r  r e a o p r o v e d  o r  w i th d r a w n ,  y o u r  c o m m e n t s  a r e  i n v i t e d  e i t h e r  fo r  r e v i s i o n  o f  t h i s  s t a n d a r d  o r  f o r  a d d i t i o n a l  s t a n d a r d s  
a n d  s h o u l d  b e  a d d r e s s e d  to  A S T M  H e a d Q u a n e r s .  Y o u r  c o m m e n t s  w ill  r e c e i v e  c a r e f u l  c o n s i d e r a t i o n  a t  a  m e e t i n g  o f  t h e  r e s p o n s i b l e ,  
t e c h n i c a l  c o m m i t t e e ,  w h i c h  y o u  m a y  a t t e n d .  I f  y o u  f e e l  th a t  y o u r  c o m m e n t s  h a v e  n o t  r e c e i v e d  a  fa ir  h e a r i n g  y o u  s h o u l d  m a k e  y o u r  
v i e w s  k n o w n  to  t h e  A S T M  C o m m i t t e e  o n  S t a n d a r d s .  1 9 1 6  R a c e  S t . ,  P h i la d e lp h ia ,  P A  1 9 1 0 3 . 1
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She beg a n  h er  m a s t e r  s t u d y  in  Ju n e  1992 and 

c o m p l e t e d  t h e  programme in  O c t o b e r  1994 .
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