
Chapter 2

T h e o r e t i c a l  Part

2 .1  P r o p e r t i e s  o f  Bone.

2 . 1 . 1  Bone s t r u c t u r e !

In b i o l o g i c a l  terms bone i s  d e s c r i b e d  as a 

c o n n e c t i v e  t i s s u e .  A t i s s u e  i s  an a g g r e g a t i o n  o f  s i m i l a r  

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

f u n c t i o n .  C o n n e c t i ve  t i s s u e  i s  t h e  t i s s u e  which b i nds  t o g e t h e r  

and i s  t h e  support  o f  t h e  v a r i o u s  s t r u c t u r e s  o f  t h e  body.  

In me ch a ni ca l  t e r ms ,  bone i s  a c o mp o s i t e  m a t e r i a l  w i t h  s e v e r a l  

d i s t i n c t  s o l i d  and f l u i d  p ha se s .  Bone i s  uni que  among t h e  

c o n n e c t i v e  t i s s u e  , i t  i s  hard b eca us e  o f  t h e  e x t r a c e l l u l a r  

c o l l a g e n o u s  ma t r i x  . The major o r g a n i c  component o f  a l l  

c o n n e c t i v e  t i s s u e  i s  impregnated w i t h  a mi ne r a l  phase  

p r i n c i p a l l y  h y d r o x y a p a t i t e  ( Ca 10( P0+ ) 6 ( OH)2 ) or v ery  s i m i l a r

c r y s t a  1 ร .
At t h e  ma cr o s c op i c  l e v e l  , t h e r e  are  two major

forms o f  bone t i s s u e  .‘ compact or c o r t i c a l  bone and c a n c e l l o u s

or t r a b e c u l a r  bone.  The l o c a t i o n  o f  t h e s e  bone t y p e s  in a
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femur i s  i l l u s t r a t e d  in F i g . ! .  C o r t i c a l  or compact  bone i s  a 

dense  m a t e r i a l  w i t h  a s p e c i f i c  g r a v i t y  o f  about  2.  The 

e x t e r n a l  s u r f a c e  bone i s  g e n e r a l l y  smooth and i s  c a l l e d  t h e  

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

e n d o s t e a l  s u r f a c e .  It  has a roughened t e x t u r e  which r e s e mb l e s  

c a n c e l l o u s  bone.  C a n c e l l o u s  bone a l s o  e x i s t s  in t h e  e p i p h y s i a l  

and met a physea l  r e g i o n  o f  long bones and w i t h i n  t h e  c o n f i n e s  

o f  t h e  c o r t i c a l  bone c o v e r i n g s  in t h e  s m a l l e r  f l a t  and s h or t  

bones .  C a n c e l l o u s  bone i s  a l s o  c a l l e d  t r a b e c u l a r  bone b ec a us e  

i t  i s  composed o f  s h o r t  s t r u t s  o f  bone m a t e r i a l  c a l l e d  

t r a b e c u l a e .  The co n n e c t e d  t r a b e c u l a r  g i v e  c a n c e l l o u s  bone a 

spongy appearance  , and i t  i s  o f t e n  c a l l e d  spongy bone.  

There are  no blood v e s s e l s  w i t h i n  t h e  t r a b e c u l a e  but t h e r e  

are  v e s s e l s  i mmedi a te l y  a d j a c e n t  t o  t h e  t i s s u e ,  and t h e y  

weave in and out o f  t h e  l a r g e  s p a c e s  between t h e  i n d i v i d u a l  

t r a b e c u l a e .  C a n c e l l o u s  bone has a l a s t  s u r f a c e  area  as  would 

be s u g g e s t e d  by i t s  spongy a ppearance .

V—EPIPHVSIAU—j-----OIAPMYSIAL REGION ■ I ■'
I D P r t i r tk j  * t  n t W O r l

F i g . I  Lon g i t ud i n a l  s e c t i o n  o f  t h e  femur,  i l l u s t r a t i o n

c a n c e l l o u s  and c o r t i c a l  bone
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2 . 1 . 2  Bone c o m p o s i t i o n

The c o m p o s i t i o n  o f  t i s s u e  i s ,  v e r y  r ou g h l y  1e q u a 1 

t h i r d s  fay volume o f  m i n e r a l s ,  water  and t h e  e x t r a c e l l u l a r  

c o l l a g e n o u s  m a t r i x .  In order  t o  fae more p r e c i s e  about  bone 

c o m p o s i t i o n ,  one must s p e c i f y  s p e c i e s ,  a ge ,  s e x ,  t h e  ' s p e c i f i c  

bone in q u e s t i o n ,  t h e  t y p e  o f  bone t i s s u e  ( c a n c e l l o u s  or 

c o r t i c a l )  and whether  or not  a bone d i s e a s e  o c c u r e d .  Tabl e  l 

p r e s e n t s  data  on t h e  s p e c i f i c  g r a v i t y ,  water  f r a c t i o n ,  and 

o r g a n i c  f r a c t i o n  o f  c o r t i c a l  bone f o r  16 d i f f e r e n t  v e r t e b r a t e s  

i n c l u d i n g  human.

R e s u l t s  o f  hydrated  bone a s s a y  f o r  both c o r t i c a l  and 

t r a b e c u l a r  bone f o r  f our  s p e c i e s  are  r e p o r t e d  , in Tabl e  2.  

Compari s ion o f  t h e  data  g i v e n  in Tabl e  2 f o r  t r a b e c u l a r  bone

w i t h  t h a t g i v e n  f o r c o r t  i ca  1 bone shows t h a t t h e  water
f r a c t i o n i s  g r e a t e r and t h e ash f r a c t i o n i s l e s s  f o r

t r a b e c u l a r bone . The o r g a n i c  f r a c t i o n f o r  t h e two bone t y p e s
i s  f a i r l y  c l o s e .
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Table 1 Resul t s  of  hydrated bone assays  for  16 s p e c i e s  using'
c o r t i c a l  bone from the  t i b i a  and femur. ( Skalak, 1987)

S p e c i e s S p e c i f  i c  

g r a v i t y

Water c o n t e n t .

VO 1.  %

Mineral  a sh .  

v o l . x

0 rg a n i c+ C0 2

VO 1 . %

F i s h 1.80 3 9 . 6 2 9 . 5 3 6 . 9

Turt l e 1.81 - 3 7 . 0 2 9 . 2 4 0 . 1

Frog 1.93 3 5 . 2 3 4 . 5 3 8 . 5

Po l ar  bear 1 .92 3 3 . 0 3 6 . 2 4 0 . 1

Human 1.94 15.5 3 9 . 9 4 1 . 8

El ephant 2 . 0 0 2 0 . 0 4 1 . 4 4 1 . 5

Monkey 2 . 0 9 2 3 . 0 4 2 . 6 4 1 . 1

Cat 2 . 0 5 2 3 . 6 4 2 . 2 4 0 . 5

Horse 2 . 0 2 2 5 . 0 4 1 . 0 4 0 . 5

Chicken 2 . 0 4 2 4 . 5 4 1 . 7 3 8 . 7

Dog 1 .94 2 8 . 0 3 8 . 7 3 5 . 5

Goose 2 . 0 4 2 3 . 0 4 2 . 7 3 7 . 6

Cow 2 .0 5 2 6 . 2 4 2 . 6 3 6 . 2

Guinea p i g 2 . 1 0 2 5 . 0 4 3 . 5 3 7 . 0

Rabbi t 2.  12 2 4 . 5 4 5 . 0 3 7 . 2

Rat 2.  14 2 0 . 2 4 9 . 9 3 8 . 3
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Tabl e  2 R e s u l t s  o f  hydrated  bone a s s a y s  o f  c o r t i c a l  and 

t r a b e c u l a r  bone f o r  f our  s p e c i e s  u s i n g  c o r t i c a l  bone 

from t h e  t i b i a  or t r a b e c u l a r  from t h e  v e r t e b r a e  

( Skalak and Chien,  1987 )

S p e c i e s S p e c i f i c Water Ash Organic V o l a t i  le.

g r a v i t y f r a c t  ion.VO 1% f r a c t i o n . v o l % f r a c t  ion.VO 1% i n o r g a n i c

f r a c t i o n

Tr a b ec u l a r  bone!

Human 1 .92 27 3 3 . 9 3 4 . 9 4 . 2

Monkey 1.89 2 7 . 1 3 2 . 9 3 6 . 1 4 . 0

Cow 1.93 28. 1 3 3 . 5 3 4 . 2 4 . 2

Dog 1.91 2 8 . 8 3 2 . 6 3 4 . 5 4 . 2

Cort i ca  1 bone!

Human 1.99 2 3 . 9 3 7 . 7 3 3 . 8 4 . 6

Monkey 2 . 0 4 2 3 . 7 3 8 . 2 3 3 . 7 4 . 7

Cow 2 . 0 0 2 5 . 2 3 6 . 6 3 3 . 6 4 . 6

Dog 2 . 0 0 2 2 . 3 36 . 8 3 6 . 3 4 . 6
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2 . 2  Chemis try  o f  Phosphorous  Compounds

There i s  a v a r i e t y  o f  c a l c i u m p h o sp h at s ,  Phosphorous  

p e n t o x i d e  (P^o5 ) i s  t h e  o n l y  o x i d e  o f  phosphorous  found in 

f e r t i l i s e r s .  There are  t h r e e  p ho s ph o r i c  a c i d s ,  from a 

c o mb i n a t i on  o f  phosphorus  p e n t o x i d e  w i t h  one ,  two 1 or t h r e e  

m o l e c u l e s  o f  w a t e r .  These  are  known r e s p e c t i v e l y ,  a s î  

a ) Metaphosphor i c  a c i d ,  p^o5 . H^o or HPOa 

b ) Py ro pho sphor i c  a c i d ,  p^o52H20,  or H^p 0^ 

c ) Or t hophosphor i c  a c i d . p ^ o 53H^01 or H3P0^

Orthophosphor i c  a c i d  i s  t h e  most common s p e c i e s .  

Py ro pho sphor i c  a c i d  o n l y  o cc u rs  in s u b s t a n c e s  which have  

been s u b j e c t e d  t o  h e a t .  In term o f  a q u a l i t a t i v e  d e t e c t i o n ,

metaphosphor i c  a c i d  g i v e s  a w h i t e  p r e c i p i t a t e ,  both  w i t h  

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

o f  albumen.  Py ro ph o s ph or i c  a c i d  g i v e s  no p r e c i p i t a t e  w i t h  

barium c h l o r i d e ,  but a w h i t e  p r e c i p i t a t e  w i t h  s i l v e r  n i t r a t e ,  

and i t  does  not  p o s s e s s  t h e  power o f  c o a g u l a t i n g  albumen;  

o r t h o p h o s p h o r i c  a c i d  g i v e s  no p r e c i p i t a t e  w i t h  barium c h l o r i d e ,  

but a y e l l o w  p r e c i p i t a t e  w i t h  s i l v e r  n i t r a t e ,  and does  not  

c o a g u l a t e  albumen.  R e s e a r ch e rs  have i n v e s t i g a t e d  t h e  

c o m p o s i t i o n  o f  t h e  aqueous s o l u t i o n s  c o n t a i n i n g  c a l c i u m

h yd ro x i d e  and p h o s p h o r i c  a c i d .  A s i g n i f i c a n t  par t  o f  t h e i r
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r e s u l t s  w i l l  be found in Tabl es  3,  4 and 5 i l l u s t r a t e d  as  

t h e  s o l u b i l i t i e s  o f  t h e  s o l i d  phases  at  t e m p er a t ur e  25 c ,  

40 c and 5 0 . 7 ' c .  A s t udy  o f  t h e s e  r e s u l t s  w i l l  prove  

p e c u l i a r l y  i n s t r u c t i v e  .

Tabl e  3 - 5  C o n d i t i o n  o f  e q u i l i b r i u m  o f  t h e  c a l c i u m  

o r t ho ph os p h at e s  in aqueous s o l u t i o n s  o f

p ho s ph o r i c  a c i d .  ( P a r r i s h  e t  a l ,  1939 )



13

Table 3

25 ’ c

CaO (,?.per 100 g.  o f P20 5 ( g . p e r  100 g . o f S o l i d  Phase

s a t u r a t e d  s o l u t i o n ) s a t u r a t e d  s o l u t i o n )

3 .088 36. 11 Ca(H2P04 ) 2H20

4 . 9 0 8 2 8 . 3 4 ท

5 .808 2 4 . 2 0 Ca(H2P04 ) 2H20;CaHP04

5 .523 2 2 . 2 9 CaHP04

4 . 9 9 0 17.55 ท

2 . 6 3 8 9 . 1 0 0 »♦
1.878 6 . 0 4 9 t*

0 . 8 2 6 2 . 3 8 7 *»
0 . 1 6 5 0 .4 1 7 CaHP04 îCaHP042H20

0 . 0 7 0 0.  166 CaHP042H20

0 . 0 6 0 0.  140 tf

0 . 0 5 0 0 .1 1 8 M

0 . 0 4 0 0 . 0 9 3 »
0 . 0 3 0 0 . 0 7 0  More b a s i c  t h a n  CaHP042H20

0 . 0 2 0 0 .0 4 7 **

0 . 0 1 0 0 . 0 2 3
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Table 4

4 0 ’ c

CaO น . per 100 g . o f  

s a t u r a t e d  s o l u t i o n )

P20 5 น . per 100 t f .of  

s a t u r a t e d  s o l u t i o n )

S o l i d  Phase

1.768 4 2 . 4 2 Ca(H2P04 ) 2H20

3 . 5 8 4 3 6 . 79 ท

5 . 7 5 5 2 7 . 25 Ca(H2P04 ) 2H20:CaHP04

4 . 8 1 3 2 1 . 67 CaHP04

3 . 8 1 0 16.35 f*

2 . 5 3 6 9 . 9 0 5 „
1.847 6 .9 7 9 H

1.267 4 .3 9 7 ท

0 . 5 7 6 1 .819 t f

0.  156 0 . 4 2 6 พ

0 . 0 5 9 2 0.  158 ท

0 . 0 5 0 8 0.  128 Ca3 (P04 ) 2H20

0 . 0 0 9 8 0 . 0 2 6 2
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Table 5

50 . 7 ' c

CaO ( g . p e r  100 ฐ . o f  P20 s (g' .per 100 ÿ . o f  S o l i d  Phase  

s a t u r a t e d  s o l u t i o n )  s a t u r a t e d  s o l u t i o n )

0 . 3 3 6 62. 01 Ca(H2P04 ) 2 ;Ca(H2P04 ) 2แ 20

0 . 6 3 5 5 8 . 08 Ca(H2P04 ) 2H20

1.428 5 0 . 25 H

2 . 9 7 4 4 1 . 9 2 พ

4 . 8 8 0 3 3 . 18 f*

5 .7 2 5 2 9 . 61 Ca(H2P04 ) 2H2QiCaHP04

3 . 507 15.48 CaHP04

2 .3 2 8 9 . 4 6 8 H

1.563 6.  157 H

0 . 6 9 2 2 . 2 8 1 t*

0 . 0 5 96 0 . 1 5 27 CaHP042H20

0 . 0 5 1 4 0.  1331 Ca3 (P04 ) 2H20

0 . 0351 0 . 0 9 4 2 »»

0 . 0 1 06 0 . 0 3 0 9 **

0 . 0 0 07 0 . 0 0 0 7 H
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2 . 3  S o l u b i l i t y  Chemis try  o f  Calcium Phosphates

Orthophosphate  s a l t s  , which have P0+a group,  

are  d i s t i n g u i s h e d  from met aphosphat e s  and p y r o p h o s p h a t e s  

which have P03 and p^o7 groups ,  r e s p e c t i v e l y .  S i n c e  we 

w i l l  be concerned  here  w i t h  o r t h o ph os ph at e  compounds o n l y ,  

t h e  p r e f i x  or t ho  w i l l  be o m i t t e d .  The p r i n c i p a l  c a l c i u m  

phosphat e  s a l t s  g i v e n  in Table  6 are  l i s t e d  in t h e  order  

o f  i n c r e a s i n g  Ca/P mole r a t i o .  Thi s  i s  a l s o  t h e  order  o f  

i n c r e a s i n g  b a s i c i t y .  Except  f o r  FAp, a l l  compounds are  members 

o f  t h e  t e r n a r y  s y s t e m.  Ca( OH)2- H3P04~H20.

Tabl e  6 Calcuium (Ortho)  Phosphate  Compounds and t h e i r  

S o l u b i l i t y  Product  C o n s t a n t s .  ( Laurence,  1991 )

Compound Formula Ca/P log(K ) log(K )

a t  25 ’ c a t  37 ■ c

Monocalcium phosphate  

monohydrate  (MCPM) 

Monocalcium phosphate

Ca(H2P04 ) 2 . Ha0 0 . 5  h i g h l y

s o l u b l e

Ca(H2P04 ) 2 0 . 5  h i g h l y
anhydrous (MCPA) s o l u b l e
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Di c a l c i um phosphat e  

d i h y d r a t e  (DCPD) 

D i ca l c i um phosphat e  

anhydrous (DCPA) 

Oc t a ca l c i u m phosphat e  

(OCP)

CaHP04 .2H20 1 .0  6 . 5 9

CaHP04 1 .0  6 . 9 0

Cas H2 <P0 ) 6 . 5H20 1 .33  9 6 . 6

6 .6 3

7 . 0 2

9 5 . 9

A l p h a - T r i c a l c i u m  

phosphat e  (cc-TCP) 

B e t a - T r i c a l c i u m  

phosphat e  (p-TCP) 

Hydroxyapat  i t e ( OHAp) 

Fl uo r a p a t  i t e (FAp)  

T e t r a c a l c i u m  phosphat e  

( TTCP)

cc-Ca3 (P04 ) 2 1 .5  2 5 . 5  - 2 5 . 5

p-Ca3 (P04 ) 2 1 .5  2 8 . 9  2 9 . 5

Ca (P0 ) OH 

Cas (P04 ) 3F 

Ca4 (P04 ) 20

1.67 5 8 . 4  5 8 . 6

1.67 6 0 . 5

2 . 0  3 8 - 44  4 2 . 4

2 . 3 . 1  S o l u b i l i t y  Product  Cons t a nt s

S o l u b i l i t y  i s  one o f  the. most  i mportant  

p r o p e r t i e s  o f  c a l c i u m phosphat e  c o mp o u nd s . l t  i s  t h e  s o l u b i l i t y  

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

c h emi ca l  r e a c t i o n s  ( l i k e  d i s s o l u t i o n ,  p r e c i p i t a t i o n  or phase  

t r a n s f o r m a t i o n  in n a t u r e )  in which c a l c i u m  p ho s p h a t es  are

i n v o l v e d .  Gr av i me tr i c  s o l u b i l i t y ,  i . e ,  t h e  mass o f  a s o l i d
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s o l i d  t h a t  can d i s s o l v e  i n t o  a u n i t  volume o f  t h e  s o l u t i o n ,  

i s  a s i mp l e  way o f  d es c r i b i ng '  s o l u b i l i t y .  The q u a n t i t y ,  

ho wev e r , c a n  change ร ig'ni f  i c a n t  ly w i t h  o t h e r  s o l u t i o n  paramet ers  

such as t h e  pH, t h e  c o n c e n t r a t i o n s  o f  o t h e r  c o mp o n e n t s , e t c . , 

and i s  not  c o n s i d e r e d  s u i t a b l e  f o r  describing" t h e  s o l u b i l i t y  

p r o p e r t i e s  o f  a c a l c i u m phosphat e  s a l t  under a broad range  

o f  c o n d i t i o n .  A more fundamental  parameter  f o r  d e s c r i b i n g  

s o l u b i l i t y  i s  t h e  thermodynamic s o l u b i l i t y  product  c o n s t a n t ,

K , a q u a n t i t y  r e l a t e d  t o  t h e  Gibbs f r e e  energy  o f  t h e  s o l i d ,

K i s  e x p r e s s e d  in a form r e l a t e d  t o  t h e  formula  o f  t h e  

compound, e . g . ,  f o r  OHAp,

KBB<0HAp) = ( Ca ) 5 ( PCM3 (0H) (1)

where q u a n t i t i e s  in ( ) in t h e  r i g h t  hand s i d e  o f  t h e  

e q u a t i o n  d en ot e  a c t i v i t i e s ,  Table  6 l i s t s  t h e  K v a l u e s  

f o r  t h e  s a l t s  at  25 c and 3 7 ’ c . For most  c a l c i u m phosphat e  

s a l t s , t h e  K v a l u e s  det ermi ned  by d i f f e r e n t  i n v e s t i g a t o r s  

are  g e n e r a l l y  in good agreement .

2 . 3 . 2  S o l u b i l i t y  Phase Diagrams

Based on Gi bb' s  phase  r u l e ,  a t e r n a r y  s y s t e m  

w i t h  two p h a s e s ,  a s o l u t i o n  and a s o l i d  , in e q u i l i b r i u m  at  a 

f i x e d  t e mp e r a t u r e  and p r e s s u r e  has a s i n g l e  d e g r e e  o f

freedom.  Thus a l i n e ,  known as a s o l u b i l i t y  i so t he r m,  in t h e
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phase  diagram ( F i g . 2) d e f i n e s  t h e  c o m p o s i t i o n s  o f  a l l  t h e  

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

The s o l u b i l i t y  i so t herm o f  a s a l t  c a l c u l a t e d  based on t h e  

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

t h e  d i s s o c i a t i o n  c o n s t a n t s  o f  p ho s ph or i c  a c i d ,  t h e  s t a b i l i t y  

c o n s t a n t  o f  ion p a i r s ,  and an a p p r o p r i a t e  model  f o r  c a l c u l a t i n g  

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

F i g . 2 ( a ) .  shows t h e  i so t herm o f  t h e  i mportant  s a l t s !  

d i c a l c i u m  phosphat e  d i h y d r a t e  (DCPD) , d i c a l c i u m  phosphat e  

anhydrous (DCPA), o c t a c a l c i u m  phosphat e  (OCP), p - t r i c a l c i u m  

phosphat e  (p-TCP),  and h yd ro x y a p a t i t e ( OHAp ) , in t h e  form o f  t h e  

l og a r i th m o f  t o t a l  c a l c i u m  c o n c e n t r a t i o n ,  l og(Ca)  and a 

f u n c t i o n  o f  t h e  l og a r i th m o f  t h e  t o t a l  phosphat e  c o n c e n t r a t i o n ,  

l o g ( P ) , o f  t h e  s a t u r a t e d  s o l u t i o n .  These  i so t he r ms  have  

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

r e g i o n s  in t h e  phase  diagram.  Thi s  means t h a t  i f  p h o s p h o r i c
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F i ? . 2 ( a )  S o l u b i l i t y  phase  d i a g r a m  f o r  t h e  t e r n a r y  s y s t em  

Ca(OH)2- H3PO^-H 0 a t  2 5 'C î  s o l u b i l i t y  i s o t h e r m s  

showing' lo.g(Ca) and (P ) ' o f  s o l u t i o n  i n  

e q u i l i b r i u m  w i t h  v a r i o u s  s a l t s .  ( L a u r e n c e  and  

Scozo i  1991) .

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

t h e  c o m p o s i t i o n  w i l l  s h i f t  t o  t h e  r i g h t  1 m a k i n g  t h e  s o l u t i o n  

under s a t u r a t e d . This  i s  b eca us e  p h o s p h o r i c  a c i d  i s  a weak a c i d .  

When i t  i s  added t o  a n e u t r a l  o r  a c i d i c  s o l u t i o n ,  t h e  d e c r e a s e  

in pH would c a u s e  p r o t o n a t i o n  o f  t h e  p h o s p h a t e  s p e c i e s .  T h i s  

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

HPÔ  and P0+ 3 , d e s p i t e  an i n c r e a s e  i n  t h e  t o t a l  ( P ) .  

C on s e qu e n t l y ,  a h i g h e r  (Ca) would be needed  t o  s a t i s f y  t h e
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. In t h e  more d i l u t e  (and more  b a s i c )  r e g i o n s . o f  t h e  phase  

diagram,  t h e  i so t herms  f o r  t h e  b a s i c  s a l t s  p -TC P« OHAp, 

and TTCP have n e c g a t i v e  s l o p e s .  T h i s  i s  because  when p h o s p h o r i c  

a c i d  i s  added t o  a h igh  pH s o l u t i o n ,  t h e  a l k a l i n i t y  o f  t h e  

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

d e c r e a s e  in pH, and t h i s  a l l o w s  t h e  added a c i d  t o  d i s s o c i a t e ,  

t h u s  i n c r e a s i n g  t h e  a c t i v i t i e s  o f  PO^3 and m a k i n g  t h e  s o l u t i o n  

s u p e r s a t u r a t e d .

F i g , 2 ( b ) .  shows t h e  same i s o t h e r m s  b u t  e x p r e s s e d  i n  

terms o f  log(Ca)  as a f u n c t i o n  o f  pH o f  t h e  s o l u t i o n .  

F i g . 2 ( c )  shows t h e  i s o t he r ms  f o r  t h e  same compounds i n  t h e  

form o f  t h e  l og a r i th m o f  t h e  t o t a l  p h o s p h a t e  c o n c e n t r a t i o n ,  

l o g ( P ) , o f  t h e  s a t u r a t e d  s o l u t i o n  as a f u n c t i o n  o f  pH.

(b )
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( c )

Fi . ? , 2.  S o l u b i l i t y  phase  diagram f o r  t h e  t e r n a r y  s y s t em  

Ca(OH)- -H P04-H 0 at  3 7 ' c

( b )  ; s o l u b i l i t y  i so t he r ms  showing l o g  (Ca) and pH o f

s o l u t i o n s  in e q u i l i b r i u m  w i t h  v a r i o u s  s a l t s .

( c )  i s o l u b i l i t y  i so t herm showing l o g ( P )  and pH o f  t h e

so l ut  ions

( Laurence,  1991 )
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The i s o t he r ms  in both f i g u r e s  have n e g a t i v e  s l o p e s  in 

t h e  n e u t r a l  and a c i d i c  r e g i o n s ,  i . e . ,  pH below 7,  o f  t h e  

t h e  phase  diagram.  Thi s  r e f l e c t s  t h e  f a c t  t h a t  a l l  t h e s e  

compounds are  more s o l u b l e  as t h e  pH d e c r e a s e s .  The s l o p e  

o f ’ t h e  i so t herm i s  an i n d i c a t i o n  o f  how r a p i d l y  t h e  

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

pH. S i n c e  f o r  a g i v e n  drop in pH, t h e  s o l u b i l i t y  o f  a b a s i c  

s a l t  would i n c r e a s e  more t han  would an a c i d  s a l t .  For example ,  

t h e  a c i d i c  s a l t s ,  DCPD and DCPA, have s m a l l e r  n e g a t i v e  s l o p e s  

than  do t h e  b a s i c  s a l t s ,  TTCP,0HAp and TCP.

In t h e  a l k a l i n e  r e g i o n s  o f  t h e  phase  d i a g r a m , t h e  

Ca c o n c e n t r a t i o n  i n c r e a s e s  w i t h  i n c r e a s i n g  pH ( F i g . 2 ( b ) ) ,  but  

w i t h  t h e  e x c e p t i o n  o f  DCPA and DCPD, t h e  p c o n c e n t r a t i o n  

d e c r e a s e s  w i t h  i n c r e a s i n g  pH ( F i g . 2 ( c ) ) .  The r e a s o n s  f o r  t h e  

d i f f e r e n t  shapes  o f  t h e  l o g ( p )  vs pH i so t he r ms  are  a l s o  

r e l a t e d  t o  t h e  b a s i c i t y  o f  t h e  compound as has been d e s c r i b e d  

p r e v i o u s l y  . It  may be c onc l uded  t h a t  t h e  s o l u b i l i t y  b eh a v i or  

o f  a c a l c i u m phosphat e  s a l t  i s  p r i n c i p a l l y  de t ermi ned  by two 

f a c t o r s :  t h e  thermodynamic s o l u b i l i t y  product  c o n s t a n t  and
t h e  b a s i c i t y  o f  t h e  compound.

The s o l u b i l i t y  phase  diagrams shown in F i g . 2 ( b )  and 

2 ( c )  are  q u i t e  u s e f u l  b eca us e  t h e y  r e v e a l  t h e  r e l a t i v e

s t a b i l i t i e s  o f  t h e  s a l t s  at  v a r i o u s  pHs. At a g i v e n  pH a
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sal t ,  whose i so t herm l i e s  below t h a t  o f  a no t h er  s a l t  i s  l e s s  

s o l u b l e  (more s t a b l e )  t han  t h e  o t h e r .  Thus , i t  i s  r e a d i l y  

s e e n  from t h e  phase  diagrams t h a t  OHAp i s  t h e  l e a s t  s o l u b l e  

among a l l  s a l t s  u n t i l  t h e  pH f a l l s  below a p p r o x i m a t e l y

4 . 2  where DCPA becomes t h e  l e a s t  s o l u b l e .  S i m i l a r l y ,  TTCP i s  

t h e  most  s o l u b l e  s a l t  f o r  pH below 8 . 5  l above  t h a t  DCPD i s  t h e  

most s o l u b l e .  The r e l a t i v e  s t a b i l i t i e s  o f  t h e  v a r i o u s  s a l t s  

are  t h e  major d r i v i n g  f o r c e s  f o r  t h e  r e a c t i o n s  t h a t  occur  

in c a l c i u m phosphat e  cement .

The phase  diagrams shown in F i g .  2 ( a ) , 2 ( b )  and 2 ( c )  

appl y  o n l y  t o  t h e  t e r n a r y  sys tem , Ca ( 0 H) 2-H3P04 - H^o. Thi s  

means t h a t  t h e  c o m p o s i t i o n s  d e s c r i b e d  in t h e s e  phase  diagrams  

can be o b t a i n e d  by e q u i l i b r a t i n g  a s a l t  in aqueous  s o l u t i o n s  

o f  H3P04 or Ca(0H)2 o n l y  and not  in s o l u t i o n s  t h a t  c o n t a i n  

components  o t h e r  t han  t h o s e  in t h e  t e r n a r y  s y s t e m,  e . g . ,  

HC1 or NaOH. However,  diagrams s i m i l a r  t o  F i g . 2 ( b )  and 2 ( c )  

can be drawn f o r  a q u a t e rn a ry  sys tem when a parameter  i s  

he l d  c o n s t a n t .  F i g .  3 (a )  and 3(b)  show phase  diagram f o r  t h e  

sys tem Ca(OH)2- H3PO^-HCl-H^O in which t h e  i so t he r ms  are  f o r  

a f i x e d  c o n c e n t r a t i o n  o f  HC1 at  0 . 1  mo l / 1  . I t  can be s e e n  

t h a t  t h e  primary e f f e c t s  o f  HC1, which does  not  form s t a b l e  

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

i o n s ,  are  t o  s h i f t  t h e  l o c i  o f  t h e  i s o t h e r m s .  The Ca



25

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

from t h e  c o r r e s p o n d i n g  v a l u e s  i n  t h e  t e r n a r y  s y s t e m ,  s im p l y  «
t o  b a l a n c e  t h e  n e g a t i v e  c ha r ge s  c a r r i e d  by t h e  C l  i ons#  

This  r e s u l t s  in a c o l l a p s e  o f  t h e  s e p a r a t i o n s  b e tw een  t h e  

i so t herms  p l o t t e d  in t h e  form o f  l o g (C a )  vs  pH ( F i g , 3 ( a ) ) ,  

A d d i t i o n a l l y ,  t h e  i n c r e a s e  in Ca c o n c e n t r a t i o n  c au se s  a 

r e d u c t i o n  in t h e  . p c o n c e n t r a t i o n  needed  t o  s a t i f y  t h e  K 

such t h a t  t h e  i so t herms  p l o t t e d  in t h e  f o rm  o f  l o g ( P )  vs  

pH are  s i g n i f i c a l y  s h i f t e d  t o w a r d  l ow e r '  p c o n c e n t r a t i o n s  

F i g . 3 ( b ) .  Diagrams s i m i l a r  t o  F i g s . 3 ( a )  and 3 ( b )  may be 

produced f o r  d i f f e r e n t  c o n c e n t r a t i o n s  o f  HC1 o r  o t h e r  a c i d s .  

In t h e  c a s e s  . where a c i d  i s  p a r t i a l l y  d i s s o c i a t e d  o r  f o rm s  

s t a b l e  complexes  w i t h  c a l c i u m or p h o s p h a t e  i o n s ,  k n ow le d g e  o f  

t h e  a c i d  or complex d i s s o l u t i o n  c o n s t a n t s  i s  r e q u i r e d  t o  

produce t h e  phase  diagram.
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(b)

F i s , 3 S o l u b i l i t y  phase  d i a g r a m  f o r  t h e  q u a t e r n a r y  s y s t em  

Ca(0H)2-H3? 0 4-HC1-H20,  a t  3 7 ' c  and f i x e d  

HC1 c o n c e n t r a t i o n  o f  0 . 1  m o l / 1 .

(a)  s o l u b i l i t y  i so t herms  s h o w in g  l o g (C a )  and pH o f  

s o l u t i o n  in e q u i l i b r i u m  w i t h  v a r i o u s  s a l t s .

(b) s o l u b i l i t y  i s o t he r ms  showing l og ( P )  and pH o f  t h e  

s o l u t i o n s ,

(Laurence ,  1991)
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Shown in F i g .  4 (a )  and 4 ( b )  a r e  i s o t h e rm s  f o r  t h e  

Ca(OH) -HgPO^-NaOH-H 0 system i n  w h i c h  t h e  c o n c e n t r a t i o n  and  

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

s o l u t i o n  in t h e  t e r n a r y  sys tem.  The i s o t h e rm s  i n  t h e  I o g (P )  

vs pH phase  diagram becomes supe r im po sed  because  a l l  s o l u t i o n s  

below pH 12 would have a m in imun  p c o n c e n t r a t i o n  t o  b a l a n c e  t h e  

c ha r g e s  o f  Na i o n s .

(a )
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(b)

F i ? . 4 S o l u b i l i t y  phase  diagram f o r  t h e  q u a t e r n a r y  s y s t e m .

Ca ( OH)2- H3PO^-NaOH-H^O , a t  3 7 ’ c and f i x e d  NaOH

c o n c e n t r a t i o n  o f  0 . 1  mol /1

(a)  s o l u b i l i t y  i so t herms  s h o w in g  l o g (C a )  and pH o f  

s o l u t i o n s  in e q u i l i b r i u m  w i t h  v a r i o u s  s a l t s

(b) s o l u b i l i t y  i so t herms  showing l o g  (P ) and pH o f  t h e  

s o l u t i o n s

( Laurence , 1991 )
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F i s ' . 5 shows a phase  d i a g r a m  i n  w h i c h  a s e r i e s  o f  

i so t herms  f o r  OHAp are  drawn at  f i x e d  c o n c e n t r a t i o n  o f  t h e  

f o u r t h  component ,  HC1 or NaOH. I t  can  be seen  t h a t  t h e  p r im a r y  

e f f e c t  o f  -HC1 or NaOH, as a f o u r t h  componen t  does n o t  i n f l u e n c e  

d i s s o l u t i o n  or p r e c i p i t a t i o n  r e a c t i o n  o f  OHAp, i s  s im p l y  t o  

s h i f t  t h e  i so t herm such t h a t  f o r  a g i v e n  ( P ) ,  t h e  r e q u i r e d  

(Ca) i n c r e a s e s  or d e c r e a s e s ,  r e s p e c t i v e l y ,

F i g , 5 S o l u b i l i t y  i so t herm o f  t h e  4 -  c omponen t  s y s t em  a t  

c o n c e n t r a t i o n  o f  t h e  f o u r t h  c o m p o n e n t , HC1 o r  NaOH,

(Laurence  and Scozo ,  1991)
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From e q u a t i o n ;

Kan(0HAp) = ( Ca) 5 ( P0^) 3 ( OH) _ ( i )

t h e  e x p r e s s i o n  f o r  t h e  s o l u b i l i t y  product  c o n s t a n t  o f  OHAp 

may be r earran ged  t o  have t h e  form,

( ( Ca) ( OH)2 ) 5 (<H)3 ( P C M ) 3 = K>b ( ( H ) ( 0 H ) ) 3 (2)

By t a k i n g  t h e  l og a r i th m , e q u a t i o n  2 becomes

5 l o g (  (Ca) (OH)2 ) + 31og( ( H) 3 (PCM ) = logK>)3 + 91ogKw (3)

where K =(H)(0H) i s  t h e  d i s s o c i a t i o n  c o n s t a n t  o f  w a t e r .  Thus,  

a p l o t  o f  t h e  l og  ( ( C a ) ( 0 H ) 2 ) v a l u e  v e r s u s  t h e  l o g ( ( H ) 3 ( P( M  

v a l u e s  f o r  t h e  s e r i e s  o f  s o l u t i o n s ,  a l l  o f  which are  s a t u r a t e d  

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

o f  - 3 / 5  ( F i g .  6 ) .  The same s i t u a t i o n  a l s o  a p p l i e s  t o  

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

s l o p e  b e i n g  equal  t o  t h e  n e g a t i v e  P/Ca r a t i o  o f  t h e  s a l t  in  

e q u i l i b r i u m  w i t h  t h e  s o l u t i o n  ( F i g .  6 ) .  These  t y p e s  o f  

diagrams are  shown, as t h e  p o t e n t i a l  phase  diagram,  b e c a u s e  t h e  

q u a n t i t i e s  b e i n g  p l o t t e d  are  r e l a t e d  t o  t h e  c he mi ca l  p o t e n t i a l s  

o f  t h e  components  Ca(OH)^ and H P0 . In c o n t r a s t  t o  c o m p o s i t i o n  

phase diagram ( e . g . , F i g . 5  ) ,  in a p o t e n t i a l  phase  diagram 

t h e  l o c a t i o n  o f  t h e  i so t herm f o r  a g i v e n  s o l i d  remains  f i x e d ,  

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

p o t e n t i a l  diagrams are  u s e f u l ,  b ec a u s e  t h e  l o g ( ( Ca) ( OH)2 ) and 

l o g ( ( H)  (PCM) v a l u e s ,  which can be r e a d i l y  c a l c u l a t e d  from
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t h e  c o m p o s i t i o n s  

which s o l i d  i s  

w i th o u t  r e q u i r i n g

o f  t h e  s o l u t i o n s ,  may 

in e q u i l i b r i u m  wi t h  

a p r i o r  knowledge or a

be used t o  

a s e r i e s  o f  

ssump t  i o n .

d e t e r m i n e

s o l u t i o n

F i g . 6 P o t e n t i a l phase  diagram f o r  c a l c i u m p h o s p h a t e s .

( Laurence and Sco zo ,  1991)
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2 . 4  T r i c a l c i u m  Phosphats  Ceramics

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

become a s u b j e c t  o f  i n t e r e s t  in f i e l d  o f  b i o m a t e r i a l s  as w e l l  

as h y d r o x y a p a t i t e  c e r a m i c s .  T r i c a l c i u m  p h o s p h a t e  c e r a m i c s  , 

which i s  c l a s s i f i e d  as a b i o a c t i v e  and b i o d e g r a d a b l e  

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

c an a l  f i l l e r ,  pulp c ap pi ng  a g e n t ,  c a v i t y  l i n e r ,  a r t i f i c i a l  

t o o t h  r oo t  and s k u l l  (Kanazawa,  1989) .

The name t r i c a l c i u m  phosphat e  i s  g i v e n  t o  any  c a l c i u m

p ho s ph a t e , t h e Ca/P mole r a t i o o f  w h i c h  i s e q u a l  t o

1 . 5 0 .  Table' 7 g i v e s i nformât  i on a b o u t  v a r i o u s t  r  i 0 a 1 c i urn

p ho s ph a t e . They genera  1 ly have w e l l  d e f i n e d s t r u c t u r e

such as p - ,  CC-, a  - ,  Hp( h i g h - p r e s s u r e  f o rm )  -TCP. On t h e

c o n t r a r y  amorphous (Am) and a p a t i t e  ( A p ) ,  TCP a r e  o n l y

ro u g hl y  d e f i n e d  s t r u c t u r a l l y .  Am-TCP i s  d e s c r i b e d  as composed  

o f  s p h e r i c a l  c l u s t e r s  o f  9 - A - in d i a met e r ;  Ap-TCP l o o k s  

l i k e  an OHAp from XRD p o i n t  o f  v i ew,  b u t  i s  n o t  so w e l l

d e f i n e d  ;
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T a b l e  7 V a r i o u s  p u r e  t r i c a l c i u m  p h o s p h a t e  ( C a / P  = 1 . 5 0 )  

( H e u g h e b a e r t  a n d  B o n e l ,  1 9 8 6 )

S y m b o l C h e m i c a l  F o r m u l a r N a m e

A m - T C P C a 3 ( P 0 ^ ) + a d s o r b e d  w a t e r a m o r p h o u s  TCP

A p - T C P Ca  ( HPO'  ) < P 0  ) ( OH) a p a t i t e  TCP ( t c i o o ’ c )

TCP o r  p - T C P p - C a 3 ( P 0 + ) 2 P - T C P  ( t <  1 1 2 0 ' C)

cc - TCP o c - C a 3 ( P 0 ^ )  2 ( X- TCP ( 1 1 2 0 ' C < t < 1 4 7 0 ' C )

c c ~ - T C P a _ C a 3 ( P 0 + ) 2 oc-  —TCP ( t > 1 4 7 0  ' c  )

H p - T C P C a 3 ( p 0 ^ ) 2 h i g h  p r e s s u r e h i g h  p r e s s u r e T C P ( p = 4 5 K b a r )

i t  i s  a p a r t i c u l a r  c o m p o u n d  o f  t h e  H A p - l i k e  s e r i e s  } 

c o m p a r i s i o n  w i t h  A m - T C P  s h o w s  t h a t  i t  c o n t a i n s  H P 0 + a n d  OH 

i n  t h e  s t r u c t u r e .  T C P - l i k e  s t r u c t u r e  a p p e a r s  i n  o t h e r  m a t e r i a l  

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

s o l u t i o n  ( w h i t l o c k i t e ) , o r  b y  s o l i d  s t a t e  r e a c t i o n  ( T a b l e  7  ) .  

W h i t l o c k i t e  d i f f e r s  f r o m  TCP b o t h  b y  t h e  p r e s e n c e  o f  M g 2 + a n d  

H i n  i t s  s t r u c t u r e  a n d  b y  a  l o w e r  s o l u b i l i t y .
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T a b l e  8 S o l i d  o f  p - T C P  s t r u c t u r e  a n d  c h e m i c a l l y  c l o s e  

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

a n d  B o n e l .  1 9 8 6 )

S y m b o l C h e m i c a l  f o r m u l a N a m e C a / P  r a t i o

TCP C a 3 ( p 0 4 ) o r  C a 2 1 ( P 0  ) a n h y d r o u s  p - T C P 1 . 5 0

พ Ca M * + H < P 0  ) 1 w h i t l o c k i t e 1 . 4 3

( M2 + = M g 2 + , F e 2 + , . . . )

Mi TCP Ca M 2 + < P 0  ) M c o n t a i n i n g  p - T C P 1 . 5 0

( M2 + = M g 2 + , N i 2 + , C d 2 + ’

Zn t • • • )

s  0  TCP C a S 0 4 - 1 0 C a 3 ( P 0 4 ) 2 C a S 0 4 c o n t a i n i n g  p - T C P > 1 . 5 0

A 1 ! TCP A l  Ca ( P 0  )2 X / 3 9 -  X 4 2 A l u m i n i u m  c o n t a i n i n g > 1 . 5 0

p - T C P

C r y s t a l  d a t a  o n  p - T C P  a r e  g i v e n  a s

r h o m b o h e d r a 1 s y s t e m ,  R 3 c ,  a = b = 1 0 , 4 3 9 ,  c = 3 7 . 3 7 5  a ’

( h e x a g o n a l  a x e s )

c e l l  c o n s t a n t s  ( Z )  = 2 1  , d e n s i t y  = 3 . 0 6 7  g / c m 3 

a n d  t h e  s t r u c t u r e  i s  s h o w n  i n  F i g . 7 ' w h i c h  i s  r e l a t e d  t o  t h o s e  

o f  B a ^ i V O ^ J O 2 , B a ^ ( P 0 ^ ) 2 a n d  S r ( P O ^ ) 2 . H o w e v e r ,  b e c a u s e  o f
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a g r e a t  d i f f e r e n c e  i n  s i z e  b e t w e e n  Ca  a n d  B a  i o n s .  7 C a 3 ( V C M 2 

u n i t s  o c c u p y  a  v o l u m e  c o r r e s p o n d i n g  t o  8 B a a ( P C M 2 u n i t s  a n d  

t h e  Ca  s i t e s  a r e  p a r t l y  h a l f -  o c c u p a n c y .

F i g .  7 S t r u c t u r e  o f  p - T C P ;

0 : C a  , ; C a  ( h a l f - o c c u p a n c y ) ,  : P  o f  P 0 + 

( D i c k e n  e t  a 1 . '  1 9 7 4 )

C r y s t a l  d a t a  o n  a - T C P  a r e  g i v e n  a s

m o n o c l i n i c  s y s t e m ,  P 2  / a ,  a  = 1 2 . 8 8 7 ,  b = 2 7 . 2 8 0 ,

c  = 1 5 . 2 1 9  A ,  p - =  1 2 6 . 2 0 ,  z  = 2 4  

d e n s i t y  = 2 . 8 0 3  g / c m 3

a n d  t h e  s t r u c t u r e  i s  s h o w n  i n  F i g . 8 . A p p r o x i m a t e  s u b c e l l s
*

w i t h  b 1 = b / 3  e x i s t .  T h e r  a r e  c o l o u m  o f  d i s t o r e d  ( C a - C a - C a - C a )

a n d  ( * - P 0 ^ - C a - P 0 ^ ) a l o n g  t h e  c  a x i s ,  w h e r e  $  i n d i c a t e s

c a t i o n  v a c c a n c y .  T h e  s t r u c t u r e  i s  r e l a t e d  t o  t h a t  o f  g l a s e r i t e
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K ^ N a i S O ^ ) ^ .  T h e  r a t i o  o f  ( C a + # ) / P  = 2  c o r r e s p o n d s  t o  t h a t  o f  

( K + N a ) / ร  = 2 .  C a t i o n  v a c c a n c i e s  a r i s e  f r o m  s u c h  a  c o m p o s i t i o n  

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

a s  i n  t h e  c a s e  o f  p - T C P .  T h e  b r o k e n  l i n e  i n  t h e  f i g u r e  8 

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

OHAp c e l l ,  a n d  t h e  c o r n e r s  t o  t h e  OH s i t e s  o f  O H A p .  O n e  o f  t h e  

f e a t u r e s  o f  oc - TCP i s  t h i s  s t r u c t u r a l  s i m i l a r i t y  t o  OHAp .  

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

t h a n  t h e  p - f o r m  1 a n d  t h u s  a h i g h e r  c h e m i c a l  r e a c t i v i t y  t h a n  

t h e  p -  f o r m .

F i g . 8 S t r u c t u r e  o f  a - T C P ;

0 Î C a . i P  a b o v e  0  , 0 î P  b e l o w  0

( M a t h e w ,  1 9 7 6 )
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T h e  s t r u c t u r e  o f  t h e  cc f o r m  r e p o r t e d  i s  n o t  y e t  

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

C r y s t a l  d a t a  o n  t h e  H p - f o r m  a r e !

r h o m b o h e d r a 1 ,  R 3 ' m a = 5 . 2 4 8 7 ,  c  = 1 8 . 6 7 4  a ' 

( h e x a g o n a l  s e t t i n g )  d e n s i t y  = 3 . 4 6 9  g / c m 3

2 . 5  T h e r m a l  t r a n s f o r m a t i o n  o f  C a l c i u m  P h o s p h a t e s

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

p h o s p h a t e  m o n o h y d r a t e ,  C a ( H P O ^ ) H 2 0  1* d i c a l c i u m  p h o s p h a t e  

d i h y d r a t e  , C a H P 0 + 2H 0 ?  d i c a l c i u m  p h o s p h a t e  a n h y d r o u s  . C a H P O ^  ! 

t r i c a l c i u m  p h o s p h a t e ,  Ca ( P 0  ) ! t e t r a c a l c i u m  d i h y d r a t e

p h o s p h a t e ,  C a ^ แ 2 P g Q2 0  C a - d e f i c i e n t  h y d r o x y a p a t i t e  o r  s o - c a l l e d  

a m o r p h o u s  c a l c i u m  p h o s p h a t e  ( A C P ) ,  C a i 0  H 2 ( P 0 ^ ) e ( 0 H ) 2 a n d  

o c t a c a l c i u m  p h o s p h a t e  p e n t a h y d r a t e ,  C a ^ H 2 ( P 0 ^ ) s  5 แ 2 0 ,  a r e  

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

f r o m  t h e s e  c a l c i u m  p h o s p h a t e s  h e a t e d  u p  t o  1 5 0 0 ' c  i n  a i r  a t  

a h e a t i n g  r a t e  o f  3 - 5  c / m i n  a n d  t h e  p r o d u c t s  o b t a i n e d  a t  

v a r i o u s  t e m p e r a t u r e  a r e  s u m m a r i z e d  i n  T a b l e  9 ,  I t  h a s  b e e n  

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

1 3 0 0  c ,  t h e  f i n a l  p r o d u c t s  b e c o m e  a m i x t u r e  o f  h i I g e n s t o c k i t e ,  

C a ^ O ( P O ^ ) 2 ! c c - t r i c a  1 c i u m  p h o s p h a t e ,  a - C a 3 ( P 0 ^ ) 2 ; c c - c a l c i u m  

p y r o p h o s p h a t e  , c c - C a ^ P 2 0 ! a n d  c c - c a l c i u m  m e t a p h o s p h a t e  ,
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a - C a ( P 0 3 ) 2 . T h e  m i x t u r e  r a t i o  d e p e n d s  o n  t h e  C a / P  r a t i o  o f  

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

T a b l e  9  T h e r m a l  t r a n s f o r m a t i o n  o f  s e v e n  c a l c i u m  p h o s p h a t e .  

( A o k i ,  1 9 9 1 )

2 5 0  . c  _ _ _ _ _ 3 0 0 . c
1 ) .  C a ( H 2 P O 4 } 2 H 2 0 ------ — — ►  C a ( H ^ P O ^ )  -------------------» a m o r p h o u s  -

_ , _ _ . _ . _ 4QQ- 4 SQC _ __ 5 4 0 - 6 4 0  1 cC a ( P 0  ) Ca H P 0  -------*  g - C a ( P 0  ) — — — --------- -3 2 + 4 2 6 2 0  3 2
____  _ 9 5 0 - 9 7 0 . C _ __  1 0 0 0 , 0

p - C a ( P 0 3 ) 2 ------------------------- -- o c - C a ( P 0 3 ) 2 -------- — — « - g l a s s  s t a t e

C a ( P 0 3 ) 2 .
1 0 0 - 2 6 0 . c  _ _ _ 4 0 0 - 4 4 0 . c

2 ) .  C a H P 0 ^ 2 H 2 0 ----------- — --------- -  C a H P 0 4 i S - C a 2 P 2 0 7
T 5 0  -  1 2 0 0  . C _ _ 1 2 5 0  . C
-----------— ------------ p - C a _ 2 p_2 0 7_ ----------— -------►  a - C a 2 P 2 0 ^ .

<100-4500 _ _ I 2 S 0 C
3 )  . C a H P 0 4 ----------- -------- ►  p - C a  P 0  -------  -  c c - C a  P 0  .

4 )  . C a 3 ( P 0 4 ) 2 n H 2 0  ■ 5 9 0  ~ T 2 0 ,  ►  p - C a 3 ( P Q ^ )  2 ■ t 2 9 0 , < :  g - C a ^ P C M  2
1 S 4 0  ■ c

s u p e r  a - C a 3 ( P 0 4 ) 2 .

5 ) .  Ca H ( P O ) ( O H )  ■~ 9 0 0 ,  c > p - C a  ( P O ) + C a  ( P O  ) ( OH)1 0 - x  2 X 4 6  2 3 4 2  10  4 6  2
t 2 0 0 . C

o c - C a 3 ( P 0 4 ) 2 +  Ca  0 ( P 0  ) .

6 ) .  C a a H 2 ( P 0 4 ) e 5 H 2 0  • C a a H 2 ( ? 0 + ) ธ H 2 0  - 4 0 ° ' c

Ca ( P O ) ( O H )  +  5 - C a  P 0 _ .1 0 4 ร 2 2 2 7

7 ) .  Ca  H P O  ------------ ------------ ►  Ca ( P  0  ) ( T r o m e l  i t e ) + 5 - C a (  P 0 _  )4 2 6 2 0  7 ร l  6 2 3 2

-------- -— ► a m o r p h o u s  C a ( P 0 3 ) 2 +  p - C a 2 P 2 0 7 — c„  p - C a ( P 0  )

+ p- Ca^P2 0 7 ,
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F o u r  p o l y t y p e s  o f  TCP a r e  a s  f o l l o w s }
t 1 2 0 -  t t a 0 . c

p - T C P  ----------- — -------- ►  a - T C P 1 4 3 0 - 1 4 7 0 . c
« " - T C P

a n d  h i g h  p r e s s u r e  f o r m  H p - T C P  

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

r e a c t i o n  o r  t h e r m a l  d e c o m p o s i t i o n .  I n  t h e  s o l i d  s t a t e  r e a c t i o n ,

t h e  s t o i c h i o m e t r i c  m i x t u r e  o f  Ca HPO 2H 0  o r  Ca HPO o r4 . 2  4

C a ^ P 2 0 7 a n d  C a C 0 3 o r  CaO i s  h e a t e d  a t  a b o u t  l o o o ’ c  f o r  0 . 5 - 1 . 0  

h o u r  t o  p r e p a r e  t h e  p -  f o r m ,  a n d  a t  a b o v e  1 2 0 0 ' c  f o r  0 . 5 - 1 . 0  

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

m e t h o d ,  ACP i s  h e a t e d  a t  7 0 0  c  o r  a b o v e  1 2 0 0  c  f o r  t h e  a - f o r m ,  

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

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

c o n d i t i o n s  a s  s h o w n  i n  F i g . 9  , ACP s a m p l e s  p r e p a r e d  f r o m  

s o l u t i o n  w i t h  l o w  i n i t i a l  ( C a ) x ( P )  p r o d u c t s  t e n d s  t o  f i r s t  

c r y s t a l l i z e  p - T C P  o n l y  o r  a n  a -  a n d  p - T C P  m i x t u r e .  I n  c o n t r a s t ,  

ACP f r o m  s o l u t i o n  w i t h  ( C a ) x ( P )  p r o d u c t s  o f  1 0 3 — 1 0 s  mM2 f i r s t  

c r y s t a l l i z e s  a - T C P  o n l y .  C a H P 0 ^ . 2 H 2 0  f o r m e d  i n  f u r t h e r  h i g h  

( C a ) x ( P )  s o l u t i o n  p r o d u c t s .
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F i ? ' . 9  T h e r m a l  c h a n g e s  o f  ACP p r e p a r e d  a t  d i f f e r e n t  

( C a ) x ( P )  p r o d u c t s  ( a )  a n d  C a / P  m i x i n g  r a t i o s  ( b )  

( K a n a z a w a ,  1 9 8 9 ) .

A c a l c i u m  d e f i c i e n t  OHAp ( C a / P = 1 . 5 0 )  c a n  b e  u s e d  

f o r  t h e  p r e p a r a t i o n .  T h e  H p - T C P  f o r m  i s  p r e p a r e d  b y  h e a t i n g  

p - T C P  a t  9 5 0  c  u n d e r  4 , 0  GPa  , o r  h e a t i n g  OHAp a t  1 2 0 0  C u n d e r

1 5  G P a .
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