
RESULTS AND DISCUSSION
CHAPTER IV

In this study, two main parts of the experiments were systematically 
carried out including batch synthesis and dissolution experiments of the 
resulting precipitates. Batch synthesis experiments were conducted in order to 
understand the most important effects of precipitating conditions on the 
precipitate properties. There were three systems involved in batch synthesis 
experiments, Ca-ATMP precipitation synthesis, Mg-ATMP precipitation 
synthesis and Ca-ATMP precipitation synthesis with the presence of 
magnesium ion. After batch synthesis part was completed, the dissolution rates 
of the resulting precipitates were investigated by using a rotating disk reactor 
to evaluate the dissolution performance of each precipitates. The experimental 
data were shown in Appendix.

4.1 Characteristic of Synthesized Precipitates

4.1.1 Ca-ATMP Precipitates
This part was conducted to reproduce Ca-ATMP precipitates 

described in the previous work (Rerkpattanapipat, 1996). The previous work 
showed that the precipitating solution pH was one o f the most important 
factors affecting the types of precipitates. Therefore, three different 
precipitating solution pHs were chosen at molar product ([Ca][ATMP]) of 0.08 
M2 and calcium to ATMP molar ratio in the systems of 10:1 for the synthesis 
of three types o f Ca-ATMP precipitates. First, batch synthesis experiment was 
conducted at pH o f 1.5, while the second and the third batch were performed at 
pH of 4 and 7, respectively. All batch synthesis conditions and characterization 
results were shown in Table 4.1. As the previous work, the complete results 
were depicted in Figure 4.1.
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T a b l e  4 .1  S u m m a r y  o f  b a t c h  s y n t h e s i s  a n d  c h a r a c t e r iz a t io n  e x p e r im e n t s  

fo r  C a - A T M P  p r e c ip i ta t io n .

P r e c ip i t a t in g  C o n d it io n s C h a r a c t e r is t ic  o f  P r e c ip i t a t e s

p H
C a /A T M P  

M o la r  r a t io
M o la r  P r o d u c t  
I C a l lA T M P l

( M 2)

C a /A T M P  
M o la r  r a t io M o r p h o lo g y S tr u c tu r e

1 .5 10:1 0 .0 8 1 .0 4 :1 S h e e t C r y s t a l l in e
4 .0 10:1 0 .0 8 2 .0 6 : 1 S p h e r ic a l A m o r p h o u s
7 .0 10:1 0 .0 8 3 .1 1 : 1 S p h e r ic a l A m o r p h o u s

A t  p H  o f  1 .5 ,  o n e  c a l c iu m  a to m  r e a c t e d  w i t h  o n e  a c t iv e  p h o s p h a t e  

g r o u p  in  a  A T M P  m o le c u l e  r e s u l t in g  in  C a /A T M P  m o la r  r a t io  o f  1 :1  in  th e  

r e s u l t in g  p r e c ip i t a t e s .  A t  p H  o f  4 ,  t w o  c a lc iu m  a t o m s  a t t a c h e d  t o  t w o  a c t iv e  

p h o s p h a t e  g r o u p s  in  o n e  A T M P  m o le c u l e  r e s u l t in g  in  2 :1  C a - A T M P  m o la r  

r a t io ,  w h i l e  th r e e  c a lc iu m  a t o m s  c o u ld  b o n d  w i t h  t h r e e  p h o s p h a t e  g r o u p s  a t  

s o lu t io n  p H  o f  7 ,  p r o d u c in g  t h e  m o la r  r a t io  o f  3 : 1 .  T h e  g e n e r a l  p r e c ip i t a t io n  

r e a c t io n  o f  a  p h o s p h o n a t e  w i t h  a  d iv a le n t  c a t io n  w a s  s h o w n  in  F ig u r e  4 .2  w i t h  

c a l c iu m  a n d  A T M P  a s  th e  p a r t ic ip a t in g  c o - r e a c t a n t s .  T h e  p r o p o s e d  p r e c ip i t a t e  

s tr u c tu r e  c o m p r is in g  f i v e  m o le c u l e  r in g s  w a s  k n o w n  t o  b e  e x t r e m e ly  s t a b le  

m o le c u la r  s t r u c tu r e s  ( M a r te l l  a n d  C a lv in ,  1 9 5 6 ) .
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Figure 4.1 E f f e c t  o f  p r e c ip i t a t in g  s o lu t io n  p H  o n  t h e  p r e c ip i t a t e  c o m p o s i t io n s  

(R e r k p a t ta n a p ip a t ,  1 9 9 6 ) .
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T h is  p h e n o m e n o n  c a n  b e  s im p ly  d e s c r ib e d  th a t  a s  th e  

p r e c ip i t a t in g  s o lu t io n  p H  in c r e a s e s  t h e  s o lu t io n  e q u i l ib r iu m  s h i f t s ,  r e s u l t in g  in  

in c r e a s in g  t h e  n u m b e r  o f  h y d r o g e n  d e p r o t o n a t e d  f r o m  e a c h  A T M P  m o le c u le .  

A s  a  r e s u lt ,  c a l c iu m  i o n  h a s  m o r e  a v a i la b le  r e a c t in g  s i t e s  o n  A T M P  m o le c u l e  

a t  h ig h e r  p H , r e s u l t in g  in  in c r e a s in g  C a  t o  A T M P  m o la r  r a t io s  o f  p r e c ip i t a t e s .
A  c lo s e r  e x a m in a t io n  o f  F ig u r e  4 .1  r e v e a l s  t w o  in t e r e s t in g  

p h e n o m e n a .  F ir s t ,  i t  w a s  o b v io u s  th a t  e v e r y  b a t c h  s y n t h e s i s  c a r r ie d  o u t  a t  

c o n s t a n t  p H  r e s u l t e d  in  th e  f o r m a t io n  o f  o n e  o f  th e  t h r e e  d i f f e r e n t  p r e c ip i t a t e s  

( 1 : 1 ,  2 : l o r  3 : 1 )  w i t h o u t  a  p r e s e n c e  o f  th e  m ix t u r e .  T h i s  in d ic a t e s  th a t  o n e  

p r e c ip i t a t e  w a s  m o r e  s t a b le  th a n  t h e  o th e r s  a t a  g iv e n  p H  v a lu e .  S e c o n d ,  th e r e  

w e r e  t w o  t r a n s i t io n  r e g io n s  w h e r e  th e  r e s u l t in g  p r e c ip i t a t e ’ s  m o la r  r a t io s  w a s  

a b r u p t ly  s h i f t e d  f r o m  1:1  t o  2 :1  o r  2 :1  to  3 :1 .  It w a s  s u g g e s t e d  th a t  in  t h is  sh o r t  

t r a n s i t io n  r e g io n ,  a  s ig n i f ic a n t  c h a n g e  in  th e  s y s t e m  c h e m is t r y  w a s  o c c u r r e d . In  

o r d e r  t o  c l e a r ly  u n d e r s ta n d  t h e s e  p h e n o m e n a ,  t h e  r e a c t io n s  th a t  c o n c e r n e d  th e  

f o r m a t io n  o f  e a c h  d i s t in c t  p r e c ip i t a t e  m u s t  b e  in v e s t ig a t e d .  A t  a  g iv e n  p H  

v a lu e ,  t h e  p r e c ip i t a t io n  r e a c t io n  f o r  1:1  C a /A T M P  p r e c ip i t a t e  c a n  b e  w r i t t e n  a s

C a 2+ +  A T M P 2' C a A T M P  ( 1 )

w h e r e  t h e  e q u i l ib r iu m  c o n s t a n t  i s  e x p r e s s e d  in  te r m s  o f  a c t iv i t y  a s

K „ 1 =  =  - T  ( 2 )
a c a 1+a  ATM P2-  SP\

F o r  2 :1  C a /A T M P  p r e c ip i t a t e ,  t h e  A T M P  m o le c u l e  h a s  to  

d e p r o to n a te  a t  l e a s t  th r e e  h y d r o g e n  a to m s  t o  f o r m  a  2 :1  p r e c ip i t a t e .  T h e  

p r e c ip i t a t io n  r e a c t io n  c a n  b e  w r i t t e n  a s
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2 C a 2+ +  A T M P 3' <-►  C a 2A T M P  +  H + ( 3 )

w h i l e  e q u i l ib r iu m  c o n s t a n t  i s  d e f in e d  b y  th e  f o l l o w i n g  e q u a t io n

a Ca  2 A TM P a u *  _  1

a c a l * a  ATM P1- X *
(4)

In  a d d it io n  t o  th e  t w o  p r e c ip i t a t io n  r e a c t io n s ,  t h e  f o l l o w i n g  

d e p r o t o n a t io n  r e a c t io n  a l s o  o c c u r r s .

A T M P 2' <-> A T M P 3' +  H + ( 5 )

w h e r e  t h e  e q u i l ib r iu m  a c id  c o n s t a n t  i s  s h o w n  a s

_  a ATM Pi ~ a H *  

a ATM P 2"

(6)

B y  c o u p l in g  o f  t h e s e  e q u a t io n s  t o g e t h e r ,  a  s im p le  e q u i l ib r iu m  

e x p r e s s io n  r e la t in g  t h e  1:1 a n d  2 :1  C a /A T M P  p r e c ip i t a t e  c a n  b e  w r i t t e n  a s

C a 2+ +  C a A T M P  2 H + +  C a 2A T M P  ( 7 )

A n  a c t iv i t y  o f  th e  s o l i d  p r e c ip i t a t e s  i s  a s s u m e d  t o  b e  1, h e n c e  th e  

e q u i l ib r iu m  c o n s t a n t  c a n  b e  e x p r e s s e d  a s

K  =  X  — eqi ะ= ะะะ K  — sp'
° ^ โ  ^  a K sp 2 (8)

A s  a n  a c t iv i t y  i s  d ir e c t ly  r e la t e d  t o  t h e  c o n c e n t r a t io n ,  th is  

e q u a t io n  i s  c h a n g e d  in  te r m s  o f  t h e  m o la r  c o n c e n t r a t io n  a s  s h o w n  b e lo w .
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K == K Keqi [ / / ๆ 2 K  K sp1a;C=[Ĉ T ° K ~
(9)

where [Ca2"] is referred to the free calcium cation in the precipitating solution.
From equations (7) and (9), it is obvious that an increase in the 

calcium concentration or a decrease in the hydrogen concentration (increasing 
the solution pH) will drive the equilibrium reaction to favor the formation of 
the 2:1 Ca/ATMP precipitate at the expense of the 1:1 Ca/ATMP precipitate. 
In addition, equation (9) also reveals that the transition point from a 1:1 to 2:1 
Ca/ATMP precipitate occurred when the [H+]2/[Ca2+] molar ratio of the 
precipitating solution was essentially equal to the equilibrium constant (K). 
The magnitude of this ratio with respect to the equilibrium constant dictates 
which distinct precipitate was more favorable or which reaction direction is 
dominant.

In all batch synthesis experiments, the titration was performed at 
constant pH, therefore the [H+]2/[Ca2+] molar ratio in supernatant relative to the 
equilibrium constant was also maintain resulting in forming only one distinct 
precipitate at a given pH value. The transition region from a 2:1 to 3:1 Ca- 
ATMP precipitate can be also examined in a similar manner as described 
above.

To confirm the reproducible results, two distinct precipitates, 1:1 
and 2:1 Ca/ATMP precipitates were chosen for studying the morphology and 
structure properties. The morphologies of these two precipitates were studied 
by using a Scanning Electron Microscope (SEM) as shown in Figure 4.3. It 
was apparent that the morphologies of 1:1 Ca-ATMP precipitate were sheet 
particles whereas 2:1 Ca-ATMP precipitate were powdery spherical particles. 
Figure 4.4 shows the XRJD patterns of two precipitates indicating that 1:1
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F ig u r e  4 .4  s h o w s  th e  X R D  p a t te r n s  o f  t w o  p r e c ip i t a t e s  in d ic a t in g  th a t  1:1  

C a /A T M P  p r e c ip i t a t e  h a s  c r y s t a l l in e  s tr u c tu r e  a s  s h o w n  b y  s h a r p  p e a k s ,  w h i l e  

n o  s h a r p  p e a k s  a r e  o b s e r v e d  f o r  2 :1  C a /A T M P  p r e c ip i t a t e s  r e s u l t in g  f r o m  its  

a m o r p h o u s  s tr u c tu r e .

(a )  1 :1  C a /A T M P  p r e c ip i t a t e  s y n t h e s i z e d  a t  p H  1 .5

( b )  2 :1  C a /A T M P  p r e c ip i t a t e  s y n t h e s i z e d  a t  p H  4

F i g u r e  4 .3  M o r p h o lo g ic a l  s tr u c tu r e s  o f  t w o  d i s t in c t  C a - A T M P  p r e c ip i ta te s .
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( a )  1 :1  C a /A T M P  p r e c ip i t a t e  s y n t h e s i z e d  a t  p H  1 .5

( b )  2 :1  C a /A T M P  p r e c ip i t a t e  s y n t h e s i z e d  a t  p H  4

F i g u r e  4 .4  X - r a y  d i f f r a c t io n  p a t t e r n s  o f  t w o  d i s t in c t  C a - A T M P  p r e c ip i t a t e s .
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4 . 1 .2  M g - A T M P  P r e c ip i t a t e s
B e f o r e  th e  e f f e c t  o f  m a g n e s iu m  i o n  o n  t h e  C a - A T M P  

p r e c ip i t a t io n  w a s  s t u d ie d ,  t h e  p r e c ip i t a t io n  b e t w e e n  m a g n e s iu m  a n d  A T M P  

w a s  p e r f o r m e d  f ir s t  in  o r d e r  to  e x a m in e  th e  p r e c ip i t a t io n  p e r f o r m a n c e  o f  

m a g n e s iu m  i o n  w i t h  A T M P  m o le c u l e .  T h e  m e t h o d  f o r  f o r m in g  M g - A T M P  

p r e c ip i t a t e s  w a s  m e n t io n e d  in  t h e  e x p e r im e n t a l  s e c t io n .  T a b le  4 .2  s h o w s  th e  

p r e c ip i t a t in g  c o n d i t i o n s  a n d  c h a r a c t e r iz a t io n  o f  t h e  r e s u l t in g  M g - A T M P  

p r e c ip i t a t e s ,  w h e r e  t h e  p r e c ip i t a t in g  s o lu t i o n  p H s  ( 1 .5 ,  4  a n d  7 )  a n d  M g /A T M P  

m o la r  r a t io  in  t h e  s y s t e m s  ( 1 0 : 1 )  w e r e  s im i la r  to  th e  C a - A T M P  p r e c ip i t a t io n .

T a b l e  4 .2  S u m m a r y  o f  b a t c h  s y n t h e s i s  a n d  c h a r a c t e r iz a t io n  e x p e r im e n t s  

fo r  M g - A T M P  p r e c ip i t a t io n .

P r e c ip i t a t in g  C o n d i t i o n s C h a r a c te r is t ic  o f  P r e c ip i t a t e s

p H M g /A T M P  
M o la r  ra tic

M o la r  P r o d u c t  

( [ M g ]  [ A T M P ] )
( M 2)

M g /A T M P  
M o la r  r a t io M o r p h o lo g y S tr u c tu r e

1 .5 10:1 0 .8 5 1 .1 9 : 1 S h e e t C r y s ta ll in e
1 .5 10:1 0 .8 0 1 . 10:1 S h e e t C r y s ta ll in e

4 .0 10:1 0.10 X X X X * * * * * * * *

4 .0 10:1 0 .0 8 x x x x * * * * * * * *

7 .0 10:1 0 .0 8 x x x x * * * * ะ!:***

7 .0 10:1 0 .0 5 x x x x * * * * * * * *

x x x x  a n d  * * * *  N o  p r e c ip i t a t e  f o r m e d  a n d  n o  a n a ly s i s  , r e s p e c t iv e ly .

A t  th e  s o lu t i o n  p H  o f  1 .5 ,  i t  w a s  f o u n d  th a t  t h e  a p p r o x im a t e  1:1 

M g /A T M P  m o la r  r a t io  in  th e  r e s u l t in g  p r e c ip i t a t e  c a n  o n l y  b e  f o r m e d  a t th e
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m o la r  p r o d u c t  o f  0 .8 0  M 2 o r  h ig h e r ,  w h i l e  th e  m o la r  p r o d u c t  o f  0 .0 8  M 2 w a s  

e n o u g h  f o r  s y n t h e s i z in g  1 :1  C a /A T M P  p r e c ip i ta te .  A s  a  m o la r  p r o d u c t  r e la te s  

t o  a  s o lu b i l i t y  p r o d u c t  ( K sp )  o f  p r e c ip i t a t e s  a s  d e f in e d  in  e q u a t io n  ( 10) ,  i t  i s

a p p a r e n t  th a t  1 :1  M g /A T M P  p r e c ip i t a t e  h a d  h ig h e r  s o lu b i l i t y  p r o d u c t  th a n  1:1  

C a - A T M P  p r e c ip i t a t e  a t t h e  s a m e  p H  v a lu e .  T h is  s o lu b i l i t y  p r o d u c t  i s  a  

t h e r m o d y n a m ic s  p r o p e r ty  w h i c h  d e p e n d s  u p o n  t h e  t y p e s  o f  p r e c ip i t a t e s .  A  

s o lu b i l i t y  p r o d u c t  o f  1 :1  M g /A T M P  p r e c ip i t a t e  w a s  e x p r e s s e d  a s

K s p = [ M g 2+] [ A T M P 2--] (10)

A t  th e  s o lu t io n  p H s  o f  4  a n d  7 ,  n o  p r e c ip i t a t e s  w e r e  o b s e r v e d  a t  

t h o s e  m o la r  p r o d u c t  v a lu e s .  In  o r d e r  to  fo r m  p r e c ip i t a t e s ,  t h e  m o la r  p r o d u c t s  

w e r e  n e c e s s a r y  t o  o v e r c o m e  th e  s o lu b i l i t y  p r o d u c t .  U n f o r t u n a t e ly ,  t h e  m o la r  

p r o d u c t s  a t  p H  4  a n d  7  c o u l d  n o t  b e  r e a l ly  in c r e a s e d  m o r e  th a n  t h o s e  v a lu e s  

b e c a u s e  m a g n e s iu m  h y d r o x id e  w a s  a p p a r e n t ly  f o r m e d  in  t h e  s y s t e m s ,  a s  w e l l  

a s  h a v in g  s t r o n g  e f f e c t  o n  c o n t r o l l in g  th e  p r e c ip i t a t in g  s o lu t io n  p H  d u r in g  th e  

t itr a t io n .
T h e  m o r p h o lo g y  o f  1:1 M g /A T M P  p r e c ip i t a t e  i s  i l lu s t r a t e d  in  

F ig u r e  4 .5  in d ic a t in g  m a n y  s h e e t  p a r t ic le s  s im i la r  t o  t h e  m o r p h o lo g y  o f  1:1  

C a /A T M P  p r e c ip i t a t e .  T h e  X - r a y  d i f f r a c t io n  p a t t e r n  o f  t h is  p r e c ip i t a t e  s h o w n  

in  F ig u r e  4 . 6  c l e a r ly  c o n f ir m s  th a t  i t  i s  c r y s t a l l in e  in  n a tu r e .
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F i g u r e  4 .5  M o r p h o lo g i c a l  s tr u c tu r e  o f  t h e  p r e c ip i t a t e  h a v in g  1 :1  M g /A T M P  

m o la r  r a t io .

F i g u r e  4 .6  X - r a y  d i f f r a c t io n  p a tte r n  o f  1:1 M g /A T M P  p r e c ip i t a t e  f o r m e d  a t  

p r e c ip i t a t in g  s o lu t io n  p H  o f  1 .5  a n d  m o la r  p r o d u c t  o f  0 . 8 0  M 2.
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4 .1 .3  C a - A T M P  P r e c ip i t a t e s  w i t h  th e  P r e s e n c e  o f  M a g n e s iu m  I o n
T h is  p a r t  w a s  c o n d u c t e d  b a s e d  o n  t h e  f a c t  th a t  in  a d d it io n  t o  th e  

p r e s e n c e  o f  c a lc iu m  io n  in  th e  f o r m a t io n  w a te r , i t  a l s o  h a s  a  la r g e  a m o u n t  o f  

m a g n e s iu m  io n ,  w h ic h  c o u ld  b e  a b le  t o  p r e c ip i t a t e  w i t h  p h o s p h o n a t e  a s  w e l l .  
T h e  m e t h o d o lo g y  w a s  a ls o  th e  s a m e  a s  C a - A T M P  p r e c ip i t a t io n  s y n t h e s i s  

e x c e p t  th a t  m a g n e s iu m  a n d  A T M P  s o lu t io n  w e r e  c o m b in e d  t o g e t h e r  b e f o r e  

b e in g  t i t r a te d  w i t h  c a lc iu m  s o lu t io n .  W h e n  m a g n e s iu m  s o lu t io n  w a s  in t r o d u c e d  

in t o  A T M P  s o lu t io n ,  th e  s o lu t io n  p H  d e c r e a s e d  r a p id ly  b e c a u s e  o f  th e  

c h e la t io n  c h e m is t r y  a n d  n o  M g - A T M P  p r e c ip i t a t e  w a s  o b s e r v e d .  T h e  m o la r  

p r o d u c t  o f  [ C a ] [ A T M P ]  w a s  k e p t  c o n s t a n t  a t 0 .0 8  M 2, w h i l e  th r e e  p r e c ip i t a t in g  

s o lu t io n  p H s  w e r e  1 .5 ,  4  a n d  7 . T h e  e f f e c t  o f  m a g n e s iu m  i o n  w a s  d ir e c t ly  

e x a m in e d  b y  v a r y in g  m a g n e s iu m  c o n c e n t r a t io n  in  t e r m s  o f  t o t a l  c a lc iu m  to  

m a g n e s iu m  m o la r  r a t io s  in  th e  s y s t e m  o f  0 .5 : 1 ,  1 :1 , 2 :1  a n d  5 :1 .  A l l  b a tc h  

s y n t h e s i s  c o n d i t io n s  a n d  c h a r a c t e r iz a t io n  r e s u lt s  a r e  s h o w n  in  T a b le  4 .3 .

A  c lo s e r  e v a lu a t io n  o f  t h is  ta b le  r e v e a l e d  s e v e r a l  in t e r e s t in g  

p h e n o m e n a .  F ir s t ,  f r o m  F ig u r e  4 .7 ,  a  s m a l l  a m o u n t  o f  m a g n e s iu m  io n  f o u n d  in  

th e  r e s u l t in g  p r e c ip i t a t e  w a s  o b s e r v e d  d u r in g  v a r y in g  t h e  to t a l  C a /M g  m o la r  

r a t io  in  t h e  s y s t e m s  f r o m  1 : 1  t o  5 :1 ( t o t a l  m a g n e s iu m  c o n c e n t r a t io n  a d d e d  in to  

th e  s y s t e m s )  a t  p r e c ip i t a t in g  s o lu t io n  p H  o f  1 .5 .  In  a d d it io n ,  t h e  C a /A T M P  

m o la r  r a t io s  in  th e  r e s u lt in g  p r e c ip i t a t e s  w e r e  a p p r o x im a t e ly  c o n s t a n t  a t  1 :1 . It 

w a s  in d ic a t e d  th a t  m a g n e s iu m  i o n  h a d  l i t t le  e f f e c t  o n  t h e  C a - A T M P  

p r e c ip i t a t e s  o r  n o  in t e r a c t io n  b e t w e e n  m a g n e s iu m  i o n  a n d  A T M P  m o le c u l e s  a t 

t h is  p r e c ip i t a t in g  s o lu t io n  p H , o r  in  o th e r  w o r d s  o n l y  C a - A T M P  p r e c ip i ta te  

a p p r o x im a t e ly  h a d  C a /M g  m o la r  r a t io  o f  1:1 w a s  fo r m e d . T h e  e x p la n a t io n  w a s  

o f f e r e d  in  t e r m s  o f  th e  s o lu b i l i t y  p r o d u c t  r e la t e d  to  t h e  m o la r  p r o d u c t  u s e d .
In  o r d e r  t o  f o r m  1:1  M g /A T M P  p r e c ip i t a t e ,  t h e  m o la r  p r o d u c t  

s h o u ld  b e  a t l e a s t  0 .8  M 2 o r  h ig h e r  ( s e e  T a b le  4 .2 ) .  H o w e v e r ,  b y  v a r y in g  th e  

to ta l  C a /M g  m o la r  r a t io  f r o m  5 :1  to  1 :1 , th e  m a x im u m  m o la r  p r o d u c t  fo r



T a b l e  4 .3  S u m m a r y  o f  d i f f e r e n t  b a tc h  s y n t h e s i s  c o n d i t io n  a n d  c h a r a c t e r iz a t io n  o f  r e s u l t in g  p r e c ip i t a t e s  w i t h  th e  

p r e s e n c e  o f  m a g n e s iu m  io n .

Conditions o f Precipitating Solution Precipitate Characteristics
No pH Total Ca/Mg 

M olar Ratio
Ionic str. 

( Approx.) 
(M)

[Mg][ATMP] 
M olar Product

(M 2)

Ca/ATM P  
M olar Ratio

M g/ATMP  
M olar Ratio

Total molar ratio 
Ca+M g/ATM P

Ca/Mg 
M olar Ratio

Precipitate
M orphology

Precipitate
Structure

1 1.5 0.5:1 8.05 0.160 1.21:1 0.90:1 2.11:1 ***** Spherical Particles Amorphous
2 1.5 1:1 5.37 0.080 1.04:1 No Mg present 1.04:1 ***** Sheet Particles Crystalline
3 1.5 2:1 4.03 0.040 1.09:1 No Mg present 1.09:1 ***** ***** *****
4 1.5 5:1 3.22 0.016 1.12:1 No Mg present 1.12:1 ***** ***** *****

5 4.0 0.5:1 8.05 0.160 XXXXX XXXXX XXXXX ***** ***** *****
6 4.0 1:1 5.37 0.080 1.33:1 1.04:1 2.37:1 1.35:1 Spherical Particles Amorphous
7 4.0 2:1 4.03 0.040 1.54:1 0.70:1 2.24:1 2.31:1 ***** *****
8 4.0 5:1 3.22 0.016 1.78:1 0.40:1 2.18:1 4.62:1 ***** *****

9 7.0 0.5:1 8.05 0.160 1.28:1 1.80:1 3.07:1 0.78:1 ***** *****
10 7.0 1:1 5.37 0.080 1.89:1 1.41:1 3.29:1 1.21:1 Spherical Particles Am orphous
11 7.0 2:1 4.03 0.040 2.19:1 0.93:1 3.12:1 2.23:1 ***** *****
12 7.0 5:1 3.22 0.016 2.44:1 0.57:1 3.01:1 4.44:1 ***** *****

[Ca][ATMP] molar product and [Ca]/[ATMP] molar ratio in the systems were constant at 0.08 M2 and 10:1,respectively  
xxxxx No precipitates form ed at this condition  
***** ^ 0 Analysis at this condition
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[ M g ] [ A T M P ]  w a s  o n l y  0 .0 8  M 2 ( s e e  T a b le  4 . 3 )  th a t  w a s  n o t  e n o u g h  to  

o v e r c o m e  th e  s o lu b i l i t y  p r o d u c t  r e s u l t in g  in  n o  1:1  M g /A T M P  p r e c ip i ta te .

I
รë  . s

!
''ริ 1

C a /A T M P  m o la r  ra tio  in  th e  p r e c ip ita te s  

M g /A T M P  m o la r  ra tio  in  th e  p r e c ip ita te s

P 4

1 2  3 4  5
T o ta l  C a /M g  m o la r  ra tio  in  th e  s y s t e m

F i g u r e  4 .7  E f f e c t  o f  t o t a l  M g  a d d e d  in  t h e  s y s t e m  o n  th e  c o m p o s i t io n s  o f  th e  

p r e c ip i t a t e s  f o r m e d  a t  p r e c ip i t a t in g  s o lu t io n  p H  o f  1 .5 .

O n e  o f  t h e s e  r e s u l t in g  p r e c ip i t a t e s  f o r m e d  in  t h e  s o lu t io n  h a v in g  

p H  o f  1 .5  a n d  t h e  to t a l  C a /M g  m o la r  r a t io  o f  1:1 w a s  s e l e c t e d  t o  s t u d y  th e  

m o r p h o lo g y  p r o p e r ty  a s  s h o w n  in  F ig u r e  4 .8 ,  i l lu s t r a t in g  s h e e t  p a r t ic le s .  In  

F ig u r e  4 .9 ,  t h e  X R D  p a tte r n  o f  t h is  p r e c ip i t a t e  c l e a r ly  c o n f ir m e d  th a t  i t  w a s  

c o m p o s e d  o f  o n l y  1:1  C a /A T M P  p r e c ip i t a t e  b e c a u s e  t h e  p a t t e r n  o f  c r y s t a l l in e  

s tr u c tu r e  w a s  t h e  s a m e  a s  th a t  o f  1 :1  C a /A T M P  p r e c ip i t a t e  s y n t h e s i z e d  f r o m  

t h e  s y s t e m  w i t h o u t  t h e  p r e s e n c e  o f  M g .



33

F i g u r e  4 .8  M o r p h o lo g i c a l  s tr u c tu r e  o f  t h e  p r e c ip i t a t e  h a v in g  t o t a l  m o la r  r a t io  

o f  1:1  f o r m e d  a t  p r e c ip i t a t in g  s o lu t io n  p H  o f  1 .5  a n d  t o t a l  C a /M g  m o la r  r a t io  in  

th e  s y s t e m  = 1 : 1 .

1800
ฐ  1600- 
§ 1400 - 
8 12๓ - 
1  1000 - 
^  8๓  - 1
!  6๓  -
1  4๓  - 

2๓  - 
ก . ^ พ J บ พ**"*^ ร.

0 10 20 30 40 50 60
Two-Theta (degrees)

F i g u r e  4 .9  X - r a y  d i f f r a c t io n  p a t t e r n  o f  th e  p r e c ip i t a t e  h a v in g  t o t a l  m o la r  r a t io  

o f  1:1 f o r m e d  a t  p r e c ip i t a t in g  s o lu t io n  p H  o f  1 .5  a n d  t o t a l  C a /M g  m o la r  r a t io  in  

t h e  s y s t e m  = 1 : 1 .
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S e c o n d ,  s ig n i f ic a n t  a m o u n t  o f  m a g n e s iu m  i o n  w a s  d e t e c t e d  in  

t h e  r e s u l t in g  p r e c ip i t a t e s  f o r m e d  a t p r e c ip i t a t in g  s o lu t io n  p H  o f  4 .  A s  c a n  b e  

s e e n  in  F ig u r e  4 .1 0 ,  C a /A T M P  m o la r  r a t io  in  t h e  p r e c ip i t a t e s  d e c r e a s e d  w i t h  

d e c r e a s in g  t o t a l  C a /M g  m o la r  r a t io  o r  in c r e a s in g  t o t a l  m a g n e s iu m  

c o n c e n t r a t io n  a d d e d  in to  th e  s y s t e m s ,  w h i l e  M g /A T M P  m o la r  r a t io  in  th e  

p r e c ip i t a t e  in c r e a s e s .  T h e s e  o b s e r v a t io n s  im p ly  th a t  s o m e  o f  t h e  r e a c t in g  s i t e s  

o n  A T M P  m o le c u l e s  w e r e  r e a c t e d  w i t h  m a g n e s iu m  io n s  in s t e a d  o f  c a lc iu m  

i o n s  r e s u l t in g  in  a  d e c r e a s e  o f  C a /A T M P  m o la r  r a t io  in  t h e  p r e c ip ita te .  
H o w e v e r ,  th e  to t a l  m o la r  r a t io  in  th e  p r e c ip i t a t e  d e f in e d  a s  t h e  s u m m a t io n  o f  

c a lc iu m  a n d  m a g n e s iu m  c o n c e n t r a t io n  f o u n d  in  th e  p r e c ip i t a t e s  d iv id e d  b y  

A T M P  c o n c e n t r a t io n  w e r e  c o n s t a n t  a t a p p r o x im a te  2 :1  in d ic a t in g  th a t  th e  

p r e c ip i t a t e s  c o n t a in in g  t w o  d iv a le n t  c a t io n s  a n d  o n e  A T M P  m o l e c u l e  w e r e  th e  

m o s t  s t a b le  s tr u c tu r e  f o r  t h e  p r e c ip i t a t e s  f o r m e d  a t  t h is  s o lu t io n  p H .

T o ta l C a /M g  m olar ratio in th e  s y s te m

F i g u r e  4 . 1 0  E f f e c t  o f  to t a l  M g  a d d e d  in  th e  s y s t e m  o n  t h e  c o m p o s i t io n s  o f  th e  

p r e c ip i t a t e s  f o r m e d  a t p r e c ip i t a t in g  s o lu t io n  p H  o f  4 .
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T h e  s a m e  p h e n o m e n a  w e r e  a ls o  o b s e r v e d  f r o m  th e  r e s u lt in g  

p r e c ip i t a t e s  f o r m e d  a t  p r e c ip i t a t in g  s o lu t io n  p H  o f  7  d u r in g  v a r y in g  t h e  t o t a l  
C a /M g  m o la r  r a t io  in  t h e  s y s t e m s  f r o m  0 .5 : 1  t o  5 : l a s  s h o w n  in  F ig u r e  4 .1 1 .  

M o r e o v e r ,  t h e  m o s t  s t a b le  s tr u c tu r e  o f  th e  p r e c ip i t a t e s  f o r m e d  a t t h is  p H  

c o m p o s e d  o f  th r e e  d iv a le n t  c a t io n s  b o n d in g  w i t h  o n e  A T M P  m o le c u l e  

r e s u l t in g  in  t h e  p r e c ip i t a t e ’ s  to ta l  m o la r  r a t io  o f  3 : 1 .

1.&๐
«  Ç

£  .2 
.ศ ๐
รฺริ S

T o ta l C a /M g  m olar ratio in th e  sy s te m

F i g u r e  4 .1 1  E f f e c t  o f  to ta l  M g  a d d e d  in  th e  s y s t e m  o n  t h e  c o m p o s i t io n s  o f  th e  

p r e c ip i t a t e  f o r m e d  a t  p r e c ip i t a t in g  s o lu t io n  p H  o f  7 .

F ig u r e  4 .1 2  d e m o n s t r a t e s  th e  e f f e c t  o f  t o t a l  m a g n e s iu m  

c o n c e n t r a t io n  a d d e d  in t o  th e  s y s t e m  o n  th e  m a g n e s iu m  c o n t e n t  in  th e  r e s u l t in g  

p r e c ip i t a t e s  f o r m e d  a t  p r e c ip i t a t in g  s o lu t io n  p H  o f  4  a n d  7 . I t  w a s  f o u n d  th a t  a  

d e c r e a s e  in  t h e  to t a l  C a /M g  m o la r  r a t io  o r  in c r e a s e  in  t h e  to t a l  m a g n e s iu m  

c o n c e n t r a t io n  in  th e  s y s t e m  r e s u l t e d  in  a n  in c r e a s e  in  m a g n e s iu m  c o n t e n t  in  th e  

r e s u l t in g  p r e c ip i t a t e .  I n t e r e s t in g ly ,  t h e r e  w a s  n o  s ig n i f i c a n t  e f f e c t  o f  th e  

s o lu t io n  p H  in  th e  s t u d ie d  r a n g  o n  th e  c o r r e la t io n  b e t w e e n  t h e  to t a l  C a /M g  

m o la r  r a t io  in  t h e  s y s t e m  a n d  th e  C a /M g  m o la r  r a t io  in  t h e  r e s u l t in g  p r e c ip ita te .

1 'IQ ๆ 0  ชุ  4 0 > )
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M o r e o v e r ,  t h e  C a /M g  m o la r  r a t io  in  th e  r e s u l t in g  p r e c ip i t a t e  in c r e a s e d  a lm o s t  

l in e a r ly  w i t h  in c r e a s in g  t h e  to t a l  C a /M g  m o la r  r a t io  in  t h e  s y s t e m .

F i g u r e  4 . 1 2  E f f e c t  o f  t o t a l  M g  c o n c e n t r a t io n  a d d e d  in  t h e  s y s t e m  o n  t h e  M g  

c o n t e n t  in  t h e  p r e c ip i ta te .

I t  c a n  b e  s im p ly  d e s c r ib e d  b y  e q u i l ib r iu m  e q u a t io n  a s  e x p r e s s e d  

in  e q u a t io n  ( 1 1 ).

M g ( a q )  +  A T M P ( a q )  M g - A T M P  (ร )  ( 1 1 )

A s  th e  c o n c e n t r a t io n  o f  m a g n e s iu m  in c r e a s e s ,  t h e  e q u i l ib r iu m  

r e a c t io n  i s  s h i f t e d  t o  t h e  r ig h t  h a n d  s id e  o f  th e  r e a c t io n  e q u a t io n  f o l l o w i n g  L e  

C h a le l ie r  P r in c ip le .  A s  a  r e s u lt ,  a  h ig h e r  t o t a l  c o n c e n t r a t io n  o f  m a g n e s iu m  in  

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

p r e c ip i t a t e  w a s  o b t a in e d  w h i l e  a  d e c r e a s e  in  t h e  C a /A T M P  m o la r  r a t io  o f  th is  

r e s u l t in g  p r e c ip i t a t e  w a s  o b s e r v e d .  T h is  o b s e r v a t io n  i m p l i e s  th a t  m a g n e s iu m  

i o n  c o u l d  p o t e n t ia l l y  c o m p e t e  w i t h  c a lc iu m  i o n  f o r  t h e  p r e c ip i t a t e  f o r m a t io n .
B o t h  r e s u l t in g  p r e c ip i t a t e s  c o n t a in in g  b o t h  c a lc iu m  a n d  

m a g n e s iu m  io n s  a n d  h a v in g  a p p r o x im a t e ly  t o t a l  m o la r  r a t io s  o f  2 :1  a n d  3 :1
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s y n t h e s i z e d  u n d e r  th e  p r e c ip i t a t in g  s o lu t io n  p H s  o f  4  a n d  7  w e r e  c h o s e n  to  

s t u d y  th e ir  m o r p h o lo g y  a n d  s tr u c tu r e . A s  c a n  b e  s e e n  f r o m  F ig u r e  4 .1 3  a n d  

4 .1 4 ,  t h e s e  t w o  p r e c ip i t a t e s  l o o k  t h e  s a m e  l ik e  s p h e r ic a l  p a r t ic l e s ,  w h i l e  th e  

X R D  p a t te r n s  d e m o n s tr a te  a m o r p h o u s  s tr u c tu r e  in  n a tu r e  w h i c h  w e r e  a ls o  

s im i la r  t o  t h e  p r o p e r t ie s  o f  2 :1  a n d  3 :1  C a /A T M P  p r e c ip i t a t e s .

( a )  T h e  r e s u lt in g  p r e c ip i t a t e  h a v in g  th e  t o t a l  m o la r  r a t io  o f  2 :1  

s y n t h e s i z e d  f r o m  b a t c h  6 in  T a b le  4 .3

( b )  T h e  r e s u lt in g  p r e c ip i t a t e  h a v in g  th e  t o t a l  m o la r  r a t io  o f  3 :1  

s y n t h e s i z e d  f r o m  b a t c h  1 0  in  T a b le  4 .3
F i g u r e  4 .1 3  M o r p h o lo g i c a l  s tr u c tu r e s  o f  t w o  d i f f e r e n t  to t a l  m o la r  r a t io s  o f  th e  

r e s u l t in g  p r e c ip i t a t e s .
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( a )  X - r a y  d i f f r a c t io n  p a t te r n  o f  th e  r e s u l t in g  p r e c ip i t a t e  h a v in g  th e  

t o t a l  m o la r  r a t io  o f  2 :1  s y n t h e s i z e d  f r o m  b a t c h  6 i n  T a b le  4 .3 .

( b )  X - r a y  d i f f r a c t io n  p a t te r n  o f  th e  r e s u l t in g  p r e c ip i t a t e  h a v in g  th e  

t o t a l  m o la r  r a t io  o f  3 :1  s y n t h e s i z e d  f r o m  b a t c h  1 0  in  T a b le  4 .3 .

F i g u r e  4 .1 4  X - r a y  d i f f r a c t io n  p a t te r n s  o f  t w o  d i f f e r e n t  t o t a l  m o la r  

r a t io s  o f  t h e  r e s u l t in g  p r e c ip i t a t e s .
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4 . 1 . 4  P r o p o s e d  M e c h a n i s m  o f  P r e c ip i t a t e s  f o r m e d  b e t w e e n  

A T M P  a n d  C a lc iu m  w it h  M a g n e s iu m
S in c e  th e  m a g n e s iu m  c o n t e n t  w a s  f o u n d  in  t h e  p r e c ip i t a t e s  

f o r m e d  a t t h e  p r e c ip i t a t in g  s o lu t io n  p H s  o f  4  a n d  7 ,  i t  w a s  n e c e s s a r y  to  id e n t i f y  

a  f o r m a t io n  s tr u c tu r e  o f  m a g n e s i u m  io n  w i t h  A T M P  m o l e c u l e .  T w o  p o s s i b l e  

m e c h a n i s m s  fo r  t h e  p r e c ip i t a t e  f o r m a t io n  w i t h  m a g n e s iu m  a n d  c a lc iu m  io n s  

p r o p o s e d  a re  c o - p r e c ip i t a t io n  a n d  c o m p l e x  p r e c ip i t a t io n .
4.1.4.1 Co-Precipitation

S i n c e  p h o s p h o n a t e  s c a le  in h ib i t o r s  c a n  in te r a c t  w i t h  a n y  

d iv a le n t  c a t io n s  r e s u l t in g  in  th e  f o r m a t io n  o f  p r e c ip i t a t e s ,  m a g n e s iu m  io n  m a y  

b e  a l s o  a b le  to  fo r m  p r e c ip i t a t e s  w i t h  p h o s p h o n a t e  s c a le  in h ib i t o r s .  T h e r e f o r e ,  
a  p r e c ip i t a t e  f o r m e d  in  t h is  s y s t e m  a p p e a r  a s  a  m ix t u r e  o f  d i f f e r e n t  d iv a le n t  

c a t i o n s - s c a l e  in h ib i t o r  p r e c ip i t a t e s  ( e .g . ,  C a - A T M P  p r e c ip i t a t e  +  M g - A T M P  

p r e c ip i t a t e ) .  B a s e d  o n  th e  t o t a l  m o la r  r a t io s  a n d  C a /M g  m o la r  r a t io s  in  th e  

r e s u l t in g  p r e c ip i t a t e ,  t h e  s im p le  p r e c ip i t a t e  s tr u c tu r e  i s  p r o p o s e d  a s  s h o w n  in  

F ig u r e  4 .1 5 .
4.1.4.2 Complex Precipitation

T h is  s y s t e m  i s  p r o p o s e d  b a s e d  o n  t h e  f a c t  t h a t  A T M P  a s  

a p h o s p h o n a t e  s c a le  in h ib i t o r  h a s  th r e e  n u m b e r s  o f  a c t iv e  p h o s p h a t e  g r o u p s  fo r  

b in d in g  w i t h  d iv a le n t  c a t io n s .  I t  m a y  h a v e  th e  c o m p e t i t io n  b e t w e e n  d i f f e r e n t  

d iv a le n t  c a t io n s  w i t h  a c t iv e  p h o s p h a t e  g r o u p s .  F ig u r e  4 .1 6  s h o w s  t h e  p o s s i b l e  

s t r u c tu r e s  o f  th e  p r e c ip i t a t e s  f o r m e d  a t b o t h  p H  v a lu e s  b y  c o m p l e x  

p r e c ip i t a t io n .
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p H  4

M ix t u r e s  o f  b o t h  p r e c ip i t a t e s  
h a v in g  to t a l  m o la r  r a t io
( C a + M g /A T M P )  =  2 :1

v _ /  (Th
z T w rร ่ร o
3 :1  C a - A T M P  p r e c ip i t a t e

G £ j \  ¥O o O  CT2P-------O

0 =  PCH2------N V 1 T | ]

s o  พ 0

3 :1  M g - A T M P  p r e c ip i t a t e

M ix t u r e s  o f  b o t h  p r e c ip i t a t e s  
h a v in g  to t a l  m o la r  r a t io
( C a + M g /A T M P )  =  3 :1

F i g u r e  4 . 1 5  P o s s i b l e  s tr u c tu r e s  f o r  p r e c ip i t a t e  f o r m a t io n  o f  A T M P  w i t h  C a  
a n d  M g  io n s  b y  c o - p r e c ip i t a t io n .
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p H  7

p H  4

T o t a l  m o la r  r a t io  =  3 :1  
[ C a ] / [ M g ]  in  p r e c ip i t a t e s  =  2 :1

o r

T o ta l m o la r  ratio  =  2:1  
[C a ] /[M g ]  in p r ec ip ita te s  =  1

T o ta l m o lar  ratio  =  3:1 
[C a ]/[M g ] in  p r e c ip ita te s  =  0 .5 :1

F i g u r e  4 . 1 6  P o s s i b l e  s tr u c tu r e s  o f  p r e c ip i t a t e  f o r m a t io n  o f  A T M P  w i t h  C a  a n d  

M g  i o n s  b y  c o m p l e x  p r e c ip i t a t io n .

It i s  v e r y  in t e r e s t in g  to  f in d  o u t  w h e t h e r  c o - p r e c ip i t a t io n  o r  c o m p l e x  

p r e c ip i t a t io n  i s  m o r e  l ik e l y  to  o c c u r .  F r o m  F ig u r e  4 . 1 6 ,  e a c h  a t o m  o f  c a lc iu m  

a n d  m a g n e s iu m  a r e  b o n d e d  w i t h  t h e  s a m e  A T M P  m o l e c u l e  a t p H  4  r e s u l t in g  in  

C a /M g  m o la r  r a t io  o f  1:1 in  p r e c ip i t a t e .  A t  p H  7 ,  t w o  a t o m s  o f  c a lc iu m  a n d  

o n e  a t o m  o f  m a g n e s iu m  o r  in  th e  o t h e r  h a n d , t w o  a t o m s  o f
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m a g n e s iu m  a n d  o n e  a to m  o f  c a lc iu m  a re  r e a c te d  w i t h  o n e  A T M P  m o le c u l e  

p r o d u c in g  th e  C a /M g  m o la r  r a t io  o f  2 :1  o r  0 .5 : 1 ,  r e s p e c t iv e ly .  I f  t h is  c o m p l e x  

p r e c ip i t a t io n  i s  v a l id ,  t h e s e  C a /M g  m o la r  r a t io s  in  t h e s e  t w o  p r e c ip i t a t e s  s h o u ld  

n o t  d e p e n d  u p o n  th e  to ta l  C a /M g  m o la r  r a t io  in  th e  s y s t e m . H o w e v e r ,  f r o m  th e  

r e s u lt s  s h o w n  in  F ig u r e  4 . 1 2 ,  i t  w a s  o b v i o u s  th a t  th e  C a /M g  m o la r  r a t io  in  th e  

r e s u l t m g  p r e c ip i t a t e  h a d  a  l in e a r  r e la t io n s h ip  w i t h  to ta l  C a /M g  m o la r  r a t io  in  th e  

s y s t e m  a t b o t h  s o lu t i o n  p H s  o f  4  a n d  7 . T h e r e f o r e ,  i t  p o s s i b l y  im p l i e d  th a t  M g -  

A T M P  p r e c ip i t a t e s  m a y b e  a b le  to  c o - p r e c ip i t a t e  a lo n g  w i t h  t h e  f o r m a t io n  o f  C a -  

A T M P  p r e c ip i t a t e  o r  in  o t h e r  w o r d s ,  i t  h a d  th e  c o m p e t i t iv e  p r e c ip i t a t io n  to  e a c h  

o th e r . T h is  h y p o t h e s i s  w a s  a ls o  s u p p o r t e d  b y  th e  r e s u lt s  o f  t h e  b a t c h  d i s s o lu t io n  

ร ณ d y  w h ic h  w i l l  b e  d i s c u s s e d  la ter .

4 . 1 .5  E f f e c t  o f  I o n ic  S t r e n g th  o n  M g - A T M P  P r e c ip i t a t e s
It w a s  s u r p r is in g  th a t  in  t h e  p r e s e n c e  o f  c a l c iu m ,  M g - A T M P  

p r e c ip i t a t e  c o u l d  b e  f o r m e d  w h i c h  in  t h e  a b s e n c e  o f  c a l c iu m ,  i t  c o u ld  n o t  b e  

f o r m e d  a s  m e n t io n  in  th e  r e s u lt s  o f  th e  b a tc h  s y n t h e s i s  o f  M g - A T M P  

p r e c ip i t a t e s .  T h e s e  m ig h t  b e  d u e  t o  t h e  e f f e c t  o f  in t r o d u c in g  c a l c iu m  io n  w h ic h  

r e s u lt s  in  a n  in c r e a s e  in  i o n i c  s tr e n g th . In  o r d e r  to  in v e s t i g a t e  t h e  e f f e c t  o f  i o n i c  

s t r e n g th , s o d iu m  c h lo r id e  s o lu t io n  w a s  u s e d  in s t e a d  o f  c a l c iu m  s o lu t io n  f o r  th e  

t it r a t io n  b e c a u s e  s o d iu m  i o n s  c a n n o t  r e a c t  w i t h  p h o s p h o n a t e  m o l e c u l e s  d u e  to  

m o n o v a le n t  c a t io n s .  T h e  a m o u n t  o f  s o d iu m  c h lo r id e  u s e d  w a s  c a lc u la t e d  in  o r d e r  

to  m a in t a in  t h e  s a m e  i o n i c  s t r e n g th  a s  s h o w n  in  T a b le  4 .3 .  T h e  e x p e r im e n t a l  

m e t h o d  w a s  t h e  s a m e  a s  d e s c r ib e d  in  C a - A T M P  p r e c ip i t a t io n  w i t h  m a g n e s iu m  

io n  e x c e p t  th a t  t h e  s o lu t io n  c o m p o s e d  o f  m a g n e s iu m  c h lo r id e  a n d  A T M P  w a s  

t itr a te d  w i t h  s o d iu m  c h lo r id e  s o lu t io n .
T a b le  4 . 4  s h o w s  t h e  r e s u l t s  o f  th e  e x p e r im e n t  c o n d u c t e d  a t  th e  

s a m e  i o n i c  s t r e n g th  a n d  th r e e  v a lu e s  o f  p r e c ip i t a t in g  s o lu t i o n  p H  ( a s  th e  s a m e  a s  

in  T a b le  4 .3 ) .  A t  t h e  s o lu t io n  p H  o f  1 .5 ,  n o  M g - A T M P  p r e c ip i t a t e  w a s  o b s e r v e d ,  
w h i l e  2 : l M g / A T M P  p r e c ip i t a t e  a n d  3 :1  M g /A T M P  p r e c ip i t a t e s  w e r e  f o r m e d  a t
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te r m s  o f  e q u i l ib r iu m  a c id  c o n s t a n t  ( K a )  r e la t in g  t o  t h e  f o r m a t io n  o f  M g - A T M P  

p r e c ip i t a t e s .

T a b l e  4 .4  S u m m a r y  o f  b a t c h  s y n t h e s i s  o f  M g - A T M P  p r e c ip i t a t e s  in  th e  

p r e s e n c e  o f  N a C l .

P r e c ip i t a t in g  C o n d it io n s
M g /A T M P  
M o la r  r a t io  

in  p r e c ip i t a t ep H
I o n ic  s tr e n g th  

( A p p r o x im a t e )  

( M )

M o la r  P r o d u c t  

o f  [ M g ]  [A T M P ]
( M 2)

M g /A T M P  
M o la r  r a t io

1 .5 5 .3 7 0 .0 8 10:1 x x x x x

4 5 .3 7 0 .0 8 10:1 2 .2 9 : 1

7 5 .3 7 0 .0 8 10:1 3 .0 4 : 1

x x x x x  N o  p r e c ip i t a t e s  f o r m e d

F o r  f o r m in g  2 :1  p r e c ip i t a t e ,  A T M P  h a s  t o  b e  d e p r o t o n a t e d  fo u r  

h y d r o g e n  a t o m s  a s

A T M P 3' <-> A T M P 4' +  H + ( 12)

w h e r e  t h e  e q u i l ib r iu m  a c id  c o n s t a n t  i s  w r i t t e n  a s

K , [ A T M P 4- ] [ H  + ] 
a = [ A T M P 3- ]

( 13)

T a k in g  lo g a r i t h m  b o t h  s id e s ,  e q u a t io n  ( 1 3 )  b e c o m e s  a s



1 ^  1 โ „  + า 1 [ A T M P 4 ]- l o g  K a =  -  lo g  [ H  3 — lo g  ^[ A T M P 3-]
(14)

o r

p K a = p H  -  lo g [ A T M P 4- ]
[ A T M P 3- ] ( 1 5 )

a n d  t h e  s o lu b i l i t y  p r o d u c t  f o r  2 :1  M g - A T M P  p r e c ip i t a t e  c a n  b e  w r it t e n  a s

K s p = [ M g u f [ A T M P 4- ]  ( 1 6 )

F r o m  p r e v io u s  w o r k s  ( B r o w n in g  a n d  F o g le r ,  1 9 9 3 ,  1 9 9 5 ,  1 9 9 6  

a n d  R e r k p a t ta n a p ip a t ,  1 9 9 6 ) ,  i t  w a s  f o u n d  th a t  e q u i l ib r iu m  a c id  c o n s t a n t  (p K a )

s ig n i f i c a n t ly  d e c r e a s e d  w i t h  in c r e a s in g  th e  i o n i c  s t r e n g th . A s  t h e  i o n i c  s tr e n g th  

d e c r e a s e s ,  t h e  p h o s p h o n a t e  a c id  c a n  d e p r o t o n a t e  m u c h  m o r e  h y d r o g e n  a t o m s  

a n d  r e s u l t s  in  m o r e  c o n j u g a t e d  b a s e  a s  w e l l .  B e c a u s e  t h e  p r e c ip i t a t in g  s o lu t io n  

p H  w a s  c o n t r o l l e d  a t a  c o n s t a n t  v a lu e ,  b a s e  o n  e q u a t io n  ( 1 5 ) ,  t h e  c o n c e n t r a t io n  

o f  A T M P 4’ s p e c i e s  a p p a r e n t ly  in c r e a s e d  w i t h  a  d e c r e a s e  o f  p K a v a lu e .  H e n c e ,  

th e  d r iv in g  f o r c e  to  o v e r c o m e  Kโ 5p is  a ls o  in c r e a s e d  c o n t r ib u t in g  t h e  f o r m a t io n  o f

2 :1  M g /A T M P  p r e c ip i t a t e .  H o w e v e r ,  th e  r e s u l t in g  p r e c ip i t a t e s  c a n n o t  b e  a b le  to  

p r e c ip i t a t e  i f  t h is  in c r e a s e d  d r iv in g  f o r c e  d o e s  n o t  e x c e e d  o r  e q u a l s  th e  s o lu b i l i t y  

p r o d u c t .
T h e  la s t  in t e r e s t in g  p h e n o m e n a  i s  t h e  e f f e c t  o f  t h e  i o n i c  s tr e n g th  

o n  t h e  to t a l  m o la r  r a t io  o f  t h e  p r e c ip i t a t e  a s  d e p ic t e d  in  F ig u r e  4 . 1 7 .  T h e  i o n i c  

s t r e n g th  w a s  in c r e a s e d  b y  in c r e a s in g  t h e  to ta l  m a g n e s iu m  c o n c e n t r a t io n  a d d e d  

in t o  t h e  s y s t e m  w h i c h  r e s u l t e d  in  d e c r e a s in g  t h e  to ta l  C a /M g  m o la r  r a t io . .  T h e  

r e s u lt s  s h o w e d  th a t  th e  to ta l  m o la r  r a t io  ( C a + M g : A T M P )  o f  t h e  r e s u lt in g  

p r e c ip i t a t e s  f o r m e d  a t p r e c ip i t a t in g  s o lu t io n  p H  o f  1 .5  s h i f t e d  f r o m  1:1 to  2 :1  

w it h  s u b s t a n t ia l  in c r e a s e  in  t h e  i o n i c  s t r e n g th  f r o m  a p p r o x im a t e ly  5 .3  to  8 .0  M .
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T h e  r e s u lt s  c a n  b e  e x p la in e d  b y  th e  d e p r o t o n a t io n  c u r v e s  o f  A T M P . T h e  

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

p H  v a lu e s  a n d  t h e y  a r e  f o r m u la t e d  b y  c a lc u la t in g  f r o m  t h e  e q u i l ib r iu m  a c id  

c o n s t a n t  o f  p h o s p h o n a t e s .  F ig u r e  4 .1 8  i l lu s t r a t e s  t h e  d e p r o t o n a t io n  c u r v e s  o f  

A T M P  w i t h o u t  a n d  w i t h  th e  e f f e c t  o f  i o n i c  s tr e n g th .

Io n ic  s tren g th  (M )

F i g u r e  4 .1 7  E f f e c t  o f  i o n i c  s tr e n g th  o n  th e  to t a l  m o la r  r a t io s  o f  th e  

p r e c ip i t a t e s .
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( a )  I o n ic  s tr e n g th  =  0  M

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
pH

( b )  I o n ic  s tr e n g th  =  0 .6  M

F i g u r e  4 .1 8  T h e  d e p r o t o n a t io n  c u r v e s  o f  A T M P  a n d  t h e  r e s u l t in g  s p e c ie s  

c o m p o s i t io n  w i t h o u t  a n d  w i t h  t h e  e f f e c t  o f  i o n i c  s tr e n g th .
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In  o r d e r  to  e x a m in e  th e  e f f e c t  o f  i o n i c  s t r e n g th  o n  th e  

d e p r o t o n a t io n  c u r v e s ,  a n  a p p r o x im a te  f o r m  o f  D e b y e - H u c k e l  e q u a t io n  (P e r r in , 
1 9 7 4 )  w a s  a l s o  ta k e n  to  a c c o u n t  in  t h e  c a lc u la t io n s  a s  s h o w n  in  A p p e n d ix  A .  

T h is  e q u a t io n  i s  e x p r e s s e d  in  th e  e q u a t io n  b e lo w :

-  lo g  f  1 -  - - 0-  -  -  0. 1Z 21  ( o n l y  d i lu t e  s o lu t io n )  ( 1 7 )

w h e r e  f  1 =  a c t iv i t y  c o e f f i c i e n t  [ - ]

/  =  i o n i c  s tr e n g th  [M ]
A  = a  c o n s t a n t  w h i c h  d e p e n d s  o n  t h e  te m p e r a tu r e

(a t  25°c, A  = 0 . 5 1 2 )  

z = c h a r g e

a n d  t h e  i o n i c  s t r e n g th  ( I )  i s  g iv e n  b y  t h e  s u m m a t io n  a s

1 = ^I(C,Z,2) (18)

w h e r e  c, = t h e  c o n c e n t r a t io n  o f  e a c h  t y p e s  o f  i o n  ( M )

z, = c h a r g e  o f  i o n s

B y  c o n s id e r in g  th e  d e p r o t o n a t io n  c u r v e s  w i t h  t h e  e f f e c t  o f  i o n i c  

s t r e n g th  o f  a p p r o x im a t e  0 .6  M  ( s e e  F ig u r e  4 . 1 6  ( b ) ) ,  t h e  w h o l e  c u r v e s  a r e  b e in g  

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

in  F ig u r e  4 .1 8  (a ) .
A s  t h e  d e p r o t o n a t io n  c u r v e s  a r e  s h i f t e d ,  t h e  d e p r o t o n a t e d  s p e c ie s  

w it h  t h e  h ig h e r  c h a r g e  i s  d o m in a n t  o r  in  o th e r  w o r d s  t h e  A T M P  m o le c u l e s  c a n
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d e p r o to n a te  m u c h  m o r e  h y d r o g e n  a t o m s  r e s u lt in g  in  a n  in c r e a s e  o f  p r e c ip i t a t e ’s  

to t a l  m o la r  r a t io ( C a + M g : A T M P ) .  In  t h is  c a s e ,  a f te r  s u b s t a n t ia l  s h i f t in g  in  th e  

d e p r t o n a t io n  c u r v e s ,  th e  A T M P 4' s p e c ie s  w a s  d o m in a n t  in s t e a d  o f  A T M P 2' 

s p e c ie s  a t  t h e  s a m e  p H  v a lu e  c a u s in g  th e  f a v o r a b le  f o r m a t io n  o f  t h e  2 :1  

p r e c ip i ta te .

B a s e d  o n  D e b y e - H u c k e l  e q u a t io n ,  t h e  i o n i c  s tr e n g th  c a n n o t  b e  

in c r e a s e d  m o r e  th a n  a p p r o x im a t e ly  0 .6  M  d u e  t o  a  l im i t a t io n  o f  t h is  e q u a t io n  

( o n l y  d i lu t e  s o lu t io n ) .  H o w e v e r ,  t h e  u s e  o f  D e b y e - H u c k e l  e q u a t io n  i s  g o o d  

e n o u g h  t o  d e m o n s t r a t e  th e  e f f e c t  o f  i o n i c  s tr e n g th  o n  t h e  d e p r o t o n a t io n  c u r v e s .
T h e  c o m p le t e  c h a n g e  o f  p r e c ip i t a t e  p r o p e r t ie s  w a s  a ls o  

c o n f ir m e d  b y  th e  m o r p h o lo g y  a n d  X R D  s t u d ie s  w h i c h  in d ic a t e  p o w d e r y  

s p h e r ic a l  p a r t ic l e s  a n d  a m o r p h o u s  s tr u c tu r e  a s  d e p ic t e d  in  F ig u r e  4 .1 9 .
H o w e v e r ,  i f  t h e  s h i f t e d  d e p r o t o n a t io n  c u r v e  r e s u l t e d  in  m o r e  

u n s t a b le  p h o s p h o n a t e  s p e c ie s ,  th e  p r e c ip i t a t e s  c o u l d  n o t  b e  f o r m e d . T h is  

p h e n o m e n o n  a l s o  o c c u r r e d  in  T a b le  4 .3 ,  w h e r e a s  t h e  p r e c ip i t a t in g  s o lu t io n  p H  

a n d  t o t a l  C a /M g  m o la r  r a t io  w e r e  4  a n d  0 .5 ,  r e s p e c t iv e ly .  I t  w a s  e x p e c t e d  th a t  

A T M P 5' w a s  t h e  m o s t  o f  d o m in a n t  u n s t a b le  s p e c ie s  o c c u r r e d  a t  t h is  c o n d i t io n  

r e s u l t in g  in  n o  p r e c ip i t a t e  f o r m a t io n  ( c o m p a r e d  w i t h  N o  6, 7  a n d  8 in  T a b le  4 .3 ) .
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F i g u r e  4 .1 9  M o r p h o lo g ic a l  s tr u c tu r e  ( a )  a n d  X - r a y  d i f f r a c t io n  p a t t e r n  ( b )  o f  th e  

r e s u l t in g  p r e c ip i t a t e  h a v in g  to t a l  m o la r  r a t io  o f  2 :1  f o r m e d  a t  p H  1 .5  a n d  to ta l  

C a /M g  m o la r  r a t io  o f  0 .5 : 1  o r  i o n i c  s tr e n g th  o f  8 .0 5  M .
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4 .2  D i s s o l u t i o n  R a t e s  o f  P r e c i p i t a t e s

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

b a t c h  d i s s o lu t io n  e x p e r im e n t s  o f  th e  r e s u l t in g  p r e c ip i t a t e s  w e r e  e x a m in e d  b y  

u s in g  a  r o ta t in g  d is k  r e a c to r . A n  in i t ia l  d i s s o lu t io n  r a te  w a s  u s e d  t o  r e p r e s e n t  

th e  d i s s o lu t io n  p e r f o r m a n c e  o f  e a c h  r e s u l t in g  p r e c ip i t a t e  a n d  i t  c o u ld  b e  

d e t e r m in e d  f r o m  th e  s lo p e  o f  t h e  g r a p h  p lo t t in g  b e t w e e n  c o n c e n t r a t io n  a n d  

t im e .  T o  m in im iz e  t h e  e f f e c t  o f  s u r f a c e  a r e a  o n  t h e  in i t ia l  r a te  o f  d i s s o lu t io n ,  
t h e  r e s u l t in g  p r e c ip i t a t e s  w e r e  r e f o r m e d  f r o m  p o w d e r  to  p e l l e t s  h a v in g  th e  

s a m e  s u r f a c e  a r e a  o f  3  c m 2 b y  u s in g  a  h y d r a u l ic  p r e s s .  T h e  b a t c h  d i s s o lu t io n  

e x p e r im e n t s  w e r e  c l a s s i f i e d  in t o  th r e e  m a in  p a r t s ,  d i s s o lu t io n  o f  C a - A T M P  

p r e c ip i t a t e s ,  M g - A T M P  p r e c ip i t a t e s  a n d  m ix e d  p r e c ip i t a t e s .

4 .2 .1  D i s s o l u t i o n  R a t e s  o f  C a - A T M P  P r e c ip i t a t e s
T h e  d i s s o lu t io n  r a te s  o f  th r e e  d i s t in c t  p r e c ip i t a t e s  f o r m e d  a t  

p r e c ip i t a t in g  s o lu t io n  p H s  o f  1 .5 ,  4  a n d  7  a r e  d e t e r m in e d  e x p e r im e n t a l ly  a s  

s h o w n  in  F ig u r e  4 .2 0 .

F i g u r e  4 . 2 0  B a t c h  d i s s o lu t io n  o f  C a /A T M P  p r e c ip i t a t e s  in  D I  w a te r .
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It i s  a p p a r e n t  th a t  1 :1  C a /A T M P  p r e c ip i t a t e  h a d  t h e  h ig h e s t  

in i t ia l  d i s s o lu t io n  r a te , w h i l e  t h e  in i t ia l  r a te  o f  2 :1  C a /A T M P  p r e c ip i t a t e  w a s  

g r e a te r  th a n  3 : l C a / A T M P  p r e c ip i t a t e .  T h e s e  r e s u l t s  a r e  r e la t e d  w i t h  th e  

s o lu b i l i t y  l im i t  o f  p r e c ip i t a t e s  m e a s u r e d  b y  R e r k p a t ta n a p ip a t  ( 1 9 9 6 ) .  T h is  

p r e v io u s  w o r k  s h o w e d  th a t  th e  d r iv in g  f o r c e  f o r  p r e c ip i t a t e  d i s s o lu t io n  o f  t h e  1:1  

p r e c ip i t a t e  w a s  h ig h e r  th a n  t h e  o n e s  f o r  t h e  2 :1  a n d  3 :1  p r e c ip i t a t e s .  
C o n s e q u e n t ly ,  t h e  d i s s o lu t io n  r a te  o f  1 :1  C a /A T M P  p r e c ip i t a t e s  w a s  th e  h ig h e s t .

4 . 2 .2  D i s s o l u t i o n  R a t e s  o f  M g - A T M P  P r e c ip i t a t e s
It w a s  f o u n d  th a t  a  p e l l e t  o f  1:1 M g /A T M P  p r e c ip i t a t e  w a s  b e in g  

d i s s o lv e d  in s t a n t ly  in  d e io n iz e d  w a t e r  a t  t  =  0 m in  c a u s in g  a  s u d d e n  c h a n g e  in  

s u r f a c e  a r e a , t h e r e f o r e ,  1:1 M g /A T M P  p r e c ip i t a t e  w a s  e x c l u d e d  f r o m  th e  

d i s s o lu t io n  ร ณ d y . T h e  d i s s o lu t io n  r e s u lt s  o f  2 :1  a n d  3 :1  M g /A T M P  p r e c ip i t a t e s  

s y n t h e s i z e d  u s i n g  N a C l  a r e  i l lu s t r a t e d  in  F ig u r e  4 .2 1

T im e  (m in )

Figure 4 .2 1  B a t c h  d i s s o lu t io n  o f  M g /A T M P  p r e c ip i t a t e s  in  D I  w a te r .

F r o m  F ig u r e  4 .2 1 ,  2 :1  M g /A T M P  p r e c ip i t a t e  h a s  a  h ig h e r  

d is s o lu t io n  r a te  th a n  3 :1  M g /A T M P  p r e c ip i t a t e .  T h is  p h e n o m e n o n  c a n  

b e  e x p la in e d  in  a  s im i la r  m a n n e r  a s  t h e  b a tc h  d i s s o lu t io n  r e s u l t s  o f  C a - A T M P
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p r e c ip i t a t e s .  T h e  r e s u lt s  a l s o  c l e a r ly  s h o w e d  th a t  th e  in i t ia l  r a te s  o f  2 :1  a n d  3 :1  

M g /A T M P  p r e c ip i t a t e s  w e r e  a p p r o x im a t e ly  g r e a te r  t w o  t im e s  th a n  t h o s e  o f  2 :1  

a n d  3 :1  C a /A T M P  p r e c ip i t a t e s .

4 .2 .3  D i s s o l u t i o n  R a t e s  o f  M i x e d  P r e c ip i t a t e s
In  t h is  p a r t , t w o  r e s u l t in g  p r e c ip i t a t e s  f o r m e d  b e t w e e n  A T M P  

w it h  b o t h  c a lc iu m  a n d  m a g n e s iu m  w e r e  c h o s e n  a s  a  m o d e l  f o r  e v a lu a t in g  th e  

d i s s o lu t io n  p e r f o r m a n c e  a n d  p r o v in g  th e  p r o p o s a l  h y p o t h e s i s  o f  p r e c ip i t a t io n  

m e c h a n i s m  a s  d e s c r ib e d  b e f o r e .  F ig u r e s  4 .2 2  a n d  4 .2 3  d e m o n s t r a t e  th e  

d i s s o lu t io n  c h a r a c t e r i s t ic s  o f  t h e  t w o  p r e c ip i t a t e s  c o n t a in in g  b o t h  c a lc iu m  a n d  

m a g n e s iu m  i o n  w h i c h  w e r e  f o r m e d  fr o m  t h e  s o lu t io n  c o n t a in in g  t h e  to t a l  C a /M g  

m o la r  r a t io  o f  a p p r o x im a t e  1:1 f o r m e d  a t  th e  p r e c ip i t a t in g  s o lu t io n  p H s  o f  4  a n d  

7 ,  r e s p e c t iv e ly .

T im e  (ท:lin )

F i g u r e  4 .2 2  I n i t ia l  d i s s o lu t io n  r a te s  o f  M g  a n d  C a  r e l e a s e d  f r o m  t h e  p r e c ip i ta te  

h a v in g  to t a l  m o la r  r a t io  o f  2 :1  a n d  to ta l  C a /M g  m o la r  r a t io  o f  a p p r o x im a t e  1:1  

f o r m e d  a t  p r e c ip i t a t in g  s o lu t io n  p H  o f  4 .
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T im e  (m in )

F i g u r e  4 .2 3  I n i t ia l  r a te  o f  M g  a n d  C a  r e l e a s e d  f r o m  p r e c ip i t a t e s  h a v in g  to ta l  

m o la r  r a t io  o f  3 :1  a n d  to ta l  C a /M g  m o la r  r a t io  o f  a p p r o x im a t e  1 :1  f o r m e d  a t  

p r e c ip i t a t in g  s o lu t io n  p H  o f  7 .

It w a s  s e e n  o b v i o u s l y  th a t  t h e  d i s s o lu t io n  o f  b o t h  ร ณ d ie d  p r e c ip i t a t e s  h a v in g  

th e  t o t a l  C a /M g  m o la r  r a t io  o f  a p p r o x im a t e  1:1  o f f e r e d  h ig h e r  in i t ia l  r a te s  o f  

m a g n e s iu m  r e l e a s e  th a n  t h o s e  o f  c a lc iu m  r e le a s e .  I n  a d d it io n ,  t h e  in i t ia l  

d i s s o lu t io n  r a te s  o f  m a g n e s iu m  r e le a s e  w e r e  a l s o  a p p r o x im a t e ly  t w o  t im e s  

g r e a te r  t h a n  t h o s e  o f  c a lc iu m  r e le a s e .
T a b le  4 .5  s h o w s  th e  s u m m a r y  o f  t h e  d i s s o lu t io n  r a te s  o f  th r e e  

d is t in c t  t y p e s  o f  t h e  p r e c ip i t a t e s  w h i c h  w e r e  p u r e  C a - A T M P  p r e c ip i t a t e s ,  p u r e  

M g - A T M P  p r e c ip i t a t e s  a n d  t h e  p r e c ip i t a t e s  c o n t a in in g  b o t h  c a lc iu m  a n d  

m a g n e s iu m  io n .
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T a b l e  4 .5  S u m m a r y  o f  t h e  d i s s o lu t io n  r a te s  o f  th r e e  t y p e s  o f  t h e  p r e c ip i t a t e s .

P r e c ip i t a t e ’s t y p e s I n i t ia l  d i s s o lu t io n  r a te s  ( |a m o l /d m 3.m in )

P-Mg R c a P-M g/Rca
2 :1  M g /A T M P  p r e c ip i t a t e 1 .6 1 0 -

}  1 .9 0 52 :1  C a /A T M P  p r e c ip i t a t e - 0 .8 4 5

3 :1  M g /A T M P  p r e c ip i t a t e 1 .3 8 0 -
}  2 . 1 2 03 :1  C a /A T M P  p r e c ip i t a t e - 0 .6 5 1

2 :1  ( C a + M g ) /A T M P  p r e c ip i t a t e 0 . 2 7 7 0 . 1 4 6 1 .8 9 7

3 :1  ( C a + M g ) /A T M P  p r e c ip i t a t e 0 .2 2 3 0.111 2 . 0 0 9

B y  c o m p a r in g  t h e  s a m e  d iv a le n t  c a t io n  to  A T M P  m o la r  r a t io  in  

t h e  r e s u l t in g  p r e c ip i t a t e s ,  th e  r a te  o f  m a g n e s iu m  r e le a s e  fr o m  2 :1  M g /A T M P  

p r e c ip i t a t e  w a s  h ig h e r  t h a n  th a t  o f  2 :1  C a /A T M P  p r e c ip i t a t e  w i t h  t h e  fa c t o r  o f  

a p p r o x im a t e  t w o  a s  w e l l  a s  t h e  c o m p a r i s o n  b e t w e e n  3 :1  M g /A T M P  a n d  3 :1  

C a /A T M P  p r e c ip i t a t e .  F o r  t w o  p r e c ip i t a t e s  c o n t a in in g  b o t h  c a lc iu m  a n d  

m a g n e s iu m  i o n s  a n d  h a v in g  to t a l  m o la r  r a t io s  o f  ( C a + M g ) /A T M P  o f  2 :1  a n d  

3 : 1 ,  t h e  s im i la r  r e s u lt s  w e r e  o b t a in e d  b e c a u s e  m a g n e s iu m  i o n  w a s  d i s s o lv e d  

f a s te r  th a n  c a l c iu m  i o n  w i t h  t h e  fa c t o r  o f  a r o u n d  t w o  a s  w e l l .  T h e s e  r e s u lt s  

w e r e  g o o d  a g r e e m e n t s  w i t h  t h e  r e s u lt s  f r o m  th e  in d iv id u a l  p r e c ip i t a t e s .  T h e s e  

b o t h  p r e c ip i t a t e s  w e r e  t h e  m ix t u r e s  o f  th e  C a - A T M P  a n d  M g - A T M P  

p r e c ip i t a t e s  r e s u l t in g  in  t h e  s e p a r a t in g  r e l e a s e  o f  c a lc iu m  a n d  m a g n e s iu m  io n ,  
o r  in  o t h e r  w o r d ,  m a g n e s iu m  i o n  c o u l d  b e  a b le  to  c o - p r e c ip i t a t e  a lo n g  w i t h  th e  

C a - A T M P  p r e c ip i t a t e s  f o r m in g  th e  m i x e d  p r e c ip i t a t e s  u n d e r  t h e  s a m e  

p r e c ip i t a t in g  c o n d i t io n s .
T h e o r ic a l ly ,  c o - p r e c ip i t a t io n  m a y  o c c u r  b y  e i t h e r  a d s o r p t io n  o f  

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

m u t u a l  c o m p a t ib i l i t y  o f  i o n s  w i t h in  th e  la t t ic e .  F u r t h e r m o r e , th e  m in o r
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c o m p o n e n t  m u s t  b e  f r e e  t o  d i f f u s e  t h r o u g h o u t  th e  h o s t  m a t r ix  c o n t a in in g  o f  

m a jo r  c o m p o n e n t .  U n d e r  th e  c o n d i t io n s  o f  f r e e  d i f f u s io n  a n d  c o m p a t ib i l i t y  o f  

im p u r it y  w i t h  t h e  h o s t  la t t ic e ,  m ix e d  s o l i d  p r e c ip i t a t e s  a re  f o r m a l  t o  fo r m .
A c c o r d in g  t o  th e  r e s u lt s  s h o w n  in  T a b le  4 . 3 ,  t h e  f o l l o w i n g  c o ­

p r e c ip i t a t io n  r e a c t io n s  f o r  2 :1  p r e c ip i t a t e s  a re  p o s s i b l y  p r o p o s e d  a s  a n  e x a m p le .  

T h e  r e p la c e m e n t  o f  c a t io n s  w i t h in  t h e  s o l i d  m a y  b e  r e g a r d e d  a s  a  t w o - s t e p  

p r o c e s s  i n v o lv i n g  s u r f a c e  a d s o r p t io n ,  f o l l o w e d  b y  in c o r p o r a t io n  in t o  th e  

s u b s t r a te  la t t ic e  v ia  f r e e  d i f f u s io n .

2 M g 2+( a d s )  +  2 C a 2+ ( s o in )  ►  2 C a 2+( a d s )  +  2 M g 2+(ร 0 ๒ )  ( 1 9 )

2 C a 2+( a d s )  +  M g 2A T M P ( s o l id )  «-* C a 2A T M P ( s o l id )  +  2 M g 2+( a d s )  ( 2 0 )

T h e s e  r e a c t io n s  w o u l d  b e  e q u a l ly  g e n e r a l  f o r  ๒ c o r p o r a t io n  o f  

c a t io n s .  T h e  o v e r a l l  e q u i l ib r iu m  ๒  e q u a t io n  ( 1 9 )  a n d  ( 2 0 )  i s  g iv e n  b y

2 C a 2+(ร 0 ๒ )  +  M g 2A T M P ( s o l id )  <-> C a 2A T M P ( s o l id )  +  2 M g 2+(ร 0 ๒ )  ( 2 1 )

T M ร o v e r a l l  e q u i l ib r iu m  r e a c t io n  w a s  a  g o o d  r e p r e s e n t a t iv e  fo r  

e x p la in m g  t h e  p h e n o m e n a  s h o w n  ๒  F ig u r e  4 .1 0 .  F r o m  t h is  F ig u r e ,  a  d e c r e a s e  o f  

to t a l  C a /M g  m o la r  r a t io  ๒  th e  s y s t e m  r e s u l t e d  ๒  a  d e c r e a s e  o f  to t a l  C a /M g  

m o la r  r a t io  ๒  t h e  r e s u l t in g  p r e c ip i t a t e  a s  w e l l .  U s m g  th is  o v e r a l l  e q u i l ib r iu m  

r e a c t io n  c a n  d e s c r ib e  th  a t th e  e q u i l ib r iu m  r e a c t io n  w a s  ร๒ f t e d  t o  t h e  l e f t  h a n d  

s id e  w i t h  ๒ c r e a s ๒ g  th e  to ta l  m a g n e s iu m  c o n c e n t r a t io n  ๒  t h e  s y s t e m s  ( to ta l  

C a /M g  m o la r  r a t io  ๒  th e  s y s t e m s  d e c r e a s e d ) .  A s  a  r e s u lt ,  t h e  a m o u n t  o f  M g -  

A T M P  p r e c ip i t a t e s  p a r t ic ip a t e d  ๒  t h e  r e s u l t in g  p r e c ip i t a t e s  ๒ c r e a s e d ,  h o w e v e r  

t h e  to t a l  m o la r  r a t io  ๒  t h e  r e s u l t in g  p r e c ip i t a t e s  d id  n o t  c h a n g e .  T h e r e f o r e ,  th e  

a m o u n t  o f  e a c h  p r e c ip i t a t e s  s t r o n g ly  d e p e n d s  o n  t h e  t o t a l  c o n c e n t r a t io n  o f  b o th  

d iv a le n t  c a t io n s .
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