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APPENDIX A

Calculation Method for the Deprotonation Curves for ATMP

1. Equilibrium acid constant

The equilibrium acid constant is defined in terms of the activity of 
product species divided by reactant species as shown below 
For example;

HA + H20  H30 + + A'
The equilibrium acid constant is written as

K a J ป ีf l
(HA) ( 1)

where ( ) denote the activities of the hydrated species 
Rearrange eq(l),

(H 30ๆ ป ี^

Taking the logarithms both sides of eq (2),

-\og(H  30 +) = -\og Ka (HA)
(A~)

Rearrange eq(3),

-lo g  (H30 +) = log K a -  log ( ป ี_
(HA)

where pH  = -  log(H 30 +) and pKa -  -  logKa 
Eq(4) becomes,

or

pH  = pKa + log 

pH  = pKa + log

( ป ี
(HA)

(basic species)

(2)

(3)

(4)

(5)

(6)(acidic species)
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2 .  A c t i v i t y

The activity is defined as,
«I = C J  1

where
c, = concentration (M) 
f  1 = activity coefficient 

Substituting eq(7) into eq(l),

« พ  พ * - ^ - )Ka =

Rearrange,
( C h a / h a )

^ H j O ^ A -  f H , Q + f A ~

CHA j h a

CfUO*CA- _  7,  f HA
c -= Ka-

HA f  fJ  H1o* J  A

where Ka' = AcHA

EqlO becomes,

Ka' -  K a-j— ^ — = Y (T, / 1)

(7)

(8)

(9)

( 10)

( 11)

In order to be comfortable, eq 6 is used in terms of molar concentration 
unit (M), hence the eq 6 is expressed as

pH - pKa1 + log--basic -Pggj i l  [acidic species]
where [ ] represents the molar concentration unit

( 1 2 )
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In general, the equilibrium reaction o f acid is shown as
HnAx" «-*- Hn. 1 A(x+I)- + H+ (13)

From eq 12,
p H = p K a  + l o g E S A A j  (14)

Eq 10 demonstrates that Ka is a function of temperature (T) and 
activity coefficient ( / ) ,  however the activity coefficient is also depend upon 
the ionic strength (I) as shown in Debye-Huckel equation.

The Debye-Huckel equation for dilute solution is written as;

-lo g  f  1 = ^ เท ^  -Q-1Z2/  (only dilute solution) (15)

where f  1 = activity coefficient [-]
I  = ionic strength [M]

A = a constant which depends on the temperature 
(at 25°c, A =0.512) 

z  = charge

From eq 15, eq 14 becomes;
(2x + \)BI12p H  = p K a - 0 + / 1'2)JJ-— h0.1(2x + l)7 + log [HnA - \ (16)
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pKa'= p K a - (2x + \)BIU2 
(1 + / 1/2) + 0 .1(2* + ! ) / (17)

3. Calculation of the fraction of ATMP species

The Amino trimethylene phosphonic acid (ATMP) is a polyprotic acid 
which dissociates in several steps expressed in terms of six of equilibrium acid 
constants as shown below;

r  [ATMP~][H + ] 
1 = [ATMP] (18)

r a  [ATMP2~][H+] 
2 = [ATMP-] ( 1 9 )

Va _ [ATMP3~][H + ] 
3 = [ATMP2-] ( 2 0 )

r a  _[ATMP3-][H+] 
3 = [ATMP2-] ( 2 1 )

[ATMP4-][H+] 
ฝ ิ4= [A T M P ] ( 2 2 )

r a  [ATMP>-][H+] 
5 = [ATMP4-] ( 2 3 )

r a  [ATMP6~][H+] 
6 = [ATMP5-] ( 2 4 )

The following values are the equilibrium acid constant of ATMP at 25 c
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ATMP ,<-» ATMP' +
ATMP' <-> ATMP2' +
ATMP2' <-> ATMP3' +
ATMP3' ► ATMP4' +
ATMP4' ATMP5' +
ATMP5' <-> ATMP6' +

H" pKa 1 < 2
H+ pKa2 < 2
HT pKa2 = 4.30
H* pKa 4 = 5.46
H+ pKa 5 = 6.66
H+ pKa 6 =12.30

The total ATMP concentration is the sum of above species

A TMPt0ta1 = [A TMP6~ ] + [A TMP5- ] + [A TMP4- ] + ... + [A TMPX~ ] + [A IMP] (25)

From the equilibrium reaction indicating the several deprotonation steps 
of ATMP, the concentration of each deprotonated species can be expressed as;

[Amp]JA nfLM n  (26)
Kax

1À m r > \âป ีป ี.  (27)
Ka2

[ A m ^  ป ีK J  (28)
Ka3

[. A T M พ ป ี ! ท  (29)
Ka4

[.4 T M P ^ J J ป ีแ ท  (30)
Ka5

[ A l ป ี- ป  ี (31)Kaè
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From eq 16 and 17, all deprotonated species above can be written in 
terms of pH and pKa’ as shown below;

where

= [ATMPl ]\QpKaipH (32)
] = [ATMP2' 310pKa'- pH (33)
] = [ATMPi ]\0pKâ pH (34)

-] = [ATMP4-]\0pKa<-pH (35)
-] = [A 7MP5 ]\0pKai-pH (36)
] = [A TMP6~ J IO ^ '- '" (37)

pKa' = pK '~  Juri r ) + 0 U ~ p H

(38)

pKa, = pK 1- ™ Ç 2) + 0 3 I - p H (39)

p K a ,= p K  1 - - ^ ’Ç -  + 0 .5 I-P H (40)

pKa, = p K 1 - ™ Ç 1)+ M I - p H (41)

p K a . - p K  5 (1 + 7',/\ ) +Q-91 PH (42)

PKa6 = pK 6 ^ p ) + l . l /  pH (43)

Substituting eq 32-43 in eq 25;

ATMPt0,a, = [A TMP ]10 pKa' + [A TMP2‘ ]10 pK°2 + [A TMPl~]10 pKa> +... + [A TMPb~]

(44)
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Rearrange eq 44;

ATMP = [AIMP6 ](1 + 10pKa<' + ]0 pKa6~pKa- + + 10pKa'’ pKa' TpKa' *pKai ’pKai + pKa' )
( 4 5 )

where z  = (1 + \0pKa6 + 1 0 ^ '^ '  +... + 10pKa 6 + pKa 5 + + pKa3 + pKa 1 + pKa 1

(46)

Therefore,

[ATMP6- ] = A7M~To,al-

Fraction of [ATMP6 ] species = —- = \A TMPTota1 z
In the same manner for every deprotonated species;

Fraction of [ATMP5 ] species

Fraction o f [ATMP4~] species =

Fraction of [ATMP3~] species =

Fraction of [ATMP2 ] species

[10 PKa6 +PKa5 J

[1 0 PKae + PKa5 +PKa4 J

[10 PKai  + PK‘‘ร ่+ PKai +PKai  J

r i  pKa6 + pKai + pKaA + pKa} + pKa2 1

Fraction of [ATMP~] species = ---------------—---------------

Fraction of [ATMP] species = [10 pKa 6 + pKa 5 + pKa 4 + pKa 1 + pKa 2 + pKa 1 ]

(47)

(48)

(49)

(50)

( 5 1 )

(52)

(53)

(54)

Substituting the values of pKa] ,pKa2 ,pKa2 ,...,pKa6 , the fraction of 
each deprotonated species of ATMP is obtained.
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1 Dissolution of 1:1 Ca-ATMP Precipitate in DI Water. 
Experimental Conditions:

Volume of DI water used = 200 ml 
Initial solution pH = 5.5 
Temperature = room temperature 
Rotating Disk speed = 1000 rpm

APPENDIX B

Time (min) Cone, of Ca (M) 
I

Cone, of Ca (M) 
II

Cone, of Ca (M) 
Avg

1 1.5107x10-6 1.2392x10-6 1.3750x10-6
2 3.3333x10-6 2.8123x10-6 3.0728x10-6
3 4.6300x10-6 5.0107x10-6 4.8203x10-6
4 6.5541x10-6 6.2356x10-6 6.3949x10-6
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2 Dissolution of 2:1 Ca-ATMP Precipitate in DI water 
Experimental Conditions:

Volume of DI water used = 200 ml 
Initial solution pH = 5.5 
Temperature = room temperature 
Rotating Disk Speed = 1000 rpm

Time (min) Cone, of Ca (M) 
I

Cone, of Ca (M) 
II

Cone, of Ca (M) 
Avg

1 5.4644x10-7 8.1529x10-7 6.8086x10-7
2 1.4509x10-6 1.7702x10-6 1.6106x10-6
3 2.1329x10-6 2.5166x10-6 2.3247x10-6
4 3.2946x10-6 3.9359x10-6 3.6153x10-6
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3 Dissolution of 3:1 Ca-ATMP Precipitate in DI water 
Experimental Conditions:

Volume of DI water used = 200 ml 
Initial solution pH = 5.5 
Temperature = room temperature 
Rotating Disk speed = 1000 rpm

Time (min) Cone, of Ca (M) 
I

Cone, of Ca (M) 
II

Cone, of Ca (M) 
Avg

1 4.5656x10-7 7.0715x10-7 5.8185x10-7
2 1.2619x10-6 1.4650x10-6 1.3635x10-6
3 1.7478x10-6 2.0285x10-6 1.8881x10-6
4 2.5197x10-6 2.7549x10-6 2.6373x10-6
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1 Dissolution o f 2:1 Mg-ATMP Precipitate in DI Water. 
Experimental Conditions:

Volume of DI water used = 200 ml 
Initial solution pH = 5.5 
Temperature = room temperature 
Rotating Disk Speed = 1000 rpm

APPENDIX c

Time (min) Cone, of Mg (M) 
I

Cone, of Mg (M) 
II

Cone, of Mg (M) 
Avg

1 1.0018x10-6 1.5157x10-6 1.2588x10-6
2 2.0321x10-6 3.2178x10-6 2.6250x10-6
3 4.7375x10-6 5.3137x10-6 5.0256x10-6
4 5.7889x10-6 6.6081x10-6 6.1985x10-6
5 7.6956x10-6 9.1364x10-6 8.4160x10-6
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2 Dissolution of 3:1 Mg-ATMP Precipitate in DI Water. 
Experimental Conditions:

Volume of DI water used = 200 ml 
Initial solution pH = 5.5 
Temperature = room temperature 
Rotating Disk speed = 1000 rpm

Time (min) Cone, of Mg (M) 
I

Cone, of Mg (M) 
II

Cone, of Mg (M) 
Avg

1 8.0142x10-7 1.0018x10-6 9.0160x10-7
2 2.0532x10-6 2.3709x10-6 2 .2121x 10-6
3 3.8065x10-6 4.9247x10-6 4.3656x10-6
4 5.4407x10-6 6.3739x10-6 5.9073x10-6
5 6.3094x10-6 7.1674x10-6 6.7384x10-6
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1 Dissolution of the Precipitate having Total Molar Ratio of 2:1 and 
Total Ca/Mg Molar Ratio in the precipitate of 1.35 in DI Water. 
Experimental Conditions:

Volume of DI water used = 200 ml 
Initial solution pH = 5.5 
Temperature = room temperature 
Rotating Disk speed = 1000 rpm

APPENDIX D

Time
Cone, of Ca 

CM)

Cone, of Ca 
(M)

Cone, of Mg 
(M)

Cone, of Mg
CM )

(min) I II I II
5 7.6260x10-7 3.2342x10-7 1.2736x10-6 8.0921x10-7
10 1.6074x10-6 1.1868x10-6 3.0414x10-6 2.3124x10-6
15 2.5534x10-6 1.9679x10-6 4.6591x10-6 3.7029x10-6
20 3.2347x10-6 2.6429x10-6 6.1137x10-6 5.1562x10-6
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2 Dissolution of the Precipitate having Total Molar Ratio of 3:1 and 
Total Ca/Mg Molar Ratio in the precipitate of 1.21 in DI Water. 
Experimental Conditions:

Volume of DI water used = 200 ml 
Initial solution pH = 5.5 
Temperature = room temperature 
Rotating Disk Speed = 1000 rpm

Time
Cone, of Ca 

(M)
Cone, of Ca 

(M)
Cone, of Mg 

(M)
Cone, of Mg 

(M)
(min) I n I II

5 2.9549x10-7 4.3611x10-7 1.3150x10-6 6.0655x10-7
10 1.3618x10-6 8.1418x10-7 2.3225x10-6 1.6668x 10-6
15 1.8793x10-6 1.5877x10-6 3.7088x10-6 3.1771x10-6
20 2.4219x10-6 2.0418x10-6 4.8412x10-6 4.2667x10-6
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