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APPENDICES

Appendix A Typical properties of Aminotri(methylene phosphonic acid) 
Structure.

H O

H O

0

^ P - C H 2 — ผ

น , O H
, c h 2 - p - o h

' c h 2 - p c ° ^  

0  0 H

Figure A M olecular structure o f  ATM P. *

Physical properties
Synonym N itrilo trim ethylene triphosphonic acid
A bbreviation A TM PA , A TM P
M olecular form ula C 3 H 12N 3 O 9 P3
M olecular w eigh t 299.0
M olar volum e, cm 3 142.7
A ppearance
solution

C lear w ater, w hite  to p a le  yellow  aqueous

A ctive conten t 50%  (as acid)
Specific gravity , 20/20°C 1.33
pH , 1% solution  at 2 5 °c < 2
Freezing po int, ° c -15
B oiling point, ° c >  105
C hloride as Cl, % <  1
Iron (Fe), ppm < 3 5

Functional properties
C aC 0 3  inhibition E xcellent
C a S 0 4  inhibition G ood
C alcium  com patib ility G ood
Iron control Y es
Sequestration G ood
Steel corrosion inhibition 
(form ulated)

E xcellent

* A bove referred  specifications are belong  to M onsanto



34

Appendix B Calculation method for deprotonation and metal complexation of 
ATMP.

In order to c a l f a t e  and predict the effects o f  solution com position  on the 
squeeze treatm ent perform ance, it is necessary  to  understand the acid/base and 
com plex solu tion  chem istry as a  function  o f  pH, tem perature, and ionic strength. T he 
proton and calcium  association schem e depicted in F igure B will be used to represent 
the solution chem istry o f  A TM P in the  presence o f  calcium . T he deviations w ill be 
w ritten in term s o f  an arbitrary phosphonic acid w ith n-ion izab le  protons, H nPhn.

P h n 6' * —“►  C a P h n 4' *K, K
H P h n 5' ■ £ ^  C a H P h n 3' 

H 2P h n 4‘ l  C a H 2P h n 2'
ÎE K,, “  ITH jP h n 3' * — 4 . C a H jP h n  

H 4P W '  ►  C aPLjPhn
I . !  K 1 ไH jP h n  +—+  C a H jP h n *  ÎK6 

H gP h n

1 K q2 Ca2Phn2" ^K.03

J Ç 12 CajHPhn K,3

^K-22 Ca2H 2Phn
1K-32 Ca2HjPhn+

Ca3Phn

CajHPhn"

Figure B A  representation o f  ฟ! A TM P and calcium  com plexes considered in the 
present m odel. S tepw ise association  constants are to the right or ju s t above the 
respective arrow s.

T h e  f irs t a sso c ia tio n  c o n s ta n t is d e f in e d  by  th e  fo llo w in g  re a c tio n  an d  
e q u a tio n

Phn"- + H + -> HPhn{nA)-
_  (.HPhn("-'y  ) 

1 = {ff+ jp h n " -)

( B l )

(B 2 )

w h e re  p a re n th e se s  re fe r  to  c o n c e n tra tio n , {H +} re fe rs  to  a c tiv ity  a n d  is g iv e n  
by  { T f}  =  10 'pH , an d  ท re p re se n ts  th e  v a lu e  o f  th e  ch a rg e  o n  th e  co m p le te ly  
d e p ro to n a te d  p h o sp h o n a te  m o le c u le  ( fo r  A T M P , ท=  6). T h e  c o n c e n tra tio n  o f
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th e  p ro to n a te d  sp ec ie s , (H P h n (n_1)') ,  c a n  be e x p re s se d  in  te rm s o f  K l ,  th e  free  
p h o sp h o n a te  c o n c e n tra tio n , m e a su re d  p H

( H P h n (n~xy  ) =  K 1 { / r  j( P h n " -  ) (B 3 )

S im ila r ly , th e  se c o n d  a s so c ia tio n  re a c tio n  an d  c o n s ta n t a re  g iv e n  by

H P h n (n A y  + H + ->  H 2P h n <-"~2)~

( H 2P h n ^ 2 y )
2 =  \ H +l H P h n (n ]) )

(B 4 )

(B 5 )

B y  su b s titu tin g  E q u a tio n  (B 3 ) in to  E q u a tio n (B 5 ), th e  c o n c e n tra tio n  o f  
th e  sp e c ie s , (H 2P h n (n'2)‘), can  b e  e x p re s se d  in  te rm s  o f  a lre a d y  m e a su re d  
e q u ilib r iu m  c o n s ta n ts , th e  free  p h o sp h o n a te  c o n c e n tra tio n , an d  p H

( H 2P h n (n~2)■ ) = K ^ K 2 { H +f ( P h n " ~ )  (B 6 )

T h e  re m a in in g  p ro to n  a s so c ia tio n  re a c tio n s  an d  c o n s ta n ts  c an  be 
re p re se n te d  by  th e  fo llo w in g  eq u a tio n :

H i_]P h n (n~M y  +  H '  -V H iP h n {n~i y  fo r  i >3  (B 7)

( H 1P h n (n~i y )
1 = \h + l H ^ P h n ( n M y  )

(B 8 )

B y  c o n tin u in g  th e  su b s titu tio n , as  in  E q u a tio n  (B 6 ), an  a rb itra ry  
p h o sp h o n a te  sp ec ie s , ( H j P h n ^ ) ,  c a n  b e  e x p re s se d  in  te rm s  o f  e q u ilib r iu m  
c o n s ta n ts , f re e  p h o sp h o n a te  c o n c e n tra tio n , a n d  p H
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( H iP h n Cn- ‘y ) =  K XK 2K 3. . .K t \ H +] ( P h n " ~ )  fo r  1 > 3  (B 9 )

T o  s im p lify  te rm s , th e  “ b e ta ”  o r  c u m u la tiv e  fo rm a tio n  co n s ta n t 
n o ta tio n  w ill b e  u se d  an d  c h a rg e s  w ill b e  d ro p p ed :

A, = K 1 (B IO )
P 2 = K XK 2 ( B l l )

an d  A = K , K 2K 2...K t fo r  i > 3  (B  12)

A  m o d e l c an  n o w  be  p ro p o se d  to  c a lc u la te  th e  v a lu e s  o f  th e  K i  ’ร ,  

a ssu m in g  th e  p rim a ry  d iffe re n ce  b e tw e e n  su c c e ss iv e  e q u ilib r iu m  c o n s ta n ts  IS a  
c o n se q u e n c e  o f  d e c re a s in g  ch a rg e . T h e  fo llo w in g  m o d e l is p ro p o se d  to  
c a lc u la te  th e  v a lu e s  o f  K i ’ s  fo r  th e  p ro to n  a s so c ia tio n  eq u ilib ria .

log K t = a H + b H / q , _  1/ (B 1 3 )

w h e re  Ü H  a n d  b n  a re  c o n s ta n ts  w h ic h  d e p e n d  o n  io n ic  s tre n g th  a n d  te m p e ra tu re
to  be  d e te rm in e d  fro m  th e  fo llo w in g  e q u a tio n s  an d  /qi-i/ re p re se n ts  th e  
a b so lu te  v a lu e  o f  c h a rg e  o n  th e  ( i - l ) 111 spec ies .

a H = 2 .296 -  0 .567 y j l { M )  +  0.184 ■ I ( M )  -  - ^ -  (B 1 4 )
T ( K )

b H =  1.439 -  0 .160J l ( M )  +  0 .0 2 5 5 .1 ( M )  -  (B 1 5 )
T ( K )

T h e  m ass  b a la n c e  fo r th e  to ta l p h o sp h o n a te , C ph n , is g iv e n  by

C Phn = ( P h n )  +  ^ ( H  1P h n )  (B16)
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S u b s titu tin g  E q u a tio n  (B 9 ) in to  E q u a tio n  (B 1 6 ) an d  fa c to r in g  o u t th e  
c o n c e n tra tio n  o f  free  p h o sp h o n a te , ( P h n ) ,  y ie ld s :

( P h n )  = — S i * .------- (B  17)
1 + 2  A W

T h e  p ro c e d u re  fo r  c a lc u la tin g  th e  s ta b ility  c o n s ta n ts  o f  th e  ca lc iu m - 
A T M P  c o m p le x e s  u s in g  an  e le c tro s ta tic  m o d e l is s im ila r  to  th a t  o u tlin ed  
a b o v e  fo r  th e  p ro to n  eq u ilib ria . A g a in , th e  sp é c ia tio n  sc h e m e  d e p ic te d  in 
F ig u re  B  w ill b e  used . T h e  g e n e ra l re a c tio n  a n d  e q u ilib r iu m  c o n s ta n t fo r th e  
fo rm a tio n  o f  a  c a lc iu m -A T M P  c o m p le x  a re  as  fo llo w s:

C a H H  1P h n  +  C a 2+ - > C a j H t P h n (B 1 8 )

(<C d j H tP h n )
[C a '^ C a j X H iP h n )

(B 1 9 )

B y  re p e a te d  su b s titu tio n , th e  c o n c e n tra tio n  o f  (C a jH iP hn) can  b e  e x p re s se d  as 

cC a } H tP h n )  =  f i tK a K t2.. K 1j ( C a 2+y  { H ๆ , ( P h n )  (B 2 0 )

A g a in , th e  fo rm a tio n  co n s ta n ts , Kjj, c a n  b e  m o d e le d  w ith  a n  e q u a tio n  
s im ila r  to  E q u a tio n  (B 1 3 ), w h ich  a ssu m e s  th a t th e  s ta b ility  c o n s ta n t is 
p ro p o rtio n a l to  th e  ch a rg e  on  th e  sp e c ie s  w ith  o n e  le ss  c a lc iu m  io n

•og K y  = a Ca + b Ca /  q 2(J_m  /  ( B 2 1 )

T h e  v a lu e  o f  a c a  d e te rm in e d  fro m  s ta tis tic  a n a ly s is  w a s  n o t 
d is tin g u ish a b le  fro m  zero . T h e re fo re , it w a s  se t to  z e ro  an d  th e  f in a l m o d e l 
u se d  w as
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log  K y = b C a/ q 2U_m / (B 2 2 )

w h e re  b Ca is c o n s ta n ts  w h ic h  d e p e n d  on  io n ic  s tre n g th  an d  te m p e ra tu re  to  be 
d e te rm in e d  fro m  th e  fo llo w in g  e q u a tio n

T h e  c u m u la tiv e  fo rm a tio n  fo r  th e  m e ta l c o m p le x e s  c a n  b e  w ritte n  in 
te rm s  o f  th e  in d iv id u a l p ro to n  a s so c ia tio n  c o n s ta n ts  a n d  th e  in d iv id u a l 
c a lc iu m -p h o sp h a te  s tab ility  co n stan ts :

T h e  fo llo w in g  e q u a tio n s  p re se n t fina l fo rm s  o f  e q u a tio n s  n e e d e d  to  
c a lc u la te  th e  c o n c e n tra tio n  o f  free  c a lc iu m , free  p h o sp h o n a te , an d  c a lc iu m - 
p h o sp h o n a te  sp ec ie s . T h e  a lg e b ra ic  p ro c e d u re  is s lig h tly  m o re  in v o lv ed  
b e c a u se  it re q u ire d  th e  s im u lta n e o u s  so lu tio n  o f  tw o  m a ss  b a la n c e  eq u a tio n s , 
o n e  fo r p h o sp h o n a te  ( C p h n ) an d  o n e  fo r to ta l c a lc iu m  ( C c a )■  T h e  tw o  m a ss  
b a la n c e  e q u a tio n s  are

(B 2 3 )

(B 2 4 )

C ca =  (P h n ) + ( น P h n )  + £  ^ ( C a j H ' P h n ) (B 2 5 )
i= 2 1=0

C ca =  ( C a )  +  X  ' " ÿ j K C a j H  1P h n )
1=2 j =0

(B 2 6 )
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By substitution of Equation (B6) and Equation (B20) into Equation 
(B25) and factoring out (Phn) the following equation for free phosphate can be 
derived in terms of pH, free calcium, and Pij’s

The effect of complex formation on the concentration of free calcium 
can be determined by substituting Equation (B20) into Equation (B26) and 
using Equation (B27) to eliminate (Phn)

For any specific solution of known pH, total calcium and phosphonate 
concentrations, Equation (B28) is a polynomial in one unknown, free calcium 
concentration (Ca), which can solved by various iteration procedures. Once 
(Ca) is calculated, it can be substituted into Equation (B27) to calculate (Phn). 
Then, the concentration of any species can be calculated using Equation (B9) 
and Equation (B20).

{Phn) = (B27)

)Pij{Cay{H^)iCPhn



Appendix c Experimental data,

No.
[ATMP]
initial Salt pH [ATMP] eq Initial final ร tind

(m ol/l) (m ol/l) (m ol/l) [Ca2+] โ ATM P2'] [Ca2+] โ ATM P2'] (ร)
1 0 .113 - 1.5 0 .0 2 8 0 .104 4 .3 0 E -3 2 0 .0 2 7 7 .57E -34 2 1 9 .6 0 35
2 0 .0 9 0 - 1.5 0 .020 0 .0 8 5 2 .08E -32 0 .0 2 0 3 .60E -34 2 4 7 .5 2 35
3 0 .0 7 5 - 1.5 0 .0 2 0 0 .071 1 .18E -32 0 .0 1 9 3 .4 4 E -3 4 12 5 .7 8 65
4 0 .0 4 9 - 1 5 0 .0 1 6 0 .047 3 .35E -33 0 .0 1 6 2 .30E -34 4 2 .5 1 110
5 0 .045 - 1.5 0 .0 1 8 0 .044 2 .68E -33 0 .0 1 6 2 .30E -34 3 1 .5 7 195
6 0 .039 - 1.5 0 .019 0 .039 1 .88E -33 0 .0 1 6 2 .30E -34 19 .64 475
7 0 .0 3 8 - 1.5 0 .013 0 .037 1 .65E -33 0 .0 1 6 2 .30E -34 16 .27 592
8 0 .033 - 1.5 0 .013 0 .0 3 3 1 .22E -33 0 .0 1 6 2 .30E -34 10 .77 737
9 0 .030 - 1.5 0 .0 1 6 0 .029 9 .3 7 E -3 4 0 .0 1 6 2 .30E -34 7 .42 1837

10 0 .0 2 8 - 1.5 0 .020 0 .0 2 8 8 .0 0 E -3 4 0 .0 1 6 2 .30E -34 5 .95 2097
11 0 .0 9 0 LiCI 0 .0 5  M 1.5 0 .022 0 .085 3 .07E -32 0 .0 2 2 1 .04E -33 115 .01 25
12 0 .0 7 5 LiCI 0 .0 5  M 1.5 0 .023 0 .071 1 .82E -32 0 .0 2 2 1 .10E -33 52 .37 55
13 0 .0 6 4 LiCI 0 .0 5  M 1.5 0 .017 0 .061 1 .17E -32 0 .0 1 7 6 .39E -34 6 6 .3 7 85
14 0 .049 LiCI 0 .0 5  M 1.5 0 .015 0 .047 5 .87E -33 0 .0 1 5 5 .14E -34 3 6 .2 4 165
15 0 .0 4 5 LiCI 0 .0 5  M 1.5 0 .015 0 .044 4 .8 3 E -3 3 0 .0 1 5 4 .9 6 E -3 4 2 9 .1 4 255
16 0 .042 LiCI 0 .05  M 1.5 0 .0 1 6 0 .041 4 .1 8 E -3 3 0 .0 1 6 5 .81E -34 18 .61 376
17 0 .0 3 9 LiCI 0 .0 5  M 1.5 0 .013 0 .0 3 8 3 .5 2 E -3 3 0 .0 1 3 4 .2 0 E -3 4 2 4 .3 9 345
18 0 .035 LiCI 0 .0 5  M 1.5 0 .0 1 6 0 .034 2 .7 6 E -3 3 0 .0 1 6 5 .74E -34 1 0 .48 715
19 0 .0 9 0 NaCI 0.05M 1.5 0 .0 1 9 0 .085 3 .07E -32 0 .0 1 9 8 .05E -34 1 69 .73 35
20 0 .0 7 5 NaCI 0.05M 1.5 0 .0 1 8 0 .071 1 .82E -32 0 .0 1 8 7 .23E -34 9 9 .8 9 65
21 0 .064 NaCI 0.05M 1.5 0 .0 1 6 0 .061 1 .17E -32 0 .0 1 6 5 .81E -34 7 7 .0 9 75
22 0 .049 NaCI 0.05M 1.5 0 .0 1 3 0 .0 4 7 5 .87E -33 0 .0 1 3 4 .2 5 E -3 4 4 8 .9 9 185



No.
[ATM P] 
initial 

(ทาอ!/!)
Salt 

(กาอ!/!)
pH [ATM P] eq 

(ทาอ!/!)
Initial final ร tind

(ร)r c a 2+1 TATMP2 1 [Ca2+] [ATMP21
23 0.045 NaCI 0.05M 1.5 0 .0 1 3 0 .0 4 4 4 .8 3 E -3 3 0 .0 1 3 4 .0 9 E -3 4 3 9 .6 0 165
24 0 .042 NaCI 0.05M 1.5 0 .0 1 3 0 .041 4 .1 8 E -3 3 0 .0 1 3 3 .99E -34 3 3 .7 2 463
25 0 .034 NaCI 0.05M 1.5 0 .012 0 .033 2 .49E -33 0 .011 3 .32E -34 2 1 .6 7 1355
26 0 .030 NaCI 0.05M 1.5 0 .011 0 .029 1 .93E -33 0 .011 3 .23E -34 15 .66 2460
27 0 .090 KCI 0 .0 5  M 1.5 0 .021 0 .085 3 .07E -32 0 .0 2 0 9 .0 9 E -3 4 1 40 .95 35
28 0 .075 KCI 0 .0 5  M 1.5 0 .0 1 9 0 .071 1 .82E -32 0 .0 1 9 7 .67E -34 9 1 .1 8 45
29 0 .064 KCI 0 .0 5  M 1.5 0 .0 1 7 0 .061 1 .17E -32 0 .0 1 7 6 .19E -34 69 .70 95
30 0 .049 KCI 0 .0 5  M 1.5 0 .0 1 6 0 .044 4 .8 3 E -3 3 0 .0 1 4 4 .8 5 E -3 4 30 .22 225
31 0 .045 KCI 0 .0 5  M 1.5 0 .015 0 .047 5 .87E -33 0 .0 1 6 5 .81E -34 29 .90 395
32 0 .042 KCI 0 .0 5  M 1.5 0 .0 1 4 0 .041 4 .1 8 E -3 3 0 .0 1 4 4 .5 2 E -3 4 2 7 .6 7 4 1 8
33 0 .039 KCI 0 .0 5  M 1.5 0 .0 1 4 0 .0 3 8 3 .52E -33 0 .0 1 4 4 .6 3 E -3 4 2 0 .8 9 909
34 0 .035 KCI 0 .0 5  M 1.5 0 .0 1 4 0 .034 2 76E -33 0 .0 1 4 4 .5 2 E -3 4 15 .31 1515
35 0 .049 - 1.5 0 .0 1 6 0 .0 4 7 3 .35E -33 0 .0 1 6 2 .30E -34 4 2 .5 1 90
36 0 .049 NaCI0.025M 1.5 0 .0 1 3 0 .0 4 7 4 .4 9 E -3 3 0 .0 1 3 2 .63E -34 6 1 .5 6 115
37 0 .049 NaCI0.050M 1.5 0 .0 1 3 0 .0 4 7 5 .87E -33 0 .0 1 3 4 .2 5 E -3 4 4 8 .9 9 120
38 0 .049 NaCIO.lOOM 1.5 0 .0 1 7 0 .0 4 7 9 .4 4 E -3 3 0 .0 1 6 1 .23E -33 2 1 .9 2 130
39 0 .049 LiCI 0.025M 1.5 0 .010 0 .047 4 .4 9 E -3 3 0 .0 1 0 1 .77E -34 1 1 4 .7 6 105
40 0 .049 LiCI 0.050M 1.5 0 .015 0 .047 5 .87E -33 0 .0 1 5 5 .14E -34 3 6 .2 4 115
41 0 .049 LiCI 0.100M 1.5 0 .0 1 5 0 .047 9 .4 4 E -3 3 0 .0 1 5 1 .08E -33 2 6 .9 9 115
42 0 .049 KCI 0 .0 2 5  M 1.5 0 .0 1 4 0 .047 4 .4 9 E -3 3 0 .0 1 3 2 .77E -34 56 .61 115
43 0 .049 KCI 0 .0 5 0  M 1.5 0 .0 1 6 0 .047 5 .87E -33 0 .0 1 6 5 .81E -34 29 .90 145
44 0 .049 KCI 0 .1 0 0  M 1.5 0 .0 1 7 0 .047 9 .4 4 E -3 3 0 .0 1 6 1 .22E -33 22 .27 170
45 0 .039 - 1.5 0 .019 0 .0 3 9 1 .88E -33 0 .0 1 6 2 .30E -34 19 .64 4 75
46 0 .039 - 4 .0 0 .0 1 6 0 .021 4 .7 5 E -3 1 0 .0 1 6 2 .12E -34 3 0 4 1 .3 7 2220
47 0 .039 - 7 .0 0 .021 0 .0 0 2 5 .01E -35 0 .0 2 0 3 .94E -34 0 .01 0
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