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APPENDICES
Appendix A Solubility of BaSC.. Precipitates in EDTA

The solubility of BaSCx precipitates in 0.25 M EDTA solution was
first investigated. The effect of pH of EDTA solution on BaS04 solubility was
studied by adjusting the originally prepared EDTA solution pH of 4.6 to 13 by
adding potassium hydroxide. Figure 4.1 shows the solubility of BaSCs4in these two
different solution pHs. The results demonstrated that when pH of EDTA solution
was increased from 4.6 to 13, the remarkable increase in the solubility of BaS04
from 334 my/l to 1324 mg/l was observed. This can be explained by using the
equilibrium acid constants (pka) of EDTA. The deprotonation curve of EDTA
presenting the fraction of deprotonated species at different pH values is shown in
Figure 4.2. 1t was indicated that EDTA can be completely deprotonated at pH 13,
thus it can basically dissolve much more amount of BaS04than at original condition
of pH 4.6. The value of BaS04 solubility at pH 13 was adequate to be used as the
condition for completely dissolving the BaSCx precipitates in order to establish the
correlation between the turbidity and the amount of BaSCfr precipitates.
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Appendix B Experimental Data
1. Experimental Data of the Critical Supersaturation Ratio

Table B.| The critical supersaturation ratio data for the absence of scale inhibitors.

Testing Critical supersaturation ratio

time pH 4 pH 6 pH 8 Average
(fa) Batch 1 Batch 2 Batch 1 Batch 2 Batch 1 Batch 2

2 1.55E+02 1.68E+02 1.68E+02 141E+02 1.38E+02 1.62E+02 1.55E+02
24 1.43E+402 130E+02 1.40E+02 1.34E+02 130E+02 1.24E+02 1.34E+02
48 1.19E+02  1.26E+02 124E+02  126E+02 1.25E+02 1.24E+02 1.24E+02
72 1.17E+02  1.18E+02 1.12E+02  1.00E+02 1.06E+02 1.14E+02 1.11E+02
96 9.70E+01  1.07E+02 8.99E+01 9.85E+01 9.69E+01  1.15E+02 1.01E+02
192 9.50E+01 9.78E+01  8.81E+01  8.96E+01 8.66E+01  9.52E+01  9.21E+01
360 8.30E+01 7.71E+01 7.38E+01 7.31E+01 6.99E+01 7.71E+01 7.57E+01
120 6.59E+01 6.08E+01  6.69E+01 6.01E+01 5.65E+01 5.45E+01  6.08E+01
2250 554E+01 4.68E+01 5.05E+01 5.13E+01 4.89E+01 3.77E+01  4.84E+01

Table B.2 The critical supersaturation ratio data for ATMP 25 x 105M and initial

solution pH of 6.
Testing time Critical supersaturation ratio
(fa) Batch 1 Batch 2 Average
2 2.48E+03 1.62E+03 2.05E+03
24 1.73E+03 1.27E+03 1.50E+03
48 3.81E+02 8.03E+02 5.92E+02
72 5.75E+02 3.20E+02 4.48E+02
96 2.63E+02 4.83E+02 3.73E+02
192 2.86E+02 2.92E+02 2.89E+02
360 2.54E+02 3.43E+402 2.98E+02
120 2.18E+02 2.97E+02 2.57TE+02

2250 2.10E+02 3.04E+02 2.5TE+02
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Table B.3 The critical supersaturation ratio data for ATMP 5.0 X 105M and initial

solution pH of 6.

Testing time
(fa)
2
24
48
72
96
192
360
720
2250

Batch 1
3.29E+03
2.32E+03
1.96E+03
1.17E+03
9.10E+02
8.44E+02
1.75E+02
7.39E+02
7.93E+02

Critical supersaturation ratio
Batch 2
2.90E+03
2.02E+03
1.70E+03
1.58E+03
1.12E+03
1.11E+03
1.05E+03
1.03E+03
1.00E+03

Average
3.09E+03
2.17E+03
1.83E+03
1.37E+03
1.02E+03
9.77E+02
9.12E+02
8.86E+02
8.97E+02

Table B.4 The critical supersaturation ratio data for ATMP 7.5 x 105M and initial

solution pH of 6.

Testing time
(fa)
2
24
48
72
96
192
360
720
2250

Batch 1
3.89E+03
3.49E+03
3.29E+03
3.24E+03
2.97E+03
2.44E403
2.23E+03
2.44E+03
2.33E+03

Critical supersaturation ratio
Batch 2
3.31E+03
3.16E+03
2.78E+03
2.85E+03
2.58E+(03
2.06E+03
1.97E+03
1.84E+03
1.84E+03

Average
3.60E+03
3.33E+403
3.03E+03
3.05E+03
2.78E+03
2.25E+03
2.10E+03
2.14E403
2.08E+03

Table B.5 The critical supersaturation ratio data for ATMP 1.0 x 104 M and initial

solution pH of 6.

Testing time
(fa)

2
24
48
72
96
192
360
720
2250

Batch 1
4.59E+03
4.75E+03
4.29E+03
4.04E+03
3.92E+03
3.52E+03
2.95E+03
2.70E+03
2.82E+03

Critical supersaturation ratio
Batch 2
5.38E+03
4.26E+03
3.88E+03
3.73E+03
3.48E+03
3.12E+03
2.88E+03
2.86E+03
2.64E+03

Average
4.99E+03
4.50E+03
4.08E+03
3.89E+03
3.70E+03
3.32E+03
2.91E+03
2.78E+03
2.13E+03
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Table B.6 The critical supersaturation ratio data for ATMP 7.5 X 10'3M and initial

solution pH of 6.
Testing time Critical supersaturation ratio

(h) Batch 1 Batch 2 Average
2 1.35E+04 1.31E+04 1.33E+04
24 1.15E+04 1.10E+04 1.12E+04
48 1.14E+04 1.09E+04 1.11E+04
172 1.09E+04 1.13E+04 1.11E+04
96 1.00E +04 9.66E+03 9.85E+03
192 8.22E+03 7.93E+03 8.07E+03
360 8.14E+03 7.53E+03 7.83E403
720 7.86E+03 7.50E+03 7.68E+403
2250 7.79E+03 7.61E+403 1.70E+03

Table B.7 The critical supersaturation ratio data for ATMP 7.5 X 105 M and initial

solution pH of 4.
Testing time Critical supersaturation ratio

M Batch 1 Batch 2 Average
2 1.79E+03 1.60E+03 1.70E+03
24 7.89E+402 1.20E+03 9.97E+02
48 7.92E+02 4.45E+02 6.18E+02
72 1.50E+02 3.41E+02 5.45E+02
96 4.74E+02 2.91E+02 3.83E+02
192 4.13E+402 2.56E+02 3.34E+02
360 4.06E+02 2.37TE+02 3.21E+02
720 4.35E+02 2.21E+02 3.28E+02
2250 4.20E+02 2.13E+02 3.1TE+02

Table B.8 The critical supersaturation ratio data for ATMP 7.5 X 105M and initial

solution pH of 8.
Testing time Critical supersaturation ratio

(h) Batch 1 Batch 2 Average

6.63E+03 5.81E+03 6.22E+03
24 5.67E+03 5.14E+03 5.41E+03
48 4.73E+03 4.50E+03 4.61E+03
72 4.68E+03 4.13E+03 4.40E+03
96 4 57E+03 3.89E+03 4.23E+03
192 4.21E+03 3.71E+03 3.96E+03
360 4.15E+03 3.74E+403 3.95E+03
120 4.07E+03 3.71E+03 3.89E+03

2250 4.03E+03 3.7T9E+03 3.91E+03
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Table B.9 The critical supersaturation ratio data for DTPMP 2.5 X 105M and initial

solution pH of 6.

Testing time
h___
2
24
48
12
96
192
360
720
2250

Batch 1
8.21E+03
6.95E+03
6.41E+03
6.34E+03
597E+03
5.53E+03
5.13E+03
4.85E+03
4.69E+03

Critical supersaturation ratio
Batch 2
8.78E+03
7.50E+03
6.92E+03
7.36E+03
6.83E+03
6.38E+03
5.63E+03
5.54E+03
5.61E+03

Average
8.50E+03
7.23E+03
6.66E+03
6.85E+403
6.40E+03
5.95E+03
5.38E+03
5.20E+03
5.15E+03

Table B.10 The critical supersaturation ratio data for DTPMP 5.0 X 105 M and

initial solution pH of 6.

Testing time
(h)
2
24
48
172
96
192
360
720
2250

Table B.Il  The critical supersaturation ratio data for DTPMP 7.5

initial solution pH of 6.

Testing time
00
2
24
48
72
96
192
360
720

2250

Batch 1
9.84E+03
8.58E+03
7.86E+03
7.66E+03
7.54E+03
6.94E+03
6.65E+03
6.55E+03
6.36E+03

Batch 1
1.23E+04
1.17E+04
1.05E+04
9.90E+03
9.41E+03
8.52E+03
8.21E+03
8.46E+03
8.10E+03

Critical supersaturation ratio
Batch 2
1.09E+04
9.38E+03
9.00E+03
8.27E+03
1.12E+03
7.33E+03
6.21E+03
6.92E+03
6.73E+03

Critical supersaturation ratio
Batch 2
1.33E+04
1.28E+04
1.1TE+04
1.06E+04
1.02E+04
9.48E+03
9.17E+03
8.66E+03
9.18E+03

Average
1.04E+04
8.98E+03
8.43E+03
7.96E+03
7.63E+03
7.14E+03
6.43E+03
6.74E+03
6.54E+03

X 105 M and

Average
1.28E+04
1.23E+04
1.11E+04
1.02E+04
9.81E+03
9.00E+03
8.69E+03
8.56E+03
8.64E+03
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Table B.12 The critical supersaturation ratio data for DTPMP 1.0 X 10'4 M and

initial solution pH of 6.

Testing time
(h)
2
24
48
12
96
192
360
720
2250

Table B.13 The critical supersaturation ratio data for DTPMP 7.5

initial solution pH of 6.

Testing time
(fa
2
24
48
12
96
192
360
720
2250

Table B.14 The critical supersaturation ratio data for DTPMP 7.5

initial solution pH of 4

Testing time
(fa
2
24
48
72
96
192
360
720
2250

Batch 1
1.44E+04
1.38E+04
1.36E+04
1.31E+04
1.23E+04
1.15E+04
1.09E+04
1.01E+04
9.91E+03

Batch 1
3.10E+04
3.03E+04
2.85E+04
2.80E+04
2.67E+04
2.43E+04
2.33E+04
2.39E+04
2.27E+04

Batch 1
1.04E+04
9.66E+03
9.08E+03
8.65E+03
7.66E+03
7.04E+403
6.50E+03
6.49E+03
6.39E+03

Critical supersaturation ratio
Batch 2
1.56E+04
1.43E+04
1.42E+04
1.34E+04
1.29E+04
1.24E+04
1.18E+04
1.07E+04
1.02E+04

Critical supersaturation ratio
Batch 2
3.34E+04
3.20E+04
3.11E+04
3.00E+04
2.86E+04
2.78E+04
2.60E+04
2.46E+04
2.40E+04

Critical supersaturation ratio
Batch 2
1.10E+04
1.05E+04
9.91E+03
9.40E+03
8.42E+03
7.54E+03
7.14E+03
7.01E+03
7.30E+03

Average
1.50E+04
1.41E+04
1.39E+04
1.33E+04
1.26E+04
1.20E+04
1.14E+04
1.04E+04
1.01E+04

x 103 M and

Average
3.22E+04
3.11E+04
2.98E+04
2.90E+04
2.16E+04
2.60E+04
2.46E+04
2.42E+04
2.34E+04

x 10 M and

Average
1.07E+04
1.01E+04
9.49E+03
9.03E+03
8.04E+03
7.29E+03
6.82E+03
6.75E+03
6.84E+03
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Table B.15 The critical supersaturation ratio data for DTPMP 75 X 105M and
initial solution pH of 8,

Testing time Critical supersaturation ratio

(h) Batch 1 Batch 2 Average
2 1.45E+04 1.48E+04 1.4TE+04
24 1.40E+04 1.46E+04 1.43E+04
48 1.30E+04 1.36E+04 1.33E+04
72 1.27E+04 1.32E+04 1.30E+04
96 1.22E+04 1.28E+04 1.25E+04
192 1.13E+04 1.23E+04 1.18E+04
360 1.01E+04 1.07E+04 1.04E+04
720 9.95E+03 1.09E+04 1.04E+04
2250 9.84E+03 1.07E+04 1.03E+04

Table B.16 The critical supersaturation ratio data for PPCA 25 x HT5M and initial

solution pH of 6.
Testing time Critical supersaturation ratio

(h) Batch 1 Batch 2 Average
2 1.66E+04 1.85E+04 1.76E+04
24 1.44E+04 1.64E+04 1.54E+04
48 1.38E+04 1.57E+04 14TE+04
172 1.29E+04 1.50E+04 1.40E+04
96 1,20E+04 1.42E+04 1.31E+04
192 1.04E+04 1.36E+04 1.20E+04
360 1.06E+04 1.28E+04 1.1TE+04
720 9.79E+03 1.26E+04 1.12E+04
2250 9.66E+03 1.20E+04 1.08E+04

Table B.17 The critical supersaturation ratio data for PPCA 5.0 x 10%5M and initial

solution pH of 6.
Testing time Critical supersaturation ratio
(h) Batch 1 Batch 2 Average
2 2.28E+04 2.40E+04 2.34E+04
24 1.86E+04 2.09E+04 1.98E+04
48 1.80E+04 1.93E+04 1.86E+04
72 1.66E+04 1.81E+04 1.73E+04
96 1.57E+04 1.70E+04 1.63E+04
192 1.44E+04 1.59E+04 1.52E+04
360 1.28E+04 1.44E+04 1.36E+04
720 1.28E+04 1.39E+04 1.34E+04

2250 1.25E+04 1.43E+04 1.34E+04
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Table B.18 The critical supersaturation ratio data for PPCA 7.5 X 10'5M and initial

solution pH of 6.

Testing time
(h)
2
24
48
172
96
192
360
720
2250

Batch 1
2.74E+04
2.50E+04
2.26E+04
2.17E+04
2.20E+04
2.09E+04
1.90E+04
1.83E+04
1.78E+04

Critical supersaturation ratio
Batch 2
2.81E+04
2.51E+04
2.50E+04
2.35E+04
2.33E+04
2.13E+04
2.06E+04
1.93E+04
1.95E+04

Average
2.77E+04
2.50E+04
2.38E+04
2.26E+04
2.27E+04
2.11E+04
1.98E+04
1.88E+04
1.87E+04

Table B.19 The critical supersaturation ratio data for PPCA 1.0 x 104 M and initial

solution pH of 6.

Testing time
(fa)
2
24
48
172
96
192
360
720
2250

Batch 1
3.1TE+04
2.88E+04
2.81E+04
2.56E+04
2.44E+04
2.34E+04
2.29E+04
2.19E+04
2.15E+04

Critical supersaturation ratio
Batch 2
3.27TE+04
3.10E+04
2.91E+04
2.84E+04
2.57E+04
2.51E+04
2.42E+04
2.41E+04
2.34E+04

Average
3.22E+04
2.99E+04
2.86E+04
2.70E+04
2.51E+04
2.43E+04
2.35E+04
2.30E+04
2.25E+04

Table B.20 The critical supersaturation ratio data for PPCA 7.5 x 10'3M and initial

solution pH of 6.

Testing time
(h)
2
24
48
72
96
192
360
720
2250

Batch 1
8.09E+04
7.09E+04
6.26E+04
6.20E+04
6.00E+04
5.55E+04
4.96E+04
4TTE+04
4.68E+04

Critical supersaturation ratio
Batch 2
7.09E+04
6.32E+04
5.85E+04
5.57E+04
5.28E+04
4.79E+04
4.30E+04
4.23E+04
4.43E+04

Average
7.59E+04
6.71E+04
6.05E+04
5.89E+04
5.64E+04
5.17E+04
4.63E+04
4.50E+04
4.55E+04
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Table B.21 The critical supersaturation ratio data for PPCA 7.5 X10'5M and initial

solution pH of 4.

Testing time
(h)
2
24
48
72
96
192
360
720
2250

Batch 1
2.16E+04
1.99E+04
1.95E+04
1.75E+04
1.65E+04
1.54E+04
1.35E+04
1.31E+04
1.35E+04

Critical supersaturation ratio
Batch 2
2.07E+04
1.78E+04
1.64E+04
1.57TE+04
1.53E+04
1.41E+04
1.20E+04
1.16E+04
9.70E+03

Average
2.11E+04
1.88E+04
1.80E+04
1.66E+04
1.59E+04
1.47E+04
1.28E+04
1.24E+04
1.16E+04

Table B.22 The critical supersaturation ratio data for PPCA 7.5 x 105M and initial

solution pH of 8.

Testing time
(h)
2
24
48
172
96
192
360
720
2250

Batch 1
3.44E+04
3.06E+04
2.95E+04
2.82E+04
2.83E+04
2.71E+04
2.55E+04
2.34E+04
2.29E+04

Critical supersaturation ratio
Batch 2
3.35E+04
3.18E+04
2.80E+04
2.77E+04
2.62E+04
2.51E+04
2.18E+04
2.26E+04
2.28E+04

Average
3.39E+04
3.12E+04
2.87E+04
2.80E+04
2.12E+04
2.61E+04
2.3TE+04
2.30E+04
2.28E+04
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2. Experimental Data of the Particle Size Distribution

Table B.23 The particle size distribution data for ATMP 25 X 10'5 M and initial
solution pH of 6.

Particle size (pm) Percent by volume at different testing time

2h 241 43 h 12h

0-1 0 0 0 0

1-2 0 0 0 0

2-3 0 0 0 05

3-4 0.2 0 0 0

4-5 114 21 106 12

5-6 284 479 89 18
6-7 0 548 65.2 56.8
7-8 0 0 153 235
Mean diameter (. ) 482 6.09 6.61 6.78

Table B.24 The particle size distribution data for ATMP 5.0 X 1CH M and initial
solution pH of 6.

Particle size (pm) Percent by volume at different testing time

2h 241 4 h 2h

0-1 0 0 0 0

1-2 0 05 0 0

2-3 09 0 0 07

3-4 R 89 32 0.7
4-5 533 213 152 184
5-6 31 615 WM oLl
6-7 0 18 369 262

- 0 0 0 29
Mean dliameter (am) 458 544 5.80 5.88

Table B.25 The particle size distribution data for ATMP 75 X 1T M and initial
solution pH of 6.

Particle size (jim) Percent by volume at different testing time
2h 241 48N 12h
0-1 03 0 0 0
1-2 0 0 0 09
2-3 23 09 18 18
3-4 60.6 2.7 8.3 4.2
4-5 3.8 .9 63.1 475
5-6 0 235 5.1 352
6-7 0 0 17 104
7-8 0 0 0 0
Mean diameter (um) 318 458 489 4.94
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Table B.26 The particle size distribution data for ATMP 1.0 X tert M and initial

solution pH of 6.
Particle size (pm)

6-
Mean diameter (pm)

OO O
1 ] ] 1
Oﬁmth{Jl—‘

8
/
4

O W3R
P Noor =

0

0

0
186

Percent by volume at different testing time
240 43 h

179
135
413
26.6
0./
0
0
257

48
209
334
37
39
0
0
287

12h
6.4
156
245
363
169
03
0
290

Table B.27 The particle size distribution data for ATMP 7.5 X IClh M and initial

solution pH of 4,
Particle size (pm)

0-

~Noo o1~ LWwN —
1 [ 1 1 1 1
OO OUT == 0OoPO

S
Mean diameter (pm)

Percent by volume at different testing time

24 43 h
0 0
0 0
0 0

05 0
0 09

203 92

64.4 46.2

148 437
0 0

6.45 6.97

I

o

h

o1
OO o

285
63.5
21
121

Table B.28 The particle size distribution data for ATMP 7.5 X 105M and initial

solution pH of 8,
Particle size (pm)

~NOoOOOT RPN O
1 1 1 1 1 1 ]
O~ UOT RO

Mean diameter (pm)

254
183

Percent by volume at different testing time

240 43 h
14 49
194 15
41 289
30.6 46.8
05 44
0 0
0 0
0 0
2.86 3.09

12h
48
107
24.5
437
159
04
0
0
3.13
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Table B.29 The particle size distribution data for DTPMP 2.5 X ters M and initial

solution pH of 6.
Particle size (pm)

U WO
1 1 1 1 1
\lO)Ul-B(JOI\JI L

7-
Mean diameter (um)

Percent byz\zoLume at different testing time

2h 43 h 12h
0 09 0 0
49 0 02 08
321 18 L7 3.1
63 232 109 136
0 5.7 628 42
0 174 244 315
0 0 0 24
0 0 0 0
32 4.34 4.76 489

Table B.30 The particle size distribution data for DTPMP 5.0 x 105M and initial

solution pH of 6.
Particle size (pm)

DU WO O
] [ 1 1 1
\Ioﬁmhwli.)l—‘

1-
Mean diameter (pm)

Percent by volume at different testing time

2h 240 43 h 12h
0 0 0 04
38 09 03 0
41 175 16.7 6.3
473 437 298 224
32 36.2 4.1 528
0 12 6.3 18
0 05 08 0
0 0 0 01
307 388 422 421

Table B.31 The particle size distribution data for DTPMP 7.5 x 1ers M and initial

solution pH of 6.
Particle size (pm)

AT ORI . O
] ] ] ] ] 1
0O 1G> U1 OO RO —

Mean diameter (pm)

Percent byz\zolume at different testing time

2h 43 h 12h
05 36 6.6 09
113 99 6.6 17
14.2 201 139 184
89 50.5 58.5 64.8
51 159 144 11
0 0 0 31
0 0 0 0
0 0 0 0
248 317 345 346
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Table B.32 The particle size distribution data for DTPMP 1.0 X 104 M and initial

solution pH of 6.
Particle size (pm)

7-
Mean diameter (pm)

OGO s O
1 ] [ ] ] 1
UG GO PO

2h
508
233
139
6.3
5.1
0
0
0
101

Percent byzvolume at different testing time

AN 43 h
211 106
435 5.5
162 213
91 42
41 38

0 26

0 0

0 0
162 189

2h
188
53.7
171
33
29
42
0
0
1871

Table B.33 The particle size distribution data for DTPMP 7.5 x 10%5M and initial

solution pH of 4,
Particle size (pm)

OOOUIT RN O
1 [ 1 1 1
\lG)Ulh(JOI\JI —

1-
Mean diameter (pm)

Percent by volume at differ
24h

0
0
05
168
A8
219
0
0
4.8

ent testing time
43 h

12h
0
0
0

Table B.34 The particle size distribution data for DTPMP 7.5 x 105M and initial

solution pH of 8,
Particle size (pm)

~NOoOO U1 PR~ O
1 1 [ 1 1 1 1
ocoO~~JOoOO U1 R~ POHE

Mean diameter (pm)

= —

Percent by volume at different testing time

240 43 h
292 24.3
30.7 299
223 317
116 94
12 47
0 0
0 0
0 0
157 17

=~ —d
OHOPO cou >

—J OO,
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Table B.35 The particle size distribution data for PPCA 25 X 105M and initial

solution pH of 6.
Particle size (pm)

SOOI WO
] 1 1 1 1 1
~No o1 R~ owopoOE—

1-
Mean diameter (jim)

2h
123
2.7
245
45
0
0
0
0
L

Percent by volume at different testing time

24h 43 h
21 42
124 59
51 343
219 4
39 129
0 0.7
0 0
0 0
219 3.10

12h
11
93
286
432
91
3.1
0
0
3.18

Table B.36 The particle size distribution data for PPCA 5.0 x 105M and initial

solution pH of 6.
Particle size (pm)

SO GTE ORI s O
1 ] [ ] ] ]
—~Noo T o

1-
Mean diameter (pm)

2h
233
458
117
16.7
25
0
0
0
165

Percent by volume at different testing time

24h 43 h
58 1.
226 163
492 529
187 176
3.1 59
0 0
0 0
0 0
231 259

2h
31
193
238
289
46
13
0
0
263

Table B.37 The particle size distribution data for PPCA 7.5 x 10% M and initial

solution pH of 6.
Particle size (pm)

A CTE ORI s O
1 1 1 ' 1 ]
oS TTE OO

Mean diameter (pm)

2h
27
315
103
15
0.
13
0
0
119

Percent by volume at different testing time

240 43 h
201 98
446 428
234 30.7
5.1 9
45 13
17 04
0 0
0 0
172 189

12h
142
405
243
154
33
23
0
0
191
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Table B.38 The particle size distribution data for PPCA 1.0 X 104 M and initial

solution pH of 6.
Particle size (fim)

7-
Mean diameter (fim)

DU LW O
[ [ 1 1 1 1
\I@Cﬂh(&)l\)l S

2h
674
158
1.7
34
45
12
0
0
049

Percent by volume at different testing time

240 43 h
32.1 285
451 433
106 17
21 6.1
15 3
14 21
0 0
0 0
104 128

2h
188
534
145
82
43
08
0
0
130

Table B.39 The particle size distribution data for PPCA 7.5 x 105 M and initial

solution pH of 4.
Particle size (pm)

0-

OOOUT RO —
1 1 1 1
~NOoOOOT B~ PO

1-
Mean diameter (pm)

135
415
187

1%

Percent by volume at different testing time

24N 43 h
39 51
215 148
143 236
458 39.3
142 158
03 14
0 0
0 0
308 3.26

12h
43
21
185
47
24.6
29
0.6
0
3.35

Table B.40 The particle size distribution data for PPCA 7.5 x 105 M and initial

solution pH of 8,
Particle size (urm)

~NOoOOUIT RN O
1 ] [ 1 1 1 1
ocoO—JOoOOT R~

Mean diameter (nm)

2

ROOCO U100 =

)
2,
10
14
1
2

[@p )

0
0
092

Percent by volume at different testing time

240 43 h
291 16
39.7 473
154 285
85 42
6.2 36
09 0
02 04
0 0
12 13

229
395
189
127
5.2
08

132



Appendix C Calculation Method for Deprotonation Curve of Scale Inhibitors
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:

Consider the following reaction:

HA + H) < A"+ HI+

The equilibrium acid constant is expressed as:

Ky = a|_|3Q+aA_ (C')
aHA

where ‘a’ denotes the activities of the hydrated species

Rearranging Eq. (C.I);

C2)
ha) (
aHI + IA-
Taking the logarithms both sides of Eq. (C.2):
(Ka)(aHA) (C3)

log a4 = -log

Rearranging Eq. (C.3):



-log a|_|30+ logKa-log

HA
where pH = - log aHo+and pKa = - log Ka

Therefore, Eq. (C.4) becomes:

H = pKa+lo
p : ! lha
or
pH = pKa+Iog 1basic species
acidic species
2. Activity

The activity is defined as;
& = c,fl

where G = Molar concentration (M)
fi = Activity coefficient

Substituting Eq. (C.7) into Eg. (C.1):

r A Ho T+ E A Tac
(Crafhal

Rearranging Eq. (C.8):

19

(%)

(C6)

)

(C8)
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ka = ©»30+c*. fH30+fA- (C9)
HA fHA
C.10
Ka = Ka' 7O t-A- (C10)
HA
where Ka' = € 0+ _
HA
Rearranging Eg. (C.10):
CL)
Ka' = Ka FAA— = £(T.f)
H30+ A-

The Eq. (C.6) is normally used in terms of molar concentration unit (M),
therefore the Eq. (C.6) is expressed as:

H = pKa +log e .
C acidic species
In general, the equilibrium reaction of acid is shown as:
HAx- Hn A@el: + H+ (C13)
From Eq. (C.13), Eq. (C.12) becomes:
(C.14)

pH - pKa +|Og AHN-lA(x+)-
HnAX -
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From Eq. (C.I1), it is illustrated that Ka' is a function of temperature (T)
and activity coefficient (fj), nevertheless the activity coefficient is also depenced
upon the ionic strength () as shown by the Debye-Huckel equation. The Debye-
Huckel equation for dilute solution can be expressed as;

o AZ21B (.15
logfj] |+|0_5 +0122|

where fj = Activity coefficient
| = lonic strength (M)
2 = Charge
A = atemperature-ciependent constant
(at25°C: A=0512)

Coupling Eq. (C.15) with Eq. (C.14), Eq. (C.14) becomes:

; C16)
_ 2x+[)Al°-5 . "Hi-l A(x+)- (
H = pKa- +01(2cH L +lo
pH = B g gyt A ogy)
where pKa = pKa- A0 — +0.1(2x+)l (C.17)

3. Calculation Method for Deprotonation Curves

For example, the Aminotri(methylene phosphonic acid) (ATMP) is a
polyprotic acid which dissociates in several steps depended upon the number
lonizahle protons contained in the molecule as shown below:

ATMP <> ATMP' + H+ pKa, <2
ATMP" <+ ATMPZ + H+ pKa2< 2
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ATMPZ ~ ATMP3'+ H+ pKa3=4.30
ATMP3 <» ATMP4 + Ht pKa4 = 5.46
ATMP4  ATMPS + H+ pKa5= 6.66
ATMPS <> ATMP" + H+ pKas= 12.30

The dissociation of ATMP can he expressed in terms of six equilibrium
acid constants as shown by the following equations:

ATMP-][H (C19)
S [ATM]F[’] J
o IATMP2-][H+] (C19)
2 [ATMP- ]
o [ATMP3-][H+] (C.20)
3
[ATMP2- ]
o IATMPA-][H+] C2)
£ [ATMP3-]
o IATMPS:][H+] (C2)
5
[ATMP4 -]
[ATMPG - [H+] (C2)

Ka
° [ATMP5- ]
The total ATMP concentration is the summation of all ATMP species:

ATMProtai = [ATMP6] + [ATMP5] + [ATMP4] + .... + [ATMP'] + [ATMP]

(C24)

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



[ATMP] . tATMP: (C)

[ATMP-] = tAT :p HII (C26)
[ATMP2-] = (c27)
[ATMP3-] = tATMpS * ] <)
[ATMPA-] = [ATVS][H+] %)
[ATMPS-] = [A & 1 (C-30)

From Eq. (C.16) and (C.17), all deprotonated species can be rewritten in
terms of pH and pKa' as shown below:

[ATMP] = [ATMP- ]10pKal"H (C31)
[ATMP- ] = [ATMP2- JlOpkazfH (C32)
[ATMP2-] = [ATMP3- JiopKa3pH (C33)
[ATMP3-] = [ATMP4-]10pKad'pH (C34)
[ATMP4-] = [ATMPS-]iopkab'H (C35)

(C36)

[ATMP5-] = [ATMPG6- Jio pkabH
where
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pKaj = pKa}- ?A1|0;5 051 €3
oKal = ke, (7151|055 L 0Tl (C40)
PKai = pKa5 (%IIOOSS +001 (C41)

(C42)

PKal

K-tk *

Substituting Eq. (C.31) - (C.36) in Eq. (C.24) and rearranging:

ATMPxotal = [ATMPG](L + 10pkas pH+ 10PK K25~ - 10 pKab+pKa5+pKas'3pH

+ .+ R et id 4H (C43)
Defining:
A= (| L 20pkaopit L J0pKab'tpKaS-ZgH L L JQBKEpKaS'+pKad pkad +pKaZ Kal G-
(C44)
Substituting Eq. (C.44) in Eq. (C.43), Eq. (C.43) becomes:
ATMPt 0 (C.45)

[ATMPG-] =

Therefore, the fraction of all deprotonated species can be calculated from
the following equations;

| jos = (C.46)
Fraction of [ATMPG] species = 'y - iormg = &
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Fraction of [ATMPS] speces jQJK;’:I(G-pH (€47
Fraction of [ATMP4] species jQpKa6+£|<a5'-2p|-| (C48)
Fraction of [ATMP3] species = jQpKa6'+pKi'+pKa4"3pH (C4)
Fraction of [ATMPZ] species JW’M’T%rMI% (€30)

J Qe DKt e +DKaSHpKeZ-SH (C5D)
JQpretpred kel ke +prazpral-gH - (C.52)
A

Fraction of [ATMP'] species

Fraction of [ATMP] species =

Substituting the values of pKaf to pKa6 from Eq. (C.37) - (C.42) in Eq.
(C.46) - (C.52), the fraction of all deprotonated species of ATMP is subsequently
attained.

The deprotonation curves for DTPMP and EDTA can be obtained in the
same manner as ATMP.
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