REFERENCES

Adams, C.D., Cozzens, R.A., and Kim, B.J. (1997). Effects of Ozonation on the
Biodegradability of Substituted Phenols. wat. Res., 31(10): 2655-2663.

Ahn, K. H., Song, K. G., Cha, H. Y., and Yeom, I. T. (1999). Removal of lons in
Nickel Electroplating Rinse Water Using Low-Pressure Nanofiltration.
Desalination, 122: 77-84.

Allgeier, S.C., and Summers, R.S. (1995). Evaluating NF for DBP Control with the
RBSMT.J. Am. Water Works Assoc., 87(3): 87.

Aptel, p., and Buckley, C. A. (1996). Categories of Memhbrane Operations. In water
Treatment Membrane Processes. Mallevialle, J., Odendaal, P. E., and Wiesner,
M. R. (eds.), New York: McGraw-Hill.

Arora, H., LeChevallier, M.W ., and Dixon, K.L.(1997). DBP Occurrence Survey. J.
Am. Water Works Assoc., 89(6): 60.

AWWA Memhbrane Technology Research Committee (1992). Membrane Processes
Potable Water Treatment. J. Am. Water Works Assoc., 84(1): 59-67.

AWWA Membrane Technology Research Committee (1998). Membrane Processes.
J.Am. Water Works Assoc., 90(6): 91-105.

AWWA Research Foundation (2005). The Formation and Decay of Disinfection By-
products in the Distribution System, [onling] Abstract from: http://
www.awwarf.org/research/TopicsAndProiects/abstract.aspx?pn=2770 [2005, Jan
25],

Barth, R.C., and Fair, p. . (1992). Comparison of the Microextraction Procedure and
Method 552 for the Analysis of HAAs and Chlorophenols. J. Am. Water Works
Assoc., 84(11): 94-98.


http://www.awwarf.org/research/TopicsAndProiects/abstract.aspx?pn=2770

12
Berg, M., Muller, S.R., Muhlemann, J., Wiedmer, A., Schwarzenbach, R.p. (2000).

Concentrations and Mass Fluxes of Chloroacetic Acids and Trifluoroacetic Acid
in Rain and Natural Waters in Switzerland. Environ. Sci. Technol., 34: 2675-
2683.

Bhattacharyya, D. and Williams, M.E. (1992). Theory. Membrane Handbook.
Chapman & Hall: pp. 269-275.

Boethling, R.S., and Alexander, M. (1979) Effect of Concentration of Organic
Chemicals on Their Biodegradation by Natural Microbial Communities. Appl.
Environ. Microbiol., 37: 1211-1216.

Chellam, . (2000). Effect of Nanofiltration on Trihalomethane and Haloacetic Acid
Precursor Removal and Spéciation in Waters Containing Low Concentrations of
Bromide lon. Environ. Sci. Technol., 34(9): 1813.

Childress, A. E., and Elimelech, M. (2000). Relating Nanofiltration Membrane
Performance to Membrane Charge (electrokinetic) Characteristics. Environ. Sci.
Technol., 34: 3710-3716.

Choo, K. H., Kwon, D.J., Lee, K. ., and Choi, .J. (2002). Selective Removal of
Cobalt Species Using Nanofiltration Membranes. Environ. Sci. Technol., 36(6):
1330-1336.

Clark, R. M., Adam, J. Q., Sethi, V., and Sivaganesan. (1998). Control of Microbial
Contaminants and Disinfection By-products for Drinking Water in the US: Cost
and Performance. J. Water SRT- Aqua, 47(6): 255-265.

Costich, P.M., and Osterhoudt, H. . (1974). The Interactions of lonic Dye Permeates
with Poly(vinyl alcohol) Membranes. J. ofApplied Polymer Science, 18 831-
842.



13
Cowman, G.A. and Singer p.c. (1996). Effect of Bromide lon on Haloacetic Acid

Spéciation Resulting from Chlorination and Chloramination of Aquatic Humic
Substances. Environ. Sci. Technol., 30(1) 16.

Dilmeghani, M. and Zahir, K.0. (2001) Kinetics and Mechanism of Chlorobenzene
Degradation in Aqueous Samples Using Advanced Oxidation Processes. J.
Environ. Quai, 30: 2062-2070.

Ellis, D.A., Hanson, M.L., Sibley, P.K., Shahid, T., Fineberg, N.A., Solomon, K.R.,
Muir, D.C.G., and Mabury, S.A. (2001). The Fate and Persistence of
Trifluoroacetic and Chloroacetic Acids in Pond Waters. Chemosphere, 42: 309-
318.

Frank, H., Scholl, H., Renschen, D., Rether, B., Laouedj, A., and Norokorpi, Y.
(1994). Haloacetics Acids, Phytotoxic Secondary Air Pollutants. Environ. Sci.
Pollut. Res. Int,, 1 4-14.

Fu, H., Leitner, N.K.V., and Legube, B. (2002). Catalytic Ozonation of Chlorinated
Carboxylic Acids with Ru/Ce02-Ti02 Catalyst in the Aqueous System. New J.
Chem., 26: 1662-1666.

Garba, Y., Taha, ., Gondrexon, N., and Dorange, G. (1999). lon Transport Modeling
through Nanofiltration Membranes. J. Membr. Sci., 160: 187-200.

Gilbert, E. (1979). Chemical Changes and Reaction Products in the Ozonization of
Organic Water Constituents. In: Kuhn, ., and Sontheimer, H.(eds.), O xidation
Techniques in Drinking Water Treatment, . . EPA Report. No. 570/9-79-020,

232-270,

Gottschalk, C., Libra, J. A., and Saupe, A. (2000). Ozonation of Water and
Wastewater. Morlenbach, Germany: Strauss Offsetdruck.

Graham, N.J.D. (1999). Removal of Humic Substances by Oxidation/Biofiltration
Processes-a Review. Water Sci. Technol., 40(9): 141-148.



14
Guo, L., Hunt, B. J., and Santschi, P.H. (2001). Ultrafiltration Behavior of Major lons

(Na, Ca, Mg, F, Cl, and SO« ) in Natural Waters. wat. Res., 35(6): 1500-1508.

Hage, J.C., and Hartmans, . (1999). Monooxygenase-Mediated 1,2-Dichloroethane
Degradation by Pseudomonas sp. Strain DCAL. Appl. and Environ. Microbiol.,
65(6): 2466-2470.

Hanson, M.L., Sibley, P.K., Ellis, D.A., Mabury, S.A., Muir, D.C.G., Solomon, K.R.
(2002). Evaluation of Monochloroacetic Acid (MCA) Degradation and Toxicity
to Lemna gibba, Myriophyllum spicatum, and Myriophyllum sibiricum in
Aquatic Microcosms. Aquatic Toxicol. 61: 251-273.

Hanson, M.L., Sibley, P.K., Mabury, S.A., Muir, D.C.G., and Solomon, K.R. (2003).
Field Level Evaluation and Risk Assessment of the Toxicity of Dichloroacetic
Acid to the Aquatic Macrophytes Lemna gibba, Myriophyllum spicatum, and
Myriophyllum sibiricum. Ecotoxicol. Environ. Safety, 55: 46-63.

Helaleh, M. I. H., Tanaka, K., Mori, M., Xu, Q., Taoda, H., Ding, M.Y., Hu, .,
Hasebe, K., and Haddad, P.R. (2003). Vacancy lon-exclusion Chromatography
of Haloacetic Acids on a Weakly Acidic Cation-exchange Resin. J. of
Chrmatography A, 997: 133-138.

Huck, P.M. (1999). Development of a Framework for Quantifying the Removal of
Humic Substances by Biological Filtration. water Sci. Technol., 40(9): 149,

Jacangelo, J.G., DeMarco, J., Owen, M.D., and Randtke, S.J. (1995). Selected
Processes for Removing NOM: an Overview. J. Am. Water Works Assoc.,
87(1): 64.

Jiraratananon, R., Sungpet, A., and Luangsowan, p. (2000). Performance Evaluation
of Nanofiltration Membranes for Treatment of Effluent Containing Reactive Dye
and Salt. Desalination, 130: 177-183.



5
Jung, 0.J. (2001). Destruction of 2-Chlorophenol from Wastewater and Investigation

of By-products by Ozonation. Bull. Korean. Chem. Soc., 22(8): 850.
Kesting, R. E. (1971). Synthetic Polymeric Membranes, New York: McGraw-Hill.

Khan, E. (1999). Membrane Technology, in Proceedings of Workshop on Treatment
ofcolorand COD in wastewater, Bangkok, Thailand, 1-81.

Kilduff, J., and Weber, . J., (1992). Transport and Separation of QOrganic
Macromolecules in Ultrafiltration Processes. Environ. Sci. Technoi, 26(3)
569-577.

Koffskey, W.E., and Lykins, B.w. (1999). Disinfection/Disinfectant By-product
Optimization with Ozone, Biological Filtration and Chloramines. J. Water SRT-
Aqua. 48(3): 92.

Ku, Y., Chen, . ., and Wang, W.Y. (2004). Effect of Solution Composition on the
Removal of Copper lons by Nanofiltration. J. Sep. Purif Technoi. [On-ling],
Available from: http://www.sciencedirect.com [2005, Jan 18].

Langlais, B., Reckhow, D.A., and Brink, D.R. (eds.) (1991). 0zone in Water
Treatment Application and Engineering. AWWA Research Foundation, Lewis
Publishers, Chelsea, M1,

Lenntech com. (2004). Ozone Reaction Mechanisms.[On-line]. Available from:
http://www.lenntech.com/ozone/ozone-reaction-mechanisms.htm [2005, Feb 5].

Li, L., Zhang, p., Zhu, ., Han, ., and Zhang, z. (2004). Comparison of 03-BAC,
UV/03-BAC and Tio2/UV/es-BAC Processes for Removing Organic Pollutants
in Secondary Effluents. . of Photochemistry and Photobiology A: Chemistry.
171: 149-155,


http://www.sciencedirect.com
http://www.lenntech.com/ozone/ozone-reaction-mechanisms.htm

76
McRae, B.M., LaPara, T.M., and Hozalski, R.M. (2004). Biodegradation of

Haloacetic Acids by Bacterial Enrichment Cultures. Chemosphere, 55(6): 915-
925.

Mehiguene, K., Garba, Y., Taha, ., Gondrexon, N., and Dorange, G. (1999).
Influence of Operating Conditions on the Retention of Copper and Cadmium in

Aqueous Solutions by Nanofiltration: Experimental Results and Modeling. J.
Sep. Purif. Technol. 15: 181-187.

Olaniran, A. (2001). Aerobic Dehalogenation Potentials of Four Bacterial Species
Isolated from Soil and Sewage Sludge. Chemosphere, 45: 45-50.

Pholchan, p. (2001). Removal of Natural Organic Matters in Water by the
Nanofiltration process. Master’s Thesis, Department of Environmental
Engineering, Chulalongkom University, Bangkok, Thailand.

Pines, D.S., and Reckhow, D.A. (2002). Effect of Dissolved Cobalt(ll) on the
Ozonation of Oxalic Acid. Environ. Sci. Technol., 36: 4046-4051.

Ratanatamskul, C., and Yamamoto, K. (1998). Low-pressure Reverse Osmosis as a
Process for Treatment of Anionic Pollutants in Water Environment. Environ.
Eng. Policy, 1. 103-107.

Ratanatamskul, C., Urase, T., and Yamamoto, K. (1998). Description of Behavior in
Rejection of Pollutants in Ultra Low Pressure Nanofiltration. wat. Sci. Tech.,
38(4-5): 453-462.

Ratanatamskul, C., Yamamoto, K., Urase, T., and Ohgaki, . (1996). Effect of
Operating Conditions on Rejection of Anionic Pollutants in the Water
Environment by Nanofiltration Especially in Very Low Pressure Range. wat.
Sci. Tech., 34(9): 149-156,



7

Ratanatamskul, C. (1996). Transport Phenomena of Anionic Pollutants through
Nanofiltration Membranes and their Application to Water Treatment. Doctoral
dissertation, Department of Urban Engineering, The University of Tokyo.

Rautenbach, R., and Groschl, A. (1990). Reverse Osmosis of Aqueous Organic
Solutions: Material Transport and Process Design. Presented at the 1990
International Congress on Memhbranes and Memhbrane Processes. Chicago, IL,
Aug 20-24.

Rebhun, M., Heller-Grossman, L., and Manka, J. (1997). Formation of Disinfection
By-products during Chlorination of Secondary Effluent and Renovated
Wastewater. water Environ. Res. 69:1154-1162.

Schaep, J, and Vandecasteele, C. (2001). Evaluating the Charge of Nanofiltration
Membranes. J. Membr. sc., 188; 129-136.

Singer, P.C., Arora, H., Dundore, E., Brophy, K..and Weinberg, H. . (1999). Control
of Haloacetic Acid Concentrations by Biofiltration A Case Study. In Proc.
1999 Water Quai. Tech. Conf, Tampa, FL, AWWA, Denver, CO,

Standard Methods for the Examination of Water and Wastewater, 17th ed. (1998),
APHA, AWWA and WPCF, Washington, D.c.

Summers, R.S. (1989). The Influence of Background Organic Matter on GAC
Adsorption. J. Am. Water Works Assoc., 89(5): 66-1A.

Tan, L., and Amy, G.L.(1991). Comparing Ozonation and Memhrane Separation for
Color Removal and Disinfection By-product Control. J. Am. Water Works
Assoc., 83 (5): 74 -T79.

Tay, J. H, Liu, J., and ~, D. D. (2001). Effect of Solution Physio-chemistry on the
Charge Property of Nanofiltration Membranes. Wat. Res., 36: 585-598,



78

Taylor, J. s., and Jacobs, Ed. P. (1996). Reverse Osmosis and Nanofiltration.  In
Water Treatment Membrane Processes. Mallevialle, J., Odendaal, P. E., and
Wiesner, M. R. (eds.), New York: McGraw-Hill.

Taylor, J.S., Duranceau, S.J., Barrett, W.M., and Goigel, J.F. (1989). Assessment of
Potable Water Membrane Applications and Research Needs. AWWARF,
Denver, CO

Thanuttamavong, M., Yamamoto, K., Oh, J. I, Choo, K. H., and Choi, . J. (2002).
Rejection Characteristics of Organic and Inorganic Pollutants by Ultra Low-
pressure Nanofiltration of Surface Water for Drinking Water Treatment.
Desalination, 145; 257-264.

. Environmental Protection Agency (1998). National Primary Drinking Water
Regulations: Disinfectants and Disinfections By-products. Fed. Reg., 63 (241):
69389.

. Environmental Protection Agency (1999). EPA Guidance Manual Alternative
Disinfectants and Oxidants. Office of Research and Development, Washington
DC.

. Environmental Protection Agency (2001). Controlling Disinfection By-products
and Microbial Contaminants in Drinking Water. Office of Research and
Development, Washington DC.

Urbansky, E.T. (2001). The Fate of the Haloacetates in Drinking Water-Chemical
Kinetics in Aqueous Solution. Chem. Reviews., 101(11): 3233-3242.

Wang, R., Chen, C.L., and Gratzl, J.s. (2005). Dechlorination of Chlorophenols found
in Pulp Bleach Plant E-I Effluents by Advanced Oxidation Processes. Biores.
Technol., 96: 897-906.



Wang, X., and Mitra, . (2002). Development of Supported Liquid Membrane Micr709-
extraction (SLMME) followed by lon-pair Chromatography (IPC) for Analysis
ofHalo-acetic Acids (HAAs) and Chlorinated Acid Herbicides (CAHs) in Water.
Annual report submitted to USGS/NJWRRI) [online]. Available from:
http://water.usgs.goviwrri/02-03grants newfprog compl reports/2003NJ43.pdf
[2004, Dec. 15]

Weightman, AL, Weightman, AJ, and Slater, JH. (1992). Microbial
Dehalogenation of Trichloroacetic Acid. World J. Microbiol. Biotechnol., s:
512-518,

Wikipedia (2005). Hydrogen Bond .[On-line], Available from: http://en.wikipedia.
org/wiki/Hydrogen_bond 2005, May 5],

Williams, M. E., Hestekin, J. A, Smothers, ¢. N., and Bhattacharyya, D. (1999).
Separation of Organic Pollutants by Reverse Osmosis and Nanofiltration
Membranes: Mathematical Models and Experimental Verification. (I&EC
Research)[online].  Available from: http://www.eetcorp.com/corporate/iec3g-
99.pdf [2004, Dec. ]

M., D.D,and Tay, J. H. (2004). Effect of Operating Variables on Rejection
of Indium using Nanofiltration Membrane. J. Membr. Sci., 240: 105-111.

..., and Chadik, p. A (1998). Effect of Bromice lon on Haloacetic Acid
Formation during Chlorination of Biscayne Aquifer Water. J. Envir. Engr.
ASCE, 124(10): 932.

Xie, Y. F., and Zhou, H. (2002). Use of BAC for HAA Removal Part 2. Column
Stualy. J. Am. Water Works Assoc., 94(5): 126-134.

Xie,Y. F. (2000). Biologically Active Carbon for Haloacetic Acid Control. In Proc.
2000 Water Quai. Tech. Conf, Salt Lake City, Utah, AWWA, Denver, CO.


http://water.usgs.gov/wrri/02-03grants_new/prog_compl_reports/2003NJ43.pdf
http://en.wikipedia
http://www.eetcorp.com/corporate/iec38-99.pdf
http://www.eetcorp.com/corporate/iec38-99.pdf

80

Yoshizuka, K., Ohta, H., Inoue, K., Kitazaki, H., and Ishimaru, M. (1996). Selective
Separation of Flavonoids with a Polyvinyl Alcohol Membrane. J. Membr. Sci,
118:41-46.



APPENDICES



Table Al: Data from nanofiltration experiments for the removal of HAAs 60 ppb by ES 10 membrane
concentrations of HAAs (ppb) in feed solutions

pressure
(har)
1

cross-flow

velocity (m/s)

05
0.7
03
05
0.7
03
05
0.7

CAA
11.82
115
12.05
1349
10.96
11.33
1329
1221
12.16
12.58
1294
1223
12.09
1277
12.59
1267
1357
12,08

BAA
12.46
1213
1247
14.16
11.62
1194
14.74
1353
13.26
1355
1423
1330
14.46
14.26
1368
13.74
14.84
1368

DCAA

1147
11.15
11.38
13.09
10.65
10.84
13.79
12.73
1339
12.66
1361
12.72
1359
1337
12.72
1281
1368
12.06

TCAA

1.12

9.84
10.33
11.74
9.74
10.00
1429
1313
1277
1313
1334
1294
1444
1421
1301
13.76
1382
1215

DBAA
11.83
11.68
11.87
1346
11.19
1146
1529
14,01
1376
14,08
1501
13.99
1542
1516
1395
14.00
1509
1326

HAAS
48.71
26.31
58.09
65.94
54.15
95.5/
1140
65.66
65.34
66.00
69.63
65.19
70.00
69.77
65.96
66.99
71,00
63.24

concentrations of HAAs (ppb) in the permeate

CAA
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

BAA
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.92
0.9

0.00
0.00

DCAA
0.00
0.00
0.87
0.86
0.00
0.00
0.00
0.00

0.69
0.89

0.00
0.00

149
1.39
.17
291
174
178

TCAA
0.47
048
1.66
162
0.00
0.00

118
128
2.10
2.10
0.44
059
2.11
2.54
4,08
4.30
2.93
2.89

DBAA
0.00
0.00

0.49
0.48

0.00
0.00
0.00
0.00

0.40
0.52
0.00
0.00

119
0.95
2.09
2.20
163
118

HAAS
0.4/
0.48
3.03
2.96

0.00
0.00

118
1.28
3.19
411
0.44
0.59
5.3
4.89
9.87
10.36
6.30
5.86



Table A2: Data from nanofiltration experiments for the removal of HAAs 90 pph by
concentrations of HAAs (pph) in feed so utions

pressure
(har)
1

cross-fl(cr)nV\//SS/eIocity
05
07
03
05

0.7
03

05
0.7

CAA
19.06
18.79
1742
18.25
17.74
17.09
19.16
1744
17.23
19.20
18.56
1961
1857
1865
1925

BAA DCAA TCAA DBAA

20.58
20.25
18.77
19.58
18.96
18.34
2051
18.77
18.39
20.56
20.02
20.85
19.94
20.27

21.12

1907
18.75
17.22
17.94
17.36
16.78
18.74
1711
16.68
18.87
1841
19.07
18.20
1832
19.29

17.93
1761
15.66
16.35
1581
1522
16.86
1542
15.38
17.16
16.75
17.39
16.64
17.01
18.24

20.32
19.93
17.86
1859
18.04
17.35
19.23
17.64
17.49
19.50
19.14
19.85
19,06
19.53
20.87

HAAS
96.95
95.33
66.94
90.70
67.92
84.17
94.49
86.37
85.16
95.30
92.89
9.7/
9241
93.79
98.77

1S 10 membrane .
concentrations of HAAs (pph) in the permeate

CAA
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

BAA
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.92

0.00

DCAA TCAA DBAA HAAs

0.00
0.00
0.87
0.86
0.00
0.00
0.00
0.00

0.69
0.89
0.00
149
1.39
2.7
174

047
048
1.66
162
0.00
0.00

118
128
2.10
2.10
0.44
2.11
2.54
4,08
2.93

0.00
0.00

0.49
0.48

0.00
0.00
0.00
0.00

0.40
0.52
0.00
119
0.95
2.09
163

0.47
0.48
3.03
2.96

0.00
0.00

118
128
3.19
411
0.44
5.38
4.89
9.87
6.30

Y



Table A3: Data from nanofiltration experiments for the removal of HAAs 120 pph by ES 10 membrane
concentrations of HAAs (pph) in feed so utions

pressure
(har)
1

cross-fl(omV\//S\)/eIocity
03
05
07
03
05
0.7
03
05
0.7

CAA
2175
20.28
19.55
23.09
2047
20.07
25.33
2243
2152
22.11
20.98
2107
22.16
2412
22.99
2091
22.30
20.75

BAA- DCAA TCAA DBAA

25.13
2401
23.96
28.39
25.12
24.63
30.33
26.51
25.25
21.48
25.44
25.10
26.39
28.99
21.67
24.99
26.72
25.10

24.46
23.08
23.60
28.00
24.15
24.38
21.76
24.25
24.16
25.19
24.72
23.74
24.88
21.29
25.85
23.25
24.86
23.32

28.09
26.36
23.53
21.85
23.17
22.10
28.84
25.36
28,62
30.82
29.32
29.09
29.86
32.84
29.13
26.85
3001
28.07

29.15
21.24
26.71
31.68
21.05
26.95
31.52
21.59
29.15
31.80
29.88
29.31
30.49
33.56
31.19
28.05
3107
29,1

HAAS
129.18
121.04
117.34
139.01
120.55
118.32
143.77
126.14
128.70
138.66
130.34
128.36
133.77
146.80
13743
124,05
134.96
126.26

concentrations of HAAs (ppb) in the permeate

CAA
0.00
0.00
0.00
0.00

1.79
1.30
5.71
410

0.00
0.00
0.00
0.00
0.00
0.00
4,62
0.00
b8l
6.14

BAA
2.10
249
000
0.00

9.04
8.63
6.39
541

0.00
0.00
107
1.02
2.58
261
5.29
5.35
120
142

DCAA TCAA DBAA HAAs

8.30
10.01
.17
2.68
1543
14,8
1863
15.88
0.95
0.97
6.27
5.94
4.52
441
1277
1307
1443
15.06

8.74
10.46
3.71
3.99
14.94
14.46
17.45
14.87
2.15
2.18
8.92
5.48
6.73
6.83
1307
1338
16.30
16.92

6.19
142
153
147
1313
12.65
14.89
12.58
0.07
0.76
5.14
4.88
391
3.97
10.36
1117
12.74
1314

25.34
30.37
8.01
1.15
60.34
51.92
63.08
5349
3.17
3.91
21.38
17.33
17.74
17.82
46.11
42.91
56.49
58.68

00



Table A4: Data from nanofiltration experiments for the removal of HAAs 60 ppb by NTR 7410 membrane
concentrations of HAAs (pph) in feed so utions

pressure
(har)
1

cross-fl(%vys\)/elocity
03
0.5
07
03
05
07
03
05
07

CAA
1413
1598
1577
16.20
17.09
1823
1747
17.24
1291
1522
1584
16.17
1821
1843
16.82
17.23
15.75
16.18

BAA- DCAA TCAA DBAA

14.56
14.89
1485
1510
16.01
16.77
1590
15.58
1141
1354
1435
14.95
16.71
16.36
1513
1559
14.24
14.74

1447
1505
1525
1546
16.28
17.06
16.89
16.70
1594
17.97
14,95
15.34
17.39
17,67
1563
16.02
14.85
1539

1422
1451
16.98
17.19
17.33
1869
1997
1812
1815
19.16
16.58
17.23
19.09
1937
17.09
17.69
16.55
16.80

1328
1346
1536
1544
1631
16.89
16.78
16.28
15.58
18.06
1469
1536
16.99
17.22
1518
15.79
1444
14.96

HAAS
10.66
73.90
18.21
71940
83.52
87.65
87.00
83.93
13.98
83.95
1641
19.05
88.40
89.54
79.86
82.32
15.84
18.07

concentrations of HAAs (ppb) in the permeate

CAA
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

9.62
11.19
0.00
b5l
0.00
0.00

BAA  DCAA TCAA DBAA HAAs

1.68
1.66

0.98
0.98
0.84
0.86
481
5.08
2.12
2.1
2.9
2.19
8.17
9.53
4.75
4.80
301
3.06

2.98
2.90
2.2

2.28
2.10

2.14
1.25
1.58
5.03

5.12
3.82
3.19
11.88
1385
1.03

1.10
4.79
4.85

347
343
2.9
2.80
2.59
2.64
8 3l
8.77
4.55
4.65
3.04
2.46
13.02
13.62
6.59
6.66
393
4.02

2.54
2.52
192
192
176
1.60
1.00
141
4.58
4.71
3.35
2.87
1153
1343
6.61
6.69
4.28
4.39

10.68

1051
1.96
1.98
1.29
1.44
21.31
28.84
16.28
16,65
1217
10.71
54.23
61.61
24.98
30.76
16.01
16.33

&



Table A5: Data from nanofiltration experiments for the removal of HAAs 90 pph by NTR 7410 membrane
concentrations of HAAs (pph) in feed so utions

pressure
(bar)
1

cross-ﬂ(omV\//SS/eIocity
03
0.5
0.7
03
0.5
0.7
03
05
0.7

CAA

2178
2193
1569
1842
19.20
2160
17.54
18.19
2106
22.23
2245,
20.79
20.87
2042
21.05
20.88
2047
1831

BAA- DCAA TCAA DBAA HAAs

20.12

20.16
1597
1887
1711
19.30
1841
19.06
2157
2182
23.03
22.46
21.29
20.89
21.56
2148
2142
17.34

20.77
2071
20.34
20.80
18.30
20.38
21.35
22.01
2175
22.11
23.25
22.11
20.99
2167
21.60
21.44

21.21

20.15

22.24
22.38
21.00
20.36
19.33
22.05
21.38
22.25
2167
20.94
22.59
20.85
21.21
2192
2140
2117
20.75
2153

20.11
20.12

19.85
22.30
17.63
18.85
20.63
2146
2147
20.59
22.15
20.97
20.90
20.54
2133

21.11
21.10

20.63

105.02
105.29
92.85

100.75
9217

102.68
99.31

102.97
107.52
107.68
114.07
107.83
105.33
105.44
106.95
106.08
104.95
97.96

concentrations of HAAs (pph) in the permeate

CAA
0.00
0.00
0.00
0.00
0.00
0.00

543
5.05
4.82
4.67

0.00
0.00

6.91
1.62
5.12
6.22
0.00
0.00

BAA- DCAA TCAA DBAA HAAs

2.49
3.01

1.68
0.00

124
1.39
5.81
5.03
5.03
5.05
416
4.26
1.00
8.07
5.30
6.36
4.2
495

4.0
5.65
3.05
3.49
2.46
290
6.46
1.99
5.74
9.15
545
5.58
8.92
10.21
6.50
8.09
543
6.39

463
558
2.96
423
2.53
2.74
8 64
8.30
580
8.79
5.22
h31
8.70
10.05
6.12
751
533
6.16

391
4.75
241
2.94
1%
2.06
6.14
1.88
5.11
9.15
5.04
5.18
8.60
10.00
6.19
1.65
531

6.12

15.74
1899

10.10
10.66

6.18
9.09
36.48
34.82
21.09
30.02
19.88
20.32
40.11
45.95
29.23
35.85
20.35
23.63

§



Table As: Data from nanofiltration experiments for the removal of HAAs 120 ppb by NTR 7410 membrane

, concentrations of HAAs (ppb) in feed so utions  concentrations of HAAs (ppb) in the permeate
pressyre cross-flow velocity

(bar) (mls) CAA BAA DCAA TCAA DBAA HAAs CAA BAA DCAA TCAA DBAA HAAs
1 03 579 2656 2659 2604 2609 13106 o000 205 403 404 341 1353
2331 2428 2436 2372 2387 11954 o000 278 546 550 465 1840

05 1891 1928 2445 2451 2373 11087 oo0o 142 384 402 32 1250

2395 2480 2153 2153 2055 11236 ooo 155 418 438 348 1359

0.7 585 2715 2132 2666 27.04 13402 o000 182 342 340 28 1151

1990 2022 2019 2136 2078 10245 o000 209 392 387 324 1313

3 03 2198 2848 2949 2916 2855 14366 789 790 1116 1145 1077 4917
2656 27116 2803 2783 27135 13693 819 879 1243 1267 1201 5409

05 2600 2796 2931 2895 2777 14000 488 507 705 12 673 3094

2357 2398 2561 2542 2398 12262 508 561 784 803 750 3406

0.7 2334 2353 2409 2439 2353 11888 o000 330 504 509 478 1820

2063 2123 2002 2034 2010 1023 o000 324 489 487 456 1756

5 03 2346 2373 2442 2416 2359 11936 720 779 1215 1237 1169 5120
2322 2390 2455 2439 2405 w0 777 778 1209 1239 1164 5167

05 2485 2540 2568 2546 2525 12665 691 740 1037 o 998 4477

2493 2524 2601 2536 2489 12643 522 547 770 746 731 315

0.7 2158 2815 2907 2855 2806 14142 oo0o 424 574 510 529 2037

2416 2483 259 2540 2463 12498 o000 444 604 53 552 2136



Table A7: Data from nanofiltration experiments for the removal of HAAs 60 ppb by NTR 729HF membrane

, concentrations of HAAs (ppb) in feed so utions  concentrations of HAAs (ppb) in the permeate
pressure  cross-flow velocity

(har) (mls) CAA BAA DCAA TCAA DBAA HAAs CAA BAA DCAA TCAA DBAA haas
1 0.3 1031 1301 1216 1223 1359 6131 o000 122 568 664 472 1827
1259 1468 1370 1378 1543 7018 o000 121 462 665 475 1724

05 1359 1327 1223 1292 1070 6271 o000 283 233 1123 090 17.29

1309 1303 1182 1242 1048 6085 o000 244 197 975 078 149

0.7 1217 1208 1132 1158 1030 5746 oo0o 129 543 754 424 18K0

1400 1383 1313 1348 1194 6637 o000 128 542 752 418 1841

3 0.3 1446 1474 1536 1203 1413 7072 o000 074 410 390 314 1189
1408 1415 1493 1161 1353 6830 o000 077 424 398 320 1220

05 1260 1261 1247 1250 1293 6310 o000 289 749 905 e22 2565

1636 1512 1593 1614 1531 7885 o000 293 767 903 629 2592

0.7 1338 1307 133 1249 1231 6461 o000 276 712 soo 587 2375

1290 1284 1278 12271 1217 6297 o000 287 741 833 eu1 2472

5 0.3 1255 1254 1275 1262 1214 6261 o000 o000 069 201 040 3.10
1485 1488 1635 1519 1457 7484 o000 o000 079 232 046 358

05 1506 1510 1510 1480 1452 7458 o000 214 536 550 355 164

1521 1512 1507 1484 1461 7485 o000 241 574 628 407 1849

0.7 1280 1270 1es 1280 1236 6343 o000 100 301 331 178 99U

1231 1228 1274 1236 1201 6169 o000 101 317 336 18 936



Table A7: Data from nanofiltration experiments for the removal of HAAs 60 ppb by NTR 729HF membrane

, concentrations of HAAs (ppb) in feed so utions  concentrations of HAAs (pph) in the permeate
pressure cross-flow velocity

(bar) (mis) CAA BAA DCAA TCAA DBAA HAAs CAA BAA DCAA TCAA DBAA HAAs
1 03 1031 1301 1216 1223 1359 613l o000 122 568 664 472 1827
1259 1468 1370 1378 1543 7018 o000 121 462 665 475 1124

05 1350 1327 1223 1292 1070 6271 o000 283 233 1123 090 1729

1309 1303 1182 1242 1048 6085 ooo 244 197 975 078 14%

0.7 1217 1208 1132 1158 1030 5746 o000 129 543 754 424 1850

1400 1383 1313 1348 1194 6637 o000 128 542 752 418 1841

3 03 1446 1474 1536 1203 1413 7072 o000 074 410 390 314 1189
1408 1415 1493 1161 1353 6830 o000 077 424 398 320 1220

05 1260 1261 1247 1250 1293 6310 o000 289 749 905 622 2565

1636 1512 1593 1614 1531 7885 o000 293 767 903 629 259

0.7 1338 1307 1335 1249 1231 646l o000 276 712 so0 587 2375

1290 1284 1278 1227 1217 6297 o000 287 T4l 833 6w 2472

5 0.3 1255 1254 1275 1262 1214 6261 o000 o000 069 200 040 310
1485 1488 1535 1519 1457 7484 o000 o000 079 232 046 358

05 1506 1510 1510 1480 145 7458 o000 214 536 550 355 1654

1520 1512 1507 1484 1461 7485 o000 241 574 628 407 1849

0.7 1289 1270 12es 1280 1236 6343 o000 100 301 331 178 91l

1231 1228 1274 1236 1200 6169 o000 101 317 336 181 9.36



Table A8: Data from nanofiltration experiments for the removal of HAAs 90 ppb by NTR 729HF membrane

pressure
(har)
1

cross-flow velocity
(r6\/38)

05
0.7
03
05
0.7
03
05
0.7

concentrations of HAAs (pph) in feed so utions

AA BAA DCAA TCAA DBAA

18.76
17.78
17.59
1742
16.54
16.33
17.15
14.99
16.80
16.21
1444
16.23
1932
19.06
18.08
1553
16.48
17.12

21.89
2049
20.26
20.04
19.05
18.98
21,04
1825
19.64
19.13
17.50
1940
1925
19.10
18.07
15.73
19.69
20.69

21.03
1951
1957
19.30
1821
18.37
20.72
17.92
1741
17.03
17.70
19.35
19.83
19.69
18.56
1540
19.02
20.29

20.48
19.15
18.97
1867
16,97
16.97
2152
18.76
20.25
19.66
17.56
19.44
1911
1891
17.25
14.49
19.26
20.23

2331
21.81
2147
2119
19.64
19.59
2381
20.50
18.01
17.54
19.85
2179
19.03
1881
1751
14.38
2170
22.12

HAAS
105.47
98.74
97.86
96.62
90.47
90.25
104.24
90.42
92.10
89.56
87.05
96.20
96.54
95.57
89.46
76.03
96.15
101.06

concentrations of HAAs (pph) in the permeate

CAA

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

BAA  DCAA TCAA DBAA

6.78
192
4.29
448
3.66
3.74
3.80
391
0.89
0.87

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1343
15.74
12.98
1341
12.14
1%
9.9
5.60
164
159

0.00
0.00

3.16
3.21
3.65
4.25

0.00
0.00

16.33
19.06
14.34
15.06
1346
13.76
9.85
10.24
6.66
6.52
113
123
3.68
3.82
3.97
4.8

0.00
0.00

14.19
16.76
13.00
1368
12.11
12.38
4.39
4.53

0.68
0.66
0.00
0.00
2.10

2.19
2.49
2.96

0.00
0.00

HAAs
50.72
59.43
44,61
46.63
4137
41.84
23.55
2421
9.87
9.64
113
123
8.94
9.29
10.11
11.99
0.00
0.00



Table A9: Data from nanofiltration experiments for the removal of HAAs 120 ppb by NTR 729HF membrane

pressyre
(har)

1

cross-flow velocity
(mls)

0.5
0.7
03
05
0.7
03
05
0.7

concentrations of HAAs (pph) in feed so utions

CAA
23.30
2154
22 66
21.98
22.10
2171
2173
21.85
20.90
19.66
18.95
23.53
24.09
2343
2417
25.14
23.36
24.28

BAA- DCAA TCAA DBAA

21.55
25.39
26.44
25.55
26.22
2497
2545
2551
24.15

22.66
21.88

23.93
2811
26.68
21.61
3041
21.74
26.55

2581
23.80
25.74
24.56
25.60
24.35
24.45
24.15
23.04
22.95
2141
26.89
26.69
26.01
26.51
28.97
26.57
2542

2547
23.52
24.41
23.55
2457
2346
23.70
23.15
2281
2152
20.69
25.59
25.14
23.65
26.12
29.371
26.70
25.12

29.03
2111
21.99
26.74
28.38
26.61
27.06
26.99
25.85
23.38
23.34
28.64
29.25
2131
29.90
33.10
30.64
28,01

HAAS
131.22
121.36
121.24
1231
126.87
121.10
122.39
122.25
116.80
110.17
106.27
128.78
133.28
121.39
134.90
147,60
135.00
129.38

concentrations of HAAs (ppb) in the permeate

CAA
9.9
6.01
6.54
6.92
8.46
.17
549
6.37
8.2
8.86
131
.17
5.98
4.96
1.98
8.21
0.00
0.00

BAA
6.68
1.25
[
181
10.15
9.79
6.63
1.46
8.87
8.94
1.38
1.85
9.62
5.34
8.17
9.66
2.30
2.17

DCAA TCAA DBAA

1771
19.54
1911
19.59
19.54
1883
16.99
1843
18.00
17.89
16.17
17.35
15.66
15.00
18.73
1907
1049
10.85

16.80
18.17
19.52
19.71
21.26
20.39
20.40
20.82
17.78
17.92
15.60
16.33
1536
16.20
19.39
19.79

12.21

1143

15.70
17.02
18.07
18.38
18.78
17.87
17.85
1887
17.24
17.27
14.73
15.86
1421
1368
17.72
17.99
921

8.98

HAAS
62.43
68.49
71,00
12.39
18.19
14.65
67.36
71.96
10.14
10.87
61.19
65.66
56.49
9.19
71.98
14.18
34.21
33.04



Table A10: Data from ozonation-BAC experiments for the removal of HAAS 60 pph
initial concentrations of EAAs(ppb) in feed solutions
ozone dose (mgCy mgC)  contact time (min)  EBCT (min) ~ CAA BAA DCAA TCAA DBAA HAAS
05 5 10 1368 1361 1363 11.99 1347 66.38
13.67 14.24 14.19 12.52 14,06 68.69
20 1395 1457 1452 1359 15.02 71,66

13.00 1361 1365 12.88 1412 67.47

30 1428 1432 18.83 12.36 1397 13.11

1421 1401 1387 12.10 13.70 67.89

10 10 1331 1345 13.09 11.56 1314 64.54
1390 14,02 1388 12.02 1362 67.44

20 13.79 13.94 1358 12.08 1371 67.10
1331 13.86 1350 1203 1357 66.26

30 1317 1335 12.69 1151 1305 63.76
15.70 16.39 15.88 1412 16.22 18.32
20 10 12,62 13.36 1261 11.90 1345 64.13

1292 1358 13.06 1214 13.70 69.39
20 1283 13.65 1292 1229 1362 65.30
1312 13.79 1309 1244 14,05 66.49
30 13.04 1337 13.79 13.06 15.25 68.50
12.74 13.06 1330 12171 1520 67.02



Table A10: Continued
concentrations of HAAs(pph) after ozonation process
ozone dose (mgCV mgC)  contact time (min) EBCT (min) ~ CAA BAA DCAA TCAA DBAA HAAS
05 5 10 12.30 12.60 11.58 10.06 1263 59.17
1261 12.99 12.66 11.10 13.67 63.04
20 10.86 1143 11.44 10.50 11.78 56.01
13.96 14.37 14.06 1321 14.42 70.03
30 1387 1392 1751 12.21 1355 71.06
13.08 1328 1311 11.65 1317 64.29
10 10 1294 12.96 12.49 11.05 1242 61.86
12.24 12,63 12.18 10.74 12.29 60.08
20 12.54 12.54 12.09 11.76 12.24 61.17
11.70 11.78 11.68 12.12 12.30 h9.57
30 12.99 12.93 12,63 11.56 9.96 60.08
14.20 14.56 14.97 1321 12.57 69.52
20 10 11,55 11,95 10.09 10.82 10.93 55.35
10.87 11.60 10.95 10.43 10.58 04.44
20 11.15 1161 11.90 11.96 12.40 59.02
11.22 1159 11,65 11.95 1335 59.76
30 12.55 12.24 12.70 1181 1335 62.64
11.38 1303 1261 11.63 1322 61.87



Table A10: Continued
concentrations of HAAS (ppb) after BAC column
ozone dose (mgCV mgC)  contact time (min) EBCT (min) ~ CAA BAA DCAA  TCAA DBAA haas

05 ) 10 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00

20 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

30 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

10 10 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00

20 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

30 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

20 10 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00

20 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

30 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00



Table AL0: Continued

initial concentrations of HAAs (ppb) in feed solutions
ozone dose (mgC" mgC) contact time (min) EBCT (min) ~ CAA BAA DCAA  TCAA DBAA HAAS

1 5 10 11.54 11.12 12.79 12.89 14.06 6241
12.93 12.18 13.66 14.16 15.12 68.05

20 1314 12.12 13.73 13.78 14,96 68.32

1307 12.52 1351 13.64 14,92 67.67

30 11.19 11.12 11.50 11.19 12.26 51.25

12.06 12.35 12.34 12.39 1385 63.48

10 10 11.16 11" 11.18 10.65 14.56 59.26
12.67 1330 12.86 12.10 16.33 67.27

20 12,71 12.39 11.72 1171 12.66 61.25

1248 11.9 12.63 12.29 1353 62.85

30 12.83 13.20 13.65 1344 14,70 67.83

12.44 12.59 12.89 12.89 13.99 64.79

20 10 12.64 13.19 11.80 10.65 11.82 60.08
12.67 13.30 12.86 12.10 13.78 64.73

20 12.25 12.80 12.73 11.25 12.95 61.98

1314 13.78 13.69 12.11 1382 66.53

30 12.11 12.77 12.39 11.08 12.87 61.23

1187 1248 11.92 10.85 12.21 59.33



Table A10: Continued
ozong dose (mgCV mgC)

1

contact time (min) - EBCT (min)

5

10

20

10
20
30
10
20
30
10

20

30

CAA
11.24
11.34
1219
11.86
9.40
11.33
10.18
1219
11.24
11.34
6.90
6.80
11.16
1211
11.64
12.94
1192
11.39

concentrations of HAAS (pph) after ozonation process

BAA
11.56
12.60
4.49
4.9
10.88
12.46
9.29
11.31
11.56
12.60
8.21
1.9
11.72
1322
13.00
1218
1219

11.86

DCAA
1319
12,10
1231
12.72
10.89
1269
10.40
11.33
9.15
9.64
14.50
1392
11.18
11.56
11.16
1229
11371
9.94

TCAA
1228
1388
12.56
12.93
10.82
1031
10.88
1246
1167
1140
14.73
1441
9.56
9.58
11.24
11.34
10.52
9.11

DBAA
1322
14.38
1323
1383
11.64
11.11
1232
13.34
11.10
12.95
15.72
1527
10.80
10.79
11.56
12.60

11.86

11.59

haas

61.50
64.90
54.85
56.29
53.64
57.89
53.07
60.69
5471
57.93
60.12
58.40
54.42
57.85
58.60
61.35
57.86
53.88



Table A10: Continued
concentrations of HAAs (pph) after BAC column
ozone dose (mgCV mgC)  contact time (min) EBCT (min) ~ CAA BAA DCAA  TCAA DBAA HAAs

1 ) 10 0.00 0.00 053 0.56 113 2.22
0.00 0.00 0.50 051 1.04 2.05

20 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

30 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

10 10 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00

20 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

30 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

20 10 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00

20 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

30 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00



Table AL0: Continued

_ initial concentrations of HAAs (ppb) in feed solutions
ozone dose (mgoa/ mgC) contact time (min) EBCT (min)  CAA BAA DCAA TCAA DBAA HAAS

2 H 10 13.09 13.46 13.45 15.25 16.34 7159
12.09 12.68 12.70 1443 1541 67.30

20 11.95 12.60 13.23 15.21 15.78 68.77

1352 139 1471 16.92 17.62 16.73

30 1294 13.46 1392 15.95 17.18 13.44

12.58 13.34 1387 15.73 16.90 7241

10 10 12.09 12.82 13.08 12.89 14.26 65.14
12.09 12.82 13.08 12.89 14.26 65.14

20 1257 1292 1359 1512 15.67 69.87

11.78 12.25 11.85 1432 15.19 65.38

30 1148 11.97 12.09 1520 15.63 66.35

11.82 12.31 12.35 15.60 16.12 68.20

20 10 13.18 13.35 1413 14.39 15.61 70.65
11.02 11.92 12.79 12.85 14,01 62.59

20 12.79 1328 13.49 13.38 14,56 67.50

1261 13.02 13.02 13.16 1453 66.33

30 13.99 14.68 14.65 1448 16.05 73.85

1431 1519 1483 1512 16.57 16.02



Table A10: Continued |
concentrations of HAAS (pph) after ozonation process
ozone dose (mgCV mgC)  contact time (min) EBCT (min) ~ CAA BAA DCAA  TCAA DBAA HAAS

2 5 10 10.65 10.73 10.95 12.89 10.52 h5.74
1301 10.56 9.39 1382 10.55 571.33

20 10.80 11.79 12.15 1483 15.36 64.94

12.52 10.36 11.60 1484 15.35 64.65

30 10.64 12.62 11.68 14,76 16.31 66.01

11.00 127 11.38 14.60 15.37 65.06

10 10 10.17 11.11 11.55 11.65 1355 58.03
10.17 11.11 1155 11.65 1355 58.03

20 11.73 10.30 1141 9.25 1485 57154

1161 10.46 10.54 10.27 14,79 h1.67

30 11.89 12.26 13.66 12.45 13.95 64.19

10.16 10.65 10.82 13.23 1351 58.38

20 10 10.00 1191 1321 15.10 15.25 65.47
9.00 9.53 1.7 10.82 13.95 h5.07

20 10.44 10,07 1327 13.39 1452 61.69

9.90 1049 11.33 10.82 11.95 h4.51

30 11.49 11.45 1551 1459 15.32 68.36

12.96 1381 1338 14.66 1549 70.30



Table AL0: Continued

concentrations of HAAS (pph) after BAC column
ozone dose (mgos/ mgC)  contact time (min) EBCT (min) ~ CAA BAA DCAA  TCAA DBAA HAAS

2 h 10 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00

20 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

30 0.00 0.00 0.52 0.27 0.57 1.36

0.00 0.00 0.49 0.25 0.54 128

10 10 0.00 0.00 0.00 0.00 0.00 0.00
0.00 091 1.10 0.39 041 281

20 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

30 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

20 10 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00

20 0.00 0.00 0.52 0.13 154 2.19

0.00 0.00 031 0.96 1.99 3.21

30 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00



Table All: Data from ozonation-BAC experiments for the removal of HAAs 90pph

_ initial concentrations of HAAs (ppb) in feed solutions
ozone dose (mgtv mgC)  contact time (min)  EBCT (min)

05

5

10

20

10
20
30
10
20
30
10

20

30

CAA
1559
1847
17.13
17.15
18.56
17.48
19.38
1950
18.74
1823
16.95
16.78
16,99
1761
17.06
1567
18.07
17.76

BAA
1661
1925
18.59
18.28
1951
18.60
1987
2051
19.65
19.44
18.52
1761
17.89
18.34
1820
17.28
19.17
19.03

DCAA
16.35
18.93
18.39
17.95
1947
1843
18.16
19.04
19.96
1943
18.03
17.01
1811
1857
1837
17.90
19.39
18.95

TCAA
19.56
2243
22.25
2162
20.82
19.76
16.21
16.65
20.73
20.58
17.06
16.17
18.14
19.11
19.65
18.75
20.69
2041

DBAA
20.34
23.07
22.93
2251
22.26
21.34
18.02
18.49
22.19
22.02
1914
1825
19.98
20.97
21.02
20.34
22.15
22.19

HAAS
88.66
102.15
99.30
97.57
100.61
95.62
91.69
94.19
101.27
99.71
89.70
85.82
91.11
95.10
94.29
89.95
99.47
98.34



Table All Continued

ozone dose (mgCV mgC)  contact time (min) EBCT (min)

05

5

10

20

10
20
30
10
20
30
10

20

30

CAA
1445
16.13
1599
16.92
1507
1244
18.48
18.74
15.79
1492
1545
1444
14,05
1590
1641
14.44
17.14
1492

concentrations of HAAs (pph) after ozonation process

BAA
1535
17.13
17.23
1714
15.96
15.89
18.09
1911
1661
1533
16.01
17.33
1551
16.80
17.34
16.56
16.99
1581

DCAA
1595
17.46
1751
16.10
16.97
17.03
1567
14,03
16.94
15.03
16.09
17.75
16.99
16.34
16.49
1530
16.12
16.35

TCAA
17.75
19.75
20.14
2031
17.21
17.16
1501
14,00
16.64
1517
17.78
19.19
16.49
17.74
18.04
17.21
16.05
16.64

DBAA
18.70
20.75
21.80
22.74
18.96
18.88
16.99
1580
1837
17.05
16.91
20.50
17.02
18.67
18.74
17.01
19.64
18.16

HAAs
62.19
91.22
92.66
93.21
84.22
61.40
84.24
81.67
84.54
11.52
82.25
89.21
60.08
85.95
87.02
80.57
85.93
81.87



Table All Continued
concentrations of HAAS (pph) after BAC column
ozone dose (mgCV mgC)  contact time (min) EBCT (min) ~ CAA BAA DCAA TCAA DBAA HAAS
05 5 10 1.19 130 0.49 0.54 352

0
0 131 14 051 0.59 3.85
20 0 0.00 0.00 0.00 0.00 0.00
0 0.00 0.00 0.00 0.00 0.00
30 0 0.00 0.00 0.00 0.00 0.00
0 0.00 0.00 0.00 0.00 0.00
10 10 0 0.92 1.24 0.60 0.90 3.00
0 0.85 1.14 0.55 0.82 3.36
20 0 0.00 0.00 0.00 0.00 0.00
0 0.00 0.00 0.00 0.00 0.00
30 0 0.00 0.00 0.00 0.00 0.00
0 0.00 0.00 0.00 0.00 0.00
20 10 0 1.05 132 0.56 0.56 3.49
0 153 1.32 0.05 0.56 347
20 0 0.00 0.00 0.00 0.00 0.00
0 0.00 0.00 0.00 0.00 0.00
30 0 0.00 0.00 0.00 0.00 0.00
0 0.00 0.00 0.00 0.00 0.00



Table All Continued

. initial concentrations of HAAS (ppb) in  eed solutions
ozone dose (mgCV mgC)  contact time (min) EBCT (min) ~ CAA BAA DCAA TCAA DBAA haas

1 ) 10 17.69 19.25 19.90 22.69 23.67 103.20
18.85 20.71 2149 24.30 25.34 110.68

20 19.96 1921 19.54 18.68 20.74 98.13

21,02 16.43 15.96 15.00 16.98 85.38

30 19.86 17.18 17.37 1587 17.78 88.06

1949 17.64 1. 17.26 19.33 91.49

10 10 16.96 16.44 1592 15.39 1723 81.95
20.79 16.22 16.48 15.96 17.80 81.25

20 1811 17.29 16.83 15.39 1751 85.13

21.56 2057 20.12 18.26 2091 101.42

30 18.76 18.17 17.34 1551 17.78 8757

22.26 20.74 1981 17.78 20.25 100.86

20 10 18.73 18.16 18.45 18.13 20.19 93.66
18.71 1752 17.74 1853 20.04 92.55

20 1871 16.18 16.13 16.04 1. 84.84

1871 1761 1752 1740 19.18 90.41

30 1871 18.66 17.34 1453 16.50 85.75

19.16 17.86 16.57 14.00 15.73 83.32



Table All Continued

concentrations of HAAS (pph) after ozonation process
ozone dose (mgCV mgC)  contact time (min) EBCT (min) ~ CAA BAA DCAA  TCAA DBAA HAAS

1 5 10 16.63 171 18.55 19.40 2107 93.36
16.65 17.30 1831 19.44 21.05 93.25

20 18.09 17.24 16.83 15.11 18.20 86.08

17.14 16.35 16.60 1585 17.64 83.57

30 17.12 16.45 15.86 14.79 16.8 61.10

16.56 16.23 1591 1515 1563 1949

10 10 14.46 1510 14.34 1483 1561 14.32
16.36 1594 1552 14.84 16.62 19.29

20 15.29 1471 1245 1303 12.88 68.36

17.18 17.69 16.34 1520 15.93 62.94

30 1548 1592 1568 14.70 1259 14.38

1941 18.36 17.05 16.90 1541 67.13

20 10 15.36 16.02 16.22 16.96 17.79 82.35
16,57 17.25 1447 1533 17.25 79.86

20 15.75 1547 15.68 15.69 1330 15.88

15.23 16.95 1521 1514 1505 11.64

30 16.63 16.10 14.64 1385 13.34 14.58

16.19 17.89 15633 13.00 1369 16.11



Table All' Continued
concentrations of HAAS (pph) after BAC column
ozone dose (mgCV mgC)  contact time (min) EBCT (min) ~ CAA BAA DCAA  TCAA DBAA haas

1 ) 10 0.00 1.06 140 0.57 0.92 3.95
0.00 1.06 1.39 0.63 0.60 3.69

20 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

30 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

10 10 0.00 118 1.4 0.52 0.54 3.67
0.00 123 152 0.55 0.56 3.85

20 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

30 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

20 10 0.00 1.44 192 0.64 0.74 473
0.00 1.78 242 0.86 0.90 597

20 0.00 0.00 0.62 0.39 0.30 131

0.00 0.00 0.77 049 0.37 1.62

30 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00



Table All Continued
initial concentrations of HAAS (ppb) in feed solutions
ozone dose (mgCV mgC)  contact time (min)  EBCT (min) ~ CAA BAA DCAA  TCAA DBAA HAAS

2 5 10 16.94 16.68 1841 16.86 18.42 87.30
17.26 16.04 18.01 18.08 18.73 88.12

20 17.04 16.64 16.58 16.14 18.03 84.43

19.26 18.95 1891 18.39 20.63 96.14

30 20,31 23.32 23.09 2350 25.25 115.46
21.75 24.28 24.10 24.34 2547 119.94

10 10 16.56 18.96 18.66 18.99 20.39 93.57
17.73 1954 19.29 19.42 21.00 96.99

20 15.85 18.22 17.95 18,54 19.68 90.25

1750 20.06 19.59 2040 21.64 99.18

30 1737 20,04 19.73 2042 2177 99.33
18.03 20.89 20.56 21.37 22.88 103,74
20 10 18.26 2041 20,07 21.20 2252 102.47
15.90 19.00 16.08 1797 20.98 89.94

20 171.25 19.08 18.70 1941 20.68 95.12

16.97 18.03 18.75 20.04 2148 95.27

30 16.82 17.72 18.33 1749 18.85 89.21

18.03 19.89 20.56 20.37 2041 99.26



Table A1l Continued

ozone dose (mgCV mgC)  contact time (min)  EBCT (min)

) )

10

20

10
20
30
10

20
R

10

20

30

CAA
16.61
16.61
1543
16.46
1940
18.00
1514
1321
14.84
16.52
14.02
16.26
16.63
1349
14,63
1549
1568
15.05

concentrations of HAAS (pph) after ozonation process

BAA
16.14
16.06
14.92
16.17
20.19
20.75
1621
1592
1742
1861
19.69
18.82
17.92
1644
16.92
1491
14.27
1647

DCAA
16.25
16.17
14.94
16.33
20.62
20.22
16.83
1573
16.08
1832
19.16
21,08
17.15
13.06
1515
15.66
16.51
15.08

TCAA
14.39
14.37
14.15
14.27
20.64
20.32
16.67
15.74
16.16
1881
17.04
17.83
17.67
14.66
15.67
16.66
1422
1528

DBAA
1415
14.45
17.18
17.93
23.39
21.94
16.23
17.07
17.58
1711
18.35
19.46
1691
17.76
1691
19.76
1541
1731

HAAS
7755
77,67
76.61
81.17
104.24
101.23
81.08
17,67
82.08
89.37
88.25
93.45
86.28
7542
81.28
82.49
76.08
79.19

B



Table All Continued
_ concentrations of HAAS (pph) after BAC column
ozone dose (mg(V mgC)  contact time (min) EBCT (min) ~ CAA BAA DCAA TCAA DBAA HAAs

2 ) 10 0.00 103 1.19 041 0.40 3.03
0.00 103 1.09 040 0.40 292

20 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

30 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

10 10 0.00 0.98 1.78 0.66 0.64 4.06
0.00 1.01 183 0.74 0.67 4.25

20 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

30 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

20 10 0.00 1.3 1.62 0.68 0.62 421
0.00 1.20 1.36 0.60 0.56 37

20 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

30 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00



Table A12: Data from ozonation-BAC experiments for the removal of HAAs 120ppb
initial concentrations of HAAs (pph) in :eed solutions
ozone dose (mgCV mgC)  contact time (min) EBCT (min) ~ CAA BAA DCAA  TCAA DBAA HAAS

05 5 10 30.00 30.87 29.03 29.15 31.10 150.74
28.96 29.87 28.19 28.89 30.64 146.56

20 3345 30.06 24.28 32.09 26.30 146.19

30.12 3043 2140 24.89 2121 140.06

30 24.38 25.20 29.14 30.32 24.18 13321

24.38 24.84 29.10 30.89 24.86 134.67

10 10 24.33 25.50 30.46 26.11 26.58 13297
24.43 2548 30.66 26.38 26.57 13352

20 25.18 26.12 31.33 26.38 26.40 13541

2450 2545 30.55 25.74 26.06 132.30

30 23.98 2493 29.09 25.52 25.12 129.25

24.25 25.51 29.94 26.16 25.89 13175

20 10 231 23.94 2191 24.24 24,01 12310
2281 23.89 21.92 24.23 24.04 122.90

20 23.00 23.32 32.25 28.52 21.60 134.69

23.50 2431 33.61 30.02 29.32 14061

30 24,51 25.22 30.62 21.02 26.75 13411

2431 25.98 31.58 28.09 20.11 137.80



Table A12 Continued

. _ concentrations of HAAs (pph) after ozonation process
ozone dose (mgCV mgC)  contact time (min) EBCT (min) ~ CAA BAA DCAA TCAA DBAA HAAs
05 5

10 21.83 30.11 22.15 2253 24,01 126.63

21.22 29.13 21.45 21.89 23.15 122.83

20 29.28 30.74 22.03 31.18 24.52 131.75

2167 30.12 21.70 30.32 23.84 133.65

30 21.94 23.24 21.11 21.67 22.98 110.95

2159 22.98 21.07 21.46 22.64 109.74

10 10 22.00 2350 23.19 26.38 26.23 121.30
23.22 23.09 22.17 25.74 25.72 120.53

20 23.01 25.09 22.56 25.09 25.03 120.79

2241 2447 21.92 24.24 24.18 117.28
30 22,04 21.69 19.39 22.53 21.21 106.92
23.67 22.25 19.87 23.38 22.29 11147

20 10 22.01 1490 1971 21.67 21.78 100.07
21.90 1490 19.63 21.46 21.21 99.15
20 20.00 29.94 2857 24.45 23.15 126.11

22.00 21.00 2831 30.02 29.00 130.32
30 22.98 21.80 21.60 24.02 22.46 118.87
23.07 23.30 24.23 30.60 21.00 128.20



Table A12 Continued

_ _ concentrations of HAAs (pph) after BAC column
ozone dose (mgCV mgC)  contact time (min) EBCT (min) ~ CAA BAA DCAA TCAA DBAA HAAS
05 5

10 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00

20 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

30 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

10 10 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00

20 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

30 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

20 10 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00

20 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

30 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00



Table A12 Continued

_ initial concentrations of HAAS (ppb) in eed solutions
ozone dose (mgCV mgC)  contact time (min) EBCT (min) ~ CAA BAA DCAA TCAA DBAA HAAS

1 5 10 24.50 32.61 33.64 26.76 29.58 147.08
1912 32.46 3331 20.63 22.19 128.32

20 21.26 32.46 32.18 23.34 2542 135.26

23.54 34.39 32.56 24.20 26.39 141.08

30 21.00 32.90 33.53 23.94 25.14 13112

20.95 32.90 3342 2387 25.12 136.87

10 10 25.63 40.02 41.15 33.69 36.32 176.81
2541 40.02 39.75 35.05 31.12 177.95

20 25.13 31.87 32.18 29.04 31.32 150.14

21.35 32.61 33.74 24.45 26.15 138.30

30 20.55 321 3342 23.95 25.83 135.77

2411 31.12 33.10 29.08 3137 150.04

20 10 20.62 30.53 30.42 20.83 23.26 125.65
20.67 30.68 30.63 1781 19.52 119.32

20 28.11 30.58 29.10 29.74 30.87 148.46

28.06 30.36 28.88 29.86 321 149.18

30 29.44 3041 28.55 28.67 30.64 14771

28.64 29.39 21.53 21.57 29.21 142.40



Table A12 Continued

. concentrations of HAAs (pph) after ozonation process
ozone dose (mgCV mgC)  contact time (min) EBCT (min) ~ CAA BAA DCAA TCAA DBAA HAAs

t ) 10 22.66 28.76 31.28 20.36 25.67 128.73
1852 28.61 31.64 1590 18.97 113.63

20 2047 2101 29.03 1981 2057 116.89

20.62 21.20 21.07 20.73 19.74 115.36

30 20.29 28.05 29.85 2343 20.79 12241

20.69 29.35 30.07 22.92 20.29 12331

10 10 24.84 39.57 38.93 29.61 32.33 165.30
24.72 38.54 38.15 29.45 32.03 162.88

20 23.58 30.76 2953 25.98 25.17 135.02

2352 2987 28.46 20.02 16.69 11855

30 2041 29.42 31.60 1571 20.03 117.16

1899 29.72 31.70 19.30 21.45 121.16

20 10 20.67 28.09 28.70 1581 19.52 112.79
2041 28.38 29.24 1217 1549 106.29

20 2156 26.24 26.61 23.20 25.60 129.20

21.75 28.76 25.09 24.85 28.63 135.08

30 21.22 2821 21.05 2347 26.27 132.22

26.56 25.19 21.83 22.54 24.64 121.36



Table A12 Continued
_ concentrations of HAAs (pph) after BAC column
ozone dose (mgCV mgC)  contact time (min) EBCT (min) ~ CAA BAA DCAA  TCAA DBAA haas

t ) 10 0.00 348 3.67 152 171 10.38
0.00 3.46 3.17 128 144 9.95

20 0.00 0.00 0.63 0.27 0.00 0.90

0.00 0.00 0.62 0.36 0.00 0.9

30 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00
10 10 0.00 4.95 4.45 192 2.16 1347
0.00 503 4.65 198 2.22 13.88

20 0.00 0.00 0.58 0.48 0.00 1.06

0.00 0.00 0.59 042 0.00 1.01

30 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

20 10 0.00 1.70 1.72 0.80 0.61 484
0.00 172 1.68 0.86 0.66 4,92

20 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

30 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00



Table A12 Continued | |
. initial concentrations of HAAS (pph) in- eed solutions
ozone dose (mgCV mgC)  contact time (min)  EBCT (min) ~ CAA BAA DCAA TCAA DBAA HAAS

2 ) 10 22.19 2559 24.04 23.99 2555 121.96
21.50 24.52 2321 23.13 24.75 11711

20 22.02 30.68 31.38 2541 21.10 136.60

21.83 29.05 29.02 24.84 26.68 13142

30 21.78 29.64 29.99 24.84 26.39 132.65

20.68 2801 26.77 22.04 24.16 121.66

10 10 23.14 30.38 30.85 21.63 29.09 141.69
24.63 21.38 26.15 21.00 28.63 133.80

20 24.16 30.98 31.38 24.62 26.63 131.71

20.05 31.87 32.18 2250 24.58 13177

Rl 23.11 29.35 29.99 25.37 2167 135.48

19.10 31.13 32.13 2191 23.11 127.98

20 10 26.78 31.27 32.35 25.14 21.29 142.84
21.75 3053 31.60 24.60 26.62 135.10

20 25.38 3053 31.60 21.177 30.32 145.60

24.27 30.83 3181 25.48 2193 140.32

30 24.86 32.61 33.74 2159 30.28 149.08

231 32.61 33.69 2549 21.85 142,65



Table A12 Continued

S _ concentrations of HAAS (pph) after ozonation process
ozone dose (mgCV mgC) contact time (min) EBCT (min) ~ CAA BAA DCAA  TCAA DBAA HAAs

2 h 10 2158 22.53 20.12 20.80 21.97 107.00
22.74 21.79 21.79 20.86 21.98 109.17

20 21.01 23.27 2151 22.89 20.59 109.27

21.74 2357 20.97 2244 19.87 108.59

30 19.76 2182 28.76 22.73 25.25 124.33

19.27 21.12 2540 22.80 2.27 96.86

10 10 19.16 23.12 21.19 19.72 20.92 104.10
1811 22.82 20.76 1911 20.33 101.14

20 23.31 30.53 3031 2387 26.36 134.44

19.98 30.09 29.77 20.28 2241 12253

30 2049 30.68 31.70 23.23 25.00 131.09

19.05 29.20 29.77 20.60 2249 121.12

20 10 20.21 30.68 31.28 21.45 23.18 127.40
19.36 30.83 31.38 20.55 2287 125.00

20 21.72 26.83 2117 22.98 2331 122.00

20.62 2642 2181 20.98 21.38 11721

30 21.19 3053 31.38 2151 23.64 128.25

2391 30.68 31.06 20.55 2106 12127



Table A12 Continued
concentrations of HAAs (pph) after BAC column
ozone dose (mgCV mgC)  contact time (min) EBCT (min) ~ CAA BAA DCAA  TCAA DBAA HAAs

2 5 10 3.29 343 127 165 9.64 3.29
153 3.68 1.39 175 8.3 153

20 0.00 0.82 0.26 0.00 1.09 0.00

0.00 081 0.26 0.00 1.07 0.00

30 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

10 10 390 3.76 155 1.84 11.05 3.90
3.4 318 149 1.78 10.79 3.74

20 0.00 0.64 0.38 0.00 1.02 0.00

0.00 0.62 0.32 0.00 0.95 0.00

30 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

20 10 381 434 2.10 2.22 1247 381
3.76 428 158 167 11.29 3.76

20 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00

30 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00
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