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Abstract:
Biological processes are often used in the drinking water industry to reduce the amount of organic
carbon present in the source water. This reduction of organic carbon will limit the production of
disinfection by-products and reduce regrowth events within the distribution system. The goal of this
work was to determine if biological pretreatment will reduce fouling in membrane water treatment
systems. Biological pretreatment for membrane water treatment processes were shown to reduce
biofouling of membrane surfaces using membrane cell counts, glass bead cell counts, total organic
carbon measurements, fouling layer thickness measured by light microscopy and scanning electron
microscopy, and membrane flux reduction. The organic carbon source was humic and fulvic acids
extracted from Elliot Silt Loam Soil obtained from the International Humic Substances Society. The
biological processes used biological activated carbon and iron-oxide coated sand as support media for
the biofilm. The experimental design also included prechlorination and post-filtration as additional
factors to be considered. Results indicated that biological pretreatment was capable of reducing
downstream fouling of membrane water treatment processes. The biological pretreatment process
coupled with filtration resulted in the best reduction of downstream fouling as measured by the assays
employed, while prechlorination did not appear to impact the biofouling reduction. Destructive column
sampling yielded cell count data that was used in a biofilm model to show that first-order kinetics
adequately accounted for the cell reduction in the columns and that the organic carbon pool was
comprised of two pools of substrate where one pool is more usable by the microorganisms than the
other pool. 



BIOLOGICAL PRETREATMENT FOR MEMBRANE 

WATER TREATMENT SYSTEMS

by

Christopher Francis Wend

A dissertation submitted in partial fulfillment 
of the requirements for the degree

of

Doctor of Philosophy . 

in ,

Engineering

MONTANA STATE UNIVERSITY 
Bozeman, Montana

December 2000



©  COPYRIGHT 

by

Christopher Francis Wend 

2000

All Rights Reserved



ii

D ^ t
U A* ' 1

APPROVAL

of a dissertation submitted by

Christopher Francis Wend

This dissertation has been read by each member of the dissertation committee and 
has been found to be satisfactory regarding content, English usage, format, citations, 
bibliographic style, and consistency, and is ready for submission to the College of 
Graduate Studies.

Philip S. Stewart It-L  / I .  / j i L n - J "  \\'21'2Q0Q
(Signature) Date

Approved for the Department of Civil Engineering

Donald Rabern
(Signature)

l((zi(oO
Date

Approved for the College of Graduate Studies

Bruce McLeod
(Signature; Date



iii

STATEMENT OF PERMISSION TO USE

In presenting this dissertation in partial fulfillment, of the requirements for a 
doctoral degree , at Montana State University, I agree that the-Library shall make 
it available to borrowers under rules of the Library.. I further agree that copying, of 
this dissertation is allowable only for scholarly purposes, consistent with “fair use” as. 
prescribed in. the U.S. Copyright Law. Requests for extensive copying or reproduction 
of this dissertation should be referred to Bell & Howell Information and Learning, 
300 North Zeeb Road, Ann Arbor, Michigan 48106, to whom I have granted “the. 
exclusive right to reproduce and distribute my dissertation in. and from microform 
along with the non-exclusive right to reproduce and distribute my abstract in any 
format in whole or in Dart.” .

Signature

Date M  M/)\t



ACKNOWLEDGEMENTS

The work presented here was funded by United States Department of Interior 
- Bureau of Reclamation (USER) through the Water Treatment Engineering and 
Research Group’s. Water Desalination Research and Development Program and by 
the National Science Foundation.

I would like to acknowledge my mentors, Dr. Phil Stewart, Dr. Anne Camper, Dr. 
Warren Jones, Dr. Al Cunningham, and Dr. Rick Veeh for excellent guidance, teach
ing, and patience. Special mention to John Neuman for almost daily consultation 
regarding laboratory operations and protocol. Many thanks to all of the fabulous in
dividuals with the Center for Biohlm Engineering at Montana State University that 
have contributed to my education throughout the years. I must also thank Tammy, 
Jeff, Alex, and Erica Wend for supporting me in this effort.



TABLE OF CONTENTS

LIST OF FIGURES ...............    xi

ABSTRACT ................................................................................................................. xiv

LIST OF TABLES........................................................................................................ vii

I. INTRODUCTION I

Current Methods of Fouling Control
Biological Pretreatment ...................
Drinking Water Industry...................
Experimental Goals and Objectives

.1 
. 3 
.4
13

2. MATERIALS AND METHODS 15

Experimental Setup ..................................................................................................15
Biological Pretreatment Colum ns........................................................................... 18
Column Packing M edia............................................................................................ 19

Biological Activated C arbon ...............................................................  19
Iron-Oxide Coated S a n d ......................................................................... . .•__ 20

Total Organic Carbon Amendment ................................................................. ... . 21
Chlorination ...................................................................................... ; ....................22
Postfiltration............ i,.......................................  23
Experimental Assays . . . '...........................................................................................23

Membrane Assay .................................................................................  .24
Bead A ssay............................................................................................................26

Analytical Methods ...............    26
Cell Enum eration............................................................................................... . 26
SEM Fouling Layer Thickness .................................... 27
DAPI Fouling Layer Thickness ..........................................................................28
Fouling Layer Cell Counts ............ ................................................... ; ...............29
Total Organic Carbon Analysis ..........................................................................29
Chlorine Measurement.........................................................................................30
Destructive Column Sampling ...............................................................  30



Vl

TABLE. OF CONTENTS - Continued

3. RESULTS ................................................................  32

Flux ..............................................................................................................  34
Total Organic Carbon Removal......... .......................................     39
Membrane Cell Counts ...............................   44'
Fouling Layer Thickness (SEM) ............................................................................. 48
Fouling Layer Thickness (DAPI) ............................................................................52
Bead Assay ............................................................    56
Biofilm Modeling ....................................................................    60

4. DISCUSSION ............................................................................................................67

Summary ........................................................................................................... 67
Prechlorination.................   68:
Post-filtration ........................................................................  70
Biological Pretreatment ..............................................................    72
BAG Versus IOCS ................................................................................................73
Treatment Combination...........................................................................   74
Biofilm Model ....................................................................   75
Comparison to Literature Reports of Biological Pretreatment ......................79

Conclusions.....................................................................  81
Recommendations...................................................................................................... 82

REFERENCES CITED ..........................................................................    85

APPENDICES..................  92

APPENDIX A FLUX CURVE FIT GRAPHS ................................................... 93
APPENDIX B TOC CURVE’FIT G RA PH S.................................................... 106
APPENDIX C DATA ..........................................................   117



via

1. Flux prediction model parameters ................................................................. 35

2. TOC prediction model parameters ...................................................................39

3. Summary of chlorination impacts on assay measurements .......................... 70,

4. Summary of filtration impacts on assay measurements ................................71.

5. Summary of biological pretreatment impacts on assay measurements .......73

6. Summary of BAC versus IOCS biological treatments ...................................74

7. Qualitative ranking of assay measurements.................................................... 75

8. Summary data .........................................................   116

9. Flux data ...........................................................................................................117

10. Flux data continued ........................................................  118

11. Flux data continued ................................  119

12. Flux data continued ..................................................................................... 120

13. Flux data continued ..................................................................................... 121

14. Flux data continued ..................................................................................... 122

15. Flux data continued ........  123

16. BACCL TOC data ....................  124

17. BACPF TOC data ........................................................   125

LIST OF TABLES

Table Page

18. BAC TOC data 126



viii

19. BACPFCL TOC data ......................................    127

20. CTRLPFCL TOC d a t a ...........................................   128

21. CTRLPF TOC d a t a ....................................................................................... 129

22. IOCSCL TOC d a ta ........................  130

23. IOCSPFCL TOC d a ta .............................   131

24. IOCSPF TOC d a ta ................................................................ J.....................132

25. IOCS TOC d a ta .............................................................................................. 133

26. Membrane cell data ........................................................................................134

27. Membraiie cell data continued ............   135

28. Membrane cell data continued ...................................................................... 136

29. Membrane cell data continued ...................................................................... 137

30. Membrane cell data continued ...................................................................... 138

31. Membrane cell data continued ...................................................................... 139

32. Membrane cell data continued.........................................  140

33. Membrane cell data continued ......................., ............................................141

34. Membrane cell data continued .........................................................'..........142

35. Membrane cell data continued ........................ i .......................................... 143

36. Membrane cell data continued ..................................................................... 144

LIST OF TABLES - Continued

Table Page



37. Membrane cell data continued ...................................................................... 145

38. SEM data. BAG and BACCL ...................................................................... 146

39. SEM data. BACPF, BACPFCL, and CTRL ..............................................147

40. SEM data. CTRLCL, CTRLPF, and CTRLPFCL......................................148

41. SEM data. IOCS, IOCSCL, IOCSPF, and IOCSPFCL .............................149

42. DAPI data. BAC and BACCL .........................................................  150

43. DAPI data. BACPF and BACPFCL .........................   151

44. DAPI data. CTRL and CTRLCL ................................................................152

45. DAPI data. CTRLPF and CTRLPFCL ............................................  153

46. DAPI data. IOCS and IOCSCL .....................................   154

47. DAPI data. IOCSPF and IOCSPFCL .........................................................155

48. BAC bead data................................................................................................. 156

49. BACCL bead data................................  157

50. BACPF bead data............................................................................................ 158

51. BACPFCL bead data. .................................................................  159

52. CTRL bead data...............................................................................................160

53. CTRLCL bead data......... ................................................................................ 161

ix

LIST OF TABLES - Continued

Table Page

54. CTRLPF bead data. 162



Table Page

55. CTRLPFCL bead data.................................................................................... 163

56. IOCS bead data........................................................................................ 164

57. IOCSCL bead data...........................................................................................165

58. IOCSPF bead data...........................................................................................166

X

LIST OF TABLES - Continued

59. IOCSPFCL bead data. 167



xi

1. Treatment train schematic ................................................................................ 17

2. Side view of the membrane assay holder ....................................................... 25

3. Chlorine comparison of treatment flux at 120 hours .................................... 36

4. Filtration comparison of treatment flux at 120 hours ...................................37

5. Biological pretreatment comparison of treatment flux at 120 hours .........38

6. Chlorine comparison of TOC removal ............................................................ 41

7. Filtration comparison of TOC removal ...........................................................42

8. Biological pretreatment comparison of TOC removal ...................................43

9. Chlorine comparison of membrane cells ........................................................ 45

10. Filtration comparison of membrane cells ............................................... 46

11. Biological pretreatment comparison of membrane cells ............................. 47

12. Fouling layer thickness (SEM) assay ............................... .............................48

13. Chlorine comparison of thickness (SEM) ..................................................... 49

14. Filtration comparison of thickness (SEM) ....................................................50

15. Biological pretreatment comparison of thickness (SEM) ............................51

16. Fouling layer thickness thickness (DAPI) assay........................................... 52

17. Chlorine comparison of thickness (DAPI) ....................................................53

18. Filtration comparison of thickness (DAPI) ..................................................54

LIST OF FIGURES

Figure Page



LIST OF FIGURES - Continued

Table Page

19. Biological pretreatment comparison of thickness (DAPI) ..........................55

20. Chlorine comparison of bead assay ............................................................ . . 57

21. Filtration comparison of bead assay .............................................................. 58

22. Biological pretreatment comparison of bead assay ......................................59

23. Total direct cell counts front column packing.............................................. 61

24. Zero to first-order kinetics (single substrate pool) ......................................65

25. Zero to first-order kinetics (dual substrate pool) ....................................... 66

26. Flux curve fit for BAG treatment ...................................................   93

27. Flux curve fit for BACCL treatment ^ , ........................................................ 94

28. Flux curve fit for BACPF treatment ............................................................. 95

29. Flux curve fit for BACPFCL. treatm ent...............    96

30. Flux curve fit for CTRL treatment ................................................................97

31. Flux Curve fit for CTRLCL treatm ent............................................................98

32. Flux curve fit for CTRLPF treatment .......................................................... 99

33. Flux curve fit for CTRLPFCL treatment .......... 100

34. Flux curve fit for IOCS treatm ent.......................................  101

35. Flux curve fit for IOCSPF treatment .......................................................... 102

36. Flux curve fit for IOCSCL treatment ............................................  103

37. Flux curve fit for IOCSPFCL treatment .....................................................104

xii



LIST OF FIGURES - Continued

38. Curve fit for BAC TOC rem oval............................................  105

39. Curve fit for BACPF TOC rem oval............................................................. 106

40. Curve fit for BACCL TOC rem oval............................................................. 107

41. Curve fit for BACPFCL TOO rem oval........................ 108

42. Curve fit for CTRLPF TOC removal .......................................................... 109

43. Curve fit for CTRLPFCL TOC removal ..................................................... HO

44. Curve fit for IOCS TOC removal ............................   I l l

45. Curve fit for IOCSCL TOC removal ............................................................112 .

46. Curve fit for IOCSPF TOC removal ............................................................ 113

47. Curve fit for IOCSPFCL TOC removal .......................................................114

xiii

Table Page



XlV

ABSTRACT

Biological processes are often used in the drinking water industry to reduce the 
amount of organic carbon present in the source water. This reduction of organic car
bon will limit the production of disinfection by-products and reduce regrowth events 
within the distribution system. The goal of this work, was to determine if biological 
pretreatment will reduce fouling in membrane water treatment systems. Biological 
pretreatment for membrane water treatment processes were shown to reduce biofoul
ing of membrane surfaces using membrane cell counts, glass bead cell counts, total 
organic carbon measurements, fouling layer thickness measured by light microscopy 
and scanning electron microscopy, and membrane flux reduction. The organic carbon 
source was humic and fulvic acids extracted from Elliot Silt Loam Soil obtained from, 
the International Humic Substances Society. The biological processes used biological 
activated carbon and iron-oxide coated sand as support media for the biofilm. The 
experimental design also included prechlorination and post-filtration as additional 
factors to be considered. Results indicated that biological pretreatment was capable 
of reducing downstream fouling of membrane water treatment processes. The bio
logical pretreatment process coupled with filtration resulted in the best reduction of 
downstream fouling as measured by the assays employed, while prechlorination did 
not appear to impact the biofouling reduction. Destructive column sampling yielded 
cell count data that was used in a biofilm model to show that first-order kinetics ad
equately accounted for the cell reduction in the columns and that the organic carbon 
pool was comprised of two pools of substrate where one pool is more usable by the 
microorganisms than the other pool.
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CHAPTER I 

INTRODUCTION

The material that fouls reverse osmosis membranes is diverse, and is composed of 

inorganic particles (precipitated metal oxides, colloids, etc.), natural organic matter, 

and bacterial/fungal/algal/protozoan cells (DuPont, 1994; Al-Ahmad and Aleem, 

1993). The rate and extent of fouling is a strong function of the quality of water 

applied to the membranes. It has traditionally been held that fouling material is the 

result of simple concentration and retention of constituents from the bulk. Another 

mechanism of fouling is the proliferation of organisms in biofilms on the membranes. 

In fact, a combination of these effects most likely is responsible for the adverse in

fluence on membrane production (Mallevialle et at., 1996; Chapman-Wilbert, 1997).

Current Methods of Fouling Control

The control of reverse osmosis (RO) membrane fouling has typically been at

tempted via (I) physical and/or chemical treatment of the water to remove or sta

bilize particulates and/or ions, (2) periodic direct cleaning of membranes, (3) devel

opment of membranes with reduced fouling potential or modification of the surface 

chemistry with chemical addition to reduce fouling and (4) continuous upstream ap
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plication of biocides. In the first case, considerable effort has been expended by the 

industry to identify processes that decrease the load of particulates onto the mem

branes. As a consequence, there are a wide variety of ’’pretreatment” options found 

at locations using reverse osmosis including dual or single media filtration, softening 

and/or ion exchange, granular activated carbon filters,. pH adjustment, etc. (DuPont, 

1994). In practice, there is no one general process train; the treatment options are de

pendent on water quality and the preferences of the consulting company responsible 

for installation.

It is also possible for membranes to be cleaned directly with agents compatible 

with the membrane chemistry. Since many membranes are sensitive to oxidizing dis

infectants (chlorine, for example) the choice of chemicals must be made judiciously. 

This aspect of membrane maintenance can be very frustrating to the process oper

ators. In many cases, vendors prescribe a specific chemical and application regime 

without providing the operators with any information on their rationale, presumably 

because the cleaning process is proprietary.

The third point above is the search for membranes with reduced fouling, potential. 

This could be achieved by either creating/modifying polymers that foul at a de

creased rate or producing membranes that can be more easily disinfected or cleaned 

(Chapman-Wilbert, 1997). Experience suggests that neither of these approaches will 

eliminate fouling. During long term operation, the surface chemistry of membranes 

is modified by molecules and microorganisms found in the water, therefore masking
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the designed or altered surface chemistry features. There have been improvements 

in surface modification techniques that reduce- fouling by the addition of surfactants 

and work is continuing in this area (Ridgway, 1997).

The fourth point brings out the attempts by the membrane industry to control 

fouling through the use of. biocides. This approach will produce a situation where 

the fouling may be controlled but not eliminated. There is ample evidence to indi

cate that biofilm communities are considerably less susceptible to disinfection than 

suspended , cells and that long-term disinfection will not completely control fouling 

of surfaces. Continuous upstream disinfection, which is commonly practiced, also 

has limitations. Typically, oxidizing disinfectants are present until immediately be

fore the membrane in an attempt to suppress biological activity in the pretreatment 

train. The end result is that the environmental pressures that have repressed biofilm 

growth are removed at the membrane, which creates the opportunity for microbial 

proliferation at precisely the point where it is least desired (Saeed et al., 1998). It 

is also possible that continuous biocide addition will select for resistant strains of 

bacteria that can then foul the membrane.

Biological Pretreatment

It is obvious that none of the above approaches for mitigating membrane fouling 

are singularly sound. It is most probable that a combination of methods will be 

required to increase membrane productivity. In light of the problems inherent in
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suppressing biological activity and fouling of upstream processes and membranes, it 

was proposed to reduce membrane fouling by pretreating feed water using biological 

reactors to remove the organic nutrients that support formation of fouling biofilms. 

The process was designed to increase the biological stability of water to be further 

processed by reverse osmosis membranes and to improve membrane productivity by 

complementing existing processes in a pretreatment train while reducing dependence 

on extensive use of disinfectants. The approach is ecologically sound because it 

uses biological processes to control subsequent biological activity; the emphasis is 

on controlling biofouling in an engineered system rather than having it occur in 

undesirable locations. The process is based on the experiences of the drinking water 

industry where biological filtration is being used to reduce concentrations of natural 

organic matter, decrease disinfectant demand, and reduce downstream fouling of the 

distribution system.

Drinking Water Industry

There is a reasonable amount of information available on biological treatment 

of drinking water. The process, was first implemented in Prance and other western 

European countries nearly 20 years ago (Sontheimer et al., 1978, 1979a,b). In the 

most traditional form, separate granular activated carbon (GAC) filters are located 

downstream from conventional treatment. In conventional treatment, particle re

moval is optimized through coagulation, flocculation, sedimentation, and filtration.
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The biological filters are then optimized for microbial utilization of a portion of the 

natural organic matter remaining in the water. Biological filters are operated with 

exhausted carbon, that is, the chemisorptive capacity of the GAC has been exceeded. 

The surfaces of the filter media act as a support for microbial attachment and growth, 

resulting in a biofilm adapted to using the organic matter found in that particular 

water. Total organic carbon removals in these filters range from 5% to 75% (Bouwer 

and Crowe, 1988).

One of the first observations in the full-scale use of biological filtration was that the 

type of filter media had a substantial influence: on the net removal of organic carbon 

from the water. For instance, although rapid sand filters do have the capacity to 

biologically remove carbon (Eberhardt et al., 1977; Sontheimer et al., 1978; Borbiogot 

et al., 1982; van der Kooij and Hijnen, 1985) it has been found that GAC has superior 

performance (LeChevallier et al., 1992; comparison between DeWaters and DiGiano, 

1990 and Hozalski et al., 1995). This is presumed to be the result of a higher amount 

of biomass that attaches to GAC vs anthracite (Niquette et al., 1998). LeChevallier 

et al. (1992) demonstrated that there were more bacteria per unit surface area 

on GAC than sand, and that the TOC removal rates were 51% vs 26%. Another 

advantage of GAC over other media is that the attached microbial population is less 

prone to shock from changes in water quality, down time, or accidental application 

of disinfectant (Bablon et al., 1988; Krasner et al., 1993). This knowledge of the 

performance of filter media was strongly considered in the experimental design.
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In most cases, improved TOC. removal in biological filters can be gained by in

creasing the empty bed contact time (EBCT). The EBCT is the residence time of the 

fluid in the filter calculated as though the entire volume occupied by the filter media 

is occupied by water. Because of the very large volumes of water that a drinking 

water plant treats, a small reduction in EBCT results in substantial savings in filter 

volume. Experimental EBCTs in biological filters have varied from two to 30 min

utes. Sontheimer and Hubele (1987) demonstrated an increase in dissolved organic 

carbon removal from 27% to 41% when the EBCT increased from 5 to 20 minutes. 

LeChevallier et al. (1992) reported a 29% removal of TOC with a 5 minute EBCT 

and a 51.5% reduction at 20 minutes. Prevost et al. (1990) suggest that a 20 minute 

EBCT is required for 90% removal of biodegradable organic carbon. However, there 

are instances where increased EBCT is not beneficial, which is probably a result of 

the biodegradability of the organic matter present in the water (Hozalski et al., 1995). 

Certainly the EBCT required for biological removal of TOC will be temperature de

pendent. This has been demonstrated at a full-scale biological filtration plant, where. 

12 minutes of EBCT was required at 0.5° C for the same percent removal obtained in 

6 minutes at 10 - 12° C (Niquette et al., 1998). Due to design constraints and strin

gent regulatory requirements for filtration to meet particle removal standards, most 

full scale biological filters operate with short (5 min) EBCTs. In instances where the 

technology can be applied for pretreatment of water for membrane processing, the 

EBCT can be optimized for organic removal.
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A common treatment step before biological treatment is ozonation. Ozone may be 

applied to reduce taste and odor compounds, remove color, provide primary disinfec

tion for protozoan cysts, or to reduce disinfection demand/disinfection by products 

by oxidizing some of the organic matter. Water that has been preozonated often has 

elevated levels of lower molecular weight organic compounds; these compounds have 

been associated with increased biofilm development downstream (van der Kooij et 

ah, 1989; Price, 1994; LeChevallier et ah, 1996). Goel et ah (1995) reported that the 

fraction of recalcitrant natural organic, matter in water made available for microbial 

growth was increased after ozonation, but the numerical value varied from site to 

site. This has also been substantiated by van der Kooij et ah (1982), Werner and 

Hambsch (1986), Servais et ah (1987) and Speitel et ah (1993). Because biofilms can 

form either in controlled treatment processes (biological filters) or in uncontrolled 

deleterious locations (distribution systems), the drinking water industry strongly con

siders biological filtration after ozonation, regardless of the original intent of ozone 

application.

Interestingly, chlorination sometimes has the same effect on biodegradability of 

natural organic matter as ozonation. LeChevallier et ah (1992) showed that chlori

nation increased the biodegradable fraction of organic matter in water. In a survey 

of plants in the Netherlands, this increase was as high as 1.75 fold (Cooperative Re

port, 1988). Chlorine has been found to alter the structure of humic substances in 

water, which may render them more degradable (Hanna et ah, 1991). Paul (1996)
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reports not only an increase in degradable organic carbon after chlorination, but an 

increase in culturable cell counts as well. These observations show how the current 

practice of applying oxidizing disinfectants until immediately before a reverse osmo

sis membrane actually ’’pushes” biological activity and associated fouling onto the 

membrane. The use of preoxidation to improve the ability of biological pretreatment 

to remove organic matter from water is a key component of the work plan.

Even though the emphasis in drinking water has been on the use of GAC, there 

is other evidence to suggest that the iron oxide coated media may be a better choice 

for removal of natural organic matter that directly causes fouling (Jacangelo et al., 

1995; Owen et al., 1995) and/or subsequent biofouling. Chang and Benjamin (1996) 

demonstrated that addition of iron oxide particles to individual ultrafiltration hollow 

fibers greatly reduced fouling by organic matter. Organic matter preferentially bound 

to the oxide particles which could then be removed by backwashing. Iron oxides have 

a large potential for the sorption of natural organic matter (McCarthy et al., 1993; 

Parfitt et al., 1977; Zhou et al., 1994). Under abiotic conditions, humic material is 

irreversibly held on the surface of iron oxides (Cu et al., 1994; Cu et al., 1996). In 

fact, this property has been used to develop a technique for the removal of NOM from 

water by coating sand particles used in slow sand filter beds with iron oxides (McMeen 

and Benjamin, 1997). Circumstantial evidence indicates that the bound organic 

matter is potentially available for biofilm bacteria when these same investigators 

mentioned that the iron oxide-coated olivine used in their filtration studies continued
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to remove NOM for a 16 month time period; they suggested that the adsorption sites 

were being ” bioregenerated.”

A classification of the constituents of NOM from surface waters (Malcolm, 1991; 

Kaplan, 1993) indicates that approximately 50-75% is humic substances. These 

concentrations are lower in groundwater. Humic substances are generally considered 

to be poorly biodegradable, because of their large molecular size. However, Namkung 

and Rittmann (1987) have shown that humic substances are in fact biodegradable. 

More recently, Volk et al.(1997) have shown that biofilm bacteria are capable of using 

humic materials. Because humic substances in the bulk water are poorly degraded, 

it is probable that bioavailability of the humic substances is enhanced when bound to 

surfaces. The humic molecules then undergo a conformational change and expose the 

utilizable functional groups (Beckett, 1990). Immobilization on the surface is also 

likely to permit the cells to use exoenzymes to attack the bonds between the bound 

amino acids, sugars, etc. and the backbone of the humic molecule (Wetzel et al., 

1991; Jones and Lock, 1991; Munster, 1991). There is strong evidence to suggest that 

the sorption of humic substances allows them to become, available for biofilm use. 

When an assessment of the growth rates of biofilm bacteria grown on humic materials 

was made in experiments at the Center for Biofilm Engineering, it was found that the 

growth rate was independent of the added humic carbon concentration (zero order 

kinetics). It is believed this may be caused by the large amount of humic materials 

bound to the biofilm (8.3 - 11 ^ - ) ;  supplementation of additional humic material
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did not influence the growth rate. There was also visual evidence that the HnVnic 

material was sorbed, as these biofilms were a characteristic brown color (AWWARF 

final report).

This mechanism has profound implications for the biological treatment of water as 

well as providing a potential explanation for observations of biofouling on membranes. 

Membrane autopsy data from a polyamide nanofiltration membrane showed that 73% 

of fouling deposit was organics, of which 34% was humic material. This same deposit 

also contained 16% iron oxide. In the same report, foulant from a polyamide RO 

membrane contained 62% organics and 6% iron oxides (Dudley and Fazel, 1997). 

Similarly, Butt et al. (1997) reported that RO desalination membrane foulant was 

primarily biomass with iron contributing appreciably to foulant mass.

It is probable that the choice of filter media (GAG vs iron coated sand) and 

whether or not to preoxidize prior to biological filtration will depend on the nature 

of the organic matter in the source water. Although NOM has a high affinity for iron 

oxides, high molecular weight fractions of NOM are also preferentially removed by 

GAG binding (Owen et al., 1995). Preoxidation can result in increased biodegrad

able fractions, but on occasion biofiltration following ozonation only reduces the 

biodegradable fraction to preozonation levels (LeChevallier et al., 1992). Since iron 

oxide coated media tend to remove reduced iron from solution, there may be further 

advantages for these media when the source water is high in dissolved iron. There

fore, it was proposed to investigate several potential combinations of filter media
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and the presence/absence of prechlorination under controlled laboratory conditions 

to bracket ideal design parameters for biological pretreatment.

The premise of biological treatment as described above is to (I) immobilize organic 

matter that would otherwise accumulate on reverse osmosis membranes and (2) use 

indigenous organisms to metabolize the sorbed organics as well as other bulk phase 

carbon compounds. The end result will be the reproduction of bacterial cells within 

the filter. These organisms will be released from the filter and could then accumulate 

on the reverse osmosis membrane. Decay processes would then permit the dead 

microbial cells to become substrate for surviving bacteria. Although the overall rate 

of fouling from this process should be significantly less than if no biological treatment 

was in place, there is still concern from operators that bacterial accumulation is 

deleterious to membrane performance. For example, Collentro and Collentro'(1997) 

suggest that GAC has a low efficiency for organic carbon removal and that GAC 

filter effluent contains elevated nutrients and high organism counts that increase 

membrane fouling. This is probably because these GAC filters were not optimized 

for either chemisorption or biological activity. This philosophy has lead to reports 

that GAG should be used for RO feedwater pretreatment only if no other options 

exist (Kucera, 1997). This prejudice may be unfounded if (I) the biological filter is 

operated properly and (2) adequate downstream removal techniques for minimizing 

bacterial and carbon fine particle release are in place.
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To minimize the chance for transport of bacteria produced in the biological filter 

and released sand/GAC particles, it was proposed to use a low maintenance particle 

filter. Prior to performing this work, particle size distribution data on particles 

released from a biological filter were collected by Nick Krauss at the Center for Biofilm 

Engineering and it was decided that the best option will likely be. a microfiltration 

unit. A microfilter downstream from a laboratory biological filter was installed and it 

operated extremely well. The microfilter was effective for removing the vast majority 

of the bacteria and shed filter fines. It should be noted, however, that microfiltration 

alone would not provide the same advantages for reducing reverse osmosis membrane 

fouling as microfiltration after biological pretreatment. Although MF has been shown 

to remove significant fractions of iron and reduce colloidal fouling of downstream 

nanofiltration membranes (Chellam et al., 1997), a portion of the humic substances 

found in typical surface waters-will pass through MF membranes (Jacangelo et al., 

1989). Laine et al. (1990, 1989) demonstrated that pretreatment is necessary to 

reduce the organic matter that may pass through UF membranes, and that activated 

carbon pretreatment shows the most promise.

The approach I adopted was to develop and test biological treatment processes 

to be integrated in traditional pretreatment trains with the purpose of prolonging 

membrane performance. It was believed that the deliberate encouragement of bio

logical growth within a component of the pretreatment train that is under process 

control will substantially reduce the undesirable growth on reverse osmosis mem
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branes. Additionally, the biological filters may significantly reduce natural organic 

matter/humic fouling. Griebe and Flemming (1998) have produced work that sup

ports these last two points. The design incorporated both a biological treatment 

step and a method to remove organisms and fines shed from the biological filter. A 

favorable outcome would be a cost effective treatment method to reduce fouling and 

chemical use.

Experimental Goals and Objectives

As set forth in the previous sections, it was proposed to reduce membrane fouling 

by pretreating feed water using biological reactors to remove the organic nutrients 

that support formation of fouling biofilms. To this end the following overall goal is 

stated here.

GOAL: Determine if biological pretreatment can reduce fouling in membrane sys

tems.

Several objectives were set forth to test the feasibility of utilizing biological pre

treatment as a membrane pretreatment step.,

1. Determine if biological pretreatment using BAG and IOCS as support media 

will reduce downstream fouling.

2. Determine if chlorination as an oxidation step for feed water will reduce down

stream fouling both by itself and in combination with biological pretreatment.
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3. Determine if microfiltration of feed water will reduce downstream fouling both 

by itself and in combination with biological pretreatment.

4. Develop evaluation methods for objectives 1-3 by developing and. testing the 

following assays.

(a) Membrane flux measurements

(b) Membrane fouling layer cell counts

(c) Membrane fouling layer thickness measured with SEM

(d) Membrane fouling layer thickness measured with DAPI stained thin sec

tions.

(e) TOC removal from the system.

(f) Bead assay biofilm cell counts.
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CHAPTER 2

MATERIALS AND METHODS

Experimental Setup

The tasks set forth for this work proposed to investigate biological filtration 

using biologically active carbon and iron-oxide coated sand, examine the impact of 

chlorination of the feed water on downstream fouling, and refine and test a membrane 

fouling assay and a post biological treatment microfiltration step. Combining the 

factors of chlorination, different packing media, and post filtration resulted in an 

experimental design that consisted of 12 separate treatments.

The experimental setup was run continuously for 10 months. During; the first 

six months, experimental protocols and operational experience were developed. The 

results presented were obtained from three experimental runs performed after this 

6 month break-in period. Each run was performed over a period of five days. Dur

ing each five day run, TOC determination after treatment and flux measurements 

through a diagnostic membrane assay were taken and at the end of each run, de

structive biofilm assays were performed. Figure (I) outlines the order in a treatment 

where additions and assays were placed. Note that the treatment splits after the bi

ological pretreatment step with one stream going through a microfilter and the other
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not going through a microfilter. Control treatments did not have a biological pre

treatment step and the nonchlorinated treatments did not have a chlorination step. 

The test filtration apparatus for this study was constructed using type. 316 stainless 

steel (ASTM A- 213/ASME SA-213 average wall; ASTM A-269,ASTM A-511). The 

choice of material was based upon the need to limit the amount of leachable organic 

carbon and still provide sufficient strength for the pressures involved with the oper

ation of the columns. All connecting tubing was either 6.35 m m  (0.25 in) or 12.7 

mm  (0.5 in) outside diameter of type 316 stainless steel. The inside diameter of the 

6.35 m m  (0.25 in) tubing was 4.93 m m  (0.194 in) and the inside diameter of the 

12.7 mm  (0.5 in) tubing was 10.92 m m  (0.430 in).

Two types of packing media for: the biological pretreatment columns were used; 

iron-oxide coated sand and biologically activated carbon. These two packing types, 

along with an empty control, represented three treatments. The effluent of each of 

these treatments was split and a 0.22 fim  (8.66xl0-6m) post filtration step was added 

on one of the streams from each treatment. To assess the effects of chlorination on 

the system the entire system was duplicated. One side was prechlorinated and the 

other side was not. Thus, twelve treatment systems were constructed for sampling 

and evaluation.

The setup also contained several biofilm assays that were placed in the effluent 

streams. One assay was a 4.93 mm  (0.194 in) inside diameter tube of 316 stainless 

steel, 25.4 m m  (I in) in length that was packed with 0.5 m m  (0.0197 in) glass spheres.
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Biological
Pretreatment

Dechlorinated 
Bozeman Tap Water

Bead Assay

Chlorine Addition 
(if used)

Membrane Assay

Humic and Fulvic 
Acid Addition

Membrane Assay

Bead Assay

Microfiltration

Figure I: Treatment train schematic. Schematic of a treatment train used during 
this study.
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The other assay was an in-line membrane holder that allowed for flux through a 47 

m m  (1.85 in) diameter membrane swatch and flow across the membrane while the 

system was under pressure..

Total system pressure was maintained at 207 kPa  (30 psi) during the entire time 

the system was running (>12 months). During this time, the laboratory tempera

ture was maintained at a constant 72° F. The flow rate through each set of assay 

devices was maintained individually with a stainless steel needle valve. Flows were 

maintained between 1-1.2 ^|L.,

Biological Pretreatment Columns

Using information from the drinking water industry, a minimum of 20 minutes 

empty bed contact time was desired. Studies have shown that a 20 minute empty 

bed contact time is sufficient to remove the majority of easily assimilable organic 

compounds commonly found in surface waters.

To assure that this situation was met, the columns were designed to have an empty 

bed contact time that was at least 30 minutes.

The columns were constructed with 316 stainless steel tubing that was ordered 

from Marmon/Keystone Corporation. 25.4 m m  (I in) tubing was specified with a 

wall thickness of 0.889 m m  (0.035 in). The inside diameter was 23.62 mm  (0.930 in). 

The column length was 228.6 m m  (9m) and the resulting volume for the columns 

was 100167 m m 3 (6.1136 in3).
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During the three experiments,the flow rate through the columns was 2-2.4 

which resulted in an empty bed contact time of 41-50 minutes. Note that this flow 

rate is twice the flow rate through the assay devices since the stream was split after 

the biological pretreatment step and the range accounts for the flow change through
i

the membrane assay as the flux declined.

Support screening was 100 mesh 316 stainless steel. All end caps were Swagelock 

316 stainless steel compression tube fittings.

Flow configuration was in the upflow mode with the columns mounted vertically.

Column Packing Media

The support packing for the biological pretreatment columns were iron-oxide 

coated sand and biologically active carbon.

Biological Activated Carbon

The biologically active carbon was PICA brand activated carbon that had been 

operating in a biological filtration process at a drinking water plant in Laval, Quebec, 

Canada. The plant was treating surface water and the filtration process was operated 

to promote biological growth on the activated carbon. The activated carbon had 

been on line for several years and was never regenerated. The sorptive capacity of 

the media is due mainly to the microbial activity on the medium.
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To acclimate the microbial community to the organic carbon present in Bozeman 

tap water, the packing material was placed online with Bozeman tap water for more 

than one year. The material was then used to pack the columns that were used in 

this study.

Iron-Oxide Coated Sand

Iron-oxide coated sand was produced using the method outlined in 11NOM Ad

sorption Onto Iron-Oxide-Coated Sand”, AWWARF, 1993. This stable coating was 

developed so that it could be regenerated in a full scale operation and retain good 

NOM (natural organic matter) adsorption.

Industrial quartz sand manufactured by Unmih corporation, Emmett, Idaho, was 

screened to between 30-40 mesh. The effective size in this range is 0.45 mm. This 

sand was soaked in 50% sulfuric acid solution for 24 hours, then rinsed with deionized 

water, and dried at 110° C for 20 hours in accordance with the method of Chang 

and Benjamin, 1996.

An iron oxide solution was prepared with I ^ of ferric chloride per milliliter of 

deionized water. A 10M solution of NaOH was added to this solution until the OH=Fe 

molar ratio was 2.5. This material was then dried in a pan at 110° C for. 14 hours. 

The top crust of salts was scraped off and the iron oxide sludge underneath was used 

to coat the sand. The iron oxide sludge and the sand were mixed in a ratio of 0.1 g 

iron oxide sludge per I ^ of sand. The sand was dried at 110° C for 20 hours, rinsed 

and the process repeated two more times to obtain a good coating.
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Once the sand was coated, it was used to pack two columns; one for the ndn- 

chlorinated treatment and one for the chlorinated treatment. All column dimensions 

and materials were the same as for the biological activated carbon columns described 

previously.

Total Organic Carbon Amendment-

Bozeman tap water was used as the source water. This water is typically low in 

total organic carbon and was not considered to be representative of a typical source 

water for a membrane water treatment plant. To simulate the natural organic carbon 

found in many surface waters, Bozeman tap water was amended with organic carbon. 

The organic carbon was humic/fulvic acids that were, extracted from Elliot Silt Loam 

Soil. Elliot Silt Loam Soil is a standard soil used for laboratory work on humic/fulvic 

acids and is obtained from the International. Humic Substances Society.

The humic/fulvic acids were extracted from the soil by mixing 75 g of soil in 750 

ml of 6N NaOH solution for 24-48 hours. After mixing, the slurry was centrifuged 

for 20 minutes at 16,300g at 4° C. The supernatant was decanted and used as a stock 

solution to prepare a feed solution of humic/fulvic acids. This solution was fed into 

the influent of the experimental setup at a bOOppb to 2ppm carbon level. Due to the 

variability of the influent water carbon content and the feed solution input control, 

the final level of organic carbon fed to the reactors was not constant. The amount 

of organic carbon entering the columns was measured routinely.
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The feed water was Bozeman tap water that was passed through a column packed 

with biological activated carbon (BAG). The BAG column was used to dechlorinate 

the tap water and remove a portion of the readily assimilable, organic carbon. There

fore, the carbon amendment represents the major carbon source introduced into the 

system. Nitrogen and phosphorus were added to ensure that the limiting nutrient 

would be carbon. The maximum carbon input from the carbon amendment was 2 

2zP and the maximum amount from the tap water after dechlorination was estimated 

to be around 2 Adding these two concentrations yielded an upper bound on the 

carbon concentration of 4 ^  of carbon. Based upon the 100:10:1 C:N:P ratio for 

microbial growth, the amount of nitrogen and phosphorus to be added to the amend

ment solution was calculated. The stock carbon amendment solution contained 2.5 

mmoieC _ -Jwice the necessary nitrogen and phosphorus amounts were determined to 

be 0.5 wmp'eK an(j 0 05 rnmoieP  ̂ respectively . The nitrogen and phosphorus were then 

added to the stock amendment solution in the form of ammonium nitrate and potas

sium phosphate when it was prepared. This allowed the nitrogen and phosphorus, to 

be mixed with the carbon source just prior to injection into the test apparatus.

Chlorination

A stock solution of chlorine was prepared from bleach and deionized water at 

pH 7 and was injected into the chlorinated treatment train after addition and mixing

of the TOG amendment. The chlorine and TOC amended source water were mixed
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with a static mixer for an initial concentration of I and a 30 minute contact 

time with the TOC was allowed prior to application to any columns. 30 minutes was 

found to be sufficient time for the chlorine to react with the TOC and not be present 

in the biological pretreatment columns. However, the design of the test equipment 

did not allow for chlorine measurement just prior to application to the biological 

pretreatment columns. The contact time was achieved by building a longer inlet 

tube to the treatment columns than the inlet tube for the non-chlorinated treatment 

columns.

Postfiltration

Microfiltration was chosen to provide postfiltration of the biological pretreatment 

process. A 0.22 //m cartridge microfilter was placed in-line before the biofilm assays. 

These filters never plugged and were left in place during the entire project.

Experimental Assays

Two experimental assays were developed to examine the biofilm and the biofilm’s 

impact on the system. The membrane assay provided a measure of the biofilm 

thickness and membrane flux reduction with active transport of water through the 

biofilm and membrane while at the same time having flow across the biofilm. The
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bead assay measured only the in-line biofilm growth potential of the water without 

the added factor of flux through a membrane.

Membrane Assay

The membrane assay device was constructed out of two plates of aluminum block 

(Figure 2). The blocks measured 25.4 m m  x .76.2 m m  x 76.2 m m  (I in x 3 in x 

3 in). Two blocks are sandwiched together with four bolts. A membrane, silicon 

gasket, polycarbonate screen, and filter paper support for the membrane are placed 

between the blocks. One block allows the effluent to enter and leave while crossing 

the membrane swatch. The other block allows for flux through the membrane by 

providing an outlet for the permeate to atmospheric pressure.

The polycarbonate screen was placed over the holes of the block that provide an 

outlet for the flux through the membrane. Next, an ashless filter paper (47 mm) was 

placed over the screen to protect the membrane. A polycarbonate, 0.22 /zm, 47 m m  

membrane (Poretics) was placed on top of the filter paper. To seal and create a flow 

channel, a silicon gasket with the flow area cut out was placed over the screen, filter 

paper, membrane stack and the other membrane assay block was placed on top. The 

four bolts were then torqued down to 10 AT • m (7.38 f t  ■ lbs) in a cross hole pattern.
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The silicon gasket forms the flow channel for the cross flow of the test stream. 

With the design flow of the system, the Reynold’s number is at least 450 and is 

probably higher due to the reduced cross- sectional area produced from compression 

of the gasket.

Membrane Assay Holder

Figure 2: Side view of the membrane assay holder.

During the experimental run, the flux through the membrane was measured pe

riodically to determine the flux reduction as the fouling layer was developing. Flux 

measurement was determined by collecting the flux effluent from the membrane as

say for a known time and then measuring the collected volume. After the final day 

of the experimental run, the assays were dismantled and the membrane removed for 

analysis. Immediately, the membrane was photographed for digital analysis of the



26

fouling area for use in the flux calculations. In addition, the fouling layer color could 

be recorded.

Bead Assay

The bead assay was put in-line with the effluent stream. Its purpose was to 

provide an assessment of the biofilm growth potential after each of the treatments.

The apparatus consisted of a short 316 stainless steel tube. The assay column was 

a 4.93 m m  (0.194 in) inside diameter tube of 316 stainless steel, 25.4 mm  (I in), in 

length that was packed with 0.5 m m  (0.0197 in) glass spheres.

At the end of each experimental run (5 days), the assay column was removed 

and the glass beads extracted into 10 ml of dilution water. This mixture of beads, 

biofilm, and water was vortexed for 30 seconds and the appropriate dilution series 

performed to enumerate the bacteria.

Analytical Methods

Cell Enumeration

The bacteria were counted using direct count epifluorescent microscopy on a Nikon 

8100 microscope at IOOOx. The cells were filtered onto a 0.22 /im  filter (25 m m  

black polycarbonate - Poretics) and stained using 4’,6-diamidino-2-phenylindole, di- 

hydrochloride (DAPI) obtained from Molecular Probes (catalog number D-1306). I 

ml of the stain was placed on the membrane for I minute at a concentration of 10

mg
i ■



27

Ten fields were randomly selected and counted. The appropriate magnification 

and dilution were then applied to the numbers to arrive at the total cell count per 

ml. This number was then applied to the appropriate surface area (either total bead 

area or membrane scrape area) to arrive at the biofilm cells per area number.

SEM Fouling Layer Thickness:

Scanning electron microscopy was utilized to assess the membrane fouling layer 

thickness. The scanning electron microscope used in this work was a JEOL Model 

6100/NORAN SEM equipped with an Oxford cryostage and cryoprep chamber. The 

cryostage allows an environmental sample to be frozen quickly to preserve the original 

structure and then placed under a vacuum for manipulation prior to sputter coating 

for the SEM. The sample is never removed from vacuum so that it remains intact. 

The SEM was purchased with a grant from the Murdock Charitable Trust and MSU 

and is located in the Image and Chemical Analysis Laboratory at MSU-Bozeman.

To determine the thickness of the fouling layer, a small, portion of the fouled 

layer and membrane was cut from the membrane. This sample was then mounted 

vertically in a special stage. The stage is mounted on a post that allows insertion into 

a flash freezer that utilizes liquid nitrogen and vacuum to quickly freeze the sample. 

The sample is then introduced into the cryostage where the pressure is reduced to 

IxlO-4 torr and the stage is further cooled to around —190° C. At this point tools 

within the microscope sample preparation area are used to cut across the membrane 

and fouling layer to expose a cross section of the membrane and the fouling layer.
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After the fouling layer cross section is exposed, the sample can be sputter coated 

with 2 nm  gold prior to moving the sample into the SEM chamber.

Once in the SEM chamber, the pressure is further reduced to IxlCT6 torr and 

the chamber is held at —195° C. Images of the cross section were taken so that an 

estimate of the fouling layer thickness could be made using the scale bar from the 

instrument. In addition, bacteria in the fouling layer could be seen. These bacteria 

were often small (< 1/zm) due to the low nutrient conditions of the experimental 

system.

DAPI Fouling Layer Thickness

Another section of the membrane fouling layer, similar in size to that used for 

the SEM analysis, was cut out and embedded in Tissue-Tek OCT 4583 compound 

(VWR Scientific Products part no .. 25608-930). This compound is an embedding 

medium for frozen tissue specimens. The specimen was frozen in a pool of OCT. on a 

block of solid carbon dioxide. The specimen was then mounted on a stage in a Leica 

CM 1800 Cryostat. This machine enables 5 and 10 /zm slices to be made of the cross 

section of the membrane and fouling layer. These slices were then transferred onto 

a microscope slide.

The slices were then stained with DAPI. The staining procedure consisted of 

immersion of the slide in 100 DAPI solution for 20 seconds and then drying 

before placing on the microscope for analysis.
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The thickness of the fouling layer could then be estimated through several mea

surements of the fouling layer. To obtain this measurement, the microscope counting 

grid in the ocular eye piece was first calibrated using a micrometer slide. Then the 

thickness of the observed fouling layer could be estimated in several places. In addi

tion, images were obtained for some samples, and the thickness measurements were 

performed using ImageTool (http://www.ddsdx.uthscsa.edu/dig/itdesc.html).

Fouling Layer Cell Counts 1

To estimate the number of cells per area that were in the fouling layer, a specific 

area of the polycarbonate membrane from the membrane assay was scraped with a 

scalpel into 10 ml of dilution water and homogenized. The appropriate dilution was 

made and a direct count as described earlier was performed.

A photograph of the membrane was taken with a calibration scale. The pho

tograph was then electronically scanned and the scraped area determined digitally 

using ImageTooL The results were then reported as the number of cells per square 

centimeter of membrane surface.

Total Organic Carbon Analysis

To determine the amount of carbon that was removed by each treatment, a sample 

of each treatment effluent was collected daily during the experimental runs. These 

samples were, then tested for carbon content.

http://www.ddsdx.uthscsa.edu/dig/itdesc.html
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To prevent outside carbon contamination, all glassware was acid washed for 8 

hours, triple rinsed with deionized water, triple rinsed with ultrapure water, and 

baked in an oven at 300° C.

The samples were tested for nonpurgeable organic carbon. First the samples were 

acidified to a pH below 2 with 2N HCL The Samples were then sparged with medical 

grade oxygen to remove the dissolved carbon dioxide. A Shimadzu TOC-5000A 

carbon analyzer with a high sensitivity platinum-palladium catalyst operating at 

680° C was used to oxidize the nonpurgeable organic carbon to carbon dioxide and 

the carbon dioxide was detected with an infrared detector.

The Shimadzu TOC-5000A was calibrated using NIST traceable potassium hy

drogen phthalate standards obtained from Fisher Scientific.

Chlorine Measurement

Chlorine Measurements were taken using Iodometric method I from AWWA Stan

dard Methods (section 408A, AWWA, 1980).

Destructive Column Sampling

The columns were destructively sampled at the end of the experimental runs. Cell 

numbers in the column were collected to aid in modeling TOC removal.

Samples of the packing were taken at 0, 76 mm, 152 mm, and 228 mm, from 

the influent end of the column. A known volume of packing was obtained from each 

sample and placed in 10 ml of filtered ultrapure water. The packing and water were
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vortexed for 30 seconds and allowed to settle. An aqueous sample was obtained, 

filtered, and stained with DAPI for total direct cell counts. The method used here

was identical to that described in the cell enumeration section.
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I

CHAPTER 3 

RESULTS.

From objectives 1-3 that support the goal of determining if biological pretreat

ment can reduce fouling in membrane systems, 3 null hypotheses can be stated for 

statistical testing. They are:

1. The treatment means for the biological treatments are equal to their corre

sponding control (no biological treatment) treatment means.

2. The treatment means for chlorinated treatments are equal to their correspond

ing non-chlorinated treatment means.

3. The treatment means for the microfiltered treatments are equal to their corre

sponding non-filtered treatment means.

Evaluation methods for objectives 1-3 were developed and the following assays 

were used for measurement.

1. Membrane flux measurements

2. Membrane fouling layer cell counts ( ^ § )

3. Membrane fouling layer thickness measured with SEM (yum)
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4. Membrane fouling layer thickness measured with DAPI stained thin sections 

(;um)

5. TOC removal from the system

6. Bead assay biofilm cell counts

Throughout the results and discussion, the following abbreviations will be used, 

o BAG - Biological activated carbon

o BACCL - Biological activated carbon and prechlorination of the influent stream

o BACPF - Biological activated carbon and post microfiltration

o BACPFCL - Biological activated carbon, post microfiltration and prechlorina

tion

o IOCS - Iron-oxide coated sand

o IOCSCL - Iron-oxide coated sand and prechlorination 

o IOCSPF - Iron-oxide coated sand and post microfiltration 

o IOCSPFCL - Iron-oxide coated sand, post microfiltration and prechlorination 

o CTRL - Control, no treatment 

o CTRLCL - Control, prechlorination

o CTRLPF - Control, post microfiltration
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o CTRLPFCL - Control, post microfiltration, prechlorination

o CL - Treatments with chlorine only (includes controls)

o PF - Treatments with postfiltration only (includes controls)

o PFCL - Treatments with chlorination and post microfiltration (includes con

trols)

o NPFCL - Treatments with no chlorination and no post microfiltration (includes 

controls)

All statistical analyses were performed using SPLUS version 5.1 release I for 

LINUX 2.0.31 : 1999, MathSoft, Inc., Seattle, WA, http://www.mathsoft.com

Flux

All flux results for each of the three experiments were fit to the model y — axb 

where y = flux and x = time (hrs). Table I contains the fitted model

parameters (a,b) for each treatment. Included in the table are the R 2 values which 

indicate the amount of variability explained by the model and the F-statistic with 

its corresponding P -value.

Plots of the curve fits are in Appendix A, Figures 26-37. The inside confidence 

intervals are a point-wise standard error and the outside confidence intervals are a si

multaneous confidence interval generated for the whole range using an P-distribution

and a 95% confidence interval.

http://www.mathsoft.com
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Table I: Flux prediction model parameters
Treatment a b R2 F-statistic P-value ■ Flux at 

120 Hrs.
BAG 4.88x10-3 -0.4757 0.7203 41.21 8.482xlO-o 5,0x10-4

BACPF 7.33x10-2 -0.7323 0.7764 55.56 1.371xl0-6 2.2x10-3
IOCSPF 2.84xl0-2 —0.6901 0.8522 92.24 4.80xl05-8 1.0x10-3

IOCS l.lSxlO-2 -0.6859 0.7317 43.63 6.048x10-3 4.4x10-4
CTRL 2.94xl0-a -0.3869 0.6662 31.93 3.613x10-3 4.6x10-4

CTRLPF 9.56xl0-3 -0.5006 0.6917 35.89 1.883xl0-5 8.7x10-4
BACCL 6.39x10-3 -0.4539 0.6261 26.79 9.193x10-3 7.3x10-4

BACPFCL 2.69x10-2 -0.557 0.5809 22.17 2.365x10-4 1.9x10-3
IOCSPFCL 2.15x10-2 -0.6273 0.6072 24.73 1.382x10-4 1.1x10-3

IOCSCL 7.66x10-3 -0.5004 0.5529 19.78 . 4.051x10-4 6.9x10-4
CTRLCL 8.41x10-3 -0.5571 0.5278 17.88 6.387x10-4 5.8x10-4

CTRLPFCL 2.83x10-2 -0.6765 0.768 52.95 1.853x10-3 1.1x10-3

The simultaneous confidence intervals were used to generate the upper and lower 

flux values at 120 hours for use in the multiple comparison tests across experiments 

used to assess the three hypotheses. These values cover 95% of the predicted values 

and are considered conservative. The flux results were analyzed using a Monte Carlo 

based simulation multiple comparison with a control test. The simulation size was 

12616 and the simultaneous confidence interval was 95%.

The flux data were collected during the 5 day runs and hence the times of collection 

do not all coincide. As a result, the time of 120 hours was chosen to compare all of 

the flux data at a common point in time. Since the simultaneous confidence intervals 

were used to generate the range of data found for the flux at 120 hours, the observed 

differences were difficult to detect statistically. Hence, any differences that were

detected are noteworthy.
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Figure 3 shows that the chlorinated treatments had a greater flux value for all 

treatments except the BACPF treatment. However, the flux did not change with 

chlorination between treatments in a manner that was statistically significant.
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Figure 3: Chlorine comparison of treatment flux at 120 hours. Statistical comparison
of chlorination using the flux assay.
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Figure 4 shows there was a significant difference between post-filtration and no 

post-filtration for both BAC and BACCL biological treatments. In all the treatments, 

the general trend showed that the flux was greater for the treatments that were post- 

filtered.
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Figure 4: Filtration comparison of treatment flux at 120 hours. Statistical compari
son of post-filtration using the flux assay.
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For the biological treatment process, Figure 5 shows that only BAC was signifi

cantly better for flux improvement, and only in combination with post-filtration. In 

both post-filtered treatments, the BAC had a greater flux.

x 10

NPFCL PF* CL
Treatment

PFCL

* Statistically different - 95% Simultaneous Confidence Interval -BAC only 
Monte Carlo based multiple comparison with control

Figure 5: Biological pretreatment comparison of treatment flux at 120 hours. Sta
tistical comparison of biological pretreatment using the flux assay.
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Total Organic Carbon Removal

The percent TOC removal versus amount of TOC added to the system was 

plotted for each treatment.. A linear model (y = m x  +  b) where x  — the amount 

•of TOC going into the system and y =  the percent of TOC removed was then 

fit to the data (Table 2).. The resulting plots of the data and the curve fit are 

presented in Appendix B Figures 38-47. As in the flux data, the inside confidence 

bands represent a single point-wise standard error and the outside confidence band 

represents a simultaneous confidence interval generated with an F-distribution and 

a confidence interval of 95%.

Table 2: TOC prediction model parameters
Treatment m b R2 F-statistic F-value Removal

BAC 0.0283 -0.1600 0.894 194.1 1.066xl0-12 2 2 .5%

BACPF 0.0386 7.0781 0.9566 485.1 2.22xlQ-16 ' 3 7 .9 %

IOCSPF 0.0344 3.2004 0.8859 170.8 7:578xl'0-12 3 0 .7 %

IOCS 0.0306 -5.4254 0.8736 170.8 2.348xl0-u 19.0%
CTRLPF 0.0155 10.3283 0.8995 196.9 1.862xl0-i2 2 2 .7 %

CTRLPFCL ,0.0309 -3.5511 0.9567 486.1 2.22xl0-i* , 21 . 2%

BACCL 0.0104 8.1912 0.6014 33.19 : 8.538x10-* 16 .5%

BACPFCL 0.0310 11.3549 0.9539 454.9 3.331xl0-io 3 6 .2 %

IOCSPFCL 0.0309 0.4006 0.944 371 2.887xlO-io 2 5 . 1%

IOCSCL 0.0005 3.5192 0:01242 0.2767 0.6041 3 .9 %

Using the same approach as the flux data, the simultaneous confidence intervals 

were used to generate upper and lower values for percent TOC removal at 800 ppb. 

The choice of 800 ppb (measured humics addition and background tap water carbon) 

allowed the experiments to be compared on a common basis. These numbers were
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then used for the multiple comparison tests of the hypotheses. The TOC results were 

analyzed using a Monte Carlo based simulation multiple comparison with a control 

test. The simulation size was 12616 and the simultaneous confidence interval was

95%.

TOC removal was significantly different when prechlorination was used for the 

BAC, IOCS, and IOCSPF treatments. In all of these cases, the removal was greater 

for the treatments where chlorine was not applied. Figure 6 shows the results of this 

comparison.
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BAG* BACPF IOCSPF* IOCS* Cl
Treatment

CTRLPF

* Statistically different - 95% Simultaneous Confidence Interval 
Monte Carlo based multiple comparison with control

Figure 6: Chlorine comparison of TOC removal. Statistical comparison of chlorina
tion using the TOC removal assay.
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TOC removal was significantly different for all treatments that were post-filtered 

from those that were not post-filtered. Figure 7 shows that the post-filtered treat

ments removed twice as TOC as the non-filtered treatments.
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'  Statistically different - 95% Simultaneous Confidence Interval 
Monte Carlo based multiple comparison with control

LCL*

Figure 7: Filtration comparison of TOC removal. Statistical comparison of post
filtration using the TOC removal assay.
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The ability of biological treatment to remove TOC was significant for all BAC 

treatments with respect to the control treatment. The IOCS treatment was signifi

cant only for the non-chlorinated and post-filtered treatments. Figure 8 shows that 

the BAC and IOCS removal trends were consistently greater than the control and 

that the BAC was consistently greater than the IOCS for all of the treatments.

PF** CL***
Treatment

PFCL*

* BAC and IOCS Statistically different from control 
** BAC and IOCS are statistically different from each other and control 
*** BAC statistically different from IOCS and control, IOCS not significant 
Monte Carlo based multiple comparison with control -  95% Cl

Figure 8: Biological pretreatment comparison of TOC removal. Statistical compari
son of biological pretreatment using the TOC removal assay.
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Membrane Cell Counts

The membrane cell counts were analyzed using a Monte Carlo based simulation 

multiple comparison with a control test. The simulation size was 12616 and the 

simultaneous confidence interval was 95%.

The impact of chlorination on the concentration of cells on the membrane was 

not significant for any of the treatments. Figure 9 shows the trends in the data were

mixed.
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Figure 9: Chlorine comparison of membrane cells. Statistical comparison of chlori
nation using the membrane biofilm cell count assay.
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Post-filtration was found to significantly change the cell counts for all treatments. 

Figure 10 shows that all post-filtered treatments had at least a one-half log lower 

cell count on the membrane.
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Figure 10: Filtration comparison of membrane cells. Statistical comparison of post
filtration using the membrane biofilm cell count assay.

BAG* IOCS* CTRL* BACCL* IOCSCL* CTRLCL*
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* Statistically different - 95% Simultaneous Confidence Interval 
Monte Carlo based multiple comparison with control
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The impact of the different biological treatments on the cell counts was found 

to be significant for all treatments. The biological treatments showed a reduction 

of at least 0.3 log with no difference between the biological treatments. Figure 11 

summarizes these results.
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Figure 11: Biological pretreatment comparison of membrane cells. Statistical com
parison of biological pretreatment using the membrane biofilm cell count assay.

NPFCL* RF* CL*
Treatment

PFCL*

* Statistically different - 95% Simultaneous Confidence Interval 
Monte Carlo based multiple comparison with control
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Fouling Layer Thickness (SEM)

The fouling layer thickness as measured by the SEM method was analyzed using 

the Dunnett method of multiple comparison with a control and a 95% confidence 

interval. See Figure 12 for an example image.

Figure 12: Fouling layer thickness (SEM) assay. Biofilm is on the left and the 
membrane is on the right. The membrane is ~  10/zm thick. Separation of fouling 
layer from membrane is due to sample preparation.
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Chlorination had an impact on the BAC and CTRL treatments only. Figure 13 

shows that in the two cases where there was a statistical difference the fouling layer 

was thicker for the chlorinated treatment. In all other treatments, the difference 

in fouling layer thickness was less than 5 //m between the chlorinated and non- 

chlorinated treatments.

No Cl

=  15

BAG* BACPF IOCSPF IOCS CTRL* CTRLPF
Treatment

* Statistically different - 95% Simultaneous Confidence Interval 
DunnetVs multiple comparison with control

Figure 13: Chlorine comparison of thickness (SEM). Statistical comparison of chlo
rination using the fouling layer thickness (SEM) assay.
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When post-filtration was applied, the treatments were significantly different for 

all treatments except BAC and IOCS, which were within 2 /zm of each other. Figure 

14 shows that the non-post-filtered treatments had greater fouling layer thicknesses 

than the post-filtered treatments. The difference in these thicknesses ranged from 5 

/zm to greater than 20 /zm.

BAC IOCS CTRL* BACCL* IOCSCL* CTRLCL* 
Treatment

* Statistically different - 95% Simultaneous Confidence Interval 
Dunnett’s multiple comparison with control

Figure 14: Filtration comparison of thickness (SEM). Statistical comparison of post
filtration using the fouling layer thickness (SEM) assay.
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The impact of biological treatment on fouling layer thickness was significant in 

the absence of post-filtration. Figure 15 shows that the non-post-filtered biological 

treatments showed a thinner fouling layer ( > 10/zm) than the control, while both 

biological treatments with post-filtration treatments were the same as the control.
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NPFCL* RF CL** PFCL
Treatment

* Statistically different from control -  95% Simultaneous Confidence Interval 
** BAC and IOCS are statistically different from each other and control 
Dunnett’s multiple comparison with control

Figure 15: Biological pretreatment comparison of thickness (SEM). Statistical com
parison of biological pretreatment using the fouling layer thickness (SEM) assay.
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Fouling Layer Thickness (DAPI)

The fouling layer thickness as measured by DAPI stained thin sections under a 

microscope provided another measure for comparison. See Figure 16 for an example 

image. These results were analyzed using a Monte Carlo based simulation multiple 

comparison with a control test. The simulation size was 12616 and the simultaneous 

confidence interval was 95%.

Figure 16: Fouling layer thickness (DAPI) assay. Membrane is on the bottom and 
the cells are stained with DAPI in the biofilm on top. The membrane is ~  IOyum 
thick.
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The fouling layer thickness was not significantly different for the prechlorinated 

versus unchlorinated treatments. Figure 17 shows that the trends were mixed.
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Figure 17: Chlorine comparison of thickness (DAPI). Statistical comparison of chlo
rination using the fouling layer thickness (DAPI) assay.
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Post-filtration reduced the fouling layer thickness for CTRL and CTRLCL only. 

Figure 18 shows that with the other treatments the impact of post-filtration on the 

fouling layer thickness was not significant.
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Figure 18: Filtration comparison of thickness (DAPI). Statistical comparison of post
filtration using the fouling layer thickness (DAPI) assay.
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Biological treatment produced a significant reduction in fouling layer thickness as 

compared to the control for all treatments except the post-filtered treatments that 

were prechlorinated. Figure 19 shows as much as 30 fim (74% reduction of thickness) 

difference from the control.
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Figure 19: Biological pretreatment comparison of thickness (DAPI). Statistical com
parison of biological pretreatment using the fouling layer thickness (DAPI) assay.
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Bead Assay

The bead assay cell counts were analyzed with a Monte Carlo based simulation 

multiple comparison with a control test. The simulation size was 12616 and the 

simultaneous confidence interval was 95%.

Prechlorination reduced the bead assay cell counts significantly for BAG, IOCS, 

and CTRL. Figure 20 shows that in the cases where there was a statistical difference 

there was close to a one log reduction for the prechlorinated treatments. It should 

be noted that there is no chlorine residual carried through the system.
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BAG* BACPF IOCSPF IOCS* CTRL* CTRLPF
Treatment

* Statistically different - 95% Simultaneous Confidence Interval 
Monte Carlo based multiple comparison with control

Figure 20: Chlorine comparison of bead assay. Statistical comparison of chlorination 
using the bead assay biofilm cell count assay.
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Figure 21 shows that the bead assay cell counts were all higher for the non-post- 

filtered treatments; this difference was significant for all but the CTRLCL treatment.
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Figure 21: Filtration comparison of bead assay. Statistical comparison of post
filtration using the bead assay biofilm cell count assay.
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Both types of biological treatment reduced the bead assay cell counts significantly 

for all treatments. The biological treatments resulted in as much as a full log reduc

tion in biofilm cells on the beads. In addition, as seen in Figure 22, the difference 

between the BAC and IOCS treatments was significant (> 0.5 log) except for the 

filtered treatments that were prechlorinated.
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Figure 22: Biological pretreatment comparison of bead assay. Statistical comparison 
of biological pretreatment using the bead assay biofilm cell count assay.
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Biofilm Modeling

The biological pretreatment reactors had been on line for more than one. year 

when the final experimental run was completed. At the end of the experiments, the 

columns were torn down, samples of the packing were taken and cell counts were 

performed.

For the purposes of modeling, the columns that had the chlorine pretreatment as 

an oxidation step will not be discussed due to the scattered nature of the TOC data 

for those treatments. In addition, the organic carbon removal data will only be from 

the non-filtered treatments so that the effects of post microfiltration will not need 

to be accounted for in the model. The results from the enumeration of the cells in 

the columns are shown in Figure 23. Results from the bottom of the column (Om) 

represent the influent end since the columns were operated in an upflow mode.
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Column Height [m]

Figure 23: Total direct cell counts from column packing.
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The experiments performed were not specifically designed to obtain kinetic pa

rameters for the organisms in the columns. However, some modeling of the process 

is possible without this information.

Using a standard modeling approach, the rate of cell growth, detachment, and 

substrate uptake were employed (Characklis and Marshall, 1990).

Let the rate of growth of cells be given by

ra =
fJ'm.SX
K s + S ( I )

and the rate of cell detachment be given as

—kdX2 (2)

where

Umax =  maximum specific cell growth rate (constant) [=] —  

K s = substrate half-saturation coefficient (constant) [=] M- 

kd = cell detachment coefficient (constant) [=] (cê dgy)

S  =  substrate concentration I=I ML •* TTl0

X  =  cells per area of column packing [=]

The rate of change of cells with respect to time may described by combining 

equations (I) and (2) to obtain

dX
= rq + rd

IXmS X  
K s +  S — kdX2 (3)
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At steady state ^  =  O and (3) reduces to

UmSX V 2
L =  W

Solving (4) for X  yields

X  = UmS
Ad(K, +  ,S)

Now introduce the dimensionless variables

b

C

X_
Xo

S
Sv

substitute into (5), and solve for b.

b
f  +  C

Where

Um
kdXo

P - f o

From (5), evaluated near the influent end of the columns,

i _ UmSo
d ~  X0 (Xs +  So)

(4)

(5)

(6)

(7)

( 8)

(9)

(10)

(11)

Where Sq = influent concentration of substrate and Xq =  cells per area of 

packing at the influent end of the column. Note that the assumption here is that 

kd — constant for the system.
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Now combine (5), (6), (7), and (11) and solve for b.

6 =

For zero-order kinetics, Kg S  = >  /3 = 0.

Cb — Iim/9->0 (/5 +  1) )6 +  C
=  I

(12)

( 1 3 )

The implication of equation (13) is that there is no change in cell counts through

out the length of the column. As can be seen from Figure 23, there was not a constant 

cell population through out the columns.

For first-order kinetics, K s S  = >  /3 —5- oo.

Iim (6) =  Iim
j8->oo jS—>(x>

oo
OO

Apply L’Hopital’s Rule

Iim (b) =
P-HxT y

[ i p [(^ + 1 )c ] )

(14)

(15)

Iim (b)
P - k x T  j

Iim (C) 

Iim (I)
P —HX) y

=  C

b = C

( 16 )

(17)

Equation-(17) shows that for first-order kinetics the cell counts throughout the 

column will vary directly with the substrate concentration in the column.

Figure 24 shows a plot of the dimensionless substrate concentration with dimen

sionless cell counts. Equation (12) was used with the labeled values for /3 to generate
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the curves. The lab data was plotted assuming first-order kinetics (equation (17)) 

with plug flow to determine the column interior substrate concentrations while the 

influent and effluent numbers are direct observations of the substrate concentration 

and cell counts.

O  0.6

V) 0.4

— -  -ZeroOrder (|3 = 0.01) 
Monod (P = 0.1)

O  Monod (P = 0.5)
------FirstOrder(P = IO)
#  BAG
+  IOCS______________

Dimensionless Total Substrate

Figure 24: Zero to first-order kinetics (single substrate pool). Comparison of the 
observed cell counts in the column with the predicted model results using the total 
DOC as a single pool of substrate.
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By assuming that the total organic carbon pool has two parts, one utilized by the 

organisms ( /u) and one not used (/r), Figure 25 was constructed using first-order 

kinetics as the lower bound on substrate utilization. The data points now represent 

the amount of f u utilized as observed by the cell count data.
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v> Monod (P = 0.1)
□  Monod (p = 0.5)

------First Order (p = 10)
+  IOCS
#  BAC

Dimensionless Useable Substrate

Figure 25: Zero to first-order kinetics (dual substrate pool). Comparison of the 
observed cell counts in the column with the predicted model results using the total 
DOC divided into two pools of substrate.
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CHAPTER 4 

DISCUSSION

Summary

The goal of this study was to determine if biological pretreatment could reduce 

the downstream fouling potential of feed water in membrane systems. In support of 

this goal, 4 objectives were stated.

1. Determine if chlorination as an oxidation step for feed water will reduce down

stream fouling.

2. Determine if filtration of feed water will reduce downstream fouling.

3. Determine if biological pretreatment using BAG and IOCS as support media 

will reduce downstream fouling.

4. Develop evaluation methods for objectives 1-3 by developing and testing the 

following assays.
7

(a) Membrane flux measurements

(b) Membrane fouling layer cell counts

(c) Membrane fouling layer thickness measured with SEM
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(d) Membrane fouling layer thickness measured with DAPI stained thin sec

tions

(e) TOC removal from the system

(f) Bead assay biofilm cell counts

The first three objectives represent the hypotheses to be tested while the fourth, 

objective outlines the assays employed to test the hypotheses. Flux measurement are 

used as an indicator of membrane, fouling in industrial settings while TOC. measure

ment is sometimes used to assess the biological fouling potential in drinking water 

systems. The other assays were developed to measure the cell numbers and fouling 

layer thickness present after the treatments used in objectives 1-3.

Prechlorination

Use of chlorination as an oxidation step was examined to determine the impact 

on the biological pretreatment process and the downstream fouling potential of the: 

feedwater. Figures 3, 6, 9, 13, 17, and 20 summarize the statistical analyses of the 

assays with respect to chlorination.

The flux and membrane biofilm cell count assays showed no significant differences 

between chlorinated and unchlorinated treatments. Fouling layer thickness as mea

sured by DAPI stained thin sections and cell counts from the bead assay had a few 

treatments that demonstrated a reduction in fouling potential while the remaining 

assays (TOC removal and fouling layer thickness as measured by SEM) showed an
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increase in fouling potential for a few treatments. None of the assays provided any 

consensus and seemed to contradict each other when there was a statistical difference.

Since the chlorine levels were held at a level, that would not exceed the demand 

from the organic carbon present in the water, there may not have been enough

oxidation present to alter the pools of substrate in a manner that could be assessed
/

by the assays. In fact, Buls (2000) showed that chlorination of the same organic 

carbon source at similar concentrations used in this work did not increase the useable 

carbon pool.

To pool the results of the various assays, the assays were scored with a +1 if 

the treatment was statistically better than the control treatment and a -I if it was 

statistically worse than the control treatment. If the treatment was not statistically 

different than the control treatment, then it received a score of zero. For the flux, 

a higher, number means a greater flux and hence, better performance. Therefore, a 

statistically higher flux would score a +1. For membrane cells, a lower cell number is 

considered a reduction in fouling and hence a lower number would score +1. For both 

fouling layer thickness measurements, a thinner thickness is considered a reduction 

in fouling and would receive a +1. Similarly, a greater TOG removal is considered a 

+1 and a lower cell count on the bead assay is considered good and receives a +1.

The assay scores were then added together to obtain an overall score for the 

treatments. These summaries are then.used to determine if the hypothesis in question

is accepted.
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The impacts of prechlorination on the downstream fouling potential of water are 

summarized in Table 3. In this table, the assays were scored with a +1 if the 

treatment was statistically better than no chlorine and a -I if it was statistically 

worse than no chlorine. In most cases, we fail to reject the null hypothesis that the 

chlorinated treatment means were equal to the treatment means without chlorination. 

Overall, the results were minimal and mixed. As a result, prechlorination did not 

appear to be a factor influencing down stream fouling.

Table 3: Summary of chlorination impacts on assay measurements.
Assay Prechlorination Treatment

BAC BA CPF' IOCSPF IOCS CTRL CTRLPF
Flux 0 0 0 0 0 0
Cells 0 0 0 0 0 0
SEM -I 0 0 0 -I 0
DAPI 0 0 0 0 0 +1
TOC ■ -I 0 -I -I 0 0
Bead +1 0 0 +1. +1 0
Total -I 0 -I 0 0 +1

Post-filtration

The effects of post-filtration on the downstream fouling potential are summarized 

in figures 4, 7, 10, 14, 18, arid 21. Three of the six assays, TOC removal and bead 

and membrane cell counts, were in complete agreement that post-filtration reduced 

downstream fouling. The other three assays, flux and the fouling layer thickness 

measurements, showed reduced fouling when the results were significant.
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This result is consistent with literature reports where microfiltration is being used 

as the primary pretreatment for reverse osmosis systems. The overall operating 

and maintenance costs are greatly reduced when using microfiltration instead of 

conventional pretreatment, technologies. The primary savings has been reported 

as fewer cleaning cycles, lower chemical usage, and longer membrane replacement 

intervals, all of which result when fouling potential is reduced (Dawes, et al, 2000, 

Deshmukh,. et al, 1999).

The impacts of post-filtration, are summarized in Table 4. If post-filtration was 

statistically better it scored a +1 and if it was statistically worse it scored a -I. 

A score of zero was used if post-filtration was not statistically different from the 

non-post-filtration treatment. Overall, we failed to accept the null hypothesis that 

the post-filtered treatment means were equal to the treatment means without post

filtration in at least three, and often five, of the assays. This implies that post

filtration reduces the downstream fouling potential of the water.

Table 4: Summary of filtration impacts on assay measurements.
Assay Post-filtration Treatment

BAC IOCS CTRL BACCL IOCSCL CTRLCL
Flux +1 0 0 +1 0 0
Cells +1 +1 +1 ■ +1 1 +1 +1
SEM 0 0 +1 "hi +1 +  1
DAPI 0 0 +1' 0 0 +1
TOC +1 +1 +1 +1 +1 +1
Bead +1 +1 +1 +i.. +1 +  1
Total +4 +3 +5 +5 +4 +5
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Biological Pretreatment

The effects of biological pretreatment on the downstream fouling potential are 

summarized in figures 5, 8, 11, 15, 19, and 22. Biological pretreatment demon

strated a statistically significant reduction in fouling potential as measured by three 

of the assays. The remaining three assays, flux and the two fouling layer thickness 

measurements, showed a strong trend towards fouling reduction.

These results are consistent with those from Griebe and Flemming (1998) who 

demonstrated use of a sand biological pretreatment process to reduce fouling on a 

downstream RO membrane: Griebe and Flemming observed no flux reduction for 

the RO membrane that had biological pretreatment while the control RO membrane 

demonstrated a 20% decline in flux. There was also a 1.5 log reduction in membrane 

cell counts for the system that had biological pretreatment and the biofilm thickness 

was reduced from 27/ifn to 3/zm.

The effectiveness of biological treatment with respect to the assays is summarized 

in Table 5. Here the biological treatment scores a +1 if it was statistically better 

than the control and a -I if it is statistically worse than the control. The treatment 

will score a zero if it is not statistically different from the control. Note that only 

one of the biological treatments, IOCS or BAG, must work for the score to be +1, 

but both must fail for a score of zero. In this case, we fail to accept the null hypoth

esis that the biological treatment means were equal to the non-biological treatment 

means in at least three assays for the prechlorinated/ post-filter treatment and in five



73

assays for the other combinations. This implies that biological treatment reduces 

the downstream fouling potential of the water.

Table 5: Summary of biological pretreatment impacts on assay measurements.
Assay Biological Pretreatment

No Post-filtration Post-filtration Prechlorination Post-filtration
No Prechlorination Only Only Prechlorination

Flux O +1 O O
Cells +  1 +1 +1 +1
SEM +1 O +1 O
DAPI +1 +1 +  1 O
TOC +1 +  1 +1 +  1
Bead +  1 +1 +1 +1
Total +5 +5 +5 4-3

The membrane biofilm cell assay, the bead cell assay, and TOC removal were 

found to consistently indicate that the fouling potential of the feedwater had been 

reduced. Examination of Figures 8,11, and 22 for the biological pretreatment process 

without prechlorination and post-filtration, shows that when there was a reduction 

in TOC, there was also a reduction in cell counts. In addition, the cell counts from 

the column packing demonstrate the reduction in cells as TOC is removed from the. 

system. These comparisons indicate that reducing TOC will reduce cell numbers in 

the downstream processes.

BAC Versus IOCS

To pick out the difference between the IOCS and BAG, the rankings for the biolog

ical treatment were changed to +1 if BAC was statistically ’’better” than IOCS, zero 

if there was no difference and -I if IOCS was statistically ’’better” than BAG. Table
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6 shows that the results were mixed with BAG performing better than IOCS for the 

post-filtered treatments, IOCS performing ’’better” than BAG for the prechlorinated 

treatment and no difference for the non-post-filtered, non-prechlorinated treatment. 

The two assays that showed a preferential trend were TOC and Bead; BAG removed 

more TOC than IOCS, and IOCS reduced the biofilm cells on the glass beads more 

than the BAG.

Table 6: Summary of BAC versus IOCS biological treatments.
Assay Biological Pretreatment

No Post-filtration Post-filtration Prechlorination . Post-filtration
No Prechlorination Only Only Prechlorination

Flux O +1 O O
Cells O O O O .
SEM O O -I O
DAPI O O O O
TOC +1 +1 +1 . +  1-
Bead -I -I -I O
Total O +1 -I +1

Treatment Combination

While not part of the original objectives, it was useful to compare the treatments 

to each other with respect to their overall trends in fouling reduction performance.

To qualitatively rank the treatments, the treatments were scored from I to 12 

without regard to statistical differences according to the results obtained for each 

assay. Many scores could differ by more than one and still be statistically the same. 

However, this provides another view of the overall trends of the results of the exper

iments.
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Table 7 shows how the treatments ranked in order from the most effective treat

ment (lowest score) to the least effective treatment (highest score) without regard to 

statistical differences. This provides a qualitative measure of the overall effectiveness 

of each treatment.

Table 7: Qualitative ranking of assay measurements..
Treatment Assay

Flux Cells . SEM DAPI TOC . Bead Ave
IOCSPF 3 I 4 I 3 I 2.17
BACPF I 2 7 2 I 4 2.83

BACPFCL 2 4 2 5 2 3 3
IOCSPFCL 4 3 I 6 4 2 3.33
CTRLPF 5 5 5 10 5 ■ 7 6.17

CTRLPFCL 7 6 3 8 ' 7 7 6.5
BAG 6 10 8 4 6 11 7.5
IOCS ' 8 8 6 7 8. 9 7.67

IOCSCL 10 9 9 3 10 .. 5. . 7.67
BACCL 9 7 10 9 9 ' 6 8.33

CTRLCL 11 12 12 11 12 10 11.33
CTRL 12 11 11 12 11 12 11.5

The ranking in Table 7 reveals that the combination of biological treatment and 

post-filtration proved to be the most effective in reducing the effects as measured by 

the assays. Filtration alone appears to do better than biological treatment alone and 

any treatment appears to reduce downstream fouling except for prechlorination.

Biofilm Model

The TOC removal rates found in this study are consistent with the removal rates 

found in drinking water biological treatment processes. The amount of TOC removal, 

typically less than 30%, could lead to the conclusion that to get a greater removal
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rate, the columns would need to be greatly increased in size; this would be in error. 

The destructive sampling cell counts show that there is evidence of two pools of 

substrate that make up the total TOC component of the water. One pool is useable 

and the other is more recalcitrant. In addition, TOC removal is associated with 

reduced cell counts within the biological pretreatment columns indicating the removal 

of the useable pool of TOO will reduce downstream fouling.

The concept of two or more pools of dissolved organic matter in. the water has 

been proposed before. For example, modeling the removal of biodegradable organic 

matter in biological filters using the CHABROL model was reported by Laurent e t , 

al. (1999). The CHABROL model incorporates the concept of two classes of the 

dissolved organic matter which is subject to exoenzymatic hydrolysis, Hr1 which is 

rapidly hydrolyzed and H2 which is slowly hydrolyzed.

The design of the biological pretreatment, process depends upon knowledge of 

the useable portion of the TOC. With influent concentrations and the fraction of 

TOC that is useable, the biological pretreatment process may be properly sized. 

The modeling demonstrates the existence of two pools of substrate, f u the useable 

portion and f r the recalcitrant portion.

' Biological pretreatment in the water treatment industry is a method used to reduce 

disinfection by-products and reduce regrowth events in drinking water distribution 

systems. In an effort to understand, predict, and model this process, a variety of 

tests have been developed to characterize the carbon sources in the feedwater.
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These tests may be grouped into two categories, those that directly assess the 

carbon reduction as a result of biological activity and those that address the carbon 

directly utilized by the organisms and incorporated into the biomass. The former 

category is known as biodegradable organic carbon (BDOC) tests and the latter 

category is assimilable organic carbon (AOC) tests. Both measurements attempt to 

assess the amount of biodegradable or assimilable organic carbon in a water source 

(Geldreich, 1996).

The AOC tests represent the easily assimilable portion of the substrate pool, while 

BDOC attempts to measure the entire pool of biodegradable organic matter. For 

this reason, AOC is usually less than the BDOG value and overall they are usually 

less than the total pool of organic carbon. A recent study presented results of BDOC 

values taken at 31 water treatment plants. The BDOC varied from 30 ^  to 1.03 

^  and represented 5-21% of the dissolved organic carbon (Volk and LeChevallier; 

2000). The reported percent removal was comparable to the 30% removal observed 

in this work.

While there was ample evidence from the literature that only a portion of the 

influent organic carbon is removed by the biological pretreatment process, it was 

important to investigate this phenomenon for this work so that TOC removal could 

be better associated with fouling reduction. The experimental design was not set up 

to test this hypothesis, however there was enough information from this research
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to provide provide some evidence that only part of the pool of organic carbon was 

usable by the resident biota.

There does not appear to be a single pool of substrate that is utilizable by the 

microorganisms colonizing the columns. The results in Figure 24 show that the lab 

data is not well represented through a single pool of substrate. By considering the 

pool of substrate as being comprised of two pools of substrate, and using first-order 

kinetics, the cell data can be better represented as seen in Figure 25.

Even with two pools of substrate, the results of this analysis suggest that cell 

growth and substrate utilization is not modeled well with zero-order kinetics. If the 

cell growth was zero-order, there should be a relatively constant concentration of cells 

throughout the column. Since the cell counts decreased by an order of magnitude, 

this claim is not supported.

First-order kinetics results in a reasonable representation of cell counts in the 

column. With first-order kinetics, the useable substrate pool, f u, was depleted by 

about 90% based on the cell data. Using the mean percent removal of BAG and 

IOCS from Figure 8 yields f u = 0.23. Monod kinetics are also a possibility in the 

system with the cell data showing a higher percent removal of the usable substrate 

pool.
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Comparison to Literature Reports of Biological Pretreatment

The results presented here in this study show general agreement with other pub

lished studies that examined biological pretreatment processes and their impact on 

membrane fouling.

Biological pretreatment has been utilized in drinking water treatment to reduce 

the organic carbon levels which are often precursors of disinfection by-products and 

can support regrowth events within the distribution system. The use of biological 

pretreatment in membrane water treatment has been investigated by Griebe and 

Flemming (1998) and van der Hoek et al. (1999) and implemented in rinse water 

reclamation in some Japanese semiconductor manufacturing plants. The Japanese 

applications are proprietary and there is little information available on these pro

cesses (personal communication with Deb Mukhopadhyay).

Griebe and Flemming (1998) reported a 1.5 log reduction in total cell counts 

on a reverse osmosis membrane treating water from a sand biofilter. In addition 

the process reduced 70% of the humic substances found on the membrane. After 

200 hours of flux through a fiat plate reverse osmosis membrane there was no flux 

reduction for the biologically pretreated feedwater while the control membrane had 

a flux reduction of 20%. These results indicate that a reduction in humic substances 

reduced the cell numbers and that both of these are indicators of reduced fouling of

the membrane.
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van der Hoek et al. (1999) found that biological activated carbon filtration 

(BACF) followed by slow sand filtration successfully produced reverse osmosis feed- 

water that met their feedwater requirements. They concluded that not only did the 

BACF reduce: the organic carbon content of the feedwater, but that synthetic or

ganics were effectively removed in these filters and the reverse osmosis retentate was 

better quality resulting in reduced disposal costs.

The results from the literature support the evidence gathered in this study that a 

reduction of humic substances results in a reduction in cell numbers on downstream 

processes and that biological pretreatment produces reverse osmosis feedwater qual

ity that is less likely to foul the downstream processes.

Post-filtration during this study represents microfiltration as a pretreatment for 

reverse osmosis in practice. During the last few years, microfiltration has emerged 

as an economically viable pretreatment technology for reverse osmosis water treat

ment. The operation and maintenance costs during wastewater reclamation pilot 

scale studies at Orange County Water District, CA, were reduced by approximately 

a factor of two over the conventional pretreatment technologies using microfiltration 

(Dawes et al. 2000). The results of the work presented in this document demon

strate that not only does microfiltration result in reduced downstream fouling, but 

that using biological activated carbon filtration before microfiltration provides a fur

ther improvement in the quality of the feedwater as measured by cell counts and

TOC removal.
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Conclusions

Biological pretreatment reduces downstream fouling of membranes as measured 

by the assays employed in this work. The biological pretreatment step reduced the 

number of biofilm cells in both the membrane and bead assays.. In addition, there 

was a reduction in TOC which was consistent with both the reduced cell counts in 

the assays and reduced cell counts within the. columns.

Chlorination, as. an oxidation step, had no impact on downstream fouling potential 

of the feed water. The results indicated little or no difference as a result of chlorina

tion. Chlorine may have a more definitive impact if used in greater concentrations, 

however those concentration levels may be unrealistic in a production operation. It 

is possible that long contact times and carrying a residual into the system may pro

mote more changes in the nature of the organic carbon than was observed in this 

study.

Microfiltration,, after biological treatment, further reduces downstream fouling of 

membranes. Postfiltration reduced the number of biofilm cells in both the: mem

brane and bead assays. It appears that the use of biological treatment coupled with 

microfiltration had the most significant impact on reducing the downstream fouling 

potential of membrane feed water.

All assays were used to assess the fouling potential of a particular treatment. 

The combination of assays provided a much more comprehensive body of evidence 

that fouling potential had been reduced than any single assay. Therefore a variety
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of assays may be necessary to determine the downstream fouling potential of feed 

water. The assays developed during this study that consistently revealed a reduction 

of fouling were the membrane biofilm enumeration, bead assay biofilm enumeration, 

and TOC removal. The TOC removed appeared to be from a portion of the TOC 

that is more useable by the microorganisms. This portion is the critical part of the 

TOC that must be removed to reduce downstream fouling.

Cell growth modeling within the columns indicated that there are at least two 

portions of the organic carbon pool to consider. The kinetics were shown to not 

follow zero-order and therefore first-order kinetics were used to estimate the fraction 

of the two pools of substrate. The column cell count data along with TOC removal for 

the biological pretreatment process alone were adequately modeled with first-order 

kinetics.

Biological pretreatment appears to be a promising technology for reducing the 

downstream fouling of membrane water treatment units. Fouling reduction will 

reduce cleaning intervals, which in turn will reduce chemical usage and increase 

membrane replacement intervals all of which will decrease overall maintenance and 

operation costs in membrane water treatment plants.

Recommendations

The results presented here are considered to be conservative, since the organic 

carbon amendment of humic and fulvic acids is believed to be a very recalcitrant
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form of dissolved organic material typically found in feed water. In a real situation, 

the improvements may be greater.

Recalcitrant organic material may be converted to a more useable form using an 

oxidation step such as ozonation. Ozonation has been shown to increase the AOC 

content of water (Hu, et.,ah,1999, Siddiqui, et ah, 1997) and should be carefully 

examined in the context of biological pretreatment and the assays used for this 

work. Continued work with biological pretreatment using different oxidation steps' 

and different oxidation levels is necessary to determine the design impact of these 

unit processes on the overall system.

Of the assays performed, TOC reduction, membrane biofilm cell counts, and in 

stream biofilm cell counts were good indicators of the level of fouling found in the 

system. These assays consistently revealed evidence that fouling had been reduced in 

the system and therefore would be considered useful assays for assessment of system 

fouling.

Application of the assays developed here, along with modern optical and acoustical 

sensing, capability, may help prove the usefulness of this technology in predicting the 

reduction of membrane biofouling.

Knowledge of the portion of the TOC that is useable by the microorganisms 

should prevent over design of a biological pretreatment reactor. However, appropriate 

reactor models and further kinetics analysis will need to be developed and tested for 

design purposes.
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Finally, the next step will be to perform pilot scale studies using reverse osmosis 

as the final membrane step. The reverse osmosis membranes can then serve as the 

membrane assay.
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Figure 26: Flux curve fit for BAC treatment.
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Figure 27: Flux curve fit for BACCL treatment.
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Figure 28: Flux curve fit for BACPF treatment.
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Figure 29: Flux curve fit for BACPFCL treatment.



98

50 100 150
Time (hours)

Figure 30: Flux curve fit for CTRL treatment.
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Figure 31: Flux curve fit for CTRLCL treatment.
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Figure 32: Flux curve fit for CTRLPF treatment.
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Figure 33: Flux curve fit for CTRLPFCL treatment.
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Figure 34: Flux curve fit for IOCS treatment.
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Figure 35: Flux curve fit for IOCSPF treatment.
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Figure 36: Flux curve fit for IOCSCL treatment.
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Figure 37: Flux curve fit for IOCSPFCL treatment.



A PPE N D IX  B

TOC CURVE FIT GRAPHS 

(See page 39 for explanation)



Pe
rc

en
t R

em
ov

ed
107

600
TOC Added (ppb)

Figure 38: Curve fit for BAC TOC removal.
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Figure 39: Curve fit for BACPF TOC removal.
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Figure 40: Curve fit for BACCL TOC removal.
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Figure 41: Curve fit for BACPFCL TOC removal.
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Figure 42: Curve fit for CTRLPF TOC removal.
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Figure 43: Curve fit for CTRLPFCL TOC removal.
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Figure 44: Curve fit for IOCS TOC removal.
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Figure 45: Curve fit for IOCSCL TOC removal
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Figure 46: Curve fit for IOCSPF TOC removal.
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Figure 47: Curve fit for IOCSPFCL TOC removal.
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Table 8: Summary Data.
Treatment Flux Cell SEM ' DAPI TOC Beadassay

bac 0.0004155203 7.4298 6.5890 6.34 20.49697 7.4257
bac 0:0005008798 7.6303 10.514 11,238 . 22:51709 7.6957
bac 0.0006037745 7.8308 14.439 16.138 24.53720 7.9657

bacpf 0.001717704 6.8475 - 6.063 3 .68 36.22040 5.8197-
bacpf 0.002200599 7.0480 9 .988 8 .577 37.93932 6.0897
bacpf 0-002819249 7.2485 13.913 13.477 ,39.65825 6.3597
iocspf. 0.0008715381 6.7075 4.602 3 .4 8 2 8 .1 3 9 6 7 5.3097 ■
iocspf 0.00104466 6.9080 8 .5 2 7 8.376 30.72282 5.5797
iocspf 0.00125217 7.1085 12.452 13.276 33.30597 5.8497
iocs 0.0003406392 7.4038 6.063 7.57 16.62080 -6.7407
iocs 0.0004425848 7.6043 9 .988 . 12.473 19.05596 7.0107
iocs 0.0005750405 7.8048 13.913 17.373 21.49112 7.2807
Ctrl 0.0003882666 7.7585 17.870 38 .82 0 7.7957
Ctrl 0,0004614376 7.9590 .21.795 43.724 0 8.0657
Ctrl 0.0005483979 8.1595 25.72 . 48.624 0 8.3357

ctrlpf 0.0007048851 7.1215 5.262 - 14.68 21.63263 6:5210
ctrlpf 0.0008701826 7.3220 9.187: : 19.583. 22.71544 6.7910
ctrlpf 0.001074243 7.5225 . 13.112 • 24.483 23.79824 7.0610
iocscl 0.0005257167 7.4102 7.672 5.79 2.842262 5.8923
iocscl 0.0006981388 .7.6107 11.597 10.685 3.882449 6.1623
iocscl 0.0009271112 7.8112 15.522 15.585 4.922636 6.4323

iocspfcl 0.0007768748 6.8525 1.711 7,19 23.18836 5.5017
iocspfcl 0.001067805 7.0530 . 5.636 12.092 25:12150 - 5.7717
iocspfcl 0.001467685 7.2535 9,561 16.992 27.05463 6.0417
bacpfcl 0.001396254 6.8558 3.044 6.43 34.41073 5.5970
bacpfcl 0 .00188016 7.0563 : 6 .969 11.332 36.16253 5.8670
bacpfcl 0.002531776 7 .2568 10.894 16.232 37.91432 6.1370
baccl 0.0005832454 7.3305 15.015 8 .7 2 14.30745 6.2513
baccl 0.0007275754 7.5310 18.940 13.622 16.47266 J6.5213
baccl 0.0009076213 7.7315. 22 .865 18.522 18.63788 6.7913
ctrlcl 0.0004189725 7.8802 ,27.307 33.98 0 6.8563
ctrlcl 0 .0005840445 8.0807 31.232 38.882 0 7.1263
ctrlcl 0.0008141535 8.2812. 35.157 43.782 0 7.3963

ctrlpfcl 0.0008779934 7.1605 3.598 8.51. 19.49634 6.5583
ctrlpfcl 0.001109936 7.3610 7 .523 13.411 , 21.18620 6.8283
ctrlpfcl 0.001403151 7.5615 11.448 : 18.311 2 2 .8 7 6 2 4 7.0983
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Table 9: Flux Data.
Treatment Time (hours) F1UX (rm jL n ) ■

bac 23 0.00087845
bac 38.5 0.0007072
bac 64.5 0.0005689
bac 90.5 0.0004348
bac 111.5 0.0004041
bac 160.5 0.0003353
bac 183.5 0.0003164

bacpf 23 0.0070662
bacpf 38.5 0.0032006
bacpf 64.5 0.0027078
bacpf 90.5 0.001852
bacpf 111.5 0.0016155
bacpf 160.5 0.0013425
bacpf 183.5 0.0015513
iocspf 23 0.00591667
iocspf 38.5 0.002
iocspf 64.5 0.0017718
iocspf 90.5 0.0011076
iocspf 111.5 0.001
iocspf 160.5 0.0008723
iocspf 183.5 0.0008897
iocs 23 0.00129124
iocs 38.5 0.0008608
iocs 64.5 0.0007271
iocs 90.5 0.0004577
iocs 111.5 0.0004476
iocs 160.5 0.0003956
iocs 183.5 0.0004044
C trl 23 0.00085356
C trl 38.5 0.0006282
C trl 64.5 ' 0.0005032
C trl 90.5 0.0004175
C trl 111.5 0.0003769
C trl 160.5 0.0003007
C trl 183.5 0.0003018
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Table 10: Flux Data Continued.
Treatment Time (hours) Flux LJLJ

ctrlpf 23 0.00186637
ctrlpf 38.5 0.0011924
ctrlpf 64.5 0.0009493
ctrlpf 90.5 . 0.0007547
ctrlpf 111.5 0.0006677
ctrlpf 160.5 0.000548
ctrlpf 183.5 0.0005432
iocscl 23 0.00149423
iocscl 38.5 0.0010853
iocscl 64.5 0.0008956
iocscl 90.5 0.0006869
iocscl 111.5 0.000615
iocscl 160.5 0.0005773
iocscl 183.5 0.0005407

iocspfcl 23 0.00183127
iocspfcl 38.5 0.0014305
iocspfcl 64.5 0 .0011573
iocspfcl 90.5 0.000845
iocspfcl 111.5 0.0007947
iocspfcl 160.5 0.0007102
iocspfcl 183.5 0.0006957
bacpfcl 23 0.00282093
bacpfcl 38.5 0.0022899
bacpfcl 64.5 0.0019692
bacpfcl 90.5 0.0014493
bacpfcl 111.5 0.0012649
bacpfcl 160.5 0.0011415
bacpfcl 183.5 0.0010943
baccl 23 0.00126847
baccl 38 .5 0.0011293
baccl 64.5 0.0008772
baccl 90.5 0.000679
baccl 111.5 0.0006023
baccl 160.5 0.0005767
baccl 183.5 0.0005426
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Table 11: Flux Data Continued.
Treatm ent' Time (hours)

ctrlcl 23 '0.00108387
ctrlcl 38.5 0.000831
ctrlcl 64.5 0.0006293
ctrlcl 90.5 0.0004733
ctrlcl 111.5 0.0004321
ctrlcl 160.5 0.0004243
ctrlcl 183.5 0.0003903

ctrlpfcl 23 0.003096
ctrlpfcl 38.5 0.0022349
ctrlpfcl 64.5 0.0016739
ctrlpfcl 90.5 . 0.0011518
ctrlpfcl 111.5 0.0010536
ctrlpfcl 160.5 0.0009171
ctrlpfcl 183.5 0.0008692

bac 16.28. 0.001406
bac 42.43 0.000951
bac 65.12 0.00083
bac 91.95 0.000808
bac 111.8 0.000667
bac 139.42 0.000612

bacpf 16.28 0.01312
.bacpf 42.43 0.004662
bacpf 65.12 0.003758
bacpf 91.95 0.002286
bacpf 111.8 0.002828
bacpf 139.42 0.002563
iocspf 16.28 0.004278
iocspf 42.43 0.001816
iocspf 65.12 0.001506
iocspf 91.95 0.001447
iocspf 111.8. 0.001313
iocspf 139.42 0.00114
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Table 12: Flux Data Continued.
T reatm ent T im e (hours)

iocs 16.28 0.00247
iocs 42.43 0.001013
iocs 65.12 0.000708
iocs 91.95 0.000775
iocs 111.8 0.000639
iocs 139.42 0/000626
Ctrl 16.28 0.001024
Ctrl 42.43 0.000739
Ctrl 65.12 0.000645
ctrl 91.95 0.000707
Ctrl 111.8 0.000583
ctrl 139,42 0.0005

ctr lp f 16 .28 0.002696
ctr lp f 42.43 0.001683
ctr lp f 65.12 0.001437
c tr lp f 91.95 0.001312
ctr lp f 111.8 . 0.001082
ctr lp f 139.42 0.000903
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Table 13: Flux Data Continued.
Treatment Time (hours) FI™ LtJLJ

iocscl 16.28 0.003067
iocscl 42.43 0.001702
iocscl 65.12 0.001338
iocscl 91.95 0.001492
iocscl 111.8 0.001007
iocscl 139.42 0.000822

iocspfcl 16.28 0.006841
iocspfcl . 42.43 0.003085
iocspfcl 65.12 0.002351
iocspfcl 91.95 0.002265
iocspfcl • 111.8 0.001573
iocspfcl 139.42 0.0013
bacpfcl 16.28 0.005689
bacpfcl 42.43 0.004362
bacpfcl 65.12 0.003495
bacpfcl 91.95 0.003435
bacpfcl 111.8 0.002833
bacpfcl 139.42 0.002379
baccl 16.28 0.002455
baccl 42.43 0.00155
baccl 65.12 0.001238
baccl 91.95 0.001412
baccl 111.8 0.001048
baccl 139.42 0.000856
ctrlcl. 16.28 0.002926
■ctrlcl 42.43 0.001662
ctrlcl 65.12 0.001298
ctrlcl 91.95 0.001496
ctrlcl 111.8 0.000977
ctrlcl 139.42 .0.000755:

ctrlpfcl 16.28 0.007288
ctrlpfcl 42.43 0.003099
ctrlpfcl 65 .12 0.002034
ctrlpfcl 91.95 0.002035
ctrlpfcl 111.8 0.001382.
ctrlpfcl 139.42 0.001161



124

Table 14: Flux Data Continued.
T reatm ent T im e (hours)

bac 17.4 0.00119589
bac 40 0.00095671
bac 63.2 0.00073082
bac 88.2 0.00054983
bac 111.75 0.00064484

b acp f 17.4 0.00744561
b acp f 40 0.00614558
b acp f 63.2 0.00464858
b acp f 88 .2 0.00353194
b a cp f 111.75 0.00403217
io csp f 17.4 0.00307649
io c sp f 40 0.00204099
io c sp f 63.2 0.00170082
io c sp f 88.2 0.00096598
io c sp f 111.75 0.00088278

iocs 17.4 0.00175259
iocs 40 0.00074777
iocs 63.2 0.00054525
iocs 88 .2 0.0002686
iocs 111.75 0.00027492
Ctrl 17.4 ' 0.00083883
Ctrl 40 0.00076693
Ctrl 63.2 0.00063911
Ctrl 8 8 .2 0.00055096
Ctrl 111.75 0.0007049

ctr lp f 17.4 0.0018257
ctr lp f 40 0.0016553
ctr lp f 63 .2 0.00137942
ctr lp f 88 .2 0.00117516
ctr lp f 111.75 0.00150352
io csc l 17.4 0.00134339
io csc l 40 0.00087931
iocscl 6 3 .2 0.00065134
io csc l 88.2 0.0004492
io csc l 111.75 0.00064655
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Table 15: Flux Data Continued.
Treatment Time (hours) FI™ L

iocspfcl 17.4 ' 0.00315208
iocspfcl 40 0.00180119
iocspfcl 63.2 0.00150099
iocspfcl 88.2 0.00103517
iocspfcl 111.75 0.00152307
bacpfcl 17.4 0.00731711
bacpfcl 40 0.00419514
bacpfcl 63.2 0.00325205
bacpfcl 88.2 0.00218672
bacpfcl 111.75 0.00294119
baccl 17.4 ■ '0.00153317
baccl 40 0.00100353
baccl 63.2 0.00074336
baccl 88.2 .0.00057674
baccl 111,75 0.00073789
ctrlcl 17.4 0.0013543
ctrlcl 40 0.00088645
ctrlcl 63.2 0.00065663
ctrlcl 88 .2 0.00045285
ctrlcl 111.75 0.00057938

ctrlpfcl 17.4 0.00312374
ctrlpfcl 40 0.00159027
ctrlpfcl 63.2 0.00119901
ctrlpfcl 88.2 0.00087042
ctrlpfcl 111.75 0.00122499
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Table 16: BACCL TOC Data.
Treatment TOC (ppb) % Removal

baccll 129.49 5.2026
baccll 129.49 7.9833
baccll 129.49 7.42
baccll 129.49 7.605
baccll 379 10.5426
baccll 379 13.1968
baccll 379 13.0904
baccll 379 14.0062
baccl2 179.91 15.2815
baccl2 179.91 16.4776
baccl2 179.91 15.6641
baccl2 179.91 16.943
baccl2 263.83 5.2224
baccl2 263.83 6.6844
baccl2 263.83 7.1123
baccl2 263.83 7.2549
bacclS 998;2 17.26
bacclS 998.2 19.6573
bacclS 998.2 19.6978
bacclS 998.2 19.5205
bacclS 1133.86 18.3483
bacclS 1133.86 20.5306
bacclS 1133.86 19.127
bacclS 1133.86 20.4725
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Table 17: BACPF TOC Data.
Treatment TOC (ppb) % Removal

bacpfl 260.6 19.6624
bacpfl. 2 60 .6 19.9859
bacpfl 260.6 20.2572;
bacpfl 260.6 20.7685
bacpfl 479.08 22.8771
bacpfl 479.08 23.6198
bacpfl 479.08 22.9996
bacpfl 479.08 24.3115
bacpf2 1 337.35 19.8016
bacpf2 337.35 16.8954
bacpf2 337.35 16.7179

■ bacpf2 337.35 17.5387
bacpf2 246 .6 9 16.2703
bacpf2 246.69 18.076 .
bacpf2 246.69 15.4133
bacpf2 246.69 . 18.5699
bacpfS 945.91 . 44.0158
bacpfS 945.91 44.7822
bacpfS 945.91 ' 44.2745
bacpfS 945.91 . 45.0281
bacpfS 638.38 30.6029
bacpfS 638.38 31.7163
bacpfS 638.38 ■ 32.0117
bacpfS 6 3 8 .3 8 32.4017
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Table 18: BAC TOC Data.
Treatment TOC (ppb) % Removal

b a d 412.86 7.4794
b a d 412.86 8.249
b a d 412.86 8.3351
b a d 412.86 8.609
b a d 269.15 8.17
b a d 313.03 7.675
b a d 313.03 9.2371
b a d 313.03 9.6046
b a d 313.03 6.8149
bac2 337.36 12.7943
bac2 337,36 7.8123
bac2 337.36 9.2162
bac2 337.36 15.5611
bac2 246.69 4.3342
bac2 246.69 6.9707
bac2 246.69 7.9912
bac2 246.69 8.4132
bacS 945.91 26.3923
bac3 945.91 26.0985
bac3 945.91. 25.7919
bac3 945.91 25.7504
bac3 638 .38 19.0638
bac3 638 .38 20.5635
bac3 638.38 20.3211
bac3 638 .38 ; 20.5446
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Table 19: BACPPCL TOC Data.
Treatment . TOC  (ppb) % Removal
bacpfcll 129.49 15.7595
bacpfcll 129.49 ' 14.3402
bacpfcll 129.49 16.3781
bacpfcll 129.49 15.1658
bacpfcll 379 19.0405
bacpfcll 379 21.0958
bacpfcll 379 21.6948
bacpfcll 379 22.2565
bacpfcl2 179.91 15.1263
bacpfcl2 179.91 21.9656
bacpfcl2 179.91 25.0853
bacpfcl2 179.91 15.8847
bacpfcl2 263 .83 17.1875
bacpfcl2 263 .8 3 18.4388
bacpfcl2 263 .8 3 18.536
bacpfcl2 263.83 17.985
bacpfclS 998 .2 43.7673
bacpfclS 998 .2 45.0577

. bacpfclS 998.2 45.5116
bacpfclS 998 .2 45.9625
bacpfclS 1133.86 44.3944
bacpfclS ■ 1133.86 44.6763
bacpfclS 1133.86 44.717
bacpfclS 1133.86 45.0599
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Table 20: CTRLPFCL TOO Data.
Treatment TOC (ppb) % Removal
ctrlpfcll 129.49 2.4742
ctrlpfcll 129.49 3.0569
ctrlpfcll 129.49 3.8522
ctrlpfcll 129.49 1.9275
ctrlpfcll 379 7.8271
ctrlpfcll 379 10.2284
ctrlpfcll 379 10.7476
ctrlpfcll 379 11.8071
ctrlpfcl2 179.91 -2.7541
ctrlpfcl2. 179.91 -2.4815
ctrlpfcl2 179.91 7.058
ctrlpfc!2 179.91 1.0395
ctrlpfcl2 263 .83 -0.4182
ctrlpfcl2 263.83 2.2724
ctrlpfcl2 263.83 1.3842
ctrlpfc!2 263.83 2.6971
ctrlpfclS 998.2 27.0483
ctrlpfclS 998 .2 27.8971
ctrlpfclS 998.2 28.0744
ctrlpfclS 998.2 28.3356
ctrlpfclS 1133.86 30.7625
ctrlpfclS' 1133.86 30.9834
ctrlpfclS 1133.86 31.0473
ctrlpfclS 1133.86 31.3931
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Table 21 r CTRLPF TOC Data.
Treatment. : TOC (ppb) % Removal

ctrlpfl 260.61 13.9205
ctrlpfl ■ 260.61 14.5283
ctrlpfl 260.61 14.9797
ctrlpfl 260.61 15.6501
ctrlpfl 479.08- 17.9918
ctrlpfl 479.08 ' 19.6023
ctrlpfl 479.08 19.6457
ctrlpfl 479.08 18.3644
ctrlpf2 337.35 15.5801
ctrlpf2 337.35 14.6769
ctrlpf2 337.35 16.8447
ctrlpf2 337.35 16.0048
ctrlpf2 246.69 10.8698
ctrlpf2 246.69 . 13.7974
ctrlpf2 246.69 13.2904
ctrlpf2 246.69 13.4768
ctrlpfS 945.91 22.5125
ctrlpfS 945.91 24.8978
ctrlpfS 945.91 25.4055
ctrlpfS 945.91 25.7823
ctrlpfS 638 .38 17.6702.
ctrlpfS 638 .38 20.5559
ctrlpfS 6 3 8 .38 20.9081
ctrlpfS 638 .38 ■ 21.0331
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Table 22: IOCSCL TOC Data.
Treatment TQC (ppb) % Removal

iocscll 129.49 2.6114
iocscll 129.49 0.0991
iocscll 129.49 3-5506
iocscll 129.49 2.1862
iocscll 379 0.8142
iocscll 379 3.7495
iocscll 379 3.5963
iocscll 379 4.7832
iocscl2 179.91 2.8238
iocscl2 179.91 4.7698
iocscl2 179.91 6.2498
iocscl2 179.91 6.4717
idcscl2 263.83 2.1817 '
iocscl2 263 .83 4.6647
iocscl2 263 .83 3.7975
iocscl2 263 .83 5.2976
iocsclS 998.2 2.0022
iocsclS 998 .2 5.668
iocsclS 998.2 5 .4828  .

iocsclS 998 .2 5.8373
iocsclS 1133.86 2 ^ 2 9 8
iocsclS ! 1133.86 3.4962
iocsclS 1133.86 4.0622
iocsclS 1133.86 3.0368
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Table 23: IOCSPFCL TOC Data.
Treatment TOC (ppb) : % Removal
iocspfcll 129.49 6.0117
iocspfcll 129.49 7:2294
iocspfcll 129.49 7.3869
iocspfcll 129.49 ■ 7.0196
iocspfcll 379 11.7779
iocspfcll 379 . 12.51
iocspfcll 379 ■ 12.5819
iocspfcll 379 13.5962.
iocspfcl2 179.91 ’ 4.4917
iocspfcl2 179.91 2.8095
iocspfcl2 179.91 6.4394
iocspfcl2 179.91 4.9467
iocspfcl2 263 .83 4 .2888
iocspfcl2 - 263 .83 6.8756
iocspfcl2 263.83 6.9178
iocspfcl2 263.83 5.5952
iocspfclS 998 .2 35.2881
iocspfclS . 998 .2 35.7669
iocspfcl3 998.2 36.2178
iocspfclS 998 .2 35.9597
iocspfclS 1133.86 29.8065
iocspfclS 1133.86 32.5148
iocspfclS 113.3.86 32.2388
iocspfclS 1133.86 32.5758
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Table 24: IOCSPF TOO Data..
Treatment TOC (ppb). % Removal

iocspfl 260.61; 12.3317
iocspfl 260.61 13.2239
iocspfl 260.61 14.0405
iocspfl 260.61 13.7744
iocspfl . 479.08 13.4179
iocspfl 479.08 12.7977
iocspfl 479.08 14.3036
iocspfl 479.08 13.2163
iocspf2 337.35- 16,6925
iocspf2 337.35 19.0758
iocspf2 337.35 17.4278
iocspf2 337.35 15.9668
iocspf2 246.69 14.1703
iocspf2 246.69 10.2548
iocspf2 - 246.69 11.9296
iocspf2 246.69 10.3693
iocspfS 945.91 36.1892
iocspfS 945.91. 35.8283
iocspfS 945.91 36.9428
iocspfS 945.91 36.5404
iocspfS i 638 .38 26.7818
iocspfS 638 .38 27.3915
iocspfS 638.38 27.0961
iocspfS 638 .38 27.2249
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Table 25: IOCS TOO Data.
Treatment TOC (ppb) % Removal

iocsl 260.61 2.4418
iocsl 260:61 3.2792
iocsl 260.61 3.7175
iocsl 260.61 3.8767
iocsl 479.08 2 .9 5 8 2
iocsl 479.08 3.5606
iocsl 479.08 4.0353
iocsl 479.08 4.4922
iocs2 337.35 4.4211

• iocs2 337.35 5.4321
iocs2 337.35 6.871
iocs2 337.35 7.4795
iocs2 246.69 4.4029
iocs2 246.69 4.2393
iocs2 246.69 4.7954
iocs2 246.69 : 4 .5239
iocs3 945.91 24.0452
iocs3 945.91 25.3832
iocs3 945.91 26.7691
iocs3 945.91 26.9447
iocs3 638 .38 10.5052
iocs3 ' 638.38 13.6408
iocs3 638 .38 14.0801
iocs3 638 .38 13.8567
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Table 26: Membrane cell data.
Treatment O=U= N G ) )

bac 7.83
bac 7.8
bac 7.62
bac 7.92
bac 8.11
bac 8.18
bac 7.97
bac 7.72
bac 7.89
bac 7.62

baccl 7.59
baccl 7.73
baccl 7.7
baccl 7.87
baccl 7.96
baccl 7.75
baccl 7.63
baccl 7.29
baccl 7.72
baccl 7.63
BacPf 7.11
BacPf 6.99
BacPf 7.07
BacPf 7.42
BacPf 7.44
BacPf 7.22
BacPf 7.03
BaePf . 7.2
BacPf 7.2
BacPf 7.29
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Table-27: Membrane cell data continued.
Treatment ' c e lto M S ) )
BacPfCl 7.18
BacPfCl 7.12
BacPfCl 7 .09
BacPfCl 6 ,88
BacPfCl 7.18
BacPfCl 7 .27
BacPfCl 7 .33
BacPfCl 7.01
BacPfCl 7.15
BacPfCl 7.2

Ctrl 8.21
Ctrl 7.91
Ctrl 7 .96
Ctrl 8 .18
Ctrl 8 .09
Ctrl 8.01
Ctrl 8.12
Ctrl 8 .33
Ctrl 7.96
Ctrl 8.09

CtrlCl 8 .2 2 .

CtrlCl 8 .5 9
CtrlCl 8 .8
CtrlCl 8 .48
CtrlCl 8 .22
CtrlCl 8 .09
CtrlCl ■ 8 .2 9
CtrlCl 8 . 22 .

CtrlCl 8 .4
CtrlCl 8 .6 7
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Table 28: Membrane cell data continued.
Treatment. Cells (log ( S ) )

CtrlPf 7.36
CtrlPf . 7.44
CtrlPf 7.74
CtrlPf 7.77
CtrlPf 7.64
CtrlPf 7.56
CtrlPf 7.31
CtrlPf 7.26
CtrlPf 7.4
CtrlPf 7.7

CtrlPfCl 7.4
CtrlPfCL 7.37
CtrlPfCl 1 7:33
CtrlPfCl 7.4
CtrlPfCl 7.33 .
CtrlPfCl 7.47
CtrlPfCl 7.59
CtrlPfCl 7.54
CtrlPfCl 7.69
CtrlPfCl 7.57

Iocs 7.66
Iocs 7.84
Iocs 7.8
Iocs 7.76
Iocs 7.94
Iocs 7.76
Iocs 7.76
Iocs 8.12
Iocs 7.76
Iocs 7.71
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Table 29: Membrane cell data continued.
Treatment Cells (log. ( “ “? ))

IocsCl 8 .05
IocsCl 8 .36
IocsCl 7.94.
IocsCl 8 .32
IocsCl 7.81
IocsCl 8.18
IocsCl 7.61
IocsCl 8 .35
IocsCl 7 .88
IocsCl 8.07
IocsPf 6 .93
IocsPf 1 6.97
IocsPf 6.97
IocsPf 6 .89
IocsPf 7.03
IocsPf 7.23
IocsPf 7.17
IocsPf 7
IocsPf 7
IocsPf ' 6.84

IocsPfCl 7.31
IocsPfCl 7.24
IocsPfCl 7.43:
IocsPfCl 7.61
IocsPfCl 7.01
IocsPfCl 7.13
IocsPfCl 7.09
IocsPfCl 7.31
IocsPfCl 7.13
IocsPfCl 6.79
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Table 30: Membrane cell data continued.
Treatment Cell= (log ( “ "?))

bac 7.63
bac 7.63
bac 7.54
bac 7.68
bac 7.41
bac 7.96
bac 7.68
bac 7.75
bac 7.71
bac. 7.71

baccl 7.67
baccl 7.67
baccl 7.34
baccl 7.36
baccl 7.64
baccl 7.78
baccl 7.67
baccl 7.5
baccl 7.46
baccl 7.12
BacPf 7.12
BacPf 7.12
BacPf 7.08
BacPf 7.15
BacPf 7.08
BacPf 6.78
BacPf 7.51
BacPf 7.3
BacPf 6.85
BacPf 7.12
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Table 31: Membrane cell data continued.
Treatment Cells-(log ( " " I ) )
BacPfCl 7.14
BacPfCl 7.14
BacPfCl 7.25
BacPfCl 7.11
BacPfCl 7.05
BacPfCl 7.4
BacPfCl 7.08
BacPfCl 7.23
BacPfCl 7.11
BacPfCl 7.16

Ctrl 7.91
Ctrl 7.91
Ctrl 8:05
Ctrl 8.51
Ctrl 8.21
Ctrl 8.16
Ctrl 8.29
Ctrl 7.98
Ctrl 8.25
Ctrl 7.81

CtrlCl 8.27
CtrlCl 8.27
CtrlCl 8.05
CtrlCl 7.87
CtrlCl 7.75
CtrlCl 7.87
CtrlCl 8.22
CtrlCl 7.97
CtrlCl 8.38
CtrlCl 8.31
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Table 32: Membrane cell data continued.
Treatment ■ Cells ( I o g ( S ) : ) '

CtrlPf 7.3
CtrlPf 7.3
CtrlPf 7.15
CtrlPf 7.48
CtrlPf 7.68
CtrlPf 7.53
CtrlPf 7.45
CtrlPf 7.08
CtrlPf 1 7.65
CtrlPf 7.63

CtrlPfCl 7.35
CtrlPfCl 7.35
CtrlPfCl 7.35
CtrlPfCl 7.41
CtrlPfCl 7.52
CtrlPfCl 7.38
CtrlPfCl 7.19
CtrlPfCl 7.41
CtrlPfCl 7.52
CtrlPfCl 7.41

Iocs 7.6
Iocs 7.6
Iocs 7.6
Iocs 7.82
Iocs 7.55
Iocs 7.66
Iocs 7.85
Iocs 8.06
Iocs 7.96
Iocs 7.55
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Table 33: Membrane cell data continued.
Treatment CeMMS))

IocsCl 7.45
IocsCl 7.45
IocsCl 7.38
IocsCl 7.45
IocsCl 7.56
IocsCl 7.38
IocsCl 7.72
IocsCl 7.51
IocsCl 7.93
IocsCl 7.38
IocsPf 7.21
IocsPf 7.21
IocsPf 7.32
IocsPf 7.26
IocsPf 7.36
IocsPf 7.32
IocsPf v 7.21
IocsPf 7.29
IocsPf 7.06
IocsPf 7.21

IocsPfCl 7.2
IocsPfCl 7.2
IocsPfCl 7.34
IocsPfCl 7.29
IocsPfCl 7.23
IocsPfCl 6.98
IocsPfCl 7.16
IocsPfCl 7.2
IbcsPfCl 7.12
IocsPfCl 7.34
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Table 34: Membrane cell data continued.
Treatment Cells (log (3 ) )

bac 7.51
bac 7.51
bac 7.27
bac 7.43
bac 7.27
bac 7.33
bac 7.27
bac 7.03
bac 7.6
bac 7.33

baccl 7.49
baccl 7.49
baccl 7.43
baccl 7 .48
baccl 7.62
baccl 7.42
baccl 7.26
baccl 7.32
baccl 7.34
baccl 7
BacPf 6.86
BacPf 6.86
BacPf 6.81
BacPf 6 .68
BacPf 6 .98
BacPf 6.68
BacPf 6 .89
BacPf 7.15
BacPf 6.59
BacPf 6 .86
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Table 35:. Membrane, cell data continued.
Treatment Cells ( k g ( S I )

BacPfCl 6.8
BacPfCl 6.8
BacPfCl 6.6
BacPfCl 6.91
BacPfCl 7.04
BacPfCl 6.84
BacPfCl 7.24
BacPfCl - 6 .76
BacPfCl 6.71
BacPfCl 6.91

Ctrl 7.6
Ctrl 7.6
Ctrl 7.62
Ctrl 7.74
Ctrl 7.76
Ctrl 7.64
Ctrl 7.73
Ctrl 7.59
Ctrl 7.7
Ctrl 7.85

CtrlCl 7 .83
CtrlCl 7.83
CtrlCl 7.96
CtrlCl 7.72
CtrlCl 7.46
CtrlCl 7.8
CtrlCl 7.8
CtrlCl 7.76
CtrlCl 7.38
CtrlCl 7.94
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Table 36: Membrane cell data continued.
Treatment CeUs (log ( S ) )

CtrlPf 7.11
CtrlPf 7.11
CtrlPf 7.08
CtrlPf 6.71
CtrlPf 7.14
CtrlPf 7.11
CtrlPf 7.01
CtrlPf 6.84
CtrlPf : 6.84
CtrlPf 7.28

CtrlPfCl 7.27
CtrlPfCl 7.27
CtrlPfCl 7.2
CtrlPfCl 7.11
CtrlPfCl 7.5
CtrlPfCl 7.42.
CtrlPfCl 6,86
CtrlPfCl 7,52
CtrlPfCl- 7.24.
CtrlPfCl 6.86

Iocs 7.1
Iocs 7.1
Iocs 7.21
Iocs 7.42
Iocs 7,06
Iocs 7.69
Iocs 7.42
Iocs 7.19
Iocs 7.29
Iocs 7.29
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Table 37: Membrane cell data continued.
Treatment Cells ( I o g ( S ) )

IocsCl 7.39
IocsCl 7.39
IbcsCl 7.69
IocsCl ’ 6.84
IocsCl 7.12
IocsCl 7.53
IocsCl 7.29
IocsCl 6.88
IocsCl 7.09
IocsCl 7.32
IocsPf 6.3
IocsPf 6.3
IocsPf 6.51
IocsPf 6.88
IocsPf 6.51
IocsPf 6.38
IocsPf 6.08
IocsPf 6.56
IocsPf 6.86
IocsPf 6.38

IocsPfCl 6.81
IocsPfCl 6.81
IocsPfCl 6.35
IocsPfCl 6.98
IocsPfCl 6.85
IocsPfCl 6.65
IocsPfCl 6.89
IocsPfCl 6.55
IocsPfCl 6.71
IocsPfCl : 6.88
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Table 38: SEM Data. BAG and BACCL
Treatment • Thickness (/zm) Filter Chlorine

bac 11.92 no no
bac 11.87 no no
bac . . 11.97 no no
bac 10.71 no no
bac 10.5 no no
bac 11.14 no no
bac 12.11 no no
bac 12.43 no no
bac 11.14 no no
bac 11.46 no no
bac 8.13 no no
bac 8.02 no no
bac 7.92 no no
bac 9.78 no no
bac 9.12 no no
bac 10.33 no no
bac 10.66 no no
bac 8.44 no no
bac 12,81 no no
bac 9.81 no no

baccl 21.82 no yes.
baccl 23.7 no yes
baccl 23.7 no yes ..
baccl 19.6 no yes
baccl 20.71 no yes
baccl 20.08 no yes
baccl 12.95 no yes
baccl 13.67 no yes
baccl 14.23 no yes
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Table 39: SEM Data. BACPF,BAGPFCL and CTRL.
T reatm ent T h ick n ess [pm) F ilter ' C hlorine

b a cp f 4.94 yes no
b a cp f 4.39 yes no
b a cp f 4.03 yes no
b a cp f 3.95 yes- no
b a cp f 13.81 yes no
b a cp f 14.12 yes no
b a cp f 16.39 yes no
b a cp f 15.74 yes no
b a cp f 10.25 yes no
b a cp f 11.08 yes no
b a cp f 11.17 yes no

bacpfcl 5.13 yes yes
bacpfcl 5.05 yes yes-
bacpfcl 4.11 yes , yes
b acp fcl 10.72 yes yes
b acp fcl 10.32 yes yes
bacpfcl 10.27 : yes yes
bacpfcl 10.78 yes yes
bacpfcl 10.55 : yes yes
bacpfcl 3.63 yes yes:
bacpfcl 2.76 • yes yes
bacpfcl 3.34 yes yes

Ctrl 21.8 no no
Ctrl 22.56 no no
Ctrl 24.95 no no
Ctrl 17.65 no no
Ctrl 16.92 no no
Ctrl 19.32 no no
Ctrl ' 22.91 no no
Ctrl 23.68 no no
Ctrl 23.81 no no
Ctrl 24.35 no no
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Table 40: SEM Data.. CTRLCL, CTRLPF,. and CTRLPFCL.
Treatment Thickness ( / im ) Filter Chlorine

ctrlcl 27.96 no yes
ctrlcl 27.86 no yes
ctrlcl 27.& no yes
ctrlcl 26.46 no yes
ctrlcl 34:36 no yes
ctrlcl 19.03 no yes
ctrlcl 34.1 no yes
ctrlcl 39.44 no ■ yes
ctrlcl 34.39 no yes
ctrlcl 40.92 no yes
ctrlpf 4.43 yes no
ctrlpf 4.3 yes no
ctrlpf 182 yes no
ctrlpf 10.4 yes no
ctrlpf 11.48 yes no
ctrlpf 12.92 yes no
ctrlpf 10.47 yes no
ctrlpf 11.62 yes no
ctrlpf 12.24 yes no

ctrlpfcl 6.34 yes yes
ctrlpfcl 6.33 yes yes
ctrlpfcl 6.91 yes ' yes
ctrlpfcl 5.92 yes yes
ctrlpfcl 10.8 yes yes
ctrlpfcl 10 yes yes
ctrlpfcl 9.82 yes yes
ctrlpfcl 6.23 yes yes
ctrlpfcl 6.79 yes yes
ctrlpfcl 6.09 yes yes
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Table 41: SEM Data. IOCS, IOCSCL, IOCSPF, and IOCSPFCL.
Treatment Thickness (fim) Filter Chlorine

iocs 17.92 no no
iocs 15.39 no no
iocs 19.89 no no
iocs 12.23 no no
iocs 12.81 no ; no
iocs 12.29 no no
iocs 8.95 no no
iocs 9.04 no no
iocs 10.71 no no

iocscl 11.05 no yes
iocscl 9.26 no . ,yes
iocscl 12.09 no yes
iocscl 8.93 no yes
iocscl 8.96 no yes
iocscl 9.89 no yes
iocscl 14.59 no yes
iocscl 14.89 no yes.
iocscl 14.71 no yes
iocspf 15.07 yes no
iocspf 14.36 yes no
iocspf 12.69 • yes no
iocspf 4.03 yes no
iocspf 4.4 yes no
iocspf 3.53 yes no
iocspf 8.66 yes' no
iocspf 7.42 yes no
iocspf 6.58 yes no

iocspfcl 4.62 yes yes
iocspfcl 4.8 yes- yes
iocspfcl 4.89 yes yes
iocspfcl 3.68 ’ yes. yes
iocspfcl 4.01 yes yes
iocspfcl 3.72 yes i yes
iocspfcl 8.32 ■ yes yes
iocspfcl 7.79 yes yes
iocspfcl 8.89 yes yes
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Table 42: DAPI Data. BAG and BACCL.
Treatment Thickness (//m) Filter Chlorine

bac 10.85 no no
bac 10.58 no no
bac 13.34 no no
bac 9.34 no no
bac 11.11 no no
bac 8.08 no no
bac 7.83 no no
bac 13.89 no no
bac 9.56 no no
bac 10.72 no no
bac 12.01 no no
bac 14 no no
bac . 11.21 no no
bac 11 no no
bac 13.1 no no
bac 10.4 no no
bac 11.1 no no
bac 12.5 no no
bac 12.9 : no no

baccl 9.98 no :yes
baccl 9.34 no yes
baccl 13.8 no yes
baccl 9.28 no yes
baccl 8.28 no yes-
baccl 10.57 no yes
baccl 11.26 no yes
baccl 18.98 no - yes
baccl 17.6 no yes
baccl 20.19 no yes
baccl 17.88 no yes
baccl 15.1 no yes
baccl 13.7 no yes
baccl 13.9 no yes
baccl 14.3 no yes
baccl 13.8 no yes
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Table 43: DAPI Data.. BACPF and BACPFCL.
Treatment Thickness (//m) Filter Chlorine

bacpf 12.36 yes no
bacpf 5.93 yes no
bacpf 14.48 yes no
bacpf 9.73 yes no
bacpf 10.94 yes no
bacpf 3.09 yes no
bacpf 4.15 yes no
bacpf 5.97 yes no
bacpf 7.61 yes no
bacpf 9.4 yes no
bacpf 8.3 yes no
bacpf 8.5 yes • no
bacpf 9.4 yes no
bacpf 10.1 yes no
bacpf 8.7 yes no

bacpfcl 7.35 yes yes
bacpfcl 8.78 yes yes
bacpfcl 8.07 yes yes
bacpfcl 15.54 yes yes
bacpfcl 15.49 yes ' yes
bacpfcl 14 yes yes
bacpfcl 14.01 yes yes
bacpfcl 9.15 yes yes
bacpfcl 10.97 yes yes
bacpfcl 9.82 yes yes
bacpfcl 10.5 yes yes
bacpfcl 10.7 yes yes
bacpfcl 13 yes yes
bacpfcl 12.3 yes yes
bacpfcl 10.3 yes • yes
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Table 44: DAPI Data. CTRL and CTRLCL.
Treatment Thickness { j i m ) Filter Chlorine

Ctrl 39.4 no no
Ctrl 38.53 no no
Ctrl 37.91 no no
Ctrl 40.11 no no
Ctrl 38.67 . no no
Ctrl 39.16 no no
Ctrl 53.55 no no
Ctrl 51.79 no no.
Ctrl 49:59 no no
Ctrl 42.75 ' I no no
Ctrl 48:6 no no
Ctrl 44.5 no no
Ctrl 43.7 no no
Ctrl 42 no no
Ctrl 45.6 no no

ctrlcl 37.26 no yes
ctrlcl 33.92 no yes
ctrlcl 28.13 no yes
ctrlcl 37.08 no yes
ctrlcl 45.83 no yes
ctrlcl 39.08 no yes
ctrlcl 40.7 no yes
ctrlcl 40.4 no yes
ctrlcl 43.3 no yes
ctrlcl 42.1 no yes
ctrlcl 39.9 no yes
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Table 45: DAPI Data. CTRLPF and CTRLPFCL.
Treatment Thickness (yum) Filter Chlorine

ctrlpf 28.98 yes no
ctrlpf 29.37 yes no
ctrlpf 31.66 yes no
ctrlpf 39.12. yes no
ctrlpf 41.73 yes no
ctrlpf 38.24 yes no
ctrlpf 11.86 yes no
ctrlpf 10.76 yes - no
ctrlpf 8.11 yes no
ctrlpf 7.72 yes no
ctrlpf 6.88 yes no
ctrlpf 11.39 yes no
ctrlpf 5.24 yes no
ctrlpf 7.12 yes no
ctrlpf 6.79 yes no
ctrlpf 22.3 yes no
ctrlpf 21.5 yes no
ctrlpf 20.7 yes no
ctrlpf 21.4 yes no
ctrlpf 20.8 yes no

ctrlpfcl 13.69 yes yes
ctrlpfcl 10.24 yes yes
ctrlpfcl 17.87 yes yes
ctrlpfcl 13.52 yes yes
ctrlpfcl 18.32 yes yes
ctrlpfcl 19.36 yes ■ yes.
ctrlpfcl 12.39 yes yes
ctrlpfcl 14.86 yes yes
ctrlpfcl 10.89 yes yes
ctrlpfcl 10.86 yes yes
ctrlpfcl 9.04 yes. yes
ctrlpfcl 6.75 yes yes
ctrlpfcl 13.7 yes yes
ctrlpfcl 13.5 yes yes
ctrlpfcl 14.1 yes yes-
ctrlpfcl 14.6 yes yes
ctrlpfcl 14.3 yes yes
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Table 46: DAPI Data. IOCS and IOCSCL.
Treatment Thickness (yitro) Filter Chlorine

iocs 13.75 no no
iocs 26.72 no no
iocs 14.8 no no
iocs 20.88 no no
iocs 9.25 no no
iocs 10.68 no no
iocs 7.21 no no
iocs 8.56 no no
iocs 12.33 no no
iocs 8.71 no no
iocs 7.65 no no
iocs 10.15 no no
iocs 11.99 no no
iocs 9.91 no no
iocs 9.5 no no
iocs 9.75 no no
iocs 14.4 no no
iocs 13.5 no. no
iocs 12.9 no no
iocs 15.1 no no
iocs 14.2 no no

iocscl 9.56 no yes
iocscl 9.01 no yes
iocscl 8.78 no , yes
iocscl 9.26 no yes
iocscl 8.34 no yes
iocscl 10.99 nq yes
iocscl 10.92 no yes
iocscl 12.3 no yes
iocscl 11.21 no yes
iocscl 15.13 no yes
iocscl 10.65 no yes
iocscl 9.09 no yes
iocscl 10.6 no yes
iocscl 12.1 no yes
iocscl 11.6 no yes
iocscl 11.2 no yes
iocscl 10.9 no yes
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Table 47: DAPI Data. IOCSPF and IOCSPFCL.
Treatment Thickness (/zm) Filter Chlorine

iocspf 13.54 yes no
iocspf 9.06 yes no
iocspf 9.97 yes no
iocspf 11.35 yes no
iocspf 12.15 yes no
iocspf 12.15 yes no
iocspf 3.4 yes no
iocspf 4.14 yes no
iocspf 3.23 yes no
iocspf 6.68 yes no
iocspf 4.73 yes no
iocspf 5.64 yes no
iocspf 4.84 yes no
iocspf 6.98 yes no
iocspf 7.77 yes no
iocspf 8.9 yes no
iocspf 9.6 yes no
iocspf 12.1 yes no
iocspf 10.9 yes no
iocspf 10.4 yes no

iocspfcl 4.03 yes yes
iocspfcl 5.46 yes yes
iocspfcl 7.83 yes yes
iocspfcl 7.61 yes yes
iocspfcl 24.7 yes yes
iocspfcl 11.86 yes yes
iocspfcl 18.86 yes yes
iocspfcl 16.61 yes yes
iocspfcl 11.63 ■ yes yes
iocspfcl 13.1 yes yes
iocspfcl 13.5 yes yes
iocspfcl 10.9 • yes yes
iocspfcl 11.3 ■ yes yes
iocspfcl 11.9 yes yes
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Table 48: BAC Bead Data.
Treatment Experiment Cells (log ( S ) ) filter chlorine

Bac I 7.64 no no
Bac I 7.6 no no
Bac I 7.42 no no
Bac I 7.96 no no
Bac I 7.76 no no
Bac I 7.64 no no
Bac I 8 no . no
Bac I 7,55 no no
Bac I 7.72 no no
Bac I 7.76 no no
Bac 2 7.82 no no
Bac 2 7.96 no no
Bac 2 7.34 no no
Bac 2 7.72 no no
Bac 2 7.87 no no
Bac 2: 7.76 no no
Bac 2 7:68 no no
Bac 2 7.12 no no
Bac 2 7.6 no no
Bac 2 7.72 no no
Bac 3 7_6& no no
Bac 3 7.82 no no
Bac 3 7.72 no no
Bac 3 7.76 no no
Bac 3 7.34 no no
Bac 3 8.12 no no
Bac 3 7.87 no no:
Bac 3 7.6 no no
Bac 3 7.68 no no
Bac 3 7.64 no no
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Table 49: BACCL Bead Data.
Treatment Experiment Cells (log ( S ) ) filter chlorine

BacCl I 5.92 no cl
BacCl I 5:98 no cl
BacCl I 6.28 no cl
BacCl I 6.02 no cl
BacCl I 6.04 no cl
BacCl I 6.34 no cl
BacCl I 5.76 no cl
BacCl I 6.04 no cl
BacCl I 5.85 no cl
BacCl I 5.87 no cl
BacCl 2 6.94 no cl
BacCl 2 6.64 no cl
BacCl 2 6.6 no cl
BacCl 2 6.55 no cl
BacCl 2 6.24 no cl
BacCl 2- 6.6 no cl
BacCl 2 6.79 ' no cl
BacCl 2 6.64 no cl
BacCl 2 6.68 no cl
BacCl 2 6.55 no cl
BacCl 3 6.55 no cl
BacCl 3 6.94 no cl
BacCl 3 7.1 no cl
BacCl 3 7.06 no cl
BacCl 3 7.24 no cl
BacCl 3 7.04 no cl
BacCl 3 6.6 no cl
BacCl 3 6.87 no cl
BacCl 3 6.64 no cl
BacCl 3 7.27 no cl
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Table 50: BACPF Bead Data.
Treatment Experiment -0 d M M S ) ) filter chlorine

BacPf I 5.68 filter no
BacPf I 5.64 filter ' no
BacPf I 5.55 filter no
BacPf I 5.79 filter no
BacPf I 6.12 filter no
BacPf I 5.55 filter no
BacPf I 5.76. filter no
BacPf I 5.64 filter no
BacPf I 5.9 filter no
BacPf I 5.92 filter no
BacPf 2 6.42 filter no
BacPf 2 6.6 filter no
BacPf 2 6.49 filter , no
BacPf 2 6.79 filter no
BacPf 2 6.64 filter no
BacPf 2 6.24 filter no
BacPf 2 6.34 filter no
BacPf 2 6.85 filter no
BacPf 2 6.34 filter no
BacPf 2 6.55 filter no
BacPf 3 5.96 filter no
BacPf , 3 6.12 filter no
BacPf ' 3 6.06 filter no
BacPf 3 5.92 filter no
BacPf 3 6.1 filter no
BacPf 3 5.9 filter no
BacPf 3 6.24 filter no
BacPf 3 5.72:. filter no
BacPf 3 5.82 filter no
BacPf 3 6.04 filter no
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Table 51: BACPFCL Bead Data.
Treatment Experiment ' CeUs (Iog(S)) filter chlorine
BacPfCl I 5.82 ' filter cl
BacPfCl I 5.87 filter . cl
BacPfCl I 5.64 filter cl
BacPfCl I 5.85 filter cl
BacPfCl : I 6 filter cl
BacPfCl I 5.87 filter cl
BacPfCl I 5.82 filter cl
BacPfCl I 5.72 filter cl
BacPfCl I 5.9 filter cl
BacPfCl I 5.72 filter cl
BacPfCl 2 5.72 filter cl
BacPfCl 2 5.55 filter cl
BacPfCl 2 5.76 filter cl
BacPfCl 2 5.6 filter cl
BacPfCl 2 5.68 filter cl
BacPfCl 2 6.07 filter cl
BacPfCl 2 5.64 filter cl
BacPfCl 2 5.85 filter cl
BacPfCl 2 5.64 filter cl
BacPfCl 2 5.55 filter cl
BacPfCl 3 6.06 filter cl
BacPfCl 3 5.92 filter cl
BacPfCl 3 6.13 filter cl
BacPfCl 3 5.94 filter cl
BacPfCl 3 6.21 filter cl
BacPfCl 3 6.25 filter cl
BacPfCl . 3 6.07 filter cl
BacPfCl 3 5.92 filter Cl
BacPfCl 3 6.15 filter cl
BacPfCl 3 6.09 filter cl
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Table 52: CTRL Bead Data.
Treatment Experiment O I o' aq II filter chlorine

Ctrl I 8.79 no no
Ctrl I 8.34 no no
Ctrl I 8.68 no no
Ctrl I 8.55 no no
Ctrl I 8.49 no no
Ctrl I 8.6 no no
Ctrl I 8.24 no ' no
Ctrl I 8.64 no no
Ctrl I 8.64 no no
Ctrl I 8J2 no no
Ctrl 2 7.49 no no
Ctrl 2 7.64 no no
Ctrl 2 7.12 ■ no no
Ctrl 2 7.64 no no
Ctrl 2 7.68 no no
Ctrl 2 7.49 no no
Ctrl 2 7.96 no no
Ctrl 2 7.6 no no
Ctrl 2 7.42 no no
Ctrl 2 7.64 no no
Ctrl 3 8.02 no no
Ctrl 3 7.98 no no
Ctrl 3 8.24 no no
Ctrl 3 8.07 no no
Ctrl 3 7.94 no no
Ctrl 3 8.06 no no
Ctrl 3 8.25 no no
Ctrl 3 8 no no
Ctrl 3 8.4 no no
Ctrl 3 7.64 no no
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Table 53: CTRLCL Bead Data.
Treatment.. . Experiment Cells (Iog(S)) filter chlorine

CtrlCl I 6.79 no cl
CtrlCl I 6.9 no cl
CtrlCl I 6.72 no cl
CtrlCl I 6.85 no cl
CtrlCl I 6.87 no cl
CtrlCl I .6.64 no cl
CtrlCl I 6.85 no cl
CtrlCl I 6.82 no cl
CtrlCl I 6.64 no cl
CtrlCl I 6.96 no cl
CtrlCl 2 6.68 no cl
CtrlCl 2 6.79 no cl
CtrlCl 2 6.42 no cl
CtrlCl 2 6.55 no cl

' CtrlCl 2 6.55 no cl
CtrlCl 2 6.87 no cl
CtrlCl 2 6.85 no cl
CtrlCl 2 6.64 ' no cl
CtrlCl 2 6.34 no cl
CtrlCl 2 6.64 no cl
CtrlCl 3 7.76 no cl
CtrlCl 3 8 no cl
CtrlCl 3 7.82 no cl.
CtrlCl 3 8.19 no ■ cl
CtrlCl 3 8.13 no cl
CtrlCl 3 7.82 no cl
CtrlCl 3 8.06 no cl
CtrlCl 3 7.9 no cl
CtrlCl 3 7.68 no cl
CtrlCl 3 8.06 no cl
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Table 54: CTRLPF Bead Data.
Treatment Experiment Cell= (kg  ( S ) ) filter chlorine

CtrlPf I 6.87 filter no
CtrlPf I 6.68 filter no
CtrlPf I 7.06 filter no
CtrlPf I 6.92 filter no
CtrlPf I 6.64 filter no
CtrlPf I 6.82 filter no
CtrlPf I 6.64 filter no
CtrlPf I 6.92 filter no
CtrlPf I 6.68 filter no
CtrlPf I 7.02 filter no
CtrlPf 2 6.55 filter no
CtrlPf 2 6.68 filter no
CtrlPf 2 6.72 filter no
CtrlPf 2 6.6 filter no
CtrlPf 2 7.09 filter no
CtrlPf 2 6.76 filter no
CtrlPf 2 6.64 filter no
CtrlPf 2 6.72 filter no
CtrlPf 2 6.34 filter no
CtrlPf 2 6.79 filter no
CtrlPf 3 7.02 filter no
CtrlPf 3 6.55 filter no
CtrlPf ' 3 6.85 filter no
CtrlPf 3 7.04 filter no
CtrlPf 3 7.27 filter no
CtrlPf 3 6.79 - filter no
CtrlPf 3 6.49 filter no
CtrlPf 3 6.87 filter no
CtrlPf 3 6.92 filter no
CtrlPf 3 6.79 filter no
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Table 55: CTRLPFCL Bead Data.
Treatment Experiment Cells (log ( 3 ) ) filter chlorine
CtrlPfCl I 6.72 filter cl
CtrlPfCl I 6.87 filter cl
CtrlPfCl I 6.87 filter cl
CtrlPfCl I 7.23 filter cl
CtrlPfCl I 6.94 filter cl
CtrlPfCl I 7.1 filter cl
CtrlPfCl I 7.06 filter cl
CtrlPfCl I 6.6 filter cl
CtrlPfCl I 7.12 filter cl
CtrlPfCl I 7.2 filter cl
CtrlPfCl .2 6.34 filter cl
CtrlPfCl 2 6.34 filter cl
CtrlPfCl 2 6.12 filter cl
CtrlPfCl 2 6.34 filter cl
CtrlPfCl 2 6.42 . filter cl
CtrlPfCl 2 6.34 filter cl
CtrlPfCl 2 6.6 filter cl
CtrlPfCl 2 6.24 filter cl
CtrlPfCl 2 6.34 filter cl
CtrlPfCl 2 6.24 filter cl
CtrlPfCl 3 7.41 filter cl
CtrlPfCl .3 7.09 filter cl
CtrlPfCl 3 7.42 filter cl
CtrlPfCl 3 7.48 filter cl
CtrlPfCl 3 7.1 filter cl
CtrlPfCl 3 7.04 filter cl
CtrlPfCl 3 7.39 filter cl
CtrlPfCl 3 6.55 filter cl
CtrlPfCl 3 7.27 filter cl
CtrlPfCl 3 7.07 filter cl
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Table 56: IOCS Bead Data.
Treatment Experiment Cells'(log ( “ “?)) filter chlorine

Iocs I 6.42 no no
Iocs I 6.68 no no
Iocs I 6.24 no no
Iocs I 6.12 no no
Iocs I 6.49 no no
Iocs I 6.12 no no
Iocs I 6.12 no no
Iocs I 6.42 no no
Iocs I 6.24 no no
Iocs I 6.49 no no
Iocs 2 7,42 no no
Iocs 2 7.49 no no
Iocs 2 7.24 no no
Iocs 2 7.9 no iio
Iocs 2 7.72. no no
Iocs 2 7.42 no no
Iocs 2 7.6 no no
Iocs 2 7.12 no no
Iocs 2 7-34 no no
Iocs 2 7.68 no no
Iocs 3 7.15 no no
Iocs 3 7.22 no no
Iocs 3 7.17 no no
Iocs 3 7.3 no no
Iocs 3 7.2 no no
Iocs 3 7.13 no no
Iocs 3 7.24 no no
Iocs 3 7.25 no no
Iocs 3 7.09 no no
Iocs 3 7.3 no no
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Table 57:. IOCSCL Bead Data.
Treatment Experiment Cells (log ( “ “?)) filter chlorine

IocsCl I 5.6 no , cl
IocsCl I 5.82 no cl
IocsCl I 5.6 no cl
IocsCl I 5.79 • no cl
IocsCl I 5.72 no cl
IocsCl I 5.72 no cl
IocsCl I 5.79 no cl
IocsCl I 5.6 no cl
IocsCl I 5.87 no cl
IocsCl I 5.82 no cl
IocsCl 2 6.34 no cl
IocsCl 2 6.12 no cl
IocsCl 2 6.64 no cl
IocsCl 2 6.55 no cl
IocsCl 2 6.34 no cl
IocsCl 2 6.68 no cl
IocsCl 2 6.55 no cl
IocsCl 2 6.49 no cl
IocsCl 2 6.76 no cl
IocsCl 2 6.76 no cb
IocsCl 3 6.38 no cl
IocsCl 3 6.56 no cl
IocsCl 3 6.04 no cl
IocsCl 3 6.32 no cl
IocsCl 3 6.22 no cl
IocsCl 3 6.39 no cl
IocsCl 3 6.09 no cl
IocsCl 3 5.6 no cl
IocsCl 3 6.28 no cl
IocsCl 3 6.43 no cl
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Table 58: IOCSPF Bead Data.
Treatment Experiment Cells (Iog(S)) filter chlorine

IocsPf I 5.49 filter no
IocsPf I 5.79 filter no
IocsPf I 5.49 filter no
IocsPf I 5.12 filter no
IocsPf I 5.6 filter no
IocsPf I 5.24 filter no
IocsPf I 5.79 filter no
IocsPf I 5.55 filter no
IocsPf I 5.42 filter no
IocsPf I 5.64 filter no
IocsPf 2 5.55 filter no
IocsPf 2 5.24 filter no
IocsPf 2 5.92 filter no
IocsPf 2 5.64 filter no
IocsPf 2 5.76 filter no
IocsPf 2 4.94 filter no
IocsPf 2 5.72 filter no
IocsPf 2 5.12 filter no
IocsPf 2 5.49 filter no
IocsPf 2 . 5.68 filter no
IocsPf 3 5.9 filter no
IocsPf 3 5.64 filter no
IocsPf 3 5.85 filter no
IocsPf 3 5.55 filter no
IocsPf 3 5.64 filter no
IocsPf 3 5.49. filter no
IocsPf 3 5.72 . filter no
IocsPf 3 5.87 filter no
IocsPf 3 5.82 filter no
IocsPf 3 5.72 filter no
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Table 59: IOCSPFCL Bead Data.
Treatment Experiment Cells (log ( S ) ) filter chlorine
IocsPfCl I 5.68 filter cl
IbcsPfCl I 5.6 filter cl
IocsPfCl I 5.82 filter cl
IocsPfCl I 5.34 filter cl
IocsPfCl . I 5.42 filter cl
IocsPfCl I 5.64 filter cl
IocsPfCl I 5.6 filter cl
IocsPfCl I 5.82 filter cl
IocsPfCl I 5.6 filter cl
IocsPfCl I 5.85 filter cl
IocsPfCl 2 5.72 filter cl
IocsPfCl . 2 5.6 filter cl
IocsPfCl 2 5.6 filter cl
IocsPfCl 2 5.55 filter cl
IocsPfCl 2 5.6 filter cl
IocsPfCl 2 5.68 filter cl
IocsPfCl 2 5.64 filter cl
IpcsPfCl 2 5.85 filter cl
IocsPfCl ; 2. 5.68 filter cl
IocsPfCl 2 5.79 filter cl
IocsPfCl 3 5.85 filter cl
IocsPfCl 3 6.2 filter cl
IoesPfCl 3 5.96 filter cl
IocsPfCl 3 6.15 filter cl
IocsPfCl 3 6.23 filter cl
IocsPfCl 3 ' 5.87 filter cl
IocsPfCl 3 5.68 filter cl
IocsPfCl 3 , 5.87 filter cl
IocsPfCl 3 6.24 filter cl
IocsPfCl 3 6.02 filter cl
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