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Bacterial Transport and Deposition in an Intact Soil

Lysimeter and Packed Sand Columns

by Guangming Jiang

Microbial transport in porous media is mainly facilitated by flowing water, whilst
retention is due to adsorption to phase interfaces. Water flow in porous media depends
greatly on water content and pore size distribution. Microbial adsorption to air-water
interfaces is especially important in unsaturated porous media. Bacterial transport in
unsaturated sdils is much less well understood than in saturated conditions, especially for
intact soils. The first experiment was designed to investigate the fate and transport of
bacteria in intact soils with different water saturations, and particularly the effect of low

suction (and hence removal of water flow in the largest macropores).

An intact soil column (50 cm diameter X 70 cm depth) with a tension infiltrometer was
used to investigate the transport and deposition of Bacillus subtilis endospores (i.e.
dormant and persistent bacteria) during both saturated and unsaturated flows. Soil
porosity and pore size distribution were measured. Porosity decreased with depth and
macropores were concentrated in the topsoil. Three tensiometers and a temperature sensor
were installed along the soil column to monitor matric suction and temperature.
Breakthrough curves for bacteria and chemical tracer Br~ at 0 kPa and 0.5 kPa suction

were obtained during the three-month leaching experiment.

Bacterial breakthrough occurred earlier than the inert chemical tracer, which is consistent
with effects of pore size exclusion. Also, saturated flow gave a significantly higher
concentration and recovery ratio of leached bacteria, i.e. 51% vs. 0.88%. Recovery of Br™

in leachate at both suctions reached above 85%. The column was destructively sampled
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for deposited endospores at the completion of leaching. Bacterial deposition was
concentrated in the top ten centimeters, then decreased abruptly and was relatively
constant with column depth, although showing some irregularity at the bottom of the

column,

To more thoroughly investigate the factors which influence bacterial transport in porous
media, a sand column leaching system with well-controlled degree of water saturation
and flow rate was built to investigate the effects of water content, particle size, and

column length on bacterial transport.

Adsorption of E. coli strain D to silica sands was measured in batch adsorption tests. The
average percent of adsorption for coarse and fine sands was 45.9 +£ 7.8 % and 96.9 £ 3.2
%, respectively. The applicability of results from batch adsorption experiments to
bacterial transport was limited because of the dynamic feature of- bacteria in sand

columns.

The early breakthrough of E. coli relative to bromide was clear for all sand columns,
namely c. 0.15~0.3 pore volume earlier. The column length had no significant effects on
the E. coli peak concentration and total recovery in leachate, which supported the
observation that bacteria were retained in top layer of sands. Tailing of breakthrough
curves was more prominent for all fine sand columns than their coarse sand counterparts.
Bacterial recovery in leachate from coarse and saturated sand columns was significantly

higher than fine and unsaturated columns.

Observed data were fitted by equilibrium, one-site, two-site and their AWI amended
convection-dispersion kinetic models. Two-site + AWI model achieved constant high
model efficiency for both coarse and fine sands, under either saturated or unsaturated
flow conditions. However, f in two-site model could not be physically measured and the
fitted value might just be an artifact. Although the intrinsic flaw associated with two-site

+ AWI model, it is still a simple and effective modeling approach.
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Preface

This thesis starts with a literature review on microbial transport and retention in porous
media (Chapter I), followed by Chapter II describing the research objectives. Chapter 111
describes the first series of experiméntsg with an outdoor soil lysimeter which studied the
effects of macropore water flow (i.e. at very low suction) and the bacterial spatial
distribution in the soil after leaching events. Chapter IV discusses experimental designs to
achieve well-controlled unsaturated steady flow in sand columns. Chapter V presents
experimental and mathematical modelling results from the sand column transport
experiments. Appendix I extends the results and discussion on mathematical modelling of
bacterial transport. Appendix II gives results for the water infiltration rates and suctions in
all sand columns. The remaining appendices delineate experimental methods and

programs used in this thesis.

viii



Table of Contents

Title Page i
Abstract ii
Acknowledgments v
Publications vii
Preface viii
Table of Contents ix
List of Tables. : : — xiv
List of Figures...cesuseees coeene xvi
Abbreviations xxi
List of Symbolsv xxiii
Chapter One Introduction and Literature Review 1
L1, Introduction.....c.ocmeininncoiiminieneeoceneeenmmeneses berereeen oot e g e e e tosaes 1
1.2. Passive microbial transport facilitated by flowing Water........covucromeerrerrvnrersresserenns 2
L.2.1. INIPOQUCHION. .........coovriieiiii ettt e e csss s ste e ene st aae e ene s nnerans 2
1.2.2. Eﬁ”ect Of MACrOPOTE WALEY fIOW ..ot vt seenen e 3
1.2.3. Effect of water content in POFOUS MEAIQ .............cccceverenrecerriririsenricinscesnrereaesene 4
1.2.4. Effect of porosity and pore size diStFIBULION .............cccocvereiecnncciiinieniiiionenns 4‘
1.2.5. Effect of microbial size (pore size eXClUSION)............ccccccuvmviiiivneconcneirennanne 6
L1.2.6. CONCIUSTONS ........coooveveiviiiirecieeecetn et e st 8

1.3. Microbial retention by adsorption to phase interfaces..........ccoeevvvenmrecrecracurnnnenenes 8
L3 INFOAUCHION........cc.oviiiiviiiic it bbbt bt 8

ix



1.3.2. Microbial adsorption at solid-water interface...............ccccoceeeevivcvivieecireirnans 9

1.3.3. Microbial adsorption at air-water interface................cc.ccoovevevieiecinrenenn, 12
1.3.4. CONCLUSIONS. ........ccooueeiiiiiiiiciiiiise et e 14
1.4. Modeling microbial transport in porous medla .................... 14
1.5. Potential appliCatIONS ......cccivvicverrereriiinirieniresiresrnsesessesaessesresssessesessessessessassessenes 16
1.5.1. Contamination of water by pathogens .................cccevvveveeiievienriseeeineseseneen, 16
1.5.2. Bioremediation of contaminated SUDSUFfaCE......................cceceeviremvinrieenrerrennnn,s 17
1.5.3. Other agronomic appliCations...................ccccccccevviineiiicinnicensies 18
Chapter Two Research Analysis and Objectives 19
2.1. Research analysis............ reeteienanes e s 19
2.1.1. Summary of literature L L T 19
2.1.2. PréviouS exp.e;;'ménts.......‘ ................................................................................ 19
2.1.3. CONCIUSTONS. ..ottt ettt ettt era e st sne st nna et anennes 20
2.2. Objectives and MEthOdS ......ccouveiirircieiiinieniciereee e e e essaeresressesssessesssens 21

Chapter Three Transport and Deposition of Bacillus subtilis through an

Intact Soil Column 22
3.1. Introduction........ccovereerierirnnnias TSRO OOOP PN 22
3.2. Materials and Methods.......cccoeevniiniinicnimnicniceecee et 23

3.2.1. Bacteria and culture preparation................................. et et re e 23
3.2.2. Soil column experimental SEHUD ...............ccouvevivvireceiirininieiee e 24
3.2.3. Assay methods Qnd PrOCEAUFES ...............c....covevevieeeiseereeisisessssssseistssssssons 25
3.2.4. Column experiments............................................ .............................................. 25
3.3  RESUIS vttt e e 27
3.3.1. Soil porosity and pore Size diStFIDULION ..............cococeeivveeeeieiecreiiiie i 27
3.3.2. Soil water suctions, effluent rate and temperature .................coceeerveirceneen. 29



3.3.3. Transport and deposition of B. subtilis and Br ............cccccovevvcvnvecreecnnnnnnn. 33

38, DISCUSSION cuuvvreiiiverrieereeiiissreeerresertessessssnrrssessssesessassmenssssesesassssssssssseressessssssssssnnansss 36

Chapter Four Design of an Experiment to Measure Transport of

Escherichia coli through Packed Sand Columns 41
4.1, INErOAUCTION.......ecviiieiiiiictiiirec ittt cere et en e e s s ene s s sseseesbasnnssessensenessenes 41
4.2. Objectives Of the EXPErimeNts......coceciierrerrereerceienreneresseniresseressersessessessessssessenses 42
4.3, Rationale and literature FEVIEW .......cccevvrereerieivinieiiseeerneiresseersessessieessssssessessesans 43

4.3.1. PRySical PrinCIPLes...............cccovvvciiiiiiiiiinicieies ettt 43
4.3.2. Unsaturated experimental setz)ps in the literature.................. s 44
4.4, Devices, dimensions and installation..........ccccveeeveenveervnennnnnne eevreererasrenreeeeaersrneres 45
45, Experi;hental paréfﬁetérs........; ................................................................................ 50
4.6. CREMICALS...c.coniiniiiiiiiine ettt snesre s rrvestneesbssre s esseres s enessennens 50

Chapter Five Measurement and Modeling of Transport of Escherichia

coli through Sand Columns 52
5.1, INtrOdUCHION ...ttt et esa s b s e saea 52
5.2. Materials and Methods............. e s s as e s b oL s sRR SRS R s bR s b0 b s 53

5.2.1. Sand, treatment and characterization...................c.cccvvveeeerevncccnenicsinenennnn. 33
5.2.2. Bacteria and adsorption to Oamaru silica Sand..................ccovvevevreencvnennnnne. 54
5.2.3. SANA COIUMNS ...ttt 55
5.2.4. TranSpOort @XPEriMENL ............ccvvevveeiuiiiiriarieesiesisesreessessseenseesrressiseessaeseessrsaneas 57
3.2.5. Sampling and assay..............cccccvvevereccnvennnnn. et 59
5.2.6. Mathematical MOdEIS..................cccccouvviiiiiiiiiiiiiissc s 59
5.3 RESUIS ettt e e s e s s b e e 64
5.3.1. Characteristics of Oamaru SANd................c.cccccovurvemirnoinerenenneie s 64

Xi



5.3.2. Saruration, and MAIFIC SUCTIO . .....ccvveeeeceviirissisiieieeeeeeereseeereensiriseeeseanstanannes 66

5.3.3. Bacterial adsorption 10 Oamaru SANd.....................ccouvueiveeaenneciveiivnniiiieionns 69
5.3.4. Model sensitivity QRALYSIS ..........cccoovvurvirenniiieiics et sie e 71
5.3.5. Bacterial breakthrough curves and modeling results RN 73
5.4, DISCUSSION ..ccvieeertierrersiiestiesees s s iseessessssssstesrseesaesnesssaesssessssessessssasesssssnsessesses 85
5.4.1. Experimental deSigN.............cooceeviveecviiiiiirisiie e ccnesiansse ettt s e sae s 85
5.4.2. Bacterialvadsorption ........................................................................................ 86
5.4.3. BICs......... ettt b R R b ehe AR eR S a RSt ee e R b E e bR e AR ket b ae b e b raetes 87
5.4.4. Effects of Matric SUCLION. ............c....c.cccovcuvreennieiraenreecesiniscennisesresssersesesines 88
5.4.5. Modeling approaches............ oo RETI 89
5.5. Conclusion ...... s ereerreeseateenne vererseaene 90

Chapter Six Conclusions and‘Sugge’stion on Future Research Directions

91

6.1. Conclusions........ et e bR SR e b s R Rsa hr e RS b e s a s s e e R s e anens 91

6.2. Suggestions for future research. ... 93

References 95
Appendix I Two-site + AWI Model and Application to Bacterial

Transport in Sand Columns.... 108

Appendik IT Water Infiltration Rate and Suctions in Sand Columns ..124

Appendix IIT Methods and Results for Sensor Calibration.............c..... 132

1. Calibration of pressure transducers for matric sUCtion ........eeveverinsircrisirecnes R 132
2. Calibration of pressure transducers for infiltration rate........coceccenveiencnnncccenecrvccnnns 134
3. Calibration of temperature Sensor.......ocovereerrernes Heeres e s ae st e s b e s Rn v ne s 136

Appendix IV Datalogger Programs for Field Soil Lysimeter Experiment -

Xii



1. Calibration program for pressure transducers (176PC) ......cc.occoveververrrercrenenrenennes 138
2. Calibration program for temperature sensor (LM35CZ) ...c.c..oecevvveevenniienccesnennne 139
3. Soil lysimeter MONItOriNG PrOZIAIM ..vuvvvvveesssrerivsssesssssssessssssssssssssssssssssssesssassssssnes 141

Appendix V Datalogger program for sand column experiment............145
1. Calibration program for pressure sensor (26PCAFB6G).........cccvuevenveicerrennencnennns 145

2. Sand column data acquiSition PrOZIaM .....c.ueeiiiirerivenreeresenneesnresserseesersresseesseesnes 147

xiii



List of Tables

Table 1. Dimensions of experimental sand columns and grain sizes reported in the

JIEEPALULE. «.cvvrurrecceiiiiiiiiiist ettt see e r s a s e s e e e s e s e s e st e s saesnaseeeesnennasnans 44
Table 2. Values of experimental parameters used in previous research ...........cccevvervevnnnen 45
Table 3. Devices used in the eXPeriment ........ccoccevreereeerrenrenresenreneneesseesesssereseeserensenss 46
Table 4. Volumes and-weights of the sand column and water container. ..........c.cooeeveuennes 49
Table 5. Experimental parameters ........cooccccrrvininieeniniriniinenneesnnniesnesisssessisesesssessasasssess 50
Table 6. Chemicals used for sand treatment and substrates for bacterial enumeration.....51
Table 7. Transport experiments and barameters ................................................................ 58
Table 8. Characteristics of Oamaru sand COS and FOS........ccocomvenirivvenniniirennnennnnes 64
Table 9. Recovery of bacteria and bromide after about 25 L of leachate collected. ......... 74

Table 10. Percent adsorption and distribution coefficient of E. coli with untreated and

treated COS and FOS Oamaru sands. ......cc.ceccereerevnineenenenenienenninsinsneseesesssnsnnesnens 79
Table 11. Estimates of parameters for one-site and one-site + AWI kinetic models'........ 80
Table 12. Estimated model coefficients by two-site and two-site + AWI models T .......... 82

Table 13. Estimated model coefficients by adsorption equilibrium (EQ) and equilibrium +
AWI models (EQ + AWD)......vuuiiniriimcemeniissmiemmessseesessesseesssessssisesssssssssonssasssns 84

Table 14. Experimental parameters for two-sites + AWI modeling. .......ccoceevvrverirerncnne. 110
Table 15. Recovery of bacteria and bromide after about 25 L of leachate collected. ..... 111

Table 16. Estimated model coefficients by one-site and one-site + AWI models "......... 119

Xiv



Table 17. Estimated model coefficients by two-sites and two-sites + AWI models ' .....121

Table 18. Estimated model coefficients by adsorption equilibrium and equilibrium + AWI
INOGEIS. ervvirrreirireirereeneenererresesrsessssreses e sesse s e st e asseesre e e e sbssneraesessnssassesrnossasseraes 123

XV



List of Figures

Figure 1. Size ranges of microorganisms and colloids. Pore diameter at field capacity is

30 pm; pore diameter at permanent wilting point is 0.2 . .....covvvrmmvinivivinineennnnne. 5

Figure 2. Different sized particles move along the velocity profile through a soil pore

throat , and the detouring effect. .........ccirveiicinnni 6

Figure 3. Simulated breakthrough curves of bacteria versus conservative chemical tracer,

plotted with the same or different concentration scale. ....c..covevevnniiiiininiiiiicnenen 7

Figure 4. Surface caking, straining, and physicochemical filtration (adsorption)

mechanisms'for particle transport in the SUBSUITACE ......c.cceevevevnerererinecenrreecnieeenes 9
Figure§. Skeféh of 'particAle céllision and capfure mechanisms. ..., 10
Figure 6. Schematic of the lysimeter experimental apparatus. ... 24
Figure 7. Sampling scheme for drilling of soil cores. ..c..ccoreevvrievvvrrnnivennas rereee W27
Figure 8. Total porosity and soil water content at 0.5 kPa suction. ........cccveeuervireinrenae, 28
Figure 9, Soil pore size distribution at-depths of 2.5, 10, 30, 50 and 70 cm. .c.ccovvvvirnnucnne 28

Figure 10. Soil matric potentials at different depths under 0.5 kPa and 0 kPa suctions.

Error bars in the plots indicate standard deviation of 24 hours data..........c.cc.... e 30
Figure 11. Column outflow rate at the two selected suctions (0.5 kPa and 0 kPa)........... 31

Figure 12. Soil temperature at depth of 30 cm in the soil column. Error bars indicate the

daily minimum and maximum values........c.cceveniinrvrcnnecennnn, rverreee sttt esbesrnesas 32

Figure 13. Breakthrough curves for B. subtilis and bromide at 0.5 kPa and 0 kPa suctions.

The concentrations have been normalized to the initial injected concentration. ....... 34

xvi



Figure 14. Cumulative leached B. subtilis and bromide at two suctions, as percentage of

totals apPlied. .ovcvveiiiiiiiet 35

Figure 15. Distribution of deposited B. subtilis along the soil column after OkPa

EXPEriment.....c.covermvueneerreerennnnane et e bt e st e s Rt r e e aa e be s seresR b s e s b ae st b e naesrne s 36
Figure 16. Schematic of the tensiomete; and pressure transSducer. .........cceveninineniiiinees 46
Figure 17. Tensiometer inSertion EOMELY. ......ccvvevverirerereerienienisseeeseeseessessennsseseenses 47
Figure 18. Schematic and dimensions of Water re€SErvoir. ..........vcevreereererrerenceruresseruenens 47
Figure 19. Schematic bf disk permeater for unsaturated experiments. .........ccoecvrnercrrineen. 48
Figure 20. Disk permeater for saturated eXpPeriments. ..............evveeverveesreressessnsrsenssenssens 49
Figure 21. thematic diagram of sand column setup. .......c..ccunueee. e sreraes 56
Figure 22. The experimental setup for bacterial transport through sand columns............. 57
Figure 23. Particle and pore size distributions for the Oamaru sands.......cccoevvirccrininenns 65

Figure 24. Moisture characteristics for coarse and fine Oamaru sand (COS and FOS). ..66

Figure 25, Distribution of degree of saturation in COS sand columns. Error bars are

standard deviations for saturation variance during the whole leaching event. .......... 67

Figure 26. Distribution of degree of saturation in FOS sand columns. Error bars are

standard deviation for saturation variance during the whole leaching event............. 67

Figure 27. Matric suctions for COS experiments CA*, CB® and FOS experiments FA®,

FB°. Error bars indicate standard deviation of measured suctions in 10 min............. 68.

Figure 28. Adsorption of E. coli to COS and FOS in batch experiments, fitted by
Langmuir and Freundlich isotherms. Horizontal and vertical error bars are standard

deviation for C,, and Cs reSPeCctiVELY. .....covvurmirevenrnrenerrieriiiinnnrereecsnsrseenseesseesses 70

-

Figure 29. Percent adsorption vs. initial concentration of E. coli. Error bars are standard

xvii



deviation of three repliCates. .....oovuviiririiriniicneinie et 70

Figure 30. Effect of key model parameters (k; and k;) on bacterial transport in sand

columns, simulated by one-site + AWI model. .......ccoovverivenreeinnenierienierenenseniennenens 71

Figure 31. Effect of model parametér ky on bacterial transport in sand columns, simulated

by one-site + AWIMOdEL. ......cccvviviviriiiniiiiccictne oo 71

Figure 32. Effect of model parameter k;, k2, ko, and f on bacterial transport in sand

columns, simulated by two-site + AWI model.........ccccovveviimennrennnncnninininiien. 72

Figure 33. Bromide and bacterial breakthrough curves for COS experiments (CA*, CB°,
CC*, and CD°), fitted by equilibrium, one-site, and one-site + AWI kinetic models.
Saturated and unsaturated sand columns are labeled by bold and italic fonts,

TESPECTIVELY. 1uurvuceurrvarserserescestracessreetsesstsessssessassesssssessssssssesasssssssssssassssssessssssssssansans 77

Figure 34. Bromide and bacterial breakthrough curves for FOS experiments (FA*, FB®,
FC', and FD°), fitted by equilibrium, one site, and one site + AWI kinetic models.
Saturated and unsaturated sand columns are labeled by bold and italic fonts,

TESPECLIVELY. tviviitirriciiciiicnt e e e 78

Figure 35. Breakthrough curves for C1 (saturated) simulated by equilibrium, one-site

kinetic, two-site models and their AWI models. .......coovevveriiiiiriinieenreienvneeeinrerennens 111

Figure 36. Breakthrough curves for CA (saturated) simulated by equilibrium, one-site

kinetic, two-site models and their AWI models. .........ccocvvrreieeeereinrenieenieeeneeveresseens 112

Figure 37. Breakthrough curves for CB (saturated) simulated by equilibrium, one-site

kinetic, two-site models and their AW models. .......ooovvirvneiecirinreeeiieienreieisneeninens 112

Figure 38. Breakthrough curves for CC (unsaturated) simulated by equilibrium, one-site

kinetic, two-site models and their AWI models. ........oovcveverviiiiivivirenrirrieseveessnessnens 113

Figure 39. Breakthrough curves for CD (saturated) simulated by equilibrium, one-site

kinetic, two-site models and their AWI models. ........ovvveviriiiniiivirevsrnreeneeeersnensens 113 °

Figure 40. Breakthrough curves for CE (unsaturated) simulated by equilibrium, one-site

xviii



kinetic, two-site models and their AW models. .....oooveveciiieeeeeeniseresriesecscessseoressnens 114

Figure 41. Breakthrough curves for CF (unsaturated) simulated by equilibrium, one-site

kinetic, two-site models and their AWI models. ........coovvernicieiinieeneerreennnennenienans 114

Figure 42. Breakthrough curves for CG_ (saturated) simulated by equilibrium, one-site

kinetic, two-site models and their AWI models. .......ccceevvvvnrenreeneriecrercernnnnenenn, 115

Figure 43. Breakthrough curves for CH (unsaturated) simulated by equilibrium, one-site
kinetic, two-site models and their AWI mMOdels. ...ouueevvveeveeriinsieeneiensrerrrernressseesreenns 115

Figure 44. Breakthrough curves for FA (unsaturated) simulated by one-site kinetic,
two-site models and their AWI mOdels. ........oucvveieirnrciinnriininiesescneeennes 116

Figure 45. Breakthrough curves for FB (unsaturated) simulated by one-site kinetic,

two-site models and their AWI models. .......... drreseererner et aranene erereera e ot eaa 116

Figure 46. Breakthrough curves for FC (unsaturated). Bromide curve was simulated by

equIlibrium MOAEL. ...cc.coviiiiiiiiiriree e e et aessn e ea 117

Figure 47. Breakthrough curves for FD (saturated) simulated by one-site kinetic, two-site
models and their AWI models. ..o 117

Figure 48, Breakthrough curves for FH (unsaturated) simulated by one-site kinetic,

two-site models and their AW MOdelS. ....ooovvriiniinvirsireincseessessoseesssossavessosssasossass 118

Figure 49. Breakthrough curves for FI (saturated) simulated by equilibrium + AWI, and

one-site kinetic, two-site models and their AWI models. ...... s 118
Figure 50. Ten-minute average infiltration rate and suctions for Cl. ......ccccivecrnnne v 124
Figure 51. Ten-minute average infiltration rate and suctions for CA. ......cccecevvrrivirnvennes 124
Figure 52, Ten-minute average infiltration rate and suctions for CB.........ccvininricvenens 125
Figure 53. Ten-minute average infiltration rate and suctions for CC.........ccvcerrnrnienninens 125
Figure 54. Ten-minute average infiltration rate and suctions for CD. .....cccecevveeiennennnne. 12g

Xix



Figure 55. Ten-minute average infiltration rate and suctions for CE........c...cccouruvecreenn. 126

Figure 56. Ten-minute average suctions for CF. ........ e e e 127
Figure 57. Ten-minute average suctipns for CGuniiiviincininicne s veenenn 127
Figure 58, Ten-minute average SUCHONS FOF CH. vevrrrseveeeesreeeessessenesmmeesressssssesnenenene: 128
Figure §9. Ten-minute average infiltration rate and suctions for FA. .......ccecvevviueenne 128
Figure 60. Ten-minute average infiltration rate and suctions for FB. .......ccovccvevvvcrnnnene 129
Figure 61. Ten-minuté average suctions for FC.......ccoviivveininnniniencnnennencnccrnnennn, 129
Figure 62. Ten-minute average Ainﬁltration rate and suctions for FD........cceceveeiiinnnn. 130
Figure 63. Ten-minute average suctions for FH........ccccconiivinnnnne e veorenes 130
Figure 64, Ter,’)-min‘ute év;rage suctions for FI. .......... e srrrreennsesesranesnsnasssasnsesnene 13 1
Figure 65, Calibration setup for pressure transducers.......evivniivierncseinnsiessseesnenen 132
Figure 66. Linear regression for the calibration of 170PC sensors.........ccoecenvvererninnnnenn 133
Figure 67, Linear regression for the calibration of 26PC pressure Sensors. ......ccoveersien, 133
Figure 68, Calibration setup for sensors monitoring infiltration rate......c...coousvencen ceennne 134

Figure 69. Linear regression for the calibration of infiltration rate sensor SCX01DNC.

pevrenn et ceererens e bbb s 134
Figure 70. Linear regression for the calibration of infiltration rate sensors 26PC.......... 135
Figure 71, Calibration setup for temperature SENSOL. ......cueeeeeievieimrrenecareseesessersssansans 130

Figure 72, Linear regression for the calibration of temperature sensor LM35CZ...........136

XX



Abbreviations

Xxi

mL

mg

Hg

hr

min

s€C

AWI

BTC

cfu

CDE

COS

DLVO

FIA

FOS

GEM

IEC

Milliliter
Litre

Gram
Milligram
Microgram

Hour

“Minute

Second

Air water interface

Breakthrough curve

Colony forming unit

Convection diffusion equation

Coarse Oamaru sand
Derjaguin-Landau-Verwey-Overbeek theory
Flow injection analysis

Fine Oamaru sand

Genetically engineered microorganisms

Ion Exchange Chromatography



XXii

NC

PV
SMC
SWI

TPB

Normalized concentration
Normalized depth

Pore vplume

Soil (sana) moisture characteristics
Solid water interface

Triple phase boundary



W 0n @%,@.g:_@

ko k
ki, Ky
k2) Kr

M;

N,
N,

Xxiii

- List of Symbols

Bacterial concentration in the drainage water (cfu cm™).
Concentration of conservative chemical tracer, i.e. bromide (mg L™").

Initial bacterial concentration (cfu cm™).
Initial concentration of inert chemical tracer (mg L™).

Bacterial concentrations on solid (cfu g™") for equilibrium adsorption.
Bacterial concentrations in liquid (cfu g™) for equilibrium adsorption.
Media grain size (um).

Diametef of transported particles (um).

The fraction of exchange sites assumed to be at equilibrium adsorption.
Dispersion coefficient (cm® min™).

Gravitational acceleration (m s™).

Microbial flux density ‘in the direction of flow (the number of microbes
passing through a unit cross-sectional area per unit time, cfu cm™ min™").
Bacterial attachment coefficient to air-water interface (min™).

Bacterial attachment coefficient to solid-water interface (min™").
Bacterial detachment coefficient from solid-water interface (min™).
Distribution coefficient for equilibrium bacterial adsorption (mL g ™).
Bacterial attachment coefficient to solid-water interface (min™).

A constant related to binaing energy (mL/cfu) in Langmuir isotherm;

Bacterial detachment coefficient from solid-water interface (min™).

- Relative hydraulic conductivity as a function of suction.

The tube length (cm).

For van Genuchten conductivity model, m is assumed to be 1 — 1/n. For
Freundlich isotherm, m is a constant indicating sorption intensity. '
Weight of sand for density measurement (g).'

n =1+ A, Ais pore size index.

Total number of bacteria in the supernatant (cfu) after centrifugation.

Total number of bacteria added in batch bacterial adsorption test (cfu). -



P4
Pe
4P

=

Ww'

Vs

X, z

Greek

XXiv

The percentage of bacterial adsorption to Oamaru sand (%).

The Peclet number, Pe=vL/D. The ratio of advection to dispersion processes
Pressure gradient (Pa).

Water flux (cm® s7™).

The radius of the capi]lary‘tube (cm); or tube radius for Poiseuille’s law.
The bacterial transport retardation factor.

The rate of microbial decay (number of microbes per unit volume of porous
media per unit time, cfu cm™ min ™).

The rate of microbial regrowth (number of microbes per unit volume of
porous media per unit time, cfu cm™ min 7).

The concentration of bacteria reversibly attached to soil grains (cfu g™).
Matric suction (kPa); 4 is also the height of water rise in a capillary tube
(cm). |

The maximum adsorption sites per gram of sand (cfu/g).

Degreé of water saturation.

Time lapsed after injection of bacterial suspension (min)

Mean flow velocity through the tube (cm s™).

Pore water velocity (cm min™")

Sedimentation velocity of bacteria (cm min™)

Chemotactic velocity of bacteria (cm min™")

Mass of sand used in the mixture of batch bacterial adsorption test (g).
Weight of cleaned an empty 100 mL flask (g).

Weight of a 100 mL flask plus soil, corrected to 105 °C oven dry water

 content (g).

Weight of fifty grams sand plus a 100 mL flask with boiled, and cooled
distilled water (g).

Weight of a 100 mL flask with boiled cooled distilled water (g).

Volume of fluid in the mixture of batch bacterial adsorption test {(mL).
Volume of sand for density measurement (mL).

The longitudinal distance from the point of inlet (cm).



Prp

6".& £

gsa:

¥on

XXV

Equivalent to the inverse of air entry suction.
Soil or sand bulk density (g cm™).

Water density (g cm™).

Particle density (g cm™).

Volumetric water content, .

Saturated water content; or total porosity.
Residual water content.

Saturated water content.

Water dynamic viscosity (Pa s).

The surface tension of water (kg s).

Soil matric potentials (kPa).



Chapter One

Introduction and Literature Review

1.1. Introduction

For more than a century, scientists have been working on the fate and transport of
microbes through porous media, especially soils. Pathogen transport through subsurface
and subsequent contamination of water resources usually coincides with increased water
flow in soils (heavy precipitation, irrigation) (Gerba and Smith 2005; Martin and Noonan
1977; Unc and Goss 2004).

For example, Martin and Noonan (1977) found that groundwater was contaminated by
coliform bacteria when effluent from an oxidation pond was applied at the rate of
approximately 200 mm H;O and following a heavy rainfall, but was not polluted when
rainfall was less intense. Findings of many researchers have revealed that microbes can be
removed from the water phase by adsorption, filtration, or deposition at phase interfaces.
Noonan (personal communication) has also found that spray irrigation of a dairy pasture
at the rate of 50 mm every 12 days allows water to penetrate 1.7 m of soil and gravel
strata but the percolate was free of coliform bacteria. On one occasion, when 30 mm of
rain followed the application of 50 mm of irrigation water, the percolate was found to
contain coliform bacteria. Subsequent irrigation of 80 mm also produced coliform
bacteria in the percolate. While the vast majority of bacteria from the cow faeces were
trapped in the top layer of the soil, under some conditions of water flow, bacteria would
penetrate the strata. There is much unknown about the retention and movement of
microbes in soil and other strata, phenomena such as that reported by Noonan and others

can not be predicted with any degree of confidence.

Microbial transport, in many aspects, is similar to abiotic colloids. These are a group of
very fine particles in suspension that have effective diameters ranging from 1 nm to 10
pm, roughly comparable to those of virus, bacteria, and Cryptosporidium sp.
(Sirivithayapakorn and Keller 2003). However, because microbes are living organisms,

their transport in porous media is more complex than is the case for abiotic colloids (Ginn,
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Wood et al. 2002). Not only are microbes subject to the same physicochemical
interactions as are colloids, but there are also a number of strictly biological processes
that affect the transport processes. Generally, microbial transport is facilitated by flowing
water in the porous media; and retention is mainly caused by adsorption at phase
interfaces, i.e. the solid-water interfacq (SWI), air-water interface (AWI), and the triple
phase boundary (TPB).

Although these observations are important in predicting bacterial transport and retention,
the relative importance of water flow and microbial adsorption at phase interfaces on
microbial transport and retention is not understood thoroughly. This thesis aims to
elucidate the effects of water flow and bacterial adsorption on bacterial transport and

retention, and to help explain the observation of Noonan and others.

1.2. Passive microbial transport facilitated by flowing water
1.2.1. Introductibn

Microbial transport by water flow in porous media is called passive transport, as the
motility of microbes (induced by bacterial flagellar movement, or cell contraction and
expansion) does not contribute much to the overall movement facilitated by the flow
(Robert and Chenu 1992). Although some microorganisms can survive under quite dry
conditions, for transport through porous media, water flow is by far the most important

carrier.

Water flow_is caused by a potential gradient in porous media (Hillel 1998), and is
influenced dramatically by pore size distribution, degree of saturation and especially by
macroporosity (Beven and Germann 1982; Czapar and Fawcett 1992; Jabro, Lotse et al.
1991; Silva, Cameron ef al. 2000; Singh and Kanwar 1991; Thomas and Phillips 1979). In
porou's media, water flow is usually divided into two mechanisms: mass flow driven by a
potential (e.g. suction) gradient; and vapor diffusion driven by a moisture or temperature
gradient. Liquid water flow is dominant in moister porous media, whereas the vapor
diffusion mainly occurs in drier porous media. The liquid water flow is further divideci )

into macropore flow and matric flow.



1.2.2. Effect of macropore water flow

In natural subsurface strata, macropore water flow is important because it conducts the
majority of water flux and has high velocity. The water flux in different pore sizes at a
given hydraulic gradient can be calculated using physical equations (Bouma 1991).
According to Poiseuille’s law, water ﬂixx is proportional to »* (where r is radius of pore
throats) (Hillel 1998). This has strong implication that macropore water flow is

responsible for the majority of water flow, and consequently microbial transport.

In porous media, such as soils, macropore flow includes preferential flow and bypass flow.
In natural vadose (unsaturated) zone, preferential flow could be dominated by bypass
flow (short-circuiting), fingering effect, and funneled flow that increase the mobility of
harmful chemicals and microbial contaminants in applied water (Beven and Germann
1982; Munyankusi, Gupta et al. 1994; Natsch, Keel ez al. 1996; Singh énd Kanwar 1991;
Thomas and - Phillips 1979). Macropore flow paths were reported to exist in all
undisturbed soil columns used to study solute transport (Singh and Kanwar 1991).
Macropore flow under unsaturated conditions was found to result in the transport of large
quantities of bromide and nitrate-nitrogen, and sometimes substantial leaching of nitrate
when soil is at or near saturation (Jabro, Lotse et al. 1991; Silva, Cameron et al. 2000).
Also, herbicide and chloride were found to be transported through soil columns only
when continuous artificial macropores were present (Czapar and Fawcett 1992). Some
research also showed that only when macropore flow was included in water flow models
could solute and water transport be predicted more precisely (Munyankusi, Gupta et al.
1994; Williams and Vepraskas 1994). Given that macropore flow has a large effect on the
transport of “chemical solute; it could be expected to affect microbial transport, though not

much research has been done to quantify the effects.

When heavy precipitation or irrigation occurrs, water-filled macropores (worm holes,.
plant root channels, clay soil cracks, fractures in consolidated soil) produced fast and
relatively unrestricted water movement. For natural soils, macropores cause big variance
of hydraulic conductivity, rendering predictions of water flow and microbial transport
more difficult. In this thesis, we are going to address the effects of macropore flow by

imposing certain suctions on an intact soil lysimeter and packed sand columns.



1.2.3. Effect of water content in porous media

Water flow rate is usually higher in saturated than unsaturated media assuming it is driven
by the same pressure gradient. This is because the effective (water-filled) porosity
decreases with lower saturation, and thus the sizes of channels conducting water are
diminished. Also, even with the same eﬁective porosity, porous media having macropores
conduct water faster than those with smaller pores. Thus, the rate of migration of
microbes in porous media depends strongly on the water content (which is related to

suction).

When porous media is partially drained, microbes can still keep on moving through the
adsorbed water films surrounding solid particles. Flagellar movement and the Brownian
effect promote microbial transport through pores or sometimes along pore walls.
waever such movements may not be appreciable compared with movement in

continuous water pathways, especially continuous macropores under saturated conditions.

Only pores, which are usually sufficiently greater than the size of a single microbe, with
sufficient water content, can form a continuous pathway for the potential movement of
the microbes. Considering the fact that water flow is mainly conducted through big pores,
exclusion of microbes from pore throats is not usually determined by the ratio of sizes
between microbes and pore throats, but the dramatically different water flow rates. Thus,
microbes tend to travel much shorter distances in drier soils than under wet conditions,
and transport mainly occurs through macropores rather than micropores (Ginn, Wood et
al. 2002).

1.2.4. Effect of porosity and pore size distribution

Porous media usually contain a large number of pores with different shapes and sizes, and
these are intricately interconnected (Hillel 1998). Among the factors influencing
microbial transport in porous media, total porosity and pore-size distribution are critical
parameters. These partly determine the water flow regime, and thus greatly influence the

percent of total applied microbial cells recovered in percolate.

-—

The size range of medium pores is from 0.1 pm to 10 um, which is approximately 15% of

the total porosity in sand and 33% in loam. Macropores are generally larger than 30 um,



which provides unrestricted transport conduits for many microbes. Bacterial sizes are
generally believed to be from about 200 nm to 5 pm, which is the size range from coarse
clay to fine silt. Comparison of the sizes of microbes and soil pores is provided by
(Matthess and Pekdeger 1985; McGechan and Lewis 2002; Robert and Chenu 1992) (see
Figure 1). Therefore, it is easy for rhiqrobes to flow through the majority. of soil pores if

their size is compared to soil pores.

Effective porosity (water-filled or water-conducting) will decrease when a porous
medium is dried. Therefore, effective porosity (rather than total porosity) should be used
for quantifying interstitial water velocity. According to the capillary theory, bigger pores
are emptied of water first when a porous medium is becoming unsaturated. Effective
porosity of porous media with higher percent of larger diameter pores decreases sharply
when they are dried under low suctioné. Therefore, microbial transport in this kind of

porous media varies dramatically between saturated and unsaturated conditions.
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Figure 1. Size ranges of microorganisms and colloids. Pore diameter at field capacity is™

30 pm; pore diameter at permanent wilting point is 0.2 pm.



1.2.5. Effect of microbial size (pore size exclusion)

Generally, transported particles move faster than the mean pore-water velocity or
conservative/non-reacting tracers, due to the size of the particles being conveyed.
Microbes appear to travel along faster streamlines at the centre of pore throats rather than
next to pore walls (Germann and Alaoui 2002; Hendry, Lawrence er al. 1999).
Sirivithayapakorn and Keller (2003) studied the size exclusion effect at pore-scale and
demonstrated the accelerated transport velocity of bacteria. Sinton et al. (2000) postulated
effects of pore size exclusion as the reason for the more rapid transport of

bacteriophages adsorbed to bacteria through aquifers.

«—
Pore water velocity

_—

Bacterial movement path

Soil water movement path

Figure 2, Different sized particles move along the velocity profile through a soil pore

throat (Sirivithayapakorn and Keller 2003), and the detouring effect.

There are at least two processes causing exclusion: anionic and size effects; and size
effects can be further divided into classical chromatographic and pore exclusion processeé
(Ginn, Wood et al. 2002). Anion exclusion mainly acts at the nanometer scale, and as
such is not important for microbial transport. Size effects can also happen at the
macroscopic scale. At this larger scale, colloid (including microbes) transport by rerouting
to alternate pathways with bigger pores (detouring effect), is termed pore exclusion,
volume exclusion, or pore size exclusion. In a microscale, size exclusion effect is

facilitated by the large size of microbes relative to molecules of chemical tracers, or due



to the relatively low diffusion constant of microbes, which help to diffuse small particles
into small soil pores. Bigger colloids travel at lower average velocity than smaller ones
because they sample a broader range of the pore water velocity profile (Figure 2).
However, in either case, the microbes are excluded from stagnant regions (with no or
lower advective water velocity) in pbrgus media. Thus, it is not necessary in practice to

differentiate between the two processes (Jin and Flury 2002).

Comparisons of breakthrough of bacteria versus conservative chemical tracers (e.g.
bromide, tritium etc.) are often made to determine whether they are transported
differently through porous media and to elucidate the mechanisms of differential transport
(Caron, Banton et al. 1996; Dong, Rothmel et al. 2000; Grolimund, Elimelech ez al. 1998;
Hekman, Heijnen et al. 1994; Jabro, Lotse et al. 1991; Jackson, Roy et al. 1994; McLeod,
Aislabie et al. 2003; Silliman, Fletcher ét al. 2001; Zhang, Johnsén et al. 2001b). Size
exclusion mechanisms are the most widely-used explanation for the diﬁ‘erential transport
(relative breakthrough) of microbes versus dissolved tracers. Zhang et al. (2001a)
indicated that there are some potential artifacts associated with the traditional
breakthrough curve methods. In addition to the size exclusion effect, attachment of
bacteria to phase interfaces also contributes to the early breakthrough of bacteria relative
to chemical tracers. Thus, Zhang et al. (200la) suggested that the differential
breakthrough caused by size exclusion can be discriminated from bacterial attachment by

comparison of the observed peak shift with the estimated value from attachment.
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Figure 3. Simulated breakthrough curves of bacteria versus conservative chemical tracer,

plotted with the same or different concentration scale.



A typical breakthrough curve (normalized concentration versus time) showing the
differential microbial transport was simulated and is shown in Figure 3. The simulation is
based on the one-dimensional advection-dispersion equation with a term accounting for
adsorption (deposition, attachment, or filtration) (Grolimund, Elimelech et al. 1998;
Zhang, Johnson et al. 2001a). *
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Zhang et al. (2001a) also reported that for a semi-infinite column initially free of the
transported bacteria, and a unit pulse input, the solution for the bacterial concentration ¢

at position x and time ¢ is

o(x,1) = o™ — 2 o - )

N7 D

1.2.6. Conclusions

Microbial transport through natural or artificial porous media is mainly facilitated and
controlled by the flowing water. Also, water flow velocity in porous media is determined
by water content, and pore size distribution (especially existence of continuous

preferential flow paths) when driven by same pressure gradient.

1.3. Microbial retention by adsorption to phase interfaces

1.3.1. introduction

Microbes were shown to be removed from water by passage through porous media (Chu,
Jin et al. 2001; Nicosia, Rose ef al. 2001; Schijven, Medema et al. 2000). This removal
was partly attributed to microbial die-off in unfavorable environmental conditions, such
as low nutrient levels in soils, and unfavorable temperatures. Adsorption can cause
retention of microbes at phase interfaces in porous media. The growth of microbes and

ultimately the formation of a biofilm may produce more microbes in water or block pores. -

Porous media can consist of three phases: solid media, water phase, and air phase.

Because microbes are suspended in water phase, transport may occur only within water



phase or at water interfaces (i.e. air-water interface, solid-water interface). For saturated
porous media, solid-water interface is the only adsorption site. Air-water interfaces and
triple-phase boundaries are more effective microbial adsorption sites if porous media are

unsaturated.

1.3.2. Microbial adsorption at solid-water interface

According to the size of microbes and accompanying particles (manure, organic matter,
colloids, sand or clay) in water, caking, straining and filtration (adsorption) have been
proposed as the main mechanisms for the removal of microbes. A surface cake is the
collection and aggregation of particulates and associated microbes above the media
surface. Straining tends to be insignificant when the size of microbes (or clump) is < 5%
of average grain diameter (Ginn, Wood et al. 2002). Straining is mainly a mechanical and
geometric process, while adsorption (filtration) is a physicochcmicél and biological
process, which involves the van der )Wéa]s force, the electrostatic diffusing double layer

effect, and development of extracellular polysaccharides.

Ginn et al. (2002) also gave a comprehensive description of processes in microbial
transport in subsurfaces, and definitions of straining and filtration according to the soil
pore capture mechanism were reviewed and summarized. Straining was defined as when
‘a colloidal particle is physically larger than a pore or pore restriction it is attempting to
pass through’. There are two types of filtration: mechanical filtration of large particles in
matrix (which again is straining as defined above) and physicochemical filtration of small

particles through molecular forces (which may be more properly regarded as adsorption).

RIS
%"Oo e
Surface cake/Filter mat Straining Filtration -

Figure 4. Surface caking, straining, and physicochemical filtration (adsorption)

mechanisms for particle transport in the subsurface (McDowell-Boyer, Hunt ef al. 1986).
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A detailed review of microbial adhesion was completed by Hermansson (1999) in terms
of the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory of colloid stability. Because
the traditional DLVO theory can only explain the total effects of the van der Waals force
and diffusive electric double layer force, an extended DLVO theory was developed to
include acid/base force (cell hydropho]oicity) and extracellular polymer bridging effects
(Hermansson 1999; Jin and Flury 2002). However, the DLVO theory (including
‘classical’ and extended theory) is usually used as a qualitative approach for microbial
adsorption, though sometimes being employed to calculate adsorption free energy

changes and to predict the probability of attachment.

Pore water flow

—— Colloid trajectory
\ ---- Streamlines

! A . Sedimentation
II B - Interception
/ C - Brownian movement

Figure 5. Sketch of particle collision and capture mechanisms(McDowell-Boyer, Hunt et
al. 1986; Yao, Habibian et al. 1971).

The attachrﬁent of microbes to particle surface involves two processes: mass transport to
the surface and interactions between the microbes and phase interfaces. Colloid filtration
theory is usually employed to describe the microbe-SWI interactions (adsorption)
(Bouwer and Rittmann 1992; Harvey and Garabedian 1991; Hermansson 1999; Schijven
and Hassanizadeh 2000). The opportunity for and frequency of the transported particles to
collide with immobilized soil particles is usually expressed as collector efficiency 7;
while the percentage of the microbes that finally attached to particles is indicated by
collision (sticking) efficiency «, which is a process explained by the DLVO theory stated

above.
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The desorption of microbes from SWI is determined by the hydrodynamic shear force and
attachment strength. Higher water flow velocity can remobilize attached microbes into the
flowing water. Also, a change of water pH, ionic strength could result in detachment of
adsorbed microbes (Banks, Yu et al. 2003; Fontes, Mills et al. 1991; Li and Logan 1999;
Mills, Herman et al. 1994, Saiers einc{ Lenhart 2003; Yee, Fein et al. 2000). Transient
captured microbes can shift to an irreversible attached state by the formation of

extracellular polymers (Ginn, Wood et al. 2002).

Small pores and pore throats are crucial for the retention of microbes by enhancement of
adsorption and straining. A porous medium with more small pores also provides more
opportunities for sorption to occur between cells and solid particulates, because of longer
contact time and shorter distance between buoyant microbes and phase interfaces
(McGechan 2002; McGechan and Lewis 2002). Thus, microbes transported by water flow

through the smaller and more tortuous pores are greatly retained.

Cell propertieé, inc]udiﬁg géometrié size and shape, presence of flagella or capsules,
hydrophobicity and zeta potential (net surface charge) have been studied for their effects
on bacterial transport and retention. Because microbial transport mainly depends on water
flow, cell properties are usually related to their adsorption behavior. A brief review of

effects of cell properties on microbial adsorption is given below,

Cell shape (defined as the ratio of cell width to cell length) was reported to affect
bacterial transport through clean quartz sand columns (Weiss, Mills et al. 1995). It was
shown that short rods with low contact angles underwent the greatest decreases in cell
length after passing through a soil column. Dong et al. (2000) also reported that shorter
cells with larger-diameter displayed a higher recovery of cells in percolate than longer,
smaller-diameter cells. A recent study showed that bacterial cell wall type (Gram +/-) and
shape (rod or coccus) showed minor effects on breakthrough through laboratory column
packéd with glass beads (Becker, Collins et al. 2004). In this paper, cell motility was
showed to increase the adsorption rate and decrease desorption rate. In contrast, other
researchers found that bacterial motility facilitates transport of microbes because

nonmotile bacteria needed longer time to detach from sediment grains (McCaulou and
Bales 1995).

It has also been found that high hydrophobicity values of cell surface were alwé.ys
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associated with enhanced attachment to the mineral particles for eight different strains
including Salmonella typhimurium, Enterococcus faecalis, Enterococcus faecium,
Escherichia coli, Citrobacter freundii, Shigella sonnei, and Shigella boydii (Stenstrom
1989). Similar results were observed for sixteen strains of bacteria (including six strains
of Pseudomonas, two strains of Eséherichia, four strains of Arthrobacter, Micrococcus,
Acinetobacter, Thiobacillus, Alcaligenes, Bacillus, Agrobacterium, Corynebacter,
Azotobacter, Rhizobium and Mycobacter) that attached to sulfated polystyrene
(Loosdrecht, Lyklema et al. 1987). In contrast, one report indicated that bacterial
transport was not correlated to hydrophobicity, net surface charges, and presence of
capsules, but retention was statistically related to cell size (Gannon, Manilal ez al. 1991).
Recently, more concerns have been given to subpopulations of mono-colony bacteria, i.e.
intrapopulation variability (Bolster, Mills er al. 2000; Mailloux, Fuller et al. 2003;
Silliman, Fletcher et al. 2001).

7 Usually, microbial attachment to particle surfaces was assumed to Be independent of each
other, i.e. further attachment had the same kinetics as the initial attachment. This was
based on the fact that microbes only occupy a very small percent of the total surface area
of particles. However, increased (ripening) or decreased attachment (blocking) was
observed when porous media exchange sites were saturated (Camesano, Unice et al. 1999;
Rijnaarts, Norde et al. 1996).

Permanent adsorption and forming of a biofilm will change the hydraulic properties of
porous media, i.e. permeability and .conductivity (Dunsmore, Bass et al. 2004). In a
physical sense, the size of pore throat is decreased by microbial attachment, and this
facilitates further capture of free buoyant microbes. Also, the surface properties of
particles and the adsorption process will be very different from adsorption onto initially

clean surfaces.

1.3.3. Microbial adsorption at air-water interface

Unsaturated porous media have been reported to effectively remove viruses, bacteria, and
colloids during unsaturated transport (Lance and Gerba 1984; Lenhart and Saiers 2002;
Tan, Bond et al. 1992). Though some researchers suggest that the stagnant water in
unsaturated media could exclude some favorable adsorption sites on SWI from colloids, it

was generally found that unsaturated flow had high potential to trap and remove microbes
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- from water (Chu, Jin et al. 2003; Chu, Jin et al. 2001; Germann and Alaoui 2002; Keller
and Sirivithayapakorn 2004; Lenhart and Saiers 2002; Schafer, Ustohal ef al. 1998; Shein,
Polyanskaya et al. 2002; Wan and Tokunaga 1997; Wan, Wilson ez al. 1994). Powelson
and Mills (2001) also reported that constant unsaturated water flow in a sand column
resulted in higher removal of E. coli than saturated and changing unsaturated (with cyclic

changes of water content) flow.

Several mechanisms have been suggested to explain the increased microbial retention
observed in unsaturated compared with saturated systems. Jin ef al. (2002) presented a
detailed discussion of unsaturated virus transport. A general discussion of colloidal and
bacterial transport in unsaturated media was presented by Keller ef al. (2004) and Schafer
et al. (1998). A short summary of the literature on microbial adsorption at air-water

interfaces in unsaturated porous media is given below,

Mechanisms for adsorption of microbes at the AWT are different from the SWI, since the
AWT is more "dynar'nic, h;drdphobic' and possesses a low negative charge (Hermansson
1999). However, factors that have been shown to be important for adsorption at the SWI
are also important for adsorption at the AWI, i.e. surface hydrophobicity, cell surface

structures, solution ionic strength.

The AWTI has been found to have a high affinity for both hydrophobic and hydrophilic
microbes (Wan and Wilson 1994; Wan, Wilson et al. 1994), although hydrophobic
microbes were found to be more reactive than hydrophilic microbes in adsorption both to
solid-water and air-water interface (Corapcioglu and Choi 1996; Wan, Wilson ef al. 1994).
Adsorption of microbes to the AWI was usually shown to be irreversible because of the
strong capillary force. In addition, the triple phase boundary of air, water, solid (TPB) was
thought to be a favorable adsorption site for microbes (Powelson and Mills 2001;
Thompson, Flury et al. 1998; Thompson and Yates 1999). In addition to enhanced
adsorption to AWI, SWI, and TPB, film straining (microbes was trapped in thin water
films surrounding particles) was suggested as another mechanism for the high retention

capability of unsaturated porous media (Wan and Tokunaga 1997).

Although higher microbial retention and removal was related to lower water content, it is -
only valid in unsaturated porous media with a relatively stable water content. It has been

observed that colloids retained at SWI and thin water films were released into the water
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due to increasing water content (El-Farhan, Denovio et al. 2000). For a natural vadose
zone under transient flow conditions caused by precipitation or application of effluents,
microbes trapped at the AWI could be remobilized and this may result in high recovery in
the outflow water. Also, the air phase (entrapped air bubbles in unsaturated media) could
be mobilized or dissolved during reWetging in the event of dramatic change of water flow

conditions (Sirivithayapakorn and Keller 2003).

1.3.4. Conclusions

In brief, for short-term microbial transport, without considering die-off and regrowth, the
dominant factor for the removal of microbes from flowing water in porous media is
adsorption at phase interfaces, namely SWI under saturated conditions, together with AWI,

TPB for unsaturated microbial transport. |
1.4. Modeling microbial transport in porous media

To model microbial transport, either a thorough understanding of the theoretical processes
needs to be known, or large experimental and field data sets must be available for
empirical models. Mechanistic models based on factors influencing microbial transport
have been used widely, and most of these models were developed by improving the

traditional convection-dispersion equation.

The most popular model is an advection-dispersion equation that includes microbial
attachment to and detachment from phase interfaces (Bengtsson and Ekere 2001; Bolster,
Mills et al. 2000; Grolimund, Elimelech er al. 1998; Scheibe and Wood 2003; Zhang,
Johnson et al. 200la; Zhang, Johnson et al. 2001b). Usually, the bacterial
attachment/detachment processes are represented by equilibrium or first-order kinetic
reaction terms. This model can be used to simulate microbial transport well, especially
with respect to the phenomenon of size exclusion and the relatively faster average
transport velocity. The general microbial transport model for a one-dimensional flow
system in homogeneous porous media is expressed as follows:
pds e __al

o o T e fath )

Where ¢ is the bacterial concentration in soil water (cfu cm™), x is the longitudinal
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distance from the point of inlet (cm), s is the concentration of bacteria reversibly attached
to soil grains (cfu g™), ps is the soil bulk density (g cm™) and @ is the volumetric water
content, J is the microbial flux density in the direction of flow (the number of microbes
passing through a unit cross-sectional area per unit time, cfu cm™ min™'); R, and Rg are
the rates of decay and regrowth (nurhbqr of microbes per unit volume of porous media per
unit time, cfu cm™ min ™), respectively. The total flux of microbes is equal to the sum
of the fluxes resulting from advective transport by water, random active movement

(bacterial motility), diffusion, hydrodynamic dispersion, sedimentation, and chemotaxis:
Oc
J =—9D(a—)+9(v+ v, +v,)c “4)
X

Where, v is interstitial water velocity (cm min'l); vg and v, denote the sedimentation and
chemotactic velocity of bacteria (cm min™'). The dispersion coefficient D (cm® min™")
accounts for_' random active movement, “diffusion, and hydrodynamic dispersion.
Sedimentation of bacteria is riegligible due to the close approximation of the cell density
to that of water, especially in absence of cell flocculation (Smith, Thomas et al. 1985).
Besides, chemotaxis is not significant in the natural or engineering porous media without

a macroscopic substrate concentration gradient. Thus, (4) is simplified to
oc
J=-60D(—)+0vc %)
Ox

For conditions in which microbial growth and decay are limited (e.g. at low temperature),
R; and R, may be neglected in (3). Substitution of (5) into (3), and omitting microbial
die-off and regrowth yields
2

&§+@=D6_‘;_v@ (6)

g ot ot Ox Ox '
If the one-site first order kinetic model is employed to describe the microbial adsorption
and desorption process in porous media, the governing partial differential equation is

2
oc D 0°c 0

c 2, .
% _ple_ % g 1Pk 7
o o ax ST h 7
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Where Ky is the attachment coefficient (min'l), and K, is the detachment coefficient
(min™"). This model is common in bacterial transport modeling and has been proved to be
very effective in demonstrating the breakthrough patterns. Many additions have been
- made to this model to include more factors, e.g. dual soil porosity, or dual bacterial
sticking efficiency. These models have been tested and resulted in more accurate

predictions.

1.5. Potential applications

The study of microbial transport in soils is of ongoing and considerable interest in soil
science, and has been studied extensively in microbiology, soil physics, hydrology and
epidemiology. This is not only because of its various applications and environmental

implications, but also because it represents an intellectual challenge.

The research into bacterial transport in porous media was originally stimulated by
concerns of waterborne bacterial diseases arising from the use of polluted groundwater.
Animal wastes (manure, slurry and occasionally urine) or human septic wastes contain
large numbers of different pathogens, such as E. coli O157:H7, Campylobacter spp.,
Giardia spp., Cryptosporidium spp., rotaviruses etc (Gerba and Smith 2005; Unc and
Goss 2004). After application of animal wastes onto farmland, a large number of
pathogens may be transported through the vadose zone in soils by infiltration water, and
might cause pollution of groundwater. Therefore, the protection of public health and
prevention of pathogen transport to water resources has highlighted the study of microbial
transport in porous media (Morris and Foster 2000). Recently, it has also become
important in the bioremediation of contaminated aquifers, including bioaugmentation,
biostimulation, and natural attenuation. The applications of this research topic include the

following.

1.5.1. Contamination of water by pathogens

Pathogen transport in soil and the subsequent contamination of underground or surface

water resources can lead to microbiological problems with organic waste disposal
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(Edmonds 1976; Gerba 1985; Morris and Foster 2000; Reddy, Khaleel ef al. 1981; Unc
and Goss 2003; Unc and Goss 2004). Especially in agricultural areas, where large
amounts of animal manures or effluents are applied rather than chemical fertilizers, the
potential contamination poses a threat to the potability and use of water resources
(Huysman and Verstraete 1993a; Huysman and Verstraete 1993b). After pathogens are
released into the environment, such as i)y waste application, they are partitioned into and
transported by surface runoff or infiltrating water, which may lead to contamination of
surface and/or subsurface water. Many tragic events in the history of public health involve
pathogen contamination of drinking water following the transport of pathogens through
various distances in soils. Such tragedies happen even under the current best management
practices for waste disposal and protection of water resources, e.g. the Walkerton (Ontario,
Canada) tragedy of May 2000 (Unc and Goss 2004).

Pathogens released into soils through septic tank effluent (Bitton aﬁd Harvey 1992),
sewage irrigation (Wallach 1994) have been demonstrated to travel rather long distances
under various soil conditions, especially following heavy rainfall (Hagedorn, Hansen et al.
1978). The results of the microbial transport in soils are the contamination and
degradation of surface or subsurface water resources, and potential spreading of
epidemics. The understanding of microbial transport patterns is useful for the planning,
design, installation, and management of septic tanks, and biological wastewater treatment
units such as sand filter beds and drainage outlets. Thus, this type of study is increasingly
important nowadays for environmenta] and health issues, such as the release and transport
of pathogenic microorganisms by agricultural activities involving animal wastes as
manure or effluent, human waste disposal via septic tank systems and land-applied

sludge.

1.5.2. Bioremediation of contaminated subsurface

Soil ér groundwater polluted by recalcitrant substances, e.g. petroleum, radionuclides or
organic chemicals, can be treated by bioremediation. A variety of microbes have been
isolated that can degrade general chemical pollutants such as PAHs (polycyclic aromatic
hydrocarbons), BTEX (benzene-toluene-ethylbenzene-xylene) compounds, or NAPLs
(non-aqueous-phase liquids) such as petroleum and chlorinated aliphatics or aromatics.

Also, biological sorption and reduction of uranium from the hexavalent to the nonsoluble
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quadrivalent state has been proved to be an effective way to remediate uranium
contaminated natural groundwater and mining wastewater (Finneran, Housewright et al.
2002; Liu, Gorby et al. 2002; Nelson, Cellan et al. 2002; Payne, Gentry et al. 2002;
Suzuki, Kelly et al. 2003). One of the most effective methods to remedy soils
contaminated by recalcitrant organic chemicals is to inoculate these sites with specific
microbes, which can degrade the pollu}ing compounds. In such a case, the transport and
spatial distribution of the inoculated bacteria in the soil profile are at the very core of the

in situ bioremediation. Data needed to predict bacterial transport in the field is rare.

In the case of in situ bioremediation, microbial transport in soils is critical in intrinsic
bioremediation (natural attenuation), biostimulation (by the addition of water, oxygen,
organic substrates, electron donors, etc. into the contaminated subsurface), and
bioaugmentation (by the introduction of specific microbial cells able to degrade the
contaminants) (Ginn 2002; Ginn, Wood et al. 2002). In practice, how é.nd to what depth
the amended microbes move -_downward through the soil profile is crucial for the success
of a bioremediation project (Benyahia 2000; Pierzynski 2000). In situ bioremediation that
is operated at the contamination site generally requires a high soil porosity and water
content for the easy transport and biological activities of the cleanup microbes (Chapelle
1999). Many bioremediation projects have demonstrated the difficulty in controlling and

monitoring the movement of specified bacteria in the soil profile,

1.5.3. Other agronomic applications

Other agronomic applications include research into genetically engineered microbes
(GEMs). GEMs are inoculated into soil for the prevention of some plant diseases or to act
as biocontrol agents and plant growth promoters (e.g. by nitrogcﬁ fixation) (Huysman and
Verstraete 1993a; Huysman and Verstraete 1993b). The macropores created by plant root
channpls play an important role in such applications. Soil management and irrigation have

been employed to optimize the movement of applied microbes.

Care must be taken with the deliberate release of GEMs into natural environments and its
impact on ecosystems. Many GEMs may transfer small parts of their genomes to other
biota in the environment and might be incorporated into intrinsic microbes. The
measurement of the fate, transport, and distribution of released GEMs in soils is an

important facet of many biotechnological research projects.
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Chapter Two

Research Analysis and Objectives

2.1. Research analysis

2.1.1. Summary of literature review

Bacterial transport through the unsaturated and/or saturated subsurface might pose
contamination problems when land disposal is adopted to treat animal manure, effluents,
or biosolids from domestic wastewater treatment plants. The properties of both the
bacteria and the porous media (soil, gravel aquifer, sand) were suggeéted as influential

factors during bacterial transport.

From the literature review in chapter I, it is clear that bacterial migration through porous
media mainly depends on water flow, and bacterial retention is mainly determined by
bacterial adsorption at phase interfaces. For long term bacterial transport, die-off and
regrowth probably contribute to the final outcome. Water flow is also closely related to
pore size distribution and water content in porous media. Bacterial adsorption at SWlisa
result of interactions between cells and particle surfaces, and is mainly related to surface
area and chemical composition of pﬁrticles. However, attached cells at AWI can be
detached by chemical perturbation or shearing force of water flow. In contrast, bacterial

adsorption at AWI is usually irreversible.

To date, much research has been focused in the area of saturated flow conditions, with
increasing interest in unsaturated flow. Mechanisms for bacterial transport have been
explored in both macroscopic and microscopic scales. Mechanistic models have been

developed and implemented to simulate bacterial transport and retention in porous media.

2.1.2. Previous experiments

-

Previous research at Lincoln University about the effects of land disposal of oxidation

pond effluent on groundwater microbial contamination have shown that indicator
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microorganisms only appeared in groundwater following heavy rainfall and flood
irrigation events (Martin and Noonan 1977). Also, it has been shown that spray irrigation
at Lincoln University’s new dairy farm (established in 2001) has had little or no impact
on the level of microbial contamination of groundwater in the first three years of

operation.

These two experiments suggest the importance of water flow on bacterial transport in
soils. However, soil properties such as moisture characteristics and pore size distribution
are not available to help explain the observations. These properties are directly related to
water flow in soils. Besides, no tests were done to measure bacterial adsorption to soils.
This makes the explanation more difficult. However, these experiments and observations

encouraged us to explore factors related to soil water flow and bacterial adsorption.

2.1.3. Conclusions

The literature review and '};reVious experiments suggest that bacterial contamination (if it
occurs) will only emerge with flood irrigation and heavy precipitation. Water flow is thus
one of the most important factors which control bacterial transport behaviour.
Considering that water flow is directly related to pore size distribution (especially
macropores) and initial water content of soils before water input, the effects of pore space
properties and water content (determined by matric suction) were selected as the

parameters for our experimental designs.

Compared with a conservative chemical tracer, such as bromide, bacteria are usually
heavily reduced when transported through porous media. If decay or die-off of microbes
is excluded (such as when persistent cells are used, and at a well-controlled
environmental temperature), this reduction can be attributed to a combination of:
irreversible adsorption at solid-water interfaces (SWI); adsorption at air-water interfaces
(AWI) when an immobile air phase is formed in the subsurface; and physical straining by

interstices smaller than bacteria.

Therefore, adsorption of bacteria was thought to be the key factor to retain bacteria
passing through porous media. In this thesis, bacterial retention by means of attachment
was studied by exploring the effects of adsorption to particle surfaces and air-water

interfaces.
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2.2. Objectives and methods

Based on the fact that bacterial transport and retention are controlled by water flow and
bacterial adsorption respectively, the objectives of this thesis were to explore the relative
significance of factors related to wa-ter‘ﬂow and bacterial adsorption. In addition, one of
the objectives was to develop mechanistic models which can be applied to experimental

data to simulate and predict bacterial transport.

To fulfil these objectives, laboratory and field experiments using bacterial and bromide
transport through both heterogeneous soil and homogeneous silica sands, under both
saturated and unsaturated flow conditions, were carried out to gain bacterial breakthrough
curves. Bacillus subtilis and E. coli were employed as tracer microbes in experiments
with an outdoor soil lysimeter and indoor sand columns, respectively. The sand column/E.
coli experiments were conducted in a cold room, while B. subtilis is persistent in soils.
These two facts reduced die-off as a factor affecting bacterial retention. Retained bacteria
were measured by enumerating bacterial concentration in soil and sand cores after the
transport experiments. Bacterial adsorption to particle surfaces was determined by batch
adsorption experiments. Particle size distribution, pore size distribution, and moisture

release characteristics were obtained by tension table or Buchner funnel apparatus.

Mechanistic models including equilibrium adsorption, one-site first-order Kkinetic
adsorption, and two-site kinetic/eqlllilibrium adsorption at SWI were modified by
including a term for an irreversible first-order attachment to AWI. These models were
used to simulate bacterial and bromide breakthrough curves from the sand column
experiments. The capabilities of existing microbial transport models were investigated
with regard to our experimental observations. The best modelling approach was
determined by comparing the applicability and efficiency of each model when applied to
the sand columns experimental data. Based on the evaluation and modification of current
models, a practical model (the convection dispersion model supplemented with two-site
adsorption at SWI and first-order kinetic irreversible adsorption at AWI) for predicting

bacterial transport was also constructed in this thesis.
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Chapter Three
Transport and Deposition of Bacillus subtilis through an
Intact Soil Column

3

3.1. Introduction

Although many field and laboratory column experiments on bacterial transport have been
reported in the literature, most focus on saturated flow. Bacterial transport involves
passage through both the unsaturated (or vadose) zone and saturated aquifers. A few
researchers have found that retention of bacteria or colloids in porous media is greater
under unsaturated than saturated conditions (Germann and Alaoui 2002; Lance and Gerba
1984; Lenhart and ‘Saieré—2002; Schafer, Ustohal et al. 1998; Tan, Bond et al. 1992).
However, bacterial transport through intact soil columns has not been investigated in
respect of unsaturated water flow and macropore effects. In unsaturated porous media,
high potential of bacterial retention was attributed to adsorption at AWI and film straining.
However, experimental evidence to verify the effects of air-water interfaces and film
straining is lacking (Jin and Flury 2002). This chapter will investigate effects of
unsaturated water flow and macropores on bacterial transport through an intact soil

lysimeter.

In recent years, unsaturated transport has gained increasing attention. However, most
research has been carried out in sand columns, and so ignores effects of structural
heterogeneity. Water flow in intact soils is conducted mainly through bigger pores,
especially macropores. Very low suction will empty macropores of water and helps to
clarify the effects of macropore flow. To investigate bacterial transport under unsaturated
condition in heterogeneous soil, an intact soil column with sandy loam soil was used. The
attractive feature of this experiment is the accurately controlled suction by a tension
infiltrometer imposed on top of the soil lysimeter. To our knowledge, no similar

experiments have been reported.

A previous experiment was carried out at Lincoln University when a tension infiltrometer
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was used to enable study of nitrate leaching under controlled suctions (Silva 1999). That
experiment selected 0.5 kPa and 0 kPa as the suctions to study the influence of macropore
flow on nitrate leaching and bacterial movement. Bacterial concentration and the volume
of leachate were monitored for about three months. It was showed that application of 0.5
kPa suction onto the soil column decrea}sed the number and concentration of percolated B.
subtilis endospores, compared to those at 0 kPa suction. To enable a direct comparison,
we employed the same suctions, bacteria, soil type, and a lysimeter of the same size with

that project for this thesis.

The objectives of the study were to (a) investigate the effects of soil matric suction (hence
degree of saturation) on water flow and the concurrent bacterial and chemical tracer
transport in intact soils, (b) determine the effect of macropore in undisturbed soils on
bacterial transport and retention, and (c) .provide a framework and experimental methods

for subsequent research into modeling bacterial transport in intact soils and sand columns.

3.2. Materials and Methods

3.2.1. Bacteria and culture preparation

B. subtilis endospores were chosen as the tracer because they persist in natural
environments such as soil and water, so die-off does not need to be taken into account
(Slepecky and Hemphill 1992). B. subtilis forms orange colonies on tryptone glucose agar,
which helps to distinguish it from other soil bacteria. The selected strain was
rifampicin-resistant and was prepared according to Houston et al. (1989), and was thus
distinguished from natural B. subtilis in soils. This strain was used at both suctions (0.5

kPa and 0 kPa) because of its low detection-limit and easy plate counting.

To prepare the endospore suspension for the 0.5 kPa unsaturated experiment, 3.3 mL of
stock bacterial suspension was sonicated for 1 min and then heat-treated in a water bath at
80 °C for 10 minutes. Sonication was shown to be effective in breaking cell clumps
caused by long-term storage (data not shown). The sonicated suspension and 4.4 g sodium
bromide were added to 2.2 L of sterilized water. The diluted suspension was shaken
vigorously and 2 x 1 mL samples were added to 9 mL 0.1% peptone water. Another 206
mL sub-sample was taken and stored in a freezer for later analysis. The remaining 2 L

suspension (3.65%10° cells/ml, 2000 mg/L Br’) was irrigated uniformly onto the soil
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surface using a 2 1. garden sprayer with an adjustable nozzle. The saturated leaching
experiment used the same procedure to make up suspension of different concentration, i.e.
4.35x10* cells/ml, 4000 mg/L Br~. The unintended different cell concentration used for 0
and 0.5 kPa suctions may have been caused by the change of bacteria with time in stock.
This difference was circumvented b;/ employing normalized concentration in data

analysis.

3.2.2. Soil column experimental setup

The soil column was a Iysimeter with 50 cm diameter and 70 cm depth, installed outdoors
at Lincoln University, Canterbury, New Zealand. The soil was a free draining Templeton
fine sandy loam (Udic-Ustochrept, coarse loamy, mixed, mesic) (Silva 1999). Texture
changed from fine sandy loam in the A horizon into sandy loam in the subsoil. Details of
thé lysimeter collection and tension infiltrometer are described in Cam’ercn et al. (1992)
and Silva er al, (2000). - - |
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Figure 6. Schematic of the lysimeter experimental apparatus.
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Figure 6 is a schematic diagram of the column setup. A temperature probe (LM35CZ,
National Semiconductor), three pressure transducers (170 PC, Micro Switch) attached to
three tensiometers (Fabricated from Soil Moisture Equipment Corp Ceramic Cups - Part
652X07B1MO03), a pressure transducer (SCX0IDNC, Sensym Co.), and a datalogger
(CR10, Campbell Scientific Instfurr}ents) were calibrated in the laboratory. The
temperature probe was inserted horizontally at 30 cm depth. The tensiometers were
installed at 15, 30, and 60 cm depths, with 20° downward angle. A pressure transducer in

the infiltrometer 200 L reservoir was used to record the infiltration rate.

3.2.3. Assay methods and procedures

Effluent samples collected during the leaching period were stored at —20 °C before
analysis. Previous work had shown that freezing did not change endospore numbers (Data
not shown). Samples were thawed at ambient temperature. About 20 ‘mL subsample of
each effluent sample was transferred fo 30 mL vials for bromide analysis. B. subtilis
endospores were enumerated by membrane filtration technique and plate counting. The
culturing medium used was rifampicin supplemented tryptone-glucose-agar (TGA)
medium (1% tryptone, 0.5% glucose, 1.5% agar, 5 ng/ml rifampicin). Bromide in the
effluent was analyzed using a Dionex DX-120 Ion Exchange Chromatograph fitted with a
Dionex AS 50 Autosampler and integrated by Chromeleon Peaknet 6.0.

To enumerate deposited endospores in soil, tetrasodium pyrophosphate (NasP,07:10H20)
was added to 125 mL flasks as a soil dispersing agent to a final concentration of 0.18%
(Lorch, Benckieser ef al. 1995; Sylvia, Fuhrmann et al. 1998). A 10 g soil sample and 95
mL sterilized water were added into the flasks, which were Ishaken for 15 min in a
horizontal rotary shaker at 200 rpm, and then settled for 15 min. After heat-treating flasks
at 80 °C in a water bath for 25 min, serial dilution and plate counting with TGA medium
were carried out. A subsample of each soil core was dried in a forced air-circulating oveﬁ

at 70 °C to constant weight.

3.2.4. Column experiments

The tension infiltrometer’s 200 L water reservoir (Figure 6) was filled with water, leaving |
a small volume on the top for air circulation. Grass in the lysimeter was trimmed to

ground level without disturbing the soil. A polyester cloth (Just Screen, NZ) of 20 pm
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mesh was laid on the surface of the lysimeter. Silica sand (Industrial Sands.Ltd., NZ) of
particle size 75-297 um was poured on top of the polyester cloth to a thickness of about

10-15 mm, and was flattened for maximum contact with the infiltrometer disk.

The infiltrometer disk was immersed in a water bath to eliminate air from inside the disk.
The air inlet pipe was used as a manomnieter to adjust the bubble tower, which maintained
the suction (0.5 kPa) for unsaturated flow. A vacuum pump was connected to the water
reservoir and maintained constant negative water pressure (suction) in the reservoir,
bubble tower and soil lysimeter. The water-filled infiltrometer disk was installed on top of
the contact sand. The lysimeter was allowed to reach stable water potentials under 0.5 kPa

suction for two weeks.

Once the lysimeter reached stable condition, the polyester cloth and contact sand were
removed from the top of the lysimeter. 2.0 L of water containing 7.29x10% B. subtilis
endospores and 4.0 g sodium bromide were sprayed onto the soil surface. Then, the
polyester cloth and sand Wére'replace‘d, and the infiltrometer disk was reinstalled with 0.5
kPa suction. The leachate collection interval ranged from 30 min at the beginning to 12h

near the end of leaching.

After the unsaturated leaching experiment, the suction of the infiltrometer was adjusted to
0 kPa, enabling saturated flow in the lysimeter. Then, the lysimeter was flushed with
free-flowing water for 2 weeks, which also diminished the effluent concentration of B.
subtilis and Br™ to negligible constant levels. B. subtilis and bromide reached c¢. 10 cfu/mL
and 5 mg/L respectively at the end of the equilibration. Then, saturated leaching followed
a pulse application of 8.7% 10’ B. subtilis and 8.0 g sodium bromide in 2 L sterilized water

was continued for one week.

After completion of the saturated leaching, nine vertically drilled soil core samples were
taken with a 5 cm inner-diameter hollow auger to 60 cm depth (Figure 7). These cores
were divided into 5 cm long sections for analysis of deposited bacteria down the column.

Cylindrical soil samples were collected in sterile bags and stored at 0 °C.

For measurements of soil properties, cores were taken from the same field site as the
lysimeter soil. The total soil porosity was calculated from particle density and bulk

density. Particle density, bulk density, and water content were measured according to the
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methods by Dane and Topp (2002). Pore size distribution was measured with tension
table and pressure chamber apparatus for low-suction and higher-suction ranges (Hillel

1998).
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Figure 7. Sampling scheme for drilling of soil cores.

3.3. Results

3.3.1. Soil porosity and pore size distribution

Figure 8 and Figure 9 shows total porosity, water content &, at 0.5 kPa suction and pore
size distribution versus column depth. Figure 8 shows that 0.5 kPa suction significantly
decreased water-filled porosity within the soil column, and average soil column water
content dropped from 0.45 to 0.43. The reduction of 8, induced by suction was mainly at
depths <30 cm, because below 30 cm, most soil pores had a diameter <600 pm

corresponding to 0.5 kPa suction (see Figure 9).
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Figure 9. Soil pore size distribution at depths of 2.5, 10, 30, 50 and 70 c¢m.

Pores with diameter >300 pm were mainly distributed in the top 20 cm of the column and
a small portion (0.36%) at depth of around 70 cm. Thus, the 0.5 kPa suction substantially

reduced 6, in the top column section, with relatively slight influence on the middle and
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bottom sections. Despite few macropores at depths from 20 to 60 cm, a large variance of
the pore diameters suggested possible existence of preferential flow pathways along the
soil column. Also, the dense and uniform existence of pores <1.5 pum at all depths

indicated a good retention ability for infiltrated bacteria.

3.3.2. Soil water suctions, effluent rate and temperature

~ Figure 10 shows soil matric potentials (¥,,) at depths of 15, 30 and 60 cm. At 0.5 kPa
suction, the average values at 15 and 30 cm were —1.6 and —2.3 kPa, about 1.1 and 1.8
kPa lower than the imposed surface potential. However, ¥, at 60 cm was —0.35 kPa,
higher than the surface applied potential. This ¥, distribution reflected the soil
heterogeneity, seen in Figure 8 and Figure 9. While vertical flow rate must be uniform,
the hydraulic conductivity is not uniform with depth, and therefore matric potential will
vafy in a heterogeneous soil. The increase of matric potential near the column bottom was
caused by the effluent collection pipe, eduivaient to a water table at the bottom. Error bars

show that ¥, was stable at 60 cm depth.

At 0 kPa suction, the column reached saturated or near-saturated flow condition and the
average matric potentials were —1, —1.4, 0.03 kPa for depths of 15, 30 and 60 cm,
respectively. ¥y, at 60 cm was a little higher than 0 kPa, suggesting water perching at the
bottom. There was an abrupt rise of ¥, for the last two days of the 0 kPa experiment
(Figure 10), caused by the adjustment and purging of air bubbles from the infiltrometer
disk.

The column outflow rate at 0 kPa averaged 3.98x107® m/s, higher than 6.95x107 m/s at
0.5 kPa by a factor of 5.7. It took 10 days to produce 1 pore volume of leachate under 0.5
kPa-suction, but only c. 2 days at 0 kPa suction. The flow rates at both suctions decreased
gradually over the experimental period (Figure 11), although the 0 kPa flow rate
decreased much faster than at 0.5 kPa suction. This probabiy resulted from the blocking
of pores by colloids transported through the column. The decrease of soil temperature

might be another contributing factor, as discussed below.
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Figure 10. Soil matric potentials at different depths under 0.5 kPa and 0 kPa suctions.

Error bars in the plots indicate standard deviation of 24 hours data.
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Figure 11. Column outflow rate at the two selected suctions (0.5 kPa and 0 kPa).

Figure 12 shows daily average soil temperature at 30 cm depth. For the 0.5 kPa leaching
event it stayed over 13 °C during the first two weeks, rose to 18 °C and then dropped to 8
°C. At 0 kPa, it was more stable, varying between 10 °C and 14 °C. Since water viscosity
is inversely related to temperature, temperature decline in the 0.5 kPa experiment was
partly responsible for the diminishing flow rate. However, soil temperature cannot explain
the change of flow rate during the 0 kPa experiment. It is postulated that the higher
saturated flow rate mobilized more colloids from the top layer of the column, and blocked
some micropores, mainly distributed in the middle of the column. Soil temperature

variation would have little impact on the survival of endospores due to their resistance to

low temperatures.
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3.3.3. Transport and deposition of B. subtilis and Br~

Figure 13 shows breakthrough curves (BTCs) for B. subtilis and bromide at the two
suctions. STANMOD version 2.2 was employed to model bromide breakthrough with the
CXTFIT model included in the package‘. Fitted curves and parameters are indicated on the
graphs. Breakthrough of B. subtilis occurred much earlier than the conservative chemical
tracer Br™, about 0.5 pore volume (PV) earlier at 0.5 kPa suction. The BTC of bromide at
0 kPa suction was irregularly shaped because of the preferential or by-pass flow. Another
possible explanation for the plateau shaped bromide BTC is the higher concentration of
sodium bromide in the pulse injection (4.0 g/L. compared to 2.0 g/L at 0.5 kPa suction).
But the earlier breakthrough of B. subtilis over bromide was still evident. On the other
hand, the peak width of BTCs for B. subtilis at both suctions was much narrower than
bromide. The effluent concentration of bacteria reached a peak, and then tailed quickly to
a constant low level till the end of the experimental period. The BTC peak height for B.
subtilis was c. two orders of rhagnitude larger under 0 kPa suction than 0.5 kPa suction.

By contrast, the bromide peak height at 0 kPa was only twice that at 0.5 kPa.

33



0.004 0.08
o 0.5 kPa
O 3 —@-— B. subtilis
5 |\. O  Bromide g
'~§ 0.003 : i —— Fitted Bromide | 0.06 =
g N . £
8 by g
| (53
& I 5
[
| o o
2 o002 | v 004
5 [ Fitted parameters: m
3 b v=0.2303 emihr 2
: ol D=0.0739 cm?/hr N
Q ! ©
o ! £
N o000t ! F0.02 5
T ! z
E e
[=]
pad
0.000 _ ot -89-09: - 0.00
0.0 0.5 1.0 1.5 2.0
Pore volume
0.30 0.10
° - 0 kPa .
Q | @®— B. subtilis
) - . (]
< 025 'R\ O  Bromide R
5 | 0.08 c
2 I ——— Fitted Bromide 2
£ j ©
€ 020 - =
@ [
2 o Loos £
8 | 8
£ 015 "
: :
- 0.04
2 o Fitted parameters: _g
% 0.10 v=1.258 cm/hr ®
@ o © D=2.75¢m?fhr E
N 1 OQb ]
] { -002 Z
£ 0.05 A1 \
] {
z e
0.00 ——————— 0.00
0.0 0.5 1.0 1.5 20

Pore volume

Figure 13. Breakthrough curves for B, subtilis and bromide at 0.5 kPa and 0 kPa suctions.

The concentrations have been normalized to the initial injected concentration.

Figure 14 shows the cumulative leached bacteria and bromide. Less than 1% of applied
bacterial cells were leached through the soil column at 0.5 kPa suction after about 2
effective (i.e. water-filled) PV; while ¢. 50% reached the bottom of the column at 0 kPa
suction after about 1.5 PV. For bromide, the fraction of mass recovered in the efﬂuen_t at

both suctions reached c. 85% although it was about 0.5 PV earlier at 0 kPa suction. The
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un-recovered bromide was possibly trapped in soils by diffusion into an immobile phase,

including very fine pores of soil granules.
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Figure 14, Cumulative leached B. subtilis and bromide at two suctions, as percentage of

totals applied.

Figure 15 shows the distribﬁtion of deposited bacteria as a function of normalized depth
(ND). Bacterial concentration decreased abruptly from the top to 0.2 ND, and then was
relatively stable, although it increased a little at c¢. 0.7 ND. The transverse variance of
deposited bacteria was not uniform with depth; it was higher at the top and bottom
sections and lower from 10 cm to 30 cm. The highest variance occurred at the top of the
column, mainly due to the relatively high fraction of macropores and presence of grass
roots. Core 4 (see Figure 7 and Figure 15) had exceptionally high deposited
concentration from 0.6 to 0.8 ND. This might be the end of a preferential pathway such as
a wormbhole, or the presence of a clump of very adsorptive soil, thus a large number of
bacteria were retained. The geometric mean of deposited concentration is shown in

Figure 15 with core 4 treated as an outlier and excluded.
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Figure 15. Distribution of deposited B. subtilis along the soil column after OkPa

experiment,

Although both effluent and deposited bacteria were measured in the saturated (OkPa)
experiment, the mass balance of bacteria was not well conserved. About 32% of total
applied bacteria were detected in the soil column and less than 7% was collected in
effluent. Although there are no reports on the mass balance in bacterial transport
experiments, it was postulated that the poor mass balance for bacteria is common for
microbial transport in soils. Contributing factors include die-off and predation during the
extended three month experimental period. The deficit could also be partly due to the

detection methods, which probably did not release all deposited bacteria from soil.

3.4. Discussion

Bacteria are transported in soils via saturated or unsaturated flow. Total water flux in
natural subsurface media is often dominated by macropore flow rather than matric flow
under saturated or near saturated conditions (Hillel 1998; Silva 1999). In our experiment,

a suction of 0.5 kPa applied on the soil surface emptied pores with diameter >600 pm. At
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the same time, average 6, down the column decreased from 0.45 to 0.43 (Figure 8) and
water flux decreased substantially from 1.12 L/hr to 0.197 L/hr. The passive transport of
bacteria by soil water flow would therefore be strongly retarded. According to the
frequently used convection-dispersion equation (CDE) models, the bacteria recovered in
the percolate are mainly transported by convection. The substantial decrease of water flux
is therefore partly responsible for the relatively small bacterial recovery of 0.88% at 0.5

kPa suction compared to 51.3% at 0 kPa suction.

The main controlling mechanisms for bacterial retention in soil are attachment and
detachment at particle surfaces (Banks, Yu ef al. 2003; Ginn, Wood et al. 2002). The
detachment process in natural soil happens when hydrodynamic shearing stress exceeds
the attachment strength. The high pore water velocity 3.5x107° m/s at 0 kPa suction
compared to 6.4x107" m/s at 0.5 kPa suction probably contributed to the higher level of

leached bacterial concentration and mass recovery in percolate.

As discussed a‘bove,vthe éﬁrfaée applied 0.5 kPa suction caused only slight decrease of the
average 6,. However, the pore connectivity was probably changed greatly due to
emptying of macropores (>600 um). It is postulated that these emptied macropores acted
as connecting channels for pores of different diameters (Beven and Germann 1982;
Czapar and Fawcett 1992; Thomas and Phillips 1979). Because bacteria transport
preferentially through macropores, macropore connectivity is crucial for transport. The
loss of pore connectivity would contr'ibute to both the increased bacterial retention and

decreased soil water flux.

Pore size exclusion effects have been used widely to explain the breakthrough of bacteria
relative to inert chemical tracers (Sinton, Noonan ef al. 2000). The appearance of the
bacterial concentration peak in advance of the bromide tracer is prominent in our
experiment, at both suctions. At 0.5 kPa suction, the bacterial BTC peak arrived at
dimensionless time of 0.03 PV, relatively later than 0.02 PV at 0 kPa suction. However,
the difference is not significant and is compromised by the different sampling intervals.
On the other hand, breakthrough of bromide was dramatically different between the two
suctions. According to solute transport theory, more rapid water flow tends to produce a
higher and narrower BTC peak. This is supported by Figure 13, which shows that the
peak concentration arrived at 0.1 PV for 0 kPa, and 0.5 PV for 0.5 kPa, with 0.1 and 0.04

normalized concentrations, respectively. However the 0 kPa experiment also produced an

37



extended plateau in the bromide BTC, spanning c. 1 PV. This can be explained by the fact
that more rapid water flow also increases dispersivity, tending to widen the BTC curve.
Bromide BTCs were modeled by the CXTFIT model in STANMOD 2.2 (Figure 13). The

fitted flow velocity and dispersion coefficients support our discussions.

The ratio of bacterial size to soil particle size also controls bacterial retention
(McDowell-Boyer, Hunt er al. 1986). The size of B. subtilis endospores used in this
experiment was c¢. 1 pm, and the dominance of pores with diameter <lpm in the column

indicates that the straining effect was also significant in bacterial retention.

Air-water interface (AWI) trapping and film straining may also contribute to the greater
bacterial attenuation at 0.5 kPa suction compared to 0 kPa. AWI adsorption is determined
by cell hydrophobicity and degree of saturation, and would be greater under unsaturated
conditions, However in this experiment we cannot differentiate between AWI and particle
surface attachment. B. subtilis manifested variable hydrophobicity and might be more
uncertain undér natural grouhdwatef conditions (Doyle, Nedjat-Haiem et al. 1984). In
addition, unsaturated water flow includes water flow in films around solid surfaces. Film
straining will also retard bacteria when the film thickness decreases to less than bacterial
cell diameter (Wan and Tokunaga 1997). Hence, unsaturated flow favors greater bacterial

retention.

In a previous experiment, a series of tension table experiments was carried out (Ratcliffe
1998), which aimed to verify the' hypothesis that surface-applied bacteria under
unsaturated conditions will get trapped in soil pores, and this trapping process is not
easily reversible. These experimental results have recently been re-analyzed by the author
with Sigmaplot 9.0. B. subtilis endospores (resistant to rifampicin) irrigated on the surface
of intact soil cores (20 cm diameter x 8 cm length) which were equilibrated under
selected suctions, i.e. 0, 0.5, 2, 5, 10 kPa, were then percolated by saturated water flow.
The bacterial retention and percolation percentage were significantly correlated with the
suctions. The higher retention with higher suction was explained by micropore storage,
attachment to static air-water interface (AWI), and irreversible particle adsorption. The
bacterial percolation was mainly controlled by replacement of pore water storage, and the )
reversible detachment process. Another sensitivity experiment with four replicates using
lincomycin resistant strain of B. subtilis at 0 and 0.5 kPa suctions revealed that a small

increase (0 to 0.5 kPa) in soil matric suction incurred a substantial higher level of
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bacterial retention.

Only a few previous studies have quantified the number and distribution of deposited
bacteria in porous media (Bolster, Mills et al. 1999; Bradford, Yates et al. 2002; Fuller,
Dong et al. 2000; Natsch, Keel et al. 1996; Wollum II and Cassel 1978). In our
experiment, bacterial retention was ldrge in the first few centimeters of topsoil and
decreased at 20 cm depth (Figure 10), although with a slight increase at the column
bottom. When large quantities of bacterial cells were applied at the soil surface, straining
retained a large fraction before pore size exclusion came into effect. Then, the pore size
exclusion and detouring effects diverted bacteria into relatively large pores and
attachment became the main retaining factor. The high organic matter content including
grass root debris in the topsoil compared with subsoil might be a factor increasing

bacterial retention in the top of the soil column.

For the saturated leaching experiment, an extended tailing of bacterial breakthrough was
observed untif over 4 pé;c volumes were sampled (data not shown). This was also
observed after the 0.5 kPa experiment during the equilibration period, before the saturated
experiment. (Bolster, Mills et al. 2000) explained the long-distance transport of bacteria
as a result of intra-population variability. Microbial heterogeneity, especially of
hydrophobicity has been frequently reported (Doyle, Nedjat-Haiem et al. 1984; Kinoshita,
Bales et al. 1993; Wiencek, Klapes ef al. 1991). (Fuller, Dong et al. 2000) reported that
bacteria in their intact core experiments were composed of a range of subpopulations of
cells. The existence of a non-adsorpti\.ze subpopulation of bacteria will cause longer term

and longer distance transport, which jeopardizes groundwater safety.

3.5. Conclusions

In this study, an intact soil column with a tension infiltrometer was used to simulate flow
in saturated conditions and unsaturated vadose zone' soils. Soil matric potential,
infiltration rate, and temperature were monitored. Bacterial and inert chemical tracer
(Br") breakthrough curves under unsaturated, followed by saturated conditions were
obtained during a three months leaching experiment. The soil column was destructively
sampled for deposited concentration of B. subtilis at the end of the saturated experiment.
The experimental setup allowed accurate control of suction, which empties soil pores

greater than a specified diameter. This is especially important in differentiating effects of
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macropore flow and matric flow.

Bacterial breakthrough occurred distinctly earlier than for conservative tracer, which is
consistent with effects of pore size exclusion, preferential flow and effects of macropores.
Also, saturated flow gave a higher concentration, and mass recovery ratio of effluent
bacteria. Bacterial deposition in the column was large in the top few centimeters of soil.
Then, it decreased markedly and kept constant along the column depth, although
demonstrating some irregularity at the column bottom. Differences between saturated and
unsaturated leaching results were attributed to the effects of air-water interface trapping,
film straining and contrasting water flow rates. The work provides a basic framework for
understanding bacterial transport through and retention in intact soils under different
water contents. Studies of bacterial transport and retention at soil water contents typical of

local field conditions are important to determine microbial impacts from animal waste.
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Chapter Four
Design of an Experiment to Measure Transport of

Escherichia coli through Packed Sand Columns

4.1. Introduction

The soil lysimeter experiments in Chapter 3 were designed to simulate the effects of
irrigation on bacterial transport through an intact soil core, where the top layer of soils
had been dried out more than the deeper layer as occurs frequently in pastures. Therefore,
suction was only applied to the fop of the soil column by the tension infiltrometer to make
the top layers of soil within the lysimeter drier than the soils near-the bottom. The pore
size distributioh in the ihtéct soil column waé not uniform with depth. The heterogeneity
of soil pores made it difficult to determine at what depth in the soil core bacteria were
being removed. Only the net removal of bacteria could be studied by determining the
numbers of bacteria in the percolate. At the end of this experiment when the soil itself
was sampled, the distribution of bacteria in the profile could be determined. However, this
could not be conclusively attributed to either the saturated or unsaturated flow as
sampling was done after both types of flow had occurred. Unfortunately, once bacteria
were applied to the soil lysimeter, the soil column could not be used again with the same
bacteria because of residual cells, if no effective method of sterilization was applied
without destruction of the soil structure. One way to circumvent this problem is to use

bacteria with minor differences in properties, such as resistance to different antibiotics.

To be able to study the phenomenon of bacterial movement under more controlled
conditions, a new experimental approach was designed. Uniform suctions and a uniform
pore size distribution throughout the whole column were needed. Also, it was necessary
to sterilize the system (kill residual bacteria) without changing the properties of the
porous medium. This system needed to be designed so that the effects of macropores (>30 ~
um) on the movement of bacteria through micropores could be studied by changing thc;:

suction. Lastly, the adsorption of bacteria to the particles needed to be studied.
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4.2. Objectives of the experiments

This second experiment was designed to study controlled bacterial transport through sand

columns with steady-state saturated and unsaturated flow. The aim of this experiment was

to investigate the role of pore space properties (via mechanisms of air-water interface

trapping, film straining, and attachment to solid-water interfaces) on bacterial transport

and retention. The adjustable experimental parameters include grain size, water content,

matric suction, total porosity, and pore size distribution. The experimental setup needed to

be capable of reproducible tests with different sands, water saturation (suction), and

column length. The objectives were to:

1

Develop an experimental design to maintain constant suction and steady-state

flow rate in sand columns. This system needed to be able to apply bacteria on top

of sand column without interfering with the suction and water flow.

2)

3)

4)

5)

6)

Measure the grain and pore size distribution, moisture characteristics, and

bacterial adsorption for the sand.

Determine the differences in bacterial transport and retention under saturated and

unsaturated flow.

Measure the effect of suctions up to 4.9 kPa (higher than the 0.5 kPa in the first
experiment above) on bacterial transport and retention with various water

saturations.

Determine the recovery of bacteria in percolate and removal efficiency of bacteria

in sand columns after transport under various suctions.

Demonstrate quantitatively the effects of air-water interface trapping (adsorption)

~ and film straining. Test whether bacterial transport can be simulated using two-site

7

(equilibrium and first-order kinetic adsorption sites) adsorption processes from the

BTCs.

Verify the usefulness of CXTFIT 2.1 models to describe unsaturated bacteriat
transport. If CXTFIT 2.1 is not sufficient, to develop a mathematical model to

describe the breakthrough of bacteria from unsaturated sand columns.
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4.3. Rationale and literature review

4.3.1. Physical principles

The relationship between water contént 6, and the largest diameter d (cm) of water-filled
pores can be expressed via the relationship between suction s (cm) and d. This latter
relationship is described by the capillary rise equation. Assuming water has a zero contact

angle with the capillary tube, then

20
P.8

h= ®

Where h (m) is the height of water rise in a capillary tube, r is the radius of the tube (m), o
is the surface tension of water (kg s2), pw is the water density (kg m™), and g is
gravitational acceleration (m s2). For water at 10 °C, ¢ = 0.0727 kg s, p. = 1000 kg
m>, g=9.81 m s, .Thus o ‘

h=15x10"/r (m) (10)
This equation is adapted in terms of the suction and largest water-filled pore diameter as:
d =0.3/s (cm) (11)

Where, d =2-r in cm, Therefore, the sand column water potential (or suction) should

be measured and used to calculate the corresponding pore diameter.

The water ﬂ»ow rate (water flux) in a tube is usually described by Poiseuille’s law:

ar*AP

9 8Lu

(12)

Here Q is water flux (m* s™), AP is the pressure difference (Pa), r is the tube radius (m), L
is the tube length (m), and y is the water dynamic viscosity (Pa s). For water at 10 °C, u =
1.312 x 10 = Pa s. Thus, the mean flow velocity in m s™* through the tube can be derived

as.,
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Z=Q/A={”£Lf}/(ﬂr2)=;25 (13)

To achieve a steady-state unsaturated flow, a constant suction through the column should
be maintained during the experimental period. Assuming that flow is purely
gravity-driven and neglecting hysteresis effects, for any given suction and water content,
there will be only one possible flow rate to keep the sand column at a stable water

content.

For constant water content, dS./dz=0. For a unit hydraulic gradient, dh/dz=1, which
means the hydraulic head 4, should be equal to the column length. When the inflow rate
equals the outflow rate, i.e. v; = v, the water saturation should not change. Water

saturation is S, =6,/6,, (where 6, is saturated water content), so the SMC relationship

can be elucidated by simultaneous measurement of water suctions and water contents

along the sand column.

4.3.2. Unsaturated experimental setups in the literature

Table 1 shows the grain sizes of sand and the column dimensions used by previous

researchers. The ratio of column length to inner diameter is within a range from 2 to 4.

Table 1. Dimensions of experimental sand columns and grain sizes reported in the

. literature.

Column Column Sand Reference
Diameter (cm)  Length (cm)  Grain size (um) »
12.7 32.8 300-355 (Lenhart and Saiers 2002;

Saiers and Lenhart 2003)
5.34 20 250-500 (Schafer, Ustohal et al. 1998)
2.6 12.5 50-250 (Jewett, Logan ef al. 1999)
2.5 5 300-420 (Bai, Brusseau et al. 1997)
7.6 25.4 354-710 (Powelson and Mills 2001) )
5 20 Sediment (Cherrey, Flury et al. 2003) - -
2.2 8 354-710 (Powelson and Mills 1996)
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Also, sands with diameters from 50-710 um have generally been used. The internal

diameter of columns ranges from 2.5 to 12.7 cm, and length from 5 to 32.8 cm.

Table 2 summarizes values of flow rate, pore volume, degree of saturation and porosity

used in the literature.

v

Table 2. Values of experimental parameters used in previous research

Column  Porosity Flow rate Degree of Time (PV))  Suction Reference

volume (mL/min)  saturation (kPa)
(mL)
3927 0.1~0.4 3.14-809 0.16~1 8 0.5~1.5 (Cherrey, Flury et al
2003)
66.3 0.36 - 0.48~1 1+3 4,05~6.68 (Jewett, Logan e al
‘ 1999)
6226 0.39 8.4-122 0.6~0.86 8.3+4 1.5 (Schafer, Ustohal et al
| S | 1998)
31413 0.384 391-193  0.226~1 6~10 1.85~2.92  (Lenhart and Saiers 2002)
31413  0.335 83.6 0.355,1 12 2.85 (Saiers and Lenhart 2003)

T The plus sign indicates reported experiments had two leaching events.

4.4. Devices, dimensions and installation

Experiments reported in the literature ysually used a hanging tube to control the suction at
the bottom of columns. The experiment in chapter 3 used a tension infiltrometer to control
the suction at the top of the soil lysimeter. This experiment used both methods to achieve
more even suctions throughout the sand column. The tension infiltrometer at the top and a
hanging tube at the bottom of the sand column help to keep a constant flow rate and
stable suction. To make the installation of tensiometers easy, our design used a column.

with a total length of 45 cm (or 23 cm) and an inner diameter of 22.5 cm.

The sand column casing consisted of four or two short PVC rings, which were connected
and glued with Siliaflex sealant. This enabled the column length to be increased by using
more sections. The column base consisted of one layer of stainless steel mesh, two layers-
of polyester mesh, and one layer of 23 um nylon membrane. Table 3 lists the devices and

quantities needed in the experiment.
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Table 3. Devices used in the experiment

Device Number Requirements

Electronic balance 1 Accuracy of 0.5 g.

Tension 2 20 cm diameter.

infiltrometer ‘

Tensiometer and 10 Measuring range up to 1 m-HO.

pressure transducer

Data logger 2 Campbell Scientific Instruments, CR10
Water reservoir 2 Storage of bacterial suspension and cell-free
' water.

Sand column 1 Plastic column, 23/45 cm length and 22.5 cm
| diaméter, cut into three 11 cm long and one 12 cm
* long sections. |
Bottom membrane 2 - Polyester cloth with pore size of 24 pum, allowing
suctions up to 7 kPa.
Metal mesh 2 Stainless steel mesh with Imm diameter pores.

Computer 1 Data collection and processing.

Ceramic cup: Soil Moisture Equipment

Corp: Straight wall, round bottom; 1 bar L
high flow. Part -652X07-B1M3 : Port opposite wires Rubber bung Ne. 7

exposed to water to
le—20 mm——|

prevent internal
shortened by water

!
A >
\ I 6.5 mm hoie

PVC pipe:
7 mm OD, 4 mm ID

Rubber seal

Pressure transducer
Micro Switch

. 26PCCFA1D
Polycarbonate pipe:

10 mm OD, 6 mm ID Signal & power wire

Out - (Blue) Vs (Red)

Ground & shield (Green) Out + (Yellow)

Figure 16. Schematic of the tensiometer and pressure transducer.
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- Figure 17. Tensiometer insertion geometry.
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Figure 18. Schematic and dimensions of water reservoir.
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Figure 19. Schematic of disk permeater for unsaturated experiments.
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Figure 20. Disk permeater for saturated experiments.

pm

To calculate the volume and weight of the sand column, the bulk density and particle
density of the sand used was assumed to be 1.7 and 2.65 g“cm'3, respectively. The
porosity of the sand column was assumed to be 0.36 (6=1 - p/p,=1- 1.7/2.65 =1 ~
0.642 = 0.36). The volume of the water container was designed to hold a volume equal to

4 pore volumes of fully saturated sand column.

Table 4. Volumes and weights of the sand column and water container.

Instrument Volume (L) Weight (Kg) -
Sand column (full size) 17.5 ~29.7
Water container 35 35
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4.5. Experimental parameters

In the experiments, the effects of various values of suction § (corresponding to water
content 6, largest water-filled pore size d, water saturation S,) were investigated. The
suction values used were 0~5 kPa. These suctions were determined using tensiometers,
and the water content was calculated according to the measured SMC. Bacterial
concentrations of ¢. 5 x 10° cfu/mL were sprayed onto the sand surface as a pulse input.
Also, inert and reactive sands were used to find the relative importance of bacterial

adsorption at the AWI compared with the SWI.

Table 5. Experimental parameters

Factors . Abbreviation Methods

Inlet bacterial concentration ¢ Serial dilution, membrane filtration,

and plate counts.

Outlet bacterial concentration ¢, Same as above.

Inlet/outlet bromide c,c, Ion exchange chromatography
concentration

Inflow/outflow rate Vi, Vo Pressure  transducer on  water

reservoir; leachate collection and

weighing.
Matric suction S . Tensiometer and pressure transducers
Total porosity £ Measurement of pp, and p,,

g=1-p,/p, . Effective porosity

equals to water content,

Ambient temperature T Thermometer.

Grain sizes of sand Sieving, weighting.

Pore size distribution and Buchner funnel setup, capillary
moisture characteristics equation was used to calculate the

equivalent pore size distribution.

4.6. Chemicals B

Because tap water was shown to be free from E. coli, the water used in the experiment
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was not autoclaved before infiltration through the sand columns. Sodium bromide (NaBr)

was used as a conservative chemical tracer and analysed by Ion Exchange

Chromatography (IEC) and Flow Injection Analysis (FIA) methods. All pipes, valves,

columns were autoclaved or sterilized with 75% ethanol before and after experimental

runs. Sterile plastic bags and 1 L autoclaved bottles were used to collect and store

leachate and sand samples. Chemicals used in this experiment are summarized in Table 6.

Table 6. Chemicals used for sand treatment and substrates for bacterial enumeration.

Name Equation Concentration
Sand treatment | Nitric acid HNO; 10%

Sodium hydroxide NaOH 0.5M,40g/L
Bacterial mFC agar - 20.8 g/ 400 mL
enumeration Sodium hydroxide NaOH 0.2M, 8 g/L

Rosolic acid - 0.04g/ 400 mL

Nutrient broth - 8g/L
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Chapter Five
Measurement and Modeling of Transport of Escherichia

coli through Sand Columns

\

5.1. Introduction

The interactions and mechanisms controlling bacterial transport under unsaturated
flow are much more complicated than those under saturated flow (Chu, Jin et al. 2001;
Keller and Sirivithayapakorn 2004; Lenhart and Saiers 2002; Schafer, Ustohal et al.
1998; Wan and Tokuﬁaga 1997; Wan, Wilson et al. 1994). In addition to traditionally
recognized advection, dispersion and mineral-grain attachment, air-water interfaces
(AWI) and film straining affect the transport and retention of bacteria through an
unsaturated sand column. Experimental evidence for the importance of the
mechanisms on bacterial transport under unsaturated flow is still lacking. Previous
research has not focused on the effects of pore properties (total or water-filled porosity,
pore size distribution) and adsorption at phase interfaces. Because suction, water
content and pore size distribution are all correlated, the grain surface and pore space

properties are the fundamental determinants of the above effects.

In this chapter, results from unsaturated and saturated bacterial transport through
coarse and fine sand columns. The main objectives were to investigate effects of
water saturation (matric suction), particle size, and length of polumn on bacterial
transport and retention, and to model the pattern of bacterial transport under
unsaturated flow by mechanistic models, which had separate terms accounting for
bacterial attachment to solid-water interface and air-water interface. The modeling
approaches were polished based on the experimental results and analysis of bacterial
adsorption processes. Silica sand columns with tension infiltrometer and

flow-controlled irrigation were employed to produce bacterial transport with various

water saturations. Water flow and matric potential in the sand columns were -~ -

well-controlled in order to establish a steady unsaturated condition. The

concentrations of bacteria and an inert chemical tracer (sodium bromide) in the

52



drainage water were continuously monitored. To model the transport of bacteria in
unsaturated flow, traditional convection dispersion equation (CDE) model was
modified by including a first-order kinetic term to account for the attachment of
bacteria to air-water interfaces, and terms for the equilibrium/first-order adsorption to
sand surfaces. Also, we compared th performances of one-site first order kinetic
model and two-site model with and without effects of air-water interface. Whenever it
was possible, equilibrium and equilibrium + AWI models were also employed to fit

experimental data.

5.2. Materials and Methods

5.2.1. Sand, treatment and characterization

The silica sands were obtained from Fulton Hogan Ltd., Christchurch, New Zealand.
The driginal bulk Oamaru sands were sieved into coarse (COS) and fine (FOS)
fractions by a sieve (Endecotts Ltd. London, England) with aperture of 500 pm, brass
frame, and S/S mesh. Surface treatment was used to remove trace organic matter and
clay particles from the commercial silica sand, and thus to increase the experimental
reproducibility. The treatment method was modified from what described by Chu et al.
(2001), Kunze and Dixon (1986), and Powelson and Mills (1998). The sand was first
soaked in 10% HNOj (nitric acid) for 24 h and then rinsed with deionized water; then
soaked in 0.5 mol/L NaOH (sodium hydroxide) for 2 h and rinsed with deionized

water again.

The sand bulk density and particle density were measured to calculate

porosity, & =1-p, / p,» where py is bulk density and g, is particle density. Bulk
density on oven-dry (105 °C) basis was calculated using p, = M, /¥, , where M; is the

mass of dry sand and V; is the sand volume. A measuring cylinder was used to record
the volume of sand with three replicates. Particle density measurement was
determined in three replicates using air-dried sand (Silva 1999). Fifty grams of sand
was weighed into 100 mL volumetric flasks. The flasks were filled with distilled
water and de-aired by gently boiling the water for several minutes without losing any
sand. The flasks were cooled in a water bath and filled up with boiled, and cooled-

distilled water, then weighed (Wj,). The contents of flasks were removed, thoroughly
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cleaned, then weights of flasks with boiled cooled distilled water were recorded (W,,).
Finally the weights of cleaned empty flasks W, were recorded and particle density

were calculated using the following equation:
P, =p,W, =WV, -W,)-(W,, ~W,)] (14)

Where, p, is water density (kg m™) at the experimental temperature, W, is the weight

_ of flask plus soil (corrected to 105 °C oven dry water content).

Sand moisture characteristics (relationship between water potential and water content)
were determined by a Buchner funnel connected with manometer tube and burette.
Both water release (drying) and imbibing (wetting) processes were measured. Water
content function was fitted to the observed data by van Genuchten model and relative
hydraulic conductivity was calculated with fitted parameters as a function of suction
(van Genuchten 1980). The van Genuchten function uses the parameters of 8, residual
water content, "95,,, Saturétéd water content, a (equivalent to the inverse of air entry
suction), n (n = 1 + A, 4 is pore size index), and m, which is in most cases assumed to

be m = 1 — 1/n. h is matric suction (kPa), which is positive.

. 0,-6)

T I+ @k T ()

_I=(ah) 1+ (ah)'T"
K, (S)=+ T @ T (16)

Because the unsaturated flow in our experiments was developed by gradually

decreasing the water content, only water release curves were repotted.

5.2.2, Bacteria and adsorption to Oamaru silica sand

Escherichia coli strain D was used as the tracer bactcrium.. E. coli is a member of the
family Enterobacteriaceae of facultatively anaerobic, gram-negative, non-sporing
rods, often motile organisms (Bell and Kyriakides 1998). The cell dimensions of E.
coli are about 2 um long and 0.7 pm in diameter (Smith-Keary 1988). A single colony
of E. coli was inoculated into nutrient broth (Life Technologies, Paisley, Scotland) and

incubated in a rotary shaker (120 rpm) at 37 °C for 48 hr. The final concentration of E.
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coli reached about 1 x 10° cfu/mL. Then bacteria suspension in nutrient broth was

stored in a fridge at 4 °C before being used in the column transport experiments.

The methods used to measure bacterial adsorption to the sands were modified from
Ling et al. (2002) and Huysman and Verstraete (1993b). Adsorption of E. coli at
concentrations ranging 10*, 10°, 106, and 10 cfu/mL to Oamaru coarse (>500pm) and
fine (<500um) sands was measured in 50 mL conical vials. First, bacteria in nutrient
. broth were centrifuged at 4000 rpm (Heraeus Varifuge 3.0R, rotor radius 21.1 ¢cm) for
10 min and washed twice with deionised water. The strains were re-suspended in
deionised water and adjusted to concentrations of 10> and 10° cfu mL™'. Bacterial
suspension 20 mL and 2 g fine- or coarse-grained Oamaru sand were added in a 50
mL conical tube (Labserv, Biolab Ltd. NZ). The conical tube was vortexed vigorously
for 10 s, and mixed‘ for 1 h-on a rofary shaker at 100 rpm. The tubes were
subsequently centrifuged at 120 g rcf (700 rpm) for 30 s with brake off in centrifuge
(Heraéus Varifuge 3.0R). The bacterial concentration in the | supernatant was
determined by serial dilution and plate counting in Difco™ mFC agar (Becton,
Dickinson and Company, Sparks, USA). All tests were done in triplicate. The

mathematical relationships for bacterial adsorption were expressed as:

K,=C,/C, 17
C,=(N,-N))/w (18)
C,=N,1V 19)
P, =[(N,-N.)/N,1x100 : (20)

Where C; and C, are bacterial concentrations on solid (cells g™') and in liquid (cells
mL™); respectively. Ky is a distribution coefficient (mL gfl). N, and N; are the total
number of bacteria added to the sand (cfu) and in the supernatant (cfu). /¥ is the mass
of sand used in the mixture (g), and V is the volume of water in the mixture (mL). P,

is the percentage of adsorption (%).

5.2.3. Sand columns

Figure 21 is a schematic diagram of the sand column (45 cm long). The sand column
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consisted of four or two PVC rings with 22.5 cm inner diameter, which were fitted
together by sealant and adhesive waterproof sealing tape. Two lengths of column, 45
cm and 23 cm, were set up by using four or two rings. The base of the sand column
had one layer of nylon mesh (60 pm pores), two layers of polyester mesh (23 um
pores, Universal Screen Supplies L'td.‘, NZ), stainless steel mesh, which were all
assembled over an 8 mm thick PVC sheet. This combination of meshes was designed
to sustain the required suction up to 5 kPa without air bubbling through. A test of
bacterial passage through the membrane and mesh showed that they wouldn’t capture

E. coli at various concentrations (10° ~ 10° CFU/mL).

PVC rings (22.5 cm i.d., 6.1 mm wall) ——ﬂ

L
12cm >
—™ 6.5cm [

Adhesive sealing tape
Siliaflex sealant

L
1lem___lq 11cm

Tensiometers and

pressure transducers \

Brin

Silicone sealapt —

Nylon mesh I\ 4
Polyester mesh, 2 layers N 1P ;
Stainless steel mesh P
PVC sheet (8 mm thick) 4}
Outlet —"’/—T

Figure 21. Schematic diagram of sand column setup.

Tensiometers (Fabricated from Soil Moisture Equipment Corp Ceramic Cups - Part
652X07B1MO03) were installed at the middle of each ring with 20° downward angle.
Honeywell 26PC pressure transducers were connected to a datalogger (CR10,
Campbell Scientific Instruments) and calibrated. Real-time matric suctions recorded
by the transducers were displayed in numerical and graphic format on a laptop

computer. Water flow rate, suction of the tension infiltrometer, and position of outlet
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pipe were adjusted according to the tensiometer readings.

5.2.4. Transport experiment

Figure 22 shows the experimental system for the controlled bacterial transport
through sand columns. To avoid edge flow effects, sand columns were packed
according to a modified method from Lenhart and Saiers (2002). For each transport
experiment, a fresh column was packed by pouring sand in about 2000 g increments
into the column, which always had a small volume of water standing over the sand.
After each increment of the sand, the contents of the column were stirred gently with
a stirring-rod. The wall of the column was tapped a certain number of times (i.e. 30).
The fill-stir-tap steps were repeated until the sand reached the specified height. This
packing procedure was believed to be capable of removing entrapped air and

producing a fully saturated condition.

V—— Tension infiltrometer

Polyester membrane

———— e -t —————

Pressure
transducers

o : 1

0 1

o o

: ‘ i

G !

Campbell : !
Datalogger ® ,:

CR10 _—

= ]]
Electronic scale

Figure 22. The experimental setup for bacterial transport through sand columns.

To diminish influences from the potential growth or die-off of E. coli, experiments

were carried out in a dark room at 7 + 1 °C. At the beginning of the experiments, silica -
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sand (Industrial Sands Ltd., NZ) of particle size 75-297 pm was poured on top of the
polyester cloth under the infiltrometer to a thickness of about 10-15 mm, and was
flattened for maximum contact with the infiltrometer disk. The tension infiltrometer
and a hanging tube at the bottom of the sand columns were adjusted to control the
water suction. For unsaturated ﬂow,'th‘e suction S was adjusted until the sand water

potentials displayed on the computer reached stable.

Table 7. Transport experiments and parameters

Run' | sand Length  Suction Degree of Bacterial Co Flow rate
(cm) (kPa) saturation (cfu/mlL) (mL/min)*

CA* | cos 44 0 1 4.15x10% 7769

CB® |cos 44 1.0 0.67 4.01 x10% 1727

cct [cos 22 0 1 9.25x10°  255.8

cD® |cos 22 12 0.49 5.08x107 2092

FA* | FOS 44 0.1 1 555%x10% 509

FB® | FOS 44 1.3 0.9996 3.74x10%  63.0

FC* |FOS 22 0 1 480x10% 1467

FD° |FOS 22 1.5 0.9991 421x10% 1189

TRuns under saturated conditions are indicated by filled diamonds #; unsaturated runs

are labeled by empty diamonds 9.
* COS: Coarse Oamaru Sand; FOS: Fine Oamaru Sand.
*Flow rate was calculated based on sample weight and sampling intervals.

Bacteria in the nutrient broth were centrifuged at 4000 rpm for 10 min and washed
twice with deionised water. The strains were re-suspended in deionised water and
adjusted to the initial concentration of c. 10® ¢fu mL™. Two subsamples (I mL
bacterial suspension into 9 mL peptone water) were collected to determine the initial
bacterial concentration. 0.2 g sodium bromide (NaBr) was added to the suspension to
reach a concentration of 0.01 g mL™. Once the sand column equilibrated, the

polyester cloth and contact sand were removed and the bacterial suspension was
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sprayed uniformly to the sand surface by a sprayer (Tamiya spraywork Air brush and
compressor, Tamiya Inc., Japan). Then, the polyester cloth and sand were replaced,
and the infiltrometer disk was reinstalled. The leachate collection was about 1 L every
sample, with time interval ranging from 2 min for the COS column to 30 min for the

FOS columns.

After each transport experiment, sand was emptied from the columns and autoclaved
. at 121 °C to remove all retained bacteria. The column and infiltrometer were sterilized
by 75% ethanol solution. Before the start of new runs with the system, the initial
leachate was checked to ensure no remaining bacteria from the last run. Experimental

parameters for each run are listed in Table 7.

5.2.5. Sampling and assay

The leachate samples from each run of bacterial transport were collected in sterilized
1 L bottles or sterile 'plasﬁc; sample bags. Samples were stored at the cold room (7 °C)
for no more than 12 hr. Bacterial concentration was measured by membrane filtration,
serial dilution and plate counting in m FC agar. Weight of samples was measured for
the calculation of dimensionless transport time i.e. pore volume. Subsamples were
collected from each sample into 30 mL vials for the analysis of bromide concentration.
Bromide in the effluent was analyzed using a Dionex DX-120 Ion Exchange
Chromatograph fitted with a Dionex AS 50 Autosampler and integrated by
Chromeleon Peaknet 6.0. ‘

5.2.6. Mathematical models

5.2.6.1. Equilibrium, one-site, and one-site + AWI kinetic models

To identify factors affecting on bacterial transport, mechanistic models have generally
been employed to model the breakthrough curves to get imiaortant process parameters.
Saturated bacterial transport through homogeneous porous media under steady water
ﬂow. has been widely modeled by the convection-dispersion equation supplemented
by a sink term accounting for attachment (Corapcioglu and Haridas 1985; Harvey and
Garabedian 1991; Hornberger, Mills et al. 1992; Lenhart and Saiers 2002; Lindqvist,
Cho et al. 1994; Tan, Gannon et al. 1994). '
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2 .
%;i:Dzz v%—k,c (21)
Where ¢ is bacterial concentration in water (cfu/mL), s is attached bacteria at
solid-water interfaces in porous media (cfu/g), D is the dispersion coefficients
(cm?'/min), v is pore water velocity (cm/min), k; is an adsorption rate constant (min™),
t is time (min) and z is distance from the inlet (cm). If bacterial attachment to particle

surfaces is considered as a relatively fast reaction and assumed to be an equilibrium

process, it can be described as a linear isotherm.

s=K,c (22)
88 de

=K, 6 — 23
a o @3)

Where K; is a. dlstnbutlon coefficient (mL/g). The other type of reversible adsorption
assumes a first-order kinetic reaction for the rates of adsorption and desorption from

solid-water interfaces.

LoD _po Loy (24)
o o 6
Where k; is a desorption rate constants (min'). This model is called the
nonequilibrium one-site kinetic model. For bacterial transport under unsaturated
conditions, another sink term must be added to the equation: the adsorption of bacteria
at air-water interfaces. Because of the strong affinity of bacteria to AW], this term can
be modeled as an irreversible adsorption (Lewis, Pao ef al. 2004; Schafer, Ustohal et
al. 1998).
2
% pZC % ik, Bos ke 25)
ot oz 0z 7
Where, ko indicates the rate constant of sorption at AWI (min™'). Thus, the governing
partial differential equation for one-dimensional bacterial transport in homogeneous,

unsaturated porous media with first-order kinetic adsorption (or filtration) is

& pos Dazc dc

oc¢_,% 4 26
o ow Tar Ve e - @8
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This one-site AWI model can be applied to experimental data by STANMOD 2.2 (U.
S. Salinity Laboratory), by assuming the ky in this model to be u (first-order decay
coefficient) and /=0 (fraction of adsorption sites at equilibrium assumed to be zero) in
the two-site nonequilibrium model (Toride, Leij et al. 1999). For the inert tracer
(bromide) used in this study, the BTCs were fitted by the equilibrium model assuming

no adsorption to sand particles.
5.2.6.2 Two-site, and two-site + AWI kinetic models

Fuller et al. (2000) reported that bacteria in intact core experiments were composed of
a range of subpopulations of cells. The subpopulations of the same bacteria might
have different adsorption affinities. Besides, sand particle surface might not be
homogenous for bacterial adsorption. Considering the heterogeneity of cells and sand
surface, it is better to include both equilibrium and kinetic bacterial éds'orption in the
CDE model. Thus, a two-site model which includes both equilibrium and first-order
kinetic adsorption pfocesses was devéloped to model unsaturated bacterial transport.
The attachment of bacteria to air-water interfaces was still modeled as a first-order

irreversible adsorption.

2
c B (as1 asz) _ oc oc_, ac ke @7
8t @ ot ot 6z 0z

Where c is bacterial concentration in water (cfu/mL), s, and s, is attached bacteria on
porous media surfaces by equilibrium or kinetic adsorption, respectively (cfu/g), D is
the dispersion coefficients (cm*/min), v is the pore water velocity (cm/min), k; is the
adsorption rate constant for adsorption at particle surfaces (min™), ko is adsorption
coefficient at air-water interfaces, ¢ is time (min) and z is distance from inlet (cm).

2ofk | 28)

The first-type adsorption sites were modeled as an equilibrium process. f is the

fraction of exchange sites assumed to be at equilibrium adsorption.

8s2 =(1- f) k c—k,s, (29)
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The second-type adsorption sites were modeled as a first-order kinetic process. This
model could be modeled by STANMOD 2.2 by assuming kg to be the first-order decay

coefficient. The attachment coefficients are calculated as follows.

k,=a(R-1)

beo (30)

Where « is the first-order kinetic coefficient in CXTFIT, and R is the retardation
factor. Modeling results from one-site and one-site + AWI models were compared
with the two-site models. Also, Equilibrium and equilibrium + AWI models were used

if STANMOD suggested the potential applicability.
5.2.6.3. Model evaluation and sensitivity analysis

Thé efficiency of the mathematical models to fit the experimental data is usually
described by coefficient of determination, which is a dimensionless sum of squared
errors (Hendry, Lawrence ef al. 1999; Hornberger, Mills ez al. 1992; Reddy and R. M.
1996). This coefficient is defined as

N

Z (Cjﬁt - C;bs )2

E=1-%I 31)
;(C;;—ng)z

Coe =20 N ()
i=1

Where, C, and C,

", are the fitted and observed bacterial concentration at time #,

C__ is the mean value of all N observed bacterial concentrations, and N is the

avg
number of observations. An E value close to unity indicates a good fit of the model to
observed concentrations, whereas a value close to zero indicates a lack of fitness of
the observed data by the selected model. The drawback of this method is that the
larger concentration values were more heavily weighted in the expression. Therefore,
the E value is combined with visual inspection analysis together to evaluate the

goodness of fit.

To examine the effects of three fitting parameters (i, kz, and ko) in one-site kinetic
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CDE model (or four parameters including ki, k3, ko, and f in two-site model) on the
predicted breakthrough curves, one selected key parameter varied while other
parameters were kept constant. The range of parameter values generally covered
possible bacterial transport in our sand column experiments. In CXTFIT 2.1, the input

parameters Sand @ for one-site + AWI model were calculated as:
B=— (33)

w:kz(R—l)£ (34)
%
Where f is a dimensionless partitioning variable; and @ is a dimensionless mass

transfer coefficient. For two-site + AWI model, these two input parameters were

calculated as:

;%+f@-%] (35)
L
@ =kR=(1-f) (36)

To predict the bacterial concentration in leachate from sand columns, it was assumed
that bacteria were introduced at the column top as a pulse injection with duration of
0.2 pore volume; the length of sand column was 40 cm; water flow rate was 10 cm
min™'; dispersion coefficient D was 3 cm® min™'. Breakthrough curves using one-site
and two-site models were employed to analysis effects of key parameters on the

model prediction.
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5.3. Results

5.3.1. Characteristics of Oamaru sand

The physical and surface propertieé of Oamaru sands used are listed in Table 8.
Coarse Oamaru sand (COS) has a grain size ranging 500 to 2400 pm, while fine
Oamaru sand (FOS) ranges from 75 to 500 pm. Though both COS and FOS have very
similar value of particle density, porosify, and bulk density, their specific surface area

differed by a factor of about seven.

Table 8 Characteristics of Oamaru sand COS and FOS.

Sand ’ | CcoS FOS
Grain size | - 500~2360  75~500
Speciﬁc surface a¥ea (cmz/ g)' 26.2 182.7
Bulk density (g/cm®) 1.61 1.63
Particle density (g/cm’) 2.67 2.65
Porosity 6 0.398 0.384

Figure 23 shows the particle and pore size distributions of Oamaru sands. The
particles of COS are distributed mainly around diameter of 1.18 mm, namely above
70%, and about 15% at 0.6 and 2.36 mm, respectively. FOS has a much wider
distribution of particle sizes, concentrated in the range from 0.2 to 0.4 mm. Only 10%
of FOS sand particles have size less than 0.2 mm and greater than 0.4 mm. The pore
size for COS was distributed mainly between 200 and 600 pm, with about 10% at 30
pm, and 5% greater than 600 um. Pores of other sizes accounted for less than 2%. By
contrést, FOS has most pores in the range 30 pm to 60 pm. About 7% of pores for
FOS were around diameters of 40, 70, 90, 110 um. The majority of FOS pores has

diameters about one log of magnitude smaller than COS.
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Figure 23. Particle and pore size distributions for the Oamaru sands.

Figure 24 shows the measured moisture characteristics (water content 6 vs. matric

suction) of coarse and fine Oamaru sand. Van Genuchten models (van Genuchten

1980) for water content was used to fit the observed data and calculate the relative

conductivity. The water content and conductivity of COS decreased abruptly from a

suction of 0 kPa (saturated) to 1 kPa. However, the 8 and conductivity of a FOS didn’t
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change significantly as matric suction increased from 0 to 2 kPa. This difference of
moisture release characteristics was determined by the disparity of their pore size
distributions. As observed in the different runs of experiment, different suctions
(water content) for FOS sometimes gave no big difference of water flow rate. This
could be explained by the fact that no obvious change of conductivity exists for FOS
from suctions of 0 to 2 kPa. The fitted parameters were used to calculate water

content and saturation in the experiment from measured values of matric suction by

tensiometers.
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Figure 24. Moisture characteristics for coarse and fine Oamaru sand (COS and FOS).

5.3.2. Saturation, and matric suction

Figure 25 and Figure 26 show the degree of saturation with the column depth for
bacterial transport through COS and FOS experiments. For the saturated COS
experiments, both 44 cm and 22 c¢m sand columns had very uniform saturation of
unity, i.e. a fully saturated condition. However, unsaturated experiments CB® and CD°
didn’t have such uniform water saturation. CB® had a layge variation of saturation,
varying from 0.53 to 0.8 at four depths. Experiment CD® had 0.3 and 0.77 saturation
degree at top and bottom. This nonuniformity resulted from the moisture release
characteristics of the COS, as shown in Figure 24. Although water saturation was not
uniform in the sand columns, the suctions at different depths and water flow rate
during the trial period were stable. The average saturation and water flow rate were

employed in the mathematical modeling.
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For both saturated and unsaturated FOS experiments, the saturation was uniform in
the columns, as shown in Figure 26. When suctions are less than 2 kPa, the water
content and conductivity is not so sensitive to suction changes for FOS. FB® and FD°
applied only 1.3 and 1.5 kPa suction, which fell in the insensitive moisture range.
Thus, FOS experiments were expected to have similar degree of saturation in columns
and water flow rate. As shown in Table 7, unsaturated experiment FB® had a similar

flow rate as saturated FA®.
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Figure 25. Distribution of degree of saturation in COS sand columns. Error bars are

standard deviations for saturation variance during the whole leaching event.
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Figure 26. Distribution of degree of saturation in FOS sand columns. Error bars are

standard deviation for saturation variance during the whole leaching event.
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Figure 27. Matric suctions for COS experiments CA*, CB® and FOS experiments FA®,

FB®. Efror bars indicate standard deviation of measured suctions in 10 min.

Figure 27 shows the variations of matric suctions for selected transport experiments
CA*, CB’, FA®, and FB’, For COS experiments, suction always had greater variation
for both saturated and unsaturated sand columns. This is probably caused by the
bigger pore sizes and higher flow rate. The water phase (and air phase if unsaturated)
in COS sand columns could be changed more rapidly with small changes of
environmental factors. FOS experiments had better uniformity of suctions. It is
noticed that tensiometer 1 (top) and tensiometer 4 (bottom) coincide with each other
for FA* and FB®. This is because the tension infiltrometer and hanging siphon tube .

controlled the matric suction at the top and bottom respectively, which resulted in the
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water potential being close to the imposed values. The scattering nature of matric
suction values indicates a slightly nonuniformity of column packing. Especially for
coarse sand columns, more precautions should be exercised because of its

hydrodynamic properties.
5.3.3. Bacterial adsorption to Oamaru sand

 The adsorption of E. coli at surfaces of the Oamaru sands was fitted by Langmuir and
Freundlich isotherms (Figure 28). The Langmuir and Freundlich equations are

expressed as:

= SmnxKLCw (37)
' 1+K,C,

C. =K,C" (38)

Where C; is the concentration of adsorbed bacteria (cfu/g) and C,, is the concentration
of bacteria in supernatant after equilibrium has been reached (cfu/mL). Spa is the
maximum adsorption sites per gram of sand (cfu/g); K; is a constant related to binding
energy (mL/cfu); Ky is a distribution (partition) coefficient (mL/g). The fitted Syax for
COS and FOS is 1.45 x 10'"and 8.58 x 10'* cfu/g, which is not proportional to the
specific sand surface area 26.16 and 182.71 cm?®/g. This observation suggested that
bacterial adsorption to particles was not pure surface interactions. The size ratio
between bacteria and adsorptive particles also contributed to the observed adsorption.
According to fitted value of K, affinity of E. coli to FOS was higher than COS,
namely 6.65 x 10" vs. 3.67 x 10" mL/cfu.

Simulation by Freundlich isotherm indicates that the partition coefficient X, for FOS
was about three orders of magnitude higher than COS, while the exponents m had no
significant difference, i.e. 1.3 and 1.37. Figure 29 shows that percent adsorption (PA)
of E. coli to Oamaru sand was not correlated to the initial cell concentration from 10*
to 10* cfu/mL. The average percent of adsorption for COS and FOS is 45.9 + 7.8 %
and 969 £ 3.2 %, respectively. The P, values were also not proportional to the

specific surface area,
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5.3.4. Model sensitivity analysis
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Figure 30, Effect of key model parameters (k; and k) on bacterial transport in sand

éolumhs, simulated by one-site + AWI model.

0.30
— k=01

o 0.25 ~ g k0=0.2
Q ——— k=03
© ———— k=04
é g204  HNY e k0=0'5
2

f s
3
[ 0.15 -
O

[ &)
o)
[
N0 -
[}
E
[*]
< 0.05 -

0.00 T y .
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Pore volume

Figure 31, Effect of model parameter ko on bacterial transport in sand columns,

simulated by one-site + AWI model.
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For one-site + AWI model under the examined conditions (as specified in 2.6.3), an
increase in k; resulted in decreased bacterial transport, which was obvious by
comparing the peak height of BTCs. This has an implication that when bacterial
affinity to porous media increases, the leached bacteria concentration will decrease
significantly (Figure 30). An inére'c}sed k; value cause the leached bacterial
concentration to rise up, and tails of BTCs to move forward and disappear rapidly. As
shown in Figure 31, the value of ko only affects the peak breakthrough concentration,
* without effects on the peak timing and tails of BTCs. In a word, the leached peak
concentration is determined by all three parameters, while the tails of BTCs are

influenced significantly by k.
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Figure 32. Effect of model parameter k), k2, ko, and f on bacterial transport in sand

columns, simulated by two-site + AWI model.
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Effects of four key model parameters on BTC prediction using two-site + AWI model
was shown in Figure 32. The value of &, only impacts the peak concentration, which
was the same as for one-site model. However, the peak timing of BTCs were
dramatically affected by &, k2, and f. Increased values of k; and f shifted the BTC
peaks to bigger pore volumes, and 'res‘ulted in lower peak concentrations. Whereas
increased k; was just the opposite for predicted BTCs. Besides, &; had strong effect on

the BTC tails in two-site model as k; in one-site model.

5.3.5. Bacterial breakthrough curves and modeling results

Recovery of bacteria and bromide after each leaching experiments (25 L leachate
collected) is shown in Table 9. For the COS experiments, saturated runs CA* and CC*
recovered over 80% of applied bacteria, roughly double the recovery of unsaturated
runs CB® and CD°. The recovery in the FOS long column experiments (FA* and FB%)
didn’t show the same pattern. The saturated long column (44cm) FA* recovered ten
times less of the total bacteria added than unsaturated FB. This is expected when
considering that FA* had lower flow rate compared to FB® (see Table 7). FC* (22 cm
short column) recovered 17.5% of injected bacteria, i.e. more than ten times higher
than unsaturated FD°. Column length showed no significant effects on bacterial
recovery in the COS experiments. However, short columns with FOS recovered
significantly more bacteria (1~2 log of magnitude) than long columns. Recovery of
bromide reached about 70 % for beth COS and FOS sand columns. Generally,
saturated sand columns recovered slightly more bromide in leachate than unsaturated
columns, prever, the difference of bromide recovery between saturated and

unsaturated columns was not as significant as bacterial recovery. -

Bacterial concentration in the leachate of CA* was two times that of CB°, which can
be attributed to unsaturated flow of CB®. CC* and CD° showed the same type of
concentration ratio. However, the peak bacterial concentraﬁon for short columns CC*
and CD° reached only half of CA* and CB°. Considering the variance of bacterial
enumeration, this difference was probably not significant. The exceptional lower
leached concentration of FA* compared to FB® was caused by the lower flow rate of
FA* (see Table 1). The ratio of concentrations between FC* and FD° is about 30,

which indicates the strong effects of water saturation on bacterial transport through
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fine sands.

Table 9. Recovery of bacteria and bromide after about 25 L of leachate collected.

Run® cdst c¢cB cct cp® FE FB®  FC'  FD°

Leachate volume (L) 25.64 25.96 28.14 27.82 2696 27.73 2523 25.33

Bacterial recovery (%) 89.00 5436 80.71 4425 0.002 0.03 1745 1.42

Bromide recovery (%) 7434 7145 73.03 69.01 66.64 6798 7331 73.09

4 Saturated and unsaturated sand columns are indicated by filled ¢ and empty

diamonds 0, respectively.

Fitted BTCs are shown in Figure 33 and Figure 34. For both COS and FOS, degree of
saturation did not cause significant delay of bacterial breakthrough fhrough sand
columns except for .CD(> (Figure 33). Powelson and Mills (1998) also observed that
unsaturated conditions delayed bacferial breakthrough. This is noticeable when
comparing the model estimates of k,/k; to that of Powelson and Mills (1998). Though
effects of air-water interfaces and film straining could reduce the transport of bacteria
(which might cause artifacts of relative breakthrough because of attachment, see
(Zhang, Johnson et al. 2001a)), the stable interstitial water velocity could diminish
this difference. We argue that change of water flow rate and sizes of water-filled pores
with degree of saturation would not produce strong effects on breakthrough timing
(normalized time, PV). Column length did not show any relationship to the timing of
bacterial breakthrough. There was also no significant difference of the peak timing of

bacterial breékthrough between COS and FOS experiments.

The Peclet number (Pe = vL/D, the ratio of advection to dispersion processes) for
bacterial transport was calculated from estimated values of D and measured water
flow Qelocity (see Table 11). We found that for all COS columns (short and long,
saturated and unsaturated), the relative effect of advection increased when the AWI
effect was added into the model. However, this change was not observed in fine sand
columns FA, FC, and FD, probably due to the relatively weak effect of advection due
to slow flow velocity. Nevertheless, advection is a much more dominant process in
fine sand than coarse sand columns, i.e. higher Pe values for FOS. This is supported

by low values of D in FOS columns, which suggests both advection and dispersion
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decreased with slower water flow velocity. Pe values in Table 11 decreased with
column length, which implies that the dispersion effect on bacterial transport was

attenuated in longer columns.

Table 11 also shows that FOS had a higher AWI attachment rate, indicated by much
higher values of ky compared to COS ‘experiments. The bacterial adsorpﬁon rate at
AWI was regarded as proportional to the area of AWI, which for saturation degree >
- 0.5, was assumed to be linearly proportional to the air content (1-6) (Lewis, Pao ef al.
2004; Schafer, Ustohal et al. 1998). Estimated values of k, from our experiments were
not proportional to air content in sand column. This suggested that bacterial
deposition at AWI niight also depend on the contact time and degree of AWI
scattering. Slow flow rate in FOS provides more contact time and opportunity for
bacteria to adsorb at AWI. Also, air bubbles in FOS were distributed in smaller sizes
than in COS, when the same air content was achieved. Another explanation of this

observation was that air-water interfaces were more stable in FOS than COS columns.

The saturated sand could probably have some trapped air-bubbles, forming air-water
interfaces for bacterial attachment. Though this might be not as significant as in
unsaturated experiments, it would lead to part of bacterial retention in sand columns.
Model estimated values of kp in Table 11 indicated that the ratio of saturated to
unsaturated AWI adsorption coefficient was about 1/2 (FC*/FD%), 1/3 (CA*/CB®), and
1/5 (CC*/CD’%). Exceptionally, no significant difference was observed for ko between
saturated FA* and unsaturated FB®. This suggested that FA* had more air-water
interfaces than unsaturated FB®. This unexpected higher AWI area might be caused by
trapped air bubbles during the sand column packing. Also, trapped air in FOS
columns was stable because of slow flow velocity and low hydrodynamic dispersion

in fine sand.

When AWI adsorption was integrated into the two-site model, fvalue was increased at
least ten times for all sand columns except CA®. As can be seen from the model
sensitivity analysis, bacterial adsorption at air-water interfaces was relatively
irreversible and thus better modeled by first-order kinetic process. In two-site model,
this part of bacterial retention was accounted for by bacterial adsorption at particle
surfaces. Also, two-site model resulted in extremely large R, e.g. 575 and 321 for FA*
and FB® respectively. The AWI amended two-site model could fit the observed data
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- and get more reasonable R values (see Table 17). This observation was also consistent

with the results of one-site models.

One-site kinetic model could fit the bacterial breakthrough in saturated COS columns
with as high performance as one-site.+ AWI model. However, the fitting capability of
one-site model decreased for unsaturated COS columns. It was shown that one-site
model failed to fit experimental data in both saturated and unsaturated FOS columns.
By contrast, one-site + AWI model always fit bacterial breakthrough in both saturated
and unsaturated, COS and FOS columns. Also, the descending limbs and tailing of
BTCs were fitted better by one-site + AWI model compared to one-site model.
Two-site and two-site + AWI models always fit well for both coarse and fine,
saturated and unsaturated sand columns. Besides, equilibrium + AWI model also fit
well to coarse sand column experiments.. When comparing the model efficiency E
listed in Table 11, Table 17, and Table 18, it is evident that two-site +‘AWI had the
highest goodness of fitting. |
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Figure 34. Bromide and bacterial breakthrough curves for FOS experiments (FA®,
FB°, FC*, and FD°), fitted by equilibrium, one site, and one site + AWI kinetic models.
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Table 10. Percent adsorption and distribution coefficient of E. coli with untreated and treated COS and FOS Oamaru sands.

Bacterial concentration level Adsorption (%) ‘ Distribution coefficient (mL/g)

(cfw/mL)

COS FOS - COS FOS
10* 43163 97.1+03 0342008 001+ 0.00
10° 41.6+£62 92419 . 036+0.09 0.02+0.01
10° 414£95 99.0+0.5  0.38x0.17 0.003 +0.001
107 575+133 99304  020+0.10 0.002%0.001
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Table 11. Estimates of parameters for one-site and one-site + AWI kinetic models.

Run* | Model Kk k; k ki/k; D R Pe E
CA* |OS 11.79 155.1 0.076 3.68 1.08 62 0.9324
OSA 0.21 11.79 240.5 0.049 1.4;2 - 1.05 132.5 0.9827
CB® |o0S 3.91 217 0.018 895 1.02 8.5 0.5817
OSA 0.62 3.91 390.6 0.01 5.27 1.01 14.3 0.8677
cc* |os 7.76 26:7 0.29 118 1.29 31.8 .0.9317
OSA 0.23 7.76 30.1 0.26 0.73 126 51.8 0.9916
cp® | oS 13.06 0.65 20.1 125.6 21.2 0.5 0.5323
OSA 1.04 13.06 5.02 2.6 7.84 3.6 8.1 0.9496
FA* | OS 0.11 0 164.3 0.11 165.3 131.4 0.0195
OSA 11.51 0.03 - 0.01 2.22 0.13 3.2 112.4‘ 0.7574
FB® oS 0.10 0 173.5 0.3 174.5 59.7 0.5282
OSA 8.85 0.02 0.01 1.84 0.23 2.8 78.5 0.9260
FC* oS 0.15 0.01 24 0.15 25 138.9 0.0074
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OSA 2.16 4.30 5.87 0.73 0.86 1.73 24.4 0.9556
FD° oS 0.24 0 79.4 0.15 80.4 112.7 0.0841

OSA 4.77 0.10 0.08 1.24 0.22 22 77.8 0.7386

' The first row represents estimates of one-site kinetic model (OS), the second row is estimates of one-site + AWI model (OSA).

4 Saturated and unsaturated sand columns are indicated by filled and empty diamonds, respectively.

- 81 -



Table 12. Estimated model coefficients by two-site and two-site + AWI models '

Rur® | Model ky k; k; ki/ks K4 f D R Pe E
CA* | TS 0.05 0.25 0.19 0.044 0.13 1.28 1.19 178.5 0.9901
TSA  0.14 0.08 0.88 0.089 0.021 0 17 105 2420 0.9987
CB® | TS 0.02 0.00 8.87 1.39 0. 5.42 9.87 13.9 0.8706
TSA 0.58 3.91 390.59 0.0l 0.0016  0.56 5.68 1.01 13.3 0.8722
cc* | TS 0.02 0.00 6.69 1.567 0.037  0.62 7.69 60.4 0.9971
TSA 0234 776 30.80 0.25 0.059 0.999  0.64 1.25 59.1 0.9969
cD® | TS 0.14 0.00 67.3 7.667 0.034 629 6829  10.1 0.9775
TSA  4.77 0.10 0.04 2.76 0.314 058  3.24 3.76 19.5 0.9986
FA* | TS 0.33 0.00 573.9 136.98  0.011 335 5749 43 0.8394
TSA 2199  0.05 0.01 9.67 2.31 0.26 1.57 10.67 9.2 0.8716
FB* | TS 0.16 0.00 319.6 76.25 0.005  1.10 3206 163 0.8562
TSA 9.58 0.02 0.01 2.89 0.69 0.094 047 3.89 38.1 - 0.9300
FC* | TS 0.10 0.00 65.7 15.68 0.01 0.80 66.7 26.0 0.9917
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TSA 1.78 0.02 0.01 1.91 0.46 0312 0.63 29 33.1 0.9990
FD° | TS 0.26 0.00 176.2 42.02 0.01 1.65 177.2 10.2 0.9470
TSA 5.95 0.11 ~ 0.01 20.45 4.88 0.14 2.89 21.5 59 0.9748

T The first row of data was estimates from two-site model (TS); the second row was estimates from two-site + AWI models (TSA).

A Saturated and unsaturated columns are indicated by *and °, respectively.

-83-



Table 13. Estimated model coefficients by adsorption equilibrium (EQ) and equilibrium + AWI models (EQ + AWI).

Run® | Model D R K4 ko E

CA' |EQ 2.61 1.06 0015 -~ - 0.9516
EQ+AWI 1.67 1.05 0.011 - 0.22 ©0.9829

CB® |EQ 8.95 1.02 0.003 = — 0.5817
EQ+AWI 4.6 1.00 058 0.0002 0.8737

cc* | EQ 0.89 127 0064 — 0.9518
EQ+AWI  0.63 1.25 0.059 0.24 0.9969 ,

cp® | EQ 1190 180.5 2045  — 0.6608
EQ+AWI 736 3.52 0.287 1.04 0.9572

FC' |EQ+AWI 0.87 1.74 0.176 2.17 0.9582

*Saturated and unsaturated columns are indicated by *and °, respectively.
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5.4. Discussion

5.4.1. Experimental design

Former soil lysimeter experiments (Jiaqg, Noonan et al. 2005) were designed to simulate
the effects of irrigation on bacterial transport in an intact soil core, where the top layer of
soils had been dried out more than the deeper layer as occurs frequently in pastures. The
heterogeneity of soil pores made it difficult to determine at what depth in the soil core
bacteria were being removed. Only the net removal of bacteria could be studied by
determining the numbers of bacteria in the percolate. Unfortunately, once bacteria were
applied to the soil lysimeter, the soil column could not be used again with the same
bacteria because of the residual cells, if no effective method of sterilization was applied
without destruction of the soil étructure. One way to circumvent this problem is to use

bacteria with minor differences in properties, such as resistance to different antibiotics.

To be able to study the phenomenon of bacterial movement under more controlled
conditions, a new experimental approach was designed in this paper. Stable suctions and
uniform pore size distribution throughout the whole column were needed. Also, it was
necessary to sterilize the system (kill residual bacteria) without changing the properties of
porous media. This system needed to be designed so that effects of macropores (>30 pm)
on the movement of bacteria compared to micropores could be studied by changing the

suction.

Experiments reported in the literature usually used a hanging tube to control the suction at
the bottom of columns (Jewett, Logan et al. 1999; Saiers and Lenhart 2003; Schafer,
Ustohal ef al. 1998). The disadvantage associated with the hanging tubes was the mixing
and dispersion of bacterial concentration in siphon. The former experiment used a tension
infiltrometer to control the suction at the top of the soil lysimeter (Jiang, Noonan et al.
2005). This experiment used both methods to achieve more even suctions throughout the
sand column. The tension infiltrometer at the top and a hanging tube at the bottom of the

sand column help to keep a constant flow rate and stable suction.

-—

The virtues of our experimental setup are well-controlled water flow and suctions,
continuously-monitored water potential and infiltration rate, capable of reproducible tests.

These features are especially useful for studies of bacterial transport. However, some
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shortcomings of the system were also realized. The inserted tensiometers might interfere
with the water flow in sands. Even with uniform packing of sands, the system could not
reach uniform water content with the column depth. Also, it was found that autoclaving
sands at 121 °C possibly reduced sand particle sizes. It was recommended new sands
were used to pack sand columns for 'dif:ferent tests. The packing procedure also produced
big influence on the hydraulic conductivity, and therefore bacterial transport. A constant

packing procedure must be employed throughout for a series of tests.

5.4.2. Bacterial adsorption

The adsorption of E. coli strain D to coarse and fine silica sands measured by batch
experiments showed that both the adsorption percentage and fitted maximum adsorption
sites per surface area were not correlated with specific surface area. The maximum
adsorption sites for FOS were about 10 times of that for COS, which suggests that
bacterial adsorption is not linearly related to the contact surfaces. It has been reported that
the sorption coefficient of bacteria to soil particles (Kj) measured by batch sorption
experiments and that predicted by transport models were contrary, with one being directly
proportional to the specific surface area and one not (Bengtsson and Ekere 2001). Also,
our batch adsorption experiments determined the particle sizes as important factors
affecting adsorption coefficient. This was not consistent to the findings of Bengtsson
(2001). The relative importance between cell surface hydrophobicity and sand surface
charge might account for the discrepancy. We also postulated that bacterial adsorption is
not just related to specific surface area, but also different interactions (e.g. abrasion of
solid phase surfaces, compression of the hydrodynamic boundary layer, and suspension
degree of thé particles) between cells and particle surface in COS and FOS. Thus, the
applicability of results from batch adsorption experiments to bacterial transport was

limited because of the dynamic feature of bacteria in sand columns.

Though some work reported that bacterial adsorption to soil mainly occurred in the first
few minutes of contact and reached equilibrium very swiftly, i.e. from 15 to 20 minutes
(Huysman and Verstracte 1993a). The conditions for batch adsorption were so different
from bacterial adsorption processes in sand columns with flowing water. However, the
measured percent of adsorption could be used as an indicator to estimate the recovery of

bacteria in leachate. The PA for COS was 45.9%, and bacterial recovery for CB?® and CD°
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was very close to the percentage of suspended bacteria (100 — 45.9 = 54.1%), i.e. 54.4%
and 44.3%, respectively. However, CA* and CC* recovered much higher percentage of
bacteria, which indicated that many bacteria reached the outlet pipe before they reached
equilibrated adsorption. FC* and FD° showed the same trend as coarse sand columns,
though FA* and FB® were excepti0n§ because of its flow rate and hydraulic properties of

fine sand, as discussed in 3.5 and 3.1.

For bacterial transport in sand columns, in addition to the effects of hydraulic properties,
bacterial retention was mainly attributed to bacterial adsorption to particle surfaces and
air-water interfaces. Cells attachment to fine sands was assumed to be easier and
produced less detachment due to lower hydrodynamic shearing force. In a similar manner,
bacterial adsorption to AWI increased with more unsaturated conditions (higher air-water
interface area). Taking all these factors into consideration, unsaturated fine sand columns
retained bacteria more than coarse sand columns because of slower water flow rate,

greater particle surface area, and more scattered air-water interfaces.

5.4.3. BTCs

As shown in Table 9, recovery of bromide was not correlated with the length of column,
sand particle sizes, and water content. This had an implication that bromide was a good
inert tracer for water flow in porous media, and the leachate concentration of bromide
could be used to determine changing ranges of important bacterial transport parameters,
such as water flow rate and dispersion coefficient. The early breakthrough of bacteria
relatively to conservative chemical tracers (e.g. bromide) has been reported frequently
and pore size exclusion was the applicable explanation (Sinton, Noonan et al. 2000). For
coarse sand columns, the early breakthrough of E. coli relative to bromide was evident for
saturated and unsaturated flow conditions, namely 0.15, 0.11, 0.3, 0.3 pore volume for
CA*, CB®, CC*, and CD° respectively. The early breakthrough for fine sand columns was
also discriminable except for FA*. However, the early breakthrough for FA* can still be
observed from the simulated BTCs. E. coli reached peak Concentration c. 0.15, 0.3, 0.15

pore volume earlier than bromide for FB®, FC*, and FD° respectively.

-

For coarse sand columns, the ratio of E. coli peak concentration between saturated and

unsaturated columns with the same length was c. 5 (CA*/CB%=5.5, CC*/CD%=5). This
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ratio for FA*/FB® and FC*/FD° was 0.04 and 25.5, respectively. This suggested that
bacterial retention in fine sands was more prominent than coarse sands even by
decreasing the same degree of water content. This was supported by the fact that fine
sands had higher adsorption affinity for bacteria and smaller pores with slower water flow,

when compared with coarse sands.

The column length was showed to have no clear effects on the E. coli peak concentration.
- It was reported that Bacillus subtilis concentrated in top 10 cm of soils when applied to
the soil lysimeter (Jiang, Noonan et al. 2005). Therefore, the differences observed
between the 44 cm and 22 cm sand columns were mainly because of the different water
flow rate. E. coli peak concentration for fine sand columns was at least ten times lower
than coarse sand columns. Thus, sand particle size was a significant factor affecting

bacterial transport and retention in porous media.

The tailing of ‘breakthrough curves was observed in fine sand columns, as shown in
Figure 34. The tailirig of BTCs was mainly caused by bacterial adsorption and following
reversible desorption from media surfaces. Another explanation was that some of applied
bacteria was stored in pore water at suspended state, and was gradually replaced by

flowing water.

5.4.4. Effects of matric suction

The relationship between matric suction and the biggest water-filled pore diameter can be
described by capillary rise equation (Hillel 1998). The largest water-filled pore diameter
for the experimental suctions of 1, 1.2, 1.3, 1.5 kPa was 300, 250, 230, 200 um,
respectively. The pores with diameter greater than these critical values will be emptied by
suction, while smaller pores will be water-filled. The bacteria applied to sand columns
with various suctions thus entered different sized pores. Under higher suctions, bacteria
were trapped in smaller pores. Also, it has been reported -that the smallest ratio of pore
size to cell size T/C was 1.5 for bacteria entering a pore (Sirivithayapakorn and Keller
2003). From pore size distributions shown in Figure 23, both COS and FOS have pores
well above the threshold value. Thus, bacterial entrapment into small pores was not

significant in our experiments.

Water flow rate (water flux in a pore) is proportional to the fourth power of pore size, as
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- described by Poiseuille’s law. Thus, the majority of water flow through a sand column is
through bigger pores. Because of the difficulty in replacing water in small pores, the
storage of initial applied bacterial suspension in pores with extremely slow flow velocity
was a possible explanation of the greater bacterial retention observed in FOS compared to
COS, and unsaturated compared to sé.turated columns. Thus, it is arguable that the matric

suction, along with water content provides the best indicator of bacterial retention.

5.4.5. Modeling approaches

Bacteria will tend not to enter smaller pores because of extremely slow flow in these
regions, thus irreversible attachment must have occurred considering the low recovery
percent of bacteria in leachate after substantial volume of leachate collected
(Sirivithayapakorn and Keller 2003). In unsaturated sand, this irreversible attachment
was mainly due to adsorption to AWI and partly to sand grains. Thus, mechanistic models
were developed by incorporating adsorption térms into traditional CDE model to simulate

bacterial transport in saturated/unsaturated porous media.

In literature, bacterial adsorption has been previously modeled as an equilibrium or a
kinetic term in CDE models (Corapcioglu and Haridas 1984; Harvey and Garabedian
1991; Lindqvist, Cho et al. 1994; Reddy and R. M. 1996). Equilibrium adsorption usually
had to assume the adsorption reached equilibrium almost instantaneously. One-site kinetic
could approach equilibrium process when the rates of attachment and detachment were
the same. When only the total bacterial recovery in leachate was concerned,
discrimination between equilibrium and kinetic adsorption may not be critical. In addition,
bacterial concentrations are relatively low in nature compared with adsorption sites
available in subsurfaces, so there is no need to include blocking 6r ripening effects in the

model for bacterial transport in sand columns (Schafer, Ustohal et al. 1998).

However, for monitoring bacterial concentration in leachate and predicting bacterial
spreading in large-scale field applications, more comprehended two-site models and
two-site + AWI models were proposed to be more appropriate for complex field-scale
applications. The proposed model could cope with variable water content, different
porous media (coarse and fine media in our experiments) and water flow rate. It was
obvious that two-site + AWI model had the highest model efficiency among all model

approaches examined in this paper. Based upon discussion above, this model was
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suggested as the most appropriate model for modeling bacterial transport in sand columns.
However, f'in two-site model could not be physically measured and the fitted value might
just be an artifact. Although the intrinsic flaw associated with two-site + AWI model, it is

still a simple and effective modeling approach.

[}

5.5. Conclusion

A sand column leaching system with well-controlled water saturation and flow rate was
built to investigate the effects of water saturation, particle size, and column length on
leaching bacterial concentration. The special virtue of the experimental setup was
well-controlled water flow and suctions (by both top tension infiltrometer and bottom
hanging siphon tube), continuously-monitored water potential and infiltration rate,
capable of rcproducible tests. The adsorption of E. coli to silica sands was measured in
batch adsorption experiments. Percent adsorption (P,) of E. coli strain D to sands was not
correlated with the initial cell concentration, The applicability of batch adsorption data to

transport experiments was limited.

The breakthrough curves were fitted by modified one-site/two-site and AWI adsorption
amended convection-dispersion kinetic model. The early breakthrough of E. coli relative
to bromide was clear for all sand column transport experiments. The column length had
no evident effects on the E. coli peak concentration, which support the observation that
bacteria were retained in top ten centimeters of porous media. Because of stronger
bacterial adsorption in fine sands, tailing of BTCs was prominent for all fine sand
columns, Bacterial recovery in leachate from COS was significantly higher than FOS
sand columns, Thus, particle size was a significant factor influencing bacterial transport
and retention. Saturated columns with either COS or FOS also recovered more bacteria

from the percolate than corresponding unsaturated columns.

Equili.brium, one-site, two-site and their AWI adsorption amended models were fitted to
experimental data, Two-site + AWI model achieved constant high model efficiency for
both coarse and fine sands, under either saturated or unsaturated flow conditions.
Although this model had some intrinsic flaws, its goodness of fit, simplicity, and -
well-established mechanisms supported it as the most applicable modeling approach to
the observed data.
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Chapter Six
Conclusions and Suggestion on Future Research

Directions

N

6.1. Conclusions

Understanding and knowledge of microbial transport in soils is crucial in addressing
groundwater contamination, subsurface bioremediation, and agronomic use of GEMs.
Bacterial transport in ‘unsaturated soils is much less well understood than in saturated
conditions, especially for intact soils. Though the effects of air-water interfaces and film
straining have been proposed to explain the increased retention of bacteria, the effects of
soil heterogeneity and pore size distribution on unsaturated bacterial transport are still
unclear in the literature. Also, no appropriate mathematical models have previously been
developed and verified rigorously. Our study aimed to clarify soil macropores, matric
suction, pore size distribution, and column length on bacterial transport in unsaturated
water flow. A mechanistic mathematical model for unsaturated bacterial transport was
also developed to model bacterial transport in sand columns. Based on the experimental
and modeling results, mechanisms of unsaturated bacterial transport were identified and

an improved model was put forward.

The first experiment aimed to investigate the fate and transport of bacteria (endospores)
in intact soils with different water saturations, and particularly the effect of low suction
(and hence removal of water flow in the largest macropores). An intact soil column (50
cm diameter x 70 cm depth) with a tension infiltrometer was used to investigate the
transpbrt and deposition of Bacillus subtilis endospores (i.e. dormant and persistent
bacteria) during saturated and unsaturated flows. Soil porosity and pore size distribution
were measured. Porosity decreased with depth and macropores were concentrated in the
topsoil. Three tensiometers and a temperature sensor were installed along the soil columrl
to monitor matric suction and temperature. One particularly attractive feature of the

experiment is that the tension infiltrometer empties pores greater than a specified diameter.

This is especially important in differentiating effects of macropore flow and matric flow.
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Breakthrough -curves for bacteria and chemical tracer Br at 0 kPa and 0.5 kPa suction
were obtained during the three-month leaching experiment. Bacterial breakthrough
occurred earlier than the inert chemical tracer, which is consistent with effects of pore size
exclusion. Also, saturated flow gave a significantly higher concentration and recovery
ratio of leached bacteria than unsattiratpd flow, i.e. 51% vs. 0.88%. Recovery of Br™ in
leachate at both suctions reached above 85%. The column was destructively sampled for
deposited endospores at the completion of leaching. Bacterial deposition was
concentrated in the top ten centimeters, then decreased abruptly, and then was relatively
constant with column depth, although showing some irregularity at the bottom of the

column.

To more fully investigate the factors which influence bacterial transport in porous media,
a sand column leaching system with well-controlled water contents was built. Results for
bacterial transport through silica sand columns under water saturated and unsaturated
conditions are presented. The objective was to investigate the effects of water saturation,
particle size, and column length on bacterial concentration in drainage, and to model the
breakthrough curves by a modified traditional one site convection-dispersion Kinetic

model.

Bacterial recovery in leachate from COS columns were significantly higher than FOS
sand columns after the same volume of leachate was collected. This was explained as
FOS has slower water flow rate, higher particle surface area, and more scattered air-water
interfaces. However, grain size did not show any effects on the timing of bacterial
breakthrough. Although FOS sand had a much higher specific surface area, its affinity for
bacteria was compromised by slow water velocity and weak dispersion effects in fine
sand columns. Modeling by a one site + AWI approach also revealed that bacterial affinity
to AWI is higher in FOS than COS. Also, bacterial adsorption at air-water interfaces was
not just proportional to air content in porous media as suggested in literature. It is more-
likely that AWI adsorption is sensitive to the size of air bubbles and water flow velocity in

the porous media.

Saturated columns with either COS or FOS also gave more bacterial recovery in leachate
than corresponding unsaturated columns, except for columns FA (saturated) and FB
(unsaturated). This is because saturation of FOS was very insensitive to change of matric

suction under 2 kPa. Also, FOS usually trapped trace air more firmly which makes it very
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difficult to reach fully saturated condition. Model estimated values of k; indicate that the
ratio of adsorption coefficient to AWI between saturated and unsaturated is about 1/2
(columns FC/FD), 1/3 (columns CA/CB), and 1/5 (columns CC/CD). This is not directly
proportional to the increases of air content in sand columns. Thus, the degree of saturation

must be coupled with grain size to charqcterize unsaturated bacterial transport.

Column length had a nonsignificant effect on bacterial recovery, which suggests that
bacterial retention mainly happens in the top layers of sand column. However, dispersion
rather than advection effects are more prominent in short columns. The short residence
time for bacteria in short columns also suggests that some adsorption processes were
completed in a very short time, which could be simplified as an equilibrium,
instantaneous process. This phenomenon could also act as a cornerstone for the

development of a two-site + AWI model to supplement equilibrium adsorption.

6.2. Suggestions for future research

It is well-known that microbial transport shows different phenomena and outcomes at
different scales: pore scale, column scale, and field scale (Ginn, Wood et al. 2002). This
thesis mainly focused on the column scale. However, pore scale observations will help to
construct a sound and comprehensive picture of mechanisms for bacterial transport in
porous media. Field scale experiments are extremely useful for application of column
scale experimental results or to acquire data for setting up regulations. In the sand column
experiments, it was found that bacterial deposition at air-water interface was not
proportional to air content. The extent of dispersion of the air content in porous media
may also play an important role in AWI adsorption. Thus, it is. useful to conduct some
observations of the air-water interface in microscale, especially effect of air-bubbles sizes

and water flow rate on the affinity for bacteria.

Regarding field scale experiments of bacterial transport, there are some technical
problems associated with monitoring long-distance and long-term transport. In this case,
other environmental factors, such as soil temperature, precipitation, sunlight etc. will all
contribute to a certain degree to the fate and transport of microbes. Understanding of —
bacterial regrowth and die-off is becoming more important in field scale experiments. It is
also conceivable that mathematical modeling of field bacterial transport will become

more complicated. Field models must also consider heterogeneity of subsurface media,
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and fluctuations of water flow velocity and water content. Thus, stochastic models may be

better than traditional CDE analytical models.

There is also another field which has been overlooked. Early literature mainly focused on
saturated transport of microbes. Later, unsaturated transport of bacteria gained more
interest. However, the change of water content from saturated to unsaturated, and vice
versa, might have some special features that need to be explored. Preliminary tension
table experiments with small intact soil cores leads in this direction (Noonan et al.,
personal communication). Other research was also found in the literature dealing with
sand columns with fluctuating water content during experiments (Powelson and Mills
2001). The combination of changing water content with timing of bacterial application
will provide useful information in respect of using animal waste as a fertilizer. In addition,
bacterial transport in the ‘natural subsurface involves passage through the
unsaturated-saturated transition layer. How will the bacteria transport through this zone?
Or, héw will the fluctuation of water table influence the transpért (and retention) of
bacteria? The exploration of these effects will also contribute to the improvement of

current bioremediation technology.
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Appendix I
Two-site + AWI Model and Application to Bacterial

Transport in Sand Columns

"~ As discussed in chapter 5, one-site kinetic adsorption does not fully account for the real
adsorption processes for bacterial deposition to sand grain surfaces. Thus, a two-site
model which includes both equilibrium and first-order kinetic adsorption processes was
developed to model unsaturated bacterial transport. The attachment of bacteria to
air-water interfaces was still modeled as a first-order irreversible adsorption.
2

asmLtLEL o
Where ¢ is bacterial concentration in water (cfu/mL), s is attached bacteria on porous
media surfaces (cfu/g), D is the dispersion coefficient (cm*/min), v is the pore water
velocity (cm/min), ; is the adsorption rate constant for adsorption at particle surfaces
(min™), ky is the adsorption coefficient at air-water interfaces, ¢ is time (min) and z is
distance from inlet (cm).

2Bof K, (40)

The first-type of adsorption sites were modeled as an equilibrium process. f is the fraction

of exchange sites assumed to be at equilibrium adsorption.

%—(1 f) kc ks2 (41)

The second-type of adsorption sites were modeled as a first-order kinetic process. This
model could be modeled by STANMOD 2.2 by assuming ko to be the first-order decay

coefficient. The attachment coefficients are calculated as follows. -

k =a(R-1)

ko (42)
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Where « is the first-order kinetic coefficient in CXTFIT, and R is the retardation factor.
Now the two-sites + AWI model has been developed as above, and STANMOD 2.1 (U.S.
Salinity Laboratory) was used to model our sand column experimental breakthrough

curves.

One-site and one-site + AWI models were also used in the modeling for cofnparison. Also,
Equilibrium and equilibrium + AWI models were used if the software package
STANMOD version 2.2 suggested the potential applicability. Estimated model parameters
are listed in Table 16 to Table 18. Breakthrough and fitting curves are shown in Figure 35
to Figure 49. Methods and materials for the sand column transport were the same as
described in chapter 5. Experimental parameters and recovery of bacteria and bromide in
leachate were reported in Table 14 and Table 15. The equilibrium + AWI model was
shown to be efficient to fit BTCs in coarsé sand columns. The two-site model fitted BTC
tailing better than the one-site or equilibrium models. The two-site + AWI model was the

best afnong the models used.
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Table 14. Experimental parameters for two-sites + AWI modeling.

Run' Sand "~ Length  Suction Degree of Bacterial Cp Flow rate
(cm) (kPa)  saturation®  (cfu/'mlL) (mL/min)*

c1* Ccos 44 0 1 1.55 x 10° 48.14

CA* |cos 44 0 1 4.15x10° 7769

CB* COS 44 0.1 0.9999 4.14 x 10* 805.6

cc’ COS 44 1.0 0.6842 4.01 x 10% 172.7

cD* Cos 22 0 1 5.69 x 10 744.0

CE’ COS 22 1.0 0.6842 4,59 x 10 217.9

CF’ CoS 22 1.4 0.3656 6.21 x 10 400.1

CG* COS 22 0 ] 925x10° 2558

cH® |cos 22 1.2 0.5022 1.06x10°  209.2

FA® FOS 44 1.0 0.9999 415x10°  63.0

FB° |FOS 44 - 13 0.9996 374%10°  63.0

FC° FOS 44 4.9 0.7254 5.49 x 10° 8.0

FD* FOS 44 0.1 1 5.55x 10? 50.9

FH’ FOS 22 1.5 0.9991 4.21 x 10 118.9

FI* FOS 22 0 1 4.80 x 10 146.7

' Some of the experiments were also reported in chapter five as CA to CD, corresponding
to CA, CC, CG, and CH here; as FA to FD, corresponding to FD, FB, FI, and FH.

Saturated and unsaturated columns are indicated by *and °, respectively.

* COS: Coarse Oamaru Sand; FOS: Fine Oamaru Sand.

4 Degree of saturation was calculated as the average value.

*Flow rate was calculated based on sample weights and sampling intervals.
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Table 15. Recovery of bacteria and bromide after about 25 L of leachate collected.

Run’ | Volume of leachate (L)  Bacterial recovery (%)  Bromide recovery (%)
C1* |26.25 48.14 84.37
CA* | 25.64 89.00 74.34
CB* | 24.17 96.96 71.62
cc® | 25.90 54.36 71.45
CD* | 26.04 66.27 73.53
CE® | 26.15 46.81 74.44
CF° | 28.01 16.01 61.51
CG* | 28.14 80.71 73.03
CH® |27.82 4425 69.01
FA® | 29.63 0.01 70.83.
FB® |27.73 0.03 67.98
FC® | 18.24 0 64.95
FD' | 26.96 0.0022 66.64
FH® |25.33 1.42 73.09
FI* |25.23 17.45 73.31

' Saturated and unsaturated columns are indicated by *and °, respectively.
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Table 16. Estimated model coefficients by one-site and one-site + AWI models

Run ko k; k> ki/k; D R Pe r
c1’ 0.09 0.01 11.39 12.24 12.39 15.7 0.9712
0.77 9.95 73.20 0.136 18:42 1.14 10.5 0.9959
CA' 11.79 155.07 0.076 3.68 1.08 62 0.9324
0.21 11.79 240.51 0.049 1.72 1.05 132.5 0.9827
CB* 12.22 122.21 0.1 2.06 1.10 115.0 0.9325
0.13 3.61 46.24 0.078 0.64 1.08 369.0 0.9900
cc® 3.91 217.00 0.018 8.95 1.02 8.5 ,0.5817
0.62 3.91 390.59 0.01 5.27 - 1.01 14.3 0.8677
CD* 0.38 0.88 0.434 0.83 1.43 132.3 0.8108
0.37 3.99 15.46 0.258 1.63 1.26 67.2 0.9968
CE’ 0.09 0.01 9 2.57 10.00 18.2 0.9435
0.87 9.64 63.83 0.151 3.02 1.15 15.5 0.9944
CF° 0.98 0.01 80.75 5.80 81.75 26.8 -0.2096
2.51 32.18 28.37 1.134 10.86 2.13 14.3 0.9576
CcG* 7.76 26.67 0.291 1.18 1.29 31.8 0.9317
0.23 7.76 30.09 0.258 0.73 1.26 51.8 0.9916
CH’ 13.06 0.65 20.15 125.6 21.2 0.5 0.5323
1.04 13.06 5.02 2.6 7.84 3.6 8.1 0.9496
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)

Run* ko 7 k; ki/k; D R Pe r
FA® 0.03 0.00 80.75 5.80 81.75 3.1 20.2096
10.11 0.02 0.02 1.243 0.1 2.24 158.9 0.8824
A 0.10 0.00 173.5 0.3 174.5 59.7 0.5282
o 8.85 0.02 0.01 1.841 0.23 2.8 78.5 0.9260
o 0.1 0.00 164.3 0.1 1653 131.4 -0.0195
11.51 0.03 0.01 2.22 0.13 3.2 112.4 0.7574
FH 0.24 0.00 79.43 0.15 80.4 112.7 -0.0841
4.77 0.10 0.08 1.244 0.22 2.2 77.8 0.7386
FI* 0.15 0.01 24 0.15 25 138.9 0.0074
2.16 430 5.87 0.733 0.86 1.73 24.4 0.9556

' For each experiment, the first row of data was estimates from one-site model; the second row was estimates from one-site + AWI model.

* Saturated and unsaturated columns are indicated by *and °, respectively.
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Table 17. Estimated mode! coefficients by two-sites and two-sites + AWI models

Run* ko ki k; ki/k; Ki f D R Pe r
c1* 0.08 0.00 49.02 11.49 0.0025 17.65 50.02 109 0.9965
0.75 0.05 0.41 0.124 0.029 0o 13.36 1.12 14.4 0.9979
CA* 0.05 0.25 0.187 0.044 0.1291 128 1.19 178.5 0.9901
0.14 0.08 0.88 0.089 0.021 0 172 1.05 242.0 0.9987
CB* 0.02 0.11 0.202 0.0473 03651 0.61 1.20 387.4 0.9917
0.08 0.02 0.19 0.113 0.0265  0.6208 0.52 1.11 455.5 0.9929
cc’ 0.02 0.00. - 8.872 13944 0 5.42 9.87 13.9 0.8706
0.58 3.91 390.59  0.01 0.0016 05657 5.68 1.01 13.3 0.8722
cp* 0.11 0.00 30.25 7.0898  0.0086 1.88 3125 580 0.9970
0.40 0.02 0.06 0.39 0.0914  0.6447 1.78 1.39 61.3 0.9974
CE° 0.09 0.00 63.13 10.1506  0.0022 2.83 64.13 165 0.9959
0.82 0.3 0.13 0.242 0.0389 02517 2.03 1.24 22.9 0.9996
CF° 0.82 0.00 213.9 18.9149  0.0050  10.02 21490 155 0.9775
2.03 0.21 0.08 2.689 02378 03016 5.38 3.69 28.9 0.9986
cG' 0.02 0.00 6.687 1.5672  0.0375 0.62 7.69 60.4 0.9971
0234  7.76 30.80 0.252 0.0591  0.9995 0.64 1.25 59.1 0.9969
CH’ 0.14 0.00 67.29 7.6672  0.0343 629 6829  10.1 0.9775
477 0.10 0.04 2.757 03141 05811 3.24 3.76 19.5 0.9986
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Run* ko ks k; ki/k; Ky f D R Pe r
FA’ ~0.26 0.00 663.3 1582990 0.0060° 3.00 66430 5.97 0.8924
21.94  0.04 0.00 13.52 3.2266 02615 2.75 1452 6.1 0.9103
FB’ 0.16 0.00 319.6 76.2546  0.0053 1.10 32060 16.3 0.8562
9.58 0.02 0.01 2.893 0.6903  0.0938 047 3.89 38.1 0.9300
FD* 0.33 0.00 573.9 136.9794 0.0110 3.35 57490 43 0.8394
2199  0.05 0.01 9.67 2.3081 0,263"1 1.57 1067 92 0.8716
FH’ 0.26 0.00 176.2 420184 00101  1.65 17720 102 0.9470
5.95 0.11 0.01 2045 4.8767  0.1400 2.89 2145 5.9 0.9748
FI 0.10 0.00 65.68 156766  0.0105 0.80 . 66.68 260 0.9917
1.78 0.02 0.01 1.913 0.4566 03119 063 291 33.1 0.9990

" For each experiment, the first row of data was estimates from two-site model; the second row was estimates from two-site + AWI models.

* Saturated and unsaturated columns are indicated by *and °, respectively.
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Table 18. Estimated model coefficients by adsorption equilibrium and equilibrium + AWI models.

Run* | Model D R Kq ko r
CI* [EQ+AWI  18.01 1.13 0.0841  0.77 0.9961
CA* | EQ 2.61 1.06 0.0148 — 0.9516
EQ+AWI  1.67 1.05 0.0112 0.22 ©0.9829
CB* | EQ 1.02 1.08 00185 — 0.9782
cC’ | EQ 8.95 1.02 0.0031 — 0.5817
EQ+AWI  4.86 1.00 0.5889 0.0002 0.8737
CE’ | EQ+AWI 290 - 1.14 0.0232 0.87 0.9947
CF® | EQ+AWI  11.58 2.17 0.1032 2.53 0.9601
CG' | EQ 0.89 127 0.0635  — 0.9518
EQ+AWI  0.63 1.25 0.0591 0.24 0.9969
CH® | EQ 1190.00 180.50 204528  — 0.6608
| EQ+AWI 736 3.52 0.2873 1.04 0.9572
FI' |EQ+AWI  0.87 1.74 0.1757 2.17 0.9582

* Saturated and unsaturated columns are indicated by *and °, respectively.
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Appendix I1
Water Infiltration Rate and Suctions in Sand Columns
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Figure 50. Ten-minute average infiltration rate and suctions for Cl1.
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Figure 51. Ten-minute average infiltration rate and suctions for CA.
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Figure 52, Ten-minute average infiltration rate and suctions for CB.
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Figure 53. Ten-minute average infiltration rate and suctions for CC.
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Figure 54, Ten-minute average infiltration rate and suctions for CD.
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Figure 55. Ten-minute average infiltration rate and suctions for CE.
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Figure 57, Ten-minute average suctions for CG.
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10
g -l

-8 Tensiometer 1 (6.5cm)

-0 Tensiometer 2 (16.5cm)
- Tensiometer 3 (27.5cm)
- Tensiometer 4 (38.5cm)

.

....“.l...l.....".....‘0."....'.0....'.

5 - %
Py F v W - b=
300N 5 e E P,gg:ﬁg,asp&p» L X R A A R T R B e R o1
4 -
3 T T v T
0 100 200 300 400 500

Time (min)

Figure 61. Ten-minute average suctions for FC.
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Figure 62. Ten-minute average infiltration rate and suctions for FD.
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Figure 63. Ten-minute average suctions for FH.
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Appendix III
Methods and Results for Sensor Calibration

v

1. Calibration of pressure transducers for matric suction

The pressure transducers, including three Micro Switch 170PC for soil lysimeter
experiment and eight Honeywell 26PC sensors for sand column experiment, were
calibrated before they are attached to tensiometers, which measured the change of matric
suction in soil and sand. The programs used to calibrate these sensors are in Appendix I
and II. Experimental sétup was shown in Figure 65. Sensor and a syringe were connected
via a “T” connector with a tube, which held water and equilibrated by immersing the end
of tube into a constant water level. A series of readings were acquired by changing the

water height in the soft tube, which equals to the suction applied to the sensor.

Campbell CR10 Datalogger

Laptop computer

Figure 65. Calibration setup for pressure transducers. -

The sensor readings coupled with measured water pressure or suction (see Figure 65) was

used to get coefficients in datalogger programs. The linear regression was done in
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Sigmaplot 9.0 (SYSTAT) and results are shown below in Figure 66 and Figure 67.

0
® Sensori
-5 - O Sensor2 '
¥ Sensor3
)
E 101
0
o
=
® 15 -
g
o
@ y=bx+a
S 20
» a b ?
1 03223 0.8299 0.9998
25 - 2 -0.0104 0.8218 0.9998
3 -0.0050 0.8102 0.9998
'30 Ll N 1 Ll 1 1 1
35 - 300 - 25 . 20 -15 -10 -5 0
Water pressure (cm H,0)
Figure 66. Linear regression for the calibration of 170PC sensors.
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Figure 67. Linear regression for the calibration of 26PC pressure sensors.
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2. Calibration of pressure transducers for infiltration rate

Pressure transducer : Campbell CR10 Datalogger
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Figure 69. Linear regression for the calibration of infiltration rate sensor SCX01DNC.

An electric balance with two different sized water containers was employed to measure
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the volume of water outflow from the water tank. The pressure sensor (SCX0IDNC in
soil lysimeter experiments and 26PC in sand column experiments) measured the pressure
in the airtight water tank. The volume of water in water tank was calculated as the total
volume of tank minus the weight of water on balance. After getting a series of pressure
readings and volume of water in the tank, a linear regression was carried out to find the
sensor coefficients. Figure 68 shows the setup of calibration experiment. Linear

regression results and sensor coefficients were shown in Figure 69 and Figure 70.
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Figure 70. Linear regression for the calibration of infiltration rate sensors 26PC.

Volume of water in tank (mL)

- 135 -



3. Calibration of temperature sensor

Campbell CR10 Datalogger

Temperature sensor

Thermometer
Laptop computer

Water/ice

Electric heater

Figure 71, Calibration setup for temperature sensor.
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Figure 72. Linear regression for the calibration of temperature sensor LM35CZ.

Temperature sensor (LM35CZ) was inserted into a water container with ice water, which

was sitting on an electric heater. Water temperature was read from a thermometer. When
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nearly stable temperature reached (0.1 °C variations in 30 seconds), the flag was set to
indicate the datalogger to read voltage from sensor. The calibration was done from 0 °C to
50 °C, which covers the temperature range in the bacterial transport experiments.
Diagram of setup and results of calibration was shown in Figure 71 and Figure 72,

respectively.

[y
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Appendix 1V
Datalogger Programs for Field Soil Lysimeter

Experiment

+

1. Calibration program for pressure transducers (176PC)

{CR10}
*Table 1 Program

01:10 Execution Interval (seconds)
1. Voit (Diff) (P2)

1.3 Reps

2:34 250 mV 50 Hz Rejection Range
31 DIFF Channel '

4:2 Loc[Tens_1 ]

5:1.0 Mult

6:0.0 Offset

2. If Flag/Port (P91)
111 Do if Flag 1 is High
2:30 Then Do

3. Z=Z+1(P32)
1.5 Zloc[Counter ]

4:

f (X<=>F) (P89)

15 X Loc[Counter |
21 =

3:10 F

4:10 Set Output Flag High
5. Average (P71)

1.4 Reps

2:1 Loc [ Std ]

§: Standard Deviation (P82)
1.3 Reps
2:2 Sample Loc[Tens_1 ]

7. lf Flag/Port (P91)
1:10 Do if Qutput Flag is High (Flag 0)
2:30 Then Do
8 Z=F (P30)
1:0.0 F
200 Exponent of 10
35 ZLoc [ Counter |

9: Do (P86)

-138 -



1: 21 Set Flag 1 Low
10: End (P95)
11: End (P95)

*Table 2 Program
02:0.0000  Execution Interval (seconds)

*Table 3 Subroutines

End Program
-Input Locations-

1 Std 110
2Tens_1 521
3Tens_.2 921
4Tens_3 921
5Counter 1713
6 000
7 000
8 ‘ 000
9 000
10 000
"n__- 000
12 000
13 000
14 000
15 000
16 000
17 000
18 000
19 000
20 000
2 000
22 000
23________000
24 000
25 000
26 000
27 000
28 000
29 000
-Program Security-
0000

0000

0000

-Mode 4-

-Final Storage Area 2-
0

2. Calibration program for temperature sensor (LM35CZ)

;{CR10}

'*Tab|e 1 Program
01: 10 Execution Interval (seconds)
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1. Excite-Delay (SE) (P4)

11 Reps

2:35 2500 mV 50 Hz Rejection Range {Delay must be zero}
30 SE Channel

4: 01 Excite all reps w/Exchan 1

5:0000  Delay {units 0.01 sec)

6:-1000 mV Excitation

7.2 Loc [ Temp ]

810 Mulf '

9:0.0 Offset

2. fFlag/Port (P91)
11 Do if Flag 1 is High
230 Then Do

3 Z=Z+1(P32)
1.3 ZLoc[Counter i

4: If (X<=>F) (P89)
X Loc[ Counter ]

F
Set Qutput Flag High

5 Average (P71)
1:2 Reps - !
2:1 Loc [ Std ]

6: Standard Deviation (P82)
1:1 Reps
2:2 Sample Loc [ Temp ]

7: If Flag/Port (P91)
1:10 Do if Qutput Flag is High (Flag 0}
2:30 Then Do
8: Z=F (P30)
1:0.0 F
2:00 Exponent of 10
33 Zloc[Counter |

9. Do (P86)
1.2 SetFlag 1 Low

10: End (P95)
11: End (P95)
*Table 2 Program
02:0.0000  Execution Interval (seconds)
*Table 3 Subroutines
End Program
-Input Locations-
1 Std 110

2 Temp 121
ICounter 112
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4 000
5 000
6 000
7 000
8 000
9 000
10 000
11 000
12 000 '
13 000
14 000
186 000
16 000
17 000
18 000
19 000
20 000
21 000
22 000
23 000
24 000
25 000
26 _ 000
27 000
28___ 000
29 000
-Program Security-
0000

0000

0000

-Mode 4-

-Finat Storage Area 2-
0

3. Soil lysimeter monitoring program

;{CR10}

{CR10} Created 11/02/2004 {New Voltage Range For Tensiometers}
;Flag Usage: 1 - Reset References

;Control Port Usage: 1-Power Temperature Probe

;Diff Inut Channel Usage: 1.3 - Tens2..3; 4 - Volume

;SE Channel Usage: 11 - Temp

*Table 1 Program
01:60.0000 Execution Interval {(seconds)

1. If Flag/Port (P91)
1 Do if Flag 1 is High
2:30 Then Do

2: Z=F (P30)

1:0.0000 F

2:0 Exponent of 10
37 Zloc[RefVol ]

3 Z=F (P30)
1:00000 F
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2.0 Exponent of 10
3:8 ZLoc[RefVol2 ]

4: Do (P86)
121 Set Flag 1 Low

5: End (P95)

6: Batt Voltage (P10) :
1:1 Loc | Batt 1

7: Volt (Diff) (P2)
11 Reps
24 250 mV Slow Range
31 DIFF Channel
4:2 Loc[Ten_1 ]
511836 Muit
6:.50202 Offset

8: Volt (Diff) (P2)
1.1 Reps
2.4 250 mV Slow Range
32 DIFF Channel
4:3 Loc[Ten 2 ]
511963 Mult
6:.54248 Offset

9: Volt (Diff} (P2)

1 Reps

4 250 mV Slow Range
3 DIFF Channel
4 loc[Ten3 ]
212111 Mult
:.53833  Offset

10: Vot (Diff) (P2)

101 Reps

2:3 25 mV Slow Range
34 DIFF Channel

4: 5 Loc[Volume ]
5:-22.757 Muit

6: 0,0000 Offset

11: Do (P86)
1: 41 Set Port 1 High

12: Excite-Delay (SE) (P4)

11 Reps

226 2500 mV Slow Range
I SE Channel

4:1 Excite all reps w/Exchan 1
5.1 Delay {units 0.01 sec)

8:1  —mV Excitation

7.6 Loc [ Temperat ]
810016  Mult

8:-59815 Offset
13: Do (P86)

1. 51 Set Port 1 Low
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14 Iftime is (P92)

1.0 Minutes (Seconds -) into a
2:60 Interval (same units as above)
3:30 Then Do

15: If (X<=>F) (P89)

17 XLloc[RefVol |
2:1 = :
300000 F
4:30 Then Do
16: Z=X (P31)
1.5 XLoc[Volume ]

2.7 ZLoc[Refvol ]

17: Z=X(P31)
1.5 XLloc|Volume ]
2:8 Zloc[RefVol2 ]

18: End (P95)

19: Z=X-Y (P35)

1:5 XLloc[Volume ]
2.7 Y Loc[RefVol - ]
39 ZLoc[CumVol ]

20: Z=X-Y (P35)

1:5 Xloc[Volume ]
2:8 Y Loc[RefVol2 ]
3:10 Zloc{Volinc ]

21: Z=X(P31)
1.5 XLoc[Volume ]
2.8 Z Loc[RefVol2 ]

22 Z=X'F (P37)

1:8 Xloc[CumVol ]
2:53030 F

N Z Loc [ Cuminfil ]

23 Z=X'F {P37)

1:10  ~ XLloc[Voling ]
2:53030 F

3:12 Z Loc | InfilRate ]

24: End (P95)

25 lftimeis (P92)
1.0 Minutes (Seconds -} into a
2: 60 interval {same units as above)
310 Set Qutput Flag High

26; Real Time (P77)
1:110 Day,Hour/Minute (midnight = 0000)

27: Average {P71)

11 Reps
2.6 Loc [ Temperat |
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28. Average (P71)
1.3 Reps

2.2 Loc[Ten_1

29, Sample (P70)
1.4 Reps

2.9 Loc [ CumVol

*Table 2 Program

01:0.0000  Execution Interval (seconds)

*Table 3 Subroutines

End Program

-Input Locations-

1 Batt 101
2Ten_1 111
3Ten_2 111
4Ten_ 3 111
5Volume 151

6 Temperat 111
TReVol 122
8RefVoilz 113
9Cumval 121
0Voline 121
11 Cuminfit 111
12InfiRate 111

13 000
14 000
15 000
16 000
17 000
18 000
19 000
20 000
21 000
22 000
23 000
24 000
25 oo
26 000
27 000
28 000
-Program Security-
0000

0000

0000

-Mode 4-

-Final Storage Area 2-

0
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Appendix V

Datalogger program for sand column experiment

1. Calibration program for pressure sensor (26PCAFB6G)

{CR10}
;Program fo calibrate 1 PS| Pressure Sensors (HoneyWell 26PCAFBEG)

*Table 1 Program
01:10.00  Execution Interval (seconds)

1: Batt Voltage (P10)

11 Loc [ Batt ]
2 Volt {Diff) (P2) -

1.4 Reps

2:33  25mV 50 Hz Rejection Range
31 DIFF Channel

4:3 Loc[Sens_1 ]

510 Mult

6:0.0 Offset

3. IfFlag/Port (P91)
111 Do if Flag 1is High
2:30 Then Do

4 Z=Z+1{P32)
1.7 Z Loc [ Counter ]

5: If (X<=>F) (P89)
1.7 XLoc[ Counter ]
2:1 =
310 F
4:10 Set Qutput Flag High (Flag 0)

6: Resolution (P78)
1:1 High Resolution

7. Average (P71)"22559
1:5 Reps
2:2 Loc[CalVal ]
8: Standard Deviation {P82)"12650
1:4 Reps
23 Sample Loc [Sens_1 ]
8. If Flag/Port (PS1)
1:10 Do if Output Fiag (Flag 0) is High
2:30 Then Do
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10: Z=F x 10%n (P30)

1.0 F

2:00 n, Exponent of 10
37 ZLoc [ Counter |

11 Do (P86)
1. 21 Set Flag 1 Low

12: End (P85}
13: End (PS5)

*Table 2 Program
02:0.0000  Execution Interval {seconds)

*Table 3 Subroutines
End Program

-Input Locations-

1 Batt 101
2Caval 110
38ens_1 521
48ens_2 921
58ens .3 921
68ens 4 1721
7Counter 112

8 000
9 000
10 000
1 000
12 000
13 000
14 000
15 000
16 000
7 000
18 000
19 000
20 __0900
21 000
22 000
23 000
24 000
25 000
26 000
27 000
28 000
-Program Security-
0000

0000

0000

-Mode 4-

-Final Storage Area 2-
0

-DLD File Labels-

0

-Final Storage Labels-
0,CalVal_AVG~2,22559
0,Sens_1_AVG~3
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0,Sens_2_AVG~4
0,Sens_3_AVG~5
0,Sens_4_AVG~6
1,Sens_1_STD~3,12650
1,Sens_2_STD~4
1,Sens_3_STD~5
1,Sens_4_STD~6

2. Sand column data acquisition program

{{CR10}

:04/Nov/2004
;Program 1 for Guangming
:Measurement of soil water potential and infiltration of water via water infiltrometers.

;Flag Usage: 1- Set initial infiltration references.
;5V Port Usage: Power pressure all sensors, including tensiometers.
;Diff Input Port Usage: 1-4 Tensio1..4; 5 Infiltration Sensor.

*Table 1 Program
01:60 Execution Interval (seconds)

1: Volt (Diff) {P2) ;Measure Tensiometers.
Reps

25 mV 50 Hz Rejection Range
DIFF Channel

Loc [ Tensio_1 ]

Mult

Offset

w

[ PG G Y JU N
o

DW=

Scallng Array (A*Loc+B) {P53) ;Apply tensiometer calibrations.
Start Loc [ Tensio_1 ]
: .85017 A1
74574 B1
186096 A2
49474 B2
84417 A3
68856 B3
:.85653 A4
:.60623 B4

wwﬁﬁwaN#N

;Routine to send Tensiometer Data to final storage.

3. Do (P86)
1:10 Set Output Flag High

4: Real Time (P77)"26026
1:110 Day,Hour/Minute {midnight = 0000)

5: Sample (P70)"32495

1:4 Reps
2:1 Loc [ Tensio_1 ]
6. Iftime is (P92)
1:5 Minutes {Seconds --) into a
2:10 Interval {same units as above)

310 Set Output Flag High
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7. Real Time (P77)"6680
1110 Day,Hour/Minute {midnight = 0000)

8: Average (P71)*16285
1.4 Reps
21 Loc[Tensio_1 ]

9: Standard Deviation (P82)*12675
1.4 Reps
2:1 Sample Loc | Tensio_1 |

*Table 2 Program
02:0.5 Execution Interval (seconds)

1: Volt (Diff) (P2)

1:1 Reps

2:33 25 mV 50 Hz Rejection Range
35 DIFF Channel

45 Loc[Volsen ]

5:-5000.0 Mult

6:48.807 Offset

2. lftimeis (P92)
1.0 - Minutes (Seconds —)into a
21 interval (same units as above)
310 Set Qutput Flag High

3. SetActive Storage Area (P80)

1.3 Input Storage Area
2:6 Loc [VolsAv ]

4; Resolution (P78)
1.1 High Resolution

5. Average (P71)*24967
11 Reps
2.5 Loc[Volsen ]

6 lftimeis (P92)

1.0 Minutes (Seconds ) into a
210 Interval {same unils as above}
3:30 Then Do

;Routine to set initial references for infiltration calculations.

7 It Flag/Port (P91)
1 Do if Flag 1is High

2:30 Then Do
8 Z=X(P31)
1:6 Xloc[VolsAv ]
27 Z Loc | VolRefAbs |
9 Z=X (P31}

Z
8 XLoc|VoisAv ]
8 ZLoc[VolRef10 |

10: Z=F x 10 (P30)
1.0 F
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29 n, Exponent of 10
315 Z Loc | TimeCount |
11: Do (P86}

121 SeiFlag 1 Low

12; End {P95)

sInfiltration calculations routine. :

13: Z=X+F (P34)
1:15 X Loc [ TimeCount ]
2:10 F
3:15 Z Loc [ TimeCount |

14: Z=X-Y (P35)

1.7 X Loc [ VolRefAbs |
2.8 Y Loc[VolsAv ]
39 Zloc[Cumvol |

~ Cuminfil=CumVol/39.761
CuminfilR=Cuminfil/(TimeCount/60)

15: Z=X-Y (P35) -

1:8 XLoc|VolRef10 ]
2.6 Y Loc[VolsAv ]
310 Zloc[Vinc10 ]

infil10=Vinc10/39.761

16: Z=X'F (P37)

1:12 XLoc[infil10 1]

2:6 F

314 ZLloc[Infil1OR ]

17. Z=X {P31)

1:6 Xiloc[VolsAv ]

2:8 Z Loc [ VoIRef10 ]
;Output lnﬁltratipn results to final storage.

18: Do (P86)
1;10 Set Output Flag High

19: Set Active Storage Area (P80)*12088
11 Final Storage Area 1
21 Array ID

20: Real Time {(P77*17521
1110 Day,Hour/Minute {midnight = 0000)

21: Sample (P70)*28497

1.6 Reps

2:9 Loc[CumVol ]
22: End (P95)

*Table 3 Subroutines
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End Program

-Input Locations-
1Tensio_1 542
2Tensio_2 942
3Tensio 3 942
4 Tensio 4 1742
SVolsen 311 :
6VolsAvy 151

7 VolRefAbs 3 11
8 VolRef10 312
9 CumVol 311
10Vinc10 311
11 Cuminfil 310

12nfil10 320
13CuminfiR310
14 Infil10R 311
15 TimeCount 31 2
16CS_LR 000
17C8I_1 000
18C8I.2 000
19_ 000
20 000
21 000
2_ 000
23 000
24____ 000
25 000
26 000
21 000
28 000
-Program Security-
0000

0000

0000

-Mode 4-

-Final Storage Area 2-
0

-DLD File Labels-

0

-Final Storage Labels-
0,Day_RTM,26026
0,Hour_Minute_ RTM
1,.Day_RTM,6680
1,Hour_Minute_RTM
2,Tensio_1_AVG~1,16285
2,Tensio_2_AVG~2
2,Tensio_3_AVG~3

2. Tensio_4_AVG~4
3,Day_RTM17521
3,Hour_Minute_RTM
4,CumVol~9,28497

4 Vinc10~10
4,Cuminfil~11
4,Infil10~12
4,CuminfiR~13

4 Infl10R~14
5,Tensio_1~1,32495
5,Tensio_2~2
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5,Tensio_3~3
5,Tensio_4~4

6, Tensio_1_8TD~1,12675
8,Tensio_2_STD~2

6, Tensio_3_STD~3
8,Tensio_4_STD~4

7 Volsen AVG~5,24967
8,1,12088
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