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Abstract: Wastewater reclamation has been widely practiced in agriculture. When

reclaimed wastewater is used for irrigation, among other requirements, it is

important that the pathogenic bacteria are removed. Consequently, technologies such

as immobilization or sorption barriers have been developed. To enhance the removal

efficiency, biopolymers have been introduced to amend these immobilization or

sorption barriers. In this study, removal of pathogenic bacteria by lipopolysaccharide

(LPS)-amended barriers was investigated by means of laboratory column experiments.

Two typical gram-negative pathogenic bacterial strains of Escherichia coli and Pseu-

domonas fluoresences and one gram-positive bacterial strain of Streptococcus mitis

were selected as the model bacteria in this research. Bacterial adhesion to uncoated

and LPS-coated silica sand was correlated to their interaction free energies. Both

E. coli, P. fluorescens, and S. mitis had negative interaction free energies with silica
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sand, demonstrating their adhesion potentials to silica sand. After LPS coating,

bacterium-sediment interaction free energies decreased (negatively increased), and

consequently, bacterial retention increased. Bacterial deposition coefficient in silica

sand corresponded to their interaction free energies with silica sand. This study demon-

strated that bacterial retention in porous media was determined by their interactions

with the sediments, which could be predicted based on independently determined

bacterial and medium physicochemical surface properties.

Keywords: Escherichia coli, Pseudomonas fluoresences, Streptococcus mitis, silica

sand, lipopolysaccharide, coating

INTRODUCTION

Wastewater reclamation has been widely practiced in agriculture (1). For

instance, in California, 60% of recycled wastewater is used for irrigation

(2). Usage of reclaimed wastewater for agricultural irrigation can reduce the

demands on potable sources of freshwater. Most importantly, it may

diminish the volume of treated wastewater discharged directly to natural

water resources of streams, rivers, or lakes, resulting in a beneficial impact

on the aquatic environment. In addition, nutrient-rich wastewater supplies

not only water, but also plant nutrients (especially nitrogen and phosphorus)

that can benefit agricultural production.

On the other hand, wastewater is rich in pathogenic microorganisms.

Among these pathogenic microorganisms, bacteria are the most common

ones found in wastewater and gastrointestinal infections are among the most

common diseases caused by pathogenic bacteria in wastewater. Special care

must be taken to monitor the fate of pathogenic bacteria when reclaimed waste-

water is used for irrigation since pathogenic bacteria can negatively impact

human health and the soil. In practice, when reclaimed wastewater is used

for irrigation, among other requirements, it is important that the pathogenic

bacteria are removed, for which technologies such as the use of immobilization

or sorption barriers have been proposed (3, 4). To enhance the removal effi-

ciency, these immobilization or sorption barriers have often been amended

by different materials such as polymers (5). Among polymers commonly

used for coating applications, biopolymers have drawn more and more

attention owing to their biodegradability (6). According to the chemical struc-

tures, biopolymers can be classified into the following classes:

1. nucleic acids,

2. polyamides,

3. lipopolysaccharides,

4. polyoxoesters,

5. polythioesters,

6. polyanhydrides,
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7. polyisoprenoides, and

8. polyphenols (7).

Of these biopolymers, lipopolysaccharide (LPS), the major outer membrane

constituent of gram-negative bacteria, has been proposed as the most

potential amending material. LPS has been used to solublize heavy metals

from the subsurface by binding the heavy metals (e.g., uranium) into the bio-

polymer (8). Many studies have also demonstrated that LPS enhances the

sorption and reduces the mobility of microorganisms (9–11). Most impor-

tantly, LPS is produced by intrinsic bacteria, making it abundant and easy

to obtain (12, 13). Whereas, the effectiveness of LPS-coated barriers on patho-

genic bacterial removal has not been verified.

In this study, the effectiveness of LPS-coated silica sand on bacterial

retention was evaluated by means of column experiments. Bacterial

adhesion to uncoated and LPS-coated silica sand was correlated with their

interactions with the sediments. Two typical gram-negative pathogenic

bacterial strains of Escherichia coli and Pseudomonas fluoresences and one

gram-positive bacterial strain of Streptococcus mitis were used as the model

bacteria in this research. So far, no reliable risk estimation associated with

reclaimed wastewater usage in irrigation is available. However, it is

evidenced that pathogenic bacteria exist in the reclaimed wastewater and

are able to transport in aquifer systems, threating public health and the

environment (3, 14, 15, 16). Results of this research will provide practical

guidelines for reclaimed wastewater usage in irrigation.

MATERIALS

Bacterial Strains

Gram-negative bacterial strains used in this research, Escherichia coli k12

(ATCC 29181) and Pseudomonas fluorescens (ATCC 17559) were cultured

in a minimal salt medium, which had a composition of KH2PO4, 160 mg/l;
K2HPO4, 420 mg/l; Na2HPO4, 50 mg/l; NH4Cl, 40 mg/l; MgSO4

. 7H2O,

50 mg/l; CaCl2, 50 mg/l; FeCl3 . 6H2O, 0.5 mg/l; MnSO4
. 4H2O,

0.05 mg/l; H3BO3, 0.1 mg/l; ZnSO4
. 7H2O, 0.05 mg/l; (NH4)6Mo7O24,

0.03 mg/l; NH4Cl, 0.6 g/l and glucose, 2 g/l. The medium was adjusted to

pH 7.4 with 1 N HCl or 1 N NaOH. Before usage, the medium was sterilized

by autoclaving (1218C and 1 atm) for 20 mins. Glucose was filter-sterilized

and aseptically added to the autoclaved minimal salt medium. Gram-

positive strain of Streptococcus mitis (ATCC 9456) was cultured in Todd

Hewitt broth (THB). Both E. coli, P. fluorescens and S. mitis were quantified

using Adenosine Triphosphate (ATP) analysis (17). For column experiments,

bacterial cells collected from the stationary growth stage (predetermined by

ATP assay) were centrifuged at 2500 � g (Damon/IEC Divison, Needham

Heights, MA) and washed twice with the sterilized buffer solution
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(potassium phosphate monobasic-sodium hydroxide buffer, Fisher Scientific,

Pittsburgh, PA). They were then re-suspended in sterilized nanopure

de-ionized water at a concentration of 5 � 108 cells/ml and used as injectants

for column experiments. After the buffer wash, exopolysaccharide (if any)

was stripped off the bacteria (18). During the transport process, bacterial

growth was assumed to be minimal due to the lack of substrate or nutrients.

Porous Medium

The porous medium used in this research was silica sand (Fisher Scientific,

8 mesh). Silica sand was first rinsed with de-ionized water and then treated

with sodium acetate, hydrogen peroxide, sodium dithionate, and sodium

citrate to remove organic matters. Silica sand was then extensively flushed

with sterilized nanopure de-ionized water until the electrical conductivity

was less than 1 dS/m. Before experiments, silica sand was sterilized at

1218C and 1 atm for 20 mins.

Lipopolysaccharide

Lipopolysaccharide (LPS) was extracted from P. aeruginosa (ATCC 15152),

which was cultured in a salt medium containing 5.44 g KH2PO4, 0.06 g

NH4Cl, 0.2 g glucose and 6 ml salt solution per 100 ml medium. The salt

solution was prepared by dissolving 10 g MgSO4
. 7H2O, 1.0 g

MnCl2 . 4H2O, 0.4 g FeSO4
. 7H2O and 0.1 g CaCl2 . 2H2O in 1 L distilled

water. Initial pH of the medium was adjusted to 7.4 with 1 N HCl or 1 N

NaOH. The medium was sterilized by autoclaving (1218C and 1 atm) for

20 mins. Glucose was filter-sterilized and aseptically added to the autoclaved

salt medium. The extraction followed the method modified from Hancock

and Poxton. (18) as described below. Collected bacterial cells were first

washed free from medium components with phosphate-buffered saline (pH

7.0) and freeze-dried. The lyophilized cells were then re-suspended in

distilled water at a concentration of 5% (W/V) and mixed with equal volume

of 90% (W/W) aqueous phenol at 678C for 15 mins. The mixture was trans-

ferred to centrifuge tubes and cooled in ice until phase separation occurred.

The tubes were then centrifuged at 5000 � g at 08C for 15 mins. The upper

(aqueous) phase, containing the LPS, was dialyzed against running tap water

for at least 18 hrs, until the smell of phenol cannot be detected. The dialyzed

extract was then transferred to a round bottom flask connected to a rotoevapora-

tor. The evaporation process was allowed to proceed until the precipitation

turned to a honey-color, viscous consistency, which was then freeze dried.

LPS-Coated Silica Sand

LPS coating on silica sand was accomplished by dissolving LPS in chloroform

and mixing with silica sand by vortexing. After drying at room temperature,
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silica sand was further dried under vacuum (0.1 mmHg, 208C) for 12 hrs to

remove any remaining chloroform. The silica sand was separated from the

excess LPS and uncoated silica sand by centrifugation in a discontinuous

Percol gradient composed of 230 mM sucrose and 10 mM phosphate buffer

(pH 7.4) with layers of 20, 40 and 60% Percol (V%) (19). LPS coating on

silica sand was calculated based on the net weight increase of silica sand

after coating.

EXPERIMENTAL PROTOCOLS

Surface Thermodynamic Property Measurement

According to the traditional and extended DLVO theory, bacterial surface

thermodynamic properties are composed of apolar, or Lifshitz-van der

Waals (LW) component; polar, or Lewis acid-base (AB) component;

and electrical charged, or electrostatic (EL) component (20). Bacterial

Lifshitz-van der Waals and Lewis acid/base components of surface

thermodynamic properties were estimated using the van Oss-Chaudhury-

Good equation in terms of surface tensions with contact angles measured

with an apolar liquid, diiodomethane and two polar liquids, formamide, and

water (20, 21).

ð1þ cos uÞgL ¼ 2ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gLWC gLWL

q
þ

ffiffiffiffiffiffiffiffiffiffiffi
gþCg

�
L

q
þ

ffiffiffiffiffiffiffiffiffiffiffi
g�Cg

þ
L

q
Þ ð1Þ

where u is the bacterium-liquid contact angle (degree); gL surface tension

of the liquid used for the measurement (J/m2); gLW Liftshitz-van der

Waals component of surface tension (J/m2); gþ and g2 electron-acceptor

parameter and the electron-donor parameter of the Lewis acid/base
component of surface tension (J/m2). In the above equation, subscript “S”

denotes bacteria and “L” denotes the liquid.

Bacterial-liquid contact angles were measured using a gomiometer

(Contact-angle Meter, Tantec) following the method described by Chen and

Strevett (17) with bacterial strains vacuum filtered on silver metal

membrane filters (0.45 mm, Osmonic, Inc.). Uncoated and LPS-coated silica

sand-liquid contact angles were measured using a Kruss K100 tensiometer

(Krüss GmbH, Hamburg, Germany) by means of the wicking method and

the Washburn Equation (22, 23).

z potentials of bacteria and silica sand were estimated from their electro-

phoretic mobility measured by dynamic light scattering (Zetasizer 3000HAS,

Malvern Instruments Ltd., Malvern, UK). Bacterial strains and silica sand

were measured by suspending in the buffer solutions. Silica gel was ground

first before being suspended in the solutions. Each measurement was

repeated 5 times and the average results were reported.
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Interaction Free Energy Calculation

Bacteria suffer from repulsive electrostatic interactionswhen getting close to the

media as both the bacteria and sediments are negatively charged. Once bacteria

overcome the repulsive barrier and get close to the sediments with the help of

hydrodynamics forces, Lifshitz-van der Waals and Lewis acid /base inter-

actions begin to dominate. At the equilibrium distance (1.57 Å (20)) where

the physical contact occurs, Lifshitz-van der Waals and Lewis acid/base inter-
actions are actually the driving forces that are responsible for bacteria to adhere

to the sediments. At this stage, electrostatic interactions are ignored owing to

the double layer superimposition (20, 24).

DGLW
y0132

¼ �4pRy0½ð

ffiffiffiffiffiffiffiffiffi
gLW3

q
�

ffiffiffiffiffiffiffiffiffi
gLW2

q
Þð

ffiffiffiffiffiffiffiffiffi
gLW3

q
�

ffiffiffiffiffiffiffiffiffi
gLW1

q
Þ� ð2Þ

DGAB
y0132

¼ 4pRy0½ð

ffiffiffiffiffiffi
gþ1

q
�

ffiffiffiffiffiffi
gþ2

q
Þð

ffiffiffiffiffiffi
g�1

p
�

ffiffiffiffiffiffi
g�2

p
Þ

� ð

ffiffiffiffiffiffi
gþ1

q
�

ffiffiffiffiffiffi
gþ3

q
Þð

ffiffiffiffiffiffi
g�1

p
�

ffiffiffiffiffiffi
g�3

p
Þ

� ð

ffiffiffiffiffiffi
gþ2

q
�

ffiffiffiffiffiffi
gþ3

q
Þð

ffiffiffiffiffiffi
g�2

p
�

ffiffiffiffiffiffi
g�3

p
Þ� ð3Þ

where DGy0
LW

132 and D Gy0
AB

132 are Lifshitz-van der Waals and Lewis acid/base
interaction free energies between bacteria, 1 and sediments, 2 immersed in the

solution, 3 evaluated at the equilibrium distance (kT); R bacterial radius (m);

and y0 equilibrium distance of 1.57 Å.

Column Experiment

Column experiments were conducted using an acrylic column (Kimble-Kontes,

2.5 cm � 15) under water saturated conditions. The column was oriented ver-

tically and sealed at the bottom with a custom frit to permit the flow of water

and retain the medium. The bottom of the column was equipped with a single-

layer nylon membrane (500 mesh, 25 mm pore opening, Gilson Company,

Lewis Center, OH). Silica sand was packed in the column through CO2

solvation to eliminate air pockets. Bacterial suspensions were introduced to

the column by a peristaltic pump from the bottom at a flow rate of 0.33 ml/
min. Bacterial concentrations were monitored from the elution collected on

the top of the column and at locations 5 cm and 10 cm below the top. For

each run, 150 ml bacteria suspended in sterilized nanopure de-ionized water

(5 � 108 cells/ml as determined by ATP analysis) was pumped into the

column. The column was then flushed with sterilized nanopure de-ionized

water alone for up to 50 pore volumes until no bacterial cells could be

detected from the elution. Elution was collected by a fraction collector and

was measured for bacterial concentrations using ATP analysis. After each

run, a breakthrough curve was generated and mass balance was performed.
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Bacterial retention in sand columns is believed to be controlled by kinetic

adsorption instead of equilibrium adsorption processes (25–29). To be more

general, bacterial transport through saturated porous media can be described

by the equilibrium-kinetic two-region model with bacterial deposition

occurs in the kinetic region only (30). These two-site models consist of an

expression to describe bacterial retention at equilibrium adsorption sites as

well as an expression to describe bacterial retention at kinetic adsorption

sites. Adsorption at equilibrium sites is assumed to be instantaneous and can

be represented by linear adsorption isotherms; while adsorption at kinetic

sites is assumed to be a time-dependent, first-order irreversible reaction (30).

1þ
frbKd

u

� �
@C

@t
¼ D

@2C

@x2
� v

@C

@x
�
arb
u

½ð1� fÞKdC� Sk� ð4Þ

@Sk
@t

¼ a½ð1� fÞKdC� Sk� � ms;kSk ð5Þ

where C is the bacterial concentration in the aqueous phase (cells/m3); Sk
bacterial concentration on kinetic adsorption sites (cells/g); t elapsed time

(sec); f fraction of adsorption sites that equilibrate with the bacteria in the

aqueous phase (2); rb bulk density (g/m3); Kd partitioning coefficient of

bacterial to the equilibrium adsorption sites of the medium (m3/g); u,

porosity (m3/m3); D longitudinal dispersion coefficient (m2/sec); x coordinate
parallel to the flow (m); v pore velocity (m/sec); a first order mass transfer

coefficient governing the rate of bacterial exchange between equilibrium and

kinetic adsorption sites (sec21); and ms,k first order bacterial deposition coeffi-

cient on kinetic adsorption sites (sec21). Transport parameters in equations (4)

and (5) were obtained by fitting experimentally obtained bacterial break-

through data using CXTFIT 2.1 (30). The initial and boundary conditions

for Equations (4) and (5) are:

C ¼ C0 x ¼ 0 for t � tpulse ð6Þ

C ¼ 0 x ¼ 0 for t . tpulse ð7Þ

C ¼ 0 x ¼ L t ¼ 0 ð8Þ

All these parameters were optimized by minimizing the sum of the squared

difference between observed and fitted concentrations using the nonlinear

least-square method. A conservative pulse tracer (chloride) breakthrough

curve was determined separately before the introduction of bacteria. The con-

ductivity (mmhos) of the tracer was measured and fitted in equations (4) and

(5) with f, Kd, a, Sk equal to 0 to estimate media porosity. The tracer (150 ml

of 1 M NaCl) was introduced to the column by the peristaltic pump from the

bottom at the same flow rate of 0.33 ml/min.

Bacterial Retention in Lipopolysaccharide Coated Silica Sand 1037

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
3
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



RESULTS AND DISCUSSION

Marshall et al. (31) described bacterial adhesion to solid surfaces as a two-step

process. Bacterial adhesion begins with long-range, non-specific, reversible

interactions between bacterial cells and substrate, which is unstable and

bacterial cells at this stage can be removed from adsorbed surfaces by fluid

shear before firm adhesion can occur. These long-range interactions are

dependent upon physicochemical properties of bacterial cells and substratum

surfaces, as well as the intervening medium. Once bacterial cells are in close

proximity to a surface, they can establish short-range, irreversible interactions,

which is also dependent upon physicochemical properties of bacterial cells

and substratum surfaces, as well as the intervening medium. These two

processes together refer to initial adhesion. When bacteria stabilize on a

surface, they may turn down their metabolism and grow slowly as microcolo-

nies, starting to secrete an exopolysaccharide matrix in order to cement them-

selves to the surface, which is a time-dependent biological process. This slimy

layer of bacteria embedded in a polysaccharide matrix is known as biofilm,

which may change an essentially homogeneous surface into a chemically

active heterogeneous surface (32). Physico-chemical processes of bacterial

adhesion to abiotic surfaces have been extensively studied and described by

the traditional and extended DLVO theory (21, 33, 34). It has been proven

that the initial adhesion of bacteria to substrate plays an important role in

bacterial adhesion (34–36). Meinders et al. (33) further concluded that

initial bacterial adhesion could be explained in terms of bacterial physico-

chemical surface properties.

Surface Thermodynamic Property of Bacteria, Silica Sand, and

LPS-coated Silica Sand

Both bacterial strains, silica sand and LPS-coated silica sand were negatively

charged as demonstrated by their negative z potential values. Bacterial and

silica sand surface thermodynamic properties were calculated according to

equation (1) based on their contact angles measured with diiodomethane,

formamide and water (Table 1). E. coli, P. fluorescens, and S. mitis had

gLW values of 39.1 mJ/m2, 35.7 mJ/m2, and 44.7 mJ/m2, respectively.

Besides, they exhibited a monopolar surface, i.e., their g1
2 was at least one

magnitude order greater than g1
þ (58.4 mJ/m2, 56.8 mJ/m2 and 23.5 mJ/m2

as compared to 0.58 mJ/m2, 1.29 mJ/m2 and 0.74 mJ/m2) (20). Gram-

negative bacteria, e.g., E. coli and P. fluorescence had greater g2 values

than that of gram-positive bacteria, e.g., S. mitis (58.4 mJ/m2 and 58.6 mJ/
m2 as compared to 23.5 mJ/m2). Silica sand had a gLW of 22.7 mJ/m2, gþ

of 1.57 mJ/m2, and g2 of 15.4 mJ/m2. After LPS coating, its gLW and gþ

increased to 28.6 mJ/m2 and 2.67 mJ/m2; while g2 decreased to 12.7 mJ/m2,
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Table 1. Contact angles and surface thermodynamic properties

uDII (8) uF (8) uW (8) gLW (mJ/m2) gþ (mJ/m2) g2 (mJ/m2) z (mV)

E. coli 41.0+ 0.7 24.5+ 0.4 14.6+ 0.5 39.1 0.58 58.4 215.8+ 0.5

P. fluorescens 47.4+ 0.8 22.2+ 0.5 14.2+ 0.4 35.7 1.29 56.8 218.9+ 0.4

S. mitis 357 28.8+ 0.8 28.5+ 0.6 49.5+ 0.5 44.7 0.74 23.5 225.4+ 0.6

Silica sand 70.3+ 1.2 59.9+ 0.4 70.8+ 0.4 22.7 1.57 15.4 236.4+ 0.8

LPS coated

silica sand

59.5+ 1.0 45.7+ 0.6 65.8+ 0.6 28.9 2.67 12.7 240.6+ 0.7

DIIContact angles measured with diiodomethane.
FContact angles measured with formamide.
WContact angles measured with water.

B
a
cteria

l
R
eten

tio
n
in

L
ip
o
p
o
ly
sa
cch

a
rid

e
C
o
a
ted

S
ilica

S
a
n
d

1
0
3
9

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
3
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



respectively. Silica sand also exhibited a monopolar surface and its monopolarity

decreased after LPS coating.

Bacterial Interaction with Uncoated and LPS-coated Silica Sand

As both E. coli, P. fluorescens, S. mitis, and silica sand were negatively

charged, electrostatic interactions between bacteria and silica sand and

between bacteria and LPS-coated silica sand were positive, which served

as the barrier to prevent bacteria to get close to the medium (34). These

repulsive electrostatic interactions operated in the range of several tens of

nanometers (37). Once bacteria overcome the repulsive barrier and get

close to the medium surface with the help of hydrodynamics forces,

Lifshitz-van der Waals and Lewis acid/base interactions begin to

dominate. At the equilibrium distance of 1.57 Å where physical contacts

occur, electrostatic interactions can be ignored owing to the superimposition

of the double layers (20). Moreover, interactions evaluated at the equili-

brium distance are often used to interpret bacterial adhesion in porous

media (17).

Free energies of interactions between bacteria and silica sand and

between bacteria and LPS-coated silica sand evaluated at the equilibrium

distance were calculated according to equations (2) and (3) (Table 2).

Both E. coli, P. fluorescens and S. mitis had attractive Lifshitz-van der

Waals and Lewis acid/base interactions with silica sand. DG132
TOT, sum of

Lifshitz-van der Waals and Lewis acid/base interaction free energies,

was negative for all the cases, demonstrating adhesion potentials of E.

coli, P. fluorescens, and S. mitis to silica sand. Among these three

bacteria strains, S. mitis had the smallest (negatively greatest) DG132
TOT

value, followed by E. coli and P. fluorescens. After LPS coating,

Lifshitz-van der Waals and Lewis acid/base interactions between bacteria

and silica sand negatively increased (Table 2).

Table 2. Interaction free energies between bacteria and uncoated and LPS-coated

silica sand

Uncoated silica sand DG132
LW (kT)a DG132

AB (kT) DGTOT (kT)

E. coli 2137.1 2230.4 2367.5

P. fluorescens 267.8 2105.2 2173.0

S. mitis 357 2174.5 21014.0 21188.5

LPS-coated silica sand DG131
LW (kT) DG131

AB (kT) DGTOT (kT)

E. coli 2268.5 2666.8 2935.3

P. fluorescens 2132.8 2348.8 2481.6

S. mitis 357 2341.7 21267.3 21609

a k is the Boltzmann constant (1.38 � 10223 J/K) and T is absolute temperature (K).

At 258C, 1 kT ¼ 4.11 � 10221 J.
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Bacterial Retention

Bacterial breakthrough curves are plotted as a function of pore volumes that

were estimated from the tracer experiments. Bacterial strains displayed

symmetric-shaped breakthrough curves, which became broader and diffuser

with the increase of the column length. Among the three bacterial strains

used in this research, S. mitis had the most retention as manifested by the

broader and diffuser and smaller peak-valued breakthrough curves (Fig. 1).

Changes in breakthrough curves with LPS coating manifested enhanced

bacterial retention. By integrating bacterial breakthrough curves over the

range to 50 pore volumes, it was found that 34.1%, 29.6% and 13.8% of

Figure 1. Bacterial breakthrough curves in uncoated and LPS-coated silica sand

columns.
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P. fluorescens, E. coli, and S. mitis were recovered in uncoated silica sand and

23.9%, 19.8% and 6.8% in LPS-coated silica sand. Bacterial retention was not

even along the length of the column. For instance, around 63.3%, 47.5%, and

29.6% of E. coli was recovered when collected at a length of 5 cm, 10 cm and

15 cm below the top, respectively. After LPS-coating, the percentage recovery

decreased to 58.3%, 38.6%, and 19.8%, respectively. For P. fluorescens and S.

mitis, similar observations were made.

The equilibrium-kinetic two-region concept model was successful in

describing bacterial transport (Fig. 1). Two-site models provide better

descriptions of bacterial transport to account for the complications arising

from the potential of bacteria to react with different components of the

medium matrices. It should be noted that kinetically controlled bacterial

adsorption dominates over equilibrium adsorption. It was hypothesized that

bacterial deposition occurred in the kinetic adsorption region only and was

limited by mass transfer between the equilibrium region and the kinetic

region. S. mitis had the greatest dispersion coefficient, equilibrium fraction,

mass transfer coefficient, and partitioning coefficient values among the

three bacterial strains studied, followed by E. coli and P. fluorescens

(Fig. 2). After LPS coating, dispersion coefficient, equilibrium fraction,

mass transfer coefficient, and partitioning coefficient increased for these

three strains.

Figure 2. Dispersion coefficient and equilibrium fraction of bacterial transport in

uncoated and LPS-coated silica sand columns.
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Bacterial-Sediment Interaction and Bacterial Retention

The underlying principles behind bacterial retention in porous media resulted

from forms of bonding between bacterial strains and adsorption receptor sites

on silica sand. The amount of bacterial adsorption that occurred was

dependent on the surface characteristics of bacterial cells and silica sand.

More generally, bacterial adsorption was thought to be determined by inter-

actions between bacteria and silica sand. To develop a surface thermodynamic

explanation of the phenomena, free energies of interactions between bacteria

and silica sand were investigated. Bacterial retention in silica sand was found

to correspond to free energies of interactions between bacteria and silica sand

(DG132
TOT) evaluated at the equilibrium distance (Fig. 3). S. mitis had greater

retention in silica sand (deposition coefficient of 0.124 min21 in uncoated

silica sand and 0.168 min21 in LPS-coated silica sand) than P. fluorescens

and E. coli (0.054 min21 and 0.055 min21 in uncoated silica sand and

0.079 min21 and 0.097 min21 in LPS-coated silica sand) because it had smaller

DG132
TOT values (21188.5 kT as compared to 2173.0 kT and 2367.5 kT in

silica sand and 21609.0 kT as compared to 2481.6 kT and 2953.3 kT in

LPS-coated silica sand). After LPS coating, gLW and gþ increased and g2

decreased for silica sand, resulting in a decrease in DG132
TOT (negatively

increase). Consequently, more bacterial cells were retained. Dispersion coeffi-

cient exponentially increased with the increase of free energies of interactions

between bacteria and silica sand (Fig. 4). On the other hand, equilibrium

fraction, mass transfer coefficient, and partitioning coefficient increased

linearly with the increase of free energies of interactions between bacteria

Figure 3. Bacterial deposition coefficient as a function of interaction free energies

between bacteria and uncoated and LPS-coated silica sand.
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and silica sand. Hendry et al. (38, 39) proposed that bacterial adsorption charac-

teristics were bacteria specific and likely related to their surface chemistry. In

this research, bacterial retention is directly linked to the free energy of their

interactions with the porous media.

CONCLUSION

Increased demand for domestic water supplies is promoting the development

of reclaimed domestic wastewater reuse projects, which is associated with

concerns of the possible contamination of groundwater. So far, no reliable

estimation of the risks associated with reclaimed wastewater usage in irriga-

tion has been made. However, pathogenic bacteria in aquifer systems are a

threat to public health. There is no doubt that the risk of contamination by

pathogenic bacteria is somewhat higher for soils that are repeatedly

receiving reclaimed wastewater for irrigation due to the persistence of

pathogenic bacteria. It has been recommended to monitor fate and

transport of pathogenic bacteria when reclaimed domestic wastewater is

used for irrigation, especially in the areas that receive repeated applications.

Results of this research accomplish this task by providing a conceptual

model that can be used to predict the fate and transport of these pathogenic

bacteria in soils.

Figure 4. Dispersion coefficient, equilibrium fraction, mass transfer coefficient, and

partitioning coefficient as a function of interaction free energies between bacteria and

uncoated and LPS-coated silica sand.
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