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Escherichia coli and thermotolerant coliforms are of major importance as indicators of fecal

contamination of water. Due to its negative surface charge and relatively low die-off or

inactivation rate coefficient, E. coli is able to travel long distances underground and is therefore

also a useful indicator of fecal contamination of groundwater. In this review, the major

processes known to determine the underground transport of E. coli (attachment, straining and

inactivation) are evaluated. The single collector contact efficiency (SCCE), Z0, one of two

parameters commonly used to assess the importance of attachment, can be quantified for E. coli

using classical colloid filtration theory. The sticking efficiency, a, the second parameter

frequently used in determining attachment, varies widely (from 0.003 to almost 1) and mainly

depends on charge differences between the surface of the collector and E. coli. Straining can be

quantified from geometrical considerations; it is proposed to employ a so-called straining

correction parameter, astr. Sticking efficiencies determined from field experiments were lower

than those determined under laboratory conditions. We hypothesize that this is due to

preferential flow mechanisms, E. coli population heterogeneity, and/or the presence of organic

and inorganic compounds in wastewater possibly affecting bacterial attachment characteristics.

Of equal importance is the inactivation or die-off of E. coli that is affected by factors like type of

bacterial strain, temperature, predation, antagonism, light, soil type, pH, toxic substances, and

dissolved oxygen. Modeling transport of E. coli can be separated into three steps: (1) attachment

rate coefficients and straining rate coefficients can be calculated from Darcy flow velocity fields

or pore water flow velocity fields, calculated SCCE fields, realistic sticking efficiency values and

straining correction parameters, (2) together with the inactivation rate coefficient, total rate

coefficient fields can be generated, and (3) used as input for modeling the transport of E. coli in

existing contaminant transport codes. Areas of future research are manifold and include the

effects of typical wastewater characteristics, including high concentrations of organic

compounds, on the transport of E. coli and thermotolerant coliforms, and the upscaling of

experiments to represent typical field conditions, possibly including preferential flow

mechanisms and the aspect of population heterogeneity of E. coli.

& 2005 Elsevier Ltd. All rights reserved.
r Ltd. All rights reserved.
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1. Introduction

In developing countries in Asia, South America and Africa for

an estimated 1300 million urban dwellers the main source of

drinking water is groundwater (Foster, 2000). This ground-

water may be contaminated by infiltrated wastewater,

because very often a sewer system is not present and

households dispose of their solid and liquid waste on-site.

For instance, in Africa around 80% of the population in the

largest cities (in Asia: around 55%) have on-site sanitation,

such as septic tanks, pour-flush, VIP latrines or simple pits

(World Health Organization, 2000–2003). In some cases, the

distance from pit latrine to abstraction well is small (o 500 m;

Foppen, 2002) and there is then a real risk of abstracting

pathogens. If this groundwater is not disinfected, those who

drink it are at increased risk of infection and disease. Studies

in the USA have shown that up to half of all US drinking water

wells tested had evidence of fecal contamination and that an
estimated 750,000–5.9 million cases of illness and 1400–9400

deaths per year may result from contaminated groundwaters

(Macler and Merkle, 2000). In addition to leakage from on-site

sanitation or from sewerage, the sources of fecal contamina-

tion could be manure, wastewater or sewage sludge spread by

farmers on fields, waste from animal feedlots, waste from

healthcare facilities, and leakage from waste disposal sites

and landfills.

1.1. Indicator organisms

To predict the presence of pathogens in water, a separate

group of microorganisms is usually used, generally known

as fecal indicator organisms. Many microorganisms

have been suggested as microbial indicators of fecal pollu-

tion (like enterococci, coliphages and sulphite reducing

clostridial spores; Medema et al., 2003), but two of the most

important indicators used worldwide are Escherichia coli and
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thermotolerant coliform bacteria (for microbiological defini-

tions of these indicators, see Section 2.1). Both are widely

used, because their detection is relatively simple, fast, and

reliable. E. coli is the preferred indicator of fecal contamina-

tion, as it is the only member of the thermotolerant coliform

group that is invariably found in feces of warm-blooded

animals and it outnumbers the other thermotolerant coli-

forms in both human and animal excreta (Medema et al.,

2003). Thermotolerant coliforms are a less reliable index of

fecal contamination than E. coli, although under most

circumstances their concentrations are directly related to E.

coli concentrations (Payment et al., 2003). Viruses may be

considered as the most critical or limiting microorganism.

Because of their small size, their mostly negative surface

charge, and their high persistence in the environment, they

may travel long distances in the subsurface. In addition, they

can be highly infectious (Schijven, 2001). In the study by

Karim et al. (2004a), water from 20 groundwater wells from 11

US states was monitored monthly for 1 year for the presence

of culturable viruses, nucleic acid of enteric viruses (enter-

ovirus, hepatitis A, norwalk virus, rotavirus, and adenovirus)

by RT-PCR, bacteriophages, and indicator bacteria (total

coliforms, E. coli, enterococci, and spores of Clostridium

perfringens). Virus occurrence was common: 17 of the 20 wells

tested positive by cell culture or RT-PCR for enteric viruses. If

indicators were to be used to monitor the probability of the

fecal contamination of groundwater resources, the authors

recommended using coliforms and F-specific bacteriophages

in combination, because all the virus-positive wells were

detected using both these indicators. If a single indicator were

to be used, they recommended coliforms, because these were

found to occur most frequently (80% of the sites) and were

present at 82% of the virus-positive sites.

1.2. Aim of this review

Although E. coli and thermotolerant coliforms as representa-

tives of the group of fecal indicator organisms have often

been found in groundwater systems, to date there has been

no comprehensive report evaluating and discussing their

transport characteristics. Various authors have reviewed the

transport and survival of pathogenic and/or non-pathogenic

microorganisms originating from wastewater. Some of the

reviews concentrate on the movement of bacteria and viruses

in aquifers in a qualitative way, without attempting to predict

their migration (e.g. Romero, 1970; Lewis et al., 1980;

Hagedorn et al., 1981; Crane and Moore, 1984; Bitton and

Harvey, 1992; Stevik et al., 2004). Others mainly focus on first-

order die-off rates, thereby neglecting the transport compo-

nent including attachment and detachment processes (e.g.

Reddy et al., 1981; Barcina et al., 1997). Murphy and Ginn

(2000) mainly summarize the mathematical descriptions of

the various physico-chemical and biological processes in-

volved in the transport of bacteria and viruses, without

indicating the relative importance of these processes and

their occurrence in the natural environment. Merkli (1975)

and Althaus et al. (1982) have presented a comprehensive

bacteria transport model based on the colloid filtration theory

(Herzig et al., 1970; Yao et al., 1971), including the effects of

dispersion, diffusion, sedimentation, and filtration. The
effects of retardation due to equilibrium adsorption were

also included, as well as the physical, chemical, and biological

factors determining the die-off of pathogens and indicator

organisms. Their findings, however, were based on relatively

few data, derived from batch experiments and equilibrium

sorption.

The aim of this review is to analyze and summarize

existing models, parameters, and their values used to

describe and quantify the attachment and inactivation of

E. coli and thermotolerant coliforms during transport in

aquifers under saturated conditions, with the aim of eluci-

dating the relative importance of the various factors influen-

cing transport. In order to illustrate the effect of solution

chemistry and ionic strength on the variability of surface

charge, we have included a set of E. coli zeta potential data

from our own experiments. In addition, this review attempts

to present a framework to help predict fecal indicator

organism concentrations in aquifers. We conclude by using

some example cases to demonstrate the importance of key

parameters.
2. Morphology and surface characteristics
of E. coli

2.1. Taxonomy

E. coli is a gram-negative, facultatively anerobic, straight, rod-

shaped bacterium of 2.0–6.0mm�1.1–1.5mm occurring singly

or in pairs (Bergey et al., 1984) and is a taxonomically well-

defined member of the family Enterobacteriaceae. Thermoto-

lerant coliforms are defined as the group of coliforms that are

able to ferment lactose at 44–45 1C. They comprise the genus

Escherichia and, to a lesser extent, species of Klebsiella,

Enterobacter, and Citrobacter. (Bergey et al., 1984). Of these

organisms, only E. coli is considered to be specifically of fecal

origin (Medema et al., 2003). Thermotolerant coliforms are

frequently reported as fecal coliforms. However, this term is

not correct (Payment et al., 2003), because not all thermo-

tolerant coliforms may be of fecal origin: thermotolerant

coliforms other than E. coli may originate from organically

enriched water such as industrial effluents or from decaying

plant materials and soils.

Most members of the E. coli species are considered to be

harmless organisms, while some strains are responsible for

illness. Three general clinical syndromes can result from

infection with pathotypes: enteric/diarrhoeal disease, urinary

tract infections, and sepsis/meningitis (Kaper et al., 2004).

Pathogenic strains have been categorized into six groups,

based on serological and virulence characteristics (Kaper et

al., 2004; AWWA, 1999). Perhaps the most well-known

pathogenic E. coli is the serotype O157:H7 of the enterohemor-

rhagic E. coli (EHEC) group.

2.2. The surface of E. coli

Bacterial attachment to surfaces is influenced by cell surface

charge, hydrophobicity, size, and the presence of particular

surface structures such as flagella, fimbriae, and extracellular

lipopolysaccharides (Gilbert et al., 1991). Because of their
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physical location on the outside of E. coli, lipopolysaccharides

(LPSs) are believed to be a key factor in the attachment of

microbes to mineral surfaces, the uptake of metal ions, and

microbially induced precipitation/dissolution reactions. The

LPS of E. coli (Amor et al., 2000) consists of (i) a hydrophobic

lipid A component anchored in the outer membrane, (ii) a

phosphorylated, nonrepetitive hetero-oligosaccharide known

as the core oligosaccharide, and (iii) a polysaccharide that

extends from the cell surface and forms the O antigen

detected in serotyping. Smooth LPS molecules found in most

clinical isolates of E. coli are composed of this three-part

structure, whereas rough LPS lacks the O antigen and can

have a truncated core OS (Kastowksy et al., 1991; Walker et al.,

2004). The extent and structural diversity of LPS molecules in

E. coli range from the highly conserved lipid A to the extreme

variations reflected in more than 170 known O antigens (Hull,

1997). The core OS is conceptually divided into inner and

outer core regions. The inner core is composed primarily of L-

glycero-D-manno-heptose (heptose) and 3-deoxy-D-manno-oct-

2-ulosonic (or 2-keto-3-deoxyoctulasonic) acid (KDO) resi-

dues; this part of the core oligosaccharide is phosphorylated

in E. coli. Most of the charge on the LPS is concentrated in

these phosphate groups of the inner core, and to a lesser

extent on carboxylic acid groups of KDO (Kastowksy et al.,

1991). The molecular interactions of these bacterial surface

functional groups control attachment to surfaces. In Section 9

of this paper (factors affecting the collision efficiency), more

attention will be paid to the influence of LPS structure on the

transport of E. coli in aquifers.

2.3. E. coli in water

Usually, when E. coli bacteria are introduced into water

environments, they gradually die and this process is accom-

panied by changes in their characteristics. Daubner (1975)

carried out survival experiments using E. coli strains freshly

isolated from the excreta of healthy persons in sterile

demineralized water, Danube water, and highly mineralized

water. He monitored the morphological and physiological

properties of E. coli during die-off. Five to twenty hours after

E. coli had been transferred to the sterile water, shrinking of the

cell and the reduction of cytoplasmatic content (distilled and

Danube water) or damage to the integrity of the cell (miner-

alized medium) was observed. Kerr et al. (1999) also observed

widespread damage to the majority of cells of E. coli O157:H7,

with large spaces between cell wall and cell membrane. In

addition, Daubner (1975) observed changes in the biochemical

activity of the cells, the most important ones being an

immediate decrease in respiration and dehydrogenase activity

of the cells when introduced into the water environments.

Another important biochemical activity change was the

utilization of citrate as a sole carbon source. During survival

of E. coli STCC 416 under adverse conditions, Arana et al. (2004)

observed the release of proteins, dissolved free amino acids,

and dissolved monomeric carbohydrates into the surrounding

medium and the transition from the culturable state to the

viable but non-culturable (VBNC) state. In the VBNC state E. coli

cells maintain their integrity and some metabolic activity, but

they lose the ability to grow in culture media (Barcina et al.,

1997). The obvious question is what effect these morphological
and physiological changes will have on bacterial adhesion. For

a number of strains (none of them E. coli), Kjelleberg and

Hermansson (1984) studied the effects of starvation on

bacterial surface characteristics; they also studied the changes

in adhesion characteristics. They reported a considerable

decrease in cell volume in the course of the starvation process

(which lasted 22 hours in their study), which corroborates the

findings of Daubner (1975) and Kerr et al. (1999) for E. coli.

Furthermore, a number of strains exhibited increases in both

hydrophobicity and irreversible binding to glass surfaces,

initiated after different starvation times.

2.4. Hydrophilic bacterial cell wall

The role of bacterial cell wall hydrophobicity in attachment has

also been recognized in a number of other studies (Van

Loosdrecht et al., 1987a, b; Gilbert et al., 1991; Noda and

Kanemasa, 1986). Van Loosdrecht et al. (1987b) identified a

positive relation between the bacterial hydrophobicity of 23

strains and their adhesion to negatively charged polystyrene

disks, irrespective of their surface charge. They found that the

contact angles of a 0.1 M NaCl suspension with E. coli NCTC 9002

and E. coli K-12 were 161 and 241 respectively, which is relatively

small in both cases. Because of the small contact angle the

hydrophobicity was low, as was adhesion to the polystyrene

disks. It was therefore concluded that E. coli is poorly adhesive.

Noda and Kanemasa (1986) also found that E. coli was poorly

hydrophobic; as a measure of hydrophobicity they determined

the attachment of a nonionic surfactant to eight bacterial

strains. They found that the E. coli K-12 adsorbed much less

surfactant (37–69mg surfactant/15 mg dry weight bacteria)

compared to the other strains used in their experiments.

From these studies (Gilbert et al., 1991; Van Loosdrecht et

al., 1987a, b; Noda and Kanemasa, 1986), it can be concluded

that E. coli is more of a hydrophilic than a hydrophobic

organism. Gilbert et al. (1991) measured the hydrophobicity at

regular intervals during the growth phase of E. coli ATCC 8739

and observed a significantly lower hydrophobicity during the

mid-exponential growth phase than during the early growth

and the stationary end phases. Gilbert et al. (1991) also

measured the ability of E. coli to adhere to nitric-acid cleansed

glass surfaces during the bacterial growth phase. A clear

relationship was identified between decreased zeta potential

(more surface negativity) and decreased attachment

(r2 ¼ 0:91). However, hydrophobicity did not correlate with

adhesion (r2 ¼ �0:004). Based on these findings, Gilbert et al.

(1991) refined the general hypotheses by van Loosdrecht et al.

(1987a) and arrived at the important conclusion that for

relatively hydrophilic organisms, such as E. coli, the hydro-

phobicity did not determine adhesion. Instead, the primary

modulator of adhesion appeared to be the zeta potential.

Scholl et al. (1990) and Scholl and Harvey (1992) also

concluded that for relatively hydrophilic organisms, the

major factor controlling the initial adhesion of bacteria is

the surface charge of the minerals in the aquifer.

2.5. The surface charge of E. coli

Cell surface charge, e.g., as a result of charged functional

groups on the LPS of E. coli, is not measured directly, but is
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usually determined via the so-called electrophoretic mobility,

which is a measure of the zeta potential (defined as the

potential drop across the mobile part of the double layer that

is responsible for electrokinetic phenomena; Stumm and

Morgan, 1996). To illustrate the variability of charge on the

outer membrane of E. coli, we determined in our laboratory

the zeta potential of E. coli ATCC 25922 in various solutions. To

do so, we prepared bacterial suspensions consisting of

various electrolyte concentrations and stored these for 24 h

in the dark at room temperature (20 1C) prior to measuring

electromobility with a zeta-meter similar to the one made by

Neihof (1969). Movement of bacteria was visible on a video

screen attached to a camera mounted on top of a light

microscope (Olympus EHT) in phase contrast mode. Velocity

measurements on each particle were made over 100 mm in

both directions by reversing the current (by applying a voltage

potential varying between 20 and 90 V across the cell). Particle

mobility values were obtained from measurements on at least

20 particles. Velocity measurements were used to calculate

the zeta potential with the Smoluchowski-Helmholtz equa-

tion. The results (Fig. 1) indicated that in solutions of

monovalent (NaHCO3 and NaCl) and divalent (CaCl2 and

MgSO4) electrolytes with ionic strength values ranging from

10�5 to 400 mM, within a pH-range of 7.19–8.81, the zeta

potential ranged from –20 to –170 mV. In the divalent

electrolytes, the zeta potential was considerably less negative

than in the monovalent electrolytes, while pH variations did

not seem to be very important. This can be explained in

qualitative terms by the Schultze-Hardy rule, which states

that the coagulation of a colloid is affected by that ion of an

added electrolyte which has a charge opposite in sign to that

of the colloidal particle, and the effect of such ion increases

markedly with the number of charges it carries (Sawyer et al.,

1994).
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Fig. 1 – Zeta potential as a function of ionic strength of

various solutions for E. coli ATCC 25922 (our

measurements). Error bars indicate one standard

deviation. Solution pH-values: NaCl and

CaCl2 . H2O: pH ¼ 7; NaHCO3: pH ¼ 8.35;

MgSO4 . 7H2O: pH varies from 7.13 (at

0.01 mmol L�1) to 8.81 (at 50 mmol L�1).
2.6. Non-uniform surface charge distribution

The zeta potential has two major shortcomings in character-

izing the interaction between E. coli and collector surfaces (De

Kerchove and Elimelech, 2005). Firstly, the zeta potential

typically applies to hard spherical particles, whereas biologi-

cal cells form a soft ion-permeable layer consisting of charged

and non-charged LPS structures (Section 2.2) around the cell.

The presence of such a layer controls the spatial distribution

of the electric surface potential and the resulting interaction

forces between a bacterial cell and solid surfaces. De

Kerchove and Elimelech (2005) tested the applicability of an

electrokinetic theory for soft particles to characterize the

electrophoretic mobility and adhesion kinetics of various E.

coli K12 mutants, and concluded that the theory failed to

predict attachment efficiencies. The lack of success was

attributed to chemical and physical heterogeneities of the

polyelectrolyte layer at the cell surface. Secondly, the zeta

potential is a macroscopic parameter that reflects the net or

average electrokinetic properties of the cell and is not

sensitive to small scale variations in the cell surface. There-

fore, lumping this heterogeneous distribution of charge into

one zeta potential value might result in erroneous predictions

of E. coli–collector surface interactions. Walker et al. (2005)

demonstrated that zeta potential values for E. coli D21 g

harvested in the mid-exponential and in the stationary

growth phase in solutions of various KCl concentrations were

similar, while the bacterial deposition rate in columns packed

with clean quartz sand (with a negative charge) at inter-

mediate ionic strength values (0.003–0.03 M KCl) was at most

10 times higher for the stationary growth phase E. coli than for

the mid-exponential E. coli. This was attributed to a combina-

tion of factors: (1) mid-exponential phase cells are covered

with relatively simple proteins, while stationary-phase cells

are covered with more complex LPS molecules, (2) apparently,

upon approach toward the collector surface, the mid-expo-

nential phase cells appear to be more uniformly (negatively)

charged, while the stationary-phase cells will have a more

uneven distribution of (negative) charge on the LPS molecules

(phosphate and carboxyl groups), which resulted in less

repulsion and more attachment of stationary-phase cells.

To summarize, E. coli bacteria have often been found in fecally

contaminated groundwater, are easy to count, and are hydro-

philic and strongly negatively charged. These properties make

this bacterium a useful indicator of fecal contamination of

groundwater, especially in developing countries lacking suffi-

cient laboratory resources. In addition, some E. coli strains are

enteropathogenic. Viruses may be considered more critical to

groundwater quality than E. coli. Because of their smaller size,

stability, and negative charge, they may be transported even

further through the ground, and because of their infectiousness

they represent a major threat to public health. However, the

detection and enumeration of viruses, including bacteriophages

requires more technical skills than needed for E. coli.
3. General bacteria transport model

The transport of mass in porous media may be generally

described by the advection-dispersion-sorption (ADS) equation
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(De Marsily, 1986). Various expressions of the ADS equation

have been used for the transport of colloids in general (Herzig

et al., 1970; Yao et al., 1971; Corapcioglu and Haridas, 1984,

1985; Murphy and Ginn, 2000; Schijven, 2001) and, more

particularly, for the transport of E. coli and thermotolerant

coliforms (Pang et al., 2003; Powelson and Mills, 2001; Matthess

and Pekdeger, 1981, 1985; Matthess et al., 1985, 1988; Foppen et

al., 2005). To appropriately describe the dynamic effects of

colloid deposition and possible blocking effects, the colloid

transport equation is expressed in terms of particle number

concentration rather than mass concentration (Sun et al., 2001;

Johnson et al., 1996) along with terms for attachment,

detachment, straining, and inactivation or die-off (Bhattachar-

jee et al., 2002)

qC
qt
¼ r � ðDrCÞ � r � ðvCÞ �

f
pa2

p

qS
qt
� kiC, (1)

where C is the number concentration of suspended bacteria in

the aqueous phase (m�3), D is the hydrodynamic dispersion

coefficient (m2d�1), v is the pore water flow velocity (m d�1), f is

the specific surface area of the porous medium (m�1), ap is the

diameter of the bacteria (m), S is the dimensionless fractional

surface coverage, which is defined as the total cross-section

area of deposited bacteria per interstitial surface area of the

porous medium solid matrix (Sun et al., 2001), ki is the

inactivation or die-off rate coefficient of bacteria in the fluid

(d�1), and t is time (day). The dispersion coefficient is defined

as (Corapcioglu and Haridas, 1984, 1985; Matthess and

Pekdeger, 1981, 1985)

D ¼ D0 þ DB, (2)

where D0 is the coefficient of mechanical dispersion due to the

tortuosity of the pore channels and DB is the coefficient of

diffusion due to Brownian motion. D0 depends on groundwater

flow velocity and the dispersivity coefficient, which is a

function of the inhomogeneity of the aquifer (e.g. De Marsily,

1986; Appelo and Postma, 1993). DB can be estimated by the

Stokes-Einstein equation (e.g. Corapcioglu and Haridas, 1984)

DB ¼
kT

3p$ap
, (3)

where k is the Boltzmann constant (1.2806�10�23 JK�1), T is the

temperature (K) and w is the dynamic water viscosity (Pa s; $ ¼

9:85� 1015 T�7:7 when 273oTðtemperatureÞo303 in K; Mat-

thess, 1982). For micron-sized particles (1–5mm) at temperatures

between 273 and 303 K, DB is in the range of 10�8 m2 s�1.

For bacteria retained by the solid matrix, several authors

(Harvey and Garabedian, 1991; Lindqvist and Bengtsson, 1991;

Lindqvist et al., 1994; Pang et al., 2003; Powelson and Mills,

2001; Matthess and Pekdeger, 1981, 1985; Matthess et al., 1985,

1988) assume a fraction available for equilibrium sorption (S1)

and a fraction available for kinetic sorption (S2), some (Tan et

al., 1994; McCaulou et al., 1995; Hendry et al., 1997, 1999)

assume only kinetic sorption (S2), while others (Bradford et al.,

2003; Bradford and Bettahar, 2005; Foppen et al., 2005) assume

kinetic sorption and a kinetic fraction available for straining

(S3) . Taking all these processes into account, the mass balance

equation for retained bacteria can be expressed as

qS
qt
¼

qS1

qt
þ

qS2

qt
þ

qS3

qt
� kisS, (4)
S1 ¼ pa2
pKDC, (5)

qS2

qt
¼ pa2

pkaCBðS2Þ � krS2, (6)

qS3

qt
¼ pa2

pkstrC, (7)

where kis is the inactivation or die-off rate coefficient of

bacteria on the solid matrix (d�1), KD is an empirical distribu-

tion coefficient (m), ka is the attachment rate coefficient

(m d�1), kr is the detachment rate coefficient (d�1), kstr is the

straining rate coefficient (d�1), and BðS2Þ is the dimensionless

dynamic blocking function. Blocking is the occlusion of

collector surface resulting in a declining bacteria deposition

rate as bacteria accumulate on that collector surface (Ryan and

Elimelech, 1996). The dynamic blocking function can be

expressed in terms of the random sequential adsorption

model (Ko et al., 2000)

BðS2Þ ¼ 1� a1S2 þ a2S2
2 þ a3S3

2 þ � � � (8)

with appropriate values of the coefficients ai. It should be

noted that the more common Langmuirian adsorption model

may also be employed to account for the blocking behavior, in

which case Eq. (8) is truncated after the first-order term

(Bhattacharjee et al., 2002; Ko et al., 2000). Inserting Eqs. (5), (6)

and (7) in Eq. (4) yields the rate expression for the fractional

surface coverage, S, of attached bacteria

qS
qt
¼ pa2 KD

qC
qt
þ ðkaBðS2Þ þ kstrÞC

� �
� krS2 � kisS. (9)

Eqs. (1) and (9) are relatively simple general mass balance

equations for bacteria in the fluid phase (Eq. (1)) and bacteria

attached on the solid matrix in aquifers (Eq. (9)). More complex

general colloid transport models are available. Sun et al. (2001)

and Bhattacharjee et al. (2002) consider partial solid matrix

mass balances for bacteria attached to favorable and unfavor-

able sites. Corapcioglu and Haridas (1984, 1985) consider

temporal and spatial changes in porosity due to bacterial

attachment to aquifer grains. Others (e.g. Kim and Corapcioglu,

1996) consider the mass balances of an aqueous phase, a

carrier phase, and a stationary solid matrix phase, with or

without a contaminant present in one or all of the phases.

Although it might be more appropriate from a theoretical point

of view to use these more complex models, we used Eqs. (1)

and (9), because, as will become clearer in Sections 4–13, the

limited data available did not justify the use of more complex

model descriptions.

3.1. Simplifying the rate expression for fractional surface
coverage (Eq. (9)) for E. coli transport

3.1.1. Equilibrium sorption
The so-called retardation factor due to equilibrium sorption,

RF, is defined as the ratio of the mean groundwater flow

velocity, vw, to the mean transport velocity of microorgan-

isms, vm (Althaus et al., 1982; Harvey, 1997; Matthess et al.,

1988; Sinton et al., 1997, 2000; Pang et al., 2003; see Eq. (9)). It

can be approximated if the distribution coefficient, KD, of the

bacteria is known:

RF ¼
vw

vm
¼ 1þ pa2

pKD. (10)
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In a number of studies (see Table 1), the retardation factor in

the case of E. coli transport, either measured or fitted (from

breakthrough curves), ranged between 0.1 and 2.81 (although

mathematically RFX1); the average of all values mentioned in

the table is 1.15. Matthess et al. (1988) attributed retardation

factors less than 1 to preferential transport of the microbes in

the macropore systems of the aquifers. The explanation most

commonly offered for this phenomenon is pore size exclusion

(Harvey, 1997; Sinton et al., 1997, 2000; Sinton, 2001): larger

particles such as bacteria cannot pass through smaller pores

available to dissolved chemicals, but can only travel through

the larger pores, where groundwater velocity is higher.

However, in an injection experiment of a mixture of rhoda-

mine WT dye, F-RNA phages, and thermotolerant coliforms

into an aquifer, Sinton et al. (1997) observed that F-RNA phages

(with a diameter of 26 nm) reached peak concentrations not

only before the dye, but also before the thermotolerant

coliform peak. Sinton et al. (1997) were unable to come up

with a completely satisfactory explanation for this. One

hypothesis was that the electrostatic repulsion forces might

have been acting more strongly on phages than bacteria.

Another more plausible explanation was that phages might

have been adsorbed to particles of a size that are transported

faster than bacteria (by pore size exclusion). On the basis of the

data in Table 1 plus our own observations of E. coli in laboratory

columns and in field tests, we believe that retarded break-

through by equilibrium adsorption is of little significance.

3.2. Blocking

Although blocking has been an important mechanism in some

studies (Lindqvist et al., 1994; Johnson and Elimelech, 1995; Liu

et al., 1995), it has not been used in the literature to explain the

breakthrough of E. coli and thermotolerant coliforms, either in

laboratory column experiments or in field tests. Even in long-

term experiments of 3 months and longer (Butler et al., 1954;

Bouwer et al., 1974b) with treated sewage effluent in rapid

infiltration basins, there was no sign of blocking. The most

plausible explanation for this is that grain surface coverage is

apparently low due to relatively ‘‘low’’ bacteria concentrations

and/or is kept low due to the die-off of attached bacteria

(which free up the surface area again). The net result is that a

decline in bacteria deposition rate has not yet been observed.

Because of the apparent insignificant equilibrium adsorp-

tion and the apparent lack of blocking, we assumed KD ¼ 0

and BðS2Þ ¼ 1. Therefore, Eq. (9) reduces to

qS
qt
¼ pa2

pðka þ kstrÞC� krS2 � kisS, (11)

which indicates that the transport of E. coli in aquifers is

mainly controlled by five rate coefficients (ka, kr, kstr, kis in Eq.

(11) and ki in Eq. (1)).
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4. The attachment rate coefficient

The attachment rate coefficient, ka, can be determined by

(Ryan and Elimelech, 1996; Johnson et al., 1996):

ka ¼
Zve
4

, (12)
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where Z is the dimensionless single collector removal

efficiency (SCRE) and e is the effective porosity . The SCRE is

a parameter representing the ratio of the rate of particles

striking a collector to the rate of particles approaching the

collector. When the geochemical composition of the sediment

is known, grain surface charge heterogeneity can be included

in the formulation of the SCRE by (Johnson et al., 1996; Ryan et

al., 1999; Elimelech et al., 2000)

Z ¼ Z0½l af þ ð1� lÞau� ¼ Z0atotal, (13)

where Z0 is the single collector contact efficiency (SCCE),

determined from physical considerations (e.g. Tufenkji and

Elimelech, 2004a; see Section 4.1), af and au are the sticking

efficiencies to favorable and unfavorable attachment sites

respectively, and l is a dimensionless heterogeneity para-

meter describing the fraction of aquifer grains composed of

minerals favorable for the attachment or of grains having

patches favorable for attachment (Elimelech et al., 2000;

Bhattacharjee et al., 2002). For E. coli, which at typical

groundwater pH values (6–8) is mostly negatively charged,

favorable attachment sites are positively charged. Examples

of the minerals commonly found in sediments that are

positively charged at typical groundwater pH values are

goethite, (a-FeOOH, pHPZC of pure goethite, not influenced

by carbonate adsorption ¼ 9.0–9.1; Gaboriaud and Ehrhardt,

2003) and carbonates like calcite. Somasundaran and Agar

(1967) determined the zero point of charge of freshly ground

Iceland spar calcite, as measured by the streaming potential

technique, to be within a pH range of 9.5–10.8.

Eq. (13) is important, since it directly determines the

attachment rate coefficient (Eq. (12)). Also, since in most of

the cases in the literature the sediment is considered to be a

homogeneous medium, Eq. (13) is useful for determining an

overall collision efficiency, atotal, and an overall SCRE, Ztotal, for

collector or sediment in which the favorable and unfavorable

fractions are unknown (see Sections 11 and 14).

4.1. The single collector contact efficiency, g0

The SCCE is defined as (e.g. Tufenkji and Elimelech, 2004a):

Z0 ¼ ZD þ ZI þ ZG, (14)

where ZD, ZI and ZG, represent theoretical values for the

single-collector contact efficiency when the sole transport

mechanisms are diffusion, interception, and sedimentation,

respectively (Yao et al., 1971; Tufenkji and Elimelech, 2004a).

There have been many studies to determine the SCCE, Z0.

When comparing a number of filtration models with the

experimental data from Yao et al. (1971), Logan et al. (1995)

recommended the use of the model developed by Rajagopalan

and Tien (1976) to calculate aquasol removals in packed beds.

This model has been used very frequently (e.g. Tobiason and

O’Melia, 1988; Martin et al., 1992; Rijnaarts et al., 1996; Ryan

and Elimelech, 1996). However, the major shortcoming of the

Rajagopalan and Tien model is the omission of the influence

of hydrodynamic and Van der Waals interactions on the

deposition of particles that are dominated by Brownian

diffusion. Tufenkji and Elimelech (2004a) developed an

equation that includes these hydrodynamic and Van der

Waals interactions and defined the transport mechanisms
diffusion, interception, and sedimentation as

ZD ¼ 2:44A1=3
S N�0:081

R N�0:715
Pe N�0:052

vdW , (15a)

ZI ¼ 0:55ASN1:675
R N0:125

A , (15b)

ZG ¼ 0:22N�0:24
R N1:11

G N�0:053
vdW , (15c)

where AS ¼ ð2ð1� p5Þ=2� 3pþ 3p5 � 2p6Þ and p ¼ ð1� eÞ1=3,

NR ¼ ðap=acÞ for interception, ac is the median of the grain size

number distribution (m). The Peclet number NPe ¼ ðnac=DBÞ for

the sum of convection and diffusion. The van der Waals number

characterizing the ratio of van der Waals interaction energy to

the particle’s thermal energy NvdW ¼ ðH=kTÞ, where H is the

Hamaker constant, assumed here to be constant at 6.5�10�21 J

(Walker et al., 2004). The attraction number representing the

combined influence of the van der Waals attraction forces and

fluid velocity on particle deposition rate due to interception

NA ¼ ðH=12p$a2
p n eÞ. The gravity number NG ¼ ð2ga2

pðrp �

rflÞ=9$veÞ for sedimentation, where g is the gravitational

accelaration constant (9.81 ms�2), rp is the particle density

(kg m�3) and rfl is the fluid density (kg m�3).
5. The straining rate coefficient

Straining is defined as the trapping of bacteria in pore throats

that are too small to allow passage, and it results from pore

geometry. Matthess and Pekdeger (1985) defined a so-called

geometrical suffusion security d, or straining, as

d ¼
ap

0:12d10
, (16)

where d10 is the 10th percentile of the cumulative grain size

distribution (m). These authors hypothesized that straining

occurs only if dX1:5, i.e. when the bacteria are larger than 18%

of d10. However, Bradford et al. (2002, 2003) reported that

straining was more pronounced than predictions based upon

Eq. (16). A less empirical approach was followed by Herzig et al.

(1970), who calculated the volume of spherical colloids that

could be retained (s) based on purely geometrical considerations

(e.g. Foppen et al., 2005; Corapcioglu and Haridas, 1984, 1985):

s ¼
1� e

2
pN

ap

ac

� �2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ
ap

ac

� �2

� 1

s
, (17)

where N is the coordination number or the number of contact

points between grains. Foppen et al. (2005) determined the

pore volume available for straining from modeling high

concentration E. coli breakthrough curves, from geometrical

considerations based on Herzig et al. (1970) and from a pore

size density function, and concluded that pore volumes

determined with those methods were in reasonable agree-

ment. Neumann (1983) developed a geometrically derived

contact efficiency due to straining, based on Hall (1957).

Assuming the collector consists of spherical grains surrounded

by six spherical collectors or grains of similar size, Neumann

(1983) determined a straining contact efficiency (ZS) as

ZS ¼
12

p
ffiffiffi
2
p

ap

ac

� �3=2

� 2:7
ap

ac

� �3=2

, (18)

in which ZS can be interpreted as the probability of entering

a pore in which straining can occur. The straining rate
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coefficient developed by Bradford et al. (2003) was proportional

to ðap=acÞ
1:42, which is surprisingly similar to the geometrically

derived relation by Neumann. In order to arrive at a straining

rate coefficient, both Neumann (1983) and Hall (1957) multi-

plied the straining contact efficiency by a correction parameter

K to account for fluid velocity variations at pore level, grain

geometry variations, and filter bed porosity. The need for a

correction factor also emerged from Bradford’s work (Bradford

et al., 2003; Bradford and Bettahar, 2005). Bradford and his

colleagues proposed a depth-dependent dimensionless power

law straining function with a value between 0 and 1.

Comparing Eq. (18) with the straining rate coefficient deter-

mined by Foppen et al. (2005) from modeling breakthrough

curves of E. coli in the case of straining also revealed the need

for a correction factor. In the experimental work of Matthess et

al. (1991a, b), Bedbur (1989), and Peters (1989). Eq. (18) was used

to account for straining, but Matthess used the sticking

efficiency, a, to correct for the variations mentioned above.

However, we believe that the latter is not a good concept,

because colloid filtration theory describes the probability of

colliding with the surface of a collector and the probability of

remaining attached, whereas in straining it is the probability of

being strained in a pore that is of concern. Therefore, in order

to calculate the straining rate coefficient, we propose to

combine Eqs. (18) and (12) into

kstr ¼
ZSve astr

4
¼ 0:68

ap

ac

� �3=2

ve astr, (19)

where astr is a dimensionless straining correction factor to

account for fluid velocity variations at pore level, grain geometry

variations, and filter bed porosity. It is tempting to interpret astr as

the probability of a colloidal particle being retained due to purely

geometrical considerations, once a pore in which straining can

occur has been entered. If so, then the value of astr would be

between 0 and 1. Experimental evidence (Bradford et al., 2003;

Bradford and Bettahar, 2005; Matthess et al., 1991a,b) does indeed

suggest this range of values, but this explanation needs to be

confirmed by future research on straining.
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Fig 2 – Magnitude of the single bacterial transport
6. Relative importance of the bacteria
transport mechanisms

At Darcy groundwater velocities between 0.1 and 10 m d�1 and

a grain size of 1 mm, the diffusion and sedimentation

components are the dominant bacterial transport mechan-

isms (see Fig. 2, upper graph). When Darcy flow velocity

increases, the diffusion and sedimentation components

decrease, and interception and straining remain unaltered.

When the grain size decreases to 0.02 mm (the approximate

boundary grain size value between silt and clay; Fig. 2, lower

graph), then diffusion, interception, and straining are the

dominant transport mechanisms. Sedimentation does not

depend on grain size and remains unaltered.
mechanisms as a function of Darcy flow velocity.

Upper graph: ac ¼ 1 mm; lower graph:

ac ¼ 0.02 mm. Other parameters (for both graphs):

T ¼ 283 K, aP ¼ 1 lm, e ¼ 0.35, H ¼ 6.5�10�21 J;

qp ¼ 1050 kg m�3, qfl ¼ 1000 kg m�3, -

¼ 1.3�10�3 kg s m�1.
7. The filter coefficient (b)

The filter coefficient, b (m�1), of an aquifer is the filter effect with

respect to a certain flow length (Matthess et al., 1988; Rijnaarts
et al, 1996). The initial concentration of a microbial suspension C0

decreases along a flow length, x, to the observed concentration C

according to (Iwasaki, 1937; Matthess et al., 1988)

C ¼ C0e�bx. (20)

The filter coefficient is constant only at the beginning of the

filter process during the clean bed collision phase, when

deposited particles do not yet influence the transport of particles

(Matthess et al., 1991a; Rijnaarts et al., 1996). In general, the filter

coefficient, the SCRE, and the collision efficiency are related

according to (Rijnaarts et al., 1996)

b ¼
3ð1� eÞ

2ac
Z0a (21a)

and when straining has to be included, the filter coefficient

becomes

b ¼
3ð1� eÞ

2ac
ðZ0aþ ZSastrÞ. (21b)

Combining Eqs. (12), (19) and (21b) yields

ka þ kstr ¼
eac

6ð1� eÞ
vb. (22)

If the rate coefficients need to be expressed in d�1, then the right-

hand side of Eq. (22) has to be multiplied by the specific surface

area f ¼ ð6ð1� eÞ=eacÞ.
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8. Factors affecting the contact efficiencies

8.1. Effect of velocity

According to Eqs. (15) and (18), a number of parameters affect the

SCCE and the straining contact efficiency: bacteria size, grain

size, density of the fluid and the bacteria, temperature, velocity,

and porosity. Matthess et al. (1991a,b) carried out an extensive

set of laboratory pulse source column experiments with pure

quartz sand (unfavorable attachment) and E. coli ATCC11229 to

test the effect of grain size, grain size uniformity, and velocity

with constant bacteria size (�3mm), constant density of fluid and

bacteria (1000 and 1050kgm�3), and constant temperature

(283K). The experiments were all carried out with artificial

groundwater containing 526mgL�1 CaCl2 � 2H2O and 184mgL�1

MgSO4 � 7H2O (ionic strength ¼ 0.014mol(kg)�1) in order to ex-

clude variations in bacteria attachment resulting from variations

in solution chemistry. The variations in sediment chemistry

between experiments were also negligible, since only quartz

sand was used. The aim of the experiments was to evaluate the

applicability of the filtration theory by comparing calculated and

measured filter coefficients. The former was calculated with Eqs.

(15), (18), and (21b) and the latter was calculated with Eq. (20),

with ðC=C0Þ being determined from pulse source column break-

through curves of known length x. The results of more than 100

(triplicate!) column experiments are presented in Fig. 3. In order

to arrive at the calculated filter coefficient, for all experiments we

‘‘calibrated’’ the same single collision efficiency, a ¼ 0:43: this

value gave the best fit between observed and calculated filter

coefficients. Matthess et al. (1991b) used a sticking efficiency

value of 0.4. He arrived at this value by using other equations for

the diffusion, interception, and sedimentation terms in Eq. (15)

(based on Yao et al., 1971). Because the grain sizes that Matthess

and co-workers used were mainly between 0.3 and 3mm at a

Darcy flow velocity range of 1–4md�1, the straining contact

efficiency (Eq. (18)) was almost negligible. The fit was indeed

reasonable, but not perfect. For instance, in the 0.4–1.0mm grain

size range, measured filter coefficients were scattered without a

clear relationship between filter coefficient and velocity. The

same was true for the 1.0–4.0mm range. The reason for the

scatter was that grain size uniformity fluctuated (see next

section). Upon increasing grain size uniformity, the filter

coefficient decreased somewhat. In general, the filter coefficient

depended on groundwater flow velocity and on the grain size of

the sediment. Also, there was reasonable agreement between the

calculated and measured filter coefficients for various combina-

tions of grain size and Darcy flow velocity.

8.2. Effect of grain size

Fig. 4 shows the calculated and measured filter coefficients

plotted against ac, the median of the grain size number

distribution. Again, measured and calculated filter coeffi-

cients agreed reasonably well, but most of the measured filter

coefficients for experiments with a grain size median around

0.45 mm were rather low, especially within the 1.0–3.0 m d�1

Darcy velocity range. This was because the grain size of this

group of experiments was more uniform (U42) than in the

other experiments (Uo2), bringing about a minor decrease in
filter coefficient (see next section). Nevertheless, in this case

too, the dependency of the filter coefficient on grain size

and velocity was demonstrated, and there was reasonable

agreement between the calculated and measured filter

coefficients for various combinations of grain size and Darcy

flow velocity.
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8.3. Effect of grain size uniformity of sediment

The uniformity of the sediment is defined as (Matthess et al.,

1991a)

U ¼
ac;60

ac;10
, (23)

where the numbers 10 and 60 refer to the 10th and 60th

percentile values of the log-normal grain size number

distribution curve. Matthess et al. (1991a) prepared a number

of sediment mixtures in such a way that the median of the

grain size number distribution curve (used in Eq. (21)) did not

vary (it was taken at 0.45 mm). The results demonstrated that

the uniformity, U, did not significantly influence the filter

coefficient of E. coli. While U increased from 1.71 to 9.98, the

filter coefficient hardly changed.

We agree with the conclusions reached by Matthess et al.

(1991a, b) after their experiments, that measured filter coeffi-

cients and calculated filter coefficients determined with the

SCCE (determined with the TE correction equation), neglect-

ing straining and one sticking efficiency value of 0.43, were in

reasonable agreement. This demonstrates the usefulness of

colloid filtration theory for predicting the transport of bacteria

in porous media under saturated conditions.
9. Factors affecting the collision efficiency

9.1. Effect of zeta potential and solution chemistry

The attachment of E. coli is governed not only by diffusion,

sedimentation, interception, and straining, but also by the

collision or sticking efficiency. As mentioned above, the

empirical dimensionless sticking efficiency, a, describes the

fraction of collisions with filter grains that result in attach-

ment, and according to Gilbert et al. (1991), one of the main

factors in the attachment process is the zeta potential. In

addition to the strain of the bacterium, the main factor

affecting the zeta potential—and therefore the collision

efficiency—is the solution chemistry (see also Fig. 1). In a

study by Sharma et al. (1985), the zeta potential of Gram-

positive (Bacillus subtillis) and Gram-negative (Pseudomonas

fluorescens) bacteria in solutions consisting of various chemi-

cals (heparin, polyacrylic acid, lignosulfonate, sodium pyr-

ophosphate) varied between –20 and –80 mV, depending on

the chemical used. Sharma and co-workers found an

excellent correlation between the surface charge of these

bacteria and transportability (or lack of attachment) in

columns filled with Ottawa sand (zeta potential between –30

and –80 mV), which clearly suggested that electrostatic

interactions between bacteria and sand grains were a

dominant factor in their retention (Sharma et al., 1985). In a

number of column experiments with E. coli ATCC 25922 and

sand carried out by Powelson and Mills (2001), bacterial

breakthrough was strongly dependent on the suspending

solution used (see Fig. 5; the geochemical composition of the

sand was not mentioned, but the breakthrough curves

suggest that quartz sand was used ¼ unfavorable conditions).

In an attempt to explain these variations, in our experiments

we determined the zeta potential of the bacteria in these
solutions. To do so, solutions with E. coli ATCC 25922 similar to

the ones made by Powelson and Mills (2001) were prepared

and the zeta potential was determined in the same way as

described in Section 2. Like Sharma et al. (1985), we also found

an excellent correlation between surface charge (ranging

from –17 to –46 mV; see Fig. 5) and bacterial breakthrough.

More generally, in a number of column experiments with

quartz sand (92.35%) with some carbonates (2.4%) and iron

(Fe2O3+Al2O3 was 0.77%), Goldshmid et al. (1973) found good

agreement between the filter coefficient, the ionic strength of

the electrolyte of the suspending solution, and the charge of

the electrolyte used—which is in qualitative accordance with

the Schulze-Hardy rule (see also Section 2). Note that on the

negatively charged quartz sand in Goldshmid’s experiments

there were patches with a positive charge. At least the

carbonates and possibly some of the iron were present as

positively charged iron oxyhydroxide. We determined colli-

sion efficiencies from the filter coefficients and relative

breakthrough concentrations determined by Goldshmid et

al. (1973) and Powelson and Mills (2001) by using Eq. (20) or

(21); they are plotted in Fig. 6. Though the a values were atotal-

values in the case of Goldshmid et al. (1973) and unfavorable

au-values in the case of Powelson and Mills (2001), they can be

compared, if it is assumed that the sediment fraction

available for favorable attachment was limited. In all cases

the astr-value was negligible given the grain sizes used

(ranging between 0.12–0.71 mm). Fig. 6 clearly demonstrates

the Schulze-Hardy effect: similar collision efficiencies are

found for monovalent (Na, K), divalent (Mg, Ca), and trivalent

(Fe(III)) electrolytes for concentration ratios of about

1:0.2:0.0002. The same effect is also achieved by changing

the pH. An increase in filtration efficiency was measured

when the pH was lowered (from 9.3 to 3.9; Goldshmid et al.,

1973). Interestingly, an increase in conductivity caused an

increase in filtration efficiency at pH 9.3, and a decrease of

efficiency at low pH. At high pH, the concentration of

hydronium ions was so low that addition of sodium cations

decreased the zeta potential slightly and increased the

filtration efficiency. At low pH the effect was different and is
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attributable to the pH at the bacterial surface,pHs, which

differs from that in the bulk solution pHb, particularly at low

ionic strengths according to (Hartley and Roe, 1940, in: James,

1957)

pHs ¼ pHb þ 0:217 EM; (24)

where EM is the electrophoretic mobility ((mm s�1)/(V cm�1)).

Since the EM of E. coli in low ionic strength solutions is around

2, the difference between both pH values is in the order of 0.4

pH unit. As the salt concentration increases, the pH of the

surface decreases towards that of the medium and the

filtration efficiency increases. A similar phenomenon was

observed by Scholl and Harvey (1992) in determining sorption

of indigenous bacteria using contaminated and uncontami-

nated aquifer material from Cape Cod, MA.
0.001

Ionic strength (M)

D21f2g

D21g
JM109g

10-3 10-2 10-1 100

Fig. 7 – Collision efficiency of three mutants of E. coli K12

with distinct portions of the LPS molecule (Walker

et al., 2004) in column experiments containing

quartz sediment. LPS of D21f2 g consists of lipid A

and KDO; LPS of D21 g has lipid A, KDO and core

oligosaccharide containing charged phosphate

groups; LPS of JM109 g consists of lipid A, KDO, core

oligosaccharide and O-antigen. JM109 g mutant

‘‘shields’’ the charge of the phosphate groups,

resulting in a higher sticking efficiency and more

attachment.
9.2. Effect of ionic strength

It is also clear from Fig. 6 that the collision efficiency

increases with increasing ionic strength. This is the effect of

ionic strength, which is usually explained by double-layer

compression or a reduction in electrostatic force, which

might cause the attractive van der Waals’ force to predomi-

nate, resulting in more attachment. This is the basis of the so-

called DLVO theory (after Darjaguin, Landau, Verwey and

Overbeek; e.g. Schijven, 2001; Ryan and Elimelech, 1996;

Sawyer et al., 1994). For E. coli and for the type of water (a

mixture of Ca, Mg, Cl, and SO4 ions) used in the experiments

with unfavorable quartz sand, Matthess et al. (1991a, b) found

a relationship between filter coefficient and ionic strength, I:

b ¼ 16:03þ 1:68 log I. (25)
From this and by using Eq. (21), we calculated the relationship

between unfavorable collision efficiency,au, and solution

molarity (M):

au ¼ 0:09 logð3:17M� 6:34� 10�8
Þ þ 0:868. (26)

This relationship is plotted in Fig. 6 (‘‘Ca+Mg various ionic

strength values’’). Note that at an ionic strength of 0.01,

theaudeviates from the value 0.43 (see Fig. 6: ‘‘Ca+Mg’’), which

was used to determine the calculated filter coefficient (solid

and dashed lines in Figs. 3 and 4). We attribute this to Eqs. (25)

and (26) being based on a limited dataset, whereas the a-value

of 0.43 was based on more than 100 column experiments.

Matthess et al. (1991b) concluded that when the ionic

strength was greater than 0.01, the unfavorable collision

efficiency hardly varied with ionic strength. However, the data

presented in Fig. 6 suggest otherwise: for solution ionic

strength values between 10�3 and 1 M, the total collision

efficiency (atotal) for the bivalent ions Ca and Mg and the

monovalent ion Na at least, showed a considerable increase.

9.3. Effect of lipopolysaccharide composition in the outer
membrane

Walker et al. (2004) demonstrated that the composition of LPS

in the outer membrane of E. coli can have a significant effect

on collision efficiency (Fig. 7). Type D21g had a core

oligosaccharide containing negatively charged phosphate

groups, which resulted in little attachment (low sticking

efficiency) in column experiments with negatively charged

quartz sand. In contrast, LPS of strain JM109g consisted of an
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uncharged O-antigen, which appeared to be able to shield the

phosphate charge, resulting in a marked increase of the

sticking efficiency (more attachment).
9.4. Effect of geochemical heterogeneity

Johnson and Elimelech (1995) and Johnson et al. (1996) studied

the effect of geochemical heterogeneity on the attachment of

negatively charged artificial colloids during transport. They

introduced the heterogeneity parameter, l, in order to

account for enhanced attachment due to the addition of

positively charged iron-coated sand. Based on their results,

the bacterial transport model in charged heterogeneous

porous media (Eq. (13)) was developed. Foppen and Schijven

(2005) determined the sticking efficiency of E. coli ATCC 25922

in a series of column experiments with sediments consisting

of 0.18–0.50 mm quartz sand, goethite-coated grains, calcite

grains or grains of activated carbon (AC), in varying fractions

(l ¼ 0, 0.05, 0.1, 0.2, 0.4, 0.7, 1.0) and all of similar diameter to

the quartz sand. The weighted sum of favorable and

unfavorable sticking efficiencies (atotal) showed that upon

increasing the fraction of favorable mineral grains (l) there

was an initial rapid increase, which then slowed down (Fig. 8).

This was most pronounced in the AC experiments, followed

by the calcite experiments, and then the goethite experi-

ments. Foppen and Schijven (2005) attributed this non-linear

relation to the surface charge and hydrophobic heterogeneity

of the E. coli population. In a number of batch experiments,

Scholl et al. (1990) investigated the rate and extent of

attachment of Lula-D, an Arthrobacter sp., to chips of quartz,

muscovite, limestone, and iron-coated quartz and muscovite,

and found that the degree of attachment correlated with the

sign of the surface charge of the minerals. In column

experiments, maximum bacterial breakthrough in the case
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Fig. 8 – Relation between calculated total sticking efficiency

(atotal) and geochemical heterogeneity parameter (k)

for experiments carried out with quartz sand and

goethite coated sand, quartz sand and calcite

grains, and quartz sand and granular activated

carbon (from: Foppen and Schijven, 2005).

Fractions of goethite, calcite, and granular

activated carbon varied from 5% to 100%.
of iron-coated quartz was 2 log units lower than in the case of

clean quartz. Also, a distinct ‘‘tailing’’ (or detachment) was

observed.

In a series of batch and column experiments with

indigenous bacteria using contaminated and uncontami-

nated aquifer material, Scholl and Harvey (1992) found that

bacterial sorption was affected both by groundwater pH and

by the presence of iron oxyhydroxide coatings around grains.

The rate of attachment of E. coli to serpentine sand (with a

high content of Mg minerals) increased concomitantly with

the amount of sand added to the batch (Merkli, 1975). Also,

the amount of adsorbed E. coli at equilibrium (after 2–8 h)

increased upon increased amount of serpentine sand. The

amount of E. coli attached to plagioclase was much smaller,

while the amount attached to quartz was negligible. This

underlines the importance of the mineral surface charge for

the attachment of E. coli (see also Section 2).

9.5. Effect of grain surface roughness

Bedbur (1989) and Gimbel and Sontheimer (1980) found that

grain surface roughness influenced the collision efficiency to

a certain extent. Photos taken with an electron microscope

clearly showed that polystyrene colloids attached to edges,

pinnacles, ridges, and other elements on the surface of

grains. Also, concentrations of colloids were found in holes

and excavations on the grain surface, probably due to a

reduction of the flow velocity in the vicinity of these surface

elements. And the attachment of colloids to flatter parts of

the grain surface was markedly less. For larger colloids, like

Cryptosporidium, Tufenkji et al. (2004) have reported that the

shape of the individual grains can contribute significantly to

the porous medium straining potential, as it may give rise to a

very wide pore size distribution. However, the effect of grain

surface roughness on the sticking efficiency of E. coli has not

been studied, and no data are available.
10. Evidence for bimodal sticking efficiencies

Although data on E. coli are lacking, recent evidence suggests

that filtration of microbial particles may not be consistent

with the classical colloid filtration theory. Direct evidence for

the non-exponential removal of microorganisms can be

found by examining microbial deposition patterns in labora-

tory scale columns of uniform collector grains (Tufenkji et al.,

2003). Redman et al. (2001) observed that the profile of

retained viruses decayed according to a power-law. Li et al.

(2004) utilized a log-normal distribution of deposition rate

coefficients among the colloid population in order to simulate

the effluent curves and retained profiles simultaneously.

Simoni et al. (1998), by determining effluent concentrations

of columns of various lengths, used two subpopulations of

Pseudomonas strain B13, each with different collision effi-

ciency. Tufenkji and Elimelech (2004b, 2005a, b) also employed

a similar type of dual deposition mode model in order to

explain their polystyrene latex colloids and Cryptosporidium

parvum oocysts retention profiles. In all of the abovemen-

tioned studies, the retained particle concentration profiles on

semi-log scale resulted in an initial steep slope followed by a
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shallower slope (classical colloid filtration theory predicts one

slope). However, the explanations for this non log-linear

behavior offered by these authors differ somewhat. Li et al.

(2004) attributed their decrease in deposition rate coefficient

with transport distance to (1) distributed deposition rate

coefficients, (2) straining at the influent end of the column,

and (3) depletion of colloid concentration in the perimeter of

the pores adjacent to grain surfaces due to deposition from

solution. Li et al. (2004) calculated that the non log-linear

retained particle concentrations could be explained if surface

potentials determined for the polystyrene latex microspheres

would show a variation of less than 0.5% and believed that

this was a viable mechanism that could yield apparent

decreases in deposition rate coefficients. Simoni et al. (1998)

assumed two subpopulations of cells and attributed their non

log-linear profiles to two distinct sticking efficiencies (afast

and aslow). Tufenkji and Elimelech (2004b, 2005a, b) also gave

three explanations for their non log-linear profiles: (1) based

on Hahn’s model (Hahn and O’Melia, 2004), a fraction of the

particles has sufficient kinetic energy to escape from the

secondary energy well and to remain in the fluid, (2) a fraction

of the particle population overcomes the secondary energy

barrier and reaches the primary energy well (resulting in

distributed particle deposition rates), and (3) surface charge

heterogeneities provide sites for fast and slow deposition and

the concurrent existence of both favorable and unfavorable

colloidal interactions in an otherwise homogeneous system

can be described by considering a bimodal distribution.

Since the types of experiments described above have not

been carried out with E. coli, it remains unknown whether

non log-linear retention profiles also apply to E. coli. More

future research on deposition patterns is required.
11. Filter coefficients and collision efficiencies
from field and laboratory experiments

In Fig. 9 filter coefficients, grain sizes, and velocities of E. coli

and thermotolerant coliforms from field and laboratory

studies have been plotted together, with the grain size on

the horizontal axis and the filter coefficient on the vertical

axis. Data from field and laboratory studies are given as

points (numbers refer to references given in the top right of

the graph). The points were divided into four classes, based

on pore water flow velocity (see legend). In a number of cases,

only the type of soil (e.g. clayey loam) was mentioned in the

reference. For these cases the US Soil Standards (Buol et al.,

1989; Bell, 1987) were used in order to obtain an indication of

the grain size. In one case, only one maximum breakthrough

concentration was given (Caldwell, 1937). Also, sometimes

pore water flow velocity was not measured or mentioned (see

legend of Fig. 9: pore water flow velocity unknown). Finally, in

none of the experiments were the die-off rate coefficients

measured. In the laboratory experiments die-off was kept to a

minimum or absent, and in most of the field experiments,

transport was fast and therefore die-off was probably

negligible. Die-off certainly played a role in longer-term field

experiments (e.g. Caldwell, 1937; Dyer and Bhaskaran, 1943,

1945a, b), but was not measured. For these reasons, the

accuracy of the points in the figure is limited and they should
be interpreted with care. However, the figure does illustrate a

few interesting issues. Over the entire grain size and pore

water flow velocity range, the filter coefficients varied

between 0.1 and 20 m�1 only, and only in exceptional cases

(Goldshmid et al., 1973; Sinton et al., 1997) did they fall

outside this range. Furthermore, in some cases, low filter

coefficients were found for soils with very small grain sizes (o
10 mm). In those cases, macropore flow must have taken place.

Indeed, Smith et al. (1985), Hagedorn et al. (1978), Rahe et al.

(1978), McCoy and Hagedorn (1979, 1980), Butler et al. (1954) all

reported that macropore or pipe flow caused E. coli to be

transported over considerable distances in short time inter-

vals. Viraraghavan (1978) also observed fast transport, but he

did not specifically refer to macropore flow. These studies

were carried out in soils at shallow depth and macropore flow

in soils is known to occur very frequently in the upper layers

in which there is bioactivity. At the other end of the grain

spectrum, similarly low filter coefficients were found at grain

sizes between 0.1 and 1 mm. Almost all of these studies were

carried out in laboratory columns (indicated with an ‘‘L’’ in

Fig. 9) under ideal and completely controlled conditions.

Between these two extremes, a variety of filter coefficients

was measured—mainly in field experiments.

For grain sizes larger than 20mm, pore water flow velocities

could be roughly divided into two categories: o0.2 m d�1 and

between 0.2 and 2.0 m d�1. Using Eq. (21), we calculated a range

of collision efficiencies, straining correction factors, and corre-

sponding calculated filter coefficients (solid and dotted lines in

Fig. 9) that, by trial and error, approximately fitted within the

measured field filter coefficients. For v ¼ 0:2m=d, the resulting

atotal was 0.02, while the straining correction factor varied

between 0 and 0.1. For v ¼ 2:0m=d, atotal was 0.002, while the

straining correction factor varied between 0 and 0.01. From this

we concluded that the range of collision efficiencies determined

for geochemically heterogeneous sediments under various

hydrochemical conditions was small (0.002–0.2) compared with

the sticking efficiency values from Fig. 5 (0.002–0.9, but mostly

0.01–0.9) for those solutions with typical groundwater ionic

strength values (ranging from a few mmol L�1 to several tens of

mmol L�1), especially given that divalent electrolytes (like Ca2+,

Mg2+) are usually present in groundwater.

We think there are three possible explanations for the low

sticking efficiencies that were estimated for the field studies:
(i)
 Preferential flow mechanisms, or the presence of zones of

high permeability in which transport of bacteria is rapid,

determine to a great extent the bacteria concentration at

a certain distance from a source of pollution. If such

zones are not identified by those doing the research, then

calculated sticking efficiencies are underestimated, and

actually are inappropriate to apply.
(ii)
 E. coli populations themselves may be heterogeneous in

terms of their attachment characteristics and it might be

that in each E. coli plume traveling through an aquifer, few

will survive for a relatively long time and will not attach,

giving rise to relatively low sticking efficiencies. In the

laboratory, this population heterogeneity might be masked

because of the relatively small scale of the experiments.
(iii)
 E. coli or thermotolerant coliforms usually travel in a

plume of wastewater, consisting of many organic and
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Fig. 9 – Comparison of filter coefficients determined from field and laboratory studies and calculated filter coefficients.

Parameters used to determine the calculated filter coefficients were a ¼ 0.02–0.002, T ¼ 283 K, ap ¼ 2 lm, and

v ¼ 0.2–2.0 m d�1). See text for explanation. Parameters used to calculate filter coefficients were T ¼ 283 K, ap ¼ 2 lm,

e ¼ 0.3, H ¼ 6.5�10�21 J; qp ¼ 1050 kg m�3, qfl ¼ 1000 kg m�3, - ¼ 1.3�10�3 kg s m�1; area left of bold dashed line:

transport of E. coli and thermotolerant coliforms is influenced by preferential flow. (1. Pang et al., 2003; 2. Sinton

et al., 1997; 3. Caldwell, 1937; 4. Dyer, 1943–1945; 5. Smith et al., 1985; 6. Hagedorn et al., 1978; 7. Rahe et al., 1978;

8. McCoy and Hagedorn, 1980; 9. Sinton et al., 2000; 10. Butler et al., 1954; 11. Schaub and Sorber, 1977; 12. Bouwer

et al., 1974a,b; 13. Stevik et al., 1999; 14. McCoy and Hagedorn, 1979; 15. Powelson and Mills, 2001; 16. Goldshmid

et al., 1973; 17. Viraraghavan, 1978; 18. Hijnen et al., 2004; 19. Ziebell et al., 1975; 20. Reneau and Pettry, 1975; 21.

Reneau, 1978; 22. Schijven, 2001).
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inorganic compounds, all with highly variable concentra-

tions and possibly affecting bacterial attachment char-

acteristics. Laboratory experiments are usually carried

out with solutions that do not reflect wastewater

compositions.
12. Kinetic desorption or detachment
To date, there have been no systematic studies of the desorption

or detachment of E. coli or thermotolerant coliforms previously
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attached to sediment grains. In the experiments carried out by

Sinton et al. (2000), both E. coli 2690 and E. coli J6-2 concentra-

tions during the so-called tailing phase of the breakthrough

curve (which is thought to occur as a result of slow release or

detachment of attached bacteria) decreased to zero. The same

rapid reduction during the tailing phase has been found in

thermotolerant coliforms (Sinton et al., 1997). In field-scale

fractured rock tracer experiments, Champ and Schroeter (1988)

reported that E. coli (wild type) concentrations during the tailing

phase, most likely due to detachment, were at least 30 times

lower than maximum E. coli concentration during peak break-

through of the experiments. The detachment of E. coli as a

process becomes more visible when relative concentrations are

plotted on a log scale, (Johnson et al., 1995, Schijven, 2001). The

difference between the maximum relative concentration during

seeding with E. coli and immediately after seeding during the

tailing phase in which desorption is taking place varies from 1

log-unit (Hijnen et al., 2004) to around 2–3 log-units (Peters, 1989;

Hijnen et al., 2004). From this we conclude that detachment

occurs but it is relatively unimportant.
13. Factors affecting inactivation

13.1. Effect of temperature

The inactivation or die-off rate coefficients of bacteria in

the fluid and bacteria attached to the sediment, ki
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Fig. 10 – Effect of temperature on the E. coli die-off rate coefficie

1992; Rice et al., 1992; Rice et al., 1992; Wang and

and Doyle, 1998; Wang and Doyle, 1998; Korhonen an

Martikainen, 1991; Nasser et al., 1993; Van Donsel et a

and Stuart, 1972; Bogosian et al., 1996; Bogosian et a
and kis, are influenced by many factors (Murphy and

Ginn, 2000; Reddy et al., 1981; Barcina et al., 1997). One

of the most important factors is the temperature. In Fig. 10

the effect of temperature on the die-off rate coefficient

of various E. coli strains is presented. However, the data

are difficult and unwieldy to compare. The data are from

‘‘water’’ environments without sediment (except Sjogren,

1994; van Donsel et al., 1967; first graph of Bogosian et al.,

1996) that were kept in the dark (except the second graph of

Wang and Doyle, 1998; Korhonen and Martikainen, 1991;

McFeters and Stuart, 1972) at a pH range of 6–8 (unknown for

Rice et al., 1992; Nasser et al., 1993; van Donsel et al., 1967;

McFeters and Stuart, 1972; Bogosian et al., 1996), usually in

non-sterile, non-autoclaved conditions (except the first graph

of Wang and Doyle, 1998; the second graph of Korhonen and

Martikainen, 1991, second graph of Nasser et al., 1993;

McFeters and Stuart, 1972). Despite the heterogeneous

conditions during the various experiments, in the resulting

data set the dependency of the die-off rate coefficients

on temperature is similar: the increase in the die-off

rate coefficient per degree Celsius rise is apparent and

comparable in most experiments. If the experiments

under sterile conditions are ignored and it is assumed that

all other experimental variations are negligible, then the die-

off rate coefficients are within a ‘‘band-width’’ of 1-log-unit.

The average die-off coefficient at 10 1C is 0.15 d�1 and at 20 1C

it is 0.50 d�1.
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l., 1996.)
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13.2. Effect of protozoa and antagonists

In Fig. 11 the effect of protozoa and/or antagonists on the die-

off rate coefficient of various E. coli strains is presented.

Protozoa may ingest and digest E. coli (predation), while

antagonists such as indigenous bacteria compete for the

same source of nutrients. In the figure each data pair is

connected with a line, and the upper die-off rate coefficient

represents non-autoclaved and non-sterile conditions in

which predation and/or antagonism could take place, while

the lower die-off rate coefficient has been determined for

sterile conditions without predation/antagonism. From the

data it can be concluded that due to predation/antagonism

the die-off rate increases by 1 log-unit on average. Also,

predation/antagonism does not seem to depend on tempera-

ture (Fig. 11).
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Fig. 11 – Effect of autoclaving/sterilizing the medium prior to E.

Killham, 2002; Ramalho et al., 2001; McCoy and Hage

McCoy and Hagedorn, 1979; Korhonen and Martikainen, 1

Moreira et al., 1994; Iriberri et al., 1994; Nasser et al., 1

1992; Gonzalez et al., 1992; Bogosian et al., 1996;

1972, in: Althaus et al., 1982.)
13.3. Other effects on the die-off rate coefficient

In Table 2, a variety of ‘‘other’’ effects on the die-off rate

coefficient are given. These are the effect of light, soil, pH,

toxic substances, and oxygen. The effect of light is not very

relevant for groundwater conditions. Soil has the effect of

increasing the die-off rate coefficient (Pang et al., 2003; Filip

et al., 1986; Chao and Feng, 1990) or decreasing it (Karim et al.,

2004b; Bogosian et al., 1996). The parameter ‘‘soil’’ incorpo-

rates several other effects (e.g. the presence of nutrients or

toxic substances), and the effect of soil on the die-off rate

coefficient depends very much on local conditions. The pH

has a well-known effect on the die-off rate coefficient.

McFeters and Stuart (1972) showed that in de-ionized water

to which either potassium hydroxide or hydrochloric acid

had been added, die-off rates were lowest in the pH range of
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6–8. Allen et al. (1952; in: Althaus et al., 1982) demonstrated a

similar phenomenon for E. coli in seawater. Heavy metals are

known to have a toxic influence on bacteria (Althaus et al.,

1982). Artz and Killham (2002) showed that the die-off rate of

an E. coli O157:H7 strain in groundwater with a [Cu] of

3.91 mg L�1 was double that in groundwater with 0.61 mg L�1.

Finally, Allen et al. (1952; in Althaus et al., 1982) showed

that the die-off of E. coli in water saturated with oxygen

was significantly lower than in water with a low oxygen

saturation.
14. Modeling the removal of E. coli

To illustrate the effect of a number of key parameters on the

transport of E. coli in aquifers, a steady state (for the flow field)

groundwater model was constructed in MODFLOW (Webt-

ech360, 2003). The area modeled was 500�500 m and the

model consisted of 100 columns, 100 rows, and 2 isotropic

homogeneous layers (the top layer was 5 m thick and the

bottom layer was 15 m thick) each with a permeability of

20 m d�1 and a porosity of 0.25. In the middle of the model, in

layer 2, an abstraction well was located with an abstraction

rate of 2000 m3 d�1; 100 m west of this well, in layer 1 a small

recharge well was located with a recharge rate of 1 m3 d�1 to

simulate the effect of a cesspit dug into the saturated zone.

The E. coli concentration of the recharging water was 106

cells(mL)�1, which was thought to be representative of high-

strength sewage (Sawyer et al., 1994).

The first step was to calculate the pore water flow velocities

in each 5�5 m cell. With this flow field, a total retention rate

coefficient was calculated based on the assumption that

detachment is negligible. Therefore inactivation of sorbed

cells became irrelevant and only the mass balance of bacteria

in the liquid phase was considered. Then, Eq. (11) can be

rewritten as

qS
qt
¼ pa2

pðka þ kstrÞC (27)

and inserting in Eq. (1):

qC
qt
¼ r � ðDrCÞ � r � ðvCÞ � ktotalC, (28)

in which ktotal is the total retention rate coefficient (now

expressed in d�1 instead of m d�1), which includes the effect

of favorable and unfavorable attachment (Eq. (13)) as well as

straining and die-off or inactivation and is defined as

ktotal ¼
fn e
4
fZ0atot þ ZSastrg þ ki. (29)

The SCCE, Z0, was determined with Eq. (15). Temperature,

unfavorable collision efficiency, favorable collision efficiency,

straining correction parameter, and the inactivation rate

coefficient were kept constant. The k-value fields are given

in Fig. 12 for an aquifer consisting of quartz grains (left-hand

part) and an aquifer consisting of quartz sand with Fe-

oxyhydroxides (1.5% of the total surface area; right-hand part

of Fig. 12). Per type of aquifer, the grain size was varied (1 mm

and 5 mm), as was the size of the infiltrating E. coli (1 and

3 mm). Fig. 12 shows that within these boundary conditions,

the ktotal varied from 0.1 on the boundaries of the model

where flow velocities were lowest, to a maximum of 0.373 for
the quartz-grained aquifer near the abstraction well where

pore water flow velocities were highest. The maximum ktotal

for the Fe-coated aquifer was 0.916 d�1. From the figure, the

following general observations can be made:
�
 In coarse-grained aquifers the total retention rate coeffi-

cient is dominated by decay (here taken at ‘‘only’’ 0.1 d�1)

while physicochemical removal processes are of second-

ary importance;
�
 When the grain size reduces (the difference between

middle k-value field and the upper k-value fields), then

the total retention rate coefficient increases due to an

increase in the diffusion, interception, and straining

components in the SCCE. Of these, the total retention rate

increase due to diffusion is the most pronounced;
�
 When the size of the colloid increases (compare the

uppermost and lowest k-value fields), then the total

retention rate coefficient increases due to an increase of

the sedimentation, the interception, and the straining

component in the SCCE. Of these, the total retention rate

increase due to sedimentation is most pronounced.

Finally, in MT3DMS (Zeng and Wang, 1999) the E. coli

concentration in the Fe-coated aquifer was determined over

time (Fig. 13), using the right-hand side k-value fields of Fig.

12. The dispersivity used was 10 m. The distribution of

concentration in the second layer was at a dynamic equili-

brium some 60 days after the start of infiltration of E. coli (the

situation after 100 days is shown in Fig. 13). The maximum

distance traveled from the recharge well in these three cases

as a result of advection including dispersion on the one hand

and total retention on the other is around 80 m in the coarse-

grained aquifer with the small E. coli (1mm). In the fine-

grained aquifer, the maximum distance traveled is only a few

meters, while in the coarse-grained aquifers with large E. coli

(3mm), it is around 60 m.
15. Conclusions

From this literature review, a number of important conclu-

sions emerge:

Under fully controlled laboratory conditions, with constant

chemical groundwater quality, one type of collector (quartz

grains), a range of Darcy flow velocities, and a range of

collector grain sizes, there was reasonable agreement be-

tween the measured filter coefficients from breakthrough

curves and the filter coefficients calculated using the SCCE

(determined with the TE correction equation). Therefore, we

conclude that colloid filtration theory in general and the TE

correction equation in particular provide a valuable frame-

work for predicting the transport of E. coli in porous media

under saturated conditions. The bacterial transport mechan-

ism due to straining is not yet fully understood. Although

theoretical relations and experimental data appear to be in

agreement, the identity of the straining correction parameter

remains obscure.

One of the most important factors determining the total

sticking efficiency of E. coli in sediment is surface charge

difference between collector and E. coli. These charge
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Fig. 12 – Calculated total retention rate coefficient ktotal (contour line interval: 0.01 d�1). See text for explanation. Parameters

used were aunfav ¼ 0.007, afav ¼ 1.00, astr ¼ 0.01, ki ¼ 0.1 d�1, T ¼ 283 K, e ¼ 0.25, H ¼ 6.5�10�21 J; qp ¼ 1050 kg m�3,
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differences depend on the solution chemistry, ionic strength,

geochemical heterogeneity, bacteria population heterogene-

ity, and the composition of lipopolysaccharides on the outer
membrane of E. coli. In quartz-grain dominated sediments

without preferential flow with an average groundwater

composition consisting of monovalent and divalent ions such
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midway in layer 2 at a depth of 12.5 m after 100

days of infiltration. The abstraction well is given as
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as Na, K, Ca, and Mg with a total concentration

ofo20 mmol L�1, the sticking efficiency values of E. coli

(consisting of an O-antigen shielding the charged phosphate

groups of the inner core oligosaccharide of the outer

membrane) may vary between 0.02 and 0.9. When positively

charged minerals are present as patches around sediment

grains or as separate grains, there will be increased attach-

ment. Another factor of importance in determining the total

sticking efficiency of E. coli might be grain surface roughness.

However, to date this has not been studied and so no data are

available.

The range of field sticking efficiencies determined for

geochemically heterogeneous sediments under various hy-

drochemical conditions was low (0.002–0.2) compared with

laboratory sticking efficiencies (0.02–0.9). There are three

possible explanations for this: (i) preferential flow mechan-

isms, or the presence of zones of high permeability in which
transport of bacteria is rapid, may largely determine the

bacterial concentration at a certain distance from a source of

pollution, (ii) E. coli populations themselves may be hetero-

geneous in terms of their attachment characteristics, i.e. a

fraction of the E. coli cells may have low sticking efficiencies,

(iii) E. coli or thermotolerant coliforms usually travel in a

plume of wastewater, consisting of many organic and

inorganic compounds, all with highly variable concentrations.

These compounds may block attachment sites, thereby

leading to enhanced transport of E. coli. Laboratory experi-

ments are usually carried out with solutions that do not

reflect wastewater compositions, which might be the cause

for the observed discrepancy between laboratory and field

sticking efficiencies.

The detachment of E. coli has not been studied system-

atically. However, from the few cases in which deloading of E.

coli was visible from breakthrough curves, the maximum

relative E. coli concentrations were 1–3 log-units lower than

during loading. This shows that detachment occurs, but as a

process it is relatively unimportant.

The inactivation or die-off rate coefficients of E. coli and

thermotolerant coliforms in solution and attached to sedi-

ment are influenced by many factors. The two major factors

seem to be temperature and the presence of predators. The

average die-off coefficient at 10 1C is 0.15 d�1 and increases to

0.50 d�1 at 20 1C. However, these rate coefficients are extre-

mely variable. Predation causes the die-off rate coefficient to

increase by 1 log-unit on average.

In our opinion, an important area of research on the

transport of E. coli in aquifers is the effect of typical waste-

water characteristics on the transport of E. coli and thermo-

tolerant coliforms. These characteristics include high

ionic strength values, high concentrations of organic com-

pounds (e.g. aromatic and aliphatic carbohydrates and

humic substances), and the presence of high concentrations

of other microorganisms. How do E. coli and thermotolerant

coliform organisms behave under these conditions in terms

of sticking efficiency, attachment rate, and detachment rate

coefficients, survival, and, more generally, in terms of the

ability of these pathogens to be transported through aquifers?

Little is known about the transport behavior of E. coli under

those conditions, yet leakage of wastewater is one of the most

important sources of E. coli and pathogens found in ground-

water.

Finally, the upscaling of data obtained from controlled

experiments in the laboratory to typical field conditions

needs due attention. If preferential flow occurs, then which

factors are most important in determining E. coli transport

behavior, how should those characteristics be incorporated

into the conceptualization of an E. coli transport model, and

which of the existing models describing preferential flow (e.g.

dual porosity, dual permeability, multi-porosity, and/or multi-

permeability; Šimůnek et al., 2003) is relevant? In addition to

the conceptualization of an E. coli transport model under field

conditions, attention needs to be given to the aspect of

population heterogeneity of E. coli and thermotolerant coli-

forms perhaps resulting in varying (decreasing) sticking

efficiencies along the flow path in order to arrive at a better

framework for predicting fecal indicator organism concentra-

tions in aquifers.
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