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12.1 Summary 

12.1.1 Interpreting retention of E. coli with the classical CFT 
Under fully controlled laboratory conditions, with constant chemical groundwater 
quality, one type of collector (quartz grains), a range of Darcy flow velocities, a 
range of grain sizes, and in columns of limited height, the E. coli concentration 
decreases logarithmically with the transport distance. Also, there is reasonable 
agreement between the measured filter coefficients from breakthrough curves and 
the filter coefficients calculated using the single collector contact efficiency, and 
assuming a constant sticking efficiency for the E. coli – quartz system. Because the 
E. coli – quartz grain system behaves according to the classical CFT, as defined in 
chapter 1 of this thesis, the theory provides a valuable framework for predicting the 
transport of E. coli in porous media under saturated conditions. This is one of the 
main outcomes of the work carried out by Matthess et al. (1991a, 1991b) on an 
extensive set of column experiments. However, based on the research presented in 
this thesis, this outcome needs to be modified for the following reasons: 

• The conclusions of Matthess et al. (1991a, 1991b), and many other 
workers, are based on effluent concentrations from column experiments 
only. As was concluded by Bradford et al (2002, 2003), Tufenkji and 
Elimelech (2004a, 2005), Li et al. (2004), Tong and Johnson (2007), and by 
our work (Chapter 8), such type of experiment does not give information on 
the transport distance dependent retention processes taking place in the 
column. Therefore, more types of experiments are required. In literature, 
column extrusion experiments have been mentioned a number of times, and 
we added a new type of experiment, the so called flow reversal experiment, 
in which the occurrence of non-adhesive retention in column experiments is 
directly assessed; 

• We have demonstrated in columns of spherical glass beads with various 
diameters, that, when the beads were large, or column heights were too 
limited, dual mode deposition, as a result of attachment heterogeneity 
among members of the E. coli population, was completely masked, because 
in such cases just one type of (fast) deposition dominated the retained 
profiles, resulting in log-linear retained bacteria masses. Therefore, the 
extrapolation of experiments, where masking of dual mode deposition has 
taken place, to predict removal of E. coli at a larger scale will almost 
certainly lead to overestimation of E. coli removal; 

• The CFT does not include straining. In columns of ultra-pure angular 
quartz sand, from eluted concentrations, column extrusion experiments, 
flow reversal experiments, and model fitting of eluted concentrations, we 
found that straining could be as much as 25-30% of the total bacteria mass 
applied to the column, while the maximum attached fraction was 30-35%. 
Since straining occurred in all grain size fractions we used, we are 
convinced that a good deal of literature on colloid retention processes, 
using coulmns of angular collectors, and neglecting straining or non-
adhesive retention, have come to erroneous conclusions with regard to the 
nature of the processes causing retention in their experiments. In these 
cases, as was mentioned above, the extrapolation of such results to predict 
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removal of E. coli at a larger scale will almost certainly lead to 
overestimation of E. coli removal; 

• The CFT does not include geochemical heterogeneity as a result of the 
presence of various minerals in the sediment. Since these minerals can have 
different surface charges as a result of pore water chemistry and/or lattice 
imperfections, and since E. coli is also (negatively) charged, mineralogical 
variations in the sediment can have an influence on attachment. We found 
that in columns of limited height (2 cm), due to the presence of positively 
charged goethite or calcite, the sticking efficiency, as determined from 
eluted E. coli concentration curves increased from 0.2 to 0.9. Also, the 
sticking efficiency of PRD1, the model virus that we used, calculated in the 
same way as described above, increased 100%, from 0.05 to 0.1, when 
goethite coated quartz grains were added to the sediment. Characterization 
of the surface of the collector is therefore of utmost importance, especially 
if various mineral assemblages are considered or for comparison and 
interpretation of sticking efficiency values in literature; 

• In cases of dual porosity aquifers, like the shallow unconsolidated alluvial 
aquifer below Sana’a, where we proved that certain parts of the aquifer 
were inaccessible for microorganisms, the importance of CFT was limited. 
Here, decay rate factor, pore water flow velocity, and pore volume 
available for fast flow in the aquifer were the most important factors 
determining the transport of E. coli. Relatively small volumes of fast 
flowing polluted water in aquifers can give rise to considerable 
microbiological contamination, while hydrochemical patterns may be 
hardly affected. More in general, we have demonstrated the added value of 
using microbial tracers for the conceptualization of contaminant transport 
processes in aquifers. 

 

12.1.2 Characteristics of straining of E. coli 
We found that the mass balance for strained bacteria ( S ) in angular ultra-pure 
quartz sand could be described by  
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whereby in our case 050.a =  7170.b =  and 201.d = . This newly derived mass 
balance for strained bacteria, which is describing straining as a Langmuirian type of 
site saturation, was dependent on the concentration in the fluid, C , transport 
distance, x , grain diameter, ca , and 3 constants. The values of these constants were 
found to be applicable for a wide range of porous medium sizes, transport distances, 
and input concentrations, and were obtained from a combination of column 
experiments, column extrusion experiments, flow reversal experiments, and model 
fitting. 
 
Straining was also studied in columns consisting of mixtures of various quartz grain 
sizes. In both studies there was a maximum pore space available for straining, which 
was rapidly filled at very high bacteria concentrations. The maximum pore space in 
the study of the ultra-pure angluar quartz sand was 0.01% of the total column 
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volume, while this was 0.21-0.35% in the study with the quartz sand with mixtures 
of various grain sizes. The latter values corresponded well with values calculated 
with a formula based on purely geometrical considerations and also with values 
calculated with a pore size density function. Because of the relation between pore 
size density and the occurrence of straining, and because pore size density functions 
can be determined with the commonly used Van Genuchten soil parameters, the 
potential for straining at field scale can be tentatively indicated. 
 

12.1.2 The relative importance of mineral assemblages in aquifers 
As was already described in section 12.1.1, we found that the presence of various 
minerals in the sediment affected the retention of E. coli and PRD1. However, often 
(bio)colloids travel through soils and aquifers in a plume of wastewater, in which 
dissolved organic material (DOM) is present, like humic materials, polysaccharides, 
polyphenols, proteins, lipids, and heterogeneous organic molecules (Fujita et al., 
1996; Ma et al., 2001; Imai et al., 2002; Ilani et al., 2005) with concentrations 
ranging from 1-100 mg/L, dependent on types of waste water treatment. We found 
that due to the presence of DOM, attachment of E. coli was 2 to 80 times less than in 
cases without DOM, dependent on the chemical composition of the E. coli 
suspension. The cause for the removal reduction due to sorption of DOM was a 
combination of: 

• Alteration of the positive surface charge at the mineral surface due to 
negatively charged DOM; 

• Site competition between DOM and divalent ions that were required for 
cation bridging between E. coli and the mineral surface, and 

• Steric hindrance whereby DOM sorption reduced the short range attractive 
van der Waals force between collector surface and E. coli. 

 
In our experiments there was proof of the occurrence of all three mechanisms. 
Therefore, our results indicated that in the presence of DOM, the concept of 
geochemical heterogeneity in explaining attachment of biocolloids has limited 
relevance.  
 
A similar conclusion was drawn from analyzing column experiments of sediment 
mixtures of quartz sand with goethite-coated sand and PRD1, which is often used as 
a model virus. We used PRD1 to assess the attachment characteristics of a model 
virus, and to evaluate the justification of making conservative assumptions about the 
attachment of viruses when calculating protection zones fro groundwater wells 
(Schijven et al., 2006). Due to the presence of DOM, effluent concentrations of 
PRD1 increased by as much as 5 log units, thereby almost completely eliminating 
attachment to the quartz grains and to the goethite coated grain surface. Our results 
implied that in the presence of dissolved organic matter (DOM), viruses can be 
transported for long distances due to poor attachment, because DOM has occupied 
favorable sites for attachment. Therefore, also in the case of virus transport, the 
concept of geochemical heterogeneity in explaining attachment for biocolloids had 
limited relevance. 
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12.1.3 Population heterogeneity 
We found that the sticking efficiency within a population of E. coli bacteria may 
vary at least 100-fold, resulting in different deposition patterns. In a series of column 
experiments with glass beads of various sizes, attachment of E. coli decreased 
hyper-exponentially, or, on logarithmic scale in a bimodal way, as a function of the 
transported distance from the column inlet. From modeling, we concluded that 60% 
of the bacteria population attached fast, while 40% attached 100 fold slower. To 
confirm this modeling result, obtained from fitting retained profiles, column 
experiments with E. coli subpopulations consisting of slow attachers with low 
sticking efficiencies were carried out, and eluted concentrations were significantly 
higher than for E. coli total populations. So, heterogeneity among members of the 
bacteria population indeed caused deposition variations within the column. If there 
is steady state and if the influence of hydrodynamic dispersion is negligible, for a 
continuous particle injection at concentration 0C (at 0=x ) and time period 0t , the 
mass balances for bacteria with two distinct sticking efficiencies in the fluid and 
attached to the solid phase may be obtained from the general mass balance equation 
for transport of mass in porous media (De Marsily, 1986; Johnson and Li, 2005) 
according to: 
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whereby f is the population fraction responsible for fast removal, )f( −1  is the 
fraction for slow removal, and each fraction has a different attachment rate 
coefficient, fastk  and slowk . 
 

12.1.4 Contaminant transport in the aquifers below Sana’a 
In Sana'a, the capital of the Yemen Arab Republic, due to rapid and uncontrolled 
waste water infiltration into the aquifers via cesspits, groundwater below the urban 
area was characterised by high concentrations of almost all major cations and 
anions. The most important cation and anion of the watertype that was 
predominantly found in Sana’a were Ca and Cl. The Cl--concentration ranged from 
3-10 mmol/l and NO3

--concentration ranged from 1-3 mmol/l while NH4
+ was 

absent in all samples. Furthermore, from comparing conservative mixing of 
wastewater and uncontaminated groundwater in the Quaternary Alluvium, Ca2+ in 
groundwater was enriched, while Na+, K+ and NH4

+ were depleted. We concluded 
that nitrification of ammonium, present in wastewater, and cation-exchange had 
taken place. Over the period between two surveys, one in 1995 and one in 2000, 
concentrations of almost all major anions and cations increased, while pH decreased, 
both owing to the continuous infiltration of wastewater. An exploratory one-
dimensional transport model of a 200 m column of the aquifer underlying Sana’a 
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showed that around 30% of the NH4
+

  present in raw sewage would oxidise to NO3
- 

thereby producing acidity and some 70 % would be adsorbed. Recharge of waste 
water in the poorly sorted alluvial aquifer below Sana’a is a complex process, both 
physically and hydrochemically. By analysing and determining components of the 
microbial (Escherichia coli) mass balance, vertical transport mechanisms were 
analysed in a conceptual way. The outcomes were used to explore transport 
mechanisms in a one-dimensional vertical hydrochemical model. The results 
indicated that shallow groundwater (0-100 me depth) was fecally contaminated with 
E. coli concentrations as high as 105 CFU/100 mL. Concentrations reduced at 
greater depths (100-300 m) in the aquifer. However, in laboratory columns, bacteria 
removal was 2-5 log units per 0.5 cm column sediment. We concluded that because 
of the relatively high E. coli concentrations in the shallow aquifer, transport in the 
aquifer had likely taken place via a connected network of pores with a diameter 
large enough to allow bacterial transport instead of via the sediment matrix. 
Transport in such network of pores must have been fast, because of the considerable 
decay rate coefficient of E. coli, which was determined from laboratory experiments 
to be 0.15 d-1. Combined fast microbial transport and infiltration of waste water, 
including cation exchange and nitrification, was accurately simulated with a one-
dimensional transport model of a 200 m column of the aquifer with dual porosity. 
 
In the period from 2001-2005, management of waste water has changed dramatically 
and entire city neighborhoods have been connected to a conventional sewer system. 
The effects of this measure on long-term groundwater quality development of the 
aquifers underlying Sana’a and, more specifically, on water quality of the public 
supply peri-urban wellfields were analyzed. The results, obtained with a transient 
groundwater model, indicated that by 2020 the construction of the sewerage will 
have considerably reduced the area that is hydrochemically polluted by 
groundwater, but the process is slow. Furthermore, although construction of the 
sewerage had already reduced E. coli concentrations to very low values of less than 
10 CFU/mL in 2004, the effect on chemical groundwater quality near the public 
supply well-fields is expected to be limited, since flow is not directed towards most 
of the production wells. An adverse side effect of the sewerage construction is the 
lowering of the groundwater table due to the decrease of waste water recharge, and 
the drying out of wells. One of the major water user groups in the city is agriculture, 
and many people, especially the elder ones depend on this agriculture for their food 
supply. There is a good chance that a part of the agricultural areas inside the city 
will disappear due to the sewerage construction. 
 

12.1.5 Improved transport model  
Based on the results of the laboratory column studies, and the Sana’a case, a new 
model approach for the transport of E. coli in saturated porous media was developed 
that includes the new description for straining, and the descriptions for population 
heterogeneity (Johnson and Li, 2005), and geochemical heterogeneity (Johnson et 
al., 1996; Elimelech et al., 2000), that were validated for E. coli in this research. The 
one-dimensional transport may be generally described by the advection-dispersion-
sorption (ADS) equation (Pang et al., 2003; Powelson and Mills, 2001; Matthess and 
Pekdeger, 1981 and 1985; Matthess et al., 1985, 1988; Chapters 2 and 5 of this 
study) along with terms for attachment, detachment, straining, and inactivation or 
die-off: 
 



Summary, conclusions and recommendations 
 

 

 235

Ck
t
S

x
Cv

x
CD

t
C

i
bulk −

∂
∂−

∂
∂−

∂
∂=

∂
∂

θ
ρ

2

2
    (4) 

 
where C  is the concentration of suspended bacteria in the aqueous phase 
(cells/cm3), D  is the hydrodynamic dispersion coefficient and includes the effects 
of random motility and chemotaxis (cm2s-1), v  is the pore water flow velocity 
(cm/s), bulkρ  is the bulk density of the porous medium (g/cm3), θ  is the effective 
porosity, S  is the dimensionless retained bacteria concentration (g/g), ik is the 
inactivation or die-off rate coefficient of bacteria in the fluid (s-1), t  is time (s), and 
x  is the distance traveled (cm). The mass balance equation for retained bacteria can 
be expressed as 
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where attS  is the bacteria mass retained due to attachment, fastattS ,  is the attached 
bacteria mass due to the presence of fast attaching bacteria in the total bacteria 
population, slowattS ,  is the attached bacteria mass due to the presence of slow 
attaching bacteria in the total bacteria population, strS  is the bacteria mass retained 
due to straining, isk is the inactivation or decay rate coefficient of bacteria on the 
solid matrix (s-1), strk  is the straining rate coefficient (cm-1), 0C  is the influent 
concentration (cells/cm3), ca  is the grain diameter (cm), and values for parameters 
a, b, and c were taken from the ultrapure angular quartz sand case: 05.0=a  

717.0=b  and 20.1=c . Kinetic fast and slow attachment can be expressed as 
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where fastk  and lowk  are the attachment rate coefficients (s-1) for fast and slow 

attachment, respectively. At any point in the fluid slowfast CCC += , and because 

attachment differs for the two population fractions, the ratio 
slow

fast

C
C

 is not constant, 

and reduces with increasing transport distance. When geochemical heterogeneity is 
included, the attachment rate coefficient can be defined as:  
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where 0η  is the single collector contact efficiency (SCCE), determined from 
physical considerations (e.g. Tufenkji and Elimelech, 2004), fα  and uα  are the 
sticking efficiencies to favorable and unfavorable attachment sites respectively, and 
λ is a dimensionless heterogeneity parameter describing the fraction of aquifer 
grains composed of minerals favorable for attachment or grains coated with 
favorable attachment patches (Chapter 5). The single collector contact efficiency, 

0η , is defined as (Yao et al., 1971; Tufenkji and Elimelech, 2004b) 
 

GID ηηηη ++=0       (11) 
 
where Dη , Iη  and Gη , represent theoretical values for the single-collector contact 
efficiency when the sole transport mechanisms are diffusion, interception, and 
sedimentation, respectively. In case of fast attachment ( fast,ak ): 1== uf αα , and 
eq. (10) reduces to: 
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In case of slow attachment 1=fα  and 1<<uα , and eq. (10) is written as: 
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12.1.6 Discussion of an example case 
To demonstrate the importance of processes, the combined mass balances of bacteria 
in the fluid (eq. 4) and retained by the sediment (eq. 5) for one type of E. coli ( fastC  

or slowC ) were solved numerically with an explicit finite difference scheme that is 
forward in time, central in space for dispersion and upwind for advective transport. 
With each time step, first advective transport is calculated, then rate reactions and 
finally dispersive transport. Rates must be integrated over a time interval, which 
involves calculating the changes in bacteria concentrations both in the fluid and on 
the solid matrix. The scheme was prepared in a spreadsheet and is the same as that 
used in PHREEQC version 2 (Parkhurst and Appelo, 1999), and was used in 
determining the importance of straining in the study on straining in quartz sand, 
consisting of mixtures of various grain sizes (Chapter 5). The spreadsheet is flexible, 
and therefore the newly formulated mass balance for strained bacteria, which is not 
available in other model codes, could be easily implemented. The example cases are 
two columns, one with a height of 50 cm and one with a height of 50 m. Both were 
spiked with a 103 cells/mL E. coli suspension for 5 pore volumes. Pore water flow 
velocity is constant at 0.3 m/d. The columns consist of quartz grains with a diameter 
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of 250 µm, while the porosity is 0.3. The decay rate coefficient was taken as 0.1 d-1, 
which was relatively low, when compared with values from literature (Chapter 2). 
The straining rate coefficient was taken as 0.05 cm-1 , determined from the straining 
experiments in the columns of pure quartz grains, and reduced with increasing 
transport distance in the aquifer. Based on the dual mode deposition experiments, 
the attachment rate coefficient was calculated assuming a sticking efficiency of 0.01 
for the fraction slowly attaching bacteria. The fraction fast attaching bacteria 
(assumed to be 0.4) was not included in the calculations, assuming that transport of 
bacteria in the aquifer and associated retention processes were mainly determined by 
the fraction slow attaching bacteria. Other parameters are mentioned in Table 1. 
 
Table 1: Overview of parameters and parameter values used for the example case 

(Fig. 1) 
 
GENERAL FLUID CONDITIONS STRAINING PARAMETERS
Temperature 293 K a 0.717 -
Density of water 1 g/cm3 b 1.2 -

TRANSPORT PARAMETERS SINGLE COLLECTOR CONTACT EFFICIENCY
Total distance 50 cm Hamaker constant 6.50E-21 J
Total time 144000 s
Velocity (pore water) 3.47E-03 cm/s STICKING EFFICIENCY
Dispersivity 5 cm Geochem. heterog. param. 0 -
Diffusion coeff. 1.00E-05 cm2/s Sticking eff. (unfav.) 1.00E-02 -

Sticking eff. (fav.) 1 -
SEDIMENT PARAMETERS
Porosity 0.3 - RATE COEFFICIENTS
Bulk density 1.86 g/cm3 Decay rate coeff. 1.16E-06 1/s
Grain diameter 250 micron Attachment rate coeff. 2.54E-06 1/s

Straining rate coeff. 5.00E-02 1/cm
BACTERIA PARAMETERS
Influent C 1.00E+03 cells/cm3

Fast fraction 0.4
Density of bact. 1.05 g/cm3

Diameter 1 micron
 

 
Breakthrough of non-decaying, non-attaching and non-straining E. coli (“slow E. 
coli”; Fig. 1a) in the 50 cm column was 0.6 after flushing for 2 pore volumes. 
Breakthrough did not increase to 1, because the fast attaching bacteria had already 
attached near the column inlet. When transport of E. coli through the column was 
subject to decay only (“decay” in Fig. 1a), then normalized concentrations were a 
fraction lower than for the “slow E. coli” case, indicating that the effect of decay 
was limited. Similarly, the effect of attachment due to a sticking efficiency of 0.01 
was limited. Normalized breakthrough concentrations were close to 0.6 after two 
pore volumes. When straining was included, then the shape of the breakthrough 
curves changed significantly. Initially, breakthrough was almost zero, and 
normalized concentrations started to rise only after two pore volumes, due to the 
filling of pore space with strained bacteria cells. The effect of 5% surface area of 
positively charged mineral surface, giving rise to favorable attachment of the 
negatively charged E. coli, further reduced the breakthrough of E. coli significantly. 
 
Breakthrough of non-decaying, non-attaching and non-straining E. coli (“slow E. 
coli”; Fig. 1a) in the 50 m column was, like the 50 cm column, 0.6 after flushing for 
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2 pore volumes. Again, breakthrough did not increase to 1, because the fast 
attaching bacteria had already attached near the column inlet. When transport of E. 
coli through the column was subject to decay only (“decay” in Fig. 1b), then 
normalized concentrations reduced almost 1 log-unit. Due to slow attachment, 
normalized concentrations reduced 6 log-units. When straining was included, the 
breakthrough curve hardly changed, because of the inverse relationship between 
straining rate parameter and transport distance: the effect of straining for such large 
distances was negligible. The 5% surface area consisting of positively charged 
mineral surface, and giving rise to favorable attachment of the negatively charged E. 
coli, reduced the normalized concentration to 10-24 (values are not given in Fig. 1b). 
 
From these two example cases, two main conclusions can be drawn: 

• In columns of limited heights, the effect of decay of bacteria on their 
breakthrough was limited, provided that the decay rate coefficient was not 
too large. In addition, the effect of slow attachment was also negligible. 
Straining and favorable attachment were important processes in columns of 
limited height. Straining can be easily overlooked in column experiments 
when the grain size or pore size is large, and if so, then the interpretation of 
breakthrough curves might lead to wrong conclusions with regard to the 
type of retention processes occurring in the column. For instance, the 
breakthrough curves due to straining in Fig. 1a could be easily interpreted 
as being the result of a combination of equilibrium sorption, resulting in 
retardation of 2 pore volumes before the breakthrough curve started to rise, 
plus attachment with reduction of the attachment rate coefficient due to site 
saturation.  

• In the large 50 m column, the dominant removal processes were 
unfavorable and favorable attachment. Decay and straining were relatively 
unimportant. However, because patches of ironoxides, assumed to be 
present in the sediment, and responsible for favorable attachment, are 
usually likely to have been in contact with organic molecules from DOM, 
in aquifers the role of favorable attachment probably is limited. The 
presence of a preferential flow or dual porosity system in the 50 m column 
would have increased normalized concentrations. For instance, if we would 
have assumed that pore water of Fig. 1b for the case of decay + unfavorable 
attachment + straining was affected by 0.1% pore water from preferential 
flow, in which no decay and no attachment had taken place, then 
normalized concentrations would have become 
 

3
7

3
3 /1

)(10
10999.010001.0 cmcell

removal
xx =

=
+  

 
So, as a result of preferential flow, the E. coli concentration increased 7 
log-units! This example clearly demonstrates the relative importance of 
preferential flow. 
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Fig. 1: Removal of E. coli after application of a pulse of 5 pore volumes of a 

suspension containing 103 cells/mL E. coli, as a function of pore volume 
for a 50 cm column (a) and a 50 m column (b)  
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12.2 Future research directions 

12.2.1 Straining and other types of non-adhesive retention 
Although the shape of the pore structure has been recognized as an important 
parameter in determining the retention of microorganisms, the topic has not been 
subject of systematic research. Up to date, straining, and, more in general, non-
adhesive retention of microorganisms is not included in the colloid filtration theory, 
and therefore the interpretation of laboratory breakthrough curves, which has 
provided the experimental basis for the theory, might have resulted and will 
continue to result in inaccurate interpretations of processes occurring in columns.  
In recent years, micromodels have been increasingly employed to study the fate and 
transport of colloids and specifically biocolloids at the pore scale. Micromodels are 
transparent physical models of porous media, with a pore size in the range of 10-100 
µm, etched in glass, silicate wafers, or polymer substrates. The main purpose of 
microscale experiments has been to visualize biocolloid transport processes at the 
dimensions of a pore or collection of pores, validating or negating hypotheses that 
have been put forward with regard to processes that had not been adequately 
observed. A second objective has been to quantify the importance of these 
processes. Significant advances have been made in the understanding of biocolloid 
transport with pore scale visualizations (Keller and Auset, 2006). The process of size 
exclusion and early arrival of biocolloids in relation to their size is now better 
understood, there is evidence that interception of biocolloids by the collector surface 
depends on fluid velocity, and furthermore, there are now clear indications that 
within the pore structure there are regions of stagnant pore water that can lead to 
storage of biocolloids.  
To improve the accuracy of our interpretations of colloid transport phenomena, the 
use of micromodels of complex pore structures, and the developmeny of physically 
based simulation models, with the aim to quantify retention patterns of biocolloids, 
might lead to new insights in the transport of colloids in porous media. 
 

12.2.2 Population heterogeneity and sticking efficiency 
In column experiments with glass beads of various sizes, we found that attachment 
of E. coli decreased hyper-exponentially, or, on logarithmic scale in a bimodal way, 
as a function of the transported distance from the column inlet. From data fitting of 
the retained bacteria concentration profiles, the sticking efficiency of 40% of the E. 
coli population was high ( 1=α ), while the sticking efficiency of 60% was low 
( 01.0=α ). In  an homogeneous isotropic aquifer consisting of grains with a 
diameter of 250 µm with steady state groundwater flow conditions, resulting in a 
pore water flow velocity field of 1.0 m/d, a sticking efficiency of 10-2 leads to a 
removal of 5 log-units within 400 m. However, if a small fraction of a population of 
bacteria consists of cells with a much lower sticking efficiency of 10-4, then removal 
of that fraction is less than 1 log unit in 1000 m (Fig. 2), and this low removal may 
significantly influence the total bacteria concentration.  
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Fig. 2: Normalized concentration as a function of travel distance for various 

sticking efficiency values 
 
Therefore, immediate, and very relevant questions for better assessment of 
environmental health risks associated with the transport of biocolloids, are: 

• What is the environmentally relevant minimum sticking efficiency a 
biocolloid population can have? 

• What is the fraction of the total population belonging to this minimum 
sticking efficiency? 

• Is survival of such fraction of the population different from survival of the 
total population?  

 

12.2.3 Large organic molecules (DOM) 
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 experiments 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 magnitude of blocking was investigated for the system E. coli – goethite coated 
sand – humic acid (HA), as a surrogate for organic compounds present in 
wastewater (Chapter 6). One of the main conclusions of this work was that removal 
in 0.25 cm columns consisting of goethite coated due to the presence of humic acid 
attached to the goethite patches, decreased 2-100 times. In similar work with the 
system PRD1 - goethite coated sand - dissolved organic carbon (Chapter 7), removal 
in a 7 cm column consisting of goethite coated sand was 5 log units. In the presence 
of HA, C/C0-values of PRD1 increased by as much as 5 log units, thereby almost 
completely eliminating retention in the column. A second result was that the 
inactivation rate coefficient of PRD1 was much lower in the presence of dissolved 
organic carbon.  
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DOM in groundwater is a complex mixture of acidic, neutral, and basic organic 
poly-molecules (Thurman, 1985). Concentrations vary widely and may be as high as 
100-200 mg/L near the water table to less than 0.5 mg/L in deeper groundwater 
(Thurman, 1985). Often pathogens travel through soils and aquifers in a plume of 
wastewater. DOM in wastewater is composed of humic materials, polysaccharides, 
polyphenols, proteins, lipids, and heterogeneous organic molecules (Fujita et al. , 
1996; Ma et al. , 2001; Imai et al. , 2002; Ilani et al. , 2005) with concentrations 
ranging from 1-100 mg/L, dependent on types of treatment. The presence of (large) 
organic molecules may significantly reduce the attachment of biocolloids while 
traveling through an aquifer and, in addition, these organic molucules may reduce 
the inactivation of biocolloids. Central theme for future research would therefore be 
to assess the influence of the presence of organic compounds on the retention of 
microorganisms. 
 

12.2.4 Aquifer geometry and upscaling 
The upscaling of data obtained from controlled experiments in the laboratory to 
(controlled) field conditions needs due attention. Concepts, that have now been 
quantified in laboratory set-ups, like straining, dual mode deposition and minimum 
sticking efficiency, and the effect of organic molecules on the retention of 
microorganisms, need to be investigated in controlled field set-ups. In addition, if 
preferential flow occurs, how significant is preferential flow, which factors are most 
important in determining E. coli transport behavior, how to quantify preferential 
flow at different scales, and how should preferential flow characteristics be 
incorporated into the conceptualization of an E. coli transport model. Then, at a 
larger scale, one of the most relevant questions is how can the most important 
biocolloid transport parameters be conceptualized or described with the commonly 
present data sets on geology, climate, soils, topography, landuse, etc.?  
 


