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Water protection and bioremediation strategies in the vadose zone require understanding the factors controlling
bacterial transport for diﬀerent hydraulic conditions. Breakthrough experiments were made in two diﬀerent ﬂow
conditions: i) an initial bacteria pulse under ponded inﬁltration into dry sand (−15,000 cm); ii) a second bacteria pulse into the same columns during subsequent inﬁltration in constant water content and steady-state ﬂow.
Escherichia coli (E. coli) and Rhodococcus erythropolis (R. erythropolis) were used to represent hydrophilic and
hydrophobic bacteria, respectively. Equilibrium and attachment/detachment models were tested to ﬁt bromide
(Br−) and bacteria transport data using HYDRUS-1D. Derjaguin-Landau-Verwey-Overbeek (DLVO) and extended
DVLO (XDLVO) interaction energy proﬁles were calculated to predict bacteria sorption at particles. Adsorption
of bacteria at air-water interfaces was estimated by a hydrophobic force approach. Results suggested greater
retention of bacteria in water repellent sand compared with wettable sand. Inverse parameter optimization
suggested that physico-chemical attachment of both E. coli and R. erythropolis was thousands of times lower in
wettable than repellant sand and straining was 10-fold lower in E. coli for wettable vs repellant sand compared to
the exact opposite by orders of magnitude with R. erythropolis. HYDRUS did not provide a clear priority of
importance of solid-water or air-water interfaces in bacteria retention. Optimized model parameters did not
show a clear relation to the (X)DLVO adsorption energies. This illustrated the ambivalence of (X)DLVO to predict
bacterial attachment at solid soil particles of diﬀerent wetting properties. Simultaneous analysis of mass recovery, numerical modeling, and interaction energy proﬁles thus suggested irreversible straining due to bacteria
sizing as dominant compared to attachment to liquid-solid or liquid-air interfaces. Further studies are needed to
distinguish straining mechanisms (i.e. pore structure or ﬁlm straining) in diﬀerent hydraulic conditions.

1. Introduction
Bacterial transport in soil and aquifers is a widespread problem and
has always been important to researchers because of diseases related to
human health or with respect to remediation, distortion, and contaminant degradation [1,2]. Understanding the mechanisms of bacterial
transport is of great importance to control soil and water pollution and
to implement subsurface bioremediation strategies [3,4].
In most bacterial transport studies, soils are water saturated to the
desired degree of interest to establish saturated and/or unsaturated
steady-state ﬂow conditions before manures are applied [5,6] or bacteria suspensions are injected [7,8] as a pollution source. However, it
has also been important to know the extent to which bacteria will be

⁎

transported if the initial condition of soil is very dry (i.e. close to airdryness) as is often found in surface soil layers of arid and semiarid
climates. To our knowledge, these conditions are seldom part of the
experimental design.
Bacterial transport typically depends on their interaction with pore
surfaces. Soil particle interfacial properties are controlled by numerous
and often coupled physical, chemical, and microbiological factors [4].
Initially dry conditions are crucial for many applications such as
bioaugmentation, because bacteria experience more eﬀective passage
from upper to the deeper zones to reach the desired subsurface depth.
In this respect soils, when either completely dry or with low water
content, exhibit water repellency that results in intensive, irregular,
preferential, non-equilibrium ﬂow regimes through soil [9–11].
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However, the coupled eﬀects of bacterial properties and initial dry
conditions of soil in conjunction with water repellency are, at present,
rarely characterized, which obscures adequate description of relevant
mechanisms and the mathematical framework to model pathogen
transport for diﬀerent spatial scales including the column scale [4].
In saturated systems colloid retention is likely to occur in the
smallest regions of the pore space usually formed near grain-to-grain
contact domains [7,8,12,13] where local water velocity is low and
which are considered stagnation zones (Fig. 1). In unsaturated versus
saturated media, additional mechanisms favoring colloid retention
occur at the solid-water interfaces (SWI) [8,14] and at air-water interfaces (AWI) [15]. Hence, straining [1,7], ﬁlm straining [16,17], and
adsorption at air-water-solid (AWS) triple points at the intersections of
air-water-solid interfaces [5,12] are relevant retention mechanisms in
3-phase systems (Fig. 1). Mathematical models developed from simple
(i.e. equilibrium) to chemical and physical non-equilibrium approaches
(i.e., Two Kinetics Sites, dual-porosity, and dual-permeability) are also
ﬁtted to experimental data to reveal the complexity of microbial
transport mechanisms [7]. In comparison to wettable media, higher
rates of retention are probable in water repellent sand, not only due to
grain-grain contact and AWI adsorption, but also caused by coupled
eﬀects of bacteria properties (i.e. shape, hydrophobicity, and ﬂocculation) and the speciﬁc properties at the triple points of the AWS, including straining eﬀects. For partly saturated systems these eﬀects are
expected to be more intensive in water repellent media compared to
wettable media due to a typically more heterogeneous and disconnected microscopic soil moisture distribution [18].
In most research concerning soil water repellency in context with
solute and colloid transport, studies were mostly qualitative due to the
complex behavior of water repellent soils. Moreover, understanding
bacterial transport and retention mechanisms in a mechanistic framework has received even less attention in water repellent soil materials
[15,16]. Correspondingly, our main objectives were: i) to assess the
most probable retention mechanisms for bacteria in a wettable matrix
compared with a similar, but water repellent counterpart; ii) to proof
these transport parameters for consistency for a wide range of dynamic
or stagnant water content and water ﬂux conditions. As a ﬁrst approach, in the present study we investigated two contrasting bacteria
diﬀerent in size, shape, and hydrophobicity. The overall objective was
to identify preferential and unfavorable conditions for bacterial transport in a wide range of natural soil conditions.

Fig. 1. Schematic ﬁgure showing the diﬀerent retention mechanisms for
Escherichia coli (E. coli) and Rhodococcus erythropolis (R. erythropolis) in a
granular 3 phase system. Figure modiﬁed after Zhang et al. [18]. Attachment
(katt) and detachment (kdet) coeﬃcients, as physcio-chemical and, (ﬁlm)
straining coeﬃcient (kstr) as physical retention, are estimated from objects 1 to
4, and, 5 to 7, respectively. The governing equations (attachment/detachment
model) for objects 1 to 7 are given in Adamczyk et al. [38], Bradford et al. [7],
Schijven and Hassanizadeh [14], Schijven and Šimůnek [36].

18.2 cm and diameter of 7 cm) with 3 replicates for each material. Bulk
density of all twelve columns was ﬁxed at 1.53 g cm–3. The column
porosity was 0.42. Saturated hydraulic conductivity, Ks, was measured
by a constant water head through sand cores (5 cm inner diameter, 5 cm
height) and calculated by Darcy’s equation [23].
2.2. Preparation of bacteria and bromide tracers
Escherichia coli (E. coli) as hydrophilic-Gram-negative bacteria and
Rhodococcus erythropolis (R. erythropolis, strain PTCC1767) as hydrophobic Gram-positive bacteria were donated by the Pasteur Institute of
Iran, and the Iranian Research Organization for Science and Technology
(IROST), respectively. Two suspensions of bacteria with identical concentration were separately prepared and mixed with 10 mM bromide
(Br, KBr), a conservative non-reactive tracer. The suspensions had similar chemical conditions (pH, 7.1; EC,1.41 dS m−1) with an inﬂuent
concentration of 1.00 × 108 CFU ml–1 of E. coli or R. erythropolis.
Escherichia coli and R. erythropolis were cultured on solid Nutrient Agar
(NA) for 24 and 48 h, respectively. The 1.00 × 108 CFU ml–1 suspension
concentration of bacteria cells was prepared on the basis of optical
density (OD) measured with a UV–vis spectrophotometer at 518 and
509 nm for E. coli and R. erythropolis, respectively (Jenway, 6505
scanning spectrophotometer) [19].

2. Materials and methods
2.1. Preparation of the wettable and water repellent sand grains and
columns
Pure wettable quartz sand with a particle size distribution of 63.4%
ﬁne (63−200 μm), 36.3% medium (200−630 μm) and 0.30% coarse
sand fraction (630−2000 μm) was used. The sand particles were washed according to Bolster et al. [19]. The pH was 7.50 and the electrical
conductivity (EC) was 0.083 (dS m–1) after washing.
The wettability of the sand particles was modiﬁed by mixing with
polygalacturonic acid (PGA, Sigma-Aldrich) dissolved in water and 1%
NaOH, which converted wettable to water repellent sand [20]. Eight g
l–1 PGA was suﬃcient to make the sand particles repellent. For 100 g
air-dried sand, the carbon added was 0.18%. Subsequently, the pH and
EC were 7.28 and 3.29 (dS m–1), respectively.
Particle surface wettability was measured according to Bachmann
et al. [21] by the Sessile Drop Method in terms of contact angles (CA) as
0° and 92.7° ( ± 4.1°) for wettable and water repellent sand particles,
respectively. Surface roughness of both sand materials was also measured using an Optical Interferometer [22]. Fogale Pilot 3D software
was used to analyze the data.
The same amount of air-dried material, either as wettable or water
repellent sand, were separately poured into six PVC columns (height of

2.3. Electrokinetic properties of bacteria cells and sand particles
Bacterial hydrophobicity was measured using microbial adhesion to
ultrahydrophobic hydrocarbon testing surfaces (MATH) [24]. The size
of bacteria was measured using an optic microscope (Axio Imager. M2,
Carl Zeiss). An image processing program (AxioVison, Carl Zeiss) was
used to determine the average lengths of the major and minor axes of
the cells. At least 100 individual cells were analyzed and the cell size
distribution was determined for each organism suspended in 10 mM
Br− at pH 7.0.
A ZetaPALS analyzer (Brookhaven Instruments Crop) was used to
characterize the zeta potentials (ζ) of the microorganisms (1.00 × 108
CFU mL–1 in 10 mM Br−) and of the wettable and water repellent sand
at 20 °C. These measurements were repeated ten times. Both bacterial
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R. erythropolis and the simulation was separately done for each bacterial
BTC. Attachment (katt) and detachment (kdet), coeﬃcients using Langmuirian dynamics and straining (kstr) in terms of irreversible straining
by using depth dependent blocking coeﬃcients [7] were optimized. An
empirical factor controlling the shape of the spatial distribution
through the proﬁle (β) was ﬁxed to 0.43 which allowed us to compare
the relative importance of straining and attachment [7]. Readers are
referred to Adamczyk et al. [38], Bradford et al. [7], and Schijven and
Šimůnek [36] for the governing equations.

suspensions were prepared from a Nutrient Agar medium culture. The
ζ-potential, MATH, size, and shape of bacteria were analyzed before the
column experiments.
The interaction energy of E. coli and R. erythropolis with soil particles
were calculated using DLVO (Derjaguin–Landau–Verwey–Overbeek) and
the extended DLVO (XDLVO) theory [25,26]. The DLVO interaction energy consists of the sum of attractive van der Waals [27] and repulsive
electrostatic double layer interactions [28]. The XDLVO also includes
acid-base (AB, hydrophobic forces) interactions [29] to account for Hbonding eﬀects that are not considered by DLVO. Both theories give the
solid-bacteria interaction energy in water under the geometrical assumption of spheres (bacteria) and plates (sand particles) [30]. Hydrophobic interaction energy between bacteria and air-water interfaces was
estimated according to Yoon et al. [31], because, Hydrus is not able to
distinguish between adsorption on grains or on air-interfaces.

3. Results and discussion
3.1. Bacterial cell properties
Rhodococcus erythropolis (R. erythropolis) had greater negative surface charge (–44.39 ± 1.57, mV) than Escherichia coli (E. coli)
(–33.05 ± 0.99, mV) for the Br− solution (10 mM). For comparison,
Schäfer et al. [32] found a ζ-potential of –44.80 mV for Rhodococcus
sp.125C. Interestingly, the surface charges of both bacteria were
markedly diﬀerent (p < 0.001) in distilled water (–38.23 ± 1.80 and
–68.33 ± 1.23 mV, respectively) if compared with 10 mM Br− data.
This result suggested that part of the soluble ions were adsorbed at the
cell interfaces and neutralized the surface charges. In general, this can
be considered a result of increased compression at the higher ion concentration of the diﬀuse layer of ions forming the interphase of the cell
[39]. Rhodococcus erythropolis had greater negative surface charge values for both measurements (distilled water and 10 mM Br−) and values were more aﬀected by the10 mM Br− compared to E. coli.
The level of water repellency was also signiﬁcantly diﬀerent between bacteria (p < 0.001). On average, 11% and 73% cells of E. coli
and R. erythropolis, respectively, were captured at the hydrocarbon
surfaces. This demonstrated that the higher negatively charged R. erythropolis surfaces were more hydrophobic than the less negatively
charged E. coli surfaces. Hamadi and Latrache [40] found 0−5% hydrophobicity for E. coli measured with hexane. Chang et al. [41] found
68% hydrophobicity within 3 h for R. erythropolis. These results indicate
that hydrophobicity and ζ-potential are positively correlated for the
selected bacteria.
Shape and size of E. coli and R. erythropolis were signiﬁcantly different (p < 0.001). On average, E. coli was longer (2.05 μm) than R.
erythropolis (1.47 μm). The widths of bacteria (1.2 and 1.1 μm for E. coli
and R. erythropolis, respectively) were approximately similar.
Consequently, cell shape factor (Width/Length) showed greater deviations for E. coli (0.59 ± 12) from spherical compared to R. erythropolis
(0.77 ± 0.17). The measurements illustrated that E. coli and R. erythropolis were best approximated as rod and coccid shapes, respectively.

2.4. Leaching set up
Transport of E. coli and R. erythropolis was performed in separate
columns under identical conditions. The inﬂuent suspensions containing bacteria and Br− were poured on the top of the columns in two
pulses. First, a pulse of bacteria (E. coli or R. erythropolis, 1.00 × 108
CFU ml–1) equal to 62 ml (equivalent to 0.1 the maximum column pore
volume [PV] for a natural wettable soil in saturated ﬂow; data are not
presented) was poured on the surfaces of the columns. Directly afterwards, a constant saturated ﬂow condition was applied to the top of
columns using a disc inﬁltrometer. Leaching continued for 4 PVs using
tap water (pH, 8.30; EC, 0.40 dS m−1). Next, a second pulse of bacteria
(with similar concentration and volume as the ﬁrst pulse) was poured
on the surface of columns. Leaching was thereafter continued until 6
PVs with the background solution. Two extra PVs of leaching were used
to see if any bacteria release trend occurred in the second pulse.
2.5. Eﬄuent sampling
Eﬄuent samplings of bacteria and Br− were done at the bottom
outlet of each column. During the ﬁrst pulse, the eﬄuents were taken at
0.1 PV increments for the ﬁrst and at 0.25 PV increments for the following three PVs, respectively. Sampling was repeated accordingly for
the second pulse (4 PVs to 10 PVs) at the respective time intervals.
Small amounts (0.1 ml) of diluted solution were added to EMB (Eosin
Methylene Blue, Merck) and NA (Nutrient Agar, Merck) media to recover E. coli and R. erythropolis, respectively.
To account for entrained bacteria, columns were sliced into increments of 3 cm thickness after leaching. One gram of sand in triplicate
from each increment was poured into 9 ml water and agitated using a
vortex mixer (VWR International, Germnay) at the rate of 300 rpm to
release bacteria from the sand surface [16,33]. One ml of the solution
was gathered and diluted using a similar procedure as used for the
leachate and the inﬂux concentration of bacteria. The colony forming
units (CFUs) of bacteria in the leachates and the sand extracts were
counted by the plate-count method and reported as CFU mL–1 [34].
Eﬄuent Br− concentrations were individually analyzed using a bromide-speciﬁc electrode (ion selective meter, MP523).

3.2. Simulation of water ﬂow
Some of the physical and hydraulic properties of the sand column
media are presented in Table 1. The residual water content (θr), the
inverse of the air entry value (α), and the pore size distribution of the
soil (n) were estimated from independently measured sand water
characteristics curves (SWCC) ﬁtted to the van Genuchten model [37].
These settings were used as ﬁxed parameters for the Br− and bacteria
BTC simulations. This enabled us to reduce the parameters in inverse
modeling of hydraulic properties considerably. Next, θs, Ks, and l remained to be ﬁxed according to the Br− transport experiment using the
HYDRUS equilibrium model code (Table 1). Accordingly, the predicted
hydraulic parameters using HYRDUS (θmax** and Ks**) were more appropriate to simulate bacteria transport and retention in these largerscaled column systems in ponded inﬁltration conditions than conventional θs and Ks from independent and smaller core samples.

2.6. Modeling procedure
HYDRUS-1D (version 4.16.0110) [35] was used to simulate water
ﬂow and breakthrough curves of Br−, E. coli, and R. erythropolis using
an inverse modeling routine based on the one-dimensional Richards’
equation for unsaturated water ﬂow and the convection-dispersion
model for solute and colloid ﬂow [35]. For details of model set-up see
Supplementary material.
Regarding bacteria transport and sorption, the two kinetic sites
model (particle transport using attachment/detachment, chemical
nonequilibrium) (Fig. 1) was ﬁtted to the experiment data of E. coli and
282
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Table 1
Physical and hydraulic properties of the wettable and water repellent sand columns. θr: the residual water content, θs: the saturated water content, θmax*: the
maximum water content measured by weight in the saturated ﬂow condition, θmax**: inversed saturated water content, α: the parameters related to inverse of the air
entry value, n: pore size distribution index, Ks and Ks**: observed and inversed saturated hydraulic conductivity, v: pore water velocity, l: tortuosity factor, τ: the
imposed ﬂow, Vt: total volume of the columns, PV: pore volume, Pe: Peclet number.
Type of sand

θra

θ
(cm3 cm−3)sa

θmax*

θmax**

αa
(cm−1)

na
(-)

Ks v
(cm min−1)

Ks**

l
(-)

τ
(cm)

Vt
(cm3)

PV
(cm3)

Pe
(-)

R2

wettable
repellent

0.01
0.01

0.36
0.39

0.34
0.23

0.31
0.26

0.012
0.012

1.83
1.87

3.80
1.10

1.29
0.327

3.50b
2.68c

0
0

984
984

331
217

135.0
19.0

0.97
0.90

11.2
5.00

a
and* estimated from sand water characteristic curve by ﬁtting van Genuchten model [40] and measured after leaching, respectively. PV is product of θs* in Vt,
Pe = L×λ−1 (L: length of column, λ: dispersivity).**: inversed from Br− data using HYDRUS.
b
(1.64 ± 1.07 and 5.34 ± 0.96 for wettable sand columns treated with Escherichia coli and Rhodococcus erythropolis, respectively).
c
(3.30 ± 3.96 and 2.06 ± 1.16 for water repellent sand treated with Escherichia coli and Rhodococcus erythropolis columns, respectively).

Fig. 2. Observed (symbols) and modeled (lines) breakthrough curves of Bromide (Br− ), Escherichia coli (E. coli) and Rhodococcus erythropolis (R. erythropolis) related
to the wettable and water repellent sand columns. Data are average of three replicates for each bacterium. Escherichia coli ﬁtting was not successful in water repellent
sand. Br− data are average of six replicates (three replicates for each bacterium).

3.3. Observed and ﬁtted bromide transport

Interestingly, the peaks declined to relative values of 0.35−0.40 for the
second pulses. This indicates Br− dilution due to increased water content lower in Br− concentration after the ﬁrst pulse. This supports the
assumption of dual permeability percolation, which may describe the
hydraulic situation best during the second inﬁltration [44]. This also
might explain the lower peak concentration in the almost saturated
column in comparison with the initially dry conditions in the ﬁrst pulse
injection, because convective and diﬀusive mixing processes of invading and static residual solution may occur.
The equilibrium model provided an excellent explanation of the
wettable and water repellent Br−−BTCs (Fig. 2) when used for the
inverse optimization of the dispersivity λ (R2 > 0.90). Thus, HYDRUS
was able to describe initially dry conditions with the same set of
parameters. Dispersivities were always considerably higher in water
repellent sand compared to wettable sand (Table 3), indicating greater
heterogeneity and more dispersive Br− pathways in repellent conditions. Relatively variable mass balance data (Table 2) for each pulse
also illustrated that Br− experienced a more heterogeneous physical
pathways in water repellent sand than wettable sand.

Fig. 2 shows observed and simulated (normalized to inﬂux concentrations, C/C0) Br− concentrations as a function of PV. Br− acted as
a conservative tracer with a total mass recovery rate (summation of the
ﬁrst and second pulse) representing on average 94% and 86% of the
eﬄuent for experiments made in wettable sand with E. coli or R. erythropolis, respectively and 88% and 80% for experiments in the water
repellent columns (Table 2). The lower mass recoveries in water repellent columns might be explained by the higher number of less mobile
water domains and physically trapped Br− solution compared with
wettable sand. Mass recovery for each pulse is also given in Table 2.
The peak values of C/C0 in the ﬁrst pulses were around 0.7−0.9 and
reached the end of the columns after 2.70 ± 0.30 min and
8.80 ± 0.60 min as the ﬁrst arrivals (1 PV) in the Br−− BTCs for
wettable and repellent sand, respectively (Fig.2). The longer duration
for ﬁrst arrivals for the repellent sand indicated that high local hydraulic pressure gradients were needed to inﬁltrate into the column
pathways and to overcome local particle water repellency [9].
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Colloids and Surfaces B: Biointerfaces 172 (2018) 280–287

N. Sepehrnia et al.

Table 2
Experimental mass balance of Escherichia coli (E. coli), Rhodococcus erythropolis (R. erythropolis), and Br− for the wettable and water repellent sand.
Sand type

Wettable

Repellent

Bacteria

Br

−

Br−

Bacteria

Mass type

E. coli

R. erythropolis

Br-E

Br-Rh

E. coli

R. erythropolis

Br-E

Br-Rh

First -Pulse
Second-Pulse
Total eﬄuent
Resident
Resident + Eﬄuent
Error

70.00 ( ± 3.60)
129.00 ( ± 0.36)
99.00 ( ± 1.64)
0.70 ( ± 0.61)
99.70 ( ± 1.50)
−0.30

81.00 ( ± 7.10)
94.00 ( ± 5.60)
87.00 ( ± 6.10)
10.00 ( ± 0.37)
97.00 ( ± 6.40)
−3.00

86.00 ( ± 0.38)
96. 00 ( ± 0.38)
94.00 ( ± 0.132)
_
_
+6.00

66.00 ( ± 0.50)
105.00 ( ± 1.00)
86.00 ( ± 0.31)
_
_
−14.00

6.20 ( ± 1.40)
15.20 ( ± 1.00)
11.00 ( ± 0.35)
77.50 ( ± 11.20)
88.50 ( ± 4.70)
−11.50

93.30 ( ± 12)
92.00 ( ± 7.30)
92.40 ( ± 0.30)
8.00 ( ± 1.30)
100.40 ( ± 1.50)
+0.40

100.00 ( ± 0.10)
71.00 ( ± 0.6)
88.40 ( ± 0.3)
_

84.30 ( ± 3.60)
70.00 ( ± 1.40)
80.00 ( ± 1.14)
_

+11.60

+20.00

Br-E and Br-Rh indicate the Br− relevant to the Escherichia coli and Rhodococcus erythropolis columns. The data are mean values of three replication and ﬁgures in
parentheses are standard deviation.

Only the retention (deposition) proﬁle data were successful.
Fitted from bromide data. The data are mean values of three replication
and ﬁgures in parentheses are standard deviation. β was ﬁxed to 0.43 to
compare the relative importance of straining and attachment [6].

subsequent detachment [6]. Blocking of the retention sites was unlikely
for such zero-initial water content condition at the early stage of
leaching. Detachment from the retention sites of water repellent sand
was possible according to the hydrophobic tendency of R. erythropolis
cells as discussed for wettable sand. However, the more likely reason
could be preferential transport, because the amount of trapped air was
higher in water repellent sand (Table 1) after inﬁltration. Prolonged
water repellency pushes water into larger pores where the lowest hydraulic friction and the lowest water entry pressure, but the highest
velocities on the pore scale occur [9]. Such a trend (C > C0) in
transport of R. erythropolis could be based, in tendency, on preferential
(faster) transport because the ﬁrst arrivals (8.80 ± 0.60 min) were
approximately equivalent to one PV (the so called active apparent pore
volume). Initial detachment of early attached bacteria due to decreased
ﬁlm straining eﬀects with time [48] along with preferential transport
may have caused the observed (C > C0) trend for R. erythropolis. Such
conditions could also accelerate E. coli transport, but here the BTCs
suggested high retention for E. coli in both pulses (Fig. 2) without initial
detachment tendency. The retained mass for E. coli was 77.5%, while, it
was only 8% for R. erythropolis, suggesting diﬀerent processes in unsaturated soil.

3.4. Observed bacteria transport

3.5. Observed bacteria retention

Similar breakthrough curves were observed for E. coli and R. erythropolis for the wettable sand (Fig. 2). The heights of peak concentrations of both bacteria strains in the ﬁrst pulse reached the levels
of C0. In the second pulse, concentrations were roughly reduced to half
of input concentration, i.e. C0/2 (Fig. 2). Similar to Br− , the high
concentration in the ﬁrst peak is the result of dry initial conditions.
Closer inspection shows some release (tailing) behavior was more
pronounced for the falling branch of R. erythropolis BTC after injection
of each pulse (Fig. 2). More than 70% and 58% of the injected E. coli
were recovered in the eﬄuent before 0.5 and 4.5 PVs for the ﬁrst and
second pulse injection; these values were considerably lower for R. erythropolis (40% and 25%, respectively). Apparently, a great portion of
injected hydrophobic R. erythropolis cells were removed initially by
adsorption from the solution, and then detached from the retention sites
[45]. The eﬄuent recovery of E. coli increased from 70% in the ﬁrst
pulse to 129% in the second pulse (Table 2). A similar recovery was also
found for R. erythropolis, but with a much less signiﬁcant diﬀerence
between ﬁrst and second pulse (81% vs. 94%) supporting greater detachment and remobilization potential of hydrophilic rather than hydrophobic bacteria [45].
For the water repellent sand (Fig. 2) R. erythropolis showed more
scattering and higher cell concentrations in the out-ﬂux concentration
than the initial concentration (C > C0), in particular when the cell
eﬄuent appeared early (0.3 PV, Fig. 2). Higher eﬄuent concentrations
for R. erythropolis before 1 PV could (similar to Br− transport) be associated with preferential ﬂow pathways [7,35,46], blocking [47], and

The retained concentration proﬁles of the bacteria (S/C0) are
plotted vs. column depth (0–18 cm) in Fig. 3. Interestingly, the shape of
the retention proﬁles were similar for both bacteria in the wettable sand
while corresponding proﬁles were extremely diﬀerent in the water repellent columns. It is interesting to note, that similar trends, classiﬁed

Table 3
Transport parameters (Bromide dispersivity λ, straining coeﬃcient kstr, attachment coeﬃcient katt, and detachment coeﬃcient kdet) ﬁtted using the efﬂuent and the deposition concentrations of bacteria for the wettable and water
repellent sand.
Sand

Wettable

parameter

E. coli

R. erythropolis

E. colia

R. erythropolis

λ (cm)

0.124
( ± 0.01)
0.204
( ± 0.354)
0.00004
( ± .0001)
3.86
( ± 6.40)
0.43
0.93

0.128 ( ± 0.01)

0.853
( ± 0.21)
6.97
( ± 11)
0.152
( ± .076)
1.90
( ± 3.20)
0.43
0.74

0.735 ( ± 0.45)

b

−1

kstr (min

)

katt(min−1)
kdet (min−1)
β
R2

Repellent

0.11 ( ± 0.103)
0.000002
( ± 0.000001)
0.867 ( ± 0.867)
0.43
0.95

0.00014
( ± 0.0001)
0.0001
0.153
( ± 0.122)
0.43
0.86

a

b

Fig. 3. Measured (symbols) and ﬁtted (lines) Escherichia coli (E. coli) and
Rhodococcus erythropolis (R. erythropolis) relative concentrations deposited in
the wettable (a) and repellent (b) sand columns after termination of the experiment.
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as exponential and hyper-exponential trends with depth, were comparable with similar studies made in wettable and water repellent sandy
media [8,16,45,48].
Both bacteria were less retained in the wettable sand than the water
repellent counterpart. The retention of R. erythropolis was slightly
higher than for E. coli in wettable sand. The trend was reversed in the
water repellent sand and more E. coli were retained in both pulses
(Table 2). The higher removal of bacteria, particularly for the less saturated column (pulse 1, Table 2), was also in accordance with previous
studies reported for unsaturated sand columns [2,8,45].
3.6. Bacteria transport modeling
Lines in Fig. 2 illustrate simulated BTCs for E. coli and R. erythropolis
transport. The data are mean values of the BTCs as done in triplicate.
Escherichia coli retention was high and modeling was only successful for
the retention proﬁle as indicated in Fig. 2. Simulation of retention
proﬁles performed generally well for the wettable and the water repellent media (R2 = 0.74–0.95). The respective parameters of bacterial
transport and retention are given in Table 3.
Simulations showed similarity to Br−−BTC higher values for dispersivity in water repellent vs. wettable sand, indicating stronger contrast between regions with higher and lower transport velocity (i.e.
caused by the tendency for preferential ﬂow pathways in the water
repellent medium along with more trapped air). In comparison, values
for dispersivity were similar to other wettable or repellent sand columns studies [7,16].
The diﬀerences in the attachment (katt), straining (kstr), and detachment (kdet) coeﬃcients between the strains were enhanced in the
water repellent sand compared to wettable sand. The parameters were
robust (Table 3), so that kstr dominated compared to katt. This demonstrates the importance of straining relative to attachment, however, it
does not mean that attachment was unimportant in this study. For example, the katt values for bacteria in water repellent sand were several
orders of magnitude higher than for wettable sand, suggesting the importance of attachment and dependency of retention on porous media
wettability. Further, similar values of kstr and katt for R. erythropolis also
indicate the importance of straining and attachment mechanisms in
water repellent sand. The results were in accordance with Bai et al. [16]
who reported greater kstr than katt for hydrophilic Klebsiella sp. (i.e. 0.91
vs. 0.31 min−1) compared to hydrophobic R. rhodochrous (i.e. 0.64 vs.
0.18 min−1) in a ﬁne sand (i.e. CA = 59.8°). However, they found
greater kstr coeﬃcient for R. rhodochrous (i.e. 0.59 min−1) in a coarse
sand (i.e. CA = 35°) in comparison with Klebsiella sp. (i.e. 0.00002
min−1).
The detachment coeﬃcients, kdet, also showed diﬀerences for bacteria transport in the media (Table 3). The rate of bacteria detachment
was higher in wettable sand than water repellent sand, i.e. kdet coeﬃcients for both bacteria were higher than kstr and katt, indicating both
reversible attachment and straining in the wettable sand. This was also
supported by bacteria mass recovery where more than 80% was found
in the sand. For the water repellent sand, although kdet coeﬃcients were
supported by mass recovery both strains acted diﬀerently. The kdet was
smaller as were kstr and katt for E. coli, illustrating, in tendency, attachment and straining. For R. erythropolis, the kstr and katt values were
similar in magnitude, but the sum was smaller than the kdet, suggesting
higher mobility. The kdet was higher for E. coli compared to R. erythropolis in both sandy media, supporting higher detachment of hydrophilic than hydrophobic bacteria in accordance with others
[15,19,32].
Inverse simulation gives a coeﬃcient for bacteria attachment including physical adsorption at solid-water and air-water interfaces. The
inverse optimization using HYDRUS does not identify relative importance of each mechanism in bacteria retention i.e. if solid-water or
air-water contributed more. Similarly, straining includes bacteria ﬁltration as the result of pore structure and ﬁlm straining. Straining can

Fig. 4. Calculated DLVO (a) and XDLVO (b) interaction energies for Escherichia
coli (E. coli) and Rhodococcus erythropolis (R. erythropolis) in the wettable and the
water repellent sand. Subgraphs are detailed view of energy barriers and secondary minima.

occur at dp/dg > 0.002 [7,8], where dp and dg are colloid and grain
diameters, respectively. This ratio was 0.07 and 0.04 for the longest and
the smallest dimensions of E. coli. Similarly, 0.05 and 0.04 were calculated for R. erythropolis which demonstrates that straining can occur
under the conditions of this study. It has been illustrated that bacteria
straining will be increased in unsaturated conditions as the result of
AWS interface [5,8,48], pore size staining [7,8,19,48], and ﬁlm
straining [18,48]. Assessment of ﬁlm straining needs further water ﬁlm
thickness calculations [50] which were beyond the scope of this paper.

3.7. Solid-water-air-bacteria cell interaction energies at pore scale
3.7.1. DLVO interactions
The DLVO energies (Fig. 4a) were estimated for bacteria-solid-water
and bacteria-air-water interactions. The DLVO showed a secondary but
not a primary energy minimum for bacteria-solid-water interfaces for
both sand media, This indicated no permanent retention, but possible
reversible attachment for bacteria in the secondary minimum
[16,49–52]. The values of kdet predicted from inverse modelling conﬁrms generally reversible attachment conditions for both bacteria
(Table 3).
The DLVO calculations showed unfavourable attachment conditions
for strong adsorption in the primary minimum due to high energy
barriers for all combinations of bacteria and sands (Fig. 4a). Probable
lower energy barriers for bacteria in wettable sand than calculated
could be supported by extended surface roughness of the sand particles.
The larger surface roughness for the wettable sand (11.10 μm) compared with water repellent sand (4.70 μm) might reduce repulsive energies and favour the tendency for bacteria attachment and retention as
reported by Shen et al. [52].
Escherichia coli and R. erythropolis exhibited a deeper secondary
minimum (2.03 and 1.52 kT, ∼28 nm) in the wettable sand compared
with the water repellent sand (0.02 kT, at ∼45–50 nm), indicating
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lower attractive potential than R. erythropolis. This supports the increase of bacteria attachment to air-water interfaces with increasing
cell hydrophobicity [31]. If XDLVO is considered (Fig. 4b), the repulsive energies were mitigated where at least one hydrophobic interaction combination was present (i.e., cell-medium). This means the
energy barriers for bacteria for both air-water and solid-water interfaces were moderated by attractive hydrophobic forces particularly for
the short separation distances. This could explain the higher values for
katt for both bacteria in water repellent compared to wettable sand, no
matter that attachment at liquid-air interfaces should also be present in
both column systems.
The hydrophobic interaction energies between bacteria and airwater interfaces were greater than those yielded in the solid-water interfaces (data not presented). Fig. 5 illustrates that hydrophobic R. erythropolis should experience greater retention than hydrophilic E. coli.
However, in contrast to the hydrophobic proﬁle energy, R. erythropolis
was retained less than E. coli in the water repellent sand, but, slightly
more in the wettable sand. Trapped air occupied a great portion of the
repellent columns (Table 1). This could also increase the probability of
hydrophobic-hydrophobic interaction between bacteria and air interfaces (i.e., R. erythropolis with water repellent sand surface or air interfaces). If only the hydrophobic interaction is considered as an adsorption mechanism, higher retention for R. erythropolis would be
expected [16,31]. However, signiﬁcantly greater retention was observed for hydrophilic E. coli in the water repellent sand. This result is
in contrast to the hydrophilicity of E. coli found in this study, and by
Wan and Wilson [15] and Gargiulo et al. [45] who attributed higher
bacteria retention to higher cell hydrophobicity. As mentioned earlier
(sections 3.1 and 3.5), both strains are big enough to be trapped in the
pore throats or ﬁlm waters while E. coli was larger than R. erythropolis.
Therefore, straining as ﬁlm straining or retained at narrow pore structures could be more important for the observed retention of E. coli in
water repellent sand, even for such relatively small diﬀerences. This
ﬁnal conclusion regarding the dominant retention mechanism concurs
with other studies that outlined the importance of straining on bacteria
retention in favourable and unfavorable attachment conditions
[1,7,8,12,13,48]. Our study, however, also supports the assumption of
the proposed hierarchy of adsorbing mechanisms for a large span of
particle wettability, bacteria wettability, bacterial size, and extremely
diﬀerent hydraulic conditions.
Bacteria have self-regulating processes known as homeostasis that
allows them to maintain their internal stability, thus guaranteeing their
survival to constantly changing environmental conditions [53]. The ζpotential results showed that R. erythropolis surface charges were more
inﬂuenced by background KBr compared to E. coli. Thus, it is possible
that R. erythropolis used such a regulating strategy during the transport
through repellent sand, which had more eﬀect than hydrophobicity and
straining. Inconsistent relations between the transport of colloids and
cell hydrophilicity/hydrophobicity have also been reported in various
studies [16,32].

higher tendency for adsorption [49–52], because a depth of the energy
levels equal or deeper than 0.5 kT is greater than the thermal kinetic
energy of a bacteria which is the threshold for adsorption in the second
minimum [51]. Therefore, only a few bacteria should be held due to the
small secondary energy minimum of the water repellent sand. But, interestingly, the water repellent sand showed greater retention of both
bacteria compared to the wettable sand. This illustrated the problem of
using DLVO to predict bacteria attachment and suggested that bacteria
retention might be controlled also by other mechanism(s) in the water
repellent sand. Theoretically, attached bacteria in the secondary
minimum could experience further impact of hydrodynamic forces
(ﬂuid drag, lift forces) caused by water ﬂow, which also supports detachment [8,52]. Experimentally, Shen et al. [52] investigated adsorption at three ionic strengths (1, 200, and 300 mmol L−1) and
concluded that the initial attached colloids at the tips of asperities became detached at low ionic strength because destabilizing forces became larger than attractive forces.
Finally, the DLVO proﬁles showed that attachment is more determined by sand wettability rather than bacteria wettability (Fig. 4a).
Taking into account that some bacteria cell walls had a signiﬁcant degree of hydrophobicity, it can be assumed that bacteria cells are also
attracted by air-water interfaces in partly saturated 3-phase systems.
However, DLVO theory does not account for hydrophobic forces and
thus cannot predict bacteria interaction with air-water interfaces. These
deviations may be explained by the XDLVO and by hydrophobic forces.

3.7.2. XDLVO interactions
The XDLVO calculations are given in Fig. 4b. The results also predicted unfavourable attachment conditions for all cases except for R.
erythropolis in water repellent sand (< ∼2 nm), but lower energy barriers for both bacteria in the water repellent sand compared to wettable
(in contrast to DLVO, Fig. 4a). The results indicated that taking acidbase forces into account mitigated energy barriers for water repellent
medium rather than the wettable one. The XLDVO ﬁndings were more
consistent with the BTCs, mass recovery, and inverse modeling by
HYDRUS, and the previous studies in which lower energy barriers were
reported for higher ionic strengths [16,51,52]. The XLDVO results still
demonstrated some deviations to predict bacteria attachment or retention; i.e. the high retention of E. coli in the water repellent sand.
Interactions between bacteria and air-water interfaces were estimated by hydrophobic forces (Fig. 5). The hydrophobic potential energy was highly attractive for R. erythropolis for long distances
(∼435 nm) compared to E. coli. For the latter, the attractive potentials
calculated for much smaller distances (∼4 nm) with a considerably

4. Conclusions
The major objective of this study was to distinguish between inﬁltration either into dry or wet media, and to distinguish between
wettable and water repellent soil with two diﬀerent bacteria diﬀering in
size and hydrophobic character.
In general, E. coli and R. erythropolis were reversibly retained in the
wettable sand because of interaction energies and water ﬂow properties. Escherichia coli was largely irreversibly retained compared to R.
erythropolis, most probably due to straining in the water repellent sand.
Mass balance information, numerical modeling, and calculated interaction energies suggested that retention mechanisms like straining (in
terms of pore or ﬁlm straining) as inﬂuenced by bacteria shape and size
seem to dominate compared to attachment at liquid-solid or liquid-air
interfaces. Consequently, the rate of retention was signiﬁcantly

Fig. 5. Calculated hydrophobic interaction energy proﬁles for Escherichia coli
(E. coli) and Rhodococcus erythropolis (R. erythropolis) as a function of separation
distance interacting with air-water interface.
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diﬀerent with respect to the type of bacteria due to their size and shape.
One important outcome of this study is that this holds true for each type
of inﬁltration mode and type of soil wettability. The relative importance of either pore structure or ﬁlm straining should thus be an
important focus for further studies for individual pulses.
It is also evident from the results that water repellency of a particular soil is more relevant due to its impact on microscopic water distribution and corresponding eﬀects on straining mechanisms rather
than the impact of wetting properties on interaction energies, which
might also aﬀect attachment/detachment mechanisms. In short, microhydraulic processes seem to dominate compared to physico-chemical
interfacial adsorption mechanisms for the selected soil-bacteria systems.
When a source of bacteria, i.e., E. coli, is applied to a dry wettable
sandy soil, subsurface water pollution would be more probable compared with pre-wetted soil. Dry water repellent sandy soil can physically retain and ﬁlter bacteria. The distinct transport behavior of R.
erythropolis through wettable or water repellent sands supported the
conclusion that selected bacterial strains may be used for bioaugmentation practices like petroleum-aﬀected soils, even when the vadose
zone is initially dry.
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