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Bacterial transport and retention likely depend on bacterial and soil surface properties, especially hydropho-
bicity. We used a controlled experimental setup to explore hydrophilic Escherichia coli (E. coli) and hydrophobic
Rhodococcus erythropolis (PTCC1767) (R. erythropolis) transport through dry (— 15,000 cm water potential) and
water saturated (0 cm water potential) wettable and water-repellent sand columns. A pulse of bacteria (1 x 10°
CFU mL™) and bromide (10 mmol L™!) moved through the columns under saturated flow (0 cm) for four pore
volumes. A second bacteria and bromide pulse was then poured on the column surfaces and leaching was
extended six more pore volumes. In dry wettable sand attachment dominated E. coli retention, whereas
R. erythropolis was dominated by straining. Once wetted, the dominant retention mechanisms flipped between
these bacteria. Attachment by either bacteria decreased markedly in water-repellent sand, so straining was the
main retention mechanism. We explain this from capillary potential energy, which enhanced straining under the
formation of water films at very early times (i.e., imbibing) and film thinning at much later times (i.e., draining).
The interaction between the hydrophobicity of bacteria and soil on transport, retention and release mechanisms

needs greater consideration in predictions.

1. Introduction

The widespread contamination of soils and groundwater by microbes
can deteriorate their quality and threaten human and environmental
health [1-8]. Microbes may also be introduced to soils and groundwater
to remove recalcitrant pollutants (i.e., hyper-hydrophobic petroleum
components) through bioaugmentation techniques [6]. Bacterial
contamination or bioaugmentation efficacy depend on bacteria trans-
port, but this is difficult to predict because of the complex interactions
between bacteria and soil mineral surfaces that vary depending upon
environmental conditions [1-10].

A primary dynamic property controlling the transport and retention
of bacteria is soil water content, with bacteria retention generally
increasing with decreasing water content [7-10]. Physicochemical (i.e.,
attachment and detachment) and physical (i.e., straining) mechanisms
that control bacteria transport and retention in porous media have been

* Corresponding author.
E-mail address: nasrollah.sepehrnia@abdn.ac.uk (N. Sepehrnia).

https://doi.org/10.1016/j.colsurfb.2023.113433

described in ideal laboratory conditions [3-10]. However, these tests
under steady state conditions do not reflect transport that may occur in
the field during a rainfall event. When moving from the soil surface,
downwards, bacteria may experience a drier passage from upper to
lower zones to reach the deeper layers, such as groundwater in soils.
This variability of soil moisture with depth adds complexity to bacteria
fate due to immobile water zones, film straining, attachment to air—
water interfaces, and air-water—solid contact lines [6]. As soil moisture
is related to precipitation and temperature, climate change could exac-
erbate drier surface soils [11-14].

By extension, as soils dry, their wettability (or hydrophobicity) can
change [11,14]. For hydrophilic soils, greater retention of bacteria as
soil dries has been attributed to enhanced stagnant regions within the
pore structure under unfavorable attachment conditions [11]. Most soils
are not entirely hydrophilic, resulting in heterogeneous wetting patterns
in time and space that produce preferential flow paths that may hasten
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microbial and colloidal transport [11-14]. Particle surface wettability
can govern the spatial heterogeneity of water flow and retention
[15-17]. This behavior of soil has prompted considerable research
exploring solute transport by preferential and finger flows (e.g., [18]),
but an extension of such research to bacteria and colloids transport is
lacking [11,12].

In one of the few available studies, Sepehrnia et al. [11] found
enhanced bacteria retention for the rewetting of initially dry wettable
soil, but more release and transport of bacteria if the soil was naturally
hydrophobic. Moreover, this study also found that bacteria surface
properties had a large effect, with hydrophobic R. erythropolis having
enhanced release and transport compared to hydrophilic E. coli. In
previous studies, bacteria hydrophobicity/hydrophilicity effects were
masked by porous media and water flow characteristics [19,20].

There are several characteristics of porous media and microbial cells
that affect bacterial transport, retention, and release by straining and
attachment. Cell size is a major driver as it affects straining [19], which
interacts with porous media particle size. One study found that coarse
media (i.e., sand 0.58-1.48 mm) had similar retention of hydrophobic
and hydrophilic bacteria, so it was not possible to discriminate the
predominant mechanism of bacteria retention [20]. For fine sand media
(e.g., 0.25-0.54 mm) in the same study, however, hydrophilic bacteria
straining (i.e., E. coli and Klebsiella sp.) was dominated by straining, but
attachment had the same importance as straining for hydrophobic
bacteria (i.e., R. rhodochrous) [20]. Thus, the relative implication of cell
properties remains unclear [11,12,19,20].

The importance of the governing mechanisms in bacteria fate and
transport under extremely dry conditions of wettable and water-
repellent soils are also poorly understood [11,12]. This is perhaps due
to the complexity of the physical, chemical, and biological interactions
between bacteria cell properties [19-21] and soils in dry conditions,
making it a grand challenge to understand the fundamentals governing
these processes [6,11,12].

Evidence suggests that bacterial hydrophobicity interacts with soil
wettability to affect transport properties through attachment and
straining of bacteria and wetting front development of infiltrating water.
Using leaching experiments in the laboratory, we explored infiltration
and leaching from dry (— 15,000 cm water potential) to very close to
saturation conditions (0 cm water potential) of soil [11,12]. The main
objective of this research was to distinguish between the governing
transport and retention mechanisms of contrasting hydrophilic E. coli
and hydrophobic R. erythropolis (PTCC1767) through wettable and hy-
drophobic porous media in dry and wetted states imposed by a contin-
uous saturated flow condition. We specifically discuss findings in terms
of attachment and straining of bacteria, including the contribution of
film straining in bacteria retention. The breakthrough curves (BTCs) of
bacteria were modeled using the modified form of the
advection-dispersion equation (the Two Kinetics Sites model) consid-
ering non-equilibrium chemical conditions, which are used for microbial
transport and retention [6].

2. Material and methods
2.1. Preparation of sand columns and bacteria suspensions

Sand columns were prepared according to Bolster et al. [22] and
Sepehrnia et al. [12] with washed and dried (at 105 °C) wettable sand
materials (63.4 % fine < 0.25 mm, 36.3 % medium, and 0.3 % coarse >
0.5 mm). The wettability of sand particles was changed by poly-
galacturonic acid (PGA), which created wettable (contact angle, CA: 0°)
and water-repellent (CA: 92° + 4.1°) surfaces [8]. The CA was measured
using the sessile drop method (see [11,14]). The wettable and
water-repellent sands were air-dried and separately packed into columns
of 18.2 cm height and 7 cm diameter at 1.53 g em™ bulk density and
porosity equal to 0.42. The sand had a particle density of 2.65 g cm™.

The details of bacteria properties are described in Sepehrnia et al.
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[11,12] and we thus briefly summarize the information. E. coli (approx.
2.05 pm in length and 1.2 ym in width) and R. erythropolis (PTCC1767)
(approx. 1.47 pm in length and 1.1 pm in width) were grown on solid
Nutrient Agar for 24 and 48 h, respectively. The growth was removed
using deionized distilled water and suspended in a solution containing
10 mM Br™ to prepare 1.00 x 108 CFU mL™! concentration based on
optical density (OD) with a UV-vis spectrophotometer (Jenway, 6505)
at 518 nm for E. coli and 509 nm for R. erythropolis. Microbial adhesion
to ultra-hydrophobic hydrocarbon testing surfaces (MATH) showed the
bacteria cell hydrophobicity was 11 % for E. coli and 73 % for
R. erythropolis [12].

2.2. Leaching process

Hydrophilic E. coli or hydrophobic R. erythropolis (PTCC1767) and
bromide (Br~, KBr), as a chemical tracer, were simultaneously infiltrated
into the columns as the influent. The bacteria concentrations were 1.0 x
10® CFU mL™ and Br concentration was 10 mmol L. Leaching was
performed over two pulses. First, 62 mL of the influent was poured on
the top of the air-dried wettable and water-repellent sand columns.
Then, a saturated flow condition was applied to leach the dry columns
by a disc infiltrometer [11,12]. Leaching of the sand columns continued
for four pore volumes (PVs) referred to as Pulse I (dry infiltration). For
the second pulse, referred to as Pulse II (wet infiltration) the influent was
subsequently poured on the surface of the columns and leached for a
further 6 PVs. Escherichia coli and R. erythropolis bacteria transport was
studied in separate columns to avoid interactions between the bacteria
and to simplify quantification of bacteria transport. The influent solu-
tion was prepared a few minutes before the leaching experiment, and the
injection was done shortly for either pulse [11,12], therefore, death and
growth of bacteria in the influent and the columns as well as the efflu-
ents was minimized.

2.3. Monitoring of bacteria concentrations

Bacteria concentrations in the effluents were monitored at 0.1 pore
volume intervals for the first pore volume and at 0.25 pore volumes for
the next three pore volumes, respectively. After leaching, the deposition
patterns of bacteria in the sand matrices were assessed by segmenting
the columns into six 3-cm layers in three replicates at each depth (data
are not shown). To dilute effluents, one gram of sand was poured into 9
mL deionized sterile water and agitated, then shaken using a vortex
mixer (VWR International, Germany) at 300 rpm to release bacteria
from the sand surface. The plate-count method was used to enumerate
E. coli and R. erythropolis cultured on Eosin Methylene Blue and Nutrient
Agar medium cultures, respectively [12]. Bacteria colonies were coun-
ted as colony forming units per milliliter (CFU mL™) and dry weight
(CFU g'l) after 24 h for E. coli and 48 h for R. erythropolis.

2.4. Modeling

Simulations of Br~ and bacteria transport were separately performed
for dry and wet pulses. For Br’, inverse optimizations were performed
using the Mobile Immobile Model (MIM) with non-equilibrium physical
condition for solute transport (see Simtnek et al. [23]) implemented in
HYDRUS-1D (version 4.16.0110) (PC Progress, Riverside, USA).
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Where C is Br~ concentration in the soil solution [mL’s], tis time [T], vis
pore water velocity [L TI], D is dispersion coefficient L2 T yielded
from dispersivity (A, [L’l]) and apparent pore water velocity (D = \v)
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[LT1]. Subscripts , and i, refer to mobile and immobile water regions.
The experimental data were optimized to simulate Br~ dispersivity
(M), saturated and immobile water contents (0; and 0;,), saturated hy-
draulic conductivity (K;), and mass transfer coefficient for Br~ exchange
between mobile and immobile liquid regions (). Bromide was not
excluded from the immobile regions due to the dynamics of sand
wettability and the initial dry conditions of the columns and thus the
exchange of Br~ between the mobile and immobile regions (« i 0). Note
that this aspect was simplified (@ = 0) in other studies (e.g., [21]).

The predicted hydraulic characteristics were used to optimize bac-
teria transport, retention, and release mechanisms. The Two Kinetics
Sites model (Eq. (3)) was applied using HYDRUS-1D to model the pro-
cess [6,23].
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Where C is the bacteria concentration in the aqueous phase, (N.: number
of colloids), [N¢ L’s], S is the concentration of attached bacteria [N,
M’l], pp is the bulk density of the porous media [M L’3], x is the distance
in the vertical direction [L], and t is the time [T]. Subscripts 1 and 2 refer
to the two different kinetics sites, respectively; other variables were
defined earlier. The mass transfer between soil solution and both S; and
S, sites [3,21] is:

ﬂbg_f = wa = gw,kurrc _/}bkdczsl + gkastrc (4)
ko and kger are the attachment and detachment rate coefficients,
respectively [T], ¥,, and ¥, are time- or depth-dependent parameters
describing deposition of bacteria due to retention by the solid phases.
Adamczyk [24] suggested Langmuirian dynamics (Eq. (5)) for ¥; to
explain blocking phenomena and Bradford et al. [25] proposed a
depth-dependent blocking coefficient for straining process (¥,), thus a
simple and flexible function to account for time and depth-dependent
bacteria deposition behavior (Egs. (6) and (7), respectively).

N
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In these equations, S is the solid phase concentration [N, M1, Smax is
the maximum solid phase concentration [N, M'l] of colloids on sorption
sites, d, is the mean diameter of sand particles [L], z is the coordination
location where the straining process begins (the surface of sand columns
in this study), and f was fixed at 0.43, as an empirical factor controlling
the shape of the spatial distribution [-], suggested by Bradford et al.
[25].

The retention process was assumed to be reversible. Therefore, for
either the pulse, attachment (kq), straining (kg;), or detachment (kgep),
and release (kr), coefficients were predicted from the two sites (Eq.
(4)). By extension, kge: and kg were shown to be physico-chemical, and
ks and kyele to be physical mechanisms [4,23].

For a bacterium that protrudes a distance, dg, out of the film or out of
the air-water-solid interface, the capillary potential energy, ®c (J), can
be determined by integrating the capillary force in the direction of the
water film development (Egs. (8), (9)) [14,26,27].

/ b2 hy —
Fytor = Oy rpz - (hf - rl')z cos |:ﬁ+_ —cos™! (f_rp>:| ®
2 7
z=df
@, = /
z=rp(1— cos p)
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Where o4, is the surface tension of the air-water interface (0.0718 N/m
at 25 °C), f is the contact angle between water and bacteria (°), and z is
the coordinate that passes through the center of the bacterium and is
orthogonal to the water film.

2.5. Hydrophobic potential energy

Hydrophobic interaction energy between sand particles and air-
water interfaces was estimated according to [28] (Eq. (10)).

o _ / Kl;;fp _ _% (10)

Where K23 is a constant and r, is the sand particle radius. For the
asymmetric interactions between materials 1 and 2 in the medium 3,
Ki23 can be estimated by following empirical relationship (Eq. (11)).

0,+06
lOgK123 :Ll( ! ; 2) +b (11)

Where 0; and 6, are the water contact angles (CAs) for the air-water
interfaces (CA: 180°) [28] and for the water-sand interfaces; a and b
are system-specific constants. For the interface interactions, values of
a = —5and b= — 20 were used in this study according to Yoon et al.
[28].

2.6. Hydrodynamic and resisting torques

Bacteria attached and/or trapped in the columns may be detached or
released due to the hydrodynamic forces from water. A balance between
the adhesive and the hydrodynamic forces can provide physico-chemical
attachment under unfavorable conditions [27]. If the resisting torque
(Tresisting) acting on bacteria at the grain surface is greater than the hy-
drodynamic torque (Thydrodynamic), bacteria attachment on the surface of
sand grain surface may take place [27]. Bradford et al. [29,30] used
Fprvo forces (N) to describe Tresisting and Thydrodynamic for colloids
attached in the secondary minimum as given in Egs. (12) and (13),
respectively.

4ryF, 13
Tesisiing = (%) Fprvo (12)

Where ry, is the bacteria radius (m) and K; is the elastic interaction
constant (N/m?). We used K; =4.014 x 10° N/mz, estimated for glass
beads and colloids by Bergendahl [31]. The value of Fpryo was calcu-
lated as ®pin2/hg (based on DLVO theory data from Sepehrnia [12];
where @2 is the secondary minimum interaction energy value (J) and
hy is the separation distance between the bacteria and the grain surface
(m) [31-33]. The pore-space morphology was simplified by considering
it as capillary tubes of different sizes (ranging in radius from 2.5 to
100 pm), like other studies [19,27]. The hydrodynamic torque acting on
the bacteria near to the solid interface due to the hydrodynamic shear
force can be estimated using FEq. (13) [29,30].

P! AP
Tindrodmanic = 14.287imwrp36—‘; - 7.1435n;4wrp3a(1e5, - r,,> (13)

Where |, is the water viscosity (Pa s), rp, is the bacteria radius (m), r is
the radial direction from the solid surface (m), v is the pore scale velocity
vector (m/s), dv/or is the velocity shear rate that acts on attached bac-
teria (1/s), Rt is the radius of a capillary tube (m) and AP/L is the
gradient in pressure over the capillary tube length (N/m®). In a porous
medium (a given conductivity and Darcy velocity), AP/L, can be
determined using Darcy’s Law for horizontal flow [27].
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3. Results and discussion
3.1. Bromide transport

Hydraulic properties of the wettable and water-repellent sand col-
umns for dry infiltration (Pulse I) and wet infiltration (Pulse II) are
presented in Table 1. The data for wettable sand columns were effec-
tively captured by the model (R? = 0.98-0.99) with the highest standard
error for the estimation of @ in both pulses of the sand columns
(Table S1). The K; values were similarly estimated (1.20 and
1.57 em min 1), but the data were slightly less than the experimental
value (3.8 cm min’l) reported by Sepehrnia et al. [12] using the uni-
form model. The A and a values of Br” were higher from the first pulse to
the second (Table 1) indicating the effect of the initial dry condition and
the tendency for the exchange of solute mass with dry pore networks in
wettable porous media. For the water-repellent sand (R? = 0.66-0.99)
however, the K; values of the two pulses were closely estimated with
lower values than the lab data of the wettable sand (i.e., 1.1 cm min %,
[12]). The peak values of A (0.912 + 0.28 em™) and a (1.65
+ 1.55 cm™Y) occurred in the dry infiltration (Pulse I) of the wettable
and water-repellent sand, respectively. The immobile water content was
greater in the wet infiltration (Pulse II), with no difference between
wettable and water-repellent sand, suggesting reduction or elimination
of water repellency.

Overall, the separate modeling for either pulse by MIM was consis-
tent with the uniform model performed by Sepehrnia et al. [12] that
considered simultaneous simulation of the two pulses, but with a better
resolution of solute exchange and dispersivity between the wettable and
water-repellent sand in transition states. Fig. 1.

3.2. Bacteria fate

The experimental and simulated break through curves (BTCs) of
bacteria are in Fig. 2a-d. The experimental data fitted well with the
model (R? = 0.78-0.96) (Tables 2 and 3), however the model accuracy
was decreased for the water-repellent sand medium (Tables S2 and S3).

In the dry infiltration pulse for the wettable sand, the value of S;qx
(linked to maximum solid phase concentration of deposited bacteria)
was greater for R. erythropolis (1.37 + 1.83) than E. coli (0.053 + 0.02),
but R. erythropolis also had a larger detachment rate (kge:1.83 min™?)
than E. coli (kge: 0.033 min 1) (Table 2). The higher values of the kg and
krele rates for R. erythropolis (Table 2) compared to E. coli (0.0003 min™?,
Table 2), indicate a greater rate of physical retention. The 100-fold
higher values of the kg and kger (0.033 min™}) compared to the kg
and ke rates (0.0003 and 0.002 min~!) illustrate the dominance of
physiochemical mechanisms for E. coli [19]. The values of retention and

Table 1

Hydraulic properties of the wettable and water-repellent sand columns for dry
(Pulse I) and wet infiltration (Pulse II). K,: inversed saturated water content, A:
dispersivity, 0;,; immobile water content, a: mass transfer coefficient for Br
exchanged between mobile and immobile liquid regions. The data are the
average of the columns treated with E. coli and R. erythropolis. R? donates the
correlation between the observed Br~ break through curves and the fitted ones.

K 4 (em™) Oim (cm® a(cm™h) R?
(cm min™1) cm ™)

Wettable

sand

Pulse I 1.54 0.126 0.002 1.61 0.99
(£ 0.03) (£ 0.01) (£ 0.001) (+1.55)

Pulse II 1.20 0.095 0.014 0.09 0.98
(+ 0.09) (+0.03) (+0.02) (+£0.07)

Water repellent sand

Pulse I 0.43 0.912 0.001 0.029 0.98
(+ 0.05) (+0.28) (+0.001) (+£0.03)

Pulse I 0.37 0.08 0.01 0.12 0.66
(£ 0.01) (£ 0.04) (£ 0.02) (+0.08)
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release coefficients corresponded with Bai et al. [20] who explored
Klebsiella sp. and R. rhodochrous transport in fine (0.36 mm diameter and
porosity of 0.34 + 0.01) and coarse (0.90 mm diameter and porosity
0.45 + 0.01) sand columns in unsaturated flow condition.

In the wet infiltration pulse, the values of S;qx for both bacteria
(E. coli: 0.07 £+ 0.001, R. erythropolis: 0.03 + 0.01) decreased. This,
compared to the first pulse (E. coli 0.053 + 0.02, R. erythropolis 1.37
+ 1.83), demonstrated that initial dry conditions of porous media play
an important role in enhancing bacteria retention and an increase in
transition water can remobilize the retained/attached bacteria [6,32].
Given that the immobile solid phase (e.g., soil) could be much more
important than the air phase in determining colloid retention in unfa-
vorable conditions of unsaturated porous media [7,34]. Additionally,
Sepehrnia et al. [12] reported that hydrophobic potential energy for
E. coli and R. erythropolis attachment to the air-water interfaces only
becomes important at distances less than 0.2 and 2.2 nm, respectively.
Bai et al. [21] found no relationship between S;,,q, values and sand grain
size in unsaturated flow condition for Klebsiella sp. and R. rhodochrous.
Kasel et al. [35] reported that Spq. values decreased with increasing
grain size in saturated flow condition.

The data thus illustrated a greater rate of physical straining (kg
14.73 and ke 9.98min!) to physiochemical attachment (kg
0.61 min~! and kg 9.73 min~!) for hydrophilic E. coli, while hydro-
phobic R. erythropolis (with the smaller size) was very likely retained as a
result of physiochemical mechanisms (kg 14.23 min~! and kg
31.69 min 1) in the wetted-state condition. These results demonstrate
bacteria size and hydrophobicity effects for E. coli (2.05 um), and
R. erythropolis (1.47 um), such that a bigger in size may be trapped in
pores or clog the narrow pore spaces by the detachment from the grain
surfaces [35], while hydrophobicity promotes attachment to retention
sites [35]. This was also in agreement with mass balance data for those
bacteria reported by Sepehrnia et al. [11,12].

Overall, the results demonstrated that hydrophobic R. erythropolis
had greater affinity to get close to the grain surfaces of wettable sand
particles in dry conditions. Due to the higher retention sites in the first
pulse than the second pulse of the wettable sand (i.e., the higher Spax
values) the bacteria could overcome repulsive forces and attach to the
surfaces, likely causing straining by water films at very early time of
infiltration (see kg and ke values, Table 2). The latter can be ascer-
tained from the higher values of the coefficients for R. erythropolis if
compared with E. coli (Table 2) and the mass recovery reported by
Sepehrnia et al. [12]. After leaching, the importance of straining
decreased for R. erythropolis due to the increase of the water film
thicknesses in the second pulse. However, hydrophilic E. coli, with a
slightly greater size, had more complex behavior; on one hand, very
similar coefficient values for kg and kg (Table 2) showed overcoming
hydrophilic-hydrophilic repulsive forces (i.e., between bacteria and
wettable sand particles [12,35-37]) and approaching particle surfaces
due to the initial dry conditions. On the other hand, small values of
physical retention may indicate bacteria detached because they expe-
rienced higher hydrodynamic stresses [29,36,37].

For the water-repellent sand, the S, values for the dry infiltration
pulse were greater than the wet infiltration pulse, and those values for
E. coli were higher than R. erythropolis. In the wet infiltration pulse the
Smax values were similar for both bacteria. This potentially indicates a
greater probability of E. coli retention (Fig. 2c). The values of kg co-
efficients were higher than k. for both pulses (except for E. coli in the
second pulse), suggesting greater physical retention of bacteria in the
water-repellent sand compared to the wettable counterpart. By exten-
sion, in dry infiltration, E. coli had higher values of the kg, and k., rates
(1.20 and 0.01 min™Y) compared to the kg and kg rates (0.30 and
0.0004 min1). R. erythropolis had a similar trend, but the differences
were less (Table 3).

In the wet infiltration pulse, the data for R. erythropolis was un-
changed even with a higher kg and kyj. values than the earlier dry
infiltration pulse (Table 3), and E. coli showed a noticeable higher value
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Fig. 1. Bromide breakthrough curves through wettable (a and b) and water-repellent (c and d) sand columns. E1-E3, and R1-R3 refer to replicates for E. coli and

R. erythropolis, respectively.
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Table 2

Transport, retention and release parameters (maximum solid phase concentration of deposited bacteria Sy,qy, attachment coefficient k4, detachment coefficient kge,
straining coefficient kg, physical release coefficient k) fitted using the effluent and the deposition concentrations of E. coli and R. erythropolis for the wettable sand.

R? donates the correlation between the observed bacteria break through curves and the fitted ones.

Bacteria/parameter Smax Kate Kdet Kser Krele R?
Pulse I E. coli 0.053 0.033 0.033 0.0003 0.002 0.91
(+0.02)
(£ 0.001) (+ 0.003) (£ 0.0001) (+ 0.002) (+0.04)
R. erythropolis 1.37 0.37 1.83 4.15 3.69 0.96
(+1.83) (£ 0.08) (+0.47) (£ 0.89) (+0.76) (+0.04)
Pulse II E. coli 0.07 0.61 9.73 14.73 9.98 0.94
(£ 0.001) (£ 0.40)
(£ 0.41) (4 0.46) (+4.32) (+0.01)
R. erythropolis 0.03 14.23 31.69 2.82 1.41 0.96
(+0.01) (£ 1.52) (+ 6.60) (£0. 34) (£ 0.16) (£ 0.02)
Table 3

Transport, retention and release parameters (maximum solid phase concentration of deposited bacteria S, attachment coefficient k., detachment coefficient kg,
straining coefficient kg, physical release coefficient k) fitted using the effluent and the deposition concentrations of E. coli and R. erythropolis for the water-repellent
sand. R? donates the correlation between the observed bacteria break through curves and the fitted ones.

Bacteria/parameter Smax Kare Kdet Kser Krete R?
Pulse I E. coli 1.10 0.30 0.0004 1.20 0.01 0.78
(4 0.043) (+ 0.005) (£ 0.002) (£ 0.013) (4 0.0002) (4+0.03)
R. erythropolis 0.14 0.00003 0.032 0.27 0.06 0.78
(+0.25) (+ 0.00002) (£ 0.03) (£ 0.45) (£ 0.06) (+0.08)
Pulse I E. coli 0.01 0.62 0.64 0.37 1.51 0.80
(+ 0.002) (+0.164) (+1.10) (£ 0.04) (+1.57) (£ 0.06)
R. erythropolis 0.03 5.45 0.14 24.00 5.91 0.94
(4 0.002) (+ 5.00) (£0.11) (+1.73) (+0.19) (4 0.050)

for the krepe (1.51 min™1) but equal values for kg and kg, rates (0.62 and
0.64 min_l). The difficulties in characterizing a robust mechanism for
E. coli (also see dry infiltration Pulse I, wettable sand, Table 2), may
indicate a combination of mechanisms affect retention processes due to
the larger size and the initial dry condition of the columns. The data
illustrate that water film thicknesses increased very slowly in the water-
repellent sand columns and bacteria were highly retained in films
smaller than the bacteria diameter for a longer time (particularly in the
first pulse if compared with the wettable sand). The faster physical
release rate (kere: 5.91 min~Y) for R. erythropolis compared to E. coli
(1.5 min™Y) again illustrates bacteria size and thus demonstrates that
E. coli retention in the water films for longer times could increase the
probability of higher attachment to the particles (kqy: 0.62 min~1). The
latter was also supported by mass recovery information where only 15 %
of E. coli were recovered vs. 92 % for R. erythropolis [8]. Therefore E. coli

Table 4

experienced greater physical retention in the form of film straining than
physicochemical straining. The detachment coefficients also suggest
that E. coli experienced hydrodynamic stresses due to their larger size
[29,37], as described below. Such complex behavior of E. coli may also
indicate that in addition to hydrophobicity/hydrophilicity, bacteria
strains have various cell properties (e.g., flagella) that simultaneously
influence their fate [38]. Therefore, to reach global conclusions, future
studies should focus on various mutants of the same strain. For example,
Zheng et al. [38] reported that flagellar modifications affect Salmonella
enterica serovar Typhimurium transport and retention in different ways in
environmental conditions. One very promising technique is also
benefiting from DNA-based tracers recently studied by scholars [39,40].

The hydrodynamic (Thydrodynamic) and resisting (Tresisting) torques calculated for E. coli and R. erythropolis in several different sized capillary tubes for wettable and

water-repellent sands.

Wettable sand

Water-repellent sand

E. coli R. erythropolis E. coli R. erythropolis
Pore size (um) Thydrodynamic (NM) Thydrodynamic (NM) Pore size (pm) Thydrodynamic (NM) Thydrodynamic (NM)
0.1 -1.5 x 1071° -1.5 x 1071° 0.005 -2.58 x 10716 -1 % 10°
0.15 -1.4 x 10716 -1.4 x 1071¢ 0.01 2.6 x 10716 -1 %1071
0.3 -1.2x 10716 -1.2x1071° 0.014 2.6 x 1071¢ -1x1071°
0.75 43 x 107 4.3 %107 0.035 2.5 x 1071° -1 x 1071
1.5 8.28 x 10717 8.28 x 10717 0.07 2.4 x 10716 9.8 x107Y
3 3.34 x 1071° 3.34 x 107 1® 0.14 2.2x 1071 9x107Y
5 6.69 x 1071° 2.71 x 1071¢ 0.23 -2 x1071° 8 x 107V
15 2.34 x 1071° 9.5 x 10716 0.702 7.7 x 1077 -31x107Y
30 4.86 x 1071° 1.97 x 1071° 1.41 1.05 x 10716 4.25 x 10717
75 1.24 x 107 5.02 x 107'® 3.51 6.5 x 10716 2.63 x 1071¢
149 2.5 x 10714 1.01 x 107 7.02 1.56 x 10715 6.32 x 1071¢
299 5.01 x 1071 2.03 x 10714 14.1 3.38 x 107 1° 1.37 x 1071°
14,912 2.51 x 10712 1.02 x 10712 703 1.82x 10713 7.36 x 1071

Wettable sand Water-repellent sand

Trsisting (NM)
E. coli 1.99 x 10°1° 5.34 x 10”22
R. erythropolis 1.79 x 107%° 1.91 x 1072
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3.3. Impacts of hydrodynamic and resisting torques

Both bacteria experienced higher hydrodynamic torques in the
wettable sand columns compared to the water repellent sand (Table 4).
Negative hydrodynamic torques showed a broader range of pores in the
water-repellent sand compared to the wettable sand (Table 4). The
negative torques conceptually mean bacteria rotating clockwise in the
pores; however, the negative values occurred when pore radius was
smaller than the bacteria radius. This might indirectly illustrate that
either some pores were not big enough to pass bacteria, or bacteria were
transported due to their smaller dimensions.

To test this further, we compared bacteria and pore sizes. Both the
widths (E. coli: 1.2 um, R. erythropolis: 1.1 ym) and lengths (E. coli;
2.05 pm, R. erythropolis: 1.47 pm, [128]) of the bacteria were larger than
the pore sizes where the hydrodynamic torques were negative (Table 4).
The negative values thus show the inactive torques in the pores, rather
than the bacteria dimension impacts. In negative torque ranges, one of
the interesting results was a greater contribution of the water-repellent
sand pores compared to wettable sand pores. This is coincident with the
nature of water repellency, because it can impede water flow (e.g., low
Ks values, Table 1) through soil in unsaturated conditions. Therefore,
those pores were probably inactive in bacterial transport. Such pore
range sizes (2.5-100 um) were also evaluated by [29] to calculate hy-
drodynamic and resisting torques.

The Thydrodynamic Was greater than Tresisting in all cases (Table 4). This
showed that bacteria detachment is possible in both wettable and water
repellent sand columns. In the wettable sand columns where the bacteria
attachment conditions were unfavorable (high electrostatic repulsive
forces; [281), Thydrodynamic resulted in enhanced detachment and thus
drainage (kg in Table 2 vs. Table 3). Thydrodynamic acted more on E. coli
compared to R. erythropolis in both systems (Table 4), however, Tyy.
drodynamic could also cause increased bacteria retention (Fig. 2a-b vs.
Fig. 2c-d) by forcing bacteria into regions where water velocity was
slow, and probably water-air interfaces were still present [6,9]. The
latter may be more possible for E. coli in the water-repellent sand col-
umns, because they may remain unsaturated for a longer time compared
to the wettable counterpart due to persistence of water repellency
(Fig. 2d).

3.4. Capillary potential forces and water film thinning

Dry infiltration followed by imbibition and drainage cycles could
confront bacteria with trapping in water films at very early times
(imbibition) and at the later times (drainage) (graphical abstract).
Therefore, one plausible retention mechanism for bacteria in our
experimental conditions was capillary potential forces in which bacteria
could be retained within the thin water films (Fig. 3). Capillary energy
potential profiles of E. coli and R. erythropolis were thus calculated as a
function of the distance protruded for both bacteria within the thin
water film. This energy is highly dependent on protrusion distance [21].
For distances less than 395 nm, the capillary potential energy for E. coli
was less than for R. erythropolis for the same distance of protrusion
through the water films (Fig. 3a). However, this was reversed in ten-
dency for distances greater than 395 nm, where hydrophilic E. coli had a
higher capillary energy potential than hydrophobic R. erythropolis.
Furthermore, evaluation of the energy profile showed that the
water-repellent sand had considerable capillary potential energy for a
longer distance (12.8 nm) in comparison to the wettable sand (0.16 nm)
(Fig. 3b). The data correspond with previous studies [20], including
similar results found for Klebsiella sp. and R. rhodochrous but for dis-
tances less than 500 nm [20].

The capillary potential energy profiles of bacteria and sand indicate
favorable retention conditions for bacteria in water-repellent sand col-
umns compared to wettable counterparts. Moreover, smaller, hydro-
phobic R. erythropolis were more readily trapped in water films, but also
released at greater concentrations more rapidly. Larger hydrophilic
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Fig. 3. Calculated capillary and hydrophobic potential energy profiles as a
function of the distance protruded for E. coli and R. erythropolis retained within
the thin water films (a) and for the wettable and water-repellent sand
media (b).

E. coli, on the other hand, could be firmly retained for long distances and
times. The distances (> 400nm for E. coli and > 600 nm for
R. erythropolis) may describe the higher retention of E. coli and propor-
tionally greater release of R. erythropolis in the experiments (Fig. 2c-d).
Colloids attach to the collector surfaces mobilized by the strong capillary
forces induced by the moving gas-water interface and transport along
with the interface [34]. However, hydrophilic colloids compared to the
hydrophobic ones redeposit on gas-water-solid interfaces or thin water
films because of their greater capillary potential [34,36]. Pan et al. [40,
41] found the short-range hydrophobic force is responsible for rupturing
wetting films formed on a hydrophobic surface (CA: 81°), while the
long-range hydrophobic force is responsible for accelerated film thin-
ning that coincides with R. erythropolis release and E. coli retention in our
experiments, respectively. The results demonstrate considerable reten-
tion of E. coli observed in the water-repellent columns (Fig. 2c-d vs.
2a-b), which was also supported by HYDRUS simulations discussed
earlier.

4. Conclusion

A leaching experiment and inverse modeling were undertaken to
illustrate the dominant retention mechanisms of hydrophilic E. coli and
hydrophobic R. erythropolis under contrasting hydraulic and wettability
conditions. To better isolate the effects of straining and attachment,
analysis of torques and capillary potential energy for film straining were
performed. The results robustly illustrated the effects of porous media
wettability, and the contrasting water conditions (air-dried and
respective wetted-state infiltration) on Br~ transport. A smaller hy-
draulic conductivity, a greater Br~ dispersivity, and a smaller rate of
mass transfer between mobile and immobile zones were found in Br~
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data in dry infiltration of water into the water-repellent sand compared
to a wettable sand counterpart.

The dominant bacteria retention process was distinct between a first
dry infiltration pulse and subsequent wet infiltration pulse in the
wettable sand. The data illustrated attachment for E. coli and straining
for R. erythropolis in dry infiltration; however, the exact opposite
mechanism was found for the strains in subsequent wet infiltration. The
main mechanism of water-repellent sand for bacteria retention was
straining, with a considerable mass retention for E. coli compared to
R. erythropolis. Hydrodynamic torque acted on and detached bacteria;
however, water-repellency provided favorable interfaces with interac-
tion capillary energies to retain E. coli and R. erythropolis in the form of
film straining at very early stages of imbibition and at later periods of
drainage.
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