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Transport of bacterial cell (E. coli) from different recharge
water resources in porous media during simulated artificial

groundwater recharge
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1 Introduction

Artificial groundwater recharge (AGR) is a promising
method for the addition of water to aquifers for various
purposes such as short-term storage, wastewater recovery,
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H I G H L I G H T S

•The recharge pond dwelling process induced
changes in cell properties.

•Cell properties and solution chemistry exerted
confounding effect on cell transport.

•E. coli cells within different recharge water
displayed different spreading risks.
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G R A P H I C A B S T R A C T

A B S T R A C T

Commonly used recharge water resources for artificial groundwater recharge (AGR) such as secondary
effluent (SE), river water and rainfall, are all oligotrophic, with low ionic strengths and different
cationic compositions. The dwelling process in recharge pond imposed physiologic stress on
Escherichia coli (E. coli) cells, in all three types of investigated recharge water resources and the
cultivation of E. coli under varying recharge water conditions, induced changes in cell properties.
During adaptation to the recharge water environment, the zeta potential of cells became more negative,
the hydrodynamic diameters, extracellular polymeric substances content and surface hydrophobicity
decreased, while the cellular outer membrane protein profiles became more diverse. The mobility of
cells altered in accordance with changes in these cell properties. The E. coli cells in rainfall recharge
water displayed the highest mobility (least retention), followed by cells in river water and finally SE
cells, which had the lowest mobility. Simulated column experiments and quantitative modeling
confirmed that the cellular properties, driven by the physiologic state of cells in different recharge
water matrices and the solution chemistry, exerted synergistic effects on cell transport behavior. The
findings of this study contribute to an improved understanding of E. coli transport in actual AGR
scenarios and prediction of spreading risk in different recharge water sources.
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improving water quality, depleted aquifer recharge, or the
prevention of saline intrusion and ground subsidence
(Bouwer, 2002; Zhu et al., 2019). AGR can be performed
using a variety of water types including river water, storm
water and treated sewage, such as secondary effluent (SE)
(Dillon, 2005). While AGR offers significant potential
benefits, the risk of migration of percolated exogenous
contaminants from recharge wells or spreading ponds,
presents the possibility of groundwater quality deteriora-
tion (Asanoa and Cotruvo, 2004). One particular concern
associated with the safety of AGR is the risk of
contamination with pathogenic microorganisms (e.g.,
coliforms), especially in scenarios involving recharge
with raw water, wastewater or low level treated sewage
(Levantesi et al., 2010) where E. coli is often detected at
high concentrations (Amimi et al., 2014; Lopez-Galvez
et al., 2016; Zhu et al., 2019). Considering the potentially
widespread occurrence of E. coli and its use as a
representative indicator of the microbial quality of water
(Chen et al., 2018; Sherchan et al., 2018), a thorough
understanding of the behavior of E. coli during seepage, is
important to assess the environmental risks of AGR.
Previous bacterial transport studies have commonly

considered specific environmental factors under controlled
simulated conditions, using artificial controlled back-
ground solutions; and there have also been several studies
investigating the transport and survival of microbes under
natural conditions in field scale assessments (Foppen and
Schijven, 2006; Pachepsky and Shelton, 2011; Dwivedi
et al., 2013). These studies have revealed the bacterial
retention mechanisms, including attachment to sand
surfaces (saturated) or the three-phase interface (unsatu-
rated), filtration through small pore channels or intercep-
tion in water films (Engström et al., 2015; Madumathi,
2017). The specific effect of typical environmental
variation on microbial transport in porous media has
been clarified and colloid filtration theory has commonly
been used to explain their transport and retention
mechanism (Goldberg et al., 2014). It has been reported
that the migration and deposition of viruses and bacteria in
porous media occur as a function of hydrodynamic
conditions, solution chemistry, surface properties of cells
and sand, and concomitant organics/particles (Tong et al.,
2010; Cai et al., 2013; Bradford et al., 2015). There is
significant variation in the physicochemical conditions
(such as pH, ionic strength (IS)) and coexisting dissolved
organic matter of recharge resources in AGR such as
rainfall, river water and SE. Therefore, the transport
variability of bacteria in different real recharge water
matrices from practical AGR applications needs to be fully
elucidated by horizontal comparison, to assess the
spreading risk of bacteria under different recharge
scenarios.
In addition, the dwelling time of recharge water

containing E. coli in the spreading pond, can range from
several hours to days before cells enter the seepage zone

(Kallali et al., 2013), allowing the onset of antecedent
growth processes in E. coli when present in oligotrophic
recharge ponds. As bacterial adhesion is related to the cells
physiologic status and cell surface properties (Hori and
Matsumoto, 2010; Mauter et al., 2013), the influence of
this proposed antecedent growth scenario on E. coli
transport during recharge water seepage is of critical
importance. However, research on this mechanism under
real-world AGR conditions has been largely neglected.
Therefore, the objectives of this study were to (1) establish
how the antecedent growth process alters characteristics of
E. coli under environmentally realistic conditions; and
(2) examine the transport behavior of E. coli through
saturated porous media with different real recharge water
types (rainfall, river water and SE), Simulated column
experiments were performed to assess the transport
behavior of E. coli based on breakthrough curves (BTCs)
and retention profiles. Cell surface characterization,
particle interaction calculations and transport numerical
modeling were performed to provide detailed insights into
the mechanisms of cellular transport and retention.

2 Materials and methods

2.1 Porous medium

Quartz sand (Sinopharm Chemical Reagent, China) sieved
into 0.36–0.50 mm size particles was selected to simulate
sand medium in the AGR system, with the average
diameter being around 0.44 mm. Sand grains were angular
shaped and were mainly composed of Si (37.85%) and O
(62.15%) (FEI Co., Hillsboro, OR, USA) (See Fig. S1 in
Supplementary Material). Sand particles were sequentially
cleaned using tap water, 10% nitric acid (v:v) and
deionized (DI) water, to remove impurities and obtain
stabilized chemical properties. Then the material was dried
at 80°C and sterilized by ultraviolet treatment (Wang et al.,
2018).

2.2 Recharge water resources

Three types of recharge water were selected for investiga-
tion, rainfall, surface water from Yitong River and SE from
a wastewater treatment plant (WWTP) in Changchun, Jilin
Province in July 2018. To avoid biological interference in
subsequent experiments, all water samples were filtered
twice through filter membranes (0.22 μm) (MSM2008,
Mosu Company, China) to remove suspended matters
(including microbes) from samples. The main properties of
the recharge water samples are presented in Fig. 1, which
are similar to those reported by Wang (2012). The pH
values of the three types of recharge water were in the
range of 7.05–7.68. The TOC and COD values were
0.28�0.04 and 2.47�0.13 mg/L for rainfall, 5.25�0.68
and 10.37�0.71 mg/L for river water, and 7.53�1.02 and

2 Front. Environ. Sci. Eng. 2020, 14(4): 63



18.43�0.83 mg/L for SE. The corresponding average IS
values were calculated to be 0.35, 4.87 and 7.66 mM using
the method described in Jalšenjak (2006). Three-dimen-
sional excitation-emission matrix (3DEEM) analysis was
employed to evaluate the fluorescence properties and the
structure of dissolved organic matter in different recharge
water matrices, at excitation wavelengths from 220 to
450 nm and emission wavelengths from 280 to 550 nm, at
5 nm intervals (LS-55, PerkinElmer, USA) (Chen et al.,
2003; Hao et al., 2012). Detailed analyses of the 3DEEM
speactra and fluorescence regional integration (FRI) are
outlined in S1 in the Supplementary Material. As shown in
Fig. 1, the distribution of fluorescence intensity varied
notably across the three types of recharge water assessed.
When E. coli cells dwell and grow in recharge ponds
containing recharge water, the different physiologic
responses observed are likely to be induced by the
different levels of nutrient deprivation in different recharge
water resources.

2.3 Strain and culturing methods

E. coli (ATCC25922) colonies were inoculated into 20 mL
of Luria-Bertani (LB) medium (Sigma, Shanghai) and
shaken at 150 r/min and 37°C for 6 h. Then the cells
suspension at a volume ratio of 1:100 was incubated in LB
medium for 16 h at 37°C. The cells were harvested by
centrifugation (4000 � g, 10 min) and washed twice with
sterilized DI water for complete removal of the LB
medium prior to further analyses. Washed cells were then
resuspended in DI water to obtain a concentration of 0.34–
3.60 � 108 CFU/mL, as determined by optical density
(OD600) (UNICO 2800UV/VIS, USA) and confirmed by
plate count analysis. The growth curve of E. coli is shown
in Fig. S2. The standard curve of OD600 value and
concentration of E. coli cells, as confirmed by plate counts,
is shown in Fig. S3.
To study the influence of cell stagnation in recharge

ponds/basins prior to infiltration, antecedent growth was

Fig. 1 Water quality parameters of the three types of recharge water and their 3DEEM spectra.
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simulated for E. coli in recharge ponds, by suspending
washed cells in recharge water solutions (rainfall, river
water or SE) and incubating the solutions for 50 h.
Following this, E. coli cells were used for characterization
and transport experiments. The duration of 50 h was
selected for simulated wet–dry cycle models of AGR
operation, as the duration of wetting cycles is usually 1–
3 days and the following drying cycles can also last several
days (Ma et al., 1997; Karimi et al., 1998; Kallali et al.,
2013). Therefore, 50 h cycles are equivalent to an
approximate 2 day hydraulic retention period for bacteria
in recharge ponds before infiltration, which is similar to
previously reported real-world scenarios (Ma and Spald-
ing, 1997; Karimi et al., 1998). An overview of the
conceptual model is provided in Fig. 2.

2.4 Sand and bacterial characterization

Scanning electron microscopy (SEM) (XL30-ESEM,
USA) was employed to observe the morphology of sand
grains and E. coli cells, while their electrokinetic properties
were measured using a zeta-potential tester (Nano-ZS,
Malvern Instruments, UK). The hydrophobicity of E. coli
cells was inferred from water contact angle measurement
(OCA-20, DataPhysics Instruments, Germany). The cation
exchange resin (CER) method was used to extract
extracellular polymeric substances (EPS) of E. coli cells,

which were quantified as the sum of total proteins and
polysaccharides concentrations (Li et al., 2018). The
concentrations of polysaccharides and proteins (mg/g
cells) in EPS, were measured using the phenol-sulfuric
acid method and the Bradford method, respectively (Li
et al., 2018). In addition to the EPS content, outer
membrane proteins (OMPs) have been reported to
influence bacterial adhesion by altering cell surface
properties (e.g., hydrophobicity). Many bacteria exhibit
coordinated protective mechanisms to overcome these
stresses and it is believed that the acquisition of cross
protection during starvation is accomplished by the
expression of starvation-stress proteins (Chourabi et al.,
2017). In the present study, OMPs were extracted from
E. coli cells and profiled using sodium dodecyl-sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), pre- and
post-cultivation in recharge water solutions. The detailed
procedure is outlined in S2 in Supplementary Material. The
functional groups in E. coli extracellular macromolecules
were characterized by Fourier transform infrared spectro-
scopy (FTIR) (Nicolet 6700 FTIR spectrometer, Thermo
Fisher, USA).

2.5 Column experiments

Clean sand grains were wet-packed into acrylic columns
(2.3 cm diameter and 11.3 cm height) to simulate the

Fig. 2 The conceptual model and experimental design used in this study.
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saturated seepage zone in an AGR system. The dimensions
of the column used here were based on the column setup in
several previous reports (Wang et al. 2012; Bradford et al.
2015; Banzhaf and Hebig, 2016; Chen et al. 2018; Ye et al.
2019). The acrylic columns were disinfected by ozonation
for 20 min prior to transport experiments. The porosity of
the packed column was 1.58�0.04 g/cm3. All column
experiments were performed in up-flow mode for saturated
condition control at a stable flow rate of 2.80 mL/min using
a peristaltic pump at 19.21�2.78°C, with duplicate
analysis performed to verify the criterion of repeatability.
To examine the influence of antecedent growth on the

physiologic states of E. coli cells in different recharge
water resources, and the influence on cell transport, seven
sets of experiments were performed (Table 1). Before
E. coli suspensions were injected into the sand column,
each column was flushed with the background electrolyte
solution for 15 pore volumes (PVs) to achieve full
equilibration. Then 4 PVs of E. coli suspension (C0 = 2
� 108 CFU/mL) in the same background electrolyte
composition were injected into the column (phase 1),
followed by elution with the E. coli-free background
electrolyte solution (~6 PVs) (phase 2). Effluent samples
were collected every 2 min using a fraction collector (CBS-
A 100, Huxi Company, China) to allow analysis of E. coli
cell concentrations via the plate count method. Br- was
added to suspensions as a non-sorbing tracer, to track the
breakthrough flow through soil columns and to estimate
the hydraulic dispersion coefficient (D). The OD600 of the
influent samples remained nearly constant (0.43�0.03)
during transport experiments, indicating that the inflow
boundary conditions were stable. After phase 2, the
columns were destructively sampled to measure the
amount of microbial deposition in the packed sand. The
cell number desorbed per gram of sand in each 1 cm
section, was normalized to the total cell number injected at
phase 1 and the distribution along the column was
demonstrated as the retention profile (1/g (%)) (Li et al.,
2018). The total effluent mass retention ratio (Rr) was
calculated by integrating the BTCs based upon the
specified mass input of E. coli cells.

2.6 Interaction energy calculation and transport modeling

The cells-sand particles interaction energies were exam-
ined under different solution conditions, according to the
extended Derjaguin Landau Verwey Overbeek (XDLVO)
theory (Li et al., 2018; Yan et al., 2019). Detailed
information on XDLVO calculations is provided in S3 in
Supplementary Material. One dimensional advection-
dispersion-retention equations were used to describe the
transport process of E. coli cells in the saturated sand
columns (Fan et al., 2015; Chu et al., 2019). This model
can describe multiple mechanisms of cells transport,
including advection, dispersion, straining, blocking and
attachment/detachment (Bradford et al., 2003; Zhou et al.,
2016), which are described in S4 in Supplementary
Material.

3 Results and discussion

3.1 Cell morphology and electro-kinetic properties

During the 50 h cultivation period, E. coli cell populations
did not vary obviously with cultivation time under all
conditions investigated and OD600 values remained
constant at around 0.55–0.65 (Fig. 3). Therefore, although
cells survived for 50 h, they did not multiply massively in
oligotrophic recharge water solutions. The morphological
alterations of E. coli after growth in the three types of
recharged water are shown in Fig. 3. SEM imaging showed
that E. coli cells maintained their rod shape under all
conditions. A considerable increase was observed in the
apparent roughness of the outer surface of cells, with
clearly visible wrinkles, which may be due to the tendency
for bacteria to enlarge their specific surface area as a
starvation response so that the nutrients can be transported
into cells with minimum energy consumption (Sanin et al.,
2003). The initial hydrodynamic diameter of E. coli cells
ranged from 1.48 to 1.49 μm and decreased to 1.08–
1.25 μm after starvation. The final average cell diameters
after 50 h in various recharge water resources, were ranked

Table 1 Operational conditions for all column experiments

Expt. No. Medium 1 Medium 2 IS (mM) n (–) D (cm2/min)

1 LB broth DI water 0 0.414 0.220

2 SE DI water 0 0.423 0.298

3 River water DI water 0 0.424 0.252

4 Rainfall DI water 0 0.415 0.285

5 SE SE 7.66 0.422 0.269

6 River water Surface water 4.87 0.421 0.225

7 Rainfall Rainfall 0.35 0.424 0.260

Note: Medium 1 was used for antecedent cultivation prior to transport column experiments, while medium 2 was applied as the background electrolyte solution in
transport column experiments. IS was the ionic strength of medium 2.
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in the descending order of SE (1.25�0.04 μm)>river water
(1.14�0.12 μm)>rain fall (1.08�0.15 μm). Although only
slight differences were observed, the order was consistent
in all duplicated experiments. Considering that this
intensity-weighted hydrodynamic diameter is relevant to
the Brownian motion of suspended particles in liquid
solutions (Ishii et al., 2010), these results indicate that the
stability of cell suspensions increases in the sequence
SE< river water< rainfall. Therefore, E. coli cells in SE
should be the most aggressive to induce coagulation and
deposition in the aquatic environment. Cell stability was
further illustrated by the surface electrical properties of
cells (Fig. 3). The zeta potential values of cells after 50 h of
cultivation in SE, river water and rainfall were –21.4
�3.95, –23.2�4.27 and –27.3�4.31 mV, respectively.
After transferring the cells from LB medium or three

recharge water types into DI water, the zeta potentials were
–14.63�0.58, –23.3�3.4, –24.3�4.33 and –31.2�4.53
mV, respectively. The zeta potentials of sand particles were
–18.7�0.96, –20.8�0.61, –24.9�0.74 and –32.0�1.2 mV
in SE, river water, rainfall and DI water, respectively. Both
the E. coli cells and sand particles were negatively charged,
with the electronegative cell surfaces attributed to
deprotonation of the O-functional groups, while electro-
negativity in quartz sand was due to dissociation of protons
from silanol groups (i.e. SiOH) (Fan et al., 2015; Li et al.,
2018). Although only slight change in zeta potential was
observed among all experimental conditions, both the sand
particles and cells were more electronegative in rainfall
followed by river water and least electronegative in SE,
showing good consistency in all water resources (Fig. 3).
Zeta potential is considered to be affected by solution pH,

Fig. 3 Variation in OD600 and hydraulic dynamic diameter during the cultivation of E. coli in different recharge water resources, zeta
potential of cells and sand particles, and SEM images of the cells pre- (LB medium) and post-cultivation for 50 h, under starvation
conditions.
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especially the concentration of counter-ions and coexisting
organics (Fan et al., 2015). The pH variation range was
relatively small in this study (7.05–7.68) and thus the
influence of pH on the variation of zeta potential is quite
low for the same IS (Walczak et al., 2012). Therefore, the
difference in zeta potential in different water solutions
observed in the present study could be attributed to
compression of diffuse double layers around charged
surfaces, due to the increased IS and charge neutrality
because of coexisting cations (Fan et al., 2015). Further-
more, the zeta potential of colloid is more negative with
increasing concentrations of coexisting organics (e.g.,
humic acid and fulvic acid) (Wang et al., 2012). As the
content of organics detected in the recharge water was
ranked in the descending order of SE>river water>rain-
fall, the influence of IS and cations on zeta potential was
partly counterbalanced by the organics. Therefore, the
differences in zeta potential were insignificant among all
experimental conditions. The negative zeta potentials of
the cells and sand particles result in strong repulsive
electrostatic interactions, creating an unfavorable deposi-
tion interface between them.

3.2 Characterization of EPS and surface hydrophobicity

The results of EPS analysis using the CER method are
shown in Fig. 4. The contents of proteins and polysacchar-
ides, for E. coli cells in LB medium before cultivation in
the three recharge water solutions were 77.95�3.65 and
14.41�0.18 μg/mg, respectively. E. coli cells cultivated in

SE, river water and rainfall for 50 h, displayed protein
contents of 43.01�4.51, 40.32�1.47, and 37.01�1.49 and
carbohydrate contents of 12.68�0.61, 7.86�0.61, and
5.39�0.52 μg/mg, respectively. Therefore, the EPS of
E. coli consisted mostly of proteins and the total EPS mass
decreased sharply after starvation in recharge water
solutions. Although the differences in EPS contents in
different recharge water were not significant, the concen-
trations of both proteins and polysaccharides consistently
followed the descending order of SE>river water>rainfall.
The key functions of EPS comprise mediation of the initial
attachment of cells to different substrata and protection of
cells against environmental stress. If E. coli cells are unable
to obtain enough external carbon/energy sources, EPS can
be consumed. This may account for the decline in EPS in
recharge water with a low DOC (0.28–7.53 mg/L). It has
previously been reported that the presence of EPS on cell
surfaces enhances cell deposition on silica surfaces, as
compared to bio-particles with lower EPS contents (Tong
et al., 2010; Lin et al., 2017). Therefore, the most severe
retention of E. coli in sand columns would be induced by
SE containing the maximum observed EPS concentrations.
The contents of proteins in total EPS mass in the three

cultivation regimes were 43.01�4.51 in SE, 40.32�1.47 in
river water and 37.01�1.49 μg/mg in rainfall. Several
previous studies have reported that proteins were the key
hydrophobic constituents of EPS, with cell hydrophobicity
increasing according to the protein content (Liu and Fang,
2003; Li et al., 2018). This theory was verified by the
contact angle results in the present study. The contact

Fig. 4 EPS compositions, contact angles and OMP profiles for E. coli cells cultivated in different media (LB, SE, river water and
rainfall).
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angles (water phase) of E. coli cells cultivated in SE, river
water and rainfall were 41.0°, 36.6° and 30.0°, respec-
tively. Cells cultured in SE contained the largest amount of
EPS and proteins, resulting in the highest hydrophobicity
of all conditions assessed. Conflicting reports have shown
that starvation can increase or decrease bacterial surface
hydrophobicity, with both scenarios being ecologically
viable (Liu and Fang, 2003; Li et al., 2018). In the present
study, cell hydrophobicity decreased after starvation under
all conditions, compared with the initial contact angle of
47.8° for cells cultivated in LB medium. Higher cell
hydrophobicity could result in an increased affinity with
the solid phase and relatively high attachment coefficient at
the interface. This effect of hydrophobicity on bacterial
adhesion can be explained by the decrease in surface free
energy, in accordance with increasing hydrophobicity
(Huang and Nitin, 2017). Therefore, cells with higher
hydrophobicity exhibit a higher adsorption energy and
ability to attach on sand surfaces.
The change in surface properties could also be attributed

to the expression of coordinated protective bacterial
mechanisms, to overcome multiple physical stresses. It
has been previously reported that self-protection responses
to starvation, are accomplished by the expression of
starvation-stress proteins (Chourabi et al., 2017). In the
present study, changes in cell surface proteins were
examined by SDS-PAGE before starvation (cultivated in
LB for 16 h) and after 50 h of cultivation in three types of
recharge water, under starvation conditions. The major cell
surface protein present under standard growth conditions
(LB) was 35 kDa in size, with cells in recharge water
maintaining this initial OMP. As shown in Fig. 4, the
formation of new proteins occurred under all starvation
condition regimes. For example, new bands were observed
with sizes of 45, 70, 100 and 170 kDa in the OMP profiles
(Fig. 4). Similar patterns were observed in all water
resource scenarios, while the OMP of cells in SE were the
most diverse, followed by those in river water and finally,
rainfall. Although definitive conclusions cannot be drawn
on whether the patterns of OMP changes can explain the
variations in EPS, electrokinetic properties and hydro-
phobicity, alterations in OMP profiles were observed and
the differences were significant. Sometimes, OMP profil-
ing data are easier to interpret after long-term starvation, as
the expression of these proteins is increased (Castellanos
et al., 2000).

3.3 Influence of different cultivation regimes on transport of
E. coli in DI water

The BTCs from experiments 1-4 are shown as normalized
C/C0~PV curves in Fig. 5. In experiments 1–4, the E. coli
cells cultivated from LB, SE, river water and rainfall were
washed and resuspended in DI water, before being fed into
the sand columns. As the IS was maintained at a constant
level by using DI water as the background solution, the

influence of surface characteristics on cell transport could
be specifically investigated. The maximum C/C0

((C/C0)max) values observed in experiments were
0.95 (rainfall-cells), 0.86 (river water-cells) and
0.82 (SE-cells). Since almost no cells were detected in
effluents after 8 PVs, the calculated Rr values were
expected to be reliable and were equal to 1.79% in rainfall-
cells, 8.75% in river water-cells and 11.01% in SE-cells
(Fig. 5). In contrast, the (C/C0)max and Rr were 0.75 and
25.09% for LB-cells, respectively. This trend is in
agreement with the aforementioned examination of surface
characteristics. E. coli cells with larger hydraulic dynamic
diameters, higher amounts of EPS and stronger hydro-
phobicity, displayed more severe retention within the sand
column. The Rr of SE-cells was 9.22% greater than that of
rainfall-cells and 14.08% less than that of LB-cells. Taken
together, antecedent growth of E. coli in insufficient
nutrient recharge pond environments before infiltration,
resulted in cell starvation and changed the physiologic
state of cells, increasing their mobility in porous media.
The dashed lines in Fig. 5 indicate the model fitting results,
exhibiting a reasonable fit for all experimental BTCs
(R2>0.95). The kdet values in all experiments were less
than 0.001 and were far below the equivalent katt values. In
addition, no tailing was observed in any BTCs, indicating
that the remobilization of previously deposited cells was
insignificant. In experiments 1–4, the average katt values
were 0.316, 0.189, 0.163 and 0.092 min–1 for LB-cells, SE-
cells, river water-cells and rainfall-cells, respectively. This
modeling result was in agreement with the (C/C0)max and
Rr values, as well as being consistent with the results of
surface properties analyses.

3.4 Transport of E. coli during AGR with the three types of
recharge water

The BTCs of E. coli cells in experiments 5–7 are shown in
Fig. 6. In these experiments, E. coli cells were cultivated in
SE, river water and rainfall for 50 h before suspensions
were fed into the columns. After long-term operation of
AGR systems, the hydro-chemical conditions in recharge
basins/ponds and the seepage zone were highly similar.
Therefore, the same conditions were maintained for
medium 1 and medium 2 (Table 1) to simulate the actual
situation in field AGR sites. The (C/C0)max was 0.94 in
rainfall, 0.84 in river water and 0.72 in SE, while the Rr

values were 2.70%, 10.38% and 16.93%, respectively. The
corresponding katt values were 0.078, 0.149 and 0.286,
respectively. The E. coli cells in rainfall displayed the
highest mobility, followed by river water and finally SE,
showing the lowest mobility. These findings show a
reverse trend to the pattern of IS for the three types of
recharge water. Cells in SE with the higher IS and cation
concentrations (e.g., Ca2+, Mg2+ in Fig. 1) displayed the
most severe retention in the column. These findings also
conform to the electrical double layer compression effect
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induced by increasing the IS (Fan et al., 2015; Ye et al.,
2019). The compression of diffuse double layers could
result in a reduction in repulsive forces between cells and
sand particles. It was also observed that there were several
types of coexisting divalent cations in recharge water,
which can usually be bound by carboxylic or hydroxyl
groups on the cell surface, forming bridges that can
enhance cell aggregation. However, slight variation in the
hydrodynamic diameter of cells in different recharge
waters (section 3.1) indicated that cationic bridging is
not the dominant retention mechanism.
Unlike the relatively high IS (10 to 1000 mM)

conditions reported in previous studies (Yang et al.,
2013; Zhou et al., 2016; Ye et al., 2019), the IS of different
recharge water resources determined in the present study
only varied from 0.35 to 7.66 mM, which is typical for
freshwater conditions in actual AGR systems. According
to the aforementioned results, if recharge water is mixed
with rainfall or river water, the mobility of E. coli cells is
greater, presenting a higher risk of potential contamination
of underlying groundwater with pathogenic microbes. In
contrast, the retention of E. coli cells is significantly
improved in AGR with SE. This results in accumulation of
cells in porous media and damage to the sand matrix

(clogging), creating a potential hotspot for pollutant release
(Perujo et al., 2019). In addition, the influence of IS in
these experiments implies that the trapped E. coli cells
could be re-released from the sand matrix after dilution
events, such as elution by rainfall with a lower IS (Zhu et
al., 2019), resulting in a concentrated pulse of E. coli cells
being released.

3.5 E. coli transport and deposition mechanisms during the
simulated AGR process

All BTCs in this study showed some retention in
breakthrough compared to the tracer Br– with the possible
mechanisms including straining, blocking and attachment/
detachment. As the diameter ratios of E. coli cells to sand
particles are within the range of 0.002–0.003, straining is
unlikely to occur as the ratios are less than the threshold
values (0.005 and 0.008) proposed by previous studies (Xu
et al., 2006; Johnson et al., 2007). This theory is also
supported by the non-hyperexponential distribution of
retained cells along the column (Figs. 5(b) and 6(b)).
Therefore, straining is not likely to be significant to the
retention mechanism. Blocking usually results in pre-
viously deposited cells hindering subsequent deposition,

Fig. 5 Breakthrough curves (a) and retention profiles (b) for E. coli cells cultivated in different media (LB, SE, river water and rainfall),
with distilled-deionized water used as the background electrolyte solution (Experiments No. 1–4).

Wei Fan et al. Transport of E. coli during artificial groundwater recharge 9



causing a continual increase in cell concentrations in the
effluent. However, all BTCs exhibited mostly symmetric
curves which flattened after 2.86 PVs, implying the
absence of blocking effects in this study.
As shown in section 3.1, under all experimental

conditions in this study unfavorable deposition interfaces
were formed between the electronegative E. coli cells and
sand particles. The calculations based on XDLVO theory
predicted the presence of substantial repulsive energy
barriers greater than 6000 kBT under all scenarios, making
it difficult for cells to overcome the energy barrier and
deposit on sand particle surfaces at the primary energy
minimum. Taking the results of experiments 5–7 as
examples (Fig. 7), inspection of the contributions of
VDW, EDL and AB forces indicated that the strong
repulsive AB force was significantly higher than the
generally repulsive EDL force and was primarily respon-
sible for the magnitude of the energy barrier at short
distances. However, a secondary energy minimum (Φmin)
existed at distances greater than the repulsive barrier in all
XDLVO curves. The depths of the Φmin were –4.16 �
10–5kBT at 82 nm in rainfall, –4.83 � 10–5kBT at 78 nm in
river water and –8.75 � 10–5kBT at 61 nm in SE. The

secondary energy minimum was attributed to the negative
LW force, which was 1–3 orders of magnitude greater than
the EDL force. The AB force decreased sharply with
increasing distance and therefore, exerted an insignificant
impact on the Φmin. Higher (or deeper) Φmin values have
been reported to increase deposition, probability at the
secondary minimum where favorable deposition condi-
tions are represented (Hori and Matsumoto, 2010). There-
fore E. coli cells within SE are the most likely to deposit on
the sand surface, which is in good agreement with the
experimental results of the present study.
Although the apparent zeta potential of both particles

was negative, positive sites remain on their surfaces due to
surface charge heterogeneities, which may create locally
favorable retention sites. The surface charge heterogeneity
of mineral grains has been used to explain the weak
retention of nanoparticles in soil column under low IS
conditions (Ollivier et al., 2018). Furthermore, several
different types of charged functional groups are present in
the EPS of E.coli, such as hydroxyl, carboxyl, amide and
aldehyde groups (Lu et al., 2011). Additionally, as the main
component of EPS in this study, proteins usually contain
positive functional groups (e.g., amino groups). This was

Fig. 6 Breakthrough curves (a) and retention profiles (b) for E. coli cells cultivated in different media (SE, river water and rainfall), with
the equivalent medium subsequently used as the background electrolyte solution in columns (Experiments No. 5–7).
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verified by FTIR analysis of E.coli cells cultivated in LB
medium, as shown in Fig. S4. The bands observed at 1636
cm–1, 1541 cm–1 and 1219 cm–1 were attributed to amide I,
amide II and amide III vibration in proteins, respectively.
These positive charged amino groups can provide favor-
able deposition sites for negative sand particles and can
neutralize the negative charges of carboxyl and phosphate
groups, decreasing the net negative surface charges of cells
(Sheng et al., 2010; Kumar et al., 2016) and accounting for
the negative effect of proteins on net surface charges. In the
present study, cell starvation led to a decrease in protein
content, causing cells to become more negatively charged.
Admittedly, all mechanisms discussed in this section

might be limited to the scale of the experiment and not
directly transferrable to field scales as many parameters are
exclusive to the column setup. For example, the saturation
condition could vary from unsaturated to saturated one,
and there may be water-rock interaction during the ASR.
All these factors could affect the behavior of E. coli in
porous medium. Nevertheless, this study shows how the
antecedent growth process in spreading pond alters
characteristics of E. coli, and provides insight into the
transport behavior of E. coli through saturated porous
media with different real recharge water types. The results
are particularly useful for long-running ASR sites shaving
stable system with water-rock interaction equilibrium.

4 Conclusions

In AGR systems, the dwelling process of different recharge

water types (SE, river water and rainfall) in recharge
ponds, induces physiologic stress on E. coli cells, as the
commonly used recharge water sources are generally
oligotrophic (low nutrients) with low ionic strengths and
different cationic compositions. In this study, the ante-
cedent growth in three types of real recharge water was
simulated in laboratory scale experiments. The results
demonstrated that this process led to changes in cell
properties, such as size, zeta potential, EPS, outer
membrane protein profiles and surface hydrophobicity.
After cultivation in recharge water for 50 h, the zeta
potential of E. coli cells became more negative, with
reduced hydrodynamic diameters, decreased EPS concen-
trations and surface hydrophobicity, while the OMP of
cells became more diverse. These responses influenced
E. coli transport in subsurface environments, with E. coli
cells in rainfall displaying the highest mobility (least
retention), followed by river water cells and SE cells (most
retention). The results of interaction energy calculations and
transport modeling provide quantitative support for the
experimental results. Admittedly, the biological driving
mechanisms accounting for the changes in cells properties in
recharge ponds require further investigation to fully under-
stand the role of antecedent growth. Overall, this study
demonstrated the transport of E. coli in different recharge
water types during simulated AGR, furthering our under-
standing and providing a basis to assess the spreading risk of
pathogenic microbes in practical AGR applications. Never-
theless, the combined effects of other factors (e.g., water-
rock interaction, soil heterogeneity, and unsaturated condi-
tion) on the E. coli transport are still require further study.

Fig. 7 XDLVO energy profiles for interactions between sand particles and E. coli cells cultivated in different recharge water matrices.
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