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A B S T R A C T

This study examines the effect of graphene oxide (GO) nanoparticles (NPs) on the transport (individual species)
and cotransport (simultaneous transport) of three biocolloids (Escherichia (E.) coli, Enterococcus (E.) faecalis and
Staphylococcus (S.) aureus) in water saturated porous media. Flowthrough experiments were performed in 30-cm
long laboratory columns packed with quartz sand. All of the experiments were conducted at room temperature
(22 °C), pH = 7, and ionic strength Is = 2 mM. The results from the cotransport experiments indicated that the
mass recovery values for all biocolloids, calculated based on total biocolloid concentration in the effluent, were
reduced in the presence of GO NPs. The strains E. coli and E. faecalis were shown to be more vulnerable to GO
NPs than S. aureus. Temporal moments of the breakthrough concentrations suggested that the presence of GO
NPs significantly influenced the fate and transport of the three biocolloids. Extended DLVO theory was used to
quantify the various interaction energy profiles, based on electrokinetic and hydrodynamic measurements.

1. Introduction

Groundwater contamination by pathogenic biocolloids of human
origin remains a challenging public health problem. Accidental or in-
tentional introduction of microorganisms into groundwater occurs
mainly due to improper sludge disposal (e.g., application of low-quality
sewage sludge as soil improver), wastewater discharge, artificial
groundwater recharge, uncontrolled sanitary landfill drainage, leakage
of sewage networks and septic tanks, as well as agricultural and live-
stock activities [1–5].

The rapid development of nanotechnology has led to the inevitable
introduction of engineered nanomaterials (ENMs) and nanoparticles
(e.g. fullerenes, graphene oxides, carbon nanotubes) into the environ-
ment [6–8]. Graphene oxide (GO), an important derivative of graphene,
due to its surface oxygen-bearing functional groups (i.e., epoxy, car-
bonyl and carboxyl groups), which can easily be dispersed in water, can
create stable suspensions [9–11]. In suspended form, GO can interact
with soil biocolloids, deposit on their cell surfaces, and in turn can
reduce or inhibit their mobility in porous media. At the present time,
the in situ measurement of ENMs in the environment remains analyti-
cally infeasible [12–14]. Therefore, there is no current information
regarding the GO concentration and thus mathematical models are
applied to predict its exposure concentrations in the environment [15].
Based on recent studies, GO can be toxic to microorganisms [11].

However, the effects of GO against human pathogens still remain con-
tradictory [16]. Some studies reveal that bacteria could benefit from the
presence of GO in solution, enhancing their proliferation, while other
studies demonstrate that GO could exhibit antibacterial activity,
through mechanisms such as cutting, wrapping, trapping and oxidative
stress [17–19].

Numerous physico-chemical and biological factors that influence
the transport and retention of biocolloids [20–25] and GO NPs [26–31]
in porous media, have been explored extensively in the literature. In
addition, more recent studies reveal that the cotransport of suspended
clay particles and/or engineered nanoparticles with human pathogens
in porous media, provoke alterations in biocolloidal motility, stability,
surface charge, hydrophobicity and retention capacity, which in turn
affect their resistance, inactivation and deposition onto the solid matrix
[25,32–36]. Although the impact of GO NPs on inactivation, transport
and deposition behavior of different pathogens in porous media has
been thoroughly explored [37–42] the influence of GO NPs on the si-
multaneous transport (cotransport) of several different biocolloids re-
mains unclear. Certainly, in real environmental systems, GO NPs are
highly likely to simultaneously interact with more than one type of
pathogens. To our knowledge the effects of GO NPs on transport and
deposition of co-existing biocolloids has not been examined before. This
paper focuses mainly on the effect of suspended GO NPs on fate and
transport of the model biocolloids: E. coli, E. faecalis, and S. aureus,
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individually as well as simultaneously. The selected biocolloids are used
as indicators of fecal pollution, because they are frequently associated
with the occurrence of serious waterborne diseases [43].

2. Materials and methods

2.1. Preparation of bacterial suspensions

The Gram-negative E. coli strain (DMS 498) and the Gram-positive
bacterial strains E. faecalis ATCC 14,506 and S. aureus (isolated from a
poultry sample and biochemically identified based on the API® Staph
Test Biomerieux protocol) were used as model bacteria in the experi-
ments conducted in this study. Prior to each experiment, duplicates of
bacterial cultures were prepared in sterile plates (petri dishes) con-
taining non-selective growth medium (Nutrient Agar, code LAB008)
and were incubated in an oven at 37 °C for 48 h. Well-isolated colonies
of the above cultures were transferred to 20 mL of sterile phosphate-
buffer solution (PBS) of low ionic strength (Is = 2 mM) and neutral pH
(pH = 7). The selected Is value of the PBS solution was chosen in order
to enhance the GO NPs suspension stability, by inhibiting its aggrega-
tion. It has been observed that GO NPs remain stable in solution at a
lower Is range (10−3 and 10−2 M KCl), while GO NPs become unstable
and undergo aggregation when Is ≥ 10−1.5 M KCl [26]. A similar trend
was also observed by Chowdhury et al. [44]. Bacterial concentration in
the suspensions was quantified based on the McFarland turbidity scale
(McFarland Standard No. 0.5), according to which, 0.1 optical absor-
bance of a uniform microbial suspension at 600 nm corresponds to a
concentration of ∼ 108 CFU/mL [45,46]. A UV–vis spectrophotometer
(UVmini-1240, Shimadzu) was used for the optical density measure-
ments. A cell concentration of ∼105 CFU/mL, which is commonly
found in both raw and treated wastewater (depending on the type of
treatment) [47], prepared by dilution of dense bacterial suspensions,
was chosen as the initial bacterial concentration for both transport and
cotransport column experiments.

2.2. Quantification of bacterial concentration

Bacterial concentrations of collected samples were determined by
pouring a small amount (300 μL) of sample onto sterilized petri dishes
containing a solid agar medium and counting the number of the formed
bacterial colonies. The selective nutrient media Harlequin (E. coli/
Coliform Medium, product code HAL008), Slanetz and Bartely Agar
(code LAB166) and Mannitol Salt Agar were purchased in powder form
for the growth of E. coli, E. faecalis and S. aureus, respectively. For each
sample, duplicates of bacterial cultures were prepared by uniformly
spreading 300 μL of the sample onto plates containing the appropriate
solid growth substrate. Subsequently, the plates were incubated in an
oven at 37 °C for 48 h (see Fig SΙ1). Depending on the sample con-
centration, multiple dilutions were performed with PBS. The number of
colonies formed using 300 μL of sample was converted to number of
colonies per 1 mL. Therefore, all bacteria concentrations were reported
as colony-forming units per milliliter (CFU/mL) and represent the
average of two replicate plates.

2.3. Preparation of GO NPs suspension

Prior to each experiment, a fresh suspension of dense GO NPs
(100 mg/L) was prepared by ultrasonically dispersing a small mass
(10 mg) of GO sheets (CAS No 763713, Sigma-Aldrich, St. Louis, USA)
in appropriate volume of sterile PBS solution (100 mL). The duration of
the sonication process (sonication bath Elmasonic S30/(H), Elma
Schmidbauer GmbH, Singen, Germany, working at 37 kHz) was set to
2 h to ensure suspension uniformity [48,49]. The dense GO suspension
was diluted with PBS solution, to achieve 20 mg/L initial GO NPs
concentration, for both transport and cotransport experiments. The
selected initial concentration of GO NPs (20 mg/L) is comparable to

concentration values used in other published studies that simulate the
filtration and mobility of GO NPs under various experimental condi-
tions in columns packed with porous media (e.g., glass beads, silica
sand, quartz sand, model soils) [50,51]. The optical density of GO NPs
in the concentration range of 2−100 mg/L was analyzed at the optimal
wavelength of 231 nm, using a UV–vis double-beam spectrophotometer
(model UV-1900, Shimadzu). Then, a calibration curve (see Fig S2),
correlating GO absorbance, Abs [-], with GO concentrations was cre-
ated for pH = 7, and Is = 2 mM.

Note that sterile ultrapure water (Easypure II, Barstead, U.S.A.) of
specific resistivity of ∼18.2 MΩ cm at 25 °C was used in the preparation
of all working solutions and suspensions. Moreover, for the estimation
the electrokinetic and hydrodynamic properties of GO NPs and each
bacterium, under the specific experimental conditions (i.e., pH = 7,
Is = 2 mM, T = 22 °C), zeta potential (ζ), and hydrodynamic diameter
(dH) measurements of each working suspension were determined in
triplicates with a zetasizer (Nano ZS90, Malvern Instruments,
Southborough, MA). The zetasizer performs size measurements using a
process called Dynamic Light Scattering (DLS). In particular, it mea-
sures Brownian motion, which is the movement of particles due to the
random collision with the molecules of the liquid that surrounds the
particle, and relates this to the size of the particles. The intensity-
weighted distribution shows how well differently-sized particles are
detected from a fit to the autocorrelation function of the measured
scattering. In order to detect even small amounts of aggregation, an
intensity distribution was chosen that could be highly sensitive to very
small numbers of aggregates. The estimated numerical values are listed
in Table S1.

2.4. Column characterization and experimental procedures

The experimental glass column (30-cm long, 2.5-cm diameter) and
its accessories were sterilized by autoclave (120 °C) to minimize the
possibility of microbial contamination. The initial net weight of column
was determined (306.24 g ± 3.95 g). Then, using a vortex mixer, the
column was filled and packed with coarse (0.850–1.000 mm, sieve No.
20) quartz sand (Filcom Filterzand and Grind, SiO2 96.2 %), which was
purified and sterilized according to the procedures described by
Syngouna and Chrysikopoulos [32]. The bulk density of the packing
material, the porosity, and the pore volume (PV) of the column were
estimated to be: 1.75 ± 0.04 g/cm3, 0.39 ± 0.02 [-], and
57.86 ± 2.04 mL, respectively. Note that the estimated porosity value
coincides with values reported in the literature for quartz sand similar
to the one used in this study [52]. The column was placed in the hor-
izontal position to restrict possible gravity effects [53].

In order to mimic groundwater flow conditions, a slow volumetric
discharge rate of 0.8 mL/min was chosen for all flowthrough experi-
ments. This corresponds to an average seepage/interstitial velocity (i.e.,
Darcy velocity/porosity) of 0.44 cm/min. Four sets of transport ex-
periments were conducted. Firstly, transport experiments were con-
ducted to determine the individual transport characteristics of the three
selected biocolloids. Subsequently, the transport of each pathogenic
microorganism was investigated under simultaneous flow of a GO
suspension, to identify any possible changes in motility and/or column
retention of the biocolloids due to possible formation of biocolloid-GO
NPs complexes. Additionally, cotransport experiments using simulta-
neously the three bacterial strains were performed in the presence and
absence of a GO NPs suspension, in order to investigate any changes in
bacterial cotransport and retention caused by the presence of GO NPs.
Prior to each experiment, equilibration of the column was carried out
by injecting 10 PVs of PBS using a peristaltic pump (Masterflex L/S,
Cole-Palmer).

For the transport experiments, 3 PVs of each microbial suspension
was pumped through the column. For the cotransport experiments, two
separate input streams (i.e., microbial or combined microbial suspen-
sion and GO NPs suspension) were joined into a single input flux, and 3
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PVs of the resulting combined suspension was injected into the column.
For all experiments, after the injection of the 3 PVs of suspensions, 5
PVs of free PBS solution where injected to rinse the column. Column
effluent samples (2 mL) were collected at pre-selected time intervals.
Samples containing bacterial cells were stored at 4 °C to prevent pos-
sible cell proliferation prior to sample analysis.

2.5. Theoretical considerations

The nonlinear least squares regression software ColloidFit [54] was
employed to fit the breakthrough data from the various biocolloid
transport experiments. The mathematical model employed (eq SΙ1),
originally proposed by Sim and Chrysikopoulos [55], describes the
transport of suspended biocolloids in one-dimensional, water saturated,
homogenous porous media, under uniform flow, accounting for first-
order attachment kinetics and inactivation of biocolloids suspended in
the aqueous phase and attached onto the solid matrix. The fitted
parameters are presented in Table SΙ2. Note that the breakthrough data
from the various biocolloid cotransport experiments were not fitted,
because the fitting of complex cotransport breakthrough data still re-
mains a nontrivial task. Also, the breakthrough data were subjected to
first normalized temporal moment, M1 [t], analysis, as described in eq
SΙ12. In addition, quantification of the recovered mass, Mr, of the sus-
pended biocolloids at the column exit was achieved with the software
ColloidFit using the mathematical relationship (SΙ13) [56].

Quantification of microbial attachment onto quartz sand, both in
absence and presence of GO NPs was achieved by applying the classical
colloid filtration theory (CFT), assuming that the clean-bed filtration
theory is valid (i.e. the subsequent deposition of bacteria is not influ-
enced by already deposited bacteria) [24]. The dimensionless collision
efficiency, α [-], which refers to the ratio of effective collisions to the
total number of collisions occurring between suspended particles and
collector grains was calculated from the breakthrough curves, based on
the model proposed by Rajagopalan and Tien [57] and using the di-
mensionless single-collector removal efficiency, η0, provided by Tu-
fenkji and Elimelech [58] (see eqs SΙ14-SΙ28).

The extended Derjaguin-Landau-Verwey-Overbeek (XDLVO) theory
was used to calculate the total interaction energy (Φtot) between bac-
teria and quartz sand, bacteria and bacteria, and GO and bacteria, as a
function of separation distance h, by summing the van der Waals (ΦvdW)
attraction, the electrical double layer (Φdl) repulsion, Born (ΦBorn) re-
pulsion, and the Lewis acid-base (ΦAB) interaction energies [59], as
outlined in the Supplementary data.

3. Results and discussion

3.1. Effect of GO NPs on biocolloid transport

Fig. 1 presents normalized breakthrough data for bacteria transport
in the absence (open symbols) and presence (solid symbols) of GO NPs
for (a) E. coli, (b) E. faecalis, and (c) S. aureus. The corresponding Mr

values are listed in Table 1. In the absence of GO NPs, the estimated Mr

values for S. aureus were lower than those of E. faecalis and E. coli. These
findings are consistent with the ColloidFit results (see Table SΙ2), which
confirm that the attachment rate constant (rb-b*) for E. coli to sand is the
lowest among the three bacteria examined. In fact, the model para-
meters obtained through fitting of the transport data (see Table SΙ2)
suggested that the E. coli detachment rate from quartz sand was the
highest, while the inactivation rate for E. coli both in suspension and
attached onto the solid phase were the lowest among the bacteria ex-
amined. In contrast, E. faecalis and S. aureus exhibited higher deposition
rates and hence stronger irreversible attachment. In general, E. coli is
known to exhibit relatively poor attachment onto solid surfaces [60].
Furthermore, S. aureus is less negatively charged than the other two
bacteria examined at the experimental conditions of this study (see
Table S1). The bacterial transport ability is correlated to cell surface

charge [61]. Thus, S. aureus was expected to attach onto quartz sand
more than the other two bacterial strains. Consequently, the low Mr

values observed for S. aureus may be attributed to its higher attachment
and inactivation rates (see Table S2). Moreover, the transport of GO
NPs through the column was greater in the absence of bacterial strains
with an estimated Mr value of 83.1 % (see Fig SΙ3, Table 1). Conversely,
the corresponding Mr values of GO NPs in the presence of E. coli and E.
faecalis were 48.5 % and 68.8 %, respectively. Finally, in the presence
of S. aureus, only 16.1 % of the injected GO NPs were recovered, sug-
gesting that among the three bacteria, E. faecalis influences less the
transport and retention of GO NPs. The presence of bacterial strains
may increases the charge (less negative) of the quartz sand [62], re-
sulting in greater quartz-GO NPs interactions and subsequent GO NP
retention in the column. These results agree with prior nanoparticle
studies which have shown that near neutral particles tend to be re-
versibly bound [63,64]. In addition, the shape irregularity and surface
roughness of sand grains were expected to affect straining strength of
each bacterium, which also depends on bacteria-bacteria and bacteria-
sand interaction energies [65,66]. The calculated first normalized

Fig. 1. Normalized experimental concentrations (symbols) with SD values
(error bars) for N = 3, and fitted predictions (curves) of the transport of: (a) E.
coli, (b) E. faecalis, and (c) S. aureus, in the absence of GO NPs (open symbols),
and in the presence of GO NPs (solid symbols). Error bars not shown are smaller
than the size of the symbol.
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temporal moments, which defines the mean breakthrough time or
average velocity, were found to be higher for E. faecalis than S. aureus
and E. coli (see Table 1). In addition, the E. coli strain used in this study
possesses flagella; thus, the lower M1 value determined for E. coli could
be attributed to its cellular motility. Chemotaxis has been found to be
an important mechanism influencing bacterial transport through soils,
especially at low flow rates [67–69]. Note that, at the same Is, motile
bacteria have shown greater adhesion to the surface of collectors than
nonmotile bacteria [70]. The Mr values, listed in Table 1, as calculated
with eq (SΙ13), were considerably reduced in the presence than the
absence of GO NPs. The calculated first normalized temporal moment,
which defines the mean breakthrough time or average velocity, was
found to be higher for E. faecalis than S. aureus and E. coli (see Table 1).
The calculated Mr values in the presence of GO NPs was reduced more
for E. coli (-66.6 %) than E. faecalis (-46.2 %) and S. aureus (-14.3 %),
suggesting that S. aureus transport was affected relatively less by the
presence of GO NPs. The GO NPs were expected to be both suspended in
the liquid phase and attached onto the quartz sand. Consequently, GO
NPs could heteroaggregate to form GO NPs-bacteria complexes, which
can significantly affect bacteria transport and attachment. This as-
sumption is consistent with the results reported by Peng et al. [71].
Note that the mean breakthrough time (M1) was found to be higher for
E. coli than E. faecalis and S. aureus. Also, the presence of GO NPs in-
creased the mean breakthrough time of all three bacteria examined in
this study (see Table 1).

3.2. Effect of GO NPs on biocolloid cotransport

Fig. 2 presents normalized breakthrough data for bacteria cotran-
sport in the absence (Fig. 2a) and presence (Fig. 2b) of GO NPs. The
corresponding Mr values are listed in Table 1. The estimated Mr values
for E. faecalis in the absence of GO NPs were lower than those of S.
aureus and E. coli. Moreover, the simultaneous transport of bacteria
(cotransport) contributed to a reduction in Mr values for E. faecalis
(-3.43 %) and to an enlargement in Mr values for E. coli and S. aureus
(+2.14 % and +11.10 %, respectively). Chen and Walker [72] found
that E. faecalis would preferentially attach at the air/water interface,
whereas E. coli showed similar affinity to the air/water interface and to
the sand surface, suggesting that different bacterial strains have dif-
ferent transport behavior in porous media. Note that, biocolloids at-
tached onto the solid matrix could possibly act as additional collectors
creating multi layered biofilms [73]. Thus, the presence of multiple

bacterial strains on the surface of the quartz sand may alter the prop-
erties or physicochemical characteristics of the solid matrix surfaces
[74–76]. Also, the presence of multiple suspended bacterial strains may
lead to competitive attachment and enhanced bacterial transport due to
blocking [73].

The observed enhancement of E. coli and S. aureus migration during
cotransport could be attributed to an increase in bacteria-sand repul-
sion caused by the enhanced negative surface charge of the sand due to
previously deposited bacterial strains. Moreover, Whitman et al. [77]
suggested that quorum sensing among bacteria could affect their release

Table 1
Experimental conditions and estimated parameter values.

Number of
Experiment

Experimental conditions θ [-] q ×10−5

[m/s]
First normalize
Moment M1 (min)

Mass recovery
[%]

RC [-] Cbss

/ Cb0

η0 [-] α [-] η [-]

Transport
1 E. coli 0.38 2.80 173.1 98.2 0.98 7.49 × 10−3 7.32 × 10−3 5.48 × 10−5

2 E. faecalis 0.39 2.71 176.3 67.1 0.66 8.37 × 10−3 1.59 × 10−1 1.33 × 10−3

3 S. aureus 0.38 2.70 175.4 61.5 0.71 1.48 × 10−2 7.45 × 10−2 1.10 × 10−3

4 GO 0.38 2.72 185.5 83.1 0.85 1.58 × 10−2 3.31 × 10−2 5.24 × 10−4

Cotransport
5 E. coli/E. faecalis /S.

aureus
E. coli 0.41 2.70 188.4 100.3 0.91 7.40 × 10−3 4.20 × 10−2 3.11 × 10−4

E. faecalis 190.3 64.8 0.67 8.12 × 10−3 1.67 × 10−1 1.35 × 10−3

S. aureus 182.2 68.3 0.86 1.42 × 10−2 3.64 × 10−2 5.18 × 10−4

Cotransport in presence of GO
6 E. coli/GO E. coli 0.39 2.62 190.0 32.8 0.32 7.85 × 10−3 4.67 × 10−1 3.67 × 10−3

GO 185.8 48.5 0.47 1.63 × 10−2 1.52 × 10−1 2.47 × 10−3

7 E. faecalis/GO E. faecalis 0.40 2.76 187.5 36.1 0.37 8.04 × 10−3 4.16 × 10−1 3.34 × 10−3

GO 194.4 68.8 0.68 1.53 × 10−2 8.59 × 10−2 1.31 × 10−3

8 S. aureus/GO S. aureus 0.41 2.69 182.3 52.7 0.40 1.42 × 10−2 2.16 × 10−1 3.08 × 10−3

GO 178.8 16.1 0.25 1.55 × 10−2 3.03 × 10−1 4.69 × 10−3

9 E. coli/E. faecalis /S.
aureus/GO

E. coli 0.40 2.71 182.7 55.3 0.58 7.46 × 10−3 2.43 × 10−1 1.81 × 10−3

E. faecalis 192.3 44.5 0.48 8.17 × 10−3 3.02 × 10−1 2.47 × 10−3

S. aureus 180.4 46.1 0.60 1.43 × 10−2 1.21 × 10−1 1.73 × 10−3

GO 185.1 36.4 0.43 1.55 × 10−2 1.79 × 10−1 2.78 × 10−3

Fig. 2. Normalized experimental concentrations (symbols) with SD values
(error bars) for N = 3, of the cotransport of E. coli (circles), E. faecalis (squares),
and S. aureus (triangles): (a) in the absence of GO NPs, and (b) in the presence
of GO NPs. Error bars not shown are smaller than the size of the symbol.
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from the sand. Furthermore, the mean breakthrough time of bacteria
cotransport was found to be higher for E. coli than E. faecalis and S.
aureus (see Table 1). Clearly, the presence of multiple bacterial strains
hindered their migration and increased their mean breakthrough time
(+15.27 min for E. coli, +14.05 min for E. faecalis, and +6.8 min for S.
aureus).

In the presence of GO NPs all bacteria exhibited a considerable re-
duction in Mr, compared to the corresponding values obtained in the
absence of GO NPs (see Table 1). Note that Gram-negative bacteria, i.e.
E. coli, have been shown to be more resistant to inactivation, caused by
GO NPs than Gram-positive bacteria such as E. faecalis and S. aureus
[78]. However, the Mr reduction due to the presence of GO NPs was
greater for E. coli (-44.90 %) than E. faecalis (-31.30 %) and S. aureus
(-32.50 %). Worthy to note is that the presence of GO NPs affected more
the bacterial transport than the bacterial cotransport, except for the
case of S. aureus. Finally, the estimated Mr value (36.4 %) for GO NPs in
the simultaneous presence of bacterial strains was found to be lower
than that in the absence of them (83.1 %) (see Fig SΙ3, Table 1).

3.3. CFT results

The collision efficiency values, α, based on total bacterial con-
centration in the effluent, calculated with eq (SΙ14) for all three bac-
teria, are listed in Table 1. The α values for E. faecalis for both transport
and cotransport experiments were higher than those of S. aureus and E.
coli (see Table 1, Fig. 3a and b). Moreover, for both bacterial transport
and cotransport experiments, α values were higher in the presence of
GO NPs, which indicates that GO NPs significantly enhanced the bac-
terial collision efficiencies. For bacterial transport in the presence of GO
NPs, the observed α values were slightly higher for E. coli indicating
greater affinity of E. coli for GO particles than the other two bacteria;
while for bacterial cotransport in the presence of GO NPs, the highest α
values were observed for E. faecalis, probably due to the greater affinity
of E. faecalis for GO particles [79]. If a collector becomes partly blocked

by the presence of attached bacteria and GO NPs, α may either increase
or decrease when additional bacteria and GO NPs are added, depending
on whether GO-GO, bacteria-bacteria and GO-bacteria attachment is
favourable or unfavourable [42,80]. Also, the collision efficiency be-
tween biocolloids and porous media may have been enhanced by the
surface roughness of the quartz sand [81].

3.4. XDLVO results

The Φtot interaction energies between each of the three bacteria
considered in this study and the quartz sand, assuming a sphere-plate
approximation, normalized by the product of the Boltzmant constant
(kB) and the temperature (T), estimated as a function of separation
distance, for the experimental conditions (PBS solution, pH = 7,
IS = 2 mM), are shown in Fig. 4a. Note that the electrokinetic ζ-po-
tentials listed in Table SΙ1 were used instead of the surface potentials.
Clearly, it is evident that the XDLVO interaction energies were highly
repulsive for relatively long separation distances. The Φtot profiles of
bacteria-sand interactions exhibited energy barriers ranging from
Φmax1 = 77.14–425.60 kBT, with the highest energy barrier observed
for E. faecalis. Thus, it was almost impossible for the three bacterial
strains to overcome the imposed Φmax1 and to attach onto the sand
surfaces in the deep primary minima, Φmin1. However, the surface
roughness of the quartz sand grains has been found to reduce the energy
barrier between cells and the solid surface [82–84]. Moreover, the
XDLVO curves showed the presence of secondary minima, Φmin2, in-
dicating unfavourable attachment (attachment in the Φmin2). All cal-
culated Φmax1, Φmin1, and Φmin2 values were listed in Table SΙ3.

Hydrophobic interactions have been found to greatly affect bacterial
adhesion [85–88]. Thus, for the evaluation of Lewis acid-base free en-
ergy of interaction =AB(h h )o [J/m2] between the three bacteria ex-
amined and the quartz sand at a separation distance h= 0.25 nm, the
Yoon et al. [89] empirical approach (SΙ41) was employed with hydro-
phobic force constants predicted by the empirical relationship (SΙ42).

Fig. 3. Calculated values for: (a,b) collision efficiency, α, based on the total biocolloid concentration in the effluent, and (c,d) single-collector contact efficiency, η0,
for microbial: (a,c) transport, and (b,d) cotransport experiments, both in the absence and presence of GO NPs.
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The various =AB(h h )o values calculated are listed in Table SI3. It is
worth to mention that =AB(h h )o value was slightly more negative for S.
aureus (-4.876 × 103 J/m2) than E. coli (-4.231 × 103 J/m2) interac-
tions with the quartz sand (see Table SΙ3). The =AB(h h )o value for E.
faecalis interaction with the quartz sand was found to be -4.472 J/m2.
These findings are in agreement with the experimental results of this
study (see Fig. 1 and Table 1), which suggested that S. aureus deposition
onto quartz sand was higher than of E. coli and E. faecalis.

The ΦXDLVO profiles for the case of sphere-sphere approximation
(eqs SI34-SI39) as applied to homoaggregation (bacteria-bacteria) were
shown in Fig. 4b, and heteroaggregation (GO-bacteria and bacteria-
bacteria) were shown in Fig. 4c,d, respectively. Clearly, the profiles in
Fig. 4b indicated that no coagulation occurred between E. faecalis
particles (high energy barrier of Φmax1 = 153 kBT) under the experi-
mental conditions. These observations suggested that the E. faecalis
suspension was stable under the experimental conditions. Note that E.
coli and S. aureus, were expected to homoaggregate due to low energy
barriers (Φmax1 = 12.71 kBT, and Φmax1 = 7.09 kBT, respectively). The
highest Φmax1 (97.61 kBT) was observed for GO-E. faecalis interactions,
while the lowest Φmax1 (22.40 kBT) was observed for GO-S. aureus in-
teractions. The profiles in Fig. 4d show that the calculated energy
barriers, Φmax1, are higher for E. coli-E. faecalis (45.11 kBT) and E.
faecalis-S. aureus (33.08 kBT) than E. coli-S. aureus (9.308 kBT) (see
Fig. 4c and Table SΙ2). Therefore, heteroaggregation is more possible to
occur between E. coli and S. aureus.

4. Conclusions

It was observed that the transport and cotransport of bacterial
strains (E. coli, E. faecalis, and S. aureus) in the presence of GO NPs
resulted in increased deposition rates and collision efficiency values of
the suspended bacteria. However, the multi-parametric dependence of
collision efficiency to factors like ionic strength, presence of organic
matter, as well as collector and bacterial surface properties, do not
permit the prediction of bacterial deposition when GO NPs are present.
The presence of GO NPs decreased bacteria mass recovery rates more
during their transport than cotransport, suggesting that bacterial co-
existence hindered inactivation and deposition processes. However,
further investigation is required under various experimental conditions
in order to thoroughly understand how attachment and aggregation
affect the antibacterial behavior of GO NPs in more complex aquatic
environments. Finally, the possibility of using graphene family mate-
rials to inhibit the proliferation and inactivation of pathogens may
develop new perspectives towards the controlled application of nano-
technology in the fields of health and environmental management.
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Fig. 4. Predicted XDLVO total energy profiles as function of separation distance for the pairs: (a) E. coli-sand (continuous curve), E. faecalis-sand (dashed curve) and
S. aureus-sand (dashed – dotted curve); (b) E. coli-E. coli (continuous curve), E. faecalis-E. faecalis (dashed curve) and S. aureus-S. aureus (dotted curve); (c) E. coli-GO
(continuous curve), E. faecalis-GO (dashed curve), and S. aureus-GO (dotted curve); (d) E. coli-E. faecalis (dashed curve), E. coli-S. aureus (dotted curve), S. aureus-E.
faecalis (continuous curve). Each figure insert highlights the corresponding secondary energy minima (Φmin2).
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