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Nanoparticles (NPs) are used in numerous applications and have been observed to accumulate in natural water
bodies, including aquifers where they can interact with suspended colloids and viruses. This study examines the
attachment of bacteriophage MS2 onto titanium dioxide (TiO2) anatase NPs using three diﬀerent MS2 concentrations. Batch experiments, were conducted at room temperature to investigate the eﬀect of ambient light
and the presence of quartz sand on MS2 and TiO2 NPs heteroaggregation. Appropriate attachment isotherms
were determined. Extended DLVO (XDLVO) theory was used to quantify the various interaction energy proﬁles.
The results of batch experiments demonstrated that MS2 attachment onto TiO2 NPs was favored in the presence
of sand under ambient light, while under dark conditions no clear trend was observed. Estimated XDLVO interaction energy proﬁles indicated that hydrophobic interactions may play a major role and inﬂuence the aggregation and heteroaggregation of MS2 and TiO2 NPs, as well as the simultaneous attachment of MS2 and TiO2
NPs onto quartz sand.

1. Introduction
Virus fate and transport, as well as virus survival in groundwater are
controlled mainly by attachment onto the solid matrix and aggregation
with suspended colloid particles (heteroaggregation), which could
carry viruses and retain their infectivity for a long time [1–8]. The attachment, aggregation and heteroaggregation of viruses are aﬀected by
several factors including surface charge, size, environmental conditions
of pH, temperature, light and relative concentration, soil chemical
composition, and matrix structure [9–14].
Engineered nanoparticles (NPs) are used for the treatment of surface
water, groundwater, wastewater, and other environmental systems
contaminated by organic and inorganic solutes, and biocolloids (e.g.
bacteria, viruses). Many studies have examined the usage of various
nanomaterials as antimicrobial or antiviral agents [15–26]. Due to their
ultra-small sizes, NPs may break through conventional water treatment
processes and accumulate in natural water bodies [27–29]. NPs may
enter various water-bodies and their interaction with aquatic pathogenic viruses is of primary consideration. Note that, due to their high
surface area, NPs possess higher adsorption capacity than other equally
sized colloidal particles [8,30,31].
The toxicity of TiO2 NPs has been extensively investigated in the
literature in order to understand the interactions between
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nanomaterials and biocolloids [19,20,22,32–34]. Most of these studies
were based on the photocatalytic property of TiO2 NPs under UV radiation; whereas, only a handful of reports on TiO2 NPs toxicity under
visible light illumination and ambient light conditions are available
[25,35–37]. However, it is not yet known how ambient light and the
presence of quartz sand may aﬀect the heteroaggregation of viruses and
TiO2 NPs.
The aim of this study was to investigate the heteroaggregation of
bacteriophage MS2 and TiO2 NPs at low NP concentrations (10 mg/L),
in the presence of ambient light (L) and in darkness (D). Moreover, it
was investigated whether the attachment of MS2 can be aﬀected by the
presence of quartz sand. Batch experiments were performed to compare
the attachment of MS2 onto TiO2 NPs for three diﬀerent MS2 concentrations over time periods of 3 h and 7 days. Extended DLVO potential energy proﬁles between MS2 and TiO2 NPs were constructed. In
this study, MS2 bacteriophage is chosen as a surrogate microorganism
for pathogenic viruses.
2. Materials and methods
2.1. Preparation and characterization of TiO2 NPs
A TiO2 NPs stock suspension (1000 mg/L) was prepared by
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Fig. 1. Kinetics of MS2 attachment onto TiO2 NPs under L (open squares), D (solid squares), LS (open circles) and DS (solid circles) conditions in a period of 3 h for:
(a,b) Cv0 = 1.7 ± 0.22 × 103 PFU/mL, (c,d) Cv0 = 1.0 ± 0.14 × 104, and (e,f) Cv0 = 8.7 ± 1.8 × 106 PFU/mL.

suspending TiO2 nano-powder (anatase, > 99.9%, less than 25 nm in
diameter, Sigma-Aldrich) in Milli-Q distilled deionized water (ddH2O).
Ti concentrations in inﬂuents and eﬄuents of wastewater treatment
plants (WWTPs) have been reported in a range of 181–1233 μg/L
and < 25 μg/L, respectively [38]; as well as 3500 μg/L and 710 μg/L,
respectively [39]. Eﬄuents from WWTPs are often released in the
aquatic environment. Thus, for high exposure scenarios, a homogenized
and monodispersed TiO2 suspension (10 mg/L) in a phosphate buﬀered
saline solution (PBS) having pH 7 and ionic strength (Is) 2 mM, was
prepared for the batch experiments of this study, following the procedures reported by Syngouna and Chrysikopoulos [40]. The characteristics of TiO2 used in this study are summarized in Table S1.
The isoelectric point (pHIEP) of TiO2 NPs in ddH2O was found to be
equal to 5.5, and for MS2 pHIEP = 4.1 (see Fig. S1). The charge on TiO2
surface changes with pH due to acid/base reactions of the surface OH
group. McNamee et al. [41] reported that the pHIEP for anatase TiO2 is
5.8. The pHIEP of anatase is similar to that for a single rutile TiO2
crystal, which has been reported to occur at pH 5.6 ± 0.2 [42]. Although both rutile and anatase TiO2 are crystalline and have an octahedron structure, they have diﬀerent chemical arrangement and
linkage [43,44].

its comparable size, structure and behavior to that of human pathogenic
viruses [45]. MS2 was assayed by the double-layer overlay method
[46], as outlined by Syngouna and Chrysikopoulos [13]. The MS2 attached onto TiO2 NPs was separated from suspended MS2 in the liquid
phase by centrifugation at 2000xg for 30 min, following the procedure
reported by Vasiliadou and Chrysikopoulos [47]. Because the diameter
of MS2 is approximately 25 nm, whereas the TiO2 aggregates had
average diameter greater than 180 nm [40], centrifugation could eﬃciently settle down more than 95% of TiO2 NPs from water [31]. The
zeta potential of the MS2 was measured in PBS solution (pH = 7,
IS = 2 mM) by a zetasizer, and was determined to be -33.5 ± 1.8 mV
[14].

2.2. Bacteriophage assay

2.4. Batch experiments

The F-speciﬁc RNA bacteriophage, MS2 (ATCC15597-B1) with host
bacterium E. coli (ATCC 15597), was used as a model virus because of

Two sets of batch experiments were conducted in 50 mL sterilized
Pyrex glass screw-cap tubes (Fisher Scientiﬁc) using PBS solution

2.3. Quartz sand
Quartz sand purchased directly from the manufacturer (Filcom
Filterzand & Grind) with size ranging from 425 to 600 μm (sieve No 40)
was used in this study. The procedure used for cleaning the quartz sand
is provided in a previous publication [14]. The zeta potential of the
quartz sand in PBS solution (pH = 7, IS = 2 mM) was previously found
to be equal to -62.25 ± 3.45 mV [14].
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[PFU/μg TiO2] is the concentration of MS2 attached onto TiO2 NPs at
time t, determined as follows:

Table 1
Fitted parameters obtained from the MS2 and TiO2 kinetic attachment experiments.
Initial MS2 concentration, Cv0 (PFU/
mL)
After 3 h
1.7 ± 0.22 × 103

1 ± 0.14 × 104

8.7 ± 1.8 × 106

After 7 days
1.7 ± 0.22 × 103

1 ± 0.14 × 104

8.7 ± 1.8 × 106

Experimental
conditions

A*v(eq)

C*v (t) =

kp2

L
LS
D
DS
L
LS
D
DS
L
LS
D
DS

0.648
0.604
0.553
0.33
0.316
0.287
0.449
0.186
0.506
0.248
0.786
0.324

1000
900
1000
1000
0.835
0.256
0.243
1000
23.21
1.645
0.02
2.59

L
LS
D
DS
L
LS
D
DS
L
LS
D
DS

0.506
0.557
0.565
0.503
0.313
0.709
0.323
0.447
0.663
0.425
0.645
0.216

50000
13.53
799.67
7.666
50000
0.434
50000
3.420
1.112
0.922
1.081
3605.5

(2)

where CTotal-v [PFU/mL] is the total MS2 concentration in reactor at
time t; Cv [PFU/mL] is the concentration of suspended MS2 in reactor at
time t; M [μg TiO2/mL] is the mass of TiO2 per volume of bacteriophage
suspension in the reactor; and kp2 [μg TiO2/(mL·min)] is the rate constant of the pseudo-second order attachment. Note that C*v (t) in Eq. 2
provides the combined concentration of infective and inactivated attached MS2 viruses. For the estimation of the pseudo-second-order
model parameters the linearized form of model (1) was used [51]:

t
1
t
=
+
A *v (t)
kp2 (A *v(eq))2
A *v(eq)

(3)

The various MS2 kinetic attachment experimental data collected in
this study were ﬁtted with the software “ColloidFit” [52]. Moreover,
the percentage of MS2 attachment onto TiO2 NPs at time t, Pv [%], was
calculated using the following formula:

Pv =

CTotal-v (t) − C v (t)
× 100%
CTotal-v (t)

(4)

2.6. MS2 attachment isotherms
The attachment of MS2 onto the TiO2 NPs and the eﬀect of quartz
sand presence under both L and D conditions was quantiﬁed by the
Freundlich isotherm, which is a non-linear relationship between MS2
concentration in the liquid phase at equilibrium, Cv(eq) [PFU/mL], and
MS2 attached concentration onto the TiO2 NPs at equilibrium, C*v(eq)
[PFU/μg TiO2], expressed as follows [53]:

(IS = 2 mM, pH = 7 at 25 °C) to examine the heteroaggregation of MS2
and TiO2 NPs, both in the absence and presence of quartz sand, under
both L and D conditions. Three initial MS2 concentrations, C0, were
chosen. The ﬁrst set of experiments was conducted to examine MS2 and
TiO2 NPs heteroaggregation in the absence of quartz sand using two
groups of glass tubes (reactor tubes, control tubes). The reactor tubes
contained 50 mL of MS2 and TiO2 NPs (10 mg/L) mixed suspension.
Control tubes containing 50 mL of MS2 suspension without TiO2 NPs
were employed in order to monitor possible MS2 aggregation, time
inactivation and attachment onto the tube walls. The second set of
experiments was performed in the presence of quartz sand to examine
both MS2 and TiO2 NPs heteroaggregation, and attachment onto quartz
sand. In this case, the reactor tubes contained 50 mL of MS2 and TiO2
(10 mg/L) mixed suspension with 5 g of quartz sand. Control tubes
containing 50 mL of MS2 suspension with 5 g of quartz sand without
TiO2 NPs were employed in order to monitor MS2 attachment onto both
quartz sand and tube walls. Also, glass tubes containing only PBS with
5 g of quartz sand were used as blanks. Aluminum foil was used to cover
the glass tubes for the experiments under dark conditions.
For both the kinetic and equilibrium attachment experiments over
both of the experimental durations examined (3 h and 7 days), samples
(2.0 mL) were withdrawn at diﬀerent time intervals and then centrifuged to separate NPs or aggregated clusters of MS2-TiO2 NPs from
the freely suspended MS2 in the supernatant. The absence of TiO2 NPs
in the supernatant was veriﬁed by a UV–vis spectrophotometer. The
concentration of the heteroaggregated MS2 and TiO2 NPs was determined by mass diﬀerence. Note that for the equilibrium attachment
experiments four diﬀerent initial MS2 concentrations were employed.

C*v(eq) = Kf Cm
v(eq)
m

(5)
m−1

where Kf [(mL) /(μg TiO2)(PFU)
] is the Freundlich constant and m
[-] is the Freundlich exponent. The Freundlich parameters Kf and
mwere estimated by ﬁtting the linearized form of the Freundlich isotherm. Freundlich isotherms are essentially the superposition of many
Langmuir isotherms describing sorption onto heterogeneous sorbents
[54].
3. Results and discussion
3.1. Attachment kinetics of MS2 onto TiO2 NPs
Fig. 1 compares the attachment kinetics of MS2 onto TiO2 NPs under
ambient light (L), dark (D), ambient light with the presence of quartz
sand (LS) and dark with the presence of quartz sand (DS) conditions
within a time period of 3 h. The MS2 kinetic experimental data (PBS
solution, pH = 7 and IS = 2 mM) were ﬁtted with a pseudo-secondorder model, and the ﬁtted parameter values (kp2 and A *v(eq) ) are listed
in Table 1. The data from the kinetic batch experiments of MS2 attachment onto TiO2 NPs under L and LS conditions for the three different initial MS2 concentrations were shown in Fig. 1(a,c,e). Note that
for all MS2 concentrations used, higher MS2 and TiO2 NPs heteroaggregation was observed under L than under LS conditions, suggesting
that MS2 attachment onto TiO2 NPs was hindered by the quartz sand.
However, little change in the heteroaggregation of MS2 and TiO2 NPs
under L conditions and lower MS2 concentrations indicates that the
quartz sand is controlling the aggregation process, probably by MS2
and TiO2 attachment onto quartz sand, and by providing steric hindrances to attachment.
The data from the kinetic batch experiments of MS2 attachment
onto TiO2 NPs under D and DS conditions for the three diﬀerent initial
MS2 concentrations were shown in Fig. 1(b,d,f) and the ﬁtted parameter values (kp2 and A *v(eq) ) were listed in Table 1. For all MS2 initial

2.5. MS2 attachment kinetics
The kinetic data from the MS2 and TiO2 attachment experiments
were ﬁtted with the following pseudo-second-order model [48–50]:

dA *v (t)
= kp2 [A *v(eq) − A *v (t)]2
dt

CTotal − v (t) − C v (t)
M

(1)

where t [min] is time; A *v (t) = C*v (t)/CTotal-v (t) [mL/μg TiO2]; C*v (t)
283

Colloids and Surfaces B: Biointerfaces 180 (2019) 281–288

V.I. Syngouna and C.V. Chrysikopoulos

Fig. 2. Kinetics of MS2 attachment onto TiO2 NPs under L (open squares), D (solid squares), LS (open circles) and DS (solid circles) conditions in a period of 7 days
for: (a,b) Cv0 = 1.7 ± 0.22 × 103 PFU/mL, (c,d) Cv0 = 1 ± 0.14 × 104, and (e,f) Cv0 = 8.7 ± 1.8 × 106 PFU/mL.

concentrations used. Furthermore, the observed diﬀerences in the heteroaggregation of MS2 and TiO2 NPs for all initial concentrations under
the examined conditions (L, LS, D, DS) for both time periods (see Figs. 1
and 2) do not suggest a clear trend in the MS2 aggregation process.
Fig. 3 illustrates the percent attachment of MS2 onto TiO2 NPs
under L, D and LS, DS experimental conditions in PBS (pH 7.0,
Is = 2 mM) at 25 °C over time periods of 3 h and 7 days. The greatest
MS2 attachment onto TiO2 NPs over both time periods tested (3 h and 7
days) was observed for the lowest MS2 initial concentration under both
L and D conditions (see Table S2 and Fig. 3). The lowest MS2 attachment onto TiO2 NPs was observed under DS for the medium MS2 initial
concentration, over 3 h, and under LS for the highest MS2 initial concentration over 7 days (see Table S2). Although the same concentration
of TiO2 NPs (10 mg/L) was used for L, D, LS, and DS conditions, the
attachment of MS2 onto TiO2 NPs may not be compared directly, because TiO2 NPs could have diﬀerent primary particle sizes and aggregation states that could result in diﬀerent number of available surface sites for MS2 attachment [31]. However, this study suggests higher
MS2 attachment for the lowest MS2 initial concentration (see Table S2
and Fig. 3).

concentrations used, higher MS2 and TiO2 NPs heteroaggregation was
observed under D than under DS conditions. Comparison of Fig. 1(a,c,e)
and 1(b,d,f) clearly suggested that for the lowest initial MS2 concentration, more MS2 was attached onto TiO2 NPs under ambient light
conditions (L, LS) than under dark conditions (D, DS). The opposite was
observed at the highest initial concentration, while at the medium MS2
initial concentration no clear trend was observed.
Fig. 2 compares the attachment kinetics of MS2 onto TiO2 NPs under
L, D, LS and DS conditions within a period of 7 days. The data from the
kinetic batch experiments of MS2 attachment onto TiO2 NPs under L
and LS conditions for the three diﬀerent initial MS2 concentrations
were shown in Fig. 2(a,c,e), and the ﬁtted parameter values (kp2 and
A *v(eq) ) were listed in Table 1. Note that for the two lower initial MS2
concentrations, higher MS2 and TiO2 NPs heteroaggregation was observed under LS than L conditions, suggesting that MS2 attachment
onto TiO2 NPs over the period of 7 days was facilitated by the presence
of quartz sand. However, at the highest MS2 initial concentration, the
opposite was observed. Under D and DS conditions (see Fig. 2(b,d,f)), at
the lowest and highest initial MS2 concentrations, the presence of
quartz sand hindered MS2 attachment onto TiO2 NPs, while for the
medium MS2 concentration the opposite was observed. Comparison of
Fig. 2(a,c,e) and 2(b,d,f) clearly suggested that for all initial MS2 concentrations, similar attachment kinetics of MS2 onto TiO2 NPs under L
and D conditions (in the absence of quartz sand) were observed.
However, in the presence of quartz sand MS2 and TiO2 NPs heteroaggregation was higher under LS than DS conditions for all initial MS2

3.2. Isotherms of MS2 attachment onto TiO2 NPs
For most of the cases examined in this study, MS2 attachment onto
TiO2 NPs achieved equilibrium within a few minutes (see Fig. 1). This
fast equilibrium has also been observed with MS2 and FX174
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Table 2
Freundlich isotherm parameter values for the attachment of MS2 onto TiO2
NPs.
Experimental Conditions

Kf [(mL)m/(μg TiO2)(PFU)m−1]

m

R2

L
D
LS
DS

0.099
0.210
0.199
0.086

0.99
0.92
0.85
0.91

0.99
0.99
0.98
0.99

Chrysikopoulos [40] suggested that MS2 inactivation by TiO2 NPs was
controlled mainly by attachment onto quartz sand and exposure to
ambient light.
Fig. 4 shows equilibrium attachment data of MS2 onto TiO2 NPs
under L, D, LS and DS conditions. The experimental data were successfully represented with a Freundlich isotherm, and the ﬁtted
Freundlich parameters Kf and m, together with the corresponding R2
values are listed in Table 2. The greater the value of Kf, the higher the
aﬃnity of MS2 for TiO2 NPs. Note that the Freundlich exponent m
ranged from 0.85 to 1.00, suggesting that the attachment process is
favorable; whereas, the R2 values were close to 1.00, indicating that the
selected Freundlich isotherm describes the adsorption process very
well. The slope m is a measure of sorption intensity or surface heterogeneity, becoming more heterogeneous as its value gets closer to zero
[31]. The experimental results for TiO2 NPs used, under experimental
conditions, clearly show that Kf values increased in the presence of
quartz sand under L conditions, following the trend: LS > DS and LS
> L. This is attributed to the increasing surface area available for attachment in the presence of quartz sand. The compiled results listed in
Table 2, indicate that, in the absence of quartz sand, the aﬃnity of MS2
for TiO2 NPs was lower under L than D conditions. This is an intuitive
result because under L conditions higher MS2 inactivation occurred.
Note that, viruses attached onto TiO2 experienced the highest concentrations of reactive oxygen species (ROS) and inactivated more
quickly than those in the bulk solution [40,57]. Sato and Taya [58]
assumed that only viruses attached onto TiO2 are inactivated, attachment follows the Freundlich isotherm, inactivation reaction is secondorder with respect to the ROS and virus concentrations, and that active
and inactive viruses have the same attachment aﬃnity [57]. It should
be noted that the hydrophilicity of TiO2 NPs under UV was reported to
be higher than that under visible light [59]. For that reason, it is hypothesized that a diﬀerent hydrophilicity of the TiO2 NP surface under

Fig. 3. Attachment percentages of MS2 onto TiO2 NPs over time periods of 3 h
and 7 days, under L (open columns), D (cross shaded columns) and LS, DS
(ﬁlled columns) experimental conditions in PBS (pH 7.0, Is = 2 mM) at 25 °C.
The ﬁrst row (a,b) represents virus initial concentration of
Cv0 = 1.7 ± 0.22 × 103 PFU/mL, the second row (c,d) Cv0 = 1 ± 0.14 × 104
PFU/mL, and the third row (e,f) Cv0 = 8.7 ± 1.8 × 106 PFU/ml.

attachment onto clay materials [5], as well as for MS2 attachment onto
oxide nanoparticles [31]. Metal oxides may contribute to the removal of
viruses through inactivation of attached viruses onto metal oxide surfaces [40,55,56]. Control tubes, in the absence of TiO2 NPs, were used
to monitor MS2 removal during the experimental period due to factors
other than attachment onto TiO2 NPs (e.g., inactivation or sorption onto
the tube walls). However, the experimental results showed similar MS2
inactivation rates in control and reactor tubes over the experimental
time period of 7 days (see Fig. S2). Note that, Syngouna and

Fig. 4. Freundlich isotherms for the attachment of MS2 onto TiO2 NPs under: (a) L, (b) D, (c) LS, and (d) DS experimental conditions at pH 7 and 25 °C. The
corresponding Freundlich parameters Kf and m are listed in Table 2.
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Fig. 5. Attachment of MS2 onto TiO2 NPs in: (a,b) ddH2O with Cv0 = 2.1 ± 0.59 × 104 PFU/mL, and (c,d) PBS solution with Cv0 = 1 ± 0.14 × 104 PFU/mL for a
period of 3 h and 7 days, under L (open columns), D (cross shaded columns) and LS, DS (ﬁlled columns) experimental conditions at 25 °C.

L and D conditions may result in diﬀerent TiO2 aﬃnity towards water
and diﬀerent attachment behavior.
3.3. Comparison of MS2 attachment in ddH2O water and PBS solution
Fig. 5 compares the MS2 attachment onto TiO2 NPs in ddH2O water
and PBS solution for the same initial MS2 concentration to investigate
the potential eﬀect of the solution on attachment behavior of MS2.
Clearly, the adsorption capacity of MS2 onto TiO2 NPs in ddH2O water
was higher than that in the PBS solution in all cases examined in this
study. The same observation was also reported by Zhang and Zhang
[31] for MS2 adsorption onto various oxide NPs in ddH2O water and
10 mM NaCl solution. Ionic species in PBS solution may alter the surface charges and lead to compression of the electrical double layer of
both MS2 and TiO2 NPs, thereby inﬂuencing electrokinetic measurements, as well as MS2 aggregation and attachment [13,60,61]. PBS
solution may mask the adsorption sites of TiO2 NPs and make them less
available to MS2, while TiO2 NPs tend to be better dispersed in ddH2O
and have more surface areas for MS2 adsorption [31]. Note that, MS2
coat proteins, with both negatively and positively charged moieties,
could be attached onto TiO2 NP surfaces through long-range electrostatic, short-range hydrophobic or speciﬁc chemical interactions with
phosphate ions of PBS playing an important role in the preferential
attachment process and the colloidal stability of MS2-TiO2 NPs system
[62]. Moreover, Syngouna and Chrysikopoulos [40] reported that MS2
inactivation by TiO2 NPs was inhibited more in PBS than ddH2O. Koizumi and Taya [63] found that the inactivation rate of MS2 is proportional to the MS2 mass adsorbed onto TiO2.

Fig. 6. Predicted XDLVO interaction energy proﬁles using: (a) sphere-plate
approximations for MS2-Sand, and NPs-Sand, and (b) sphere-sphere for NPsNPs, MS2-MS2, and MS2-NPs as a function of separation distance (Here PBS, pH
7, Is = 2 mM).

3.4. XDLVO calculations
XDLVO theory was used to model the aggregation and heteroaggregation of MS2 and TiO2 NPs and the attachment of both particles
onto sand grains. Four major interfacial forces, Born (ΦBorn) repulsion,
286
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van der Waals (ΦvdW) attraction, electrical double layer (Φdl) repulsion,
and Lewis acid-base interaction (ΦAB), are considered in the calculation
of surface interaction energy. In this study, TiO2 NPs and viruses were
considered spheres with diameters equal to their hydrodynamic diameters, whereas sand was regarded as an inﬁnite plate. Interaction
energy proﬁles for all possible MS2-NPs, MS2-MS2 and NPs-NPs, as well
as, MS2-Sand, and NPs-Sand interactions were calculated using XDLVO
theory for sphere-sphere and sphere-plate cases, respectively for the
experimental conditions (pH = 7, Is = 2 mM). The results are shown in
Fig. 6. All calculated energy barriers (Φmax1), primary minima (Φmin1),
and secondary minima (Φmin2) are listed in Table S3. Clearly, in most
cases, the ΦXDLVO proﬁles exhibit a deep Φmin1. The magnitude of Φmin1
depth for MS2 was found to be greater for sand than TiO2 NPs. Similarly, greater Φmin1 was estimated for TiO2 interaction with sand than
with MS2. Moreover, the Φmax1 is lowest for MS2-MS2 interactions, and
highest for TiO2 NPs-Sand interactions (see Table S3 and Fig. 6). When
TiO2 NPs approach sand grains they face an energy barrier of 52.82 kBT,
while lower energy barriers of 5.42 kBT and 6.26 kBT are encountered
when MS2 approaches sand and TiO2 NPs, respectively (see Table S3
and Fig. 6). In order to evaluate the possibility of MS2 and TiO2 aggregation, the ΦXDLVO interaction energy proﬁles for the case of spheresphere approximation as applied to identical MS2-MS2 and NPs-NPs
interactions were constructed under the experimental conditions
(Is = 2 mM, pH = 7) and are shown in Fig. 6b.
Worthy to note is that the Lewis acid–base free energy of interaction
between two surfaces at contact, ΦAB(h= ho) , was calculated based on the
empirical approach by Yoon et al. [64], and was found to be more
negative for MS2-Sand (-51.91 J/m2) than TiO2 NPs-Sand (-2.86 J/m2)
interactions and more negative for both particles with sand than MS2
interaction with TiO2 NPs (-43.36 mJ/m2). These ﬁndings are in perfect
agreement with the experimental results of this study, showing that
MS2 attachment onto TiO2 NPs increased with the presence of quartz
sand. Therefore, the XDLVO theory can successfully explain the hydrophobic interaction-mediated attachment of MS2 and TiO2 onto sand
and heteroaggregation of MS2 and TiO2 NPs. Finally, the XDLVO theory
predicts a deep primary minimum for the MS2-MS2 case, suggesting
that hydrophobic interactions between MS2 particles could lead to initial aggregation (Fig. 6b).
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